UNIVERSIDAD DE BURGOS

DEPARTAMENTO DE BIOTECNOLOGIA
Y CIENCIA DE LOS ALIMENTOS

AREA DE INGENIERIA QUIMICA

Valorization of residues generated in the production

of olive oil through clean technologies

PhD Thesis

Seyed Mehdi Niknam

Burgos, 2020



Valorization of residues generated in the production

of olive oil through clean technologies

Valorizacion de los residuos generados en la produccidn de aceite de oliva

mediante tecnologias limpias

MEMORIA QUE PARA OPTAR AL
GRADO DE DOCTOR POR LA
UNIVERSIDAD DE BURGOS EN
EL PROGRAMA DE AVANCES EN
CIENCIA Y BIOTECNOLOGIA
ALIMENTARIAS PRESENTA:

Seyed Mehdi Niknam

Burgos, 2020



UNIVERSIDAD
DE BURGOS

LA PRESENTE TESIS DOCTORAL QUEDA
REGISTRADA EN EL FOLIO N°.....ccooiiiiiiinnn.n.
DEL CORRESPONDIENTE LIBRO DE

REGISTROS, CON EL N°...ccoiiiiiiiiiiineeees

En Burgos,a........de.........ccceeeiiinn. de 2020

El Encargado del registro



UNIVERSIDAD
DE BURGOS

FACULTAD DE CIENCIAS
DEPARTAMENTO DE BIOTECNOLOGIA Y CIENCIA DE LOS ALIMENTOS

D. Jose Manuel Benito Moreno y Dfia. Maria Isabel Escudero Barbero, Profesores
Titulares del Departamento de Biotecnologia y Ciencia de los Alimentos de la

Universidad de Burgos,
INFORMAN FAVORABLEMENTE Y DECLARAN

Que el trabajo titulado "Valorization of residues generated in the production of olive
oil through clean technologies", que presenta D. Seyed Mehdi Niknam para optar al
Grado de Doctor por la Universidad de Burgos, ha sido realizado bajo su direccion
en el Area de Ingenieria Quimica del Departamento de Biotecnologia y Ciencia de
los Alimentos de la Universidad de Burgos.

Considerando que dicho trabajo rene los requisitos exigidos para ser presentado

como Tesis Doctoral, expresan su conformidad con dicha presentacion.

Y para que asi conste, firman el presente informe,

En Burgos, a 11 de diciembre de 2020

Fdo.: Dr. D. José Manuel Benito Moreno Fdo.: Dra. Dfia. M.2 Isabel Escudero Barbero



UNIVERSIDAD
DE BURGOS

FACULTAD DE CIENCIAS
DEPARTAMENTO DE BIOTECNOLOGIA Y CIENCIA DE LOS ALIMENTOS

D. José Manuel Benito Moreno, Coordinador del Programa de Doctorado "Avances
en Ciencia y Biotecnologia Alimentarias" de la Universidad de Burgos,

CERTIFICA

Que la memoria titulada "Valorization of residues generated in the production of
olive oil through clean technologies”, presentada por D. Seyed Mehdi Niknam, ha
sido realizada en el Area de Ingenieria Quimica del Departamento de Biotecnologia
y Ciencia de los Alimentos bajo la direccion de los Dres. D. José Manuel Benito
Moreno y Dfia. Maria Isabel Escudero Barbero y, en representacion de la Comisién
Académica del Programa de Doctorado, autoriza su presentacion para ser defendida

como Tesis Doctoral.

Y para que asi conste y surta los efectos oportunos, firmo el presente certificado,

En Burgos, a 11 de diciembre de 2020

Fdo.: José Manuel Benito Moreno



Funding

This work has been performed within the research group Industrial and
Environmental Biotechnology, and was funded by the Junta de Castilla y Ledn
(JCyL) and the European Regional Development Fund (ERDF) through grants
number BUO055U16 and BU301P18, and also by the Agencia Estatal de

Investigacién (grant number: P1D2019-104950RB-100/AEI/10.13039/
501100011033).



Acknowledgements

Me gustaria expresar mi sincero agradecimiento a los Dres. José Manuel
Benito Moreno y Maria Isabel Escudero Barbero, por su apoyo como
directores de tesis. A José Manuel, por su paciencia, motivacion y la
oportunidad que me brind6 para participar en este proyecto. A Isabel, cuya
orientacion me ayudo en todo el tiempo de investigacion y redaccién de esta

tesis.

Me gustaria saludar especialmente a todos los comparfieros del Area de
Ingenieria Quimica. En especial a Beti, por su ayuda en el apartado
analitico. También agradezco a mis compafieros de laboratorio, Cipri,

Davinia y Daysi, por su apoyo técnico (y moral) y su disposicion.

Me gustaria agradecer a mi familia: mis padres y mis hermanos por su
oportuno aliento y su apoyo espiritual a lo largo de la redaccion de esta tesis

y mi vida en general.

Por altimo, pero no menos importante, me gustaria mostrar mi mas profundo
agradecimiento a mi amada esposa, Mansoore: sin ella a mi lado, no podria

haber hecho este paso de mi vida.

A todos ellos, quiero dedicar esta Tesis

Mehdi

vi



Table of Contents

®  THESIS SUMIMANY ..ot 2
L 11 0o [0 Tox o] o KU SRRSO 6
®  ODJECHIVES ..ottt 103
©  RESUIES....oe ittt 106

e Chapter 1: Characterization and optimization of olive pomace oil extraction

by using ultrasonic and conventional methods............ccccovviveviieiiienneane. 107

e Chapter 2: Optimization and comparative evaluation of phenolic extraction

from olive mill solid wastes and phenol recovery by adsorption process . 131

e Chapter 3: Study and efficiency evaluation of OMWW pretreatment and

membrane based treatment to obtain a final retentate rich in Hydroxytyrosol

e Chapter 4: Formulation and fabrication of single and double emulsions

loaded with phenolic inner agueous phase by application of high energy

emulsification Methods ...........ocoviiiii i 228
L O] o Tod [ 1Yo ] T 285
o Appendix: Analytical methods..........cccooviiiiiriiiiee 290

Vi



SUMMARY

VALORIZATION OF RESIDUES GENERATED IN THE PRODUCTION OF OLIVE OIL
THROUGH CLEAN TECHNOLOGIES

viii



PhD Thesis

Summary

Summary of the PhD Thesis

Olive oil extraction systems can be classified into two main categories: traditional
oil extraction by pressing, used for many centuries with minor modifications, and
centrifugal processes, including two centrifugation systems called three- and two-
phase systems. The extraction of olive oil generates large amounts of waste that
have a great impact on land and water environments due to its high phytotoxicity.
The most pollutant and phytotoxic waste is known as olive mill waste (OMW).
During the olive oil production, almost all the phenolic content of the olive fruit
(~98%) remains in the olive mill by-products. Even though traditional pressing is a
relatively obsolete technology, it is still in use for some olive oil producers. After
the extraction by both pressing and two-phase centrifugation systems, a solid
fraction, called olive husk, olive cake or alperujo, is obtained as a by-product along
with an emulsion containing the olive oil that is later separated by decantation from
the remaining olive mill wastewater. The three-phase system generates three
fractions at the end of the process: a solid (olive husk or olive pomace) and two
liquids (oil and wastewater). Some of the advantages of this system, compared to
pressing, are greater automation, better oil quality and less area required for
equipment; however, it also has some drawbacks, such as higher water and energy
consumption, higher wastewater production, and facilities that are more expensive.
Besides being a serious environmental problem, OMW represents today a precious
resource of useful compounds. Phenolic compounds are hazardous to underground
water and soil resources; consequently, these compounds must be removed from the
OMW and recovered for further use. Furthermore, the extraction and use of phenolic
compounds are economically profitable activities due to their functional properties
of great interest in several applications for chemical, pharmaceutical and food
industries. The quantity and type of phenolic compounds in OMW depends on the
cultivar and maturity of the fruit, climatic conditions, storage time and processing
technique. Clean technologies can be applied for bioactive compounds recovery
because they work under moderate conditions helping in preserve their bioactivity
for further uses as preservatives to extend the shelf life of foods, as nutritional

supplements, or to provide them with determined functionality; thus closing the
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cycle and moving towards a circular food economy. However, it should be taken
into account that these bioactive compounds are unstable and usually modify the
organoleptic characteristics of the foods to which they are incorporated. For this
reason, their encapsulation into nanoparticles or emulsions is useful to protect them
from the external environment, provided that the formulation used improves its
characteristics in terms of stability, dispersibility, bioavailability and functionality
in food.

The general objective of this PhD Thesis is the valorization of OMW in terms of
olive pomace oil extraction and bioactive compounds recovery using clean and
emerging technologies, with subsequent encapsulation of the recovered
biocompounds in single and double nanoemulsions for their future use in food,

cosmetic and pharmaceutical applications.

Specifically, the solid residues from the oil mill obtained from the three- and two-
phase centrifugation systems were treated using conventional and ultrasound-
assisted extraction methods and operation conditions for the recovery of phenolic
compounds were optimized. Furthermore, solid-liquid adsorption experiments were
performed on the extracts obtained from defatted oil mill solid residues. Several
adsorbents and solvents were tested in the adsorption and desorption stages, in order
to obtain purified and concentrated extracts and also to reach the selective isolation
of desired bioactive compounds.

In addition, the oil mill wastewater (OMWW) was characterized to determine the
main components of its composition, and later it was processed using membrane
technologies and the optimal operating conditions were established to achieve the
separation of phenolic compounds.

Finally, phenolic extracts were encapsulated in single and double emulsions by
applying high-energy emulsification methods, optimizing the formulation and

preparation conditions of the nanoemulsions.
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Resumen de la Tesis Doctoral

Los sistemas de extraccion de aceite de oliva pueden clasificarse en dos categorias
principales: extraccion tradicional por prensado, utilizada durante muchos siglos con
pequefias modificaciones, y procesos de centrifugacion, que incluyen dos sistemas de
centrifugacion denominados sistemas de tres fases y dos fases. La extraccion de aceite de
oliva genera grandes cantidades de residuos que pueden tener un gran impacto en el medio
terrestre y acuatico debido a su alta fitotoxicidad. Los residuos mas contaminantes y
fitotoxicos se conocen como residuos de almazara (olive mill waste, OMW). Durante la
produccion de aceite de oliva, casi todo el contenido fendlico de la aceituna (~98%)
permanece en los subproductos de la almazara. Aunque el prensado tradicional es una
tecnologia relativamente obsoleta, algunos productores de aceite de oliva todavia la utilizan.
Tras la extraccion mediante prensado o mediante el sistema de centrifugacién en dos fases,
se obtiene como subproducto una fraccion sélida, denominada alperujo, junto con una
emulsion que contiene el aceite de oliva y que se separa posteriormente por decantacion del
resto de las aguas residuales de la almazara. El sistema de centrifugacidn en tres fases genera
tres fracciones al final del proceso: una solida (orujo) y dos liquidas (aceite y aguas
residuales o alpechin). Algunas de las ventajas de este sistema, en comparacion con el
prensado, son la mayor automatizacion, mejor calidad del aceite obtenido y menor area
requerida para el equipamiento; sin embargo, también tiene algunos inconvenientes, como
son un mayor consumo de agua y energia, mayor generacion de aguas residuales, e

instalaciones mas caras.

Los residuos de almazara, ademas de constituir un problema ambiental grave, son un recurso
abundante de compuestos Gtiles. Los compuestos fendlicos son peligrosos para las aguas
subterraneas y el suelo; en consecuencia, estos compuestos deben eliminarse de los residuos
de almazara y recuperarse para su uso posterior. Ademas, la extraccién y uso de compuestos
fendlicos son hoy en dia actividades econémicamente rentables debido a que sus
propiedades funcionales son de gran interés en diversas aplicaciones de la industria quimica,

farmacéutica y alimentaria.

La cantidad y el tipo de compuestos fendlicos presentes en los residuos de almazara depende
de la variedad y madurez del fruto, las condiciones climéticas, el tiempo de almacenamiento
y la técnica de procesado. La recuperacion de compuestos fendlicos presentes en estos
residuos puede realizarse mediante el uso de tecnologias limpias, ya que al funcionar en

condiciones de operacion moderadas, ayudan a preservar las propiedades bioactivas de estos
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compuestos y su aplicacion posterior como conservantes para extender la vida Gtil de los
alimentos, como suplementos nutricionales o para proporcionar determinada funcionalidad,

cerrando asi el ciclo alimentario y avanzando hacia una economia circular en el sector.

No obstante, conviene tener en cuenta que estos compuestos bioactivos son inestables y
suelen modificar las caracteristicas organolépticas de los alimentos a los que se incorporan.
Por este motivo, su encapsulacion en nanoparticulas o emulsiones es Util para protegerles
del entorno, siempre y cuando la formulacion empleada mejore sus caracteristicas en cuanto

a estabilidad, dispersabilidad, biodisponibilidad y funcionalidad en los alimentos.

El objetivo general de esta Tesis Doctoral es la valorizacion de los residuos de almazara en
términos de extraccion de aceite de orujo de oliva y recuperacion de compuestos bioactivos
mediante tecnologias limpias y emergentes, con posterior encapsulacion de los
biocompuestos recuperados en nanoemulsiones simples y dobles para su futuro uso en

alimentacion, cosmética y aplicaciones farmacéuticas.

En concreto, los residuos solidos de la almazara procedentes de sistemas de centrifugacion
de tres y dos fases, se trataron mediante métodos de extraccion convencionales y asistidos
por ultrasonidos y se optimizaron las condiciones de operacidn para la recuperacion de
compuestos fendlicos. Ademas, se realizaron experimentos de adsorcion soélido-liquido
sobre los extractos obtenidos de residuos solidos de almazara desgrasados. Se probaron
varios adsorbentes y disolventes en las etapas de adsorcién y desorcién, con el fin de obtener
extractos purificados y concentrados y también el aislamiento selectivo de los compuestos

bioactivos deseados.

Ademas, se caracterizo el agua residual de la almazara (OMWW o alpechin) para determinar
sus principales componentes, y posteriormente se procesd mediante tecnologias de
membranas y se establecieron las condiciones Optimas de operacion para lograr la

separacion de los compuestos fenolicos.

Finalmente, los extractos fendlicos se encapsularon en emulsiones simples y dobles
aplicando métodos de emulsificacion de alta energia, optimizando la formulacion y las

condiciones de preparacién de las nanoemulsiones.
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1. Introduction to olive oil production sector

Olive oil production tends to increase over the last decades as a valuable source of
antioxidants and essential fatty acids in the human diet and constitutes one of the
most important dietary trends worldwide. The olive oil extraction systems could be
classified in two main categories: traditional pressing process [1], used for many
centuries with minor modifications, and centrifugal processes, including two
centrifugation systems, called three- and two-phase systems. Olive oil extraction
generates huge quantities of liquid and solid wastes that may have a great impact
on land and water environments because of their high phytotoxicity. The most
pollutant and phytotoxic wastes are known as olive mill waste (OMW). During the
olive oil production, almost all the phenolic content of the olive fruit (~98%)
remains in the olive mill by-products [10]. Besides being a serious environmental
problem, OMW represents today a precious resource of useful compounds for
recovery and valorization purposes [11-13].

2. Olive fruit processing and olive oil production technologies

Olive oil extraction involves different processes, such as leaf removal, olive
washing, grinding, beating, and separation of the oil. The amount and
physicochemical properties of the produced wastes and effluents depend on the
method used for the extraction. Olive oil is extracted directly from the fresh fruit of
olive tree (Olea europaea L.) using only mechanical methods, in order to maintain
its natural organoleptic characteristics according to the European Commission
Regulation No. 1513/2001 [14]. Olive fruits must be processed as quickly as
possible after harvesting to minimize oxidation and preserve low acidity. All the
operations of the olive mill can influence on olive oil quality [15, 16]. The
mechanical processes used to extract olive oil from olive fruit include olives
crushing, malaxation of resulting paste, and separation of the oily phase by pressure

or centrifugation. In the latest one, three different systems are commonly used: the

11
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traditional discontinuous press process, the three-phase, and the two-phase decanter
centrifuge methods (Fig. 11) [4].

(A) (B)
Olives Olives
} !
Defoliation Defoliation
\J Washing
Washing T
\J Crushing
Crushing ‘
' Malaxation (25-30°C)
Malaxation (ambient ‘
temperature)

Centrifugation

v i |

Pressure Three-phases Two-phases
' ' by .
oil/OMWW Pomace omMmww Oil Oil Oil oMww

lo—Water (za-ss"q-l

Vertical centrifugation Vertical centrifugation
Centrifugation/Decantation

' t
b 1 b i
| oil oMww Oil oMww

Oil oMww

Figure 11. Traditional (A) and modern (B) processes for olive oil production (adapted from

[1]).

2.1. Discontinuous press extraction system

Traditional extraction press is still used in some mills. After grinding olives in stone
mills, the paste is spread on fiber diaphragms (which are stacked on top of each
other) and then placed into the press (Fig. 12(A)). Hydraulic pressure is applied on
the disks, thus compacting the solid phase of the olive paste and percolating the
liquid phases (oil and vegetation water) [1]. This process generates a solid fraction
called olive husk (or kernel), an emulsion containing the olive oil and a water phase.
The olive oil is finally separated from the remaining wastewater by decantation or
vertical centrifugation. The traditional process is reputed to produce a high quality
olive oil, usually extra virgin olive oil. Nowadays, due to the need to process large

amounts of olives and to obtain higher yields of olive oil, the evolution of the oil

12
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extraction process has led to the replacement of traditional pressure mills with

modern continuous centrifugal extraction.

2.2. Continuous centrifugal extraction systems

After washing, crushing, and malaxation steps, the mechanical oil extraction is
mainly carried out using a continuous process based on centrifugation with a
decanter. The decanter centrifuge is designed with screw conveyor and rotating
bowl, allowing to process large amounts of olives in a short time [17]. Two types
are currently used: two-phase and three-phase centrifugal decanters (Figs. 12(B) and
(©).

The continuous three-phase centrifugation process was introduced during the
1970s, in order to increase processing capacity and extraction yield and reduce labor
[18]. During the three-phase process, an addition of hot water is required to wash
the oil. The process yields three phases: oil phase, solid residue: olive cake (olive
pulp and stones), and the olive mill wastewater which hereinafter will be referred
as OMWW. Solid residue is separated from the other two phases in the decanter
and will be referred as olive pomace in this work. The liquid phases are
subsequently submitted to a vertical centrifuge in order to separate the olive oil from
OMWW.

A disadvantage of this process is the large amount of produced wastewater due to
the high water consumption, which is 1.25-1.75 times more than that used in press

extraction [19].

13
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(A) (B)
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Figure 12. Extraction processes for virgin olive oil (VOO) production. (A) Press system;

(B) Two-phase centrifugal decanter; (C) Three-phase centrifugal decanter (adapted from

[1D.

In recent years olive mill technology has been oriented to save water during the
extraction stage. Thus, at the end of the 1991/1992 olive oil campaign, a new
centrifugation system was developed that reduced by 75% the olive mill wastes.
This system was launched to the market with the labeling of “ecological”, because
of the reduction in water consumption, and of “two-phase”, because it produced two
fractions: a solid one (called in different ways: alperujo, olive wet husk, wet pomace
or two-phase olive mill waste) and a liquid one (olive oil).

In Spain the new two-phase system quickly replaced the three-phase method.
Therefore a new waste, with peculiar physico-chemical properties, was generated
in huge quantities leading to serious management problems. This sudden
replacement has not happened in other countries, probably due to the management
difficulties arisen with the new waste. In Europe, besides Spain, only Croatia has a

high proportion of two-phase systems.

14
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Usually, the olive pomace from the three-phase system had a second oil extraction
with organic solvents after its drying. However, when two-phase olive mill waste
was intended to be treated similarly, great difficulties arose due to its high moisture
and carbohydrate concentration. Thus, the new waste tends to stick to the furnace
walls blocking the gaseous stream and causing an explosion hazard [5,20]. Two
phase centrifugation system uses only wash water and delivers oil (liquid phase)
and a very wet substrate (referred to as TPOMW hereinafter) using more efficient
centrifugation technology [19]. This process has a reduced environmental impact
due to the lower water demand and waste amounts produced, but it requires extra

energy for drying prior to olive kernel oil extraction [4,21].

2.3. Continuous olive oil production line

The first step in the olive oil extraction process is olive fruit cleaning and removal
of stems, leaves, twigs, and other debris left with the olives. Washing is also aiming
to remove pesticides and dirt [22].

Crushing step aims to break down the cellular membranes of olive fruits and thus
release small drops of oil from the vacuoles [10]. This operation produces a mixture
of two distinct liquid phases (raw oil and water) and an extremely heterogeneous
solid phase (pit, skin, and pulp fragments). Crushing can be considered a critical
point affecting the quality of the produced olive oil, especially in terms of phenolic
content and volatile compounds [23].

Two enzymes, polyphenol oxidase and peroxidase, are highly concentrated in the
olive kernel. Thus, crushing operation allows a direct contact of these enzymes with
phenolic compounds and induces their oxidation, which results in lower phenolic
concentration in the oil. At this phase, the main hydrophilic phenols of virgin olive
oil (VOO) (e.g., secoiridoid aglycons) are generated by the hydrolysis of
oleuropein, demethyloleuropein, and ligstroside, catalyzed by endogenous f-
glucosidases [24].

Malaxation consists of a slow and continuous kneading of the olive paste in order

to facilitate the cohesion of small oil droplets obtained during crushing step, leading
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to separation of the oil from the water phase. This step is essential to achieve high
oil extraction yields. Several researchers have investigated the effect of malaxation
parameters on the quality of produced oil. It wsa found that malaxation time and
temperatures greatly affect the olive oil quality, especially the aroma and phenolic
profiles [25,26]. Aliakbarian et al. [27] demonstrated that increasing the malaxation
time from 90 to 150 min decreased the nutritional quality of olive oil, mainly due
to the increased oxidation of phenolics. In order to obtain a high quality and
extraction yield of olive oil, a low malaxation temperature and a process time
between 30 and 45 min are recommended [28].

The centrifugation process is based on the density differences of olive paste
components (olive oil, water, and insoluble solids). Decanters are constituted of a
cylindrical conical bowl drum where a screw feeder is rotating at differential speed
[12]. Separation is conducted due to the centrifugal force developed in the drum.
Olive paste could be treated either by two-phase centrifugal decanter or a three-
phase centrifugal decanter. In the two-phase decanter, the product is separated into
a liquid phase (oil) and a solid phase (kernel fragments, pulp, and vegetable water).
In the three-phase centrifugal decanter the product is separated into a light liquid
phase (oil), a heavy liquid phase (water), and a solid phase (kernel fragments and
pulp). The oil phase is discharged by gravity in both centrifugal decanters. In three-
phase decanter, the water phase is discharged using a centripetal or gravity pump,
whereas the solid phase is discharged in the drum conical terminal of the decanter
after being pushed by the screw feeder. The two-phase process requires no dilution
during the malaxation step. However, in the three-phase process, large amounts of
water are added to the paste. After malaxation, the olive oil is either completely free
or in the form of small droplets inside microgels, or emulsified in the agueous phase.
Water addition during centrifugation enhanced the release of the oil fraction locked
in the microgels [29].

In two-phase olive mills, water is only used during the washing of the olives prior
to crushing and not in the olive oil extraction process. Hence, there are only two
streams produced after the centrifugation process: the olive oil and the olive

pomace. However, the olive pomace from two-phase olive mills has higher moisture
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content compared to the one generated from three-phase or pressing mills, and the
transportation and processing costs are higher. Although the production cost is
lower in two-phase olive mills since the processed volumes are lower due to the
non-addition of water, there is a 7% less yield in the production of olive oil
compared to the three-phase mills. There is also a small amount of OMWW
produced due to the use of water during the oil washing unit. Approximately 5 tons
of olive leaves are also generated together with the olive pomace in all types of olive
mills [30,31].

Oil clarification is the final cleaning step of olive oil. It aims to separate the residual
water and impurities existing in the extracted oil from the decanter. This operation
is necessary to avoid fermentation, hydrolysis, and oxidation reactions that could

cause the alteration of the sensory properties of olive oil [32].

3. Wastes and wastewater generated during olive oil production
Avraamides and Fatta [33] conducted an study in Cyprus evaluating water
consumption at various stages of olive oil production. The authors reported that a
total of 3914 L of fresh water are consumed for the production of 1 L of olive oil.
However, during olive processing, only 3.51 L of water are consumed for every liter
of olive oil produced. This stage produces 4.34 kg of OMWW and 2.07 kg of solid
waste (olive pomace) for every liter of olive oil produced [33]. The water dilution
of the olive paste affects the partition of hydrophilic phenols between oil and water
and enhances their release in the water phase. The reduction of water dilution during
the three-phase process also leads to an increase of the phenolic concentration in
the olive oil [34].

Olive mill wastes are the major environmental concern of olive oil industry, as
leaves represent only 5% of olives’ weight in oil extraction. Indeed, the annual
world production of OMW is estimated to be from 10 to over 30 million m?® [35].
The amount and the physicochemical characteristics of the generated wastes depend
on the used oil extraction system, the processed fruits, and the operating conditions

(added water, temperature, etc.). A limited amount of solid wastes (leaves and small
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twigs) is produced during the cleaning of the olives prior to milling. OMWW is the

main waste from three-phase extraction systems and traditional mills. It is

constituted by vegetable water of the fruit and the water used in different stages of

oil extraction. Besides, the three-phase extraction systems generate a solid waste

that is used to extract olive kernel (pomace) oil.

Table I1. Composition of the olive mill solid and liquid wastes [9].

Liquid residue Solid residue
Parameter Olive Ref.
OMWW TPOMW
Pomace
Pulp (%) - 12-35 10-15 [50]
Olive stone (%) - 15-45 12-18 [50]
Ash (%) 1 1.7-4 1.42-4 [31,50,51]
Total proteins (%) - 3.43-7.26 2.87-7.2 [31,52,53]
Cellulose (%) - 17.37-24.14 14.54 [31]
Hemicellulose (%) - 7.92-11 6.63 [31]
Total carbon (%) 2-3.3 29.03-42.9 25.37 [54-56]
Organic matter (%) 57.2-62.1 85 60.3-98.5 [19,57-60]
Total organic carbon (g/L) 20.19-39.8 - - [19,54]
Total suspended solids (g/L) 25-30 - - [61,62]
Lignin (%) - 0.21-14.18 8.54 [31]
Phosphorus (P) (%) 0.19 0.03-0.06 0.03-0.14 [50,59,63,64]
Potassium (K) (%) 0.44-5.24 0.1-0.2 0.63-2.9 [19,50,59,64,65]
Sodium (Na) (%) 0.15 - 0.02-0.1 [59,64,66]
Calcium (Ca) (%) 0.42-1.15 - 0.23-1.2 [59,63-65]
Magnesium (Mg) (%) 0.11-0.18 - 0.05-0.17 [53,64-66]
Iron (Fe) (%) 0.26+0.03 - 0.0526-0.26 [59,65,67]
Copper (Cu) (%) 0.0021 - 0.0013-0.0138 [59,64,66]
Manganese (Mn) (%) 0.0015 - 0.0013-0.0067 [59,64,66]
Zinc (Zn) (%) 0.0057 - 0.0010-0.0027 [59,63,64]

Furthermore, wet olive pomace from two-phase mills (TPOMW) is a solid waste

with a strong odor and a doughy texture that makes its management and transport

difficult. It is very humid and very difficult to treat. It is generally subjected to a
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solar drying and subsequently used to extract oil with solvents [4,36]. The
composition of olive mill wastes for continuous olive oil extraction systems is
shown in Table I1.

Olive is rich in phenolic compounds and its bitter taste is basically associated with
these compounds [37,38]. The important point is that just about 2% of its phenolic
content enters the oil phase during oil extraction while about 45% of olive’s
phenolic compounds remains in the olive-waste cake [37]. Phenolic compounds of
olive-waste cake are solid, colorless, water soluble with considerable environmental
resistance and they decompose hardly. Therefore, entrance of waste cake from olive
oil extraction plants, and in fact the entrance of their phenolic compounds to
underground water and soil is hazardous. Consequently, these compounds should
be extracted and removed from the olive waste cake [39]. Furthermore, extraction
and production of phenolic compounds are economically important due to their
applications in chemical, pharmaceutical and food industries.

Olive cake is considered a rich source of phenolic compounds with a wide array of
biological activities [10]. The quantity and type of phenolic compounds in olive
cake depends on the cultivar and maturity of the fruit, climatic conditions, storage
time and processing technique [40-42]. The major phenolic compounds present in
olive cake are hydroxytyrosol [43], oleuropein [44], tyrosol [40], caffeic acid [45],
p-coumaric acid, vanillic acid [46], verbascoside, elenolic acid [44], catechol [41]
and rutin [47].

The organic fraction of OMW contains, among other components, 2-15% of
phenolic compounds divided into low-molecular weight (tyrosol, hydroxytyrosol,
p-coumaric acid, ferulic acid, syringic acid, protocatechuic acid, etc.) and high
molecular weight compounds (tannins, anthocyanins, etc.) as well as catechol-
melaninic polymers [48]. It is characterized by a dark color (caused by lignin
polymerization with phenolic compounds), increased acidity (pH about 5), and high
electrical conductivity. The physicochemical characteristics and mineral content of

olive mill wastes are shown in Table 12.
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Table 12. Physicochemical characteristics of the olive mill solid and liquid wastes [9].

Liquid residue Solid residue
Parameter Ref.
OMWW Olive Pomace TPOMW
pH 2.24-5.9 - 4.9-6.8 [59,76-78]
Chemical Oxygen
30-320 - - [78,79]
Demand (COD) (g/L)
Biological Oxygen
9 Y9 35-132 - - [79,80]
Demand (BOD) (g/L)
Dry matter (%) 6.33-7.19 87.1-94.4 - [58,64,81,82]
Lipids (%) 0.03-4.25 3.5-8.72 3.76-18 [31,50,64,67,76,83]
Total phenols (%) 0.63-5.45 0.2-1.146 0.4-2.43 [2,31,50,65]
Total sugars (%) 1.5-12.22 0.99-1.38 0.83-19.3 [2,19,31,84]
Total nitrogen (%) 0.63 0.2-0.3 0.25-1.85 [50,64,85]

The inorganic content of OMW is mainly composed of metals. Major elements in
this wastewater are potassium (0.73-8.6 g/L), followed by calcium and sodium
(0.03-1.1 and 0.05-0.8 g/L, respectively). Metals are important both from
nutritional and toxicological viewpoints. Some metals, particularly iron, copper,
and zinc, are essential to plant metabolism. It should be pointed out that OMWW
had a high potential to be used as fertilizer if its polluting power was controlled [4].
In the past years, several researchers have studied the presence of contaminants
(pesticides) in the pomace [49], the detoxification of this residue by the use of
microorganisms [68] or the reuse of olive pomace as metal ion adsorbent [69]. A
suitable use of these olive oil residues could not only improve the economic status
of olive oil producers but could also reduce such an environmental problem. Thus,
it is of great interest to evaluate the possibility of recovering an extract enriched
with phenolic compounds, from a low-cost and widely available by-product,

especially in the Mediterranean area [70].
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4. Environmental effects of olive mill wastes

Olive mill wastewaters are often disposed in evaporation ponds or various
environmental receptors causing strong odor nuisance, soil contamination, plant
growth inhibition, natural streams pollution as well as severe effects to the aquatic
fauna and to the ecological status [71]. OMWW is one of the most polluting
effluents produced by the agrofood industries due to its high organic load and a
wide range of contaminants, including organo-halogenated pollutants, fatty acids,
phenolic compounds, and tannins [72,73].

Three types of olive processing technologies are currently used worldwide,
producing different type and amount of wastes, that is, the traditional olive-pressing
process, the three-phase, and the two-phase extraction processes [4]. The
approximate input-output data for these three types of technologies are presented in
Table 13. The high phenolic nature of OMWW and its organic content make it
highly resistant to biodegradation [74]. OMWW shows poor biodegradability and
high phytotoxicity due to the presence of phenolic compounds. Likewise, the
presence of reduced sugars can stimulate microbial respiration and lower dissolved

0Xxygen concentrations [35].

4.1. Effects on atmosphere

Olive mills generate gas emissions that cause considerable odor grievances. Many
low-boiling organic compounds and volatile organic acids produce characteristic
odors that can be smelled around the olive mills. OMWW is generally discharged
into natural waters or on the land and/or stored in poorly engineered evaporation
ponds. This effluent undergoes a natural fermentation and emanates pungent gases,
such as phenols, sulfur dioxide, and hydrogen sulfide. This fact leads to a

considerable odor pollution particularly during oil production season [75].
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Table 13. Approximate input-output data for olive oil production processes [2—4].

Production Process

Input

Output

Traditional pressing

Olives =1 ton
Wash water = 0.1-0.12 m®
Energy = 40-60 kWh

0Oil =200 kg

Solid waste = 200-400 kg (25%
water + 6% oil)

Wastewater ~ 400-600 kg (88%

water + solids and oil)

Olives =1 ton

QOil =200 k
Wash water = 0.1-0.12 m® g

Solid waste = 500-600 kg (50%
water + 4% oil)

Wastewater = 1000-1200 kg
(94% water + 1% solids

Fresh water for decanter = 0.5-1
Three phase
m3
centrifugation
Water to polish the impure oil =
0L

and oil)
Energy = 90-117 kWh

Oil = 200 kg

Solid waste = 800-950 kg (60%
water + 3% oil)

Wastewater = 85-110 kg

Olives =1 ton
Wash water = 0.1-0.12 m3
Energy = 90-117 kWh

Two phase

centrifugation

4.2. Effects on water resources

OMWW disposal leads to significant effects on natural water bodies, too. These
impacts are mainly related to concentration, composition, and seasonal production.
The most visible effect is the discoloring of streams and rivers. This color change
is mainly due to the oxidation and subsequent polymerization of tannins giving
darkly colored phenols [83]. The high reduced sugars content in OMWW stimulates
microorganism growth, lowering dissolved oxygen concentrations in water, and
thus decreases the share available for other living organisms. Other deteriorating
effects can result from the high phosphorus concentration, which accelerates the
growth of algae and leads to eutrophication (devastating the entire ecological

balance in natural streams). Conversely to carbon and nitrogen (which flee after
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degradation as carbon dioxide and atmospheric nitrogen), phosphorus cannot be
degraded. This means that phosphorus is taken up merely to a small level through
the food chain, plant-invertebrates-fish-prehensile birds. The presence of
considerable amount of nutrients in OMWW supplies an appropriate medium for
pathogens to multiply and infect streams, which have stern consequences to aquatic
life, and humans, coming in contact with infected water [4].

4.3. Effect on crops and soil

OMWW contains large amount of organic substances, including phenolic
compounds that may have negative impact when applied to soil. Because of the high
concentrations of organic matter and mineral nutrients, OMWW could be a
promising fertilizer for cropping systems. Ayoub et al. [86] recommended the
application of 10 L OMWW/m? to improve soil fertility and olive plant
performance. Indeed, a significant increase in shoot growth, photosynthesis, fruit
set, and fruit yield without any negative effects on oil quality parameters was
observed. Besides, the concentrations of K, organic matter, phenolic compounds,
and total microbial count were significantly increased in OMWW-treated soil [86].
OMWW application shows short-term negative effects on soil chemical and
biological properties, but it can be considered negligible after a suitable waiting
period [87].

5. Sustainable management methods of olive mill wastes

The difficulties of OMWW treatment are mainly related to [88]:

Its high organic loading”
Seasonal operation

High territorial scattering, and

A W

The presence of non-biodegradable organic compounds like long-chain fatty

acids and phenols.
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Many different processes have been suggested to treat OMWW, namely lagooning
or direct watering on fields, cocomposting, physicochemical methods (flotation and
settling, coagulation, oxidation by Os and Fenton reagent, flocculation, filtration,
sedimentation, dilution open evaporating ponds, and incineration),
ultrafiltration/reverse osmosis, chemical and electrochemical treatments, and
manufacture into animal food [89]. Although the environmental problem is more
intense for the disposal of OMWW, the earlier mentioned techniques are typically
proposed to treat all kind of olive oil processing effluents. In an attempt to
categorize the proposed methodologies of OMW management, three categories can

be denoted:

1. Waste reduction via olive production systems conversion (i.e., two-phase
instead of three-phase continuous systems).

2. Detoxification methods aiming at the reduction of impact of the pollution load
to the recipient.

3. Recovery or recycling of OMW compounds.

Physical processes are typically applied as a pretreatment step to remove the
contained solids. Thermal processes are used to remove the contained water and
condense the waste streams, however are ineffective due to the required operational
cost. Despite their effectiveness, advanced oxidation processes are also very
expensive. Biological treatment requires a longer lag phase, whereas
physicochemical methods, such as neutralization and precipitation, are relatively
cheaper, but they cannot diminish completely the pollution load of OMWW.
Following these considerations, the researchers have proposed several combined
treatments (chemical, physical, and biological). However, none of these treatments
have found a widely accepted application since they have not been proved to be
sustainable in a long-term base [89]. The most common treatment methods are
denoted in Table 14.
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Table 14. Treatment methods of olive mill wastes [2,3,5,6]

Method Notes Advantages Disadvantages
Wastewater
Reduction of BOD and COD.
EI%ZT?S ;:3 Eﬁ?rg\;ilig ' Anasrobic tgchnology_ has clear Pretreatment of wastewater is needed
suspended solids advan_tages In comparison to for example, sedimentation-filtration ’
Anaerobic proceés is used to agrobm Processes |'n(_:lud|ng The presencé of oil and antimicrobialu
remove organic matter in high higher removal efficiency, . phenolic compounds create a challenge
Biological concentration streams by lower excess sludge production for biological treatment. Due to high
rting organic (20-fold lower than the aerobic investment costs and co}n lex process
treatment ggnmvsoungs tc%jj methane and process) and low space management, this technolggy i[s) suited
carbon dioxide. requirements. It produces for industriallscale olive mills or as a
Aerobic process is used on biogas, a valuable by-product centralized treatment facility serving
lower concentration streams th?t can be used to cover the several olive mills.
. mill energy demand..
to further remove residual
organic matter and nutrients.
It is one of the main
technqlogles used for Valorlzz_itlon of waste and Wastewater has to be removed before
] recycling wastewater and production of natural composting (e.g., using simple
Composting transforming itintoa fertilizers. This process allows precipitation units, by adsorption on a
fertilizer. Wastewater is the return of nutrients to solid substrate)
added repeatedly during the cropland. '
thermophilic phase.
Microfiltration, ultrafiltration, Optlmall cob (educ_tlon. Since Hardly suited for treatment of OMW in
nanofiltration, and reverse conventlor']al biological small-scale oil mills due to the high
Membrane 0smosis can Be applied on treatment is not always investment and operational costs, high
filtrati olive mill wastewaters. The sufficient, other ProCesses, energy demand, and rather com iex
Hiration concentrate can be sen't to such as membrane f_||trat|on procgeZs control ’that requires higF;lIy
incineration or landfilled (g, fEVErse 0SmOosIS or qualified personnel
' ultrafiltration) are required. '
Removal of non-
biodegradable dissolved
organic pollutants by
adsorption, precipitation, and Hi -
: p - gh removal efficiency. Low
Chemical- flocculation, characterized by ;. ocimont and operational Large quantities of produced sludge and
physical the addition of specific costs, better suited for small- subsequent disposal problems
treatment chemicals: activated carbon, scale’olive mills '
polyelectrolytes or ’
flocculants/coagulants, such
as FeCls, AICI;, FeSO, and
Ca(OH),.
It needs large areas and causes several
problems such as bad odors, infiltration,
Natural Low investment is required; and insect proliferation. Evaporation of

evaporation in
open storage
ponds

Forced

evaporation

The most common
management method.

Water separation by using a
multistage evaporation
system enables heat recovery.
The concentrate has to be
treated, prior to its disposal,
generally by biological
treatment, such as aerobic
digestion and activated sludge
process.

the approach is favored by the
climatic conditions in
Mediterranean countries.

Heat recovery possible.

OMW results in the production of
sludge which is typically disposed of in
landfill sites. Most studies targeting
revalorization of OMW sludge focus on
composting.

High energy demand, considerable air
emissions, and complex control process
that requires qualified personnel. High
operational costs are associated. It is a
solution suited for industrial-scale oil
mills only.
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Solid and semi-solid waste (olive kernel, olive husks/cake and wet olive pomace)

Drying

Thermal

treatment

Biological

treatment

Heat is transferred to waste
by means of hot gases (drum
dryers, belt dryers, and
fluidized-bed dryers).

The treatment provides the
possibility of energy recovery
while mixtures of OMW with
other organic wastes can be
incinerated as well. After the
second extraction of the wet
olive pomace, the exhausted
olive cake is usually used as
fuel in the husk mill to obtain
thermal or electric energy
through combustion.

Both aerobic (composting)
and anaerobic (fermentation)
processes can be used.
Bulking material such as
wood shavings has to be
added during waste
composting to achieve proper
moisture level and good
aeration of the pulp.

Unlike wastewater, the wet
olive pomace is added at once
at the beginning of the
composting process.

The resulting dried waste may
be incinerated for energy
production, reused in
agriculture, or landfilled, while
air emissions must be treated
appropriately.

Possible energy recovery

Fairly low air emissions and
insignificant consumption of
energy and resources.

As far as the fermentation
process is concerned, energy
and space requirements are
very low, while biogas
production enables energy
recovery.

High-energy demand, but the resulting
final product can be reused for the
production of the required energy. High
investment and operating costs are
associated to drying plants; moreover,
trained and qualified personnel is
required to ensure trouble-free
operation. The high moisture content of
the wet olive pomace causes technical
problems during drying in traditional
husk-extraction mills.

These problems initiated research for
new drying methods.

Very expensive, considering the high
cost of the combustion chambers and
the associated air pollution control
systems. Most of the energy obtained
by combustion is used for drying of the
fresh wet olive pomace and therefore
the total energy recovery is low.

Compared to composting, problems
often arise in process control, hence
qualified personnel is required.
Moreover, this technology is affected
by higher investment costs.

The toxicity of phenolic compounds
present in wet olive pomace affects
anaerobic digestion. Due to its semi-
solid state, pomace needs to be mixed
with bulking agents, such as straw,
cotton-waste, poplar sawdust, and bark
chips, before composting. The physical
characteristics of wet olive pomace
cause difficulties during composting by
forced aeration systems and mechanical
turning is often preferred.

ZagKlis et al. [90] conducted a sustainability and benchmarking study of OMWW

treatment methods, showing that the most effective processes in terms of organics

reduction are membrane filtration, electrolysis, supercritical water oxidation, and

photo-Fenton. Lower environmental impact was found with anaerobic digestion,

coagulation, and lime processes, while the lowest-cost methods are composting and

membrane filtration, owing to the added-value of composts and phenolic

compounds, respectively [90].

Several techniques (individually or in combination) have been proposed to recover

phenols from OMW. These techniques include solvent extraction, chromatographic
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separations, centrifugation, membrane processes and more recently high voltage
electrical discharges, pulsed electric field, and ultrasounds [91]. Membrane
separation processes are among the key physicochemical and nondestructive
techniques applied for the separation of macro- and micromolecules in food waste
streams [92,93].

The majority of olive oil producer countries in the Mediterranean area suffer from
desertification, so the water and organic matter reuse would be beneficial to
improve soil fertility and control the erosion processes. Also in organic agriculture,
the use of OMW as fertilizer and/or biopesticides could represent an important
source of nutrients, protecting crops, and closing the cycle of residues—resources.
However, phenols of OMW are too valuable to be diminished or discharged to the
environment. Therefore, phenols recovery and their reuse in different products and
markets should come first. To conclude, the selection of the most suitable
valorization strategy depends on the social, agricultural, or industrial environment
of the olive oil production plants, but more importantly, on the long-term
sustainability of the solution provided. Solutions that promise full OMW treatment
and at the same time financially collapse the olive oil industries have been rejected
in practice, not only because of sector’s denial, but also because of society’s

tolerance that delays the enforcement of environmental legislations implementation

[4].

5.1. Potential use of OMWW for olive trees irrigation and fertilization

An alternative, environmentally friendly, and economically feasible approach to
manage OMWW would take advantage of its valuable ingredients (e.g., organic
matter, nutrients, and water). In this sense, OMWW could be considered as a soil
amendment and natural fertilizer when applied under specific preconditions for
trees irrigation (LIFE Prosodol) [94]. Italy is the leading country in using OMWW
for these purposes. Capitalizing the Italian experience in reusing OMWW into olive
trees orchards, an irrigation system was installed in Albenga, Italy, during the

implementation of PROSODOL project. For this, a hanging drip line system at 60
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cm above soil surface per each olive row was installed and pressure compensated
tubes normally used in the agricultural sector for the distribution of water or the
application of liquid fumigants were adopted. Such driplines have the following
properties: flow: 2 L/h, distance between drips: 30 cm, pressure: 1.5 bar. Each plant
was provided with 2 drips aligned with plant row roughly at 15 cm apart from olive
stem.

Filtration represents the key aspect during OMWW distribution through dripline in
consideration of the waste composition. Ease of distribution may vary depending
on the thickness and the presence of suspended solids in OMWW. It is clear that
irrigation requires additonal costs in terms of design, set up, and system
management compared to an olive orchard without any irrigation system. It is also
crucial to evaluate costs due to the exploitation of water in areas where it is often
lacking [6].

5.2. Soil remediation techniques

The suitable soil remediation and protection plan for OMW disposal areas should
include methodologies for polyphenols reduction and retention or immobilization
of inorganic constituents. In situ bioremediation may be applied to reduce
polyphenols concentration in soil, since it targets biodegradation of organic
pollutants in soil by taking full advantages of the natural biodegradation process of
organic molecules by soil microorganisms [95]. Furthermore, the use of
clinoptilolite, a natural zeolite, as soil amendment was shown, during PROSODOL
project, to be the most suitable solution to reduce inorganic soil constituents because
of the well-known properties of clinoptilolite to attract, retain, and slowly release
inorganic cations. Moreover, this method is of very low cost and very easy to be
implemented, even by not qualified personnel [96,97]. Both methods were applied

in a pilot area with very satisfactory results [6,94].
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6. Recovery of bioactive compounds

The difficulties in OMWW management arise from the fact that olive oil production
is seasonal (during olive harvest), so the treatment process should operate in a
discontinuous mode. The large number of small olive mills, spread across the
Mediterranean region, make individual on-site treatment options unaffordable [98].
Besides, the high phenolic nature of OMWW and its organic content make it highly
resistant to biodegradation [74].

Like all food processing wastes, OMWW and other olive oil processing by-products
have long been considered as a matter of treatment, minimization, and prevention
due to the environmental effects induced by their disposal. On the other hand,
similarly to all fruit processing by-products, they account as a cheap source of
valuable compounds that could be recovered and used as natural food additives
[99,100]. For instance, phenols are characterized by antioxidant properties with
potential health benefits [101]. Thus, from the early 2000s, an increasing interest
not only in safely disposing of OMWW but also in recovering valuable nutrients for
nutraceutical applications has been emerged [102—-106]. Perspectives originate from
the huge amounts discharged in the Mediterranean and the existing technologies,
which promise the recovery, recycling, and sustainability of high-added value
ingredients inside food chain [89].

Natural evaporation in open-air lagoons, favored by the Mediterranean weather, is
the most conventional method for OMWW treatment [107,108]. Physicochemical
treatments (flocculation, advanced oxidative methods, and electrochemical
processes, such as the electrocoagulation) are also used to reduce the organic load
of OMWW [3]. Biological treatments, such as activated sludge, anaerobic
treatments, and membrane bioreactors, have also been used for the reduction of its
organic load [109]. Other alternative tested is the direct agronomic application, but
its high content in phytotoxic phenolic compounds increases soil hydrophobicity
and decreases water retention [110].

In an integrated biorefinery approach, aimed at producing high added-value
products from OMWW, a preprocessing step to extract the remaining high value

antioxidants may represent an economically interesting strategy that provides the
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triple opportunity to obtain high-added value biomolecules, to increase
biodegradability and to reduce phytotoxicity of the effluent.

Most of the phenolic compounds in olives and olive oil (hydroxytyrosol, tyrosol,
caffeic acid, rutin, luteolin, and flavonoids) are insoluble in oil and, thereby, remain
in wastewater. The water-soluble phenolic compound fractions represent 50-72%
of the total phenolic compounds in olives [111]. The selective recovery of these
phenolic compounds in a preprocessing step can achieve both the reduction of the
intrinsic wastewater environmental toxicity and the production of high added value

molecules.

6.1. Bioactive phenols

Broadly distributed in the plant kingdom and abundant in our diet, phenols are today
among the most discussed categories of natural antioxidants [112]. They include
one or more hydroxyl groups (polar part) attached directly to an aromatic ring
(nonpolar part) and are often found in plants as esters or glycosides, rather than as
free molecules. This stereochemistry distinguishes them according to their polarity
variance [113]. Recent epidemiological studies have shown the inverse association
between risk of cancer, cardiovascular diseases, diabetes, several age related
chronic diseases, and intake of diet rich in phenols and antioxidants [114-116].
Phenols can exist inherently in the olive fruit or be generated during olive oil
production [101]. OMWW contains typically from 0.5 to 24 g phenols/L, which is
about 98% of the phenols present in olive fruit [10], since only 2% of them pass
into the oil phase during extraction process [89]. Olive fruit contains phenolic acids
and alcohols, secoiridoids and flavonoids, while more than 50 and 40 relevant
compounds have been identified in OMWW and olive oil, respectively [112,117].
Phenolic acids include o- and p-coumaric, cinnamic, caffeic, ferulic, gallic, sinapic,
chlorogenic, protocatechuic, syringic, vanillic, and elenolic acids [41,44,118,119].
The most typical phenolic alcohols are tyrosol and hydroxytyrosol [120,121]. The
qualitative and quantitative HPLC analysis of raw OMWW is similar to olive oil,

whereas hydroxytyrosol and tyrosol are the most abundant phenolic compounds, as
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in olive oil [122,123]. Furthermore, OMWW contains numerous flavonoids such as
apigenin, hesperidin, cyanidin flavone, anthocyanin, and quercetin [101,124,125].
OMWW phenols are well known for their unique antioxidant properties for human
health that promise their reuse as additives in foodstuff and cosmetics [126]. Indeed,
one of the most established activities of OMWW phenols is their ability to capture
free radicals (both in vitro and in vivo).

OMWW phenols have also shown a scavenging ability against hypochlorous acid
(HCIO) [127] as well as ferric reducing ability [128]. Besides, several studies have
reported the antimicrobial properties (i.e., against Staphylococcus aureus, Bacillus
subtilis, Bacillus cinerea, Escherichia coli, and Pseudomonas aeruginosa) of olive
polyphenols [112,117,129].

Hydroxytyrosol is the most known olive phenol in spite of its beneficial properties,
for example, it exerts advanced antiradical properties compared to vitamins E and
C [130]. The antioxidant ability of hydroxytyrosol has been proven in the plasma
and liver of rats [131], while its cardio-protective effect has been successfully
assayed on human cells [132]. Together with other o-phenolics (e.g., oleuropein and
caffeic acid) are known to exert protective effect against low-density lipoprotein
(LDL) oxidation in vitro and appeared that it can be most effective at low
concentrations to protect human erythrocytes and DNA against oxidative damages
[133-135]. The beneficial effect of hydroxytyrosol as an effective hypoglycemic
and antioxidant agent in alleviating oxidative stress and free radicals as well as in
enhancing enzymatic defenses in diabetic rats has also been demonstrated [40].
Hydroxytyrosol-rich olive oils have been approved by the European Food Safety
Authority (EFSA) for their ability to maintain healthy LDL cholesterol level and
lipid antioxidation [136]. The natural hydroxytyrosol concentrates obtained from
OMWW and other olive by-products (using clean technologies) may also exert
antioxidant, antimicrobial, antiinflammatory, and anticarcinogenic properties
superior to those observed for pure hydroxytyrosol, in equivalent concentration
[137,138].
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6.2. Extraction, clarification and isolation of bioactive phenols

The main separation strategies [139] involves the use of liquid-liquid extraction
(LLE) [140,141], ultrasound-assisted extraction [142-144], solvent extraction
[101,145], superheated liquid extraction [143], supercritical fluid extraction [146],
and more recently emerging technologies, such as high voltage electrical discharges
and pulsed electric field [89,147-149]. Although LLE provides efficient results, the
necessity of using large volume of organic solvents is increasing the interest to
replace LLE by solid-phase extraction [150].

Membrane processes have also been proposed for the selective fractionation and
total recovery of polyphenols, water, and organic substances from OMW [103,
[151-155]. Using a preliminary membrane filtration followed by two ultrafiltration
steps (6 and 1 kDa membranes, respectively) and a final reverse osmosis treatment,
Russo [156] obtained an enriched and purified low molecular weight polyphenols
extract to be used for food, pharmaceutical or cosmetic purposes. The remaining
liquid can be used as fertilizer or in the production of biogas in anaerobic reactors
as detailed later [7].

From another point of view, the “5-Stage Universal Recovery Process” [157]
provides an integral strategy in order to combine these techniques and purify
phenols prior to their final formation into a product. Following this approach, the
recovery of any target compound from food by-products can be accomplished in
five distinct stages that follow the principles of analytical chemistry: (1)
macroscopic pretreatment, (2) separation of high-molecular from low-molecular
compounds, (3) extraction, (4) purification/isolation, and (5) encapsulation or
product formation [139,158]. This procedure is selected if two (at least) different
components are recovered or one of them is a small molecule, for example, an
antioxidant. However, when the target compound concerns a longer molecule (e.g.,

protein or pectin), the second stage may be omitted [138].
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6.2.1. Extraction of phenols

The extraction of phenols from natural substrates is typically conducted using
organic solvents that provide a physical carrier for their transportation between
different phases (i.e., solid, liquid, and vapor) [126]. Liquid-liquid solvent
extraction is an easy to operate technique and it can be applied even in small, family-
owned olive oil mills. It is affected by the diffusion coefficient and the dissolution
rate of compounds until they reach the equilibrium concentration inside the solvent,
whereas the most important parameters include the type of solvent used, the
extraction temperature, and time. Phenols are polar compounds that match perfectly
with highly polar solvents. For example, ethyl acetate is a promising solvent for the
liquid—liquid extraction of flavonoid aglycons [159-161]. Phenolic acids are easily
solubilized in polar protic media like hydroalcoholic mixtures, while respective
fractions can be obtained on the basis of polarity by varying alcohol concentration
[162,163]. In general, methanol-water mixtures have been referred to extract
phenols with the highest yield and widest array.

On the other hand, the recovery of certain phenolic terpenes has been referred to
occur preferably with nonpolar solvents (i.e., hexane or petroleum ether). One of
the main disadvantage of this process is that most of the organic solvents are
undesirable for industrial exploitation as they are toxic, nonedible, and raise
environmental, health, and safety concerns [164,165].

Ethanol has a lot of advantages: it is cheap, reusable as well as nontoxic and the
corresponding extracts could be utilized directly in the beverage industry [140]. In
addition, it inhibits enzyme activity at low pH conditions (pH 2-3) and precipitates
larger compounds, such as dietary fiber [138].

The emergent need for more efficient technologies has given rise to a deeper interest
in new non-thermal extraction techniques that promise to reduce solvent
consumption, shorten the processing time, increase recovery yield, control the
Maillard reactions, improve the product quality, and enhance functionality of
extracts. These include ultrasound-assisted, microwave-assisted, pressurized liquid,
and supercritical fluid extraction (SFE) as well as electrotechnologies (e.g., high

voltage electrical discharges, ultrasound (US), or pulsed electric field) [157,166—
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170]. In particular, ultrasound-assisted extraction (UAE) is based on the disruption
of plant cell membranes as a result of the formation of cavitation bubbles generated
via ultrasound high frequency (20 kHz) waves [171]. The optimum operating
conditions (solid/solvent ratio = 50 mg/mL, 50% ethanol, and extraction time of 60
min) for UAE of phenols from OMWW have been reported by Sahin and Samli
[172]. High voltage electric discharge (HVED) is an alternative extraction
technique that requires low energy input (60-80 kJ/kg) to disrupt cell tissues and
subsequently enhance phenols extraction from plant matrices due to direct energy
release into the medium [173]. Similarly, pulsed electric field (PEF) accelerates
mass transfer via tissue breakdown, which is induced by the application of a critical

electrical potential to cell membranes [174].

6.2.2. Clarification or isolation

This stage aims either the purification or the isolation of the target compounds from
the co-extracted impurities with membranes as indicated above. Adsorption,
supported by activated carbons, resins, or polysaccharides is another attractive
process that enables the isolation of selected low molecular weight phenols from
dilute solutions with high capacity and insensitivity to toxic substances [126].
Removal of phenols from OMWW has also been conducted with a high yield (95%)
using sand filtration and subsequent treatment with powdered activated carbon in a
batch system [175]. Achak et al. [176] used another food processing by-product
(banana peel) as a low-cost biosorbent to remove phenols from OMW. The
adsorption rate of phenols was increased from 60% to 88% as a function of

increasing banana peel dosage from 10 to 30 g/L, respectively [138].

6.2.3. Ultrasound-assisted extraction (UAE)

Ultrasound is a special type of sound wave beyond human hearing. Usually, its
frequency in most common chemistry applications varies from 20 kHz to 100 MHz.
Like other waves, it passes through a medium by creating compression and

expansion. This process produces a phenomenon called cavitation, which means
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production, growth and collapse of bubbles. A large amount of energy can be
produced from the conversion of kinetic energy of motion into heating the contents
of the bubble. According to Suslick and Doktycz [177], bubbles have temperature
about 5000 K, pressure of 1000 atm, and heating and cooling rate above 1010 K/s.
UAE has been developed based on this principle. Only liquid and liquid containing
solid materials have cavitation effect. The main benefit of UAE can be observed in
solid plant sample because ultrasound energy facilitates organic and inorganic
compounds leaching from plant matrix [178]. Probable mechanism is ultrasound
intensification of mass transfer and accelerated access of solvent to cell materials
of plant parts. The extraction mechanism by ultrasounds involves two main types
of physical phenomena, (a) the diffusion across the cell wall and (b) rinsing the
contents of cell after breaking the walls [179]. Moisture content of sample, milling
degree, particle size and solvent are very important factors for obtaining efficient
and effective extraction. Furthermore, temperature, pressure, frequency and time of
sonication are the governing factors for the action of ultrasound.

UAE have also been incorporated along with various classical techniques as they
are reported to enhance the efficiency of a conventional system. In a solvent
extraction unit, an ultrasound device is placed in an appropriate position to enhance
the extraction efficiency. The advantages of UAE include reduction in extraction
time, energy and use of solvent. Ultrasound energy for extraction also facilitates
more effective mixing, faster energy transfer, reduced thermal gradients and
extraction temperature, selective extraction, reduced equipment size, faster
response to process extraction control, quick start-up, increased production and

eliminates process steps [180].

6.2.4. Phenols recovery using membranes

Membrane techniques have been developed for the treatment of liquid wastes from
food industries [181]. They are considered as clean technologies and can be used
not only for wastewater purification, but also to recovering valuable compounds.

Pressure-driven membrane technologies (i.e. microfiltration (MF), ultrafiltration
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(UF), nanofiltration (NF) and reverse osmosis (RO)) are the most widely used for
industrial applications: feed solutes larger than the membrane pore size are retained
by the membrane in the concentrate or retentate stream, whereas solvent and
smaller molecules will pass through the membrane to the permeate stream. Their
advantages include small area-requirement, low energy consumption, no phase
change, water-reuse, by-products recovery, stabilization of effluent, and absence of
organic solvents. Moreover, membrane processes allow treatment to be adjusted
with regard to the particular wastewater. However, up today, membrane
technologies have not been proved to be completely efficient in spite of OMWW
treatment, mainly because of their high operational cost (due to the continuous
discharge or cleaning of membranes) and other phenomena, such as concentration
polarization and membrane fouling. The latest phenomena reduce the permeate flux
and cause repeated shutdown for membrane cleaning and washing. Concentration
polarization and fouling depend on several factors, mainly membrane
characteristics and feed solution properties [103,105]. A common problem is that
OMWW is loaded almost directly (after the removal of solid particles) to the UF
units. However, OMWW contains an increased amount of high molecular weight
solutes (e.g., pectin, protein) that interact with the membrane surface together with
the polar micromolecules (e.g., phenols, sugars), thus developing the earlier
phenomena. Although they cannot fully solve the environmental problem of
OMWW disposal, membrane technologies comprise a valuable tool in terms of food
and ingredient’s separations [104,182,183], and thus provide important solutions
when implemented this way [138].

As a first step, OMWW is pretreated (e.g., by centrifugation or common filtration)
to remove suspended solids, reducing its chemical oxygen demand (COD) and
making it easier to handle. MF and UF can also be applied as pretreatment stages
and their permeates can be treated by NF and/or RO to generate concentrated
solutions of phenolic compounds, suitable for food, pharmaceutical, and cosmetic
applications. The final NF and RO permeates can be safely discharged in aquatic

systems or used for irrigation purposes [138].
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Turano et al. [184] presented an approach for OMWW treatment, including a
preliminary centrifugation step, in which the suspended solids are removed, and a
selective UF step of the centrifuge supernatant. The centrifuge operated at 4000 rpm
for 10 min, whereas UF was performed at 25 °C and 1.5 bar using a polysulfone
flat-sheet membrane, with a molecular weight cut-off (MWCO) of 17 kDa. The
final UF permeate contained 0.2— 0.3 g/L phenols depending on the feed
concentration, and 90% COD reduction was achieved.

Pizzichini and Russo [185] suggested a sequential fractionation of OMWW
constituents by a combined centrifugation/MF/UF/NF/RO treatment. The process
starts with pH adjustment to a value between 3 and 4.5 to prevent the oxidation of
phenols by deactivating the polyphenol-oxidase enzyme, promoting the
transformation of oleuropein into hydroxytyrosol and creating the optimal
conditions for subsequent enzymatic treatment. Moreover, organic compounds are
degraded through enzymatic hydrolysis so that their degradation products can be
easily separated via the upcoming centrifugation. After centrifugation, OMWW is
subjected to MF where ceramic membranes (0.1 to 1.4 pm pore size and 0.35 m?
surface area per ceramic block) were used. The obtained MF permeate is treated by
UF using spiral-wound polymeric membranes (1-20 kDa cut-off) made of one of
the following materials: polysulfone, polyethersulfone, polyamide, or regenerated
cellulose acetate. UF permeate is further treated by NF using spiral-shaped
polymeric membranes made of composite polyamide or nylon (cut-offs ranging
from 150 to 250 Da). Finally, the obtained NF permeate is subjected to RO, using
spiral-shaped polymeric membranes made of composite polyamide. This final
operation yields a liquid RO concentrate rich in phenols (30 g/L) and a purified
water permeate. Through this operation setup, 12 L of concentrate is obtained from
200 L of OMWW.

Villanova et al. [186] focused on the recovery of tyrosol and hydroxytyrosol from
OMWW. The process included rough filtration (RF), MF, UF, NF, and RO, using
a pilot plant with 3 units. The first unit consisted of seven RF modules ranging from
4,76 to 0.033 mm. The second one consisted of two modules, which were both

equipped with a 120 kDa MF membrane. The final unit consisted of four different
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modules in the following sequence: two UF membranes with cut-offs of 120-20
kDa and 20-1 kDa, an NF membrane (1000-350 kDa cut-off), and an RO
membrane (350 kDa cut-off). According to the described process, the final RO
concentrate contained more than 1 g/L of hydroxytyrosol and more than 0.6 g/L of
tyrosol, which could be later isolated with purity higher than 98% by reversed-phase
chromatography on a preparatory column.

Abdel-Shafy et al. [187] used integrated MF/UF/NF membrane systems for the
recovery and concentration of phenols from OMWW followed enzymatic (using f3-
glucosidase) and acid hydrolysis in order to release higher concentration of pure
hydroxytyrosol. OMWW containing 2.5 g/L of phenols was directly subjected to
the MF unit without any preliminary centrifugation. The MF membrane was made
of polyvinyl-fluoride (with mean pore size of 200 nm) and resulted in 77.6% and
34.8% reduction of total suspended solids (TSS) and COD, respectively, with a
phenols concentration of 2.3 g/L in the MF retentate. The UF system was equipped
with a ceramic membrane (20 kDa cut-off) and 44.9% and 100% removal for COD
and TSS, respectively, were obtained, whereas phenols concentration in the
retentate was 2.0 g/L. In the NF unit step COD was reduced from 33 to 6.9 g/L and
TSS was completely removed; phenols concentration in NF retentate reached 2.4
g/L. Finally, a concentration of 1.3 g/L of pure hydroxytyrosol was obtained by -
glucosidase acid hydrolysis of NF retentate.

6.3. Recovery and purification of phenolic compounds by adsorption

Adsorption technology is one of the most commonly applied processes for the
recovery of polyphenols from plant extracts and is gaining increasing importance
in food industry [188]. The use of synthetic resins as adsorbents has several
advantages such as relatively low operation costs, simple handling, and long resin
shelf-life resulting from its regeneration and reuse ability [189]. Compared with
alternative technologies, adsorption is attractive for its relative simplicity of design,
operation and scale-up, and its potential selectivity to toxic substances. Besides,

adsorption avoids toxic solvents and minimizes the transformation of the target
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substances [190]. Among the disadvantages of adsorption technology are the
limited overall purification efficiency [191], the loss of capacity observed after the
first regeneration and solvent regeneration which has to be developed and/or
adapted. A method for gathering hydroxytyrosol by means of a two-step
chromatographic treatment was suggested [192]. Likewise, an aqueous fraction of
hydroxytyrosol from an aqueous phenolic extract was recovered [133]. Researchers
used Amberlite XAD or Duolite to obtain extracts rich in antioxidants while in some
patents applied Amberlite XAD was followed by Sephadex LH-20 or Amberlite
XAD/Lewatit EP [193,194].

6.3.1. Operational conditions affecting adsorption and desorption

The influence of the major operational variables on the adsorption process should
be known in order to achieve high recovery rates and economical production. The
theoretical and practical principles of adsorption—desorption are well established
[195-199]. The effects of the most influential variables have been extensively
treated and reviewed for activated carbons [200] and low cost adsorbents [201].
The following sections cover only representative information on the influence of
selected variables. Surface area, functionality, porosity, irregularities, strongly
bound impurities, internal porous structure and particle size influence the physical
adsorption. Phenol molecules may form hydrogen bonds with surface functional
groups, and the aromatic ring determines the magnitude of hydrophobic interactions
[202]. Resin performance is strongly affected by chemical structure and surface
functionality. Polyphenol binding to ion exchange resins is affected by interactions
between functional groups, by hydrophobic interactions and hydrogen bonding
[203]. The interactions of solutes with a strong-base anion exchanger followed
different mechanisms at different pH: both adsorption and ion exchange were
important under alkaline conditions, whereas phenol desorption was predominant
at acidic pH [204,205]. lonic strength and pH are key factors influencing the

adsorption of phenolic compounds. At acidic pH, the uptake of phenolics by
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different adsorbents is enhanced because phenols are non-dissociated and the
dispersion interactions predominate [190,200,206-209].

6.4. Market of recovered phenols from olive processing by-products
Nowadays, several patents have been obtained for the extraction of target phenolic
compounds (e.g., oleuropein and hydroxytyrosol) from olive oil processing by-
products [8]. In most cases, a slow acidic hydrolysis (for 2-12 months) of the initial
substrate is proposed with a final aim of converting more than 90% of the present
oleuropein to hydroxytyrosol [138]. Phenolea Complex is a natural hydrophilic
extract (without using any kind of organic solvent) obtained directly from OMWW.
After the milling process, OMWW is collected, pretreated and sequentially
subjected to tangential MF (using ceramic membranes) and vacuum evaporation of
the permeate [210]. The commercial recovery of hydroxytyrosol from wet olive
pomace has been proposed using chromatographic columns filled with two resins:
a nonactivated ionic and an XAD-type nonionic. Hydroxytyrosol has shown
improved advanced antiradical properties compared to vitamins E and C, and thus
could be used as functional supplement and food preservative in bakery products.
More specifically, OMWW is pretreated with acid and then an incubation process
follows aiming at the conversion of oleuropein to hydroxytyrosol [138].

In general, olive pulp extracts have been approved by FDA which GRAS (generally
recognized as safe) status (GRN No. 459) to be used as antioxidants in numerous
foods (e.g., baked goods, beverages, and dressings) up to a level of 3 g/kg in the
final food [8].

7. Encapsulation

Microencapsulation, developed approximately 60 years ago, is defined as a
technology of packaging solids, liquids, or gaseous materials in miniature, sealed
capsules that can release their contents at controlled rates under specific conditions
[211,212]. The packaged materials can be pure materials or a mixture, which are

also called coated material, core material, actives, fill, internal phase or payload.
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Furthermore, the packaging materials are called coating material, wall material,
capsule, membrane, carrier or shell, which can be made of sugars, gums, proteins,
natural and modified polysaccharides, lipids and synthetic polymers [213,214].
Various techniques are used for encapsulation. In general, three steps are involved
for the encapsulation of bioactive agents: (i) the formation of the wall around the
material to be encapsulated; (ii) ensuring that undesired leakage does not occur; (iii)
ensuring that undesired materials are kept out [214,215]. The current encapsulation
techniques include spray drying, spray cooling/chilling, extrusion, fluidized bed
coating, coacervation, liposome and niosome entrapment, emulsification, inclusion
complexation, centrifugal suspension separation, lyophilization, etc. [211,214,216].
The main objective of encapsulation is to protect the core material from adverse
environmental conditions, such as undesirable effects of light, moisture, and
oxygen, thereby contributing to an increase in the shelf life of the product, and
promoting a controlled liberation of the encapsulated compound [217].
Microencapsulation can be applied in food industry for several reasons, which have
been summarized by Desai and Park [211] as follows: (i) protection of the core
material from degradation by reducing its reactivity to its outside environment; (ii)
reduction of the evaporation or transfer rate of the core material to the outside
environment; (iii) modification of the physical characteristics of the original
material to allow easier handling; (iv) tailoring the release of the core material
slowly over time, or at a particular time; (v) to mask an unwanted flavor or taste of
the core material; (vi) dilution of the core material when only small amounts are
required, while achieving uniform dispersion in the host material; (vii) to help
separate the components of the mixture that would otherwise react with one another.
Food ingredients of acidulants, flavoring agents, sweeteners, colorants, lipids,
vitamins and minerals, enzymes and microorganisms, can be encapsulated using
different technologies [211,218].
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7.1. Encapsulation of polyphenols

Low bioavailability and instability of polyphenols in digestion and absorption
process greatly limits their health benefits. In fact, only a small proportion of them
taken orally are absorbed, because of insufficient gastric residence time, low
permeability, and water solubility [219]. In addition, they are sensitive to physical
and chemical conditions, such as light, heat and oxidation [220]. The delivery of
these compounds therefore requires protection mechanisms that can maintain their
chemical integrity and deliver them to the physiological target [221]. A wide range
of technologies have been developed to encapsulate polyphenols, including spray
drying, coacervation, emulsions, liposomes, niosomes, micelles, nanoparticles,
freeze-drying, cocrystallization and yeast encapsulation [218,220]. Each of them
has its own specific strengths and weaknesses in encapsulation, protection, delivery,
cost, regulatory status, ease of use, biodegradability and biocompatibility. Among
these, emulsions are widely considered as one of the most popular encapsulation
and delivery systems for a wide range of lipophilic, hydrophilic and amphiphilic
bioactive molecules [222] due to their high-efficiency encapsulation, chemical
stability maintenance of encapsulated molecules [223] and controlled release [224].
Furthermore, some emulsion-encapsulated polyphenols presented even higher

biological activities compared with pure free molecules [225,226].

7.2. Nanoemulsions

Nanoemulsions usually have better stability to particle aggregation and
gravitational separation [227]. Nanoemulsions contain particles that only scatter
light waves weakly, and so they are suitable for incorporation into products that
need to be optically clear or only slightly turbid, such as fortified soft drinks and
waters, and some kinds of soups, sauces, and dips [228-230].

A conventional emulsion, also sometimes known as an emulsion or macroemulsion,
typically has particles with mean radii between 100 nm and 100 um. This type of
colloidal dispersion is thermodynamically unstable, i.e., the free energy of the

separated oil and water phases is lower than that of the emulsion itself.
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Consequently, conventional emulsions always have a tendency to breakdown over
time. Conventional emulsions tend to be optically turbid or opaque because their
droplet size are similar to the wavelength of incident light (r ~ A) and so they scatter
light strongly (provided the refractive index contrast between the oil and water
phases is not very close to zero). A nanoemulsion can be considered to be a
conventional emulsion that contains very small particles, i.e., mean radii between
about 10 to 100 nm [227,229]. The relatively small particle size compared to the
wavelength of incident light (r << A) means that nanoemulsions tend to be
transparent or only slightly turbid (similar to microemulsions). The very small
particle size also means that they have much better stability to gravitational
separation and aggregation than conventional emulsions [227,230]. However, these
systems are still thermodynamically unstable, and so, will tend to breakdown over
time [231].

A system consisting of oil droplets dispersed within a water phase is referred to as
an oil-in-water (O/W) nanoemulsion, whereas a system that consists of water
droplets dispersed in an oil phase is referred to as a water-in-oil (W/O)
nanoemulsion. The liquid that makes up the droplets is usually referred to as the
dispersed phase, whereas the liquid that makes up the surrounding liquid is referred
to as the continuous phase.

Nanoemulsions often have better stability to gravitational separation, flocculation,
and coalescence than conventional emulsions, but are less stable to Ostwald
ripening. A major concern of food scientists working with this kind of systems is
therefore to create nanoemulsions with sufficiently small particle size and then to
ensure that they have a sufficiently long Kkinetic stability for commercial
applications. The kinetic stability of nanoemulsions can be improved by controlling
their microstructure (e.g., size distribution), or by incorporating substances known
as stabilizers, such as emulsifiers, texture modifiers, weighting agents, or ripening
retarders [231].
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8. Biorefinery concept for the valorization of olive mill wastes

The use of different residues derived from olive tree cultivation and olive oil
extraction, including waste streams, such as wastewater, olive leaves, or olive
stones, in a single facility gives rise to the concept of multifeedstock and
multiproduct biorefinery. This modular and integrated biorefinery could transform
heterogeneous feedstocks (high- and low-moisture residues) into a number of
valuable products (food additives, bioproducts, biomaterials, biofuels, and
bioenergy). At the same time, the biorefinery can play an interesting environmental
role, since the processes developed at this facility represent an alternative to the
classical disposal methods of the residues of the olive oil industry. A wide range of
final products have been identified as possible outputs for biorefinery, depending
on the feedstock considered.

Residues generated in olive oil industry can be categorized as either low/medium-
or high-moisture materials. The conversion of low/medium biomasses (in general,
lignocellulose) can be directed to heat and power production by thermochemical
processes, or be upgraded into added-value products by biochemical/chemical
routes (Fig. 13). Biochemical processes generally involve fractionation and
hydrolysis of polymers (carbohydrates and lignin) into oligosaccharides or
monomers that can further be converted into a wide variety of products. The
conversion of wet biomass (wastewater streams) generally involves biofertilization

and/or anaerobic digestion [7].
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Figure 13. Valorization scheme for different residues generated in the olive oil industry

[7]1.

8.1. Processes for low-medium moisture residues

8.1.1. Direct use as biofuels

The conversion of wastes generated from the olive mill industry into thermal and
electrical power is an interesting option in the case of low-moisture residues, as the
olive stones or the extracted dry pomace residue produced in the olive pomace oil
industry [232]. Currently, the use of olive stones as a biofuel for thermal
applications is quite widespread in olive oil productive regions, especially in
agroindustries, livestock farms, greenhouses, and domestic heating systems.
Extracted dry pomace residue is also used as a fuel in some local industries, like the
ceramic industry. However, this residue is less used than olive stones in domestic
heating systems because of the higher generation of pollutant emissions. In the

pomace olive oil extraction industry, extracted dry pomace residue is usually used
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to dry the wet olive pomace whereas olive stones are often employed in the
industrial boilers to obtain process steam because it causes less corrosion problems.
In recent years, the use of olive stones as a fuel in olive mills boilers instead of
extracted dry pomace residue has been progressively increased [7].

8.1.2. Biochemical/chemical conversion routes

Apart from the valorization of low/medium biomasses by thermochemical
processes, a variety of valuable products can be obtained by biochemical and
chemical conversion technologies based on lignocellulosic nature of these residues.
Lignocellulosic-type residues from olive crop and oil mill contain nonstructural
minority compounds that could be extracted before the process conversion of
structural components (hemicellulose, cellulose and lignin), contributing to the
economic viability of a possible biorefinery based on these materials. This is the
case of phenolic compounds with antioxidant properties that have a great interest
for the food industry as substitutes of synthetic antioxidants. Therefore, a
preprocessing strategy, such as an extraction step, could be applied to the residues
in order to recover these bioactive components, while improving the yields of the

biochemical conversion route of structural components [233,234].

8.1.2.1.Carbohydrate conversion

A key issue for the biorefineries is the cost-effective conversion of cellulose and
hemicellulose contained in lignocellulose biomass into fermentable sugars, as a first
step in the production of high-added value molecules. Particularly for biofuel
(ethanol) production from lignocellulose biomass, process technology generally
includes a pretreatment step followed by enzymatic hydrolysis and the subsequent
fermentation to ethanol of the sugars released, by fermenting microorganisms.
Pretreatment is a critical step for efficient carbohydrates (cellulose and
hemicellulose) conversion processes, and it is required to alter the structure of
lignocellulose biomass making polysaccharides more accessible to the enzymes that

hydrolyze them into fermentable sugars. Moreover, an ideal pretreatment should
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result in a complete fractionation of the biomass into its key constituents, cellulose,
hemicelluloses, and lignin, which will facilitate a subsequent conversion of main
components into fuels and high value products at high yield. Many pretreatment
methods have been evaluated for ethanol production [235].

8.1.2.2.Lignin conversion

In most current applications of biochemical and/or chemical based technologies to
lignocellulosic materials, lignin component is contained in the final residue after
biomass fractionation and carbohydrate hydrolysis, as a complex and disperse
compound [236]. A major part of this lignin-rich residue is incinerated to produce
process steam and energy, and only a minor part is derived to the production of
other valuable products. However, lignin offers a significant opportunity for
enhancing the operation of a lignocellulosic biorefinery by the production of more
valuable chemicals, such as resins, composites and polymers, aromatic compounds,
or carbon fibers. This is viewed as a medium to a long term opportunity depending

on the quality and functionality of the lignin that can be obtained [237].

8.2. Processes for high moisture residues

8.2.1. Agricultural uses of extracted OMWW

Reducing the phytotoxicity of OMWW by extracting polyphenols would allow its
use as a valuable fertilizer. Its agronomic application to soils is very convenient in
Mediterranean countries since water is scarce and soils tend to have a low organic
matter content. The land utilization of polyphenols-extracted OMMW represents a
cheap source of irrigation water and provides soils with nutrients, mainly potassium
and organic matter. High salinity and low pH are the main drawbacks for the
application of OMWW to soil, but they can be reduced or eliminated by composting
or cocomposting with agricultural residues (e.g., olive pomace or olive tree pruning

residues). The agronomic use of composting OMWW does not cause negative
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effects on crop productivity and significantly increases organic matter and organic
nitrogen in soils [238].

8.2.2. Production of bioenergy and biofuels

OMWW, especially after increasing its biodegradability by the extraction of
phenolic compounds, could be a good substrate for fermentative transformations.
Although some studies have been performed for bioethanol [239] and biohydrogen
[240,241] production, studies have been focused on biomethane production by
anaerobic digestion (AD). Among bioprocesses to transform OMWW into biofuels,
AD is the best choice since all the macromolecules (lipids, proteins, and
carbohydrates) are transformed into biogas. Biogas is a versatile energy carrier that
can be used for electricity production, heating purposes, vehicle and jet fuel and
replacement of natural gas. In addition, biomethane may be considered as starting
compounds for biotechnological production of chemicals.

AD of complex organic substrates, such as OMWW, proceeds through a series of
parallel and sequential steps with several groups of microorganism involved.
Anaerobic digestion starts with the hydrolysis of high molecular materials and
granular organic substrates (lipids, proteins, and carbohydrates) by fermentative
bacteria into small molecular materials and soluble organic substrates (fatty acids,
amino acids, and glucose), aided by extracellular enzymes (hydrolases), which are
excreted by fermentative bacteria. Next, products formed during the hydrolysis are
further degraded into volatile fatty acids (e.g., acetate, propionate and butyrate)
along with the generation of by-products (e.g., NHs, CO», and H-S) in a process
known as acidogenesis. Finally, the organic substrates produced in the second step
are further digested into acetate, Hz, and CO, and used by methanogenic archaea
for methane production. The anaerobic degradation of OMWW faces some
difficulties due to the high content of hardly degradable cellulosic materials and
toxic substances, such as phenols, long-chain fatty acids, ethanol, tannins, etc.
[242].
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In addition to the earlier described technologies to convert olive biomass (including
solid or liquid wastes) into bioproducts and biofuels, other interesting applications
are nowadays being considered at different development stages, such as animal
feed, production of activated carbons to be used as biosorbents, or as ingredients in
construction materials [7,243].

9. Clinical applications and therapeutic effects of hydroxytyrosol

The origin of hydroxytyrosol (HT) is the hydrolysis of oleuropein which takes place

during the ripening of the olives, and also during the storage and elaboration of table

olives [244].

Nowadays, many researchers are looking for new forms of HT to improve the

ADME (Absorption, Distribution, Metabolism and Excretion) processes, its

stability and its health-biological features. These studies are focused on changing

the solubility of HT in order to increase its bioavailability and its plasma half-life

[245]. Almost all experiments have been carried out in vitro models. Some of these

new isolated compounds, their biological activities and their synthesis methods

have been reviewed by Bernini et al. [246]:

e HT esters: the most important compound of this group is HT acetate which is
found in extra virgin olive oil (EVOQ). HT acetate has demonstrated a higher
antioxidant capacity than HT. In addition, nitro-ester derivatives have shown
beneficial effects in Parkinson's disease associated to their antioxidant
properties [247].

e HT alkyl ethers: a new class of lipophilic HT derived with high cytotoxic
activities in A549 lung cancer cells and MRC5 non-malignant lung fibroblasts
[248].

e HT analogues: with similar structure to HT but different substituents on the
aromatic ring and/or a different length of the alcoholic chain.

e HT thioderivatives: containing thioacetate, thiol, and disulphide groups.

e HT derived isochromans: also presents in EVOO methanolic extracts [249].
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9.1. Absorption, distribution, metabolism and excretion (ADME) processes

It is well established that phenolic compounds are absorbed in a dose-dependent
manner in the bowel and they suffer an important intestinal/hepatic metabolism
[250-252]. Many studies have been performed in animals and humans in order to
determine how the ADME processes of HT occur. These studies have shown similar
ADME characteristics for HT with other (poly)phenols. In this sense, HT presents
different absorption and excretion ways depending on the vehicle employed
[253,254].

All (poly)phenols suffer the phase | of metabolism (hydrolysis) in enterocytes and
subsequently go through phase Il of metabolism, where they are transformed into
glucuronide, methylated and sulphate by-products [255]. For all processes
described above, 98% of HT can be detected in plasma and urine in glucuronide
form, and only 2% as its free form when it is administered in olive oil form [256].

More recent studies were conducted to determine different specific (poly)phenolic
metabolites that could explain more concisely the biological activities associated to
some components of the Mediterranean diet (MD) as well as to establish some better
compliance markers. In this sense, Rubié et al. [257] observed in
hypercholesteremic volunteers that after the administration of two different
phenolic-enriched EVOO, the most quantifiable and appropriate biomarker for
compliance were the sulphate forms of HT, measured both in urine and plasma
samples. Finally, a more complex study carried out by Khymenets et al. [258]
allowed to corroborate that after the administration of a HT nutraceutical
preparation to healthy volunteers, sulphate metabolites of HT and concretely the
HT-sulphate-3' could be selected as the best biomarker of compliance of olive oil
ingestion [249].

9.1.1. Absorption process of HT

The absorption of HT mainly occurs by passive transport in the small bowel and the
colon with an efficiency that oscillates from 75% up to 100%. The absorption

process depends on the vehicle employed, being more effective in the form of olive
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oil [254]. These results agrees with Vissers et al. studies [259], which reported an
absorption of 70% of HT in patients in whom an ileostomy had been carried out. It
is well known that phenolic bioavailability is influenced by different factors such
as age, hormonal status [260], or gender, as described by de Bock et al. [261] when
leaf extracts were administered to determine the perimenopause activity of HT. In
addition, Dominguez-Perles et al. [262] described that gender is a critical feature
for the final bioavailability of HT derivatives, persisting this compound for a longer
time in the body of female rats after different forms of HT oral administration.
Furthermore, other studies have demonstrated that HT achieves its highest urinary
levels when it is administered as red wine, probably due to the interaction between
ethanol and dopaminergic ways. HT is a dopamine metabolite and the increased
levels of HT in urine, when it is administered as red wine, can be consequence of a
higher boost to dopamine metabolism [263]. Perez-Mana et al. [264] demonstrated
that if HT is administered with ethanol, dopamine metabolism varies to produce HT
instead of DOPAC (3,4-dihydroxyphenylacetic acid). The increasing levels of HT
in the body can be easily comprehended [249].

9.1.2. Distribution of HT

This compound has a swift absorption process and reaches its maximum plasma
concentration around 7 min after the intake [265]. Despite this, other authors have
suggested that the highest plasma concentrations of HT are reached between 0.5
and 1 h after its oral administration, being practically undetectable after 4 h. In this
sense, when HT is administered in an acetate form, the highest plasma concentration
of HT is reached between 0.5 and 2 h after oral administration [262]. Once
absorbed, HT will quickly start being part of plasmatic high density lipoproteins,
acting as an antioxidant and as a cardiovascular protector [266].

Because of the powerful and quick metabolism of HT, this compound presents a
plasma half-life of 1-2 min [267,268]. HT and its metabolites have very good
distribution abilities in tissues such as muscle, testis, liver, and brain (HT is able to

cross the blood brain barrier) besides it is accumulated in kidney and liver [268].
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This widespread distribution is responsible for the health-beneficial properties of
HT [249,269].

9.1.3. Metabolism of HT

HT has an intense and rapid metabolism. Firstly, this compound suffers the first
step of its metabolism inside enterocytes and subsequently in the liver. In this sense,
gut microbiota has been identified as a notably modulator of absorption both of HT
and its metabolites. This microflora acts transforming part of HT, HT acetate
(HTA), and tyrosol (Tyr) in different catabolites HT-derived, and releasing free-HT
from its more complex forms. According to Mosele et al. [270], the metabolism of
HT by microbiota occurs firstly by oxidation and this is followed by a
transformation into hydroxylated phenylacetic acids [249].

9.1.4. Excretion of HT

Taking into account the structure of HT (Figure 14) and its intense metabolism and
transformations, conjugated catabolites are mainly excreted by the kidneys [271].
The time required for the complete elimination from the body, both for HT and its
metabolites is approximately 6 h in humans [272,273] and around 4 h in rats [262].
HT is accumulated in kidneys until its excretion [268], where it may perform a
nephroprotective role thanks to its antioxidant properties [274]. D'Angelo et al.
[268] established that around 5% of total HT is excreted by faeces after 5 h of an
injection of HT (1.5 mg/kg—87.5 uCi/kg) [249,268].
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Figure 14. Chemical structure of Hydroxytyrosol [271]

9.2. Toxicity and dose establishment

Nowadays, there is a great interest in using HT as a possible nutraceutical
compound against different diseases such as cancer, diabetes or chronical
pathologies, although further studies must be performed to understand the possible
toxicological effects of HT in human. As consequence of its poor bioavailability,
there are no studies that determine if the final blood concentration could have toxic
effects after the intake of a high concentration of HT, both as pure extract and as
part of enriched foods such as EVOQO. In this sense, some authors could determine
null toxicity in the first gastrointestinal tract with other (poly)phenols [275]. To
date, no toxicity studies have been carried out to stablish if HT could exert any
toxicological effect at this level, but taking into account the descriptions of the
toxicity studies carried out and also described above, and the high similarity
between the behavior of HT and other phenolic compounds, there is a fairly accurate
approximation of its null toxicity at all levels, although more studies have to be
done to conclude this claim in humans [249].

Regarding to its acute and subchronic toxicity, HT has been studied commonly as
olive ail, olive mill wastewater forms, and as extracts in animals and cells. In this
sense, there are numerous studies performed in rats with different administration
ways to determine the acute toxicity. Some authors have described that the injection
(intravenous, subcutaneous or intramuscular) of 2 g/kg in rats provoked piloerection

and local redness in the inoculation area disappearing this effects before 48 h [268].
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A very interesting study with HIDROX™ (Hydrolysed Aqueous Olive Pulp
Extract; OPE), an aqueous olive-pulp extract with a high HT content (around 70%)
administered by oral gavage in Sprague Dawley rats and CD1 ICR (BR) mice was
performed by Christian et al. [276]. The dose of HT employed was risen to 2 g/kg
(equivalent to around 1400 mg/kg of pure HT) to determine the acute toxicity. These
authors observed a null mortality and morbidity. The only alterations proven were
the presence of diarrheal faeces in rats. This study proposed a LD50 of 2000 mg/kg
for HYDROX™, representing a median lethal dose (LD50) of around 1400 mg/kg
for pure HT. Besides these results, Christian et al. [276] employed a higher dose in
rats (raising 5 g/kg) and they established a LD50 of around 3.5 g/kg of HT.
Furthermore, to evaluate subchronic toxicity, other parameters such as body weight,
food intake, haematology and histopathology from selected tissues, physical and
ophthalmic characteristics were also analyzed. No remarkable changes associated
to HT or to the rest of HIDROX's compounds were observed at the end or during
the study. Aunon-Calles et al. [277] performed a study to evaluate the toxicological
effects of pure hydroxytyrosol. This study reported that the oral administration of
HT once a day for 13 weeks at daily doses of 5, 50, and 500 mg/kg did not lead to
any micro- and macroscopic alterations or to death. They observed a gain in body
weight without interest for toxicological analysis, and higher kidney weights in the
group with the highest treatment dose, with no changes in the organ functionality
or structure. Therefore, they came to the conclusion that no adverse effects were
observed at daily doses of 500 mg/kg. Additionally, Aunon-Calles et al. [278] did
not observe any sign of genotoxic and mutagenic effects when HT was employed
in in vitro models at physiological concentration.

One of the last studies performed in animal models to determine the subchronic
toxicity of HT was carried out by Heilman et al. [279]. These authors used an extract
called H35 (35% w/w HT) who was administered to female and male Wistar rats
by oral gavage for 90 consecutive days, at daily doses of 125, 250 and 500 mg
HT/kg. There were no toxicologically significant effects found. These researchers
did not observe any adverse effects for 250 mg HT/kg day. Similar conditions were
studied by Kirkland et al. [280] using a H40 extract (with a 40% of HT total
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content), and no mortality rate was observed, although a decrease in body weight
and an increase in relative weight of liver, thymus, kidneys and spleen were found
in male rats.

On the other hand, HT presents a pro-apoptotic and antiproliferative effects in
different types of tumor cells when treated with pure HT or extract forms. As a
result of the pharmacomodulation that have been performed with HT, its selectivity
and efficiency on tumor cells has been enhanced by preventing or diminishing their
proapoptotic activity on human non-tumor cells [281]. In addition, Anter et al. [282]
demonstrated how a simple extraction from olive mill wastewater or using it
directly, can exhibit a notable antiproliferative and caspase 3-dependent
proapoptotic effects against the human tumor cell line HL60, avoiding its cell
toxicity in non-tumor cells.

Taking into account all data described above and he health-beneficial effects in
human cardiovascular diseases, the European Food Safety Authority (EFSA) since
2011 approved health claim on olive oil polyphenols and recommended the daily
consumption of 5 mg HT and its derivatives (e.g. oleuropein complex and tyrosol)
provided by moderate amounts of EVOO (20 g) to maintain a balanced diet. This
dose is enough to generate health-beneficial properties by decreasing low density
lipoproteins oxidation, increasing high density lipoproteins, maintaining a normal

blood pressure, and avoiding the pro-inflammatory processes [249].

9.3. Main activities associated to HT

9.3.1. Antimicrobial effects of HT

Extracts from olive oil and olive tree leaves have been used as soap, solutions or
balms for a long time to palliate several pathologies associated with infections
caused by microorganisms [283]. It is well known that both olive leaf extract and
pure HT have a powerful antimicrobial activity against some microorganisms such
Escherichia coli, Candida albicans, Clostridium perfringens, Streptococcus
mutans, or Salmonella enterica [283,284]. Moreover, some studies have

demonstrated in in vitro models a helpful effect of HT against Vibrio cholerae,
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Salmonella typhi, Haemophilus influenza or Staphylococcus aureus even at lower
dosages than some antibiotics such as ampicillin [285]. It has also been described
an antiparasitic activity by HT against several parasites such as Lesishmania spp.
[286].

9.3.2. HT as ROS scavenger

One of the most important activities associated to HT is its role as ROS (reactive
oxygen species) scavenger. HT and its metabolites have a high capacity to eradicate
both intracellular and extracellular production of ROS. At an extracellular level, HT
and derivatives have shown a ROS scavenger activity in skin cells by blockading
the harmful effects of ROS. This capacity is important when ROS are generated by
UV radiation [287] or by peroxynitrite radical [288], both able to break DNA
strands and to promote genotoxicity. Intracellularly, HT has also an extraordinary
ROS scavenger capacity, particularly with free radical molecules such as
superoxide, hydrogen peroxide, and hypochlorous acid, as well as acting as a metal
chelator [289-291].

HT can also increase oxidative stress levels in colon cancer cells (DLD1 cells) but
not in normal colon epithelial cells (CRL1807 cells). This may help to understand
the two main activities of HT: antioxidant and selective antitumor capacity. So there
is a certain dichotomy in how HT affects cells, based on how HT runs its action
[292-294]. Sun et al. [295] reported that HT treatment increased Akt activity, which
later sensitizes cells to get a selective killed by oxidative stress induced apoptosis.
Another similar study performed in cells by Luo et al. [296] demonstrated an
identical HT action mechanism during ROS formation, only against the human
prostate cancer cells (PC-3, DU145) and not in an immortalized non-malignant
prostate epithelial cell line (RWPE-1). Moreover, an extra input of extracellular
superoxide and hydrogen peroxide facilitated the anti-proliferation effect of HT in
prostate cancer cells.

Similar results were obtained by Rosignoli et al. [297], who observed in different
types of cancer cell lines (MDA and MCF-7 (breast). LNCap and PC3 (prostate),
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SW480 and HCT116 (colon)) how HT performed its antitumor activity by
accumulating hydrogen peroxide in the culture medium, acting in this case as a
prooxidant-antitumor compound in cancer cells. To date, there is a certain trend,
increasingly questioned, that the antioxidants supplements directly generate an
antioxidant effect and are therefore beneficial for the body. This fact has been
discussed for years and there seems to exist some contradiction in this respect [298].

9.3.3. Role of HT in cardiovascular system

Thanks to its already described antioxidant effect, HT avoids the oxidation of low
density lipoprotein (LDL), decreasing the formation of atherosclerotic plaques
[290,299,300]. Some HT enriched extracts have also reduced plasmatic levels of
total cholesterol and lipids [301,302] and blood pressure [303], decreasing
cardiovascular risk factors. This is the main reason why the EFSA recommends a
daily ingestion of at least 5 mg of HT (usually in olive oil form).

Several cardiovascular disorders are consequence of drugs administration such as
doxorubicin in cancer treatment. In this sense, Granados-Principal et al. [291]
showed in 2014 for the first time in a rat in vivo model that HT could improve the
cardiac disorders generated by a ROS imbalance production and mitochondria
damage caused by doxorubicin-based therapy. Therefore, HT could be used as an
adjuvant molecule in antitumor therapies that cause an increase in cardiovascular
risk by themselves, also facilitating an improvement in the antitumor response and
a lower number of adverse effects associated with the treatment. Some
nutrigenomics studies have been performed to determine what genes involved in
cardiovascular disorders such as atherosclerosis or insulin sensitivity mechanisms
could be altered after the administration of OO and HT [249].

9.3.4. How acts HT in metabolic syndrome?

Metabolic syndrome is described as a combination of different abnormalities that
includes obesity, dyslipidemia, impaired glucose tolerance, insulin resistance,

diabetes, and hypertension [304-306]. It has been demonstrated in middle-aged
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overweight men that a phenolic-enriched supplementation with oleuropein and HT
for 12 weeks improves the glucose regulation and B-cell secretion capacity of
insulin [307]. Furthermore, it is well established that diabetes promotes an increase
in lipid peroxidation [308], the alteration of the glutathione redox state, a decrease
in plasmatic levels of antioxidants, and a reduction in the antioxidant enzyme
activities. All these changes could produce oxidative stress caused by
hyperglycemia [309]. Some studies have demonstrated that a HT supplementation
given to diabetic rats provoked a significant decrease in intestinal maltase, lactase,
sucrose, and lipase activities and an enhancement of the superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GPx) activities, as well as an
increment in reduced glutathione levels, then reducing the oxidative stress status
[310].

Further studies showed that HT could normalize obesity, diabetes, dyslipidemia,
inflammation, fatty liver, and insulin resistance induced by high fat diet in C57BL/6
mice [311] through down regulating SREBP-1c/FAS pathway, decreasing oxidative
stress, weakening mitochondrial anomalies, and suppressing apoptosis. In addition,
HT could decrease glucose levels and lipid metabolism present in db/db mice, as a
confirmation the relevant effects of HT on metabolic syndrome [311]. In this sense,
HT also prevents of high glucose induced generation of ROS and glucose-toxicity
in SH-HY-5Y neuroblastoma cells [312]. Altogether, these findings suggest that
HT might be an effective agent for the prevention and treatment of diabetes and
metabolic syndrome, but more clinical trial should be performed to determine by

which mechanisms the HT can act against metabolic syndrome [249].

9.3.5. Anti-inflammatory effects of HT

HT is well established as a powerful phenolic antioxidant with potent anti-platelet,
anti-inflammatory, and anti-atherogenic properties [313]. A nutrigenomic study
concluded that a high intake of phenol-enriched olive oils can repress the expression
of several pro-inflammatory and pro-atherosclerotic genes, promoting a lower

inflammatory profile in peripheral blood mononuclear cells [314].
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Richard et al. [315] described that HT is the most powerful anti-inflammatory
(poly)phenol in aqueous olive extracts. They observed a remarkable inhibition in
the production of NO and prostaglandin E2 (PGE2), as well as a decrease in the
secretion of cytokines such as IL-1a, IL-1f, IL-6, IL-12, TNF-a, and chemokines
(CXCL10/IP-10, CCL2/MPC-1). The iNOS, IL-la, CXCL10/IP-10, MIP-1p,
MMP-9, and PGE2 synthase (PGES) gene expressions were also reduced by HT
action. All these findings indicate the great anti-inflammatory capacity of HT and
how a daily intake of HT could modulate the inflammatory process and provides a
health profit [249].

9.3.6. HT and respiratory diseases

Respiratory diseases are a complex group of different disorders that occur along the
whole respiratory system, which comprises from the upper tract down to the pleural
cavity, including both muscles and the nervous systems which modulates them. Due
to this complexity, respiratory disorders can be derived from multiple causal agents
such as pathogens, inflammation, air pollutants or our own individual genetics.
Visioli et al. [316] demonstrated that HT and oleuropein can decrease the oxidative
stress associated to neutrophils respiratory burst [249].

9.3.7. Neuroprotection associated to HT

It is well known how high levels of oxidative and nitrosative stress can hurt the
integrity and functioning of brain tissue, especially in aging. It is remarkable that
HT presents a powerful capacity to scavenge radical species [317] and to induce
antioxidant enzymes [318] that could improve some neurodegenerative disorders
such as Parkinson's disease [319].

In this sense, Schaffer et al. [320] found that HT-rich extracts were able to attenuate
the cytotoxic effects of Fe?* and NO in murine dissociated brain cells. Additionally,
they also found that the oral administration of 100 mg of HT for 12 days in mice,
improved the resistance of dissociated brain cells to oxidative stress, proved by

reducing basal and stress-induced lipid peroxidation. Besides, these authors

59



PhD Thesis

Introduction

observed that basal mitochondrial membrane potential was also moderately
hyperpolarized, showing for the first time in an ex vivo model that HT could exert
a cytoprotection at brain cells level. Other studies in a hypoxia—reoxygenation
model in brain slices from rats, showed that HT and HT-acetate had a
neuroprotective effect [321,322]. Lactate dehydrogenase efflux in rat brain slices
subjected to hypoxia and reoxygenation was significantly reduced under all
experimental conditions and by a cytoprotective effect of HT, mediated by a
reduction of oxidative and nitrosative stress, also in a hypoxia-reoxygention model
[249].

9.3.8. HT and skin protection

Currently, dermatological conditions are taking great relevance due to the constant
exposure to sunlight without protection factors, pollution or factors intrinsic to life
itself as aging factors. For a couple of decades, several studies have determined how
the Mediterranean Diet (MD), and particularly the olive oil (O0), can reduce the
incidence of skin tumors among other health-beneficial aspects [323]. Some authors
have employed different olive (poly)phenol-based nutraceuticals to determine that
part of the skin protector effects associated to the MD can be attributable to
(poly)phenols from MD and particularly from OO. In this sense, Herrera Acosta et
al. [324] showed the antipsoriasic-beneficial properties of a (poly)phenol-based
cosmeceutical (Alyvium®) in humans. They speculated about the possibility that the
positive skin effects of Alyvium® could be determined as a consequence of its role
in the normalization of the redox code, improving the cutaneous manifestation. It is
well known that ultraviolet (UV) radiation promotes skin damage by generating
ROS, a depletion of endogenous antioxidant system [325] and double-stranded
DNA breakage. The increment in oxidative stress produces damage to skin cells,

provoking dermatological disorders [326].

60



PhD Thesis

Introduction

9.3.9. HT as antitumor compound
Firstly, it should be noted that ROS are directly linked to tumor formation, mainly
due to their key role in the initiation, promotion and progression stages of cancer
development. For that reason, the antitumor properties of HT will be mostly
associated to its activity as ROS scavenger or its antioxidant system modulation
capacity [327,328]. However, in the last decade, a wide number of studies have
been performed in order to demonstrate exclusively the antitumor effect of HT.
In human hepatoma cell line (HepG2) acrylamide-induced genotoxicity model, HT
can have a chemo modulator effect against genotoxicity by decreasing the ROS
production provoked by acrylamide [329]. Thanks to preliminary studies, a dose
around 10-17 mg/g of HT has been established to start showing antitumor effects
[330]. In addition, numerous studies have tried to explain how HT can act as an
antitumor compound and tried to elucidate its antiproliferative action on certain
types of tumors, independently of its modulating ability over the antioxidant system
[331]. In thyroid cancer cell lines (papillary (TPC-1, FB-2) and follicular (WRQ)),
HT has also demonstrated its abilities to decrease cell viability and also to activate
apoptosis through mitochondria path [332].
On the other hand, there are many studies carried out in several types of healthy and
normal cells which have demonstrated non-toxicity and chemo protective effects of
HT in non-tumor cell cultures [297,299,333].
To sum up, two different mechanisms of action have been proposed by Granados-
Principal et al. (2010) [250] for HT's antitumor effect:

1. Blockade of Cyclin-dependent kinases (CDKSs).

2. Blocking messengers involved in cell proliferation, such as ROS [249].

10. Application of recovered bioactive compounds in food products

As it was mentioned, only a small amount of phenolic compounds are transferred
into the oily phase, whereas the largest fraction is present in the relevant by-products
of the mechanical olive oil extraction process [334]. The well-known antioxidant

properties of the main phenolic compounds of OMWW were utilized in different
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food applications with significant results: fortification of oils, preservation of fats,
and production of functional beverages. On the other hand, the antimicrobial action
of the phenols, which nevertheless exists and is widely referred in the literature
through in vitro studies, requires a greater enhancement in the knowledge also by
tests that must be conducted directly on the food. The phenols obtained from the
treatment and purification of the OMWW can be directly added to the food products
during their processing, or they can be adsorbed on the packaging material (active
packaging) in a green and sustainable approach to ensure the food safety and the
food quality [335].

In recent years, the number of studies dealing with the reutilization of OMWW
recovered compounds in foodstuff has been increased [89,126]. These attempts try
to utilize the bioactivities of phenolic compounds and the technological properties
of other ones (e.g., gelling properties of pectin). For example, hydroxytyrosol, the
most powerful antioxidant compound of OMWW [336-338], has shown advanced
antiradical properties compared to vitamin E and C, and thus has been used to
prevent oxidation of lipids in fish products [130]. Thereby, it could be used as
functional supplement, food preservative in bakery products or life prolonging
agents [335]. As mentioned in Section 1.6.4, olive pulp extracts have been approved
by FDA in USA with GRAS status (GRN No. 459) for being used as antioxidants
in baked goods, beverages, cereals, sauces and dressings, seasonings, snacks, and
functional foods at a level up to 3000 mg/kg in the final food [8,339]. The
commercial implementation of OMWW to recover polyphenols is nowadays a
reality [89,126].

10.1. Fortification of oil and fat preservation with polyphenols

One of the most significant bioactive properties of phenols is represented by their
antioxidant effect, which has been exploited to preserve the stability of some
vegetable and animal fats. The introduction of phenolic compounds in foodstuffs
could represent an environmentally sustainable alternative to the use of synthetic
antioxidants [340,341], such as butylated hydroxyanisole (BHA, E-320), butylated
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hydroxytoluene (BHT, E-321), tert-butylhydroquinone (TBHQ, E-319), and propyl
gallate (PG, E-310). The latest compounds are subjected to a maximum
concentration limit in foodstuffs, due to their potential negative effect on human
health [342-346].

Esposto et al. [347] evaluated the effectiveness of phenolic extract (obtained by the
purification of phenolic concentrate recovered from fresh OMWW) in controlling
the oil stability during a simulated frying process (until 12 h at 180 °C). The
phenolic extract was added at different concentrations to a refined olive oil (100,
200, 400, and 1200 mg/kg of polyphenols) and its impact was also compared to a
refined olive oil containing BHT and to an EVOO with a high content of
polyphenols. This extract recovered from OMWW, mainly consisting of tyrosol,
hydroxytyrosol, 3,4-DHPEA-EDA, and verbascoside, demonstrated a better
capacity to preserve a-tocopherol content than BHT, reducing their oxidation if
used at a concentration of at least 400 mg polyphenols/kg. The other significant
effect concerned the reduction of negative volatile compounds in refined olive oil
during the frying process, accompanied by a consequent improvement of the
organoleptic quality of fried foodstuff. These results demonstrated the possibility of
using this phenolic formulation as a bioactive ingredient in oils before frying or

cooking processes [335,347].

10.2. Fat replacement with pectin derived from OMWW in meatballs

Olive fruit contains an appreciable amount of fiber with promising functional
properties like water holding and cation exchange capacity. The soluble
polysaccharides present in OMWW are mainly composed of pectin material [232].
Galanakis et al. [348] proposed a simplified method for the recovery of pectin from
thermally concentrated OMWW. Extraction was conducted using acid and solvent
extraction, prior the isolation of the alcohol insoluble residue in a precipitation
process. The water soluble fraction of the recovered material was able to form gels
after a simple isolation and concentration procedure, despite the high ionic

concentration, the low pectin content, and the high methylation degree (59%) of
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pectic polysaccharides. The method was further improved with regard to the role of
endogenous pectin methyl esterase during thermal concentration step [349] and
utilized for the recovery of pectin containing material prior its application as fat
replacement in meatballs [350]. According to the latter study, olive pectin was able
to improve cooking properties of the product, by restricting the oil uptake during
deep fat frying, thus giving rise to meatballs with sustained reduced fat content.
Besides, this pectin containing extract was successfully clarified from the high ionic
concentration using ultrafiltration, with the final purpose of optimizing the
functional properties of pectin and improving the taste of the final product [103].

10.3. Antimicrobial applications in foods

Phenols of OMWW can be used as disinfectants in the food and chemical industries
[129] since they are known to exhibit antimicrobial action against E. coli, P.
aeruginosa, S. aureus, and B. subtilis strains. This antimicrobial action is even
greater than the respective activities induced by the individual phenolic compounds,
indicating the synergistic action of the phenols contained in OMWW [117]. For
instance, singular phenolic compounds cannot inhibit the growth of the human
pathogens E. coli, K. pneumoniae, S.aureus, and S. pyogenes when used at low
concentrations, whereas OMWW is effective in the inhibition of Gram-positive and

Gram-negative bacteria [351].

10.3.1. Antimicrobial properties of polyphenols in bakery products

The efficacy of commercially available polyphenols recovered from OMWW (in a
powder containing 10% polyphenols and 5% hydroxytyrosol) against other natural
antioxidants (e.g., ascorbic acid, tocopherols mixture, and a-tocopherol) to inhibit
microbial growth of bread and rusks during storage has been investigated [8].
Concentrations were selected in order to assure action against both oxidative
deterioration and microbial spoilage. The produced bread and rusks were stored
over a period of 20 days and 12 weeks, respectively, and tested periodically to

different microbiological assays (e.g., total coliforms, yeasts-moulds, and Bacillus
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spp.). According to the results, antioxidants were able to induce antimicrobial
properties in bakery products and subsequently prolong their shelf life. The optimal
concentration of polyphenols was 200 mg/kg flour, as it extended the preservation
of both bread and rusk samples. In addition, an emulsification of the powder
enhanced the antimicrobial effect of polyphenols [335].

10.3.2. Antimicrobial properties of polyphenols in meat products

The antimicrobial efficacy of a purified OMWW extract to improve the sensory
characteristics and hygienic status of hamburgers made of white meat was
investigated. Specifically, three doughs were prepared. One of which was the
control, the second was prepared with the addition of a purified OMWW extract
(0.75 g/kg of meat), and the third with the addition of a purified OMWW extract at
a higher concentration (1.50 g/kg of meat). No other ingredients or additives were
added. Samples were packaged on a rigid tray, wrapped with PVC film (gas
permeable) and stored at 4 °C for up to 11 days. The dough containing added
phenolic extract showed a certain delay in microbial growth when compared to the
control sample. The effect was more evident in the dough containing 1.5 g/kg
compared to that with 0.75 g/kg. In practical terms, if the achievement of a bacterial
load equal to 6 log can be considered the critical limit for the marketability of the
product, it was noted that the dough with 1.5 g/kg reached 6 log a day later than the
control one. Thus, it lengthens the self-life by 24 h, which is noteworthy from the

commercial point of view [335].

10.3.3. Antimicrobial and antioxidant applications in feeding

Gerasopoulos et al. [352] used a OMWW microfiltration retentate as an antioxidant
ingredient for piglet feed (silage corn, formulated at a cornOMWW retentate ratio
of 24:1 with a final OMWW retentate concentration in feed equal to 4%). The
piglets fed for 30 days with OMWW retentate, showed a higher total antioxidant
capacity, glutathione and catalase activity both in their blood and tissues, with lower

oxidative and stress-induced damage to lipids and proteins than the control group.
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With the same feed formula (silage cornOMWW retentate or permeate 24:1),
Gerasopoulos et al. [353] also tested the antioxidant action of the OMWW
microfiltration retentate and permeate in broiler chickens, fed for 37 days. The
groups of animals fed with the OMWW supplement showed lower values of protein
and lipid oxidation and a higher total antioxidant capacity in their plasma and tissues
compared to the control group.

11. Application of recovered bioactive compounds in cosmetics

Cosmetic application could be a solution to reuse by-products discarded by several
agrifood industries. As it is well known, human skin is a complex organ that
regulates body heat and water loss, while preventing the entry of toxic substances
and microorganisms [354]. Natural ingredients, phytonutrients, microbial
metabolites, dairy derived actives, minerals, and animal protein components are
believed to benefit healthy skin ageing [355]. Olive oil has been used on the skin
for thousands of years but most of the mechanisms underlying these beneficial
effects remain unclear [356]. According to Badiu et al. [356], olive oil has
antioxidant properties and contains several essential fatty acids required for the
production of phospholipids, being the case of alpha-linolenic acid and gamma-
linolenic acid.

Indeed, from a sustainable point of view, this new application could provide, in the
near future, a way of recover added value products for olive companies, developing
cost-effective processing methods, decreasing the negative impacts of wastes on the
environment, and providing other economic advantages for companies [357].

Both chronologic and environment independent processes accelerate skin ageing.
Physiological processes such as ageing have been associated with an imbalance
between the action of ROS and antioxidants [358]. The cumulative effect of
intrinsic age (biological ageing) and photo ageing contributes to a progressive loss
of structural integrity and physiological function of the skin. When in excess,
reactive oxygen species (ROS) have deleterious effects as lipid oxidation, protein

oxidation, DNA strand break, and modulation of gene expression [359]. The
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antioxidant activity is an excellent example of a functional benefit that plant extracts
can deliver. Cosmetic treatments of the latest generation, developed against
wrinkles, rely on antioxidant properties of some ingredients, especially those
derived from plants [360]. Antioxidants can mitigate the effects of the skin ageing
process by limiting the biochemical consequences of oxidation [354]. Plants are
known to contain a variety of natural antioxidants that protect and preserve
themselves [361]. The exposure to UV radiation is the initial step to several skin
harmful effects as wrinkling, dryness, pigment abnormalities, and in last instance
skin cancer [362]. Notwithstanding, a topical application of antioxidant formulas
also seems to be an interesting strategy to protect skin against oxidative stress
related with several extrinsic agents [357]. Skin exposure to UVA radiation (320-
400 nm) can damage DNA molecules and other lipid components. Also UVB
radiation (280-320 nm) cause oxidative stress resulting in promutagenic DNA
lesions which induce mutations in the epidermal cells [363]. Photoprotection
comprises human body mechanisms to minimize the damages suffered when
exposed to UV radiation [364]: plants secondary metabolites act, such as UV
blockers. Some compounds as phenolic acids and flavonoids can prevent the
penetration of the radiation into the skin [357,365].

Once OMW is regarded as a potent source of natural antioxidants, several
methodologies have been applied to its recovery. Goula and Lazarides [366]
developed an integrated process that can turn OMW and pomegranate wastes into
ingredients for further applications. These researchers applied technological
processes like fermentation, spray drying, and encapsulation to OMW in order to
produce olive paste spread or olive powder and encapsulated phenols. Therefore,
OMW powder obtained will be able to be used in a wide variety of food and
pharmaceutical applications and in cosmetic products, such as creams, balms,
shampoos, or hair conditioners [366].

Due to the sensitivity of natural compounds to the presence of factors like light or
oxygen, encapsulation is a promising technology that can be used to improve
bioactive compounds stability. Several encapsulation techniques have been studied

[367]. In cosmetic formulations it must be assured that the particles obtained are
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suitable to skin permeation through the skin barrier, in particular stratum corneum
[368]. Therefore, it is advisable to exploit encapsulation techniques specific for an
application field (in this case, cosmetics), according to what is required: improve
compounds stability, control their release, avoid incompatibility of substances,
reduce odor of compounds, and assure compounds active function [367].
Hydroxytyrosol,  2-hydroxytyrosol, tyrosol, oleanolic acid, flavonoids,
anthocyanins, and tannins are natural antioxidants found in OMW with potential
added value. Hydroxytyrosol and tyrosol are the major representative hydrophilic
phenols identified, with mean concentrations of 18 and 4 g/L, respectively [369].
Moreover, hydroxytyrosol (HT), the main product of oleuropein degradation, is
identified as the olive phenolic compound with the strongest in vitro antioxidant
properties [370]. It has been demonstrated that HT can have a chemo-protective
effect against UVB-induced DNA impairment in a human skin keratinocyte cell
line. Hydroxytyrosol (100 uM) reduced intracellular ROS formation and attenuated
the expression of p53 and NF-kB in a concentration dependent manner, proposing
a positive effect as topical use [363]. Additionally, HT have a good solubility in oil
and aqueous media which predicts its successful application in cosmetic products
[133,357].

Oleuropein belongs to the secoiridoids group and is an ester of 2-(3, 4-
dihydroxyphenyl)-ethanol (hydroxytyrosol). The oleuropein content of olive fruit
varies according to the stage of maturation (higher in early stages and declining
along maturation). Along with the decline of oleuropein content other oleosides as
ligstroside also decline, while other phenolic compounds, such as verbascoside
increase [371]. Oleuropein have a potent scavenging effect demonstrated against
oxidative substances. It effectively inhibits copper sulfate-induced low-density
lipoproteins (LDL) oxidation [372], scavenge nitric oxide and increase the inducible
nitric oxide synthase [373], scavenge hypochlorous acid (produced by neutrophil
myeloperoxidase) [127], and scavenge oxygen radicals and inhibits lipid
peroxidation [374].

Antioxidants are frequently used in sunscreen formulations to complement UV

filter photoprotection since they are able to prevent the damage induced by the free
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radicals generated by solar irradiation previously mentioned [375]. Nowadays, as
UV filters of cosmetics and particularly sunscreens are becoming widespread
available, questions have been raised concerning their long-term usage and the
resulted skin damage in the presence of UV radiation [376,377]. For instance,
synthetic UV filters may penetrate the skin resulting in systemic exposure to
potentially harmful xenobiotic and allergic chemicals as well as estrogenic effects
[357,377,378].

In this way, antioxidants are becoming a challenge in sunscreens, being typically
used to complement UV filter protection. Natural antioxidants found in fruits,
vegetables, and relevant bioresources include compounds, such as phenols,
ascorbate, and tocopherols [140]. Possessing similar structures, natural phenols can
also act with the same mechanism as synthetic sunscreen agents. Subsequently, they
have been proposed for their utilization as active compounds in cosmetics [218] and
are frequently used in sunscreen formulations to complement UV filter [379]. For
instance, quercetin (a typical flavonol) has been reported to enhance photo-stability
of two common UVA and UVB filters: methoxydibenzoylmethane and octyl
methoxycinnamate, respectively [380]. Hydroxytyrosol has also shown a
significant protective ability against UVB-induced DNA damage [363] and against
UVA-induced protein damage [381].

Natural or seminatural cosmetics can be used to answer to consumers' current
preferences and demands (natural ingredients) and also be a way of preventing skin
damage. However, due to the natural instability of antioxidants, these can be easily
oxidized before reaching its site of action. Considering the development of new
cosmetic formulas, it is important to ensure the stability of bioactive compounds
present in the final product. According to some authors and as previously discussed,
the encapsulation of polyphenols could ensure some stability [218]. However, it
should be highlight that a desirable value of particle size for skin permeation is
established as inferior to 500 nm, in order to penetrate the skin epithelium, which is

not as easy as expected [357,382].
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12. Commercialization of olive mill by-products

12.1. Scale-up and problems

The industrialization of processes dealing with the recovery of compounds from
food wastes includes numerous issues such as laboratory research, transfer to pilot
plan and full-scale production, protection of intellectual properties, and
development of definite applications. These parameters are needed in order to
ensure process sustainability, the economic benefit for the involved food industry,
and the perpetual establishment of the derived products in the market. In addition,
a working scenario focused absolutely on the extraction technologies and not on
tailor-made applications research is doomed to fail [126,166].

A scale-up process must be performed without diminishing the functional properties
(e.g. antioxidant, viscoelastic, etc.) of the target compounds and, at the same time,
a product must be developed that meets the high-quality organoleptic standards of
consumers. This is difficult since compounds recovery development challenges the
typical scale-up problems, as well as other more complicated procedures related to
the particular nature of the recapture procedure [383]. For instance, scale-up of
recovery processes meets the same limitations (e.g. mixing and heating time) as any
food manufacture procedure. Transition of batch to continuous processes is usually
accompanied with extension of mixing and heating time, heavier handling,
increased air incorporation, and higher degree of scrutiny [126]. All of these
parameters generate numerous interactions and loss of product functionality.
Subsequently, process cost is increased, as industrially recovered compounds are
used in food formulations in higher concentrations compared with laboratory-
recovered compounds.

Furthermore, a more specific problem could be waste collection at the source that
often requires additional transportation cost and control of microbial growth. Proper
management of the collection process, cooling/freezing of the material, and/or
addition of chemical preservatives can provide solutions in a particular case.
Another complicated problem is the broad variation of target and non-target

compounds from source to source. This fact affects the mass and energy balances
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as well as the functionality and the organoleptic character of the final products,
especially of more crude extracts. The above problem may be monitored by adding
a modification pretreatment step. The latter usually includes a selective mixing of
by-product streams at the beginning of the process, taking into account basic
parameters (e.g. total antioxidants concentration), or a vacuum concentration of
wastewater streams taking into account macroscopic characteristics such as water

and solids content [8].

12.2. Commercialized applications of olive mill by-products

A new tendency in the field of food waste recovery concerns the valorization of
olive by-products as a source of phenolic compounds [89,232,349,384]. For
example, commercial hydroxytyrosol has been recovered from olive mill waste in
pure form (99.5 wt. %) using chromatographic columns filled with two resins:
nonactivated ionic and XAD-type nonionic [385]. Another popular process is
performed using acid treatment of olive mill wastewater, prior to an incubation
process that converts oleuropein to hydroxytyrosol. Thereafter, extraction is
performed using supercritical fluid extraction and a column operating in the
counter-current mode, where a nonselective porous membrane is the barrier
interface between the hydroxytyrosol-containing fluid and the dense gas.
Ultimately, hydroxytyrosol possesses advanced antiradical properties compared
with vitamins E and C, and prevents the oxidation of lipids in fish [386].

Hidrox is a commercially available product from CreAgri (Hayward, USA),
granting a GRAS status. According to several scientific studies, Hidrox possesses
several beneficial (e.g. anti-inflammatory and antimicrobial) properties. Other
commercially available products include: (i) Olnactiv (Glanbia, Milan, Italy),
Oleaselect, and Opextan (Indena, Milan, ltaly), (ii) Olive Braun Standard 500
(containing 1-2.2 g of hydroxytyrosol and 0.2-0.7 g of tyrosol/kg) from Naturex,
(iii) olive polyphenols from Albert Isliker (containing 22—-23 g hydroxytyrosol and
6.5-8 g tyrosol/kg), (iv) Prolivols (containing 35% polyphenols, 2%
hydroxytyrosol, and 3% tyrosol) from Seppic Inc., and (v) Olive Polyphenols NLT
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from Lalilab Inc. (containing 2-6% hydroxytyrosol and 0.7-1.1% tyrosol). Another
product is Phenolea Complex, which is a natural hydrophilic extract, obtained
directly from aqueous olive pulp and olive mill wastewater. This product is
produced without any kind of organic solvent, so the biochemical composition of
the final extract reflects the original composition of olive fruit but in a more
concentrated formulation. The production process comprises the following steps:
(i) collection of olive pulp and mill wastewater after the milling process, (ii)
pretreatment of the material, (iii) tangential microfiltration with ceramic
membranes, and (iv) vacuum evaporation of the permeate. Olive pulp extracts (in
general) have been approved by FDA with GRAS status (GRN No. 459).

Figure 15 illustrates an example for the recovery of valuable compounds from olive
mill wastewater, which is adapted to the 5-Stage Universal Recovery Process. In
this case, pretreatment includes two processes (centrifugation and skimming) in
order to remove remaining fats from three-phase olive mill wastewater. Thereafter,
a vacuum concentration process can remove part of the contained water.
Treatment of concentrated and defatted olive mill wastewater with acids and ethanol
can generate two streams: an alcohol insoluble residue rich in dietary fibers and an
ethanolic extract rich in polyphenols. Isolation of the latter compounds can be
performed using resin adsorption or chromatography. Purification of the water-
soluble fraction (mainly pectin) of the residue can be conducted using ultrafiltration
[158]. As it was mentioned, pectin derived from olive mill wastewater has been
proved to restrict oil uptake of low fat meatballs during deep fat frying
[8,103,140,349,350,387].
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Figure 15. Recovery of valuable compounds from olive mill wastewater (OMWW) and
reutilization in different products (adapted from [8])
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Objectives

The general objective of this PhD Thesis is the valorization of olive mill wastes
(OMW) in terms of olive pomace oil extraction and bioactive compounds recovery
using clean and emerging technologies, with subsequent encapsulation of the
recovered biocompounds in single and double nanoemulsions for their future use

in food, cosmetic and pharmaceutical applications.

In order to achieve this main goal, the following specific objectives have been also
established:

e To evaluate the olive pomace oil extraction from olive mill solid residues,
obtained from three-phase and two-phase centrifugation systems, by
conventional solvent extraction and ultrasound-assisted extraction methods
using response surface methodology in order to optimize the oil yield recovery.

e To determine the fatty acid profile of the extracted olive pomace oils by gas
chromatography.

e To evaluate the technical feasibility of ultrasound-assisted extraction methods
for the recovery of phenolic compounds present in the defatted olive mill solid
residues, optimizing the operating conditions by means of response surface
methodology to obtain phenolic extracts with high antioxidant activity (AA),
total phenolics content (TPC) and total flavonoids content (TFC).

e To purify and concentrate the obtained phenolic extracts by adsorption-
desorption processes using polymeric resins and activated charcoals,
optimizing the process in terms of total phenolics recovery and also selective
isolation of hydroxytyrosol, tyrosol and oleuropein, the main components of
the phenolic fraction present in olive mill waste.

e To characterize the olive mill wastewater (OMWW) obtained from three-
phase centrifugation system in terms of total phenolics content, antioxidant
activity, zeta potential, particle size and stability, for its further pretreatment
by acidification and centrifugation in order to increase its hydroxytyrosol
content.

e To study the use of integrated membrane processes, using several

ultrafiltration, microfiltration and nanofiltration membranes, for the treatment
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of the acidified and centrifuged OMWW to obtain a retentate with high
hydroxytyrosol content and a final permeate stream with low chemical oxygen
demand.

e To optimize the composition and operating conditions for the preparation of
stable water-in-oil (W/Q) and water-in-oil-in-water (W/O/W) nanoemulsions

loaded with phenolic inner aqueous phase using high energy methods.
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En este primer trabajo se estudia la extraccion de aceite de orujo de oliva
mediante diferentes métodos. El orujo es el residuo sélido generado en la
almazara tras la extraccion del aceite de oliva virgen, obteniendo
aproximadamente 35-40 kg de orujo por cada 100 kg de aceitunas. Est&
compuesto por restos de agua, huesos, pulpa y piel de la aceituna, y contiene
una cantidad residual de aceite que hace que sea un subproducto valorizable de
interés comercial. La recuperacién del aceite de orujo de oliva se lleva a cabo
habitualmente mediante extraccion con disolventes, generalmente con hexano.
El objetivo de este trabajo ha sido optimizar la extraccion del aceite de orujo
de oliva en términos de rendimiento de recuperacion de aceite (masa de aceite
extraido respecto a la masa de orujo utilizada) aplicando la metodologia de
superficie de respuesta (RSM), considerando el tiempo de extraccion, la
temperatura y la relacion sdélido/disolvente como principales variables de
disefio de experimentos. Se estudiaron tres métodos de extraccion de aceite
utilizando hexano como disolvente: extraccion Soxhlet convencional,
extraccion asistida por ultrasonidos y extraccion con disolvente en un bafio de
agua con agitacion. Los mejores resultados se obtuvieron mediante extraccién
asistida por ultrasonidos, con un rendimiento de extracciéon de aceite del
15,97% en las condiciones Optimas de tiempo (60 min), temperatura (50 °C) y
relacion sélido/disolvente (1% p/v), siendo un 22,28% y un 9,46% superior al
rendimiento obtenido mediante extraccion Sohxlet y extraccion con hexano en
un bafio de agua, respectivamente. Estos resultados indican que la extraccion
asistida con ultrasonidos es la mejor de las tres opciones estudiadas en términos
de menor temperatura necesaria para llevar a cabo la extraccion y mayor
rendimiento de recuperacion de aceite. El perfil de acidos grasos de los aceites
de orujo de oliva extraidos se determind mediante cromatografia de gases,
mostrando que la mayoria de los &cidos grasos (89,2-92,7%) presentes en la
composicion del aceite de orujo de oliva son acido oleico, &cido linoleico y
acido palmitico, cumpliendo ampliamente los rangos aceptables publicados

por la Organizacién Mundial de la Salud (OMS).
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1.1.  Introduction

A great amount of residues are generated as a result of agro-industrial activities
and biomass valorization has become imperative [1-3]. Olive pomace is one
of the most abundant by-product of olive oil production process and a very
important biomass source for the Mediterranean countries. Its main
constituents are water, oil, olive peel, and kernels [4-6]. During olive oil
production process approximately 35-40 kg of olive pomace are released per
100 kg of olives.

Olive pomace can reach up to 30% of olive oil manufacturing, depending on
the milling process. However, a large quantity of olive mill solid residue
remains without actual application because only small amounts are used as
natural fertilizers, combustible biomass and additives in animal feeding [7,8].
Although being lignocellulosic material, olive pomace contains 5-10% protein
as well as 4-15% of oil and its oil content varies depending on the olive
cultivation region and the employed extraction method [5,9]. The commercial
value of the olive pomace depends on its oil content, where the composition is
similar to, but not identical with, that of typical olive oil [10,11]. Extraction of
oil from olive pomace is commonly carried out by solvent extraction, mostly
by hexane. However, this has some disadvantages in industry, such as the use
of an organic solvent, inefficient solvent removal and high energy
requirements. Furthermore, the olive pomace oil obtained by this process
requires an extra refining step which is expensive and usually causes thermal
degradation of valuable compounds but has to be applied in order to comply
with the food regulations [4,10,12].

Currently, the growing interest in olive pomace oil is due to its bioactive minor
constituents generally included in the unsaponifiable matter (USM), which
contains significant amounts of sterols, fatty alcohols, tocopherols, triterpene
alcohols and squalene. Most of these compounds possess a wide range of
interesting properties such as bioactive, nutritional and characteristic
compositional properties. They are additionally suggested for their functional
properties, e.g. anti-inflammatory, antibacterial, antifungal, anti-ulcerative and
anti-tumoral activities [13]. It should be noted that olive pomace oil has a

higher USM content than olive oil [11,14] and is also richer in individual
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sterols and polyunsaturated fatty acids such as linoleic acid [15]. Nowadays,
there is great interest in the recovery of these valuable compounds and further
in their use as additives in new products for food, nutraceutical and
pharmaceutical industrial sectors. Therefore, according to the modern trend for
searching new ingredients from natural sources the valorization of olive
pomace is appeared to be particularly attractive [16].

For that purpose conventional solvent extraction processes have commonly
been applied, whereas alternative extraction techniques were also developed to
deliver effective and selective oil extraction minimizing the loss of minor
compounds. Ultrasound-assisted extraction (UAE) has been recognized as a
promising technique that uses acoustic energy and solvents to extract target
compounds from various plant materials [17,18]. The main benefit of UAE can
be observed in solid plant sample because ultrasound energy facilitates organic
and inorganic compounds leaching from plant matrix [19]. Probable
mechanism is ultrasound intensification of mass transfer and accelerated
access of solvent to cell materials of plant parts. The extraction mechanism by
ultrasound involves two main types of physical phenomena, (a) the diffusion
across the cell wall and (b) rinsing the contents of cell after breaking the walls
[20]. Moisture content of sample, milling degree, particle size and solvent are
very important factors for obtaining efficient and effective extraction.
Furthermore, temperature, frequency and time of sonication are the governing
factors for the action of ultrasound. The advantages of UAE include reduction
in extraction time, energy and use of solvent. Ultrasound energy for extraction
also facilitates more effective mixing, faster energy transfer, reduced thermal
gradients and extraction temperature, reduced equipment size, faster response
to process extraction control, quick start-up, increased production and
eliminates process steps [21].

Bioactive compounds from plant materials can also be extracted by several
conventional extraction techniques, most of them based on the extracting
power of different solvents and the application of heat and/or mixing. The
Soxhlet extraction has widely been used for extracting valuable bioactive
compounds from various natural sources and is used as a model for the

comparison of new extraction alternatives [21].
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The aim of this work was to optimize the extraction of olive pomace oil in
terms of oil recovery yield by applying the response surface methodology
(RSM) and considering the extraction time, temperature and solid/solvent ratio
as variables. In this study, in order to optimize the oil recovery vyield, three
extraction methods were used: ultrasound-assisted extraction, solvent
extraction in a shaking water bath and standard Soxhlet extraction. In addition,
fatty acid profile of the extracted olive pomace oil was performed by gas
chromatography for its characterization.

1.2. Materials and methods

1.2.1. Samples and chemicals

Olive pomace used in this study was kindly provided by Cooperativa de
Montén (Castellén, Spain). It was obtained as a by-product by means of a two-
phase cold oil mechanical extraction process using olives from olive trees of
the variety Serrana de Espadan. The olive pomace samples were dried at 100
°C for 24 h in an oven (model 2600210, JP Selecta, Barcelona, Spain) to
remove most of their moisture (about 60% w/w). They were then ground by
using a coffee grinder to obtain an average particle diameter of about 1 mm.
Isooctane and n-hexane, both HPLC grade, were purchased from VWR
International Eurolab (Barcelona, Spain). Methyl-tricosanoate and other
standards of fatty acid methyl esters were purchased from Sigma-Aldrich

(Darmstadt, Germany).

1.2.2.  Olive pomace oil extraction procedure

1.2.2.1.  Conventional extraction using standard Soxhlet process

Olive pomace oil was extracted using a B-811 extraction system (BUCHI
Labortechnik AG, Flawil, Switzerland) for Soxhlet process. The ground olive
pomace (about 19 g, 4.7 g in each of the 4 extraction chambers) was placed in
the Soxhlet apparatus and continuously refluxed with 360 mL (90 mL for each

chamber) of n-hexane for 3 h at 70 °C. After extraction, n-hexane was removed
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by distillation using the same equipment. The obtained oil was weighed and
the recovery yield was calculated using the following equation [13]:

Oil extract obtained (g)
Amount of olive pomace used (g)

Yield =

x100 1)

1.2.2.2. Ultrasound-assisted extraction (UAE)

The ground olive pomace was first added to 40 mL of n-hexane and then mixed
vigorously in a vortex mixer (LBX V05 series, 60 W, Labbox Labware S.L.,
Barcelona, Spain). The mixture was entered to an ultrasonic bath (Selecta
Ultrasons-H, 50/60 Hz, 720 W, JP Selecta, Barcelona, Spain) where the
extraction was performed depending on the designed operating conditions
(solid/solvent ratio: 1-10 w/v %, time: 2060 min, temperature: 40-60 °C).
After ultrasonic extraction, the extracts were centrifuged at 10000 rpm for 7
min (Eppendorf 5804 centrifuge, Hamburg, Germany) in order to separate the
supernatants from solid particles. As final stage, the solvent was distillated and
separated from solid residues within 10 min using the B-811 extraction system.

The extracted oil was collected and weighed after getting cooled.

1.2.2.3.  Solvent extraction in shaking water bath

Ground olive cake depending on the considered solid/solvent ratio (1-10 w/v
%) in the fitted model was added to n-hexane and then mixed vigorously in the
vortex mixer. The mixture was entered to a shaking water bath (Grant
Instruments OLS200, Cambridge, UK) where extraction took place at required
temperatures (40-60 °C) and times (20-60 min). As in UAE, final extracts
were centrifuged at 10000 rpm for 7 min in order to separate the supernatants
from solid particles and the solvent was distillated and separated from solid
residues within 10 minutes using the B-811 extraction system. The extracted

oil was collected and weighed after getting cooled.

1.2.3.  Analysis of fatty acid profile by gas chromatography (GC)

The fatty acid content of the extracted oils was determined by the AOAC
991.39 official method [22], which is based on the breakdown of all glycerides
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and subsequent derivatization to fatty acid methyl esters (FAMES). These
FAMEs were analyzed by using an Agilent gas chromatograph (6890N
Network GC system, Agilent, Santa Clara, CA, USA) equipped with a flame
ionization detector (FID) and a fused silica capillary column (OmegawaxTM-
320, 30 m x 0.32 mm i.d.) The separation was performed with helium (1.8
mL/min) as carrier gas [23,24]. The chromatographic conditions were as
follows: initial column temperature of 180 °C for 15 min, heated to 200 °C at
1 °C/min, held at 200 °C for 1 min, heated again to 220 °C at 5 °C/min, and
finally held at 220 °C for 15 min. A split injector (50:1) at 250 °C was used and
the FID was also heated to 250 °C. The injection volume was 1 pL. FAMEs
where identified by comparison of their retention times with those of
chromatographic standards and their quantification was made by using methyl

tricosanoate (C23:0; 1 mg/mL dissolved in isooctane) as internal standard.

1.2.4. Statistical analysis

Experimental data were analyzed by simple statistic parameters in order to
detect anomalous data and to express results through the average values and
the corresponding standard deviation. Data analysis was performed using
Statgraphics Centurion 18 software (Statgraphics Technologies, Inc.,
Warrenton, VA, USA). Response surface methodology (RSM) with a central
composite design 2% + star model was selected for this study. The effects of
three variable factors, each with 3 levels, were studied on the oil extraction
yield, this being the response variable (Y). The following factors were studied:
time of extraction (A: 20-60 min), solid/solvent ratio (B: 2-10 w/v %), and
extraction temperature (C: 40-60 °C). The following second-degree
polynomial equation was used to express the predicted response (Y) as a

function of the independent variables (A, B and C):

Y =ag +a;A+a,B+a3C+a,A% +a,AB + azAC + a,,B% + a,3;BC +
a33('_2 )

where ao, ai, aii and a; are the regression coefficients in the intercept, linear,

quadratic and interaction terms, respectively.
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The value of the factors and their effect on the response was determined by
analysis of variance (ANOVA) and LSD (lesser significant difference) test.
The model was adjusted by means of multiple linear regressions (MLR) and
its validity was determined by ANOVA. The level of significance of each
coefficient was evaluated through the values of the statistical parameters F and
p (probability), with a confidence level of 95%.

1.3.  Results and discussion

1.3.1. Statistical data and optimization of extraction model

Primarily, 15 runs were performed by Soxhlet extraction method with the same
operating conditions, as mentioned in Section 2.2.2.1. The sample weight was
4.69 + 0.21 g while the oil recovery yield was 13.06 + 0.75%.

Based on the model experimental design, 17 runs of olive pomace oil extraction
were performed by UAE. In addition, 17 runs of oil extraction by using shaking
water bath were performed with the same operating conditions as those in the
UAE for comparative evaluation purposes. The experimental model was
planned to have the range of 2-10 w/v % solid/solvent (S/S) ratio. However,
better oil recovery yield was obtained with lower S/S ratios in preliminary
experiments. Therefore, two extra runs with S/S ratio of 1% were added to the
model (runs 5 and 6 in Table 1.1) for both extraction methods, with 19
experimental runs for each method (Table 1.1).

According to the obtained results shown in Table 1.1 and the ANOVA shown
in Table 1.2, response surface methodology was a suitable model for this type
of experimental design. Generally in ANOVA, large F-value and small p-value
show a more significant effect on response [25]. ANOVA (Table 1.2) shows
the variability in the yield of extraction (response variable) into separate pieces
for each of the effects (factors). It then tests the statistical significance of each
factor by comparing the mean square against an estimate of the experimental
error. The default model is quadratic with 10 coefficients, and it has been fit to
the response variable. The coefficient of determination (R?) indicates that the

model as fitted explains 95.44% and 94.95% of the variability in oil recovery
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yield for ultrasound-assisted extraction and solvent extraction in shaking water
bath, respectively.

Table 1.3 shows the values of the regression coefficients of Eq. (2) for both
extraction methods. In this case, it can be observed that oil recovery yield for
UAE was mainly affected by linear terms of S/S ratio (B), time (A), and the
interaction between them (AB), followed by the quadratic term of S/S ratio
(B?) and the interaction between time and temperature (AC): all of them have
p-values less than 0.05, indicating that they are significantly different from
zero at the 95% confidence level (Table 1.3), whereas for the extraction in the
shaking water bath only 2 factors, S/S ratio (B) and temperature (C), are
statistically significant (p < 0.05). F-ratio values indicate that, for the range of
studied variables, solid/solvent ratio (B) had stronger influence on the oil
recovery yield than the other independent variables.

Based on the observed responses from Table 1.1 for the UAE, the most
desirable results were obtained for run 6 (time: 60 min, temperature: 50 °C,
solid/solvent ratio: 1 w/v %) which resulted into 15.97% oil recovery yield.
These results are very similar to the predicted optimum operating conditions
by the model (time: 59.99 min, temperature: 50.16 °C, S/S ratio: 1.0002 w/v
%, with 16.29% oil recovery yield).
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Table 1.1. Design of experiments for olive pomace oil recovery.

Operating conditions Ultrasound-assisted extraction (UAE) Extraction in shaking water bath
Run Time S/Sratio Temperature Weight of Extracted oil Extraction Weight of Extracted oil  Extraction
(min) (%) (°C) sample (g) weight (g) yield (%) sample (g) weight (g) yield (%)
1 40 2 50 0.8053 0.1194 14.82 0.8039 0.1031 12.82
2 60 6 50 2.4020 0.3161 13.15 2.4010 0.2988 12.44
3 60 10 50 4.0035 0.4421 11.04 4.0045 0.4470 11.16
4 40 10 50 4.0237 0.4540 11.28 4.0020 0.4432 11.07
5 40 1 50 0.4055 0.0623 15.36 0.4069 0.0578 14.20
6 60 1 50 0.4025 0.0643 15.97 0.4025 0.0554 13.76
7 20 6 50 2.4035 0.2801 11.65 2.4055 0.2909 12.09
8 20 2 50 0.8150 0.1083 13.29 0.8031 0.1081 13.46
9 60 2 60 0.8055 0.1256 15.59 0.8078 0.1128 13.96
10 20 10 60 4.0013 0.4488 11.22 4.0098 0.4634 11.56
11 40 6 60 2.4017 0.2952 12.29 2.4069 0.2891 12.01
12 20 2 60 0.8030 0.0928 11.56 0.8072 0.1178 14.59
13 60 10 60 4.0031 0.4538 11.34 4.0033 0.4965 12.40
14 40 6 40 2.4230 0.2757 11.38 2.4112 0.2807 11.64
15 20 2 40 0.8161 0.1069 13.10 0.8013 0.1035 12.92
16 20 10 40 4.0076 0.4539 11.32 4.0114 0.4232 10.55
17 60 10 40 4.0065 0.4430 11.06 4.0090 0.4409 10.99
18 60 2 40 0.8135 0.1158 14.23 0.8019 0.1090 13.59
19 40 6 50 2.4030 0.2902 12.08 2.4074 0.2814 11.68
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Table 1.2. Analysis of variance (ANOVA) for olive pomace oil recovery yield.

Ultrasound-assisted extraction (UAE) Extraction in shaking water bath
Source (R? = 95.44%) (R? = 94.95%)

SS DOF MS F-ratio  p-value SS DOF MS F-ratio p-value
A: Time 3.85759 1 3.85759 14.71 0.0040  0.200018 1 0.200018 1.37 0.2718
B: S/S ratio 24.6379 1 24.6379 93.95 0.0000 18.4879 1 18.4879 126.68 0.0000
C: Temperature 0.08281 1 0.08281 0.32 0.5879 2.33289 1 2.33289 15.99 0.0031
A2 0.0583865 1 0.0583865 0.22 0.6483  0.336209 1 0.336209 2.30 0.1634
AB 4.40351 1 4.40351 16.79 0.0027 0.21445 1 0.21445 1.47 0.2563
AC 1.3448 1 1.3448 5.13 0.0498 0.10125 1 0.10125 0.69 0.4264
B2 1.75834 1 1.75834 6.70 0.0292 0.401076 1 0.401076 2.75 0.1317
BC 0.0162 1 0.0162 0.06 0.8093 0.01805 1 0.01805 0.12 0.7332
C? 0.889099 1 0.889099 3.39 0.0987 0.13248 1 0.13248 0.91 0.3656

Total error 2.36021 9 0.262245 1.31343 9 0.145937

Total (corr.) 51.7598 18 25.9867 18

SS: Sum of squares; DOF: Degrees of freedom; MS: Mean Square
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Table 1.3. Values of the regression coefficients of the quadratic polynomial Eq. (2).

Regression Ultrasound-assisted extraction (UAE) Extraction in shaking water bath

coefficient Value F-ratio p-value Value F-ratio p-value
ao 4.86895 16.8681
a1 -0.00141035 14.71 0.0040 -0.0381824 1.37 0.2718
a -0.571198 93.95 0.0000 -0.658411 126.68 0.0000
as 0.378509 0.32 0.5879 -0.11318 15.99 0.0031
an -0.00032401 0.22 0.6483 0.000777511 2.30 0.1634
anz -0.00788864 16.79 0.0027 0.00174087 1.47 0.2563
ais 0.00205 5.13 0.0498 -0.0005625 0.69 0.4264
ax 0.0407419 6.70 0.0292 0.0194582 2.75 0.1317
azs 0.001125 0.06 0.8093 0.0011875 0.12 0.7332
ass -0.00458159 3.39 0.0987 0.00176855 0.91 0.3656
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Regarding solvent extraction in shaking water bath, the predicted optimum
operating conditions according to the fitted model were 22.71 min, 59.85 °C and
1.0055 w/v % S/S ratio, with a predicted oil recovery yield of 14.66%. These
predicted values are so close to the obtained results for run 12 in Table 1.1 (time:
20 min, temperature: 60 °C, S/S ratio: 2 w/v %, 14.59% oil recovery yield), which
can be considered as the optimal conditions for oil recovery yield by solvent
extraction in shaking water bath.

1.3.2.  Effect of extraction variable factors on oil recovery yield

1.3.2.1. Ultrasonic-assisted extraction

In order to study the effect of the independent variables on the oil recovery vyield,
surface responses of the quadratic polynomial model (Eq. (2)) were generated by
varying two of the independent variables within the experimental range while
holding the other constant at its optimum value (Figure 1.1). As it was
abovementioned, S/S ratio is the most significant factor in this study. According
to Figure 1.1a, extraction time is a significant variable for S/S ratios less than 5%:
as the extraction time increases, recovery Yyield increases considerably.
Furthermore, for S/S ratios over 5% increasing time causes a decrease in oil
recovery yield. However, according to Figure 1.1b, a temperature change between
40-60 °C has no significant effect on the oil recovery yield. The concentration
gradient, which is the driving force in extraction process, is assumed to be greater
when the S/S ratio is reduced, leading to faster diffusion and greater yields [26].
Similar findings have been reported in other extraction related studies [27,28].
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Figure 1.1. Response surface plots of interactions between two input factors, while holding
the other constant at its optimum value, on oil recovery yield by ultrasound-assisted
extraction (a, b, c) and by solvent extraction in shaking water bath (d, e, f): S/S ratio vs.
temperature at the optimized time (a, d); S/S ratio vs. time at the optimized temperature (b,
e); time vs. temperature at the optimized S/S ratio (c, f).




PhD Thesis
Chapter 1: Characterization and optimization of olive pomace oil extraction by using ultrasonic

and conventional methods

1.3.2.2.  Solvent extraction in shaking water bath

Similar to UAE, the S/S ratio is the most significant factor in solvent extraction in
a shaking water bath. It can be seen in Figure 1.1.d. that oil extraction yield
increases with increasing temperature and decreasing S/S ratio. As shown in Figure
1.1.e, the change in time from 20 to 60 min hardly affects the oil recovery
performance pattern, although the calculated optimum operating time was 22 min.
Figure 1.1e indicates that the temperature increase from 40 to 60 °C has a
increasing effect on oil recovery yield for a S/S over 6% and times lower than 40
min. This is in general agreement with studies of Mani et al. [29] and Minjares-
Fuentes et al. [30], who also reported that by increasing the temperature, the
extraction yield of oil from the seeds of Moringa oleifera and pectin from grape

pomace is maximized.

1.3.3.  Optimization of oil recovery methods

As it was aforementioned, multiple runs of standard Soxhlet extraction were
performed with similar conditions, obtaining an average oil recovery yield of 13.06
+ 0.75%.

As indicated by the results for ultrasonic-assisted extraction (UAE) and solvent
extraction in shaking water bath under similar experimental conditions shown in
Table 1.1, it was found that oil recovery yields under optimal conditions were
22.28% and 11.72% higher than that obtained by Soxhlet extraction, respectively.
By considering thermal sensitivity of bioactive compounds, especially low
molecular weight polyphenols, and their contribution to the antioxidant activity of
olive pomace oil, it is obvious that these compounds may have been degraded by
Soxhlet method due to the high temperature and long extraction time. In order to
assess and compare the efficiency of the three extraction methods, results reveal
that UAE is the best option in terms of lower extraction temperature and high oil
recovery yield. Experimental results also indicate that oil recovery yield in most
of the UAE runs was higher than those for solvent extractions in a shaking water

bath. Taking into account that UAE provides lower operating temperature, thus
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less thermal degradation of most of the unstable minor compounds will occur.
However, the shorter extraction time and the lower consumption of solvent for
extractions performed by shaking water bath lead to energy and economic savings
that can be accounted as shaking water bath advantages.

Experimental results obtained in this work are in agreement with those from other
studies. Chanioti and Tzia [31,32] proved that S/S ratio is the most significant
factor in UAE of olive pomace oil. Also, Stroescu et al. [33] reported that
temperature and S/S ratio had the greatest effect on the oil yield from P. oleracea
seeds, while Goula [27] and Li et al. [28] showed that not only the temperature and
S/S ratio but also the particle size significantly affected the oil yield extracted by
UAE from pomegranate seeds and Isatis indigotica Fort, respectively. Further,
Mani et al. [29] observed that particle size had the greatest impact on the oil yield
extracted from the seeds of Moringa oleifera using n-hexane as solvent, while the
combined effects of particle size and extraction temperature were also significant.
However, Kosti¢ et al. [34] reported that the interaction between extraction

temperature and S/S ratio had significant effect on the hempseed oil recovery yield.

1.3.4. Fatty acid profile of extracted olive pomace oil

GC analysis were performed on olive pomace oil samples obtained under optimal
conditions by the three extraction systems tested. Results are depicted in Table 1.4,
which shows very similar fatty acid profiles for the three oils. Thus, it can be
concluded that the oil extraction method does not have a significant effect on the
fatty acid profile of the extracted olive pomace oil. It can also be seen in Table 1.4
that fatty acid composition of recovered olive pomace oils completely fit in the
acceptable ranges published by the World Health Organization (WHO), and that
main fatty acids (89.2-92.7%) in olive pomace oil are oleic acid (63-65%), linoleic
acid (13.3-14.6%) and palmitic acid (12.9-13.1%). These results are in agreement
with literature for olive products and by-products [35-37].

External oxidative factors, such as light and oxygen, and intrinsic factors such as

antioxidants/prooxidants content can affect the composition of the olive pomace
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oil. The exposure to oxidative factors can lead, for example, to modifications in
the fatty acids profile and/or vitamin E content of the remaining oil [38]. Moreover,
oil degradation can lead to unpleasant characteristics such as rancidity and
discoloration that besides decreasing its economic value, reduces the oil
performance as functional ingredient. Furthermore, the degree of the oil instability
is also associated with a high content of polyunsaturated fatty acids (PUFA) due
to their susceptibility to oxidation [39]. A mixture of saturated (SFA),
monounsaturated (MUFA), and polyunsaturated fatty acids (PUFA) composes the
lipid fraction of the olive pomace. As the olive pomace oil fraction is essentially
rich in MUFA, its susceptibility to oxidation is reduced. Additionally, the presence
of vitamin E, a potent liposoluble antioxidant, protects long chain fatty acids
against oxidative damage [40]. Important olive components that remain in olive
pomace, as MUFA, pigments, vitamin E, and phenolic compounds, may act
synergistically, making this oil more stable than others [36,41,42]. However,
according to Mateos et al. [11], its high MUFA content (67-69.6% of total fatty
acids in this work), with demonstrated health benefits, makes olive pomace oil an
interesting alternative to reach the FAO (Food and Agriculture Organization)
recommendation of consuming 20% of total dietary energy in the form of
monounsaturated fatty acids, with the total fat intake representing up to 35% of

total caloric value of the diet.
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Table 1.4. Fatty acid profile of extracted olive pomace oils.

Fatty acid acceptable ranges for

GC analysis of extracted olive pomace oil Standard Soxhlet system UItrasomc-assmted Sl U Ehel g wier different types of olive oil [43]
extraction (UAE) bath .
(% of total fatty acids)
Fatty acid Fatty acid Fatty acid Olive . -
o-fr)ggie d Formula Name concentration wt. % concentration wt. % concentration wt. % pomace s?\lngﬁ o\I/ilvrglor;l
Cx (mg/g) Cx (mg/qg) Cx (mg/g) oil
SFA C14:.0 Myristic acid 0.310 0.0£0.05 0.0 0.0 0.2+0 0.0+0.03 0.0-0.05 0.0-0.05 0.0-0.05
SFA C16:0 Palmitic acid 108.749.0 13.1+0.08 120.6+20 1340.1 119.644.0 13.0+0.02 7.5-20 7.5-20 7.5-20
MUFA  C16:1n-7 Palmitoleic acid 8.4+1.0 1.0+0.02 9.3+1.0 1.0+0.03 9.310 1.0+0.01 0.3-35 0.3-35 0.3-35
SFA C17:0 Heptadecanoic acid 1.2+0 0.1+0 1.3+0 0.1+0 1.3+0 0.1+0 0.0-0.3 0.0-0.3 0.0-0.3
PUFA C16:3n-4  Hexadecatrienoic acid 2.2+0 0.3+0 0.0 0.0 0.0 0.0
MUFA Ci7:1 Heptadecenoic acid 0.0 0.0 2.310 0.2+0 2.310 0.240 0.0-0.3 0.0-0.3 0.0-0.3
SFA C18:0 Stearic acid 19.9+2.0 2.440 23.5+4.0 2.540.01 23.241.0 2.5+0.01 0.5-5 0.5-5 0.5-5
MUFA  C18:1n-9 Oleic acid 524.0 +42.0 63.0£0.39 604.6+107 64.9+0.22 598.3+18.0 64.9+0.16 55-83 55-83 55-83
MUFA  C18:1n-7 Vaccenic acid 23.1+2.0 2.8+0.03 24.843.0 2.740.15 24.3+1.0 2.640.2
PUFA  C18:2n-6 Linoleic acid 121.5+£11.0 14.6+0.07 124.1+£22.0 13.3+£0.03 122.1+3.0 13.2+0.06 3.5-21 3.5-21 3.5-21
PUFA  C18:3n-3 Alpha linolenic acid 6.9+1.0 0.8+0.02 6.3+1.0 0.7£0.01 6.1+0 0.7£0
SFA C20:0 Avrachidic acid 3.5+0 0.4+0 4.0£1.0 0.4+0.01 4.010 0.4+0 0.0-0.6 0.0-0.6 0.0-0.6
MUFA  C20:1n-9 Gondoic acid 2.9+0 0.3+0.03 3.5¢1.0 0.4+0.01 3.6x0 0.4+0.01 0.0-04 0.0-04 0.0-04
SFA C22:0 Behenic acid 1.8+0 0.240.01 1.8+0 0.240 1.9+0 0.240 0.0-0.3 0.0-0.2 0.0-0.2
PUFA  C22:5n-3  Docosapentaenoic acid 1.7+2.0 0.2+0.28 0.0 0.0 0.0 0.0
SFA C24:0 Lignoceric acid 1.2+0 0.1+0.01 1.2+0 0.1+0 1.310 0.1+0 0.0-0.2 0.0-0.2 0.0-0.2
PUFA  C22:6n-3 Docosahexaenoic acid 3.210 0.4£0.01 0.0 0.0 0.0 0.0
MUFA C24:1 Nervonic acid 1.2+0 0.1+0.1 3.6+1 0.4+0.01 1.4+1.0 0.2+0.15
Total Fatty Acids 831.7£71.5 100+1 931+162.1 100+0.6 922+34.0 100+1.2
Saturated fatty acids (SFA) 136.6+11.6 16.42+0.01 152.5+25.9 16.39+0.08 151.345.1 16.41+0.03
Monounsaturated fatty acids (MUFA) 559.5+45.1 67.3+0.36 648.1+113.2 69.6+0.04 639.2+15.8 69.3+0.49
Polyunsaturated fatty acids (PUFA) 135.6+14.8 16.02+0.38 130.3+23 14.0+0.03 131.748.4 14.27+0.45
SFA+MUFA+PUFA 831.7+71.5 99.7+0 931.0+162.1 100+0 922.2+29.3 10040
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1.4. Conclusions

In this study, oil was recovered from olive pomace, an important by-product of
olive oil production and a rich source of bioactive materials. Standard Soxhlet
extraction with multiple runs was firstly performed, which resulted into average
oil extraction yield of 13.06+0.75%. Response surface methodology was then
applied to determine the optimal conditions (extraction time, temperature and
solid/solvent ratio) for oil recovery yield using two methods: ultrasound-assisted
extraction (UAE) and solvent extraction in shaking water bath. The most desirable
results for UAE (time: 60 min, temperature: 50 °C, solid/solvent ratio: 1 w/v %)
resulted into 15.97% oil yield extraction, whereas for solvent extraction in shaking
water bath (time: 20 min, temperature: 60 °C, S/S ratio: 2 w/v %) resulted into
14.59% oil recovery vyield, being 22.28% and 11.72% higher than that of the
Soxhlet extraction, respectively. Results of the comparative study revealed that the
ultrasound-assisted extraction is the better option in terms of lower extraction
temperature and high oil recovery yield. Fatty acid profiles showed that the
majority of olive pomace oil composition (89.2-92.7%) consisted of oleic acid
(63-65%), linoleic acid (13.3-14.6%) and palmitic acid (12.9-13.1%). Also, fatty
acid composition of all recovered oil types completely fit in the acceptable ranges

published by World Health Organization.
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La investigacion que se presenta en este capitulo surge de la necesidad de valorizar los residuos solidos
de almazara generados en el capitulo 1, una vez extraido el aceite de orujo de oliva. Estos residuos
solidos se consideran una fuente rica de compuestos fenélicos con una amplia gama de actividades
biol6gicas. El objetivo de este trabajo ha sido optimizar la extraccion de los compuestos fendlicos
presentes en dos tipos de residuos sélidos de almazara, generados en sistemas de centrifugacion de dos
fases (alperujo) y tres fases (orujo), después de la extraccion del aceite que contienen. Inicialmente se
selecciono el disolvente mas adecuado y posteriormente se aplic la metodologia de superficie de
respuesta (RSM) con el fin de maximizar el contenido de fenoles totales (TPC), flavonoides totales
(TFC) y actividad antioxidante (AA) en los extractos finales. Se estudiaron dos métodos de extraccion
asistida por ultrasonidos: i) utilizando un bafio de ultrasonidos, considerando el tiempo de extraccion,
la temperatura y la relacidn sélido/disolvente como variables de disefio de experimentos; ii) utilizando
un homogeneizador ultrasénico para aplicar directamente los ultrasonidos a la muestra mediante una
sonda, siendo en este caso las variables de disefio el tiempo de extraccién, laamplitud de los ultrasonidos
y la relacién sélido/disolvente. Los mejores resultados se lograron utilizando el homogeneizador
ultrasénico. Bajo las condiciones de operacion Optimas, se obtuvo un extracto de alperujo con las
siguientes caracteristicas; TPC = 18,40 mg GAE/g, TFC = 2,09 mg QE/g y AA =0,859 mMMrrol0x/g, asi
como un extracto de orujo con TPC = 14,70 mg GAE/g, TFC = 2,48 mg QE/g y AA =0,924 mMroiox/g.
Posteriormente, se aplicd un proceso de adsorcion-desorcion para la recuperacion y el fraccionamiento
selectivo de biofenoles valiosos. Se utilizaron como adsorbentes dos carbones activados (NPAC y GAC)
y dos resinas poliméricas (Amberlita XAD4 y XAD16), y se utilizaron diferentes disolventes en la etapa
de desorcién. Los resultados se compararon en términos de rendimiento de adsorcion y recuperacion
por desorcion de fenoles totales y compuestos fendlicos individuales, concretamente hidroxitirosol,
tirosol y oleuropeina. La adsorcién utilizando 100 g/L de la resina XAD16 en un dispositivo de agitacion
magnética produjo los mejores resultados, con un 74,36% de adsorcion de fenoles totales y del 39,25%,
68,79% y 100% de hidroxitirosol, tirosol y oleuropeina, respectivamente. Después de una etapa de
desorcion con etanol puro se logré un 52,27% de recuperacion fenoles totales, con un 14,12%, 11,19%
y 32,08% de recuperacion de los fenoles individuales hidroxitirosol, tirosol y oleuropeina,
respectivamente. El uso de etanol-agua al 50% v/v acidificado a pH 2 en la etapa de desrocién mejord
los resultados, obteniendo un 57.65% de recuperacion total de fenoles, un 19.27% de recuperacion de

hidroxitirosol y un 45.73% de recuperacion de tirosol, pero la recuperacion de oleuropeina fue del 0%.
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2.1. Introduction

Olive oil extraction involves different processes such as olive washing, grinding,
beating and the extraction itself, that constitutes the basic stage of the whole
process. The amount and physico-chemical properties of the wastes produced will
depend on the method used for the extraction. There are two ways of extracting the
oil: traditional pressing, used for many centuries with only minor modifications,
and centrifugation, that the olive oil industry has taken over in the last decades.
Two widely used methods for the centrifugation extraction of olive oil include a
two-phase or a three-phase centrifugation system [1]. The by -products of oil
extraction are black olive mill wastewater and solid waste, or olive cake [1]. The
olive oil industry produces 35 kg olive cake and 440 L oil mill wastewater per 100
kg of treated olive [2]. Thus, olive cake is an inexpensive biomass that is available
in large quantities in Mediterranean countries. However, it represents a serious
environmental problem for olive oil producing countries [3]. Therefore, many
studies have aimed to either reduce the environmental impact of olive cake and/or
harness its potential economic value [4].

The three-phase system generates a solid husk, oil, and OMWW while the two
phase system releases a wet olive husk and oil. Relative to the two-phase
centrifugation, the three phase system utilizes 0.6-1.3 m® of additional water
during the three phase decantation that eventually increases the amount of OMWW
[5].

Olive is rich in phenolic compounds [6] and its bitter taste is associated with these
compounds, basically [7]. Presence of water soluble biophenolic compounds (98%
of the total phenols in the olive fruit), which are partitioned to water from the olive
fruit during the oil extraction, represent the highest polluting capacity [8-10]. The
important point is that just about 2% of its phenolic content enters the oil phase
during oil extraction while about 45% of olive’s phenolic compounds enter olive-
waste cake [6]. The negative environmental and socioeconomic impacts of this
industrial activity are more than obvious since a large number of processing

facilities are located close to sea resorts and places of high tourist interest [11]. A
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suitable use of these olive oil residues could not only improve the economic status
of olive oil producers but could also reduce such an environmental problem. Thus,
it is of great interest to evaluate the possibility of recovering an extract enriched
with phenolic compounds, from a low-cost and widely available by-product,
especially in the Mediterranean area [12].

This solid waste is of heterogeneous nature and can be found along with many
chemical compounds, such as alkaline (potassium) and alkaline-earth (calcium and
magnesium metals), sugars and polyphenols, which come from the vegetation
water [13]. Since, only 2% of the phenolic compounds are transferred to the oil
and as much as 98% retained in the cake, olive pomace has been considered to be
an interesting source of phenolic compounds [14]. Phenolic compounds of olive-
waste cake are solid, colorless, water soluble with considerable environmental
resistance and they decompose hardy. Therefore, entrance of waste cake from olive
oil extraction plants, and in fact the entrance of their phenolic compounds to
underground water and soil is hazardous. Consequently, these compounds should
be extracted and removed from the olive waste cake [15]. Furthermore, extraction
of phenolic compounds are economically important due to their applications in
pharmaceutical, cosmetic and food industries.

Olive cake is considered a rich source of phenolic compounds with a wide array of
biological activities. However, little information has been reported on the recovery
of phenolic compounds from olive cake as a potential source of bioactive
compounds for the pharmaceutical and nutraceutical industries [16,17]. The major
component of the phenolic fraction present in olive mill wastes is hydroxytyrosol,
part of which originates from oleuropein (the most abundant phenol contained in
several olive cultivars) through an esterase-mediated cleavage during oil
extraction. Hydroxytyrosol is a potent antioxidant, with reported abilities to
scavenge oxygen and nitrogen free radicals, to inhibit low density lipoprotein
oxidation, platelet aggregation, and endothelial cell activation and to protect
against DNA damage [18,19]. Furthermore, hydroxytyrosol reduces the synthesis
of prostaglandin E2 blocking the transcription of COX-2 and 5-lipooxygenase,
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thereby decreasing the chronic influence associated with diseases such as cancer
[20]. Despite these important properties, hydroxytyrosol is not commercially
available in large amounts since all the synthetic or extractive developed routes
have resulted to be cumbersome, expensive, or not eco-sustainable [21, 22]. Three
aspects of antioxidant activity have been evaluated in olive cakes; antioxidant
potency [23, 24] anti-radical activities and radical scavenging activities [3, 24].
The traditional extraction methods are very time-consuming and need large
amount of solvents for bioactive compounds. Currently, several modern extraction
methods have been developed for extraction of phenolic compounds, such as
enzymatic extraction, ultrasonic-assisted extraction (UAE), and supercritical fluid
extraction [25]. The UAE is less expensive and much easier compared to some
other extraction methods such as microwave-assisted extraction (MAE) and
supercritical fluid extraction [26]. To enhance overall yield and selectivity of
bioactive components from plant materials, ultrasound [27, 28] , pulsed electric
field [29], enzyme digestion [30], microwave heating [31], ohmic heating [32],
supercritical fluids [33— 38], and accelerated solvents [31, 39] have been studied
as non-conventional methods. At the same time conventional extraction methods,
such as Soxhlet is still considered as one of the reference method to compare
success of newly developed methodology. Substantial number of scientific reports,
book chapters and monograms exist where non-conventional methods were
extensively reviewed [40- 43].

Ultrasound is a special type of sound wave beyond human hearing. Usually, in
chemistry it is 20 kHz to 100 MHz. Like other waves, it passes through a medium
by creating compression and expansion. This process produces a phenomenon
called cavitation, which means production, growth and collapse of bubbles. A large
amount of energy can produce from the conversion of kinetic energy of motion
into heating the contents of the bubble [44]. The extraction mechanism by
ultrasound involves two main types of physical phenomena, (a) the diffusion
across the cell wall and (b) rinsing the contents of cell after breaking the walls [45].

Moisture content of sample, milling degree, particle size and solvent are very
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important factors for obtaining efficient and effective extraction. Furthermore,
temperature, pressure, frequency and time of sonication are the governing factors
for the action of ultrasound [25].

On the other hand, adsorption technology is one of the most commonly applied
processes for the recovery of polyphenols from plant extracts and is gaining
increasing importance in food industry [46]. The application of synthetic resins has
several advantages such as relatively low operation costs, simple handling, its long
service lives resulting of regeneration and reuse ability [47]. Compared with
alternative technologies, adsorption is attractive for its relative simplicity of
design, operation and scale up, its potential selectivity to toxic substances. Besides,
adsorption avoids toxic solvents and minimizes the transformation of the target
sub-stances [48]. Among the disadvantages of adsorption technology are the
limited overall purification efficiency [49], the loss of capacity observed after the
first regeneration and solvent regeneration which has to be developed and/or
adapted [50].

It is well known that adsorption is an effective technigue which requires relatively
low economic investment, quite high energy saving and high efficiency in removal,
recovery and selective separation of some compounds. In the recent years, several
studies dealt with the uptake of polyphenols and other bioactive compounds from
OMW on different adsorbents [51- 56].

In this chapter, two types of olive mill solid residues obtained from two-phase and
three-phase centrifugation systems were used as samples which will be hereinafter
called olive cake and olive pomace, respectively. Primary objective was solvent
optimization and then extraction operating conditions was optimized for olive cake
based on response surface methodology with two ultrasonic assisted extraction
methods. Subsequently, the optimal ultrasonic method was also used in order to
determine the optimal operating conditions for phenolic extraction from olive
pomace.

As the next step, adsorption-desorption process was applied for recovery and

selective isolation of valuable biophenols of obtained phenolic loaded extract from
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olive pomace. For this purpose XAD-4 and XAD-16 polymeric resins along with
two different types of activated charcoals were used as the adsorbents.
Furthermore, obtained results from adsorption-desorption experiments were
evaluated and optimized in terms of total phenol recovery and also selective
isolation of hydroxytyrosol, tyrosol and oleuropein which are major component of

the phenolic fraction present in olive mill wastes.

2.2. Materials and methods

2.2.1. Samples and chemicals

Olive cake used in this study was kindly provided by the cooperative "Pagos de
Benaval"”. It was obtained by means of a two-phase cold oil extraction process
using olives from olive trees of the variety "Serrana de Espadan”, endemic of the
Sierra de Espadan natural park (Castellon, Spain). Olive pomace used in this study
was kindly provided by the “Mamalan” Agro Industrial Company, Tarom city
(Zanjan), Iran. It is obtained by means of a three phase centrifugal extraction

process.

The chemicals used in the experiments of this chapter are Folin—Ciocalteu's
reagent, acetic acid and acetonitrile and were purchased form VWR International
Eurolab (Barcelona, Spain). In addition, Sodium carbonate, gallic acid, 1,1-
diphenyl-2-picrylhydrazyl (DPPH), 6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid (trolox), quercetin, methanol, ethanol, aluminum chloride,
potassium acetate, hydrochloric acid (HCI-37%) and Ammonium acetate (NH4sAC)
were purchased from Sigma Aldrich (Castle Hill, NSW, Australia). The polymeric
resins XAD4 and XAD16 were provided from Fluka (Germany) which have been
reported to yield satisfactory adsorption results for phenolic compounds [50, 55,
57-61].

Furthermore, powdered activated charcoal (Norit-97876) was provided from
Sigma Aldrich (Castle Hill, NSW, Australia) and Granulated Activated Charcoal
(CA03461000) was purchased from Scharlau (Barcelona, Spain) which hereinafter
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they will be called NPAC and GAC, respectively. Activated Charcoal has been
also used in previous researches [22, 62, 63]. Characteristics of all adsorbents are
presented in Table 2.1.

Table 2.1. Characteristics of the adsorbents

Dry Mean Particle  Specific
Adsorbent density = Mesh  poresize  diameter surface
(9/mL) (A) (mm) (m?/g)
XAD-4 polymeric resin 1.02 20-60 40 0.25-0.84 725
XAD-16 polymeric resin 1.02 20-60 200 0.25-0.84 900
Norit Powdered Activated
0.25-0.60 - - 0.15-0.25 1000
Charcoal (NPAC)
Granulated Activated 900-
2-2.1 - - 1-3
Charcoal (GAC) 1200

2.2.2.  Pretreatment of Olive mill solid waste

Olive cake and olive pomace were dried in 100 °C for 24 hours in an oven (model
2600210, JP Selecta, Barcelona, Spain) to remove most of their moisture (about
55-60% wi/w). They were then ground by using a coffee grinder to obtain an
average particle diameter of about 1 mm.

For applying defatting process, soxhlet method was performed by BUCHI 811
extraction system (BUCHI Laboratotiums Tchnik AG, Flawil, Switzerland). The
ground olive cake (about 20 g, 5 g in each of the 4 extraction chambers) was placed
in the Soxhlet apparatus and continuously refluxed with 400 mL (100 mL for each
chamber) of n-hexane for 25 cycles (at 69°C for 3 h). After oil extraction, n-hexane
was distilled using the same system. The obtained oil was weighted resulting into
the average recovery yield of 12.98-13.06% for olive pomace and olive cake,
respectively. Then the pretreated solid samples were kept in a dark place at —20 °C

for further use.
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2.2.3. Solvent optimization

In order to obtain the optimal solvent for phenolic extraction, seven extraction runs
were performed in ultrasonic bath (Selecta Ultrasons-H, 720W, 50/60 Hz,
Barcelona, Spain) with different types of solvent but same operating conditions
(Time: 60 min, Temperature: 50 °C, solid:solvent ratio: 10% (w/v)), then the
supernatants were centrifuged at 10000 rpm for 10 min and filtered. Table 2.2
shows results of solvent optimization process. All the analytical methods used in

this work are completely described in the appendix section of this thesis.

Table 2.2. optimal solvent selection for phenolic extraction

Total Phenolic Antioxidant Activity
Type of solvent

Content (mgca&/Q) (MMrolox/Q)
1 Methanol - Water (50-50%) 12.56 0.846
2 Methanol (100%) 8.09 0.859
3 Ethanol- Water (50-50%) 16.24 0.794
4 Ethanol- Water (75-25 %) 8.58 0.845
5 Ethanol (100 %) 6.06 0.863
6 Ethanol- Water (25-75 %) 10.88 0.787
7 Water (100 %) 10.20 0.792

2.2.4. Phenolic extraction using an ultrasonic bath

Based on response surface methodology and depending on variable factors of the
experimental design (time, temperature and S/S ratio), pretreated olive cake was
placed in Falcon centrifuge tubes and mixed with the selected solvent. Then it was
entered to an ultrasonic bath (Selecta Ultrasons-H, 720W, 50/60 Hz, JP Selecta,
Barcelona, Spain). After sonication, phenolic loaded extracts were centrifuged at
10000 rpm for 10 min (Eppendorf Centrifuge model 5804). The supernatants were
filtered through 0.45 pm syringe filters and then stored at —20 °C for further

analysis.
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2.2.5.  Phenolic extraction using an ultrasonic homogenizer

Based on RSM and depending on variable factors of the experimental design
(sonication time, amplitude and S/S ratio), pretreated olive cake samples were
placed in Falcon centrifuge tubes and mixed with the selected solvent. Then, these
tubes containing samples were entered to a high intensity ultrasonic homogenizer
(Sonics VCX500, 500 W, 20 kHz, Newtown, CT, USA) equipped with a titanium
alloy microtip probe of 3 mm diameter, where UAE was performed at 30 °C with
ultrasound pulses every 5 seconds (5 s on and 5 s off). After UAE, phenolic loaded
extracts were centrifuged at 10000 rpm for 10 min, and the supernatants were

filtered and stored at —20 °C for further analysis.

2.2.6.  Preliminary UAE experiments

In this study, the input factor for Solid/Solvent (S/S) ratio was considered to be 1-
20 (w/v%). At First, preliminary extractions with predicted optimal operating
conditions were performed with S/S ratios of 1-3 (w/v%). Then, secondary
extractions were performed with the S/S ratios of 4-20 (w/v%) based on same
methodology with the “central composite design: 23 + star” model. As it can be
observed from Table 2.3, satisfactory results were obtained with 1-3 (w/v %) S/S
ratios, but the use of these low ratios is not economically feasible form an industrial
point of view, so these results were not considered in the optimization and

comparative evaluation of the proposed methods.
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Table 2.3.  Preliminary experimental runs for phenolic extraction

ULTRASONIC BATH

Operating conditions

Run . s/s TPC TFC DPPH assay
number (Tnl::g Ratio Tem?fcr)ature (Mgcae/g) (mgoe/g) (MMrolox/g)
(wW/v%)

1 120 3 45 17.43 2.36 1.051

2 120 2 45 22.35 2.67 1.050

3 120 1 45 29.10 2.70 0.741

4 60 3 60 20.30 3.22 1.050

5 60 2 60 20.40 2.42 1.023

6 60 1 60 27.20 1.80 0.780

ULTRASONIC HOMOGENIZER

Operating conditions
Run S/S TPC TFC DPPH assay

number Tni1rirr]§ Ratio Am(%z;ude (Mmgeae/g)  (Mgoe/g)  (MMrroiox/g)
(w/v%)
1 10 3 20 14.63 1.65 1.048
2 10 2 20 17.45 1.98 1.014
3 10 1 20 26.8 2.00 0.586
4 10 3 40 16.1 2.45 1.048
5 10 2 40 18.85 2.36 1.057
6 10 1 40 24.9 2.73 0.782

TPC: total phenolic content, TFC: Total flavonoid content

2.2.7.  Experimental Design and statistical analysis for phenolic extraction

Data were analyzed using response surface methodology (RSM) with “central
composite design: 23 + star” (CCD) model by the application of Statgraphics
version 18 software (Statgraphics Technologies, Inc, Warrenton, VA, USA). The
effects of three input variable factors were studied on the total phenolic content
(Y1), total flavonoids content (Y2) and antioxidant activity (Y3). Variable factors
(X1, X2, X3) were different depending on the utilized ultrasonic method for each

extraction series.
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The model generated 16 experimental settings with two replicates in central point
to optimize the phenolic extraction process. A low degree polynomial equation
was used to express predicted responses (Y1-Y3) as a function of the independent
variables under study (X, X5, X3). The model equation is as Eq. (1):

Y = ap+a;X; +a,X; +a3X5 +a1X3 +ay,X3 +ag3X3 +apX X, +
a;13X1 X3 + ay3X,X;3 (1)

Where Y represents the response variable, a, is a constant, and a;, a;;, a;; are the
linear, quadratic and interactive coefficients, respectively.

The significance of each estimated regression coefficient was assessed through
values of the statistic parameters, F and p (probability). Data means were separated
by the least significant difference (LSD) at p<0.05. Generally in ANOVA, large F-
value and small p value show a more significant effect on response [64]. The
ANOVA table partitions the variability in total phenolic content (TPC), total
flavonoid content (TFC) and Antioxidant Activity (AA) into separate pieces for
each of the effects. It then tests the statistical significance of each effect by

comparing the mean square against an estimate of the experimental error.

2.2.7.1. Statistical data for phenolic extraction from olive mill samples

Phenolic extractions with olive cake were performed within two separate
experimental designs but by applying same design model and methodology. For
this purpose, considered variable factors for phenolic extraction with ultrasonic
bath were Time (Xi1: 40-120 minutes), Temperature (Xz: 30-60 °C) and S/S ratio
(X3 4-20% wiv). The considered variable factor ranges for phenolic extraction
from olive cake with ultrasonic homogenizer were Time (X;: 2-10 minutes), S/S
ratio (X,: 4-20% wi/v) and Amplitude (X53: 20-40 %). The corresponding Central
Composite Design (CCD) matrixes are presented in Tables 2.4 and 2.5. It should
be mentioned that some extra experimental runs were performed for both designs

due to fortifying the optimization process of the phenolic extraction.
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Regarding phenolic extraction with olive pomace, experimental design was only
executed with ultrasonic homogenizer in order to be able to perform a comparative
evaluation between extraction results of olive mill samples from two different
centrifugation systems. Thus, considered variable factors for olive pomace were
same as olive cake which were Time (X;: 2-10 minutes), S/S ratio (X,: 4-20% w/v)
and Amplitude (X5: 20-40 %). Whereas corresponding Central Composite Design
(CCD) matrix is presented in Table 2.6.

2.2.8. Resin pretreatment for adsorption process

The pretreatment process was dedicated to polymeric resins (XAD4 and XAD16).
Resins were first washed with distilled water and after getting dried were soaked
and stirred in acetone at 150 rpm for 6 hours. This step ensured the removal of
organic impurities and any monomers trapped in the resins [55]. Then, they were
vacuum filtered and dried at room temperature. Subsequently, resins were rinsed
in ethanol with 5 MLethanol/Qresin ratio at 150 rpm for 2 hours. After complete
removal of ethanol, distilled water was used to wash the resins thrice. Finally,

pretreated resins were dried by an oven at 50 °C to constant weight [50, 55, 59].

2.2.9.  Adsorption and Desorption Processes

In the adsorption experiments, 1.5 and 3 grams of pretreated resins or Activated
charcoals was mixed with 30 mL of optimal olive extract in 50 mL flask (50 and
100 Qadsorbent/ Lsampie). All the flasks were shaken in incubator shaker (Model G25,
New Brunswick, USA) or magnetic stirrer at a shaking speed of 150 rpm for 3
hours at room temperature. After adsorption runs reached equilibrium, adsorbents

were separated by vacuum filtration and filtrates were analyzed.

Primary experiments were performed in order to choose between one of the two
activated charcoal types (NPAC and GAC) used in this research. Therefore,

adsorption experiment were performed with 50 gac/Lsample CONtent in both magnetic
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stirrer and incubator shaker for 3 hours. After selecting the optimal type of
activated charcoal, experiments were continued to determine the optimal device
and operating conditions for adsorption process. For this purpose, three adsorbents
(XAD4, XAD16 and NPAC) with two input contents of 50 and 100 g adsorbent/L
sample Were used, resulting to six experimental runs performed with each device
(incubator shaker and magnetic stirrer) being total of twelve adsorption
experiments were executed. The adsorption related results were quantified by
using the Eq. (2) and Eq. (3) [65, 66]:

Adsorption Content: Q. = w (2
H . _ (CO_Ce) 0,
Adsorption rate: A = X 100% (€))

0

Where Qe stands for the equilibrated adsorption content (Mg phenots /9 Adsorbent). Co
and C. refer to the initial and equilibrium concentration (Mg phenots /ML sample),
respectively. A is the adsorption rate (%) and Vi is the volume of the initial sample
solution (mL) and W is the weight of the adsorbent (g).

After each run adsorbents used were vacuum filtered and filtrate was allowed to
determinate the content of total phenolic compounds. In addition to total phenolic
content, measurement of Hydroxytyrosol, Tyrosol and Oleuropein contents was
also performed on the filtrates obtained from adsorption process.

In desorption process, filtered adsorbents were mixed with 30 mL of ethanol and
stirred in a magnetic stirrer at 150 rpm for 2 hours. The volume of used solvent in
desorption was same as the sample volume in adsorption process. Ethanol was
repeatedly used as desorption solvent in bibliography [22, 55, 56, 59, 65]. After
each run, adsorbents were vacuum filtered and phenolic loaded ethanol was
allowed to determinate the contents of total phenols, Hydroxytyrosol, Tyrosol and

Oleuropein. The desorption capacity was evaluated as follows [65, 66]:
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Table 2.4. Central Composite Design (CCD) matrix of olive cake phenolic extraction

by ultrasonic bath

Variable factors Responses
Run Time  S/SRatio  Temp. TPC TFC Antio.xi'dant
. Activity
(min)  (W/v %) 49 (Mgeae/g) (Mgoe/g)

(MMrr010x/)
1 120 4 60 14.52 2.53 0.975
2 80 20 45 7.45 1.44 0.889
3 80 4 45 13.55 2.94 0.970
4 80 12 60 7.05 1.89 0.964
5 80 12 45 7.13 2.08 0.912
6 40 20 45 9.23 2.13 0.925
7 40 4 60 11.9 2.32 0.954
8 80 12 30 7.54 1.79 0.927
9 80 12 45 7.77 1.59 0.927
10 120 20 30 6.32 1.62 0.910
11 120 20 60 7.00 1.55 0.845
12 40 20 60 6.49 1.48 0.959
13 120 12 45 9.88 1.96 0.932
14 40 20 30 6.67 1.52 0.920
15 40 4 30 13.97 2.56 0.934
16 120 4 45 13.72 2.53 0.987
17 40 12 45 6.81 1.67 0.963
18 120 4 30 11.77 2.14 0.967

Desorption rate: D = _5 _ » 100% 4)

(Co—Ce)Vi
Total recovery: R = <22 x 100% (5)
CoVo
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Where D refers to the desorption rate (%). Cp represents the concentration of
sample after desorption (mg/mL). Vp is the volume of the desorption solution
(mL). R stands for total recovery (%) which shows the relation of final contents of
responses after desorption compared to their content after Ethanol evaporation
(Table 3.11). Whereas, Co and V, represent concentration and volume of the

sample after Ethanol evaporation, respectively.

2.2.9.1. Adsorption kinetics

The adsorption kinetic models were studied on NPAC and two selected resins
(XAD4, XAD16). The kinetic evaluation was conducted in magnetic stirrer at
shaking speed of 150 rpm at room temperature. Then, an aliquots (1.0 mL) of
supernatant from the each sample solution were taken at the time point of 30, 60,
90, 120, 150 and 180 minutes and the concentrations of phenolic in the solutions
were measured by Folin-Ciocalteu colorimetric method to obtain the Kinetic
curves. Two kinds of models could be used to evaluate the adsorption process,
which were analyzed to understand the adsorption mechanism of phenolic

compounds on the adsorbents with time [65, 66].

Pseudo-first-order kinetic equation:
In (Qe-G)= -kat + Inge (6)

Pseudo-second-order Kinetic equation:
1 1

1 1
= = X =4 — 7
a kg3t ge ()

The particle diffusion kinetic equation:
i = ka.t¥2 +C (8)

Where ge is the adsorption contents at equilibrium (Mg phenots /g Adsorbent). Q¢ Stands

for concentration of phenolic absorbed at time t (Mg phenots /g Adsorbent). K1 and ko
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represent the rate constant of two kinds of kinetic models, respectively. kq refers
to the rate constant of particle diffusion kinetics model.

Table 2.5. Central Composite Design (CCD) matrix of olive cake phenolic extraction by

ultrasonic homogenizer

Variable factors Responses
Run  Time Slé Amplitude TPC TFC Antio.xi-dant
min) 0 o) (geseld)  (mgodd)
(Wiv %) (MMrio10x/Q)
1 2.0 20.0 30.0 7.78 2.50 0.855
2 10.0 20.0 20.0 9.42 2.48 0.683
3 10.0 20.0 40.0 7.36 2.80 0.717
4 10.0 12.0 30.0 9.11 2.06 0.798
5 10.0 4.0 20.0 17.25 1.71 0.857
6 6.0 12.0 20.0 10.65 1.65 0.820
7 2.0 20.0 20.0 6.90 2.30 0.751
8 2.0 20.0 40.0 7.79 2.40 0.846
9 6.0 12.0 30.0 13.42 2.27 0.813
10 6.0 20.0 30.0 7.89 2.40 0.763
11 6.0 12.0 30.0 125 2.54 0.810
12 2.0 4.0 40.0 15.6 2.29 0.854
13 10.0 4.0 40.0 16.92 1.68 0.875
14 2.0 4.0 20.0 14.72 1.62 0.859
15 6.0 4.0 30.0 16.45 1.70 0.854
16 6.0 12.0 40.0 10.93 211 0.848
17 10.0 4.0 30.0 18.4 2.09 0.859
18 2.0 12.0 30.0 8.06 1.73 0.730
19 6.0 4.0 40 14.62 2.43 0.860
20 2.0 20.0 40 7.47 1.61 0.768
21 6.0 12.0 40 11.73 2.35 0.767
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Table 2.6.

extraction by ultrasonic homogenizer

run

O© 00 N o o B~ W DN P

e e I R N e =
o o1l W N L O

Time
(min)
10
2
6
2

Central Composite Design (CCD) matrix of olive pomace phenolic

Variable factors

S/S Ratio
(Wiv %)
4
4
12
20
4
12
12
4
12
4
20
20
20
12
12
20

Amplitude
(%)
40
20
20
20
20
30
30
30
30
40
30
40
40
30
40
20

(mgeae/Q)
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TPC

14.70
12.17
7.04
6.45
10.72
7.77
7.61
13.30
9.16
13.35
7.29
6.92
8.55
7.99
11.48
5.49

Responses

TFC
(Mgqe/g)
2.48
1.87
1.35
1.43
1.50
1.92
1.77
1.99
171
2.06
1.73
1.53
1.72
1.37
2.63
1.25

Antioxidant
Activity
(MMro10x/Q)

0.924
0.936
0.87
0.685
0.883
0.859
0.866
0.92
0.774
0.948
0.537
0.697
0.759
0.865
0.82
0.749



Table 2.7. Analyses of variance of the regression coefficients for olive cake phenolic extraction in ultrasonic bath (Time=X1, Temperature=Xg,
S/S ratio=X3) of the quadratic Eq. (1) for responses (TPC, TFC and AA)

Source

do
a1
az
as
an
a1z
ai3
az
az3

as3

Total Phenolic Content

Regression

coefficients

14.2001
-0.0888409
0.313441
-1.30946
0.000281791
0.00118333
-0.000417194
-0.00445842
-0.0001875
0.0407166

F-Ratio

0.32
0.04
88.01
0.49
3.40
0.14
3.09
0.00
16.33

P-Value

0.5889
0.8463
0.0000
0.5042
0.1026
0.7210
0.1168
0.9549
0.0037

Total Flavonoids Content

Regression

coefficients

1.74564
-0.00118326
0.0684196
-0.166211
-0.0000327004
0.000125
0.000024789
-0.000824848
-0.000270833
0.00504186

F-Ratio

0.06
0.02
28.66
0.10
0.56
0.01
1.57
0.11
3.72

ap is a constant, ai, aii and aij are the linear, quadratic and interactive coefficient
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P-Value

0.8178
0.8795
0.0007
0.7626
0.4747
0.9346
0.2456
0.7535
0.0900

Antioxidant Activity
Regression .
coefficients FoRatio

0.839395 }

0.000956354 1.98
0.00135441 0.38
0.0083437 25.88
0.00000487342 0.44
-0.0000241667 4.25
-0.0000711036 11.94
0.0000168214 0.13
-0.00005625 0.92
-0.000159415 0.75

P-Value

0.1973
0.5523
0.0009
0.5261
0.0730
0.0086
0.7257
0.3651
0.4111



Table 2.8.

Source

do
a1
az
as
an
a2
a3
a2
az

as3

Analyses of variance of the regression coefficients for olive cake phenolic extraction in ultrasonic homogenizer (Time=X3, S/S
ratio=X,, Amplitude=Xs) of the quadratic Eq. (1) for responses (TPC, TFC and AA)

Total Phenolic Content

Regression
coefficients
13.4766
1.46572
-1.04075
0.157599
-0.0616793
-0.0124037
-0.0125346
0.0250736
0.00018425
-0.0016933

F-Ratio

3.99
107.68
0.17
1.75
0.78
111
4.37
0.00
0.06

P-Value

0.0710
0.0000
0.6838
0.2130
0.3960
0.3145
0.0606
0.9748
0.8072

Total Flavonoids Content

Regression
coefficients
1.39535
-0.0143101
0.0134154
0.0732842
-0.00014832
-0.000304824
0.0011088
-0.00238453
-0.0000536607
-0.00129423

F-Ratio

1.58
81.31
0.14
0.00
0.04
0.76
3.45
0.01
3.18

ap is a constant, ai, aii and aij are the linear, quadratic and interactive coefficients
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P-Value

0.2348
0.0000
0.7134
0.9768
0.8430
0.4025
0.0903
0.9316
0.1019

Antioxidant Activity
Regression )
T F-Ratio P-Value
0.763588 ) -

0.00228592 6.13 0.0308
-0.00440057 36.72 0.0001

0.00774806 0.89 0.3653
0.000080595 0.01 0.9399
-0.000789156 6.29 0.0291
0.0000215375 0.01 0.9370
-0.000024764 0.01 0.9282
0.000102901 0.65 0.4380
-0.000137546 0.82 0.3841
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Table 2.9. Analyses of variance of the regression coefficients for olive pomace phenolic extraction in ultrasonic homogenizer (Time=Xj, S/S
ratio=X,, Amplitude=Xs) of the quadratic Eq. (1) for responses (TPC, TFC and AA)

Total Phenolic Content Total Flavonoids Content Antioxidant Activity
Source Regression ) Regression ) Regression )
B F-Ratio P-Value o F-Ratio P-Value T F-Ratio P-Value

ao 17.6842 - - 2.28613 - - 1.29098 - -

a 0.157999 0.01 0.9376 0.106996 0.31 0.5989 -0.0527064 0.08 0.7888
a -0.899188 160.91 0.0000 -0.00650216 7.31 0.0354 0.0123156 44.02 0.0006
a -0.259476 31.79 0.0013 -0.0704034 13.28 0.0108 -0.0209026 0.02 0.8932
au -0.0578879 4.17 0.0872 -0.0168642 2.79 0.1456 0.00349246 2.58 0.1590
aw 0.00300781 0.14 0.7243 -0.00015625 0.00 0.9587 0.000792969 1.62 0.2505
13 0.0168438 6.70 0.0413 0.003625 245 0.1686 0.000084375 0.03 0.8712
a2 0.0245124 11.96 0.0135 0.000315194 0.02 0.9046 -0.00126751 5.45 0.0583
a3 -0.00254687 0.61 0.4636 -0.0009375 0.66 0.4492 -0.0000484375 0.04 0.8524
as3 0.00533793 1.39 0.2838 0.00150172 0.87 0.3881 0.000353793 1.04 0.3480
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2.3. Results

The principle of ultrasonic assisted extraction is to disrupt plant cell walls and
increase mass transfer of intracellular components into the extraction solvent [67].
UAE enhanced the ability of water to extract compounds from the pomace without
extracting any additional compounds. This increase can be attributed to the ability
of Ultrasound to impact the microstructure of plant materials; since ultrasonic
cavitation creates shear forces that disrupt cell walls, which enabled the extraction
solvent to penetrate the pomace tissue and extract the phenolic compounds. Similar
results have been reported previously [68— 71].

Ultrasonic bath and ultrasonic processor both employ the use of high frequency
sound waves to achieve the desired results. However, a major difference between
these two equipment lies in the way in which energy is transferred. An ultrasonic
bath spreads energy diffusely over a large volume. It’s mechanism for energy
transfer is cavitation, whereby bubbles form and collapse. Whereas, in ultrasonic
processor, the particles directly surrounding the probe get blasted with massive
amounts of energy. Bubbles form and collapse in the surrounding solution, creating
shear and shock waves. In terms of economical aspect, it is important to note that
ultrasonic baths are far less expensive than ultrasonic processors. Furthermore, the
probes in ultrasonic processors need to be replaced over time, whereas there are no
such consumables in ultrasonic bath. According to the obtained results from both
ultrasonic assisted methods, in terms of total phenolic content, ultrasonic
homogenizer proved to obtain higher results. Nevertheless, regarding total
flavonoids content and antioxidant activity, better results were obtained from

ultrasonic bath.

2.3.1. Response surface analysis

The responses (TPC, TFC and AA) corresponding to the CCD matrix for three
performed experimental designs are given in Tables 2.4, 2.5 and 2.6. Three
response variable and three experimental factors were specified in the CCD design

for each series of phenolic extraction. The selected design originally had 16 runs,
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with one sample to be taken during each run. The default model is quadratic with
10 coefficients. Statistical models have been fit to the response variable. Also of
interest is the R-squared statistic, which shows the percentage of variation in the
response that has been explained by the fitted model. Smaller value of R-squared
indicates that dependent variables were less relevant to explaining the variation of
behavior [72, 73]. The test is performed by comparing the variability of the current
model residuals to the variability between observations at replicate settings of the
factors. Significance of different terms of each coefficient was determined using
the F-value and p-value. A large F-value and a small p-value would imply a more
significant effect on the corresponding response variable [26].

2.3.1.1. Olive cake phenolic extraction by ultrasonic bath

According to data provided in Table 2.4, 18 runs of phenol extraction was executed
by using ultrasonic bath. Total phenolic content ranged from 6.32 to 14.52 mg/g,
total flavonoid content ranged from 1.44 to 2.56 mg/g and antioxidant activity
ranged from 0.845-0.987 mMi0x/g. According to the obtained results, response
surface methodology was a suitable model for this type of experiment design.

As the analysis of variance of the regression coefficients can be seen in Table 3.6,
Statistical models have been fit to the response variables. Models with P-values
below 0.05, of which there are 3, indicate that the model as fit is statistically
significant at the 5.0% significance level. Also of interest is the R-squared statistic,
which shows the percentage of variation in the response that has been explained
by the fitted model. The R-squared values for TPC, TFC, and AA are from 93.82%,
81.16% and 84.87% respectively.

2.3.1.2. Olive cake phenolic extraction by ultrasonic homogenizer

According to data shown in Table 2.5, phenolic extractions were performed by
using ultrasonic homogenizer. As responses, TPC ranged from 6.90 to 18.4 mg/g,
TFC ranged from 1.61 to 2.80 mg/g and AA ranged from 0.683-0.875 MMroi0x/Q.
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According to the obtained results, response surface model was a suitable model for
this type of experiment design.

Analysis of variance of the regression coefficients can be seen in Table 2.8. The
significance of different terms of each coefficient was determined using the F-
value and p-value. A large F-value and a small p-value would imply a more
significant effect on the corresponding response variable [26]. Statistical models
have been fit to the response variables. Models with P-values below 0.05, of which
there are 3, indicate that the model as fit is statistically significant at the 5.0%
significance level. Also of interest is the R-squared statistic, which shows the
percentage of variation in the response that has been explained by the fitted model.
The R-squared values for TPC, TFC, and AA are from 92.67%, 90.95% and
81.00%, respectively. Temperature was not considered as a controllable factor in
this experimental design, however it varied in maximum between 30-60 °C for

each run.

2.3.1.3. Olive pomace phenolic extraction by ultrasonic homogenizer

According to the model fitting, the R-Squared statistic indicates that the model as
fitted explains 97.32%, 81.84% and 89.78% of the variability in TPC, TFC and
AA, respectively. The adjusted R-squared statistic, which is more suitable for
comparing models with different numbers of independent variables, is 93.30%,
54.60% and 74.46% for TPC, TFC and AA, respectively. The ANOVA
measurement partitions the variability in responses into separate pieces for each of
the effects. It then tests the statistical significance of each effect by comparing the
mean square against an estimate of the experimental error. In this case, in the
coefficients of the quadratic polynomial model (Eq.1), 4, 2 and 1 effects have P-
values less than 0.05 for TPC, TFC and AA, respectively. It indicates that they are
significantly different from zero at the 95.0% confidence level (Table 2.9). F-
values indicate that, for the range of studied variables, S/S ratio had stronger
influence on TPC and AA. While regarding TFC, amplitude had the strongest

influence.
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2.3.2.  Optimization of phenolic extraction

2.3.2.1. Optimization of olive cake phenolic extraction by ultrasonic bath

Based on the obtained responses shown in Table 2.4, the most desirable results
were obtained from runl (time: 120 minutes, temperature: 60°C, S/S ratio 1:25)
which resulted into extracting 14.52 mgeae/g of total phenolic compounds, 2.53
mgoe/g of total flavonoids content and 0.975 mMr0x/g Of antioxidant activity.
Furthermore, the predicted optimal responses executed by response surface
methodology with 88.97% of desirability at the optimal point (time: 120.0 minutes,
temperature: 50.11 °C, S/S ratio: 4% (w/v)) will obtain 14.399 mg/g, 2.615 mg/g
and 0.974 mMoex/g for TPC, TFC and Antioxidant Activity, respectively. By
comparing obtained results from run 1 in Table 2.4 with the predicted optimized
response, it can be seen that the only advantage of predicted model is the slight
excess in TFC which can be ignored. Therefore, it can be referred as the optimal

condition for extraction of phenolic compounds from olive cake in ultrasonic bath.

2.3.2.2. Optimization of olive cake phenolic extraction in ultrasonic

homogenizer
Based on the achieved responses shown in Table 2.5, the most desirable results
were obtained from run 17 (time: 10 minutes, amplitude: 30%, S/S ratio: 4% (w/v))
which resulted into extracting 18.40 mg/g of phenolic compounds, 2.09 mg/g of
flavonoid content and antioxidant activity of 0.859 mMiex/g. Furthermore, in
order to evaluate the possibility of obtaining more satisfactory results, extrapolated
fitted model was performed which showed that by expanding the operational
ranges of extraction with 96.2% desirability (time: 12.48 minutes, amplitude: 33%,
S/S ratio: 1.71% (w/v)), predicted responses will be 18.40 mg/g, 2.66 mg/g, 0.900
mM Trolox/g for TPC, TFC and Antioxidant Activity, respectively. it can be
concluded that predicted responses from extrapolated model do not differ
significantly with optimal experimental results. Therefore, by considering

economic advantage of obtained results from run 17 (Table 2.5), it can be referred
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as the optimal condition for extraction of phenolic compounds from olive cake in

ultrasonic homogenizer.

2.3.2.3. Optimization of olive pomace phenolic extraction by ultrasonic

homogenizer

Numerical optimization was carried out through Design Expert software, using
desirability function method. The optimal conditions for the phenolic extraction
process used in this work would be those leading to highest TPC, TFC and AA.
The combined optimum ingredient levels for all responses with optimum
desirability (94.98%) were predicted to be achieved by executing the following
operating condition: time= 9.8 minutes, amplitude= 40% and S/S ratio: 4% (w/v).
the predicted responses for the optimal input factors are 14.95 mg/g, 2.54 mg/g
and 0.92 mMroi0x/g for TPC, TFC and AA, respectively.

Based on the observed responses from Table 2.6, most desirable results were
obtained from run 1 (time: 10 minutes, amplitude: 40%, S/S ratio: 4% (w/v))
whereas the responses were 14.70 mg/g of TPC, 2.48 mg/g of TFC and antioxidant
activity of 0.924 mMrroi0x/g. Comparison of the predicted and experimental results
prove that the results are completely in accordance with the responses predicted by
design software. The research performed by Lavecchia and Zuorro (2016) [74]
indicate that olive pomace from a three-phase oil production process is a rich
source of flavonoids and that they can be recovered by a simple extraction

procedure using agqueous ethanol as solvent.

2.3.3. Interactions of the input factors with responses (TPC, TFC, AA)

2.3.3.1. Interactions between responses and phenolic extraction with

ultrasonic bath

Figure 2.1.a. shows the interactive effects between time, temperature total phenolic
content (TPC) while the S/S ratio was kept constant at optimized point. TPC was

increased significantly by decreasing S/S ratio which can be considered as the most
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significant variable factor. The achieved results range in this series of experiments
for TPC is between 6.32- 14.52 mg/g, although TPC decreasing rate slows down
as the ratio is 12-20 %. This study also revealed that increasing temperature and
time separately make an increase in the amount of TPC, but it does not have a
significant effect on it. For the times in the range of 40-80 minutes, TPC increases
slightly while the temperature is 30-45°C and has a peak at 45°C, but it decreases
slowly between 45-60°C. For the time range of 80-120 minutes, TPC increases
slightly while the temperature is between 30-45°C, but it remains constant between
45-60 °C.

Figure 2.1.b. shows the interactive effects between time, temperature on total
flavonoids content (TFC) while the S/S ratio was kept constant at optimized point.
TFC was increased significantly by decreasing S/S ratio which can be considered
as the most significant variable factor for this response. On the other hand,
temperature in the degrees between 40-50 °C is the best range for extracting
highest possible TFC. Besides that, increasing time has only a slight effect on TFC

only in low temperatures which causes a slight decrease in total flavonoids content.

As it is displayed Figure 2.1.c., S/S ratio has the highest effect between the variable
factors and antioxidant activity (AA). There is a significant interaction between
time ranges 60-120 min and the S/S ratio. Somehow, as the S/S ratio increases
while time is 60-120 min, antioxidant activity increases considerably.

In can be concluded from 3D response surface plot that increasing time has
different effects. It causes and increase in AA while the S/S ratio is 0-4% (w/v).
On the contrary, increasing time causes a significant decrease in AA while S/S
ratio is 4-20% (w/v). In addition, increasing temperature affects the Antioxidant

Activity amount mostly when time in 40-80 min.
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Figure 2.1. Response surface plots of interactions between input factors (X1-Xs) for each

response (Y1-Y3) in ultrasonic assisted phenolic extraction from olive cake

(a,b,c): Interaction of Time (X1) and Temperature (X3) at constant S:S ratio (Xs) with TPC

(Y1), TFC (Y2) and AA (Y3) in ultrasonic bath

(d,e,f): Interaction of Time (X1) and Temperature (Xs3) at constant S:S ratio (Xz) with TPC
(Y1), TFC (Y2) and AA (Y3) in ultrasonic homogenizer
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2.3.3.2. Interactions between responses and phenolic extraction with

ultrasonic homogenizer

3.3.2.1. Olive cake

Figure 2.1.d. shows the interactive effects between time, amplitude on TPC while
the S/S ratio was kept constant at optimized point. TPC was increased significantly
by decreasing S/S ratio which can considered as the most significant variable
factor. By analyzing the results, it can be concluded that increasing time regardless
of the effect of amplitude, causes a slight growth of total phenolic content while
S:S ratio is 4-12%. This increasing could be attributed to increase kinetic energy
of solvent and its penetrating power [75]. The most significant effect of amplitude
appears when S/S ratio is 1-4%, in which increasing amplitude decreases TPC,
nevertheless changing amplitude has no significant interaction with other

variables.

Figure 2.1.e. shows the interactive effects between time, amplitude on TFC while
the S:S ratio was kept constant at optimized point. S/S ratio has the highest
interaction with TFC comparing to other input variables. The only considerable
interaction between time and amplitude regardless of S/S ratio is when time
increases and amplitude is changed from 30% to 40% , this makes TFC reach
higher points. On the other hand, changing only amplitude does not have any
significant effect on TFC. According to the statistical prediction, the maximum
level of TFC is achievable in the S/S ratio of 4% (w/v).

According to Figure 2.1.f,, as the S/S ratio increases, antioxidant activity (AA)
decreases significantly. Therefore similar last parts, S/S ratio is again the most
significant variable. On the other hand, it can be concluded from 3D response
surface plot that regardless of amplitude, increasing time is related to decreasing
of antioxidant activity while S/S ratio is 12-20%. Nonetheless, for ratios less than

8%, time has no significant effect on AA. In addition, results prove that changing
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amplitude, only cause a slight decrease in AA while S/S ratio is 12-20%, although

it cannot be considered as a significant factor.
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Figure 2.2. Response surface plots of interactions between input factors (X1, X, X3) and responses
(Y1-Y3) in ultrasonic assisted phenolic extraction from olive pomace

(a): Interaction of Solid:Solvent ratio (X2) and Amplitude (Xs) with TPC (Y1) at central point of
Time (X1); (b): Interaction of Solid:Solvent ratio (X2) and Amplitude (Xs3) with TFC (Y2) at central
point of Time (X1); (c): Interaction of Time (Xi) and Solid:Solvent ratio (X2) with AA (Y3) at
central point of Amplitude (X3)
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3.3.2.2. Olive pomace

In order to study the effect of the independent variables on responses, surface
response plots of the quadratic polynomial model were generated by varying two
of significant input variables within the experimental range while holding the third
one constant at the central point. Figure 2.2.a. was generated by varying S/S ratio
(X2) and Amplitude (Xs3) and their effect on TPC (Y1) while holding Time (X3) in
central point. It shows that, regardless of amplitude intensity, an increase of S/S
ratio causes a continuous decrease in TPC which is not favorable. The interaction
of S/S ratio (Xz) and Amplitude (X3) and their effect on TFC (Y3) while holding
Time (X1) constant in central point can be observed in figure 2.2.b. This figure
shows that high ratios (X2) and low Amplitude (X3) are not favorable for obtaining
optimal TFC content. Somehow, higher TFC content can be achieved as the S/S
ratio decreases and amplitude increases. Figure 2.3.c. shows the interaction
between Time (X1) and S/S ratio (Xz) and their effect on AA (Y3) while holding
Amplitude (X3) constant at the central point. It can be observed that vary S/S ratio
has a considerably more significant effect on AA. Whereas at lower S/S ratios,
increasing time causes a slight decrease in AA. While in higher S/S ratios no

significant effect occurs for AA by increasing time.

2.3.4.  Adsorption-Desorption batch experiments

The main phenolic compounds and derivatives identified in the olive samples of
this study are distributed as follows: Protocatechuic acid, Hydroxytyrosol, Tyrosol,
Vanillic acid, p-coumaric acid, Catechol and oleuropein. They are mostly
distributed as phenolic alcohols (hydroxytyrosol and tyrosol), lignans (D(+)-
erythro-1-(4-hydroxy-3- methoxy)-phenyl-1,2,3-propantriol and pinoresinol),
secoiridoids and derivatives (oleuropein derivative, oleoside, oleoside riboside,
aldehydic form of decarboxymethyl elenolic acid, elenolic acid derivative,
oleoside digluside, verbascoside derivative, caffeoyl-6'-secologanoside) groups.

These compounds have been previously described in olive pomace [76— 81].
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Among the major olive pomace phenolic compounds, hydroxytyrosol has gained
particular interest over the years. This molecule presents strong antioxidant
activity, anti-inflammatory and antimicrobial properties. Therefore, there is a high
interest in this compound by cosmetics and pharmaceutical industries. The
beneficial role of hydroxytyrosol in cardio and neurovascular diseases, as well as
its anti-tumor effect, has also been demonstrated [82]. Moreover, its effect on food
guality (chemical, nutritional and sensory properties) has also been explored [81,
83].

Several medicinal and pharmaceutical scientists have demonstrated that olive
phenols, especially hydroxytyrosol (3,4-di-hydroxyphenyl-ethanol), were
effective in preventing and curing some important diseases [84] . Nevertheless,
hydroxytyrosol is not commercially available in large quantities like other food
additives. Considering that efficiency of pH adjustment for olive mill wastes can
be proved in increasing the concentration of Hydroxytyrosol up to 400% in the
feed adding acid to the vegetation water in an amount effective to produce a pH
between 2-4, and incubating the acidified vegetation water for a period of at least
two months until at least 75% of the oleuropein originally present in the vegetation
water will be converted to hydroxytyrosol [85]. On the other hand, adsorption of
phenolics is strongly dependent on the ionic strength and/or pH value. At acidic
pH, the uptake of phenolics by different sorbents is enhanced because phenols are
undissociated and dispersion interactions predominate [48], [50]. Considering the
previous conclusions in bibliography, optimal phenolic loaded extract obtained
from olive pomace was acidified with HCI (37%) and pH was adjusted to 2.8 and

was used as the sample in adsorption experiments.

2.3.4.1. Efficiency of materials and devices in phenol adsorption rates

As it is already mentioned in section 2.9 of this chapter, preliminary adsorption
experiments was performed to determine optimal type of activated charcoal. It can
be observed from Figure 2.3. that with 50 gac/Lsampie cONtent of NPAC and GAC,

considerably higher adsorption rate can be achieved by using NPAC regardless of
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the device used for adsorption process. Therefore, NPAC was selected as the
preferred type of activated charcoal in the next experiments. In order to determine
optimal device and operating condition for performing adsorption process,
experiments were continued with contents 50 and 100 g adsorbent/Lsample @S the next
step. Therefore, total of 12 adsorption experiments were performed with incubator
shaker and magnetic stirrer, being six adsorption experiments performed with each
device. After each run, adsorbents used were filtered and filtrate was allowed to
determinate the content of total phenolic compounds. Obtained results from Figure
3.4(a,b), prove that there is no significant difference in operating device for
adsorption regarding NPAC. Somehow, all obtained results show phenol
adsorption rate of more than 90% for NPAC. Situation was totally different for
polymeric resins. Comparing data provided in of Figure 2.4 proves that, phenol
adsorption rate of both resins increase as the resin content increases from 50 to 100
g resin/ Lsample. However, adsorption rates obtained by incubator shaker are much less
for both resins compared to the ones with same operating condition obtained by
magnetic stirrer. Therefore, it can be concluded the efficiency and advantage of
using magnetic stirrer for adsorption processes by the application of polymeric

resins.
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Figure 2.3. Comparison between NPAC and GAC in 50 g/L adsorption
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Figure 2.4. Comparison of the operating devices for adsorption efficiency
(a): Adsorption with magnetic stirrer; (b): Adsorption with incubator shaker

2.3.4.2. Adsorption kinetics evaluation

The adsorption kinetic curves of XAD4, XAD16 and NPAC with contents of 50
and 100 g/L for each adsorbent were shown in Figure 2.5. In order to elucidate the
adsorption behaviors and mechanisms of all resins, pseudo-first-order, pseudo-
second-order and particle diffusion kinetics models [66, 86] were chosen to
evaluate the adsorption processes. The pseudo-first-order model is generally
applicable over the initial stage of an adsorption process, while the pseudo-second-
order model assumes that the rate-limiting step is chemisorption and predicts the
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behavior over the whole range of adsorption [66, 87]. All these equations,
including derived parameters such as correlation coefficient and dynamic
parameters, were summarized in Table 2.10. It was observed that equilibrium
adsorption was achieved before 30 minutes for the experiments with 100 g / L of
NPAC and XAD16, so that the kinetics of these experiments could not be
evaluated and they are not included in Table 2.10 and Figure 2.5. As shown in
Table 2.10, the best linear correlation coefficients correspond to a pseudo-second-
order kinetic model for phenolic adsorption of NPAC and particle diffusion kinetic

models for both polymer resins. Similar results can be fined elsewhere [66, 88].

2.3.4.3. Phenol selectivity evaluation of adsorption and desorption

experiments
As it is shown in Figure 2.6, a wide experimental comparison of adsorption and
desorption rates is performed between the three adsorbents (XAD4, XAD16 and
NPAC) with 50 and 100 g/L content for each one. Adsorbents were quantitatively
compared in terms of total phenols and selectivity for isolation of individual

phenolic compounds like hydroxytyrosol, tyrosol and oleuropein.
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Figure 2.5. Adsorption kinetic curves based on different models. (a): pseudo-first-order
kinetic equation; (b): pseudo-second-order kinetic equation; (c): particle diffusion kinetic
equation
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Table 2.10. Analysis of the adsorption process based on kinetic models

Correlation
Adsorbent | geexp. . . . o
Adsorbent Dynamic equation Dynamic parameters coefficient
content (mg/g)
(R
In (ge-qt)= -kt + Inge ge= 9.966 , K1 =0.0125 0.9955
50 (g/L) 11.68 L ><1+1 =14.085, K= 0.0018 0.9853
¢ ' a kg2t qe 0= 24050, Fem B '
qe= ka.t2 +C ke=10.8154 , C=0.5373 0.9923
XAD4
In (Qe-qt)= -kat + Inge ge=4.835, K1 =0.018 0.9799
100 (g/L) 6.95 t_1 ><1+1 =8.410, K2=0.0050 0.9930
g ' a kg2t qe A= B4 =D '
qe= ka.t2 +C ke=10.3802, C=2.1743 0.9288
In (Qe-qt)= -kat + Inge Qe= 3.442 , K1 =0.0157 0.9915
50 (g/L) 14.31 L BNV =14.493 , Ko= 0.0119 0.9336
¢ ' a kg2t qe Ge= 240, Tem B '
gt = ka.t'2 +C ke=0.2603, C=10.874 0.9802
XAD16
In (Qe-qt)= -kat + Inge ge= 0.394 , K1 =0.0063 0.858
100 (g/L) 7.68 1— ! ><1+1 =7.587, Kx=0.1354 0.4374
g ' A kg2t qe A= 1580, = D '
gt = ka.t'2 +C ka=0.0305, C=7.1889 0.06383
In (Qe-qt)= -kt + InQe ge= 2.812 , K1 = 0.0306 0.9845
50 (g/L) 19.55 1_1 ><1+1 =19.724 , K2=0.0294 0.9957
g ' a k2t qe Q= 29128, = B '
gt = ka.t'2 +C ka=0.1161, C=18.062 0.9379
NPAC
In (ge-qr)= -kut + Inge e=0.0099 , K1 = -3E-17 9E-16
100 (g/L) 9.80 1_1 ><1 ! =9.794 , K= -2.6031 0.9643
g ' a k2t qe 0= 5158, o= =2 '
gt = ka.t'2 +C ke=-0.0013, C=9.8153 0.755
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Figure 2.6. Experimental comparison of adsorption and desorption rates between the adsorbents
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In addition, mean values of the performed experiments with the same pattern are
presented in Table 2.11 in order to compare with initial content of olive sample.
Results in Figure 2.6.a. show that, NPAC had significantly higher adsorption rates
for all compounds regardless of the input content (50 or 100 g/L). Whereas, all
adsorption rates for NPAC are over 91% which is remarkable. This is in
accordance with the study performed by Fava et al. (2017) [22] in which, the
prototype operations showed it is possible to recover up to 80% of polyphenols
from Olive mill wastewater (OMWW), producing about 6 kg/m3 OMWW of a dry
fraction with a purity up to 70% in hydroxytyrosol. Except for NPAC which
already proved to be best adsorbent of phenolic compounds in this study, XAD16
with 100 and 50 g/L contents showed high rate of total phenol adsorption with
74.36% and 70.31%, respectively. XAD16 is also been reported to have
satisfactory adsorption results in multiple previous studies [57— 59]. Regarding
oleuropein isolation, all six series of experiment showed 100% adsorption of
oleuropein which can be concluded that all three types of adsorbents have excellent
efficiency in selectivity of oleuropein.

Experimental evaluation of desorption rates are presented in Figure 2.6.b. As it is
mentioned earlier, Ethanol was used as desorption solvent. In this study, desorption
rate correlation of total phenol and individual phenolic compounds was not
completely satisfactory. Whereas, XAD4 with 50 g/L content proved highest
desorption rate of total phenols with 96.99% but showed 26.17%, 9.43% and
33.35% desorption rates for hydroxytyrosol, tyrosol and oleuropein, respectively.
On the other hand, XAD16 with 50 g/L content had almost 10% better desorption
rate of total phenols compared to XAD16 with 100 g/L content. However, XAD16
with 100 g/L content showed significantly higher results for desorbing individual
phenolic compounds compared to XAD16 with 50 g/L content. Unlike the
excellent adsorption results of NPAC, very poor desorption rates were obtained for
NPAC (50 or 100 g/L contents) under the tested conditions.

Supplementary desorption kinetic experiments were performed in order to check

the equilibrium conditions in the explanation of the results. In these experiments,
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aliquots (1.0 mL) of supernatant of the filtered samples were taken at the time
points of 30, 60, 90 and 120 minutes and the TPC in the solutions was measured.
Results are depicted in Figure 2.7. It can be observed that for all of experimental
series, the majority of phenol recovery occur in the first 30 minutes of desorption
process and then they reach the equilibrium. The most important advantage of
ethanol as a desorption solvent is its high volatility and ease of use in energy
efficient vacuum evaporators. In this way, the final concentration of valuable
phenolic compounds will be significantly increased with economic advantages of
paramount importance at industrial scale. In this way, Zagklis et al. [89] recovered
74% of the initial amount of hydroxytyrosol by vacuum evaporation of ethanol

until reach a volume concentration factor of 5.4.
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Figure 2.7. Evaluation of total phenol desorption recovery in time periods
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Table 2.11 shows that the total recovery (Eq.5) of TPC with NPAC are 22.50%
and 16.83% for contents of 50 and 100 g/L, respectively, which are considerably
lower than those of the polymeric resins. According to Table 2.11, despite that
XAD4 (50 g/L) showed slightly higher total recovery for TPC and oleuropein, it
can be concluded the overall advantage of XAD16 (100 mg/L) over other

adsorbents and contents.

Additionally, In order to study the possibility of improvements for recovery results
in desorption process, some extra desorption runs was performed after
determination of optimal adsorption series which were NPAC (100 ¢/L) and
XAD16 (100 g/L). For this purpose, another four solvents were considered to be
used which were acidified Ethanol (pH=2.0), Ethanol-Water (1:1), Ethanol-Water
(1:1, acidified to pH=2.3) and Acetic Acid solution (0.5 molar). The corresponding
results are provided in Table 2.12. Due to the fact that NPAC showed highest
adsorption but unsatisfactory desorption results, it was also selected to be tested in
the additional desorption experiments. By comparing the obtained results in tables
2.11 and 2.12, it can be observed the advantage of acidified Ethanol (pH=2.0) in

terms of TPC recovery whereas, 64.35% of TPC content was recovered.

Regarding desorption with acetic acid (0.5 Molar) as solvent, although TPC
recovery was only 9.11%, but the highest HT recovery was obtained with 24.53%
which means that the optimal selective isolation of HT can be achieved with acetic
acid (0.5 Molar) as solvent. In overall aspect, optimal results was obtained by
acidified ethanol-water solution (1:1) with total recovery of HT (19.27%) and TPC
(57.65%) and highest recovery of Tyrosol (45.73%). However, Oleuropein was not
identified in the solvent after desorption (Table 2.12). NPAC did not prove any
significant improvements in additional desorption experiments, except for total
recovery of Tyrosol obtained by acidified ethanol-water solution (21.11%) which
was considerably higher than the content obtained by pure ethanol as solvent. By
considering the evaporated volume of ethanol from initial olive extract (Vo=2Vq),
the optimal contents of 654.76+£35.36 mg/L for TPC, 20.12+0.35mg/L for HT,
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17.29+2.09 mg/L for Tyrosol and 5.30 + 2.25 mg/L for Oleuropein was achieved

in desorption experiments with 50% volume of the initial olive extract.

As Future trends, more studies should be carried out on the solvent that must be
used in the desorption process of NPAC to improve its phenolic recovery, taking
advantage of its excellent adsorption capacity. Furthermore, different adsorbents
could be investigated in order to improve the selective isolation of Hydroxytyrosol,

Tyrosol and Oleuropein.
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Table 2.11.
respectively, being Co the concentration corresponding to the sample after evaporation of ethanol

Phenolic content in filtrates of adsorption-desorption experiments. Adsorption and desorption rates are calculated by Eqgs. 3 and 4,

o Total Phenols Rate Hydroxytyrosol Rate Tyrosol Rate Oleuropein Rate
Stage Description
(mg/L) (%) (mg/L) (%) (mg/L) (%) (mg/L) (%)
Initial 415.65 £ 9.98 - 1451 +4.17 - 458 +2.35 - 7.85+0.26 -
Olive After acidification 497.41 +4.16 - 17.99 £ 9.64 - 8.9 +4.87 - 9.5+1.28 -
extract After ethanol
evaporation (Co) 1017.46 £ 0.54 - 82.03+12.44 - 37.81+£9.49 - 16.52 £ 0.94 -
XAD4 (50 g/L) 433.62 + 15.77 57.38 56.66 + 0.06 30.93 17.02 +0.52 54.99 0 100.00
XAD4 (100 g/L) 322.46 +10.88 68.31 49.36 + 0.86 39.83 1151+151 69.56 0 100.00
Adsorption XAD16 (50 g/L) 302.08 +8.16 70.31 35.82+20 56.33 10.26 £1.89 72.86 0 100.00
XAD16 (100 g/L) 260.92 +2.18 74.36 49.83 £ 0.96 39.25 11.8 £0.62 68.79 0 100.00
NPAC (50 g/L) 39.77+0.54 96.09 7.21+£0.13 91.21 12+0 96.83 0 100.00
NPAC (100 g/L) 37.08 £1.09 96.36 7.23+0.95 91.19 02+0 99.47 0 100.00
XADA4 (50 g/L) 566.24 + 23.29 96.99 6.64 +2.40 26.17 1.96 + 0.03 9.43 5.51+0.01 3335
XAD4 (100 g/L) 556.53 + 19.55 80.08 9.85+2.17 30.15 4.17 £2.06 15.84 411+0.01 24.88
) XAD16 (50 g/L) 571.53 +5.82 79.89 7.12+1.14 1541 243 +£0.98 8.82 1.04 +0.01 6.30
Desorption XAD16 (100 g/L) 531.82 +16.22 70.30 1158 +2.41 35.96 4.23£0.06 16.26 5.30£2.25 32.08
NPAC (50 g/L) 228.88 +7.90 2341 7.34£0.91 9.81 3.51+1.25 9.59 136+1.14 8.23
NPAC (100 g/L) 171.24+2.91 17.47 7.57 £3.40 10.12 3.43+£0.76 9.12 1.39 +0.55 8.41
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Table 2.12. Adsorption- desorption experiments with XAD16 and NPAC adsorbents and

100 g¢/L content using different desorption solvents. Values correspond to the filtrate

concentration in desorption stage and recovery calculated by Eq. 5

Solvent Type

Ethanol
(100%,
pH= natural)

Ethanol

(100%, pH= 2.0)

Ethanol-Water
(1:1, pH=4.1)

Ethanol-Water
(1:1, pH=2.3)

Acetic acid
(0.5 M)

Responses

TPC
HT
TY

OLE

TPC
HT
TY

OLE

TPC
HT
TY

OLE

TPC
HT
TY

OLE

TPC
HT
TY

OLE

XAD16 (100 g/L)
Mean value Desorption
(mg/L) recovery (%)

531.82 + 16.22 52.27
1158 £2.41 14.12
4.23+£0.06 11.19
5.30+2.25 32.08
654.76 + 35.36 64.35
5.40%1.70 6.58
3.26+0.11 8.62
0.75+0.02 4.54
568.38 + 0.01 55.86
8.14 +0.67 9.92
2.63+£0.2 6.96

- 0
586.53 + 19.55 57.65
15.81 +2.02 19.27
17.29 +2.09 45.73

- 0
92.68 +2.61 9.11
20.12 £0.35 2453
1.77 +£0.51 4.68

- 0
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NPAC (100 g/L)
Mean value Desorption
(mg/L) recovery (%)
171.24 +2.91 16.83
7.57 £3.40 9.23
3.43+0.76 9.07
1.39+0.55 8.41
175.35+7.90 17.23
1.07+0.14 1.30
3.30+£0.33 8.73
- 0
122.87 £5.50 12.08
325+04 3.96
413+£221 10.92
- 0
122.71 £ 2.50 12.06
3.14 £ 0.36 3.83
7.98 £2.30 21.11
13.23+0.8 1.30
433+05 5.28
- 0
- 0
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2.4. Conclusion

Two types of olive mill solid residues obtained from two-phase and three-phase
centrifugation systems (olive cake and pomace) were used as samples in the
experiments of this chapter. After determination of optimal solvent being ethanol-
water with 1:1 ratio (v/v), main objective was phenolic extraction based on
experimental design provided by response surface methodology by application of
two ultrasonic assisted extraction methods. Numerical optimization was carried
out through Design Expert software, using desirability function method. The
effects of three input variable factors were studied on the responses (Y1, Y2, Y3).
Variable factors (X1, Xz, X3) were different depending on the utilized ultrasonic

method for each extraction series.

The optimal operating conditions for phenolic extraction from olive cake in
ultrasonic bath was time: 120 minutes, temperature: 60 °C and Solid:Solvent ratio
of 4% (w/v) whereas the obtained responses were 14.52 mgeae/g, 2.53 mgoee/g and
0.975 mMoi0x/g Of total phenolic content (TFC), total flavonoid content (TFC)
and Antioxidant Activity (AA), respectively. In the next step, phenolic extractions
from olive cake were performed by ultrasonic homogenizer. Variable input factors
were optimized through experimental runs determined by design software with
90.36% of desirability with following optimal points: time: 10 minutes, amplitude:
30% and solid:solvent ratio 4% (w/v). The obtained responses were 18.40 mgeae/g,
2.09 mgqe/g and 0.859 mMMroi0x/g for TPC, TFC and AA, respectively.

Due to the fact that better results was achieved by ultrasonic homogenizer, it was
also used in order to optimize for phenolic extraction of olive pomace with the
same methodology. The optimal conditions for the phenolic extraction from olive
pomace would be those leading to highest TPC, TFC and AA. The combined
optimum ingredient levels for all responses with optimum desirability obtained
from time: 10 minutes, amplitude: 40%, S/S ratio: 4%) whereas the responses were
14.70 mggae/g of TPC, 2.48 mgqe/g of TFC and 0.924 mMrroi0x/g 0f AA. In terms

of economical aspect, it is important to note that ultrasonic baths are far less
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expensive than ultrasonic processors. Nevertheless, it should be considered that
ultrasonic homogenizers proved to have better results in phenolic extraction.

Subsequently, adsorption-desorption process was applied for recovery of valuable
biophenols. For this purpose two activated charcoals (NPAC and GAC) and two
polymeric resins (XAD4 and XAD16) using two adsorption devices (magnetic
stirrer and incubator shaker) were tested. In these experiments the adsorbent GAC
and the incubator shaker were less efficient and were not selected for future
experiences. Furthermore, two adsorbent contents of 50 and 100 g adsorbent/L of
extract were quantitatively compared in terms of adsorption rate for TPC and
individual phenolic compounds like Hydroxytyrosol, Tyrosol and Oleuropein.
Kinetic studies of adsorption process attribute a pseudo-second-order Kinetic

model for NPAC and particle diffusion kinetics for polymeric resins.

NPAC showed the greater (over 91%) adsorption rates for all individual
biocompounds, regardless of the input content (50 or 100 g/L), however desorption
process for NPAC with pure ethanol was very poor. Whereas, total recovery of
TPC with NPAC was considerably lower than those of the polymeric resins.
Despite that XAD4 (50 g/L) showed high total recovery for TPC and oleuropein.
However, it can be concluded from the results the overall advantage of XAD16

with 100 mg/L content over other adsorbents.

Additionally, In order to study the possibility of improvements for recovery results
in desorption process, some extra desorption runs was performed after
determination of optimal adsorption series which were NPAC (100 ¢/L) and
XAD16 (100 g/L). For this purpose, another four solvents were considered to be
used which were acidified Ethanol (pH=2.0), Ethanol-Water (1:1, pH=natural),
Ethanol-Water (1:1, acidified to pH=2.3) and Acetic Acid solution (0.5 molar). By
considering the evaporated volume of ethanol from initial olive extract, the optimal
contents of 654.76+35.36 mg/L for TPC, 20.12+0.35mg/L for HT, 17.29+2.09
mg/L for Tyrosol and 5.30 + 2.25 mg/L for Oleuropein was achieved in desorption

experiments with 50% volume of the initial olive extract.
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En este capitulo se aborda el estudio de la valorizacidn de las aguas residuales de almazara, generadas
en el proceso de centrifugacion de tres fases (OMWW o alpechin), mediante tecnologias con
membranas, que estan consideradas como tecnologias limpias y respetuosas con el medio ambiente.
Estas aguas residuales son extremadamente contaminantes, pero, a su vez, pueden ser una fuente
bioldgica interesante de compuestos de alto valor agregado, como el hidroxitirosol (HT) u otros
compuestos fendlicos antioxidantes. Generalmente son necesarios varios procesos de tratamiento para
eliminar los compuestos quimicos téxicos y poder realizar la valorizacion de los compuestos bioactivos
0 la reutilizacion del agua. Debido a su elevado contenido de solidos en suspension, es esencial
considerar un método de pretratamiento de dichas aguas residuales que sea capaz de prevenir el grave
ensuciamiento que estos sélidos producen en las membranas utilizadas habitualmente, lo que redundara
en una reduccion importante de los costes de capital para procesos de tratamiento a escala industrial.
En primer lugar se evalug el efecto de diferentes pretratamientos combinados de acidificacion, filtracion
y centrifugacion sobre las caracteristicas del agua residual (concentracion de fenoles totales (TPC),
concentracion de hidroxitirosol, potencial zeta, tamafio y estabilidad de las particulas), seleccionando la
acidificacion a pH=2 y la centrifugacion durante 30 minutos y 4000 rpm como método de pretratamiento
que aumento la concentracion de HT en el agua residual hasta cuatro veces debido a la conversién de
otros polifenoles en HT.

Posteriormente, se realizo el tratamiento con membranas de las muestras de OMWW pretratadas en las
condiciones Optimas indicadas anteriormente. Se utilizaron diferentes tipos de membranas poliméricas
planas y ceramicas tubulares de micro, ultra y nanofiltracion. Para evaluar la eficiencia y el rendimiento
del proceso, se determind la retencién de compuestos fendlicos totales, la eliminacién de DQO, el
ensuciamiento de la membrana y la densidad de flujo de permeado en estado estacionario en todos los
experimentos realizados. Los resultados obtenidos indican que, considerando un factor de concentracién
en volumen de 2,5, se puede lograr el tratamiento del agua residual en una sola etapa de ultrafiltracion
utilizando una membrana ST-PES (10 kDa), obteniendo una concentracion de HT en la corriente de
retenido de 177,43 = 18,55 mg/L, y un 80,06% de reduccion de la DQO. Utilizando un proceso integrado
con membranas en dos etapas, alimentando el agua residual pretratada a una primera etapa de
ultrafiltracion (membrana PS, 100 kDa) y luego usando el permeado obtenido como alimentacion de la
segunda etapa de nanofiltracién (membrana NF90, 200 Da), se obtiene un retenido final con una
concentracion de 364,11 + 40,50 mg/L de HT y un 95,7% de reduccion de la DQO, con un permeado

final incoloro que podria ser utilizado como agua de riego.
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3.1. Introduction

Olive oil extraction involves different processes such as olive washing, grinding,
beating and the extraction itself, that constitutes the basic stage of the whole
process. The amount and physico-chemical properties of the wastes produced will
depend on the method used for the extraction. There are two ways of extracting the
oil: traditional pressing, used for many centuries with only minor modifications,
and centrifugation, that the olive oil industry has taken over in the last decades [1].
Vegetation wastewater is one among the numerous end-of-pipe treatment needing
food based wastewaters very well known for its significant negative impact on the
environment [2]. It is the huge volume of foul smelling acidic dark liquid generated
during the extraction of olive oil, and is mainly known as olive mill wastewater
(OMWW) [3], which is generated during press, two-phase centrifugal or three-
phase centrifugal olive oil extraction [4]. Especially the latter two methods produce
a huge amount of wastewater compared to the first one. The press method releases
a solid fraction along with an emulsion containing the olive oil that is separated by
decantation from the OMWW. The three-phase system generates a solid husk, oil,
and OMWW while the two-phase system releases a wet olive husk and oil.
Relative to the two-phase centrifugation, the three-phase system utilizes 0.6-1.3
m?3 of additional water during decantation that eventually increases the amount of
OMWW [2].

Many OMWW management options have been proposed in recent years. Most of
these methods aim to reduce OMWW phytotoxicity in order to reuse it for
agricultural purposes, so that it is suitable to be treated in conventional treatment
facilities or to recover the biophenolic fraction owing to their interesting
pharmacological properties [2,3,5,6].

Polyphenols comprise a large family (about 8000 substances with highly diverse
structures) of naturally occurring secondary metabolites of plant-derived foods and
are among the principal micronutrients associated with the health beneficial effects
of our diet. Molecular weights range from small molecules (<100 Da), such as

phenolic acids, to large molecules (>30,000 Da) of highly polymerized
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compounds. The main sources of dietary polyphenols include fruits, vegetables,
grains, tea, essential oils, as well as their derived foods, beverages or supplements
[7].

Hydroxytyrosol and tyrosol are the main phenolic compounds in extra virgin olive
oil [8,9]. Hydrophilic extracts of olive oil contain many phenolic compounds and
phenyl-alcohols. Oleuropein, hydroxytyrosol and their derivatives are found in
large quantities in olive leaves and olive fruits [8,9].

Membrane separation processes are useful and clean technologies for recovery,
fractionation and concentration of phenolic compounds from aqueous and
alcoholic processing streams of products, byproducts and wastes from biomass
processing [10]. Among them, pressure-driven membrane processes have been
successfully employed over the last three decades in food and beverage industries,
by treating dairy products, fruit juices, wine, vegetable oils, potable water and
agricultural wastewaters. The driving force is the pressure gradient applied
between the two sides of a permselective membrane. According to the required
transmembrane pressure (TMP) and the pore sizes, pressure driven membrane
operations can be divided in: microfiltration (MF, 0.1-10 um, 0.1-5 bar),
ultrafiltration (UF, 1-100 nm, 1-10 bar), nanofiltration (NF, 0.5-10 nm, 10-30
bar) and reverse osmosis (RO, < 0.5 nm, 35-100 bar) [11].

Apart from their many advantages (high selectivity, no phase change required, no
organic solvents or harmful materials required, easy operation and low
maintenance), membrane processes have also a range of inherent limitations. For
example, a membrane system designed to treat OMWW may be limited by the high
concentration of suspended solids, feed viscosity or osmotic pressure to reach a
target quality. Therefore, the optimal separation process in many cases may be a
membrane-based hybrid process. The term hybrid or integrated membrane process
refers to integration of two membrane processes or a membrane process with
traditional unit operations such as centrifugation. In particular, the membrane—
membrane integrated system comprises a sequence of different steps. The
integration is supposed to bring performance improvements depending on feed

characteristics or desired product quality [12]. Hybridization thus is a strategy
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designed to benefit from the synergy among the different unit operations [13]. For
example, hybridization of a UF unit after electro-Fenton oxidation and anaerobic
digestion helped to achieve a complete detoxification, decolorization and COD
reduction of OMWW [14].

The successive integration for the recovery of biophenols often begins with MF
and/or UF. MF is the oldest known membrane process that is used to separate
suspended particles with diameters between 0.1 and 10 pm. UF uses finely porous
membrane (1-100 nm) to separate water and microsolutes from macromolecules
and colloids. Separation in both MF and UF is done mainly based on size exclusion
[15]. Hence, they are mostly employed as a pre-treatment step in hybrid system to
remove suspended particles and colloids while allowing the polyphenols and other
soluble contaminants to pass through. They thus complement other concomitant
processes which normally target polyphenols and other soluble components but

fail to remove suspended particulate matter [16,17].

NF is a pressure-driven separation process that has ionizable membrane surface
charge groups. Hence nano scale separation efficiency depends on steric (sieving)
and charges (Donnan) exclusion [15]. It is operated at pressures ranging from 10
to 30 bar enabling low retention of monovalent ions while permitting almost
complete rejections of multivalent ions, thus resulting in high solute selectivity. It
has growing popularity over last years as an effective yet simplified OMWW
treatment technology due to its high solvent permeability, retention of dissolved
uncharged polyphenols and other organic molecules with molecular weight greater
than 150 Da, and ease of chemical cleaning [18]. This offers benefits in terms of
environmental pollution abatement, rejection, recovery and reuse of biophenols,
divalent salts, and recovery and reuse of purified water. Although NF is closely

related to RO, it uses 21% less energy as compared to RO [2].

Since OMWWs are extremely polluting, several treatment processes are required
for removing wastes and toxic chemicals, providing opportunities for water reuse
or recycling. Because of their high suspended solids content, a pretreatment

method able to abate the severe fouling occurring during the subsequent micro and
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ultrafiltration membrane processes is mandatory. Indeed, the major drawback in
the development and large-scale application of membrane processes for olive mill
wastewater treatment is the loss of membrane flux due to fouling. Different
approaches have been developed and applied as pre-treatment steps based on
physical, physical-chemical and biological methods or combination of them [19].
The problem of fouling is also augmented by great variation of OMMW’s
suspended solid composition during periodic release of huge volume of OMWW
in a short time, just after the olive harvest. Therefore, pre-treatment able to
standardize OMWW before entering the first membrane process (MF/UF) is
necessary. Beside the first membrane stage, in all subsequent membrane operation
fouling may not represent a significant effect [2].

It is worth quoting that OMWW are interesting biological sources of high added
value compounds, such as hydroxytyrosol or other antioxidant phenolic
compounds. In fact, the phenolic compounds are known as important natural
antioxidants with nutritional and pharmaceutical properties [20]. Several
medicinal and pharmaceutical scientists have demonstrated that olive phenols,
especially hydroxytyrosol (3,4-di-hydroxyphenyl-ethanol), were effective in
preventing and curing some important diseases [21] . Nevertheless, hydroxytyrosol
is not commercially available in large quantities like other food additives. Several
methods have been proposed for the production of hydroxytyrosol by means of
chemical or enzymatic synthesis [22]. Such protocols are usually slow and
expensive, resulting in few numbers of commercially available products

containing pure hydroxytyrosol [6].

Bazzarelli et al. [19] deeply investigated the influence of pH variation on the
suspension stability as a way to promote aggregates formation, thus improving the
effective removal of suspended solids and also reported a comprehensive study of
suspension stability as a function of pH using zeta potential and light scattering
measurements as a fouling reduction method in membrane processes. These
techniques were used to evaluate the electrical charge and the size of suspended
solid particles in OMWWs.

196



PhD Thesis

Chapter 3: Study and efficiency evaluation of OMWW pretreatment and membrane based treatment

to obtain a final retentate rich in Hydroxytyrosol

Furthermore, different studies highlighted the importance of pH variation during
the pre-treatment process, pH values being mainly adjusted with the aim of
preserving polyphenols from undesired oxidation processes. Russo [23] acidified
OMWWs with hydrochloric acid and citric acid up to pH 3.5 to prevent phenols
oxidation processes. Akdemir and Ozer [24] used two pH values, 2 and 6, both
followed by filtration with a cartridge filter. Ochando-Pulido et al. [25] performed
pH flocculation process at pH 2.5 followed by two further treatments
(photocatalysis and UF) before the nanofiltration step. El-Abbassi et al. [26]
studied the effect of pH, ranging from 2 to 12, on the process performance.

The primary objective in this chapter was to achieve a suitable formulation for
pretreatment prior to membrane based treatments in order to ultimately obtain a
rich composition of bioactive compound. Being able to do so could result into a
considerable profit and reduction in the capital costs for industrial scale.
Subsequently, the second goal was to obtain high concentration of biophenols,
especially hydroxytyrosol, by entering different types of pretreated OMWW as
feed in membrane treatment. Integrated membrane treatments within two models
of single and double operations were performed including different membrane
materials and transmembrane pressures. In order to evaluate the treatment
efficiency and performance, phenolic rejection, Chemical Oxygen Demand (COD)
removal, membrane fouling and steady state permeate flux were measured for all
tests. Ultimately a comparison was made by focusing on the achievement of a
treatment design with optimized conditions and possibly lower capital cost at

industrial scale.

3.2. Materials and methods

3.2.1. Samples, chemicals and analytical methods
Olive mill wastewater (OMWW) used in this study was obtained by means of a

three-phase extraction system and was kindly provided by ‘“Mamalan” Agro
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Industrial Company, Tarom city (Zanjan, Iran). Its physico-chemical composition

is provided in Table 3.1.

All chemicals used in this study were analytical grade and provided from VWR

International Eurolab (Llinars del Vallés, Spain) and Sigma-Aldrich (Darmstadt,

Germany). The chemicals used for each analysis are as follows:

o Folin—Ciocalteu reagent, gallic acid and sodium carbonate were used for Total
Phenolic Content (TPC) measurement.

e Potassium dichromate (K.Cr.0y), sulfuric acid (H.SO.), ferrous ammonium
sulfate titrant (FAS) and ferroin were used for Chemical Oxygen Demand
(COD) measurement.

e DPPH reagent (1,1-diphenyl-2-picrylhydrazyl) and Trolox (6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid) were used for Antioxidant
Activity (AA) analysis (DPPH assay).

e Hydrochloric acid (HCI, 37%) was used for the acidification of OMWW.

e Acetic acid (CH3;COOH), acetonitrile (C:HsN) and ammonium acetate
(NH:ACc) were the chemicals used in HPLC chromatography for determining
the concentration of individual phenolic compounds.

e Sodium hydroxide (NaOH, 16 g/L) and nitric acid (HNOs, 60%) in 5 g/L
solution were used as alkaline and acid cleaning for ceramic membranes before
and after each treatment.

Several types of ceramic and polymeric membranes were used and their

characteristics are shown in Table 3.3.

The analytical methods used in this section are total phenolic content (TPC), COD

measurement, antioxidant activity by DPPH assay, zeta potential, HPLC

chromatography, particle size diameter, particle size distribution and particle
stability. Detailed description of each method is provided in the appendix

(analytical methods) of this Thesis.
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Table 3.1. Physico-chemical characteristics of Olive Mill Wastewater (OMWW).

Parameter Unit Value
Total phenolic content (TPC) mg/L 1200.15 + 13.05
Chemical oxygen demand (COD) mg/L 19418 + 868
Biochemical oxygen demand (BOD) mg/L 8600 + 0.0
Total organic carbon (TOC) o/L 7.93
Total suspended solids (TSS) o/L 6.48
pH 49
Antioxidant activity MQrolox/ L 185.25+1.21
Turbidity NTU 8225
S04> mg/L 170
NOz mg/L 530

3.2.2. Acidification and centrifugation

pH value of the raw OMWW was measured by means of a glass pH electrode
(Crison, Barcelona, Spain) which was 4.9. Afterwards, by considering the work
performed by Bazzarelli et al. [19], OMWW was acidified with HCI (37%) in
different levels. The purpose of acidification in multiple levels was finding out the
optimized point of agglomeration and flocculation of particles in order to
destabilize them and reduce the quantity of suspended solids as much as possible.
Considering that the effect of centrifugation on the acidified OMWW had not been
studied comprehensively in the literature, multiple series of OMWW samples with
different pH were centrifuged (Eppendorf centrifuge 5804, Germany) at 4000 rpm
for two time levels of 3 and 30 min, in order to find out whether different
centrifugation times has any effect on TPC. The operating conditions for

centrifugation in this study were the same as those used by Russo [23].

3.2.3. Light scattering methods

Particle size and particle size distribution were measured using a laser light
scattering system (Malvern Mastersizer 2000, Malvern Instruments, UK). The

mean particle size was expressed as the volume weighted mean diameter (Eq. (1)).
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Din;
D[4,3] = Sp& (1)

where nj is the number of particles with a diameter Di.
The volume weighted mean diameter is most sensitive to the presence of large
particles. The width of particle size distribution was expressed as a Span number,

calculated by the following equation:

D(0.9)-D(0.1)

span = 209 @

where D(0.9) is the particle diameter which in this study signifies the point in the
size distribution, up to and including which, 90% of the total number of particles
in the sample is contained; The definition for D(0.5), is then the size point below
which 50% of the material is contained, this value is also known as the mass
median diameter. D(0.1) is that size below which 10% of the particles are
contained. The mean particle diameter and Span values were calculated on the
basis of five different experimental runs.

In this study, a comprehensive process of light scattering methods was performed
on raw and pretreated OMWWSs in order to study the effect of processes like

acidification, centrifugation and membrane filtration on particle size distribution.

3.2.4. Membrane treatment process

In order to evaluate the extraction of phenolic compounds and the effect of
conducted pretreatment, three pretreatment models were considered for OMWW
before using it as feed in membrane treatment. In first model (Feed A), only
centrifugation was conducted. In second model (Feed B), acidification to pH=1.9
followed by centrifugation was carried out, and third model (Feed C) included
centrifugation followed by acidification to pH=1.9. Centrifugation process was
performed at 30 minutes and 4000 rpm for all feed types. It may seem that Feed B
and Feed C are similar. However, according to light scattering tests which will

explained in detail in results, mean particle diameter for Feed B and Feed C were
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considerably different. Therefore, this difference could be the cause of different

performances and results in membrane treatment.

One of the main objectives of this section was performing membrane treatment
within single stage. The purpose of performing one step membrane treatment was
to evaluate the possibility of obtaining a hydroxytyrosol rich retentate by choosing
the optimized operating condition and membrane cut-off. One step membrane
treatment, if possible, could considerably decrease the capital cost in pilot or
industrial scale in comparison with integrated membrane treatments. However, in
order to enhance the study, multiple runs of integrated membrane treatments were

also performed using MF/UF permeates as feed for the nanofiltration stage.

OMWW treatments were performed using two different membrane modules. The
first one was a tubular module supplied by Tami industries (Nyons, France) where
permeates were collected in a separate vessel and concentrates were circulated
back to the feed tank. The system was equipped with ceramic TiO, MF (0.2 pm)
or UF (50 kDa) membranes, with a membrane area of 47 cm?, and a 500 mL
capacity feed tank. A positive displacement pump (Masterflex, L/S Easy- Load I,
IL, USA) was used to fed the membrane module. Feed temperature was maintained
constant by means of a heat plate, and pressure was measured by means of two
manometers located at the inlet and outlet of membrane module. Tubular
membrane experiments were performed at 40 °C and at a transmembrane pressure
(TMP) of 1-2 bar.

Once experiment was finished, membrane was rinsed with distilled water for 10
min, cleaned with an alkaline aqueous solution (16 g/L. NaOH) at 50 °C for 30 min,
rinsed again with distilled water for 15 min, and cleaned with an acid solution
(5mL/L HNO;3 (60%)) at 50 °C for 30 min. Finally, the system was rinsed with
distilled water for 15 min until neutrality and water permeate flux was checked.
Flat sheet polymeric membranes shown in Table 3.2 were used for ultrafiltration
(UF) and nanofiltration (NF) experiments performed in a stainless steel HP4750
stirred batch cell supplied by Sterlitech Corporation (Kent, WA, USA). Depending

on the process, transmembrane pressure of 5-10 bar was provided through a
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nitrogen cylinder to avoid oxidation of the biocompounds. Membrane surface area
was 14.6 cm? and experiments were performed at room temperature.

Stirred cell modules provide uniform transmembrane pressure and hydrodynamic
conditions at all points of the membrane surface, and the effects of operating
parameters on process efficiency can be very easily determined using these cells.
They are therefore very useful for small-scale process development work.
However, advantage of Tubular membrane module include turbulent flow
(providing good membrane/solution contact and removing retentate film build-up),
relatively easy cleaning, easy handling of suspended solids and viscous fluids and
ability to replace or plug a failed tube while the rest of the system runs [27].

The permeate flux was monitored by measuring the permeate volume compiled at

a specific time described by Darcy’s Equation (Eq. (3)) [28]:

1 dv,

J= 3)

where J is the permeate flux, An is the effective membrane area, Vp is the permeate
volume, and t is the filtration time.

Volume reduction factor is defined as:

Ve
VRF = (4)

where Ve and Vg are the initial feed volume and the retentate volume (Vr= Ve
V), respectively. This is an important parameter in concentration operating mode.

Percent rejection (%) of feed components is calculated as:
R(%) = (1 —2) x 100 )
F

where C, and Cg are the concentration of total phenols in permeate and feed

solutions, respectively [29].
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3.3. Results and discussion

3.3.1. OMWW pretreatment

3.3.1.1. Effect of acidifying and centrifugation on total phenolic content
(TPC)

Based on previous studies found in bibliography, centrifugation is able to fully
separate suspended solids, and also to improve COD removal and oil recovery.
Changes in the chemical environment had a considerable influence on the
centrifugation yield. At pH = 2 (acidification by H,SO,) the highest oil recovery
and a simultaneous high COD decrease (67.8%) were achieved. Furthermore, the
sediment obtained from centrifugation at pH = 2 was more cohesive, with the
lowest volume (15%) and water content (80%). Centrifugation of OMWW at its
natural pH is beneficial for oil mills, because of the significant natural oil recovery
(30-50%), and the organic load reduction by 50% at least. However, further COD
reduction is not possible by these pretreatment techniques, due to the soluble
organics in OMWW, which cannot be removed by these processes [30].

In this study, the effect of centrifugation and filtration was studied in several
OMWW samples with different pH values (1.1, 2.9 and 4.9). For this purpose,
centrifugation was performed with periods of 3 and 30 minutes. The rotation of
centrifuge was kept constant at 4000 rpm. Higher velocities were not used in order
to prevent the oxidation of phenolic compounds. As it can be observed from Figure
3.1a, 10-15% TPC decrease was obtained after centrifugation of raw OMWW
(pH=4.9), whereas quite different results were obtained for acidified OMWW.
Somehow, acidification reduced TPC about 15% and 23% for OMW with pH=2.9
and 1.1, respectively. Nevertheless, it can be observed in Figure 3.1.a that after
centrifugation not only TPC did not decrease but also the reduced amount of TPC
due to acidification was almost reclaimed for OMWW with pH=1.1. Best results
were obtained after 30 min centrifugation time, with several advantages over short
centrifugation times in case of phenols preservation and also being able to separate

suspended solids in a better form.

203



PhD Thesis

Chapter 3: Study and efficiency evaluation of OMWW pretreatment and membrane based treatment

to obtain a final retentate rich in Hydroxytyrosol

Two filtration steps were also carried out for each level of acidification using
syringe filters with different pore size (0.45 um and 0.1 um) to evaluate their effect
on TPC. As it can be observed in Figure 3.1.b, the highest TPC was obtained for
two OMWW treatments with pH=2.9 (3 min centrifugation, 0.1 pum filtration, and
30 min centrifugation, 0.45um filtration). It can be concluded that the effect of
filter pore size is not significant and should not be considered as an important
parameter. This analysis proved the efficiency of acidification on preserving
phenolic compounds in comparison with using raw OMWW as feed for membrane
treatment. Although the possibility of 5-10% of experimental error for every
analysis should be considered.

3.3.1.2. Effect of pretreatment on the molecular structure of the phenolic
compounds

According to the patent presented by Mateo [31], it is desirable to develop a
method which produces an aqueous olive extract with a high percentage of
hydroxytyrosol (HT), due to their strong chemoprotective activity. The invention
includes a method for producing a hydroxytyrosol-rich composition with the
following stages: (a) producing vegetation water from olives, preferably depitted
olive meat, (b) adding acid to the vegetation water in an amount effective to
produce a pH between 1 and 5, preferably 2-4, and (c) incubating the acidified
vegetation water for a period of at least two months, typically 6-12 months until at
least 75%, and preferably at least 90% of the oleoeuropein originally present in the

vegetation water has been converted to hydroxytyrosol [31].

Table 3.2. Hydroxytyrosol content in raw and pretreated OMWW

Sample name Hydroxytyrosol content (mg/L)
Raw OMWW 25.30+4.34
centrifuged OMWW 34.76 + 6.65
Acidified OMWW to pH=2 115.10 + 6.68
Centrifuged and Acidified to pH=2 OMWW 103.84 + 4.37
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Figure 3.1. Effect of OMWW pretreatment by centrifugation (a) and centrifugation-
filtration (b) on total phenolic content (TPC). Total phenols was changed by TPC in y-axes




Table 3.3. Characteristics of ceramic and polymeric membranes used in this work.

Treatment ! NF NF NF UF UF UF UF MF
Name NF270 NF90 NOP10 ST-PES MK-PES Ceramic USs100 Ceramic
Type Flat sheet  Flat sheet Flat sheet Flat sheet Flat sheet Tubular Flat sheet Tubular

Dow Dow ) ) Tami Microdyn- Tami
Manufacturer Microdyn-Nadir Synder™ Synder™ ) ) ]
Filmtec™  Filmtec™ Industries Nadir Industries
Titanium Titanium
Material Polyamide Polyamide Polyethersulfone Polyethersulfone Polyethersulfone  dioxide  Polysulfone  dioxide
(TiO,) (TiO,)
200~400  200~400
Cut-off 1000-1200 Da 10 kDa 30 kDa 50 kDa 100 kDa 0.2 um
Da Da

pH ranging 2-11 2-11 0-14 2-11 2-11 0-14 1-14 0-14
Water

permeability 10.5 6.3 7.5 25 25 50 400 170

(L m2htbar?)

1 MF: Microfiltration; UF: Ultrafiltration; NF: Nanofiltration
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Table 3.4. Results of light scattering methods and total phenolic content analysis of pretreated OMWW.

Light scattering methods

Centrifugation . Nanosizer Nano ZS Mastersizer 2000
pH time Zeta Particle
) (mg/L) ) ) D[4,3] D(0.9)
(min) potential diameter PDI Span
(Hm) (Hm)
(mV) (um)

1 15 0 1146.3 +0.067 2.087 0.366 4372 1.138 3.156
2 15 30 10725 -0.176 1.198 0.748 7.324 1.364 3.137
3 3.0 0 1066.7 -4.35 1.888 0.459 4.695 1.140 3.116
4 3.0 30 1032.5 -4.91 1.418 0.784 7.908 1.434 3.135
5 49 0 1200.1 -26.4 1.967 0.323 4,580 1.201 2.362
6 49 30 931.3 -27.1 1.550 0.862 0.247 1.345 0.120
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As it can be seen in Table 3.2, hydroxytyrosol concentration of raw, centrifuged,
acidified and acidified+centrifuged OMWWSs were measured by application of
HPLC chromatography. Results prove that acidification of OMWW has a huge
effect on conversion of other phenolic compounds to HT which increased its
concentration more than 400%. Somehow, HT concentration in raw OMWW was
25.30 + 4.34 mg/L whereas after acidification it increased to 115.10 + 6.68 mg/L.
On the other hand, centrifugation did not show any significant effect in changing
the concentration of HT and the differences in the quantities could be referred as

experimental errors.

3.3.1.3 Effect of pretreatment on zeta potential

Sample stability is an important parameter to minimize or maximize aggregation
phenomena, facilitating the permeation or the rejection of particles through filters
during waste water treatment. The electrical charges control the interactions
between particles and therefore determine the overall behavior of a suspension.
The effective particle charge can be modulated altering the media conditions, for
example, by varying the pH solution and can be followed by zeta potential
measurements. A higher absolute value of zeta potential results in greater
electrostatic repulsion forces between particles, reducing aggregation/flocculation
phenomena caused by Van der Waals interactions. A zeta potential of £30 mV is
often used as an approximate threshold for stability. Sample particles with zeta
potentials values between —30 mV and +30 mV tend to aggregate over time. On
the contrary, particles with a zeta potential near to 30 mV (absolute value) should
be only marginally stable, with the degree of stability over longer time increasing

as the zeta potential increases [19]

Zeta potential analysis in this study was dedicated to OMWW samples with
different pH (1.5, 3, 4.9) and a centrifuged model for each pH, which in total made
six runs for evaluation. As it can be observed from Table 3.4, as the pH of the
OMWW decreases, zeta potential approaches near zero. Zeta potential for OMWW
with pH=1.5 is almost zero and for OMWW with pH=3 is between —4.35 to —4.91
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mV while it is —26.4 to —27.1 for raw OMWW. It should be mentioned that
centrifugation is not a significant factor in changing the zeta potential value. The

obtained results are in accordance with the study performed by Bazarelli et al. [19].

pH range from 1.5 to 2.5 corresponds to the maximum suspension instability, with
zeta potential values near the isoelectric point. If particles have low zeta potential
values (absolute value) flocculation process occurs. On the contrary, if particles
have higher zeta potential values there will be no tendency for particles to
aggregate [19]. By analyzing the obtained results from the different effects of
OMWW pH level, similar results to those obtained by Bazzarelli et al. [19] were
achieved in this study. Thus, in order to prevent any possible damage of
membranes due to high level of acidity, pH=2 was selected as the preferred

acidification level of OMWW for membrane treatment.

3.3.14. Effect of pretreatment on particle stability and size diameter
Experimental results from light scattering analysis shown in Table 3.4 indicates
that OMWW acidification increases D(0.9) about 33%. For centrifuged OMWW
with pH=1.5, D(0.9)=3.137 pm, while for the raw centrifuged OMWW,
D(0.9)=0.120 pum. On the other hand, D[4,3] of OMWWs with pH=1.5 and pH=3
are 4.372 and 4.675 um, respectively. However, D[4,3] surprisingly increases
when centrifugation takes place on OMWW with pH=1.5 and pH=3, reaching to
7.324 and 7.908, respectively. In other words, this analysis indicates that
centrifugation of the raw OMWW decreases D(0.9) for about 95%, while
centrifugation of acidified OMWW does not have any considerable effect on
D(0.9) although it increases D[4,3] for an average of 68%.
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Figure 3.2. Transmission and backscattering profiles of OMWW samples with different

pH value: (a) Raw OMWW (pH=4.9); (b) Acidified OMWW (pH=3); (c) Acidified
OMWW (pH=1.5).
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It can be understood from the results that performing centrifugation on the
acidified OMWW will make the bigger particles getting bigger, increasing their
contribution to the volume weighted mean diameter. The opposite situation was
found when centrifugation was performed on raw OMWW, where volume
weighted mean diameter (D[4,3]) decreased for 95%.

Particle size distribution measurement was also performed by Nano ZS apparatus
(Malvern Instruments Ltd., UK). Although, due to the considerable presence of
large particles in OMWW samples, results obtained from Nanosizer is not as
reliable as the ones obtained by Mastersizer. Nevertheless, in order to be able to
compare the analysis from two instruments, size distribution was also measured

with Nanosizer.

Data from Table 3.4 also prove that the average particle diameter average is almost
the same (about 2 um) for raw samples regardless of their pH. However, when
centrifugation is performed, average particle diameter decreased between 25-40%.
On the other hand, polydispersity index (PDI) is considerably higher for
centrifuged samples than for raw samples. These high PDI values of centrifuged
samples makes their further membrane treatment easier and with less fouling

problems.

The stability of three OMWW samples with different pH (1.5, 3, and 4.9) were
evaluated using the Turbiscan Lab Expert. The main advantage of this technique
is that it can detect changes in the particle size of the sample long before they
become visible [32]. Turbiscan Lab measures the light transmitted and
backscattered by the sample, which directly depends on the particle mean diameter,
at preset intervals (2 hours in this work) over a predetermined period of time (4
days in this study). As it can be seen from Figure 3.2, backscattering and
transmission profiles indicate that a considerable flocculation and settling of
particles occur for acidified OMWW, but the level of acidification does not make

a significant difference in the flocculation intensity. However, sedimentation is
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higher for OMWW with pH=1.5 in comparison with OMWW with pH=3 at the
final stage of the evaluation.

3.3.2. Membrane treatment of OMWW

3.3.2.1. Effect of operating conditions on the performance of membrane

treatment
Most of the experiments for OMWW treatment by membrane processes found in
the literature were carried out for a short period of time: MF from 30 min to 6 h,
UF mostly about 3 h, and both NF and RO about 1 h. Within this short operational
period, a considerable flux loss was observed; e.g.: MF 30-75%, UF about 50%
on average, NF 45-80% and RO about 50% of the initial flux. While fouling due
to macromolecules is the main cause at the MF/UF steps, loss in driving force due
to increase concentration of small molecules and ions could partially attribute to
the flux loss during NF and RO. Therefore, membrane treatment of OMWW is
highly dependent on concentration polarization and membrane fouling [33].
Concentration polarization is a reversible phenomenon caused by increased
transport resistance in the boundary layer close to the membrane surface.
Membrane fouling is an irreversible phenomenon that includes the effects of
surface fouling, adsorption, gel layer formation, pore radius reduction, pore
blockage, cake formation, and adhesion of particles on the membrane. Permeate
flux profiles under fouling typically shows an initial stage sudden drop followed

by a smoother but continuous decay [2].

From a macroscopic point of view, membrane fouling can be either due to gel/cake
layer formation or through pollutant-membrane interactions. More specifically,
the fouling mechanism can be internal pore fouling when the pollutant size is lower
than the membrane pore size, pore blocking if pollutant and membrane pore have
the same size, or it could be by cake formation on the membrane surface when
pollutant size is larger than membrane pore size. Theoretical modeling or

prediction based on experimental trends is one way to identify the potential
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membrane fouling mechanism during membrane processing of OMWW. Although
theoretical modeling of membrane based filtration is accompanied by several
computational challenges, it is useful to predict and monitor membrane
productivity, fouling tendency, solute retention and eventually the fouling

mechanism [2].

Variation of polyphenols rejection, COD removal, steady state permeate flux and
membrane fouling with feed types are shown in Figure 3.3. Ultrafiltration with ST-
PES membrane (10 kDa) and nanofiltration with NPO10 membrane (1000 Da)
were performed using all feed types with same operating conditions. Therefore,
their results can be compared in order to analyze the effect of feed types on

permeate flux and to determine the optimized feed for single membrane treatment.
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Figure 3.3. Evaluation of feed types on performance of membrane treatment by using
membranes with different cut-offs. Operating conditions and feed types are indicated in
Table 3.5. (a) Polyphenols rejection; (b) COD removal; (c) Membrane fouling; (d) Steady
state permeate flux.
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Figure 3.4. Variation of permeate flux along time for membrane treatment of several
OMWWs. Operating conditions and feed types are indicated in Table 3.5. (a) Ultrafiltration
(ST-PES membrane, 10 kDa); (b)Nanofiltration (NP010 membrane, 1000 Da).
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Table 3.5. Operating conditions and final permeate properties from single and integrated membrane treatments of OMWW.

TPC of permeate COD of permeate Antioxidant activity of the

Membrane Steady Membrane Permeate Hydroxytyrosol
Feed TMP . content in
Code . type / Cut- b state flux fouling "
type off (bar) (L m?h?) (%) ma/L. Rejection ma/l. Removal m " Inhibition permeate
o] (%) [t} (%) JTrolox (%) (mg/L)
TiO, 1086.31 + 11676 + 97.26 +8.85
MF1 Feed B (0.2 um) 1 9.6 55.6 218 9.49 931 39.87 188.24 + 0.0 96.07+0 (VRF= 2.5)
; 35.0+2.19
TiO, 1038.23 + 11995 + 180.125 +
MF2 - Feed A ooimy L 1.7 426 381 13.49 706 38.23 0.0 9193200 (yRp=25)
TiO, 842.46 + 185.68 94.77 + 95.75+1.32
UF1 Feed B (50 kDa) 2 5.9 51.2 17.41 29.80 9668 + 81 50.21 191 0.62 (VRF= 2.5)
TiO, 179.48 91.60 + 43.94+£1.15
UF2 Feed A (50 kDa) 2 6.0 70.0 7740+4.35 35.51 9535 + 134 50.90 0.30 0.15 (VRF= 1.4)
MK-PES 18141 + 92.58 + 25.13+0.74
UF3 Feed A (30 kDa) 8 8.2 55.7 528.23 +4.90 55.99 8931 + 244 54.01 181 093 (VRF=4.4)
ST-PES 179.27 9149 + 77.83+0.43
UF4 Feed A (10 kDa) 8 8.2 38.8 350.59 +5.98 70.79 8305 + 231 57.23 423 216 (VRF=2.2)
ST-PES
453.62 £ 6873 + 166.66 89.18 + 0.93
UF5 Feed B (10 kDa) 8 6.2 52.4 1251 62.20 359 64.61 303 85.06 £ 2.0 (VRF=2.0)
ST-PES
148.93 79.57 + 131.30 £ 13.73
UF6 Feed C (10 kDa) 8 6.1 59.5 365.15 + 7.07 69.57 3872+118 80.06 091 0.48 (VRF=1.85)
PS-US100
1014.0 = 14149 + 160.89 £ 9319+ 103.64 +£1.10
UFT FeedC ) 0koa) 5 13.9 75.9 40,25 15.51 431 21.13 091 0.53 (VRF=1.89)

2 Feed A: centrifuged OMWW / Feed B: pH of OMWW adjusted to 1.9 then centrifuged / Feed C: OMWW first centrifuged then pH was adjusted to 1.9
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Table 3.5. Continued

Antioxidant activity of the

Membrane Steady NVETTTERE TPC of permeate COD of permeate permeats Hydroxytyrosol
Feed TMP . content in
Code type type/ Cut- (bar) state flux fouling Rejection Removal Inhibition permeate
ff L m?h? % i
0 (Lm ) (%) mg/L %) mg/L (%) MQrolox/L (%) b
PM-NOP10
157.69 + 84.25 + 104.03 +1.88
NF1 Feed B 1 4, 1. 452.46 £ 1. 2. +421
eed (1000 Da) 0 3 51.8 52.46 +1.09 62.30 5898 69.63 0.60 032 (VRF=1.34)
PM-NOP10
517.08 + 172.86 £ 92.35+ 25.99+0.0
NF2 Feed A (1000 Da) 10 8.3 56.8 4134 56.91 5516 + 39 71.59 211 113 (VRF=2.5)
PM-NOP10
11517 £ 61.53 + 50.29 + 3.20
NF3 Feed C (1000 Da) 10 6.9 452 358.10 + 9.56 70.16 4630 £ 39 76.16 0.30 016 (VRF=1.6)
MF1 PM-NOP10 532.85 166.02 + 88.70 + 162.78 + 8.18
NF4 permeate (1000 Da) 10 67 523 10.33 50.95 5433+ 53 53.47 453 2.42 (VRF=2.5)
UF1 NF270-PA 138.03 + 7374+ 145.41 +0.56
NF5 permeate (270 Da) 10 12.6 11.6 178.23 £2.72 78.84 2412 +410 75.05 3.02 161 (VRF=2.63)
UF2 NF270-PA 145.08 + 7751+ 89.5 +3.92
NF6 permente (270 Da) 10 15.2 63.4 102.46 +4.35 86.76 1741+ 0 81.74 279 145 (VRF=3.0)
UF7 NP90-PA 33.974 19.68 234.49 + 26.08
974 + .68 £ 49 + 26.
NF7 permeate (ZOI(D)a;lOO 10 45 77.2 56.31+5.44 94.45 828 £ 91 94.15 0.01 053 (VRF=1.61)
MF2 NF270-PA 165.168 + 88.24 + 116.73+ 17.78
NF8 permeate (270 Da) 10 9.2 76.8 118.23 +3.81 88.61 2729 + 397 77.25 27 1.45 (VRF=25)
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Regarding ultrafiltration, by analyzing experimental runs UF4, UF5 and UF6 from
Table 3.5 and observing the variation of permeate flux with time in Figure 3.4.a, it
can be concluded that there is no significant difference for maximum permeate
flux. However, in the case of steady state flux, UF4 had advantage over feed UF5
and UF6. Also UF4 showed lower membrane fouling comparing to UF5 and UF6.
This can be attributed to the fact that by acidification of OMWW, considerable
agglomeration and flocculation of particles occurs which can cause the formation
of a cake layer on the membrane surface. According to Figure 3.3.a,b and Table
3.5, UF4 and UF6 are more preferable due to higher polyphenols rejection, but
UF6 has considerable advantage comparing to UF4 and UF5 regarding COD

removal.

Nanofiltration results were slightly different than ultrafiltration ones. NF1, NF2
and NF3 experimental runs were performed with NP0O10 (1000-1200 Da)
membrane. NF3 is preferable comparing to NF1 and NF2 for its higher
polyphenols rejection, lower fouling index and higher COD removal. Although,
by considering steady state flux from Figure 3.4.b, it can be seen that NF2 has
advantage over NF3 and NF1. Regarding antioxidant activity (AA), the aim is to
obtain a final permeate with the lowest AA, which indicates a minimum loss of
phenolic compounds in permeate. Furthermore, NF3 and UF6 have the lowest AA
among single membrane treatments with 115.17 + 0.30 and 148.93 = 0.91
MQrrolox/L, respectively (Table 3.5).

As it can be seen from Figure 3.5, which shows the results of HPLC analysis on
single membrane treatments, efficiency of pH adjustment for OMWW can be
proved by increasing the concentration of HT up to 400% in the feed. This is in
accordance with Mateo [31] who found out that adding acid to the vegetation water
in an amount effective to produce a pH between 2-4, and incubating the acidified
vegetation water for a period of at least two months until at least 75% of the
oleuropein originally present in the vegetation water will be converted to HT.

According to Table 3.5, it should be noted that experiments were performed with
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different VRF. Therefore, in order to being able to compare the efficiency of each
process, all concentrations in Figure 3.5 were considered with VRF=2.5.

In order to analyze the results completely, all effective aspects including
polyphenols rejection, COD removal, antioxidant activity, membrane fouling and
permeate flux should be accounted. Nevertheless, considering that obtaining
highest possible concentration of HT was the main goal of current study, observing
obtained results from UF4-UF6 and NF1-NF3 retentates proves that UF6 and NF1
are the most suitable runs for HT extraction in UF and NF, respectively. Although
UF6 and NF1 may have slight reduction in other parameters but their advantage
on HT extraction can overcome the possible shortage in parameters like permeate
flux. Thus, it can be concluded that for ultrafiltration operations Feed C (first
centrifugation then acidification of OMWW) is the optimized mode of feed type,
while for nanofiltration membranes the use of Feed B (first acidification then
centrifugation of OMWW) is more suitable.
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Figure 3.5. Hydroxytyrosol content (mg/L) in final retentate for single membrane

treatment operations by considering VRF=2.5.
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3.3.2.2. Efficiency evaluation of membrane treatments

The main process parameters affecting the extent of membrane fouling are feed
flow rate, temperature, mode of feed flow and transmembrane pressure. Although
change in process parameters can barely affect the fouling behavior, modifying the
hydrodynamic conditions, e.g., by increasing the cross-flow velocity, prior to
compaction of cake, can hamper growth of the fouling layer on membranes.
Systematic analysis of the effect of TMP, feed flow rate, temperature and
membrane molecular weight cut-off showed that all the parameters have
significant effect on flux [33]. However, relative comparison of the different
parameters indicates TMP had by far the highest impact, followed by temperature,
membrane cut-off, and flow rate. Akdemir and Ozer [24] obtained constant flux at
higher pressure while using 100 kDa polymeric membrane. The authors achieved
an 18% flux enhancement while increasing the TMP from 1 to 3 bar at constant
flow rate or increasing the feed flow rate from 100 to 200 L/h at constant TMP. To
reduce the required membrane area, it is imperative to increasing the TMP until an
acceptable level. However, high pressure may imply irreversible fouling
formation and a subsequent fouling induced reduction in the COD and TOC
removal rate of MF or UF membrane.

Coskun et al. [16] compared NF performance employing independent
centrifugation and UF or their combination as pre-treatments. Centrifugations at
3750 rpm for 30 min or UF using Nadyr 10 kDa membrane at 2 bar resulted in
comparable COD removal (30-36%), while their combination gave 56% COD
removal efficiency at 70 L m2 h'* UF flux. The NF permeate flux obtained for feed
pre-treated by UF was 30% higher than the permeate flux obtained for none pre-
treated feed. The study thus established the superiority of using UF as a pre-
treatment to increase flux during NF.

Fouling by OMWW is also highly dependent on type and characteristics of the
membrane (composition, pore size and thickness). Cassano et al. [34] made a
comparative study on the effect of fouling on two polymeric membranes
(regenerated cellulose and polyethersulfone (PES) UF membranes). Results

showed that regenerated cellulose membranes exhibited lower rejections toward

220



PhD Thesis

Chapter 3: Study and efficiency evaluation of OMWW pretreatment and membrane based treatment

to obtain a final retentate rich in Hydroxytyrosol

phenolic compounds, higher permeate fluxes and lower fouling index compared to
PES membranes.

Generally, in order to consider a single membrane treatment functional and
effective, it should have highest possible polyphenols rejection, COD removal,
steady state flux and preferably as low as possible membrane fouling. Therefore,
in current research, the highest polyphenol rejection was obtained from UF4, NF3
and UF6 with 70.79%, 70.16% and 69.57%, respectively. Furthermore, highest
COD removal belonged to UF6 and NF3 with 80.06% and 76.16%, respectively
(Table 3.5).

As it is already described, HT content in UF6 and NF1 retentates is considerably
higher than the other single membrane treatments. In order to compare UF6 and
NF1 runs, it should be mentioned that although NF1 has almost 10% more HT
content, but by considering further energy consuming to reach higher pressure,
lower COD removal and steady state flux of NF1, it can be concluded that choosing
UF®6 as the selected single membrane treatment is more reasonable. Thus, by using
Feed C (centrifuged and acidified OMWW) in stirred cell module equipped with
ST-PES Synder membrane with 10 kDa molecular weight cut-off and TMP of 8
bar, it is possible to obtain 177.43 + 18.55 mg/L of HT in retentate along with

80.06% COD removal from permeate.

Furthermore, several runs of integrated membrane treatments were performed due
to necessity of performing nanofiltration as the secondary membrane process in
order to reach a satisfactory level of treatment standards and also in order to
compare the results with single membrane operation. For this purpose, obtained
permeates from MF1, MF2, UF1, UF2 and UF7 runs were used as feed in NF4,
NF8, NF5, NF6 and NF7, respectively. By considering overall aspect, UF7 proved
to have more satisfactory results in the obtained permeate.

As it can be observed from Table 3.5 and Figure 3.6, low steady state flux and high
membrane fouling of NF7 should be considered which can be referred to formation
of a cake layer on membrane surface due to larger particle mean diameter.

However, NF7 has the highest HT content (Figure 3.7) and also noticeably higher
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COD removal and polyphenols rejection, which makes NF7 as the preferred
integrated membrane treatment. Therefore, by entering Feed C (centrifuged and
acidified OMWW) in PS membrane with 100kDa molecular weight cut-off and
then using the obtained permeate in NF90 membrane as feed, it will result into
obtaining the final HT concentration of 364.11 + 40.50 mg/L in retentate and COD
removal from raw OMWW up to 95.7%.

A picture of raw OMWW, pretreated, permeate and retentate samples of the
obtained fractionation of OMWW with the selected membrane treatments is shown
in Figure 3.8. NF7 permeates are colorless and free of phenolic compounds

suggesting a potential use for irrigation or disposal in aquatic streams.
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Figure 3.6. Permeate flux variation with time for integrated membrane treatments of
oMWW,
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Figure 3.7. Efficiency evaluation of integrated membrane treatments of OMWW by

considering all effective parameters.
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Figure 3.8. Photographs of permeate and retentate samples from selected treatments. (a)

Single membrane treatments; (b) Integrated membrane treatments.
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3.4. Conclusions

The primary objective of the research performed in this chapter was to study the
effect of OMWW pretreatment (acidification and centrifugation) on performance
and probable improvement of further membrane treatment. The second aim was to
obtain a final retentate stream enriched with biophenols, especially
hydroxytyrosol, by using pretreated OMWW as feed in membrane operations.
Results indicated that in the case of raw OMWW, centrifugation decreased total
phenolic content (TPC) for 10-15%. Regarding acidified OMWW (adjusted to
pH=1.1 and pH=2.9), a slight increase in TPC was observed. Zeta potential
approached near zero as the pH of the OMWW decreased: whereas zeta potential
is almost zero for acidified OMWW with pH=1.5, it is -4.35 mV for OMWW with
pH=3 and -26.4 mV for raw OMWW (pH=4.9). Centrifugation of the raw OMWW
decreases D(0.9) for about 95%, while centrifugation of acidified OMWW does
not have any considerable effect on D(0.9) although it increases D[4,3] for an
average of 68%. According to the obtained results from HPLC analysis (it is not
shown, Table 3 is missing), 400% increase in hydroxytyrosol content was occurred
because of OMWW acidification. Therefore, it can be concluded that acidification
of OMWW has a huge effect on conversion of other polyphenols into
Hydroxytyrosol.

Regarding membrane treatment of OMWW, results proved that by considering
VRF=2.5 and using the pretreated OMWW as feed in single ultrafiltration process
(ST-PES membrane, 10 kDa), 177.43 + 18.55 mg/L of hydroxytyrosol in retentate
along with 80.06% COD removal from permeate can be obtained. Best results were
achieved by integrated membrane treatment using pretreated OMWW as feed in
ultrafiltration (PS membrane, 100 kDa) stage and then using the obtained UF
permeate as feed in nanofiltration (NFO90 membrane, 200 Da) stage, with a final
hydroxytyrosol content of 364.11 + 40.50 mg/L in the NF retentate and COD
removal up to 95.7%. Furthermore, the final NF permeate obtained with this

integrated membrane process using the NF90 membrane is colorless and free of
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phenolic compounds, suggesting its potential use for irrigation or disposal in

aquatic streams.
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En este capitulo se estudia la encapsulacion de los extractos fendlicos obtenidos
bajo las condiciones de operacion éptimas en los capitulos 2 y 3. El objetivo de
este trabajo fue obtener nanoemulsiones estables con el fin de mejorar la
estabilidad y biodisponibilidad de los compuestos fendlicos encapsulados,
principalmente del hidroxitirosol, tirosol y oleuropeina.

Esta investigacion se desarrolla en dos partes. En primer lugar, se utilizo la
metodologia de superficie de respuesta (RSM) para determinar la composicién y
las condiciones de operacién Optimas necesarias para preparar emulsiones dobles
de agua en aceite en agua (W/O/W) con el fin de encapsular los extractos fenélicos
obtenidos en el capitulo 3 a partir del alpechin (OMWW). Se utilizaron
componentes de grado alimentario (aceite Miglyol 812 y tensioactivos Span 80 y
Tween 80) para la formulacion y se probaron tres métodos de emulsificacién de
alta energia: homogenizacion a alta velocidad, homogeneizacién ultrasénica y
microfluidizacién. Los resultados Optimos se alcanzaron mediante
microfluidizacion a 148 MPa durante siete ciclos, obteniendo una nanoemulsién
con gotas de 105,3 + 3,2 nm de didmetro medio y un indice de polidispersion (PDI)
de 0,233 + 0,020, sin cambios apreciables de tamafio de gota, potencial zeta o
estabilidad durante 35 dias de almacenamiento. Ademas, presentd una elevada
retencion de compuestos fendlicos (68,6%) y actividad antioxidante (89,5%)
después de los 35 dias de almacenamiento a temperatura ambiente.

En segundo lugar, se procedi6 a la optimizacion de la composicion y de las
condiciones de operacidn necesarias para la preparacién de emulsionas simples de
agua en aceite (W/O), con el fin de encapsular los extractos fenélicos obtenidos en
el capitulo 2 a partir del orujo una vez extraido el aceite. Se utilizaron también
componentes de grado alimentario (aceite Miglyol 812 y tensioactivos Tween 80
y polirricinoleato de poliglicerol (PGPR)) para la formulacién y se probaron
Unicamente dos métodos de emulsificacion de alta energia: homogenizacion a alta
velocidad y homogeneizacion ultrasénica. En este caso se obtuvieron dos
formulaciones dptimas: i) obtenida mediante homogenizacion ultrasonica, con un
didmetro medio de gota de 104,9 + 6,68 nmy un PDI de 0,156 + 0,085; ii) obtenida

mediante homogenizacion a alta velocidad, con un diametro medio de gota de
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109,8 £ 17,81 nm y un PDI de 0,087 + 0,069, ambas con una buena estabilidad
fisica después de 30 dias de almacenamiento. En ambos casos se obtuvieron
elevadas retenciones de compuestos fendlicos después de los 30 dias de
almacenamiento a temperatura ambiente: 83,1% y 87,2%, respectivamente. Todas
estas nanoemulsiones con formulacion 6ptima, tanto simples como dobles, son
adecuadas para su uso en la industria alimentaria.

Una parte de los resultados obtenidos en este trabajo se han publicado en la revista
Foods 9 (2020) 1411. https://doi.org/10.3390/fo0ds9101411

Ademas, la elevada retencion de compuestos fendlicos (68,6%) y actividad

antioxidante (89,5%) después de esos 35 dias de almacenamiento a temperatura

ambiente la hace adecuada para su aplicacion en la industria alimentaria
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4.1. Introduction

Emulsion technology is generally applied for the encapsulation of bioactives in
aqueous solutions, which can either be used directly in the liquid state or can be
dried to form powders (e.g., by spray, roller, or freeze drying) after emulsification.
Therefore, it is actually a part of encapsulation process. Basically, an emulsion
consists of at least two immiscible liquids, usually as oil and water, with one of the
liquids being dispersed as small spherical droplets in the other [1, 2]. Typically,
the diameters of the droplets in food systems range from 0.1 to 100 mm [3].
Emulsions can be classified according to the spatial organization of the oil and
water phases. A system that consists of oil droplets dispersed in an aqueous phase
is called an oil-in-water (O/W) emulsion, whereas a system that consists of water
droplets dispersed in an oil phase is called a water-in-oil (W/O) emulsion.
Furthermore, various types of multiple emulsions can be developed, such as oil-
in-water-in-oil (O/W/Q) or water-in-oil-in-water (W/O/W) emulsions [4,5]. To
obtain a Kinetically stable solution, stabilizers such as emulsifiers or texture

modifiers are commonly added in the emulsion systems [6].

The selection of an appropriate emulsifier (or combination of emulsifiers) is one
of the most important factors to consider for the proper design of a nanoemulsion.
An emulsifier is a surface-active molecule that is capable of adsorbing to droplet
surfaces, facilitating droplet disruption, and protecting droplets against
aggregation [7, 2]. In the food industry, the choice of surfactant is very important
due to the fact that it must be able not only to create and stabilize the dispersed
phase droplets, but also be biodegradable and nontoxic [8]. In high-energy
approaches, the emulsifier facilitates droplet disruption within the homogenizer by
lowering the interfacial tension, which favors the production of small droplets. In
low-energy approaches, the emulsifier facilitates the spontaneous formation of
small droplets due to its ability to produce very low interfacial tensions under
certain environmental and solution conditions. The stability of a nanoemulsion to
environmental stresses such as pH, ionic strength, heating, cooling, or long-term

storage is often predominantly determined by the kind of emulsifier used [9].
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Attractive characteristics of nanoemulsions include small droplet size and kinetic
stability [10]which is interesting for practical applications in agricultural,
cosmetic, chemicals, food, and pharmaceutical industries. For example, W/O

nanoemulsions serve as micro-reactors to control nanoparticles growth [11,12].

The aqueous phase used to prepare a nanoemulsion typically consists primarily of
water, but it may also contain a variety of other polar components, including co-
solvents (such as simple alcohols and polyols), carbohydrates, proteins, minerals,
acids, and bases. The type and concentration of these components determines the
physicochemical characteristics of the aqueous phase, which in turn will impact

the formation, stability, and physicochemical properties of the emulsion produced

[9].

Polyphenols are a structural class of mainly natural, but also synthetic or
semisynthetic, organic chemicals, which are characterized by the presence of large
multiples of phenol structural units; they widely exist in numerous natural plants
and foods, e.g., herbs, fruits and vegetables [13]. Unfortunately, the concentrations
of polyphenols that appear effective in vitro are often of an order of magnitude
higher than the levels measured in vivo. The effectiveness of nutraceutical
products in preventing diseases depends on preserving the bioavailability of the
active ingredients [6].

Several studies on encapsulation and delivery of polyphenols by emulsion-based
delivery systems have been reviewed [6, 14, 23-28, 15-22]. It is clear that the use
of encapsulated polyphenols instead of free molecules improves both the stability
and bioavailability of the molecules in vitro and in vivo. Many emulsion-based
encapsulation and delivery systems for polyphenols have been well established,
including single, multiple, and nanoemulsions. However, variations in
composition and preparation technologies result in the formation of a range of
emulsions with novel properties, which may show even greater potentials in
delivery of polyphenols. Studies on these emulsions will contribute to the
establishment of high-performance delivery systems and extend the application of

both polyphenols and emulsions, e.g., using unsaturated fatty acids as the oily
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phase of polyphenol-encapsulated emulsion, which can achieve the delivery of
multiple nutrients (unsaturated fatty acids and polyphenols) at the same time.
Furthermore, very few preliminary studies have evaluated the in vivo absorption,
transportation and targeted release of polyphenol-incorporated emulsions, which
are essential to their deeper and wider applications. Hence, systematic and
intensive investigation of in vivo metabolic mechanism and physiological effects
of encapsulated polyphenols or any other bioactive nutrients are urgently required
[29].

Preparation of an emulsion system directly from two separate liquids is considered
as primary homogenization, whereas the reduction of droplet size in existing
emulsions is defined as secondary homogenization. The preparation of emulsions
always involves the use of one or both of these homogenization processes [30].
Properties of emulsions prepared by homogenization are often largely affected by
the homogenization conditions used, including temperature, pressure and cycles
[31]. These properties mainly include droplet size, stability and viscosity. Hence,
emulsions with desired properties can be achieved by controlling the

homogenization conditions for encapsulation and targeted delivery of polyphenols.

Water-in-oil-in-water (W/O/W) double emulsions consist of small water droplets
contained within larger oil droplets that are dispersed in an aqueous continuous
phase. W/O/W emulsions can also be more clearly defined as W1/O/W- emulsions,
where W1 is the inner water phase while W5 is the outer water phase. In principle,
it is possible to design properties of inner water phase and oil phase (e.g., droplet
size and droplet size distribution), and interfaces between water and oil, such as
surface charge, and environmental response behaviors. Compared with O/W
emulsions, W/O/W emulsions are ideal protected encapsulation systems for
hydrophilic polyphenols. These compounds can be trapped in the internal water
phase, which is isolated from the outer water phase by the oil phase, preventing
their diffusion across the water-oil interface into the outer water phase [5, 32].
Furthermore, release of polyphenols entrapped within the inner water phase will

be prolonged and can be controlled [33] . Moreover, W/O/W emulsions can be also

237



PhD Thesis
Chapter 4: Formulation and fabrication of single and double emulsions loaded with phenolic inner
aqueous phase by application of high energy emulsification methods

designed to encapsulate both lipophilic and hydrophilic bioactive polyphenols at
the same time [34], which will achieve multiple targeted delivery of multiple
bioactive compounds in one particular system. Another potential advantage of
W/O/W emulsions is that they can be structured to have the same dispersed phase
volume and droplet size as conventional O/W emulsions, but with lower fat
content, which facilitates the development of functional food products with
encapsulated polyphenols, with lower fat content but the same properties as the
full-fat products [35]. However, W/O/W emulsions, like conventional O/W
emulsions, are also highly susceptible to environmental stresses (thermal
processing, freeze and dehydration), which can induce instability, such as
conventional flocculation, coalescence, and Ostwald ripening, which potentially
will influence the delivery of encapsulated polyphenols. Furthermore, the diffusion
of encapsulated hydrophilic polyphenols or water molecules from the inner to the
outer aqueous phase or expulsion of whole water droplets from oil droplets,
induced by limited solubility of encapsulated compounds in oil phase, can also
lead to the instability of W/O/W emulsions [32, 36].

Water-in-oil (W/O) nanoemulsions [37, 38] form a class of emulsions that have
nano-sized water droplets dispersed in organic media through the action of
surfactants. Due to nanoemulsions with small droplet sizes and narrow
distributions, these emulsions may appear transparent or translucent like
microemulsion [39]. Small droplet size makes them stable against sedimentation
and creaming for a long time, hence increasing overall stability of the emulsions.
However, nanoemulsions are thermodynamically unstable and the size of the

droplets tends to increase with time [12, 40].

The stability of emulsions to gravitational separation, flocculation, and
coalescence is greatly improved when their size is reduced, which may help extend
the shelf-life of some emulsion-based products. Nevertheless, it is important to
design the system so that Ostwald ripening does not occur since nanoemulsions
are highly susceptible to degradation through this mechanism. This can be

achieved by preparing them from a carrier oil that has very low water-solubility
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[41, 42], or by controlling the mechanical properties of the interfacial layer to
restrict changes in droplet size [43]. In addition, the very small size of the droplets
in nanoemulsions may promote the chemical degradation of encapsulated
components [44]. Nanoemulsions have very large specific surface areas so that any
chemical degradation reaction that occurs at the oil-water interface may be
promoted, such as lipid oxidation. In addition, transparent nanoemulsions will
allow UV and visible light to penetrate them easily, which may promote any light-

sensitive chemical degradation reactions [9].

In this study, response surface methodology (RSM) was applied to detect the
optimal composition and operating conditions for the preparation of W/O and
W/O/W nanoemulsions loaded with phenolic containing inner agueous phase
which was previously obtained from olive mill solid and liquid residues. The
emulsion formulation was first optimized and then operating conditions to obtain
a double nanoemulsion using high energy emulsification methods were examined.
In addition to droplet size analysis, physical and chemical stability of double

emulsions over time for the optimal formulation were also evaluated.

4.2. Materials and methods

4.2.1. Samples and Materials

In this chapter, two types of olive mill residues were used. Primarily, Olive mill
wastewater (OMWW) which was obtained by means of a three phase olive oil
extraction and centrifugation system and was kindly provided by Mamalan Agro

Industrial Company (Zanjan, Iran).

In the preparation of W/O emulsion, olive cake was used which is the solid residue
obtained by means of a two-phase cold oil extraction process using olives from
olive trees of the variety "Serrana de Espadan”, endemic of the Sierra de Espadan
natural park (Castellon, Spain), and was kindly provided by Cooperativa de
Montan (Castellon, Spain). Furthermore, the following materials were used in the
preparation of W/O/W and W/O emulsions:
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Miglyol 812 oil, a mixture of C6-C12 medium chain triglycerides (MCT), was
purchased from Cremer Co. (Germany). Folin-Ciocalteu reagent and hydrochloric
acid (37%) were purchased from VWR International Eurolab (Spain) and Acros
Organics (Belgium), respectively. Sodium carbonate, methanol, gallic acid, 2,2-
diphenyl-1-picrylhydrazyl (DPPH), 6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid (Trolox), sorbitan monooleate (Span 80), polyoxyethylene (20)
sorbitan monooleate (Tween 80) and Polyglycerol polyricinoleate (PGPR) were
purchased from Sigma Aldrich (Germany). Milli-Q water (Millipore, USA) was

used in all samples.

4.2.2.  Preparation of phenolic rich OMWW for using in W/O/W emulsion

OMWW was first centrifuged (Eppendorf 5804 centrifuge, Germany) for 30 min
at 4000 rpm in order to separate the remaining solid particles, obtaining a liquid
phase with a pH value of 4.85 (Crison GLP-21 pH-meter, Crison, Spain).
Afterwards, based on the method described by Bazzarelli et al. [45], acidification
with HCI (37%) was performed by 0.003 (v/w%) addition to reach pH =1.8. After
24 hours, the pretreated OMWW was used in a two-stage membrane treatment

process including ultrafiltration (UF) followed by nanofiltration (NF).

Both UF and NF were performed in batch concentration mode using a stainless
steel HP4750 high-pressure stirred cell of 300 mL capacity supplied by Sterlitech
Corporation (Kent, WA, USA). For this purpose, an UF flat sheet polysulfone
membrane (US100, 100 kDa, Microdyn-Nadir, Germany) was used and the
permeate obtained from UF was entered to the same stirred cell module equipped
with a NF flat sheet polyamide membrane (NF90, 200-400 Da, Dow Filmtec,
USA). Transmembrane pressures of 5 bar and 10 bar for UF and NF processes,
respectively, were supplied by a nitrogen cylinder. Membrane surface area was
14.6 cm? and both UF and NF treatments were performed at room temperature.
The retentate solution obtained by NF treatment was used as the inner aqueous

phase in the optimal formulation of W/O/W nanoemulsions.
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4.2.3.  Preparation of phenolic loaded extract for using in W/0 emulsion

Olive cake samples were dried at 100 °C for 24 h in an oven (model 2600210, JP
Selecta, Barcelona, Spain) to remove most of their moisture (about 60% w/w).
They were then ground by using a coffee grinder to obtain an average particle
diameter of about 1 mm. For applying defatting process, Soxhlet method was
performed using a B-811 extraction system (BUCHI Labortechnik AG, Flawil,
Switzerland). Ultrasound-assisted extraction (UAE) of phenolic compounds from
ground and defatted olive cake was performed in a high intensity ultrasonic
homogenizer (Sonics VCX500, 500 W, 20 kHz, Newtown, CT, USA) at 30 °C for
10 min effective time with ultrasound pulses every 5s (5 s on and 5 s off) and 30%
amplitude, using aqueous ethanolic solution (50 vol % ethanol) as solvent. After
UAE, phenolic loaded extracts were centrifuged at 10000 rpm for 10 min
(Eppendorf Centrifuge model 5804). The supernatants were filtered through 0.45
pm Millipore syringe filters and then stored at —20 °C for further use as aqueous

phase in W/O emulsion.

4.2.4.  Preparation process of water in oil in water emulsion (W/O/W)

W/O emulsions which is the inner composition of the W/O/W emulsion were
prepared by mixing Miglyol 812 and Span80 in amounts described by response
surface methodology (RSM). Then the aqueous dispersed phase (OMWW) was
added drop wise and the mixture was stirred for 10 minutes at 500 rpm. The
prepared W/O emulsions were immediately used as the dispersed phase in the
preparation of W/O/W double emulsions. Subsequently, W/O/W emulsions were
prepared by the drop wise addition of the dispersed phase (W/O emulsion) to a

continuous phase formed by Milli-Q water and Tween 80 surfactant.

The primary goal for preparation of double emulsion was optimization of
formulation. For this purpose, emulsification process was performed with 26
different compositions based on RSM experimental design (Table 4.1). The

emulsification was performed by using a high intensity ultrasonic homogenizer,
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described below, for 6 min effective time, in 5-second pulses (5 s off and 5 s on)
and 50% amplitude.

The next objective was emulsification of optimized formulation with different high
energy methods in order to achieve the optimal operating conditions. A high speed
blender (Miccra D9 equipped with a DS-5/K-1 rotor-stator, ART Prozess- &
Labortechnik, Mulheim, Germany), a high intensity ultrasonic homogenizer
(Sonics VCX 500, 500 W, 20 kHz, Newtown, CT, USA) with a titanium alloy
microtip probe of 3 mm diameter, and a microfluidizer high shear fluid processor
(LM20, Microfluidics, MA, USA) were the equipment used for the formation of
W/O/W emulsions.

4.2.5.  Preparation of water in oil nanoemulsion (W/0)

W/O emulsions were prepared by mixing Miglyol 812 with polyglycerol
polyricinoleate (PGPR) and Polysorbate 80 (Tween 80) based on the formulation
provided by response surface methodology. The dispersed phase was added
dropwise to the continuous phase and the mixture was stirred for 5 min at 500 rpm.
The emulsification was performed by using the aforementioned high intensity
ultrasonic homogenizer for 10 min effective time, in 5 s pulses (5 s off and 5 s on)
and 40% amplitude. Due to limited amount of olive extracts, the experiments
generated by RSM were performed using ethanol-water (50 vol %) solution as the
aqueous phase. Then, emulsification of optimized formulation was performed by
using phenolic olive extract as the aqueous phase and two of the aforementioned
high energy emulsification methods: high speed homogenization and high

intensity ultrasonic homogenization.

4.2.6.  Experimental design
All data were analyzed by a response surface methodology (RSM) using a central
composite design (CCD) of type 23 + star with two replicates from the central

point. Statgraphics Centurion 18 software (Statgraphics Technologies, Inc,
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Warrenton, VA, USA) was used in this study. The value of the factors and their
effect on the response was determined by analysis of variance (ANOVA) and LSD
(lesser significant difference) test. The model was adjusted by means of multiple
linear regressions (MLR) and its validity was determined by ANOVA. The level
of significance of each coefficient was evaluated through the values of the

statistical parameters F and p (probability) [46], with a confidence level of 95%.

4.2.6.1. W/O/W emulsion experimental design

Regarding W/O/W emulsion runs, the effects of four variable factors, each with 3
levels, were studied on emulsion droplet size being the response (Y). The
following factors were studied: aqueous phase content in W/O emulsions (X1: 4-
20% wiw), surfactant content in W/O emulsions (Xz: 4-20% w/w), W/O content in
W/O/W emulsions (Xs: 10-40% wi/w), and surfactant content in W/O/W emulsions
(Xa4: 4-10% wiw). The model generated 26 experimental runs (Table 5.1). The
following second-degree polynomial Eq. (1) was used to express the predicted

response (Y) as a function of the independent variables (X1, X2, X3z and Xa):

Y = ap +a:X; +aX; +azX3+a,X, + allx% +a,X Xy +a13X X3 +
a14X1Xy + a22X5 + a23X0X3 + a4 X0Xy + a33X5 + a34X3X, + a44X5 (1)

where Y represents the response variable (droplet size in this case), ao is a constant,

and a;, aii and a;j are the linear, quadratic and interactive coefficients, respectively.

After optimization of the W/O/W formulation, three experimental designs based
on RSM were applied in order to determine the optimal emulsification method.
Three apparatus were tested: a rotor-stator mixer, an ultrasonic homogenizer and
a microfluidizer processor. For this purpose, the CCD model generated 10
experimental runs with two replicates in the central point for each emulsification
method. The factors selected were rotation speed (X1: 11000-29000 rpm) and time
(X2:5-15 minutes) for the rotor-stator mixer, sonication time (Xi: 5-15 min) and

amplitude (X2: 20-60%) for ultrasonic homogenizer (while temperature (30 °C)
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and pulses (5 s off and 5 s on) were kept constant), and pressure (Xi: 50-150 MPa)
and number of cycles (Xz: 1-11) for microfluidizer processor (Table 5.3). The
following polynomial equation was used to express predicted responses (Y) as a

function of the independent variables (X1, X2) under study:

Y = ao + a]_X]_ + 32X2 + 311X% + azzxg + 312X1X2 (2)

where Y represents the response (droplet size in this case), ao is a constant, and a,

aii and a; are the linear, quadratic and interactive coefficients, respectively.

4.2.6.2. W/0 emulsion experimental design

The effects of three variable factors, each with 3 levels, were studied on the droplet
size of the nanoemulsions, this being the response variable (). The following
factors were studied: agueous phase concentration (Xi: 2-20% w/w), surfactant
concentration (Xz: 2-20% w/w) and HLB number (Xs: 3-11). HLB number was
fixed for each experiment, based on pre-calculation of necessary content of each
material in the surfactant mixture to be prepared. The model generated 16
experimental runs with two replicates of the central point to optimize the
formulation of nanoemulsion. A second-order polynomial equation, Eq. (3), was
used to express the predicted response (Y) as a function of the independent

variables under study (X1, Xz and X3):

Y = ag+a;X; +a,X, +a3X3 +a;1X? +a,,X3 +a33Xs +aX X, +
a;13X1 X3 + ay3X,X;3 (3

where Y represents the response variable (droplet size in this case), ao is a constant,
and aj, ajj, aj are the linear, quadratic and interactive coefficients, respectively.
The significance of each estimated regression coefficient was assessed through
values of the statistic parameters, F and p (probability).

After optimizing the W/O formulation, two experimental designs based on RSM

were apllied in order to determine the optimal emulsification method by using a
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rotor-stator mixer and a ultrasonic homogenizer. For this purpose, the CCD model

generated 10 experimental runs with two replicates of the central point for each

emulsification method.

Table 4.1.

composite design (CCD)

Aqueous
phase
content in
W/O
emulsion
(X1, wiw%)
12
20
20
20
12
20
4
20
20
12
4
12
12
20
12
20
4
4
12
4
20
4
12
4
4
4

Independent variables

Surfactant
content in
W/O
emulsion
(X2, W/w%%)

12
12
4
20
4
4
20
4
20
12
4
20
12
20
12
4
20
20
12
4
20
4
12
20
12
4

W/O

content in
W/O/W
emulsion

(X3, wiw%)  (Xa, Wiwdb)

10
25
40
10
25
40
10
10
40
25
10
25
40
40
25
10
10
40
25
10
10
40
25
40
25
40
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Surfactant

content in
W/O/W
emulsion

I N RN

Droplet Size
(Y, nm)
mean ST

dev.
4704 3.7
4152 128
5122 148
279.7 181
3448 101
1767 1195
388.7 6.3
470.3 47
478.3  19.1
316.2  13.0
3635 114
3718 74
7689 17.3
1828 @ 58.3
585.8  19.1
2426 = 5.6
330 104
923.6 24.3
8574 133
2323 | 25
216.3 5.0
1336  246.6
795.7 115
3625 8.4
4765 4.2
4155  37.9

Response variable

Experimental matrix of W/O/W emulsion formulations based on central

PDI

mean

0.426
0.357
0.561
0.439
0.486
0.592
0.458
0.437
0.607
0.571
0.329
0.454
0.62
0.501
0.553
0.283
0.273
0.61
0.487
0.365
0.460
0.907
0.514
0.574
0.467
0.872

ST
dev.

0.043
0.068
0.033
0.015
0.032
0.071
0.020
0.024
0.076
0.027
0.054
0.009
0.009
0.015
0.041
0.011
0.011
0.045
0.047
0.045
0.032
0.162
0.017
0.018
0.006
0.190
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The factors selected were rotation speed (X1: 11000-29000 rpm) and time (X2: 5—
15 min) for the rotor-stator mixer, and sonication time (Xi: 5-15 min) and
amplitude (Xz: 20-60%) for ultrasonic homogenizer (while temperature (30 °C)
and pulses (5 s off and 5 s on) were kept constant). The low degree polynomial
equation (second-order one) used to express predicted responses (Y) as a function
of the independent variables under study (X1, Xz) was the same as Eq. (2).

Table 4.2. Analysis of variance of the regression coefficients of the quadratic model Eq.
(1) for the droplet size of W/O/W emulsions

Source Regression coefficients F-Ratio p-Value
a 1029.33 - -
a -46.5462 1.27 0.2841
a 75.8451 0.17 0.6882
as -47.5277 19.37 0.0011
a -171.888 9.00 0.0121
an -0.407612 0.02 0.8878
a2 0.149121 0.02 0.8973
ais 0.861198 2.05 0.1805
a4 6.08568 4.08 0.0683
ax -1.77558 0.40 0.5421
a -0.179323 0.09 0.7714
a4 -4.8638 2.61 0.1345
ass 0.656502 0.67 0.4309
az4 3.78764 5.56 0.0379
s 9.33476 0.22 0.6509

4.3. Results and discussion

4.3.1. Determination of W/O/W emulsion formulation

4.3.1.1. Model fitting of formulation
One response variable, the droplet size, PDI and 4 experimental factors which were

used on the CCD for the optimization of formulation are shown in Table 4.1. The
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default model is quadratic with 15 coefficients, and it has been fit to the response
variable. The R-squared statistic indicates that the model as fitted explains 80.57%
of the variability in particle size. The ANOVA measurement partitions the
variability in particle size into separate pieces for each of the effects. It then tests
the statistical significance of each effect by comparing the mean square against an
estimate of the experimental error. In this case, three of the coefficients (as, as, and
ass) of the quadratic polynomial model, Eq. (1), have p-values less than 0.05,
indicating that they are significantly different from zero at the 95.0% confidence
level (Table 4.2). F values indicate that, for the range of studied variables, W/O
content in W/O/W composition (X3) had stronger influence on the droplet size of
the emulsions than the other independent variables. F values also indicate that the
interaction with the highest incidence was the one occurring between the W/O
concentration in W/O/W (X3) and surfactant content in W/O/W emulsion (Xa).

4.3.1.2. Response surface analysis

In order to study the effect of the independent variables on the droplet size, surface
responses of the quadratic polynomial model were generated by varying two of the
independent variables within the experimental range while holding the other two
constant at the central points. Figure 4.1.a was generated by varying the surfactant
content in W/O (X3) and surfactant content in W/O/W (X,) and keeping constant
the agueous phase content in W/O (X1) and W/O content in W/O/W (X3) at their
central values. It shows that increasing X4 in the lower levels of X, causes an
increase in emulsion particle size which is unfavorable, while for higher levels of

X2, no considerable variations in particle size were observed.

The effect of X; and X4 on the particle size of the emulsion at a fixed content of
Xz and X3 in their central values can be seen in Figure 4.1.b This figure shows that
the increase in X; and X4 hardly affects the particle size, except at the higher levels
for both factors. The effect of X1 and Xz changing on particle size at the central
values of Xz and X4 is depicted in Figure 4.1.c It shows that changes of X; and X;

hardly affect the particle size. The effects of Xsand X, variations on particle size
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at central values of X;and X, are shown in Figure 4.1.d A particle size increase is
observed as Xs increases, being this effect greater at higher levels of Xa. Figure
5.1(e) depicts the effect of Xz and Xs on particle size at central values of X and
Xs. Somehow, varying X, hardly modifies the particle size, while increasing Xa
has a significant effect on particle size growth. Figure 4.1.f shows the effect of X
and Xz variation on particle size at central levels of X,and Xa4. A significant growth
in particle size with the increase in Xy is only observed at the highest levels of X3
factor. It can be concluded that these figures prove the significance of Xz and X
over other factors on particle size, as well as the interaction between both factors
represented in Fig. 4.1.d

4.3.1.3.Optimization of double emulsion formulation
Following Stoke’s law, the stability of emulsion would increase as the droplet size
decreases [47]. Furthermore, the emulsion with higher resistance and control to

creaming should also be homogenously distributed in particle size [48].

Numerical optimization of W/O/W emulsion formulation loaded with phenolic
rich OMWW was carried out through design expert software, using desirability
function. The W/O/W optimal formulation is expected to be those leading to a
stable emulsion with minimum droplet size. Optimum formulation with 98.8%
desirability was predicted for 20% (w/w) of aqueous phase content (X1), 4% (w/w)
Span 80 surfactant content (X2), 10% (w/w) of aqueous phase (W/O) content (X3),
and 4.6% (w/w) of Tween 80 surfactant content (X.). Because some of these
optimal values are in the lower range of those selected in the CCD matrix, data
extrapolation was performed. It was carried out through expert design software to
expand factor input levels and to evaluate the possibility of achieving a better
response beyond the levels considered. Formulation optimization process for main
response (minimum particle size) yields 100% desirability for 20.3% (w/w) of
aqueous phase content (X1), 3.7% (w/w) Span 80 surfactant content (X;), 9.8%
(w/w) of aqueous phase (W/O) content (X3), and 4.1% (w/w) of Tween 80

surfactant content (X4). The predicted optimal response is very close to that
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Figure 4.1.  Response surface plots of interactions between two input factors, while
holding the other two constants at their central points, on particle size of W/O/W
emulsions. Xi: Aqueous phase content in W/O emulsion; Xz: Surfactant content in W/O
emulsion; Xz: W/O content in W/O/W emulsion; Xa: Surfactant content in W/O/W

emulsion.
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4.3.2. Effect of the high energy emulsification methods on W/O/W

emulsion droplet size
High-energy approaches are one of the most versatile means of producing food-
grade nanoemulsions because they can be used with a wide variety of different oil
and emulsifier types. Under suitable homogenization conditions, nanoemulsions
can be produced using triacylglycerol oils, flavor oils or essentials oils as oil phase,
and proteins, polysaccharides, phospholipids or surfactants as emulsifiers [31, 49,
58-60, 50-57]. Even so, the size of the particles produced depends strongly on the
characteristics of the oil and emulsifier used. Low-energy approaches are often
more effective at producing small droplet sizes than high-energy approaches, but
they are more limited in the types of oils and emulsifiers that can be used [9]. Small
droplets are usually obtained when the ratio between dispersed phase viscosity (1)
to that of the continuous phase (1) falls within a certain range (0.05 < na/ne < 5)
[61-63]. Finally, it is important to add enough emulsifier to cover all the new
droplet surfaces formed during homogenization, and to use an emulsifier which
rapidly adsorb at the droplet surfaces to prevent re-coalescence [64]. Usually, there
is a linear relationship between the logarithm of the homogenization pressure (P)
and the logarithm of the droplet diameter (d): log d oc log P. The constant of
proportionality depends on the homogenizer: d oc P26 for large homogenizers and
low-viscosity fluids, d oc P%" for large homogenizers and high-viscosity fluids,
and d oc P10 for small (bench top) homogenizers [2]. To reduce the droplet size to
the level required in nanoemulsions it is usually necessary to operate at extremely
high pressures and to use multiple passes through the homogenizer. Even then,
obtaining droplets of less than 100 nm radius is only possible under certain
circumstances (e.g., high emulsifier levels, low interfacial tensions, and

appropriate viscosity ratios) [9].

Microfluidizers have traditionally been used in the pharmaceutical industry to
produce emulsion based products, but they have also been used in the food and
beverage industries to produce flavor emulsions, nutraceutical emulsions, and

homogenized milk. The microfluidizer works on the principle of dividing an
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emulsion flowing through one channel into two streams, each stream passing
through a separate thin channel, and then directing the two streams to each other
to an interaction chamber. Intense disruptive forces are generated within the
interaction chamber when the two fast-moving streams of emulsion impinge upon
each other, leading to highly efficient droplet disruption [9]. Ultrasonic
homogenizers utilize high-intensity ultrasonic waves to create the intense
disruptive forces necessary to fracture oil and water phases into very small droplets
[65-67]. The energy input is provided using sonicator probes that contain
piezoelectric quartz crystals that expand and contract in response to an alternating
electrical voltage [68, 69]. Compared to other high-energy methods, ultrasound
requires less energy expenditure. One serious downside of this technique is
contamination induced by probe. For scale up applicability, commercial
homogenizers based on sonication have been developed, in which nanoemulsion
is made to flow through a special column capable of producing ultrasonic waves
[70]. Rotor-stator mixers (also known as high-speed or high-shear mixers)
generally consist of a perforated stator screen mounted outside a rotor. The rotor
draws the fluid towards the rotor-stator head axially, accelerates it tangentially and
then forces it radially through the stator slots, giving rise to efficient mixing and/or
dispersion. RSMs are used for a large and increasing number of chemical
engineering processes, especially for high viscosity and high disperse phase
volume fraction dispersions, e.g. in pharmaceuticals, cosmetics and food
processing [71-73].

After obtaining the optimal W/O/W double emulsion formulation, the next
objective of this chapter was achieving the optimal operating conditions for its
preparation. For this purpose, the following methods and factors were studied:
ultrasonic homogenizer by varying time and amplitude, rotor-stator mixer by
varying time and rotor speed, and microfluidizer processor by varying pressure and

cycle numbers.
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Table 4.3. Experimental matrix based on central composite design (CCD) for W/O/W

emulsion preparation by three high-energy emulsification methods

Rotor-stator mixer

Independent variables Response variables
Run Rotation - Droplet size PDI
speed (XTmrT]ﬁn) — ST
(X1, rpm) & Mean dev. Mean ST dev.
1 29000 2 735.6 38.1 0.903 0.028
2 20000 2 468.2 4.0 0.585 0.016
3 11000 2 1255 174.6 0.392 0.147
4 11000 6 580 21.9 0.487 0.032
5 11000 10 352.9 10.5 0.554 0.076
6 29000 6 5304 10.2 0.484 0.029
7 29000 10 3255 2.6 0.539 0.007
8 20000 10 301.7 12.1 0.439 0.030
9 20000 6 474.5 9.7 0.457 0.032
10 20000 6 366.4 9.5 0.551 0.019
Ultrasonic homogenizer
Independent variables Response variables
Run Droplet Size PDI
Time Amplitude (Y, nm)
(Xa, min) (X2, %) Mean dSe\T/. Mean ST dev.
11 10 20 338.5 16.4 0.468 0.021
12 6 60 434.6 16.9 0.436 0.010
13 6 20 388.1 24 0.468 0.013
14 2 20 622.7 26.6 0.565 0.101
15 6 40 460.4 39 0.432 0.014
16 10 40 394.1 31 0.368 0.042
17 10 60 375.2 14 0.350 0.043
18 2 60 4845 35 0.429 0.009
19 6 40 667.5 6.8 0.410 0.013
20 2 40 482.3 7.9 0.429 0.004
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Table 4.3. Continued

Microfluidizer processor

Independent variables

Run
Pressure
(X1, MPa)
21 50
22 150
23 150
24 100
25 50
26 100
27 100
28 50
29 100
30 150

Cycles

(X2, number)

11

11
11

Response variables

Droplet size
(Y, nm)
Mean dSeT/.
393.5 7.6
120.8 19
128.8 19
105.8 12
195.3 6.9
253.4 8.2
118.5 1.3
234.1 6.3
187.3 2.8
134.8 4.8

PDI

Mean

0.387
0.316
0.378
0.468
0.281
0.422
0.454
0.424
0.300
0.387

ST dev.

0.037
0.009
0.007
0.009
0.017
0.005
0.004
0.032
0.003
0.053

Table 4.4. Analysis of variance (ANOVA) of the regression coefficients of the quadratic

Eqg. (2) for W/O/W emulsion preparation by three high-energy emulsification methods

Source

ao

ai

az

a1

a2

az2

Rotor-stator mixer

Regression
coefficients

2570.49
-0.139724
-166.557
2.7045E-6
0.00341667

3.05089

F_
Ratio

2.06

12.69

3.90

211

0.19

p_
Value

0.2242

0.0235

0.1195

0.2203

0.6827

Ultrasonic homogenizer

Regression
coefficients

497.885

-20.3173

7.39658

-1.80134
0.546562

-0.139179

253

F_
Ratio

3.44

0.04

0.17

0.68

0.64

p_
Value

0.1372

0.8426

0.6993

0.4558

0.4675

Microfluidizer processor

Regression
coefficients

616.672
-4.52892
-48.2018
0.0107943
0.1514

1.91543

F_
Ratio

13.05

6.20

0.69

2.33

2.18

Value

0.0225

0.0675

0.4523

0.2014

0.2140
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4.3.2.1.Model fitting of emulsification method

Three experimental designs based on RSM were prepared by the application of
rotor-stator mixer, ultrasonic homogenizer and microfluidizer processor. For this
purpose, the CCD model generated 10 experimental runs with two replicates in
central point for each emulsification apparatus. The average droplet size and PDI
of the experiments corresponding to the CCD design is given in Table 4.3. The
default model is quadratic and statistical models have been fit to the response
variables. The R-squared statistic indicates that the fitted model explains 84.23%,
56.13% and 86.18% of the variability in particle size for rotor-stator mixer,
ultrasonic homogenizer and microfluidizer processor, respectively. Regarding the
rotor-stator mixer, the F values indicate that the time factor (X,) has a stronger
influence on the droplet size of the emulsions than the rotational speed factor (X1).
In the ultrasonic homogenizer, the F values indicate that the time factor (X1) has a
slightly stronger influence on the droplet size of double emulsions than the
amplitude (X2), whereas for microfluidizer processor pressure factor (Xi) has
considerable stronger influence on the droplet size of the emulsions than the

number of cycles (Xz), as shown in Table 4.4.

ANOVA showed the significance of the coefficients of the quadratic polynomial
models (Eg. (2)). Regarding the high speed mixer and microfluidizer, only one
coefficient in each model has a p-value less than 0.05, indicating that it is
significantly different to zero with 95.0% confidence level. Regarding the
ultrasonic homogenizer model, no coefficient has p values less than 0.05 (Table
4.4).

4.3.2.2.Response surface analysis

In order to study the effect of the emulsification methods and operating conditions
on the droplet size, surface response plots of the quadratic polynomial model were
generated. Figure 4.2.a shows the effects of time and rotation speed in rotor-stator

mixer on the emulsion droplet size. This figure shows that regardless of time level,
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20000-23000 rpm is the optimal range for rotation speed. However, increasing

time causes a continuous decrease in particle size which is favorable.

The droplet size of nanoemulsions depends on cavitation, turbulence and shear
forces, created by ultrasonic homogenizer. Smaller droplets of nanoemulsions
were formed with the increase in homogenization time [74]. Moreover,
temperature of the nanoemulsions also increases due to increase in homogenization
time which leads to decrease in viscosity and interfacial tension. Lower interfacial
tension value encourages the interfacial instability. Additionally, due to higher
temperature, vapor pressure increases in cavitation region which increase the
cavitation intensity and accelerates the breakdown of droplets [54, 75]. Figure
4.2.b shows the interaction of time and amplitude on the achieved particle size in
ultrasonic homogenizer; as it can be observed, amplitude hardly affects the particle
size except for lower time levels. Furthermore, increasing time is significant on
reducing particle size. Somehow, the minimum particle size would be achieved for

high time and lower amplitude levels.

In emulsions prepared by microfluidization the mean droplet diameter decreased
with increasing homogenization pressure. It is in accordance with the study
performed by Bai et al. (2016) [55], in which the mean droplet diameter decreased
from around 213 to 150 nm as the homogenization pressure increased from 4 to 14
kbar. The decrease in droplet size with increasing pressure can be attributed to the
increase in the magnitude of the disruptive forces generated within the
homogenization chamber. Therefore double emulsions containing small droplets
with a narrow particle size distribution can be produced by using microfluidizer
processor. Figure 4.2.c shows the interaction between pressure and cycles and their
effect on particle size in microfluidizer emulsification tests. It can be observed that
increasing pressure is significantly effective in decreasing particle size at middle
cycle levels. Somehow, the minimum particle size can be achieved at 140-150 MPa

pressure levels and 6-7 cycles.
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Figure 4.2. Response surface plots of interaction between emulsification input factors on
particle size

4.3.2.3.0ptimization of W/O/W emulsion preparation conditions

The optimal conditions for the emulsification of the phenolic rich OMWW
aqueous phase used in this work would be those leading to a stable double
emulsion with minimum droplet size. Numerical optimization was performed
through design expert software, using desirability function method. Regarding the
W/O/W emulsification by rotor-stator mixer, the combined optimum ingredient
levels for average particle size with 100% desirability were predicted to be
achieved by emulsification at 20000 rpm and 10 min. The predicted response at
optimal value was 169.4 nm for particle size and polydispersity index (PDI) of
0.546, while observed results were 301.7 £ 12.1 nm and 0.439 £ 0.030 for particle
size and PDI, respectively (Table 4.3). This large difference between predicted and
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observed results is due to imprecision in the average size for heterogeneous

populations, as revealed the high PDI values

In the case of optimal double emulsion prepared by ultrasonic homogenizer,
response of 316.15 nm for particle size and PDI of 0.453 with 100% desirability
was predicted while emulsification for 10 minutes at 20% amplitude was the
combined optimum factor levels. The observed results (Table 4.3.), were 331.5 £
16.5 nm and 0.468 + 0.021 for particle size and PDI, respectively. The narrow
difference between the predicted and observed responses can verify the reliability

of the ultrasonic assisted experimental design.

Best results were obtained with microfluidizer processor (Table 4.3.). Numerical
optimization performed by the design expert software predicted the optimal factor
levels as 148 MPa of pressure and 7 cycles. The predicted response was 96.03 nm
and 0.330 for particle size and PDI, respectively, whereas the observed responses
for the mentioned factor levels were 105.3 + 3.2 nm and 0.233 + 0.020 for particle
size and PDI, respectively. The narrow difference between the predicted and
observed responses can verify the reliability of the microfluidizer experimental
design. Therefore, it can be concluded from the observed responses of optimal
points from three emulsification methods that microfluidizer processor can be
considered as the optimal method to achieve double emulsions with lower particle
size and PDI.

4.3.3.  Characterization of optimal W/O/W emulsion

4.3.3.1.Stability evaluations during storage

The stability of the optimized double emulsions during their storage was evaluated
by two methods. The first one was the comparative evaluation of droplet size (at
room temperature and 4 °C) after 1 day and 35 days from emulsification in order
to study the possible droplet growth. The second method was the backscattering
(BS) evolution throughout time using Turbiscan Lab Expert apparatus to detect

possible creaming, sedimentation, coalescence, flocculation or Ostwald ripening
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effect. Sedimentation, creaming and flocculation phenomena are unexpected,
while those of coalescence and Ostwald ripening are more likely in the behavior

of nanoemulsions [52].

Intensity (Percent)

0.1 1 10 100 1000 10000

Intensity (Percent)

0.1 1 10 100 1000 10000
Size (d.nm)

Intensity (Percent)

0.1 1 10 100 1000 10000
Size (d.nm)

(c): Microfluidizer processor

Figure 4.3. Particle size distribution of W/O/W emulsions (optimal formulations) prepared
by three different devices after 1 day (red line), after 35 days of storage at room temperature

(green line) and 35 days of storage at 4 °C (blue line)
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Figure 4.3. show the rate of droplet size changes between 1 day and 35 days of
storage at 4 °C and room temperature. As it can be seen from Figure 4.3.a, there is
no considerable change in droplet size distribution of rotor-stator optimal W/O/W
emulsion during the storage period while the intensity increased regardless of
storage temperature condition. According to Figure 4.3.b, which shows the droplet
size distribution of emulsion prepared in ultrasonic homogenizer, average droplet
size did not vary considerably but PDI was increased during the storage period. It
is already mentioned the advantage of optimal W/O/W prepared by microfluidizer
processor over other devices due to significantly better average droplet size.
Furthermore, it showed the best droplet growth stability (Figure 4.3.c). Neither
average droplet size nor PDI was changed after 35 days of storage period at both
4 °C and room temperature. Zeta potential (£) was also measured for this sample
and the results indicated the stable value of —2.7 mV after 1 day and 35 days of

emulsification.

The long-term stability of emulsions is one of the most important factors
determining their shelf life in commercial food and beverage applications [76, 77].
There is a direct relationship between the increased emulsion droplet diameter,
creaming index and apparent viscosity of emulsion. Creaming is the separation
process of bigger size lipid droplets in emulsion. Due to weak steric repulsions,
smaller droplets come closer to form bigger size lipid droplets and due to density
differences, the bigger lipid droplets floats on the surface of liquid to form a lipid
rich cream layer [26, 76]. The coalescence process mainly takes place after double
emulsion production and is thus stronger influenced by geometrical parameters,
like inner and outer droplet sizes and dispersed phase concentrations, than by

process parameters [53].

Backscattering (BS) profiles monitored during 35 days at 25 °C are depicted in
Figure 4.4. As itis shown in Figures 4.4.a and 4.4.b, creaming instability occurs in
emulsification by rotor-stator mixer and ultrasonic homogenizer. Similar results
were obtained by Einhorn-Stoll et al. (2002) [78], who observed a rapid

destabilization of emulsions prepared by a single step with the Ultra-Turrax. In

259



PhD Thesis
Chapter 4: Formulation and fabrication of single and double emulsions loaded with phenolic inner
aqueous phase by application of high energy emulsification methods

contrast, the optimal W/O/W emulsion prepared by microfluidizer processor,
showed no considerable destabilization during the storage period and the sample
was also visually stable, maintaining the same bluish color and semitransparent

appearance after 35 days (Figure 4.4.c).

The rotor-stator mixer sample happened to exhibit visual creaming instability after
a few hours of storage. In contrast, double emulsion obtained by using ultrasonic
homogenizer showed a slightly larger droplet size but visual instability was not
observed after the same storage period. However, both chemical analysis and
physical appearance indicated slight levels of creaming after few days of storage
(Figure 4.4.b). The shifting of the curves in Figures 4.4.b and 4.4.c could be
attributed to the presence of air bubbles in cells or being a little shaken during each

analysis.

4.3.3.2. Retention properties of nanoemulsions

As it was aforementioned the OMWW used in this study was acidified to pH = 1.8
prior to membrane treatment in order to increase the content of selective bioactive
compounds. Previous studies have determined the impact of pH on physical
stability of emulsions. Recently, the effect of pH on curcumin emulsions was
investigated by Kharat et al. (2017) [79]. The authors found that more than 85% of
curcumin was present after one month of storage at 37 °C when acidic conditions
were employed. However, emulsions at pH 7.0, 7.4 and 8.0 contained only 62, 60,
and 53% of the initial curcumin, respectively, thus demonstrating low stability.
The effect of pH on the stability of emulsions stabilized by pectin-zein complexes
has also been studied by Juttulapa et al. (2013) [80]. They found a greater cross-
linking polymer network at pH 4 than pH 7, providing thus a smaller droplet size
distribution [81].

Chemical stability of W/O/W emulsion was evaluated by measurements of
retention levels of total phenolic content (TPC) and antioxidant activity (AA) by

DPPH assays, after 35 days of storage at room temperature. TPC and AA
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measurements were performed on W/O/W double emulsion using the optimal
formulation prepared by microfluidizer processor at 148 MPa and 7 cycles.
Polyphenols are very sensitive compounds that can be easily degraded over time;
therefore, its encapsulation in suitable double emulsions is an effective solution to
prevent the degradation of phenolic compounds at a satisfactory level. The
OMWW used in this study (after membrane treatments and before emulsification)
had TPC of 1399.8 + 17.9 mgeae/L and 286.5 + 0.3 mgriox/L of AA. After 35
days of storage at room temperature, 68.6% and 89.5% retentions of TPC and AA,

respectively, were preserved.

In related studies, Akhtar et al. (2014) [82] reported 72% rutin and anthocyanin
flavonoids retention after 10 days of storage in a W/O/W nanoemulsion system,
but a polymodal droplet size distribution and inner phase leakage were observed.
Gomes et al. (2016) [83] studied the retention of gallic acid in W/O and O/W
emulsion systems with soybean oil, obtaining a 15% reduction in gallic acid after
7 days of storage. Mohammadi et al. (2016) [17] reported 22% of phenolic
compounds release by preparing double emulsions stabilized only with whey
protein concentrate (WPC) containing olive leaf extract after 20 days.
Furthermore, in the study performed by Gadkari et al. (2017) [26] it was noted that
when the emulsions were stored at temperatures of 277 K, 300 K and 310 K, the
green tea polyphenols present in emulsions were degraded by 4.25%, 15.97% and
22.78%, respectively. It can be concluded that the results obtained in the present
study are in the usual retention range of phenols encapsulated in emulsions with

applications for the food industry.
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Figure 4.4. Backscattering profiles of W/O/W emulsions (optimal formulations) prepared
by three devices through 35 days of storage at 25 °C
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4.3.4. Determination of W/0 emulsion formulation

4.3.4.1. Model fitting of formulation
The droplet size and polydispersity index (PDI) of the formulation corresponding
to the CCD design are shown in Table 4.5. The default model is quadratic with 10

coefficients, and it has been fit to the response variable.

Table 4.5. Experimental matrix for W/O emulsion formulation based on central composite
design (CCD).

Independent variables Response variables

Run Aqgueous Surfactant HLB Droplet Size PDI
phase content content number (Y, nm) (mean + SD)
(X1, %o wiw) (X2, % wiw) (X3) (mean + SD)
1 2 20 11 3688 + 484.1 1+£0.0
2 20 2 3 313.5+12.7 0.956 + 0.076
3 2 2 3 143.9+24.6 0.094 + 0.071
4 20 20 11 692.1 +121.0 1+£0.0
5 11 20 7 804.2 + 237.3 1+£0.0
6 2 2 11 3856 + 588.6 1+£00
7 20 20 3 1152+ 30.4 0.164 + 0.148
8 2 11 7 259.3+51.7 0.246 + 0.210
9 11 11 3 177.4+£47.0 0.104 + 0.009
10 11 11 7 331.8 +116.0 0.082 + 0.054
11 11 11 7 142.3+13.1 0.222 + 0.094
12 11 2 7 356.1 + 68.1 0.350 + 0.278
13 20 2 11 263.2+71.8 1+£0.0
14 11 11 11 320.3+64.6 0.666 + 0.413
15 2 20 3 359.8+14.0 0.055 + 0.061
16 20 11 7 372.1+136.3 0.416 + 0.303
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Table 4.6. Analysis of variance (ANOVA) of the regression coefficients of the quadratic
model (Eq. (3)) for the droplet size of W/O emulsion.

Source Regression coefficients F-ratio p-value
ao -388.136 - -
a1 8.48871 169.34 0.0488
a -146.709 17.32 0.1501
as 244.208 248.00 0.0404
a1 4.23006 17.24 0.1505
a2 1.88194 10.35 0.1918
i3 -26.217 396.89 0.0319
az2 7.49487 54.11 0.0860
azs -2.75521 4.38 0.2837
as3 17.2365 11.17 0.1851

The R-squared statistic indicates that the model as fitted explains 90.68% of the
variability in Particle size. Three of the coefficients (a1, as, and ai3) of the quadratic
polynomial model, Eq. (3), have p-values less than 0.05, indicating that they are
significantly different from zero at the 95% confidence level (Table 4.6). F-ratio
values indicate that, for the range of studied variables, the HLB number (X3) and
aqueous phase concentration (X;) had stronger influence on the droplet size of the
emulsions than surfactant concentration. F-ratio values also indicate that the
interaction with the highest incidence was the one occurring between the HLB
number and aqueous phase concentration. The significance of HLB number and
surfactant content and their influence on particle size was already reported by
Pimentel-Moral et al. (2018); Diamante and Lan (2014) ([81, 84]).

4.3.4.2.Response surface analysis

In order to study the effect of the independent variables on the droplet size, surface
response and contour plots of the quadratic polynomial model were generated by
varying two of the independent variables within the experimental range while
holding the third one constant at the central point. Figure 4.5.a was generated by

varying the HLB number and surfactant content in the emulsion while holding the
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aqueous phase content (11 w/w %). It shows that, regardless of surfactant content,
an increase of HLB number between 3 to 11 results in an increase of droplet size
of the emulsion. This could be explained by the more efficiency of PGPR than
Tween 80 in formation of nanoemulsions with lower particle size. The effects of
HLB number and aqueous phase concentration on the droplet size at a fixed
surfactant content (11 w/w %) can be observed in Figure 4.5.b. This figure shows
that by considering HLB number at higher levels (7-11), an increase in aqueous
content will significantly decrease particle size. However, at lower HLB number
(3-7), varying aqueous content does not have a significant effect on particle size.
Figure 4.5.c shows the effects of surfactant and aqueous phase contents on particle
size at a fixed HLB number of 7. It can be observed that varying surfactant content
has no considerable effect on particle size at high and low aqueous phase content.
However, increasing aqueous phase content has a more significant effect, whereas

it will decrease particle size considerably.

4.3.4.3.0ptimization of W/0 emulsion formulation

According to Stoke’s law [48], the particle size of the dispersed phase affects the
stability of an emulsion system, which is composed of two immiscible liquids with
different densities. In this sense, the emulsion with higher resistance and control
to creaming should contain smaller particles with a homogeneous size distribution.
Following Stoke’s law, the stability of emulsion would increase as the droplet size
decreases [47].

Numerical optimization was carried out through Design Expert software, using
desirability function method. The optimal conditions for the emulsification of the
phenolic rich extract used in this work would be those leading to a stable emulsion
with minimum droplet size. The combined optimum ingredient levels for all
responses with optimum desirability were predicted to be achieved by combining
11.2% wi/w of surfactant content with a HLB number of 3.36 and 7.4% w/w of

aqueous phase content.
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Figure 4.5. Response surface plots of interactions between two input factors, while
holding the other constant at its central point, on particle size of W/O emulsion. (a)
Interaction of surfactant content and HLB number; (b) Interaction of aqueous phase content
and HLB number; (c) Interaction of surfactant and aqueous phase contents.

A confirmation of the results using the optimum conditions (81.42% oil, 11.19%
surfactant and 7.4% aqueous phase) was carried out by performing three replicates.
The average droplet size obtained was 132.91 + 16.7 nm. The low PDI obtained
(0.153 + 0.134) indicates a narrow droplet size distribution. The droplet size of
nanoemulsions depends on cavitation, turbulence and shear forces created by
ultrasonic homogenizer. As Anarjan et al. reported [74], smaller nanoemulsion
droplets will be formed with the increase in homogenization time. Moreover,
temperature of the nanoemulsions also increases due to increase in homogenization
time which leads to decrease in viscosity and interfacial tension. Lower interfacial
tension value encourages the interfacial instability. Additionally, due to higher
temperature, vapor pressure increases in cavitation region which increase the

cavitation intensity and accelerates the breakdown of droplets [75].
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4.3.5. Effects of high energy emulsification methods on W/O emulsion

droplet size

The reason that such intense energies are needed is that the disruptive forces
generated by the homogenizer must exceed the restoring forces holding the
droplets into spherical shapes [62, 85, 86]. These restorative forces are determined
by the Laplace pressure (P =y /2r), which increases with decreasing droplet radius
(r) and increasing interfacial tension (y). Thus, as the droplet radius decreases
within a homogenizer, it becomes increasingly difficult to break them up further.
The smallest droplet size that can be produced by a particular high-energy device
depends on the homogenizer design (e.g., flow and force profiles), homogenizer
operating conditions (e.g., energy intensity, duration), environmental conditions
(e.g., temperature), sample composition (e.g., oil type, emulsifier type,
concentrations), and the physicochemical properties of the component phases (e.g.,
interfacial tension, viscosity) [41, 67]. Previous studies have shown that the droplet
size tends to decrease when the energy intensity or duration increases, the
interfacial tension decreases, the emulsifier adsorption rate increases, and the
disperse-to-continuous phase viscosity ratio falls within a certain range (0.05 <
no/mc < 5) [61-63]. The extent of the no/yc range where small droplets can be
produced depends on the nature of the disruptive forces generated by the particular
homogenizer used, i.e., simple shear versus extensional flow. High-energy
approaches are one of the most versatile means of producing food-grade
nanoemulsions because they can be used with a wide variety of different oil and
emulsifier types. Provided that the homogenization conditions are suitably
optimized, nanoemulsions can be produced using triacylglycerol oils, flavor oils,
and essentials oils as the oil phase, and proteins, polysaccharides, phospholipids,
and surfactants as emulsifiers. Even so, the size of the particles produced depends
strongly on the characteristics of the oil and emulsifier used [9].

The energy needed for the emulsification process can be provided by mechanical
agitation (e.g.: stirring, high shear mixing), high-pressure homogenization or high

power ultrasound [87], [88]. Although high-pressure homogenization is widely
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used, ultrasonic methods have several advantages, such as lower-cost equipment,
smaller footprint and easier cleaning and servicing [87]. In this research W/O
nanoemulsions of different droplet sizes were produced in an ultrasonic
homogenizer by varying time and amplitude and also in a rotor-stator mixer by
varying time and rotational speed of the rotor. Ultrasonic homogenizers utilize
high-intensity ultrasonic waves to create the intense disruptive forces necessary to
breakup up oil and water phases into very small droplets [65-67]. The energy input
is provided using sonicator probes that contain piezoelectric quartz crystals that
expand and contract in response to an alternating electrical voltage. Compared to
other high energy methods, ultrasonication requires least energy expenditure. One
serious downside of this technique is contamination induced by probe. For scale
up applicability, commercial homogenizers based on sonication have been
developed, in which nanoemulsion is made to flow through a special column
capable of producing ultrasonic waves [70]. Rotor-stator mixers (RSMs) (also
known as high-speed or high-shear mixers) generally consist of a
perforated stator screen mounted outside a rotor. The rotor draws in fluid towards
the rotor-stator head axially, accelerates it tangentially and then forces it radially
through the stator slots, giving rise to efficient mixing and/or dispersion. RSMs are
used for a large and increasing number of chemical engineering processes,
especially for high viscosity and high disperse phase volume fraction dispersions,

e.g. in pharmaceuticals, cosmetics and food processing [71-73].

4.3.5.1.Model fitting

Two experimental designs based on RSM were prepared by the application of a
rotor-stator mixer and an ultrasonic homogenizer. For this purpose, the CCD model
generated 10 experimental settings with two replicates of central point for each
emulsification method. The average droplet size and PDI of the experiments

corresponding to the CCD design is given in Table 4.7.
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Table 4.7. Experimental matrix based in a central composite design (CCD) for W/O

nanoemulsion preparation by high-energy emulsification methods.

Rotor-Stator Mixer

Independent Variables

Response Variables

Run ) ) Droplet size
Rotation speed Time PDI
: (Y, nm)

(X1, rpm) (X2, min) (mean £ SD)

(mean + SD)
1 20000 10 105.8 £10.3 0.255 + 0.045
2 20000 5 223.5+26.8 0.435+0.238
3 29000 15 280.7 +29.0 0.571+0.093
4 29000 10 133.2+£6.65 0.166 + 0.107
5 20000 10 105+4.7 0.192 + 0.224
6 11000 15 138.4+2.2 0.187 +0.043
7 29000 5 136.4+6.1 0.175+0.016
8 11000 10 148.5 + 30.0 0.323+0.044
9 11000 5 286.9+15.2 0.556 + 0.150
10 20000 15 112.6 +4.43 0.185+ 0.020

Ultrasonic Homogenizer
Independent Variables Response Variables
Run ) ) Droplet size
Time Amplitude PDI
: (Y, nm)

(X1, min) (X2, %) (mean £ SD)

(mean + SD)
11 5 20 71.09+7.35 0.480 + 0.283
12 15 20 104.9 + 6.68 0.156 + 0.085
13 10 20 113.2 £ 6.96 0.136 +0.109
14 15 40 114.7 +18.14 0.103+0.011
15 15 60 111.5+9.95 0.060 + 0.035
16 10 60 120.3+12.91 0.074 +0.018
17 10 40 175.9 + 3.46 0.163+0.04
18 10 40 188.1+5.16 0.168 + 0.044
19 5 40 106.5+ 6.46 0.192 + 0.107
20 5 60 2288+ 127 0.019+0.015
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The default model is quadratic and statistical models have been fit to the response
variables. The R-squared statistic indicates that the model as fitted explains 90.93
% and 67.24% of the variability in particle size for rotor-stator mixer and ultrasonic
homogenizer, respectively. Regarding rotor-stator mixer, F-ratio value indicate
that time (X2) had stronger effect on the droplet size of the emulsions than rotation
speed (Xi). In the case of ultrasonic homogenizer, F-ratio value indicate that
amplitude (Xz) had significantly stronger effect on emulsion droplet size than time
(Xy) (Table 4.8).

ANOVA showed the significance of the coefficients of the quadratic polynomial
model (Eq. (2)). Regarding the rotor-stator mixer, all 5 coefficients have p-values
less than 0.05, only one coefficient in each model has a p-value less than 0.05,
indicating that it is significantly different to zero with 95% confidence level,
indicating that they are significantly different from zero at the 95.0% confidence
level (Table 4.8). Moreover, no coefficient has a p-value less than 0.05 for the

ultrasonic homogenizer model.

Table 4.8. Analysis of variance (ANOVA) of the regression coefficients of the quadratic
model, Eq. (2), for the droplet size of W/O nanoemulsions prepared by high energy

emulsification methods

Rotor-Stator Mixer Ultrasonic Homogenizer
Source  Regression ) Regression )
. F-Ratio = p-Value . F-Ratio  p-Value
coefficients coefficients
ao 937.701 - - -188.939 - -
ai -0.0362116 287.63 0.0375 31.4482 12.70 0.1742
az -89.7357 6900.01 0.0077 8.68788 65.80 0.0781
an 4.87742E-7 | 11380.94  0.0060 -0.942343 17.40 0.1498
a1z 0.00162667 @ 66978.00  0.0025 -0.377775 76.71 0.0724
a2 2.66829 32446.77 = 0.0035 -0.0435214 9.50 0.1997
Lack-
) - 4183.78 0.0112 - 30.08 0.1313
of-fit
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4.3.5.2. Response surface analysis

In order to study the effect of the emulsification methods and operating conditions
on the droplet size, surface response plots of the quadratic polynomial model were
generated. Figure 4.6.a shows the effects of time and rotation speed in rotor-stator
mixer on the achieved emulsion droplet size. This figure shows that the increase
of process time at higher rotation speeds (20000-29000 rpm) causes an increase in
particle size, while at lower speeds (11000-20000 rpm) has an opposite effect and
decreases the particle size significantly.

The droplet size of nanoemulsions depends on cavitation, turbulence and shear
forces created by ultrasonic homogenizer. Smaller droplets of nanoemulsions were
formed with the increase in homogenization time [74]. Moreover, temperature of
the nanoemulsions also increases due to increase in homogenization time which
leads to decrease in viscosity and interfacial tension. Lower interfacial tension
value encourages the interfacial instability. Additionally, due to higher
temperature, vapor pressure increases in cavitation region which increase the
cavitation intensity and accelerates the breakdown of droplets [54, 75]. Figure
4.6.b shows the interaction of time and amplitude on the achieved droplet size in
ultrasonic homogenizer. As it can be seen, time variation does not have a
noticeable effect on particle size at lower amplitudes. However, as it was
abovementioned, amplitude is the most significant factor in ultrasonic assisted
experiments. Somehow, for lower time ranges (5-10 minutes), increasing
amplitude has a negative effect in this study and increases particle size while at
higher time ranges (10-15 minutes) to considerable effect was observed by varying

amplitude.
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Figure 4.6. Response surface plots of interactions between input factors on particle size
of W/O nanoemulsion using high energy emulsification methods. (a) Effects of time and
rotation speed variations on particle size in rotor-stator mixer; (b) Effects of time and
amplitude variations on particle size in ultrasonic homogenizer.

4.3.5.3.0ptimization of W/0O nanoemulsion preparation conditions

The optimal conditions for the emulsification of the phenolic rich olive extract
used in this work would be those leading to a stable emulsion with minimum
droplet size. Numerical optimization was carried out through Design Expert
software, using desirability function method. Based on the results shown in Table
4.7, the combined optimum levels for average particle size with 100% desirability
regarding nanoemulsions made by rotor-stator mixer were predicted to be achieved
by emulsification at 20000 rpm and 10.1 minutes. The predicted response was
particle size of 103.01 nm and PDI of 0.211, while observed results for optimal
emulsion loaded with phenolic compounds were 109.8 + 17.81 nm and 0.087+
0.069 for particle size and PDI, respectively.

In the case of optimal nanoemulsion prepared by ultrasonic homogenizer, situation
were slightly different. Somehow, 63.31 nm of particle size with PDI = 0.422 was
predicted to be obtained by emulsification for 5 minutes at 20% amplitude with
100% desirability. However, observed results for the same operating conditions
were 71.09+7.35 nm and 0.480+0.283 for average particle size and PDI,
respectively (Table 4.7). However, lack of visual stability, droplet size growth after
initial days and wide distribution of particle size (PDI) of the mentioned operating

conditions were the reason to consider emulsification at 15 minutes and 20%
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amplitude as the optimal operating condition with ultrasonic homogenizer.
Whereas, by this factor levels, 104.9+6.68 nm and 0.156+0.085 for particle size
and PDI was achieved, which has considerably lower PDI with satisfactory particle

size diameter.

4.3.6. Characterization of optimal W/O nanoemulsion

4.3.6.1.Stability evaluations during storage

In order to evaluate the stability of the optimized nanoemulsions prepared by rotor-
stator mixer and ultrasonic homogenizer, two methods were used. The first one
was the evaluation of droplet size (at room temperature and 4 °C) after 1 day and
30 days from emulsification in order to study the possible droplet growth rate. The
second method was the backscattering (BS) evolution over time using Turbiscan
Lab Expert apparatus to detect emulsion instability.

Figure 4.7 shows no significant changes in average droplet size of optimal
formulated nanoemulsions, with no variations in visual stability appearance, after
30 days of storage at 4 °C and room temperature (25 °C), but polydispersity index
(PDI) was increased during the storage period. It can be observed from Figure 4.7.a
that lower temperature causes a better effect on stability of optimal nanoemulsion
prepared by rotor-stator mixer. Somehow, considerably lower PDI with same
particle size was obtained while for optimal nanoemulsion prepared by ultrasonic
homogenizer (Figure 4.7.b) no significant difference was observed between

storage conditions at both temperatures.
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Fig. 4.7. Particle size distribution of optimal formulated W/O nanoemulsions after 1 day
(red line), and after 30 days of storage at room temperature (green line) and at 4 °C (blue
line)

Stability measurements by studying the backscattering (BS) profile and monitoring
for 30 days at 20 °C, using the Turbiscan Lab Expert apparatus were also
performed. As it is shown in Figure 4.8.a, BS profiles for optimal nanoemulsion
prepared by rotor-stator mixer showed sedimentation at the bottom of the sample
and also creaming after the first week of storage, indicating a slight emulsion
destabilization at the end of the storage period. Regarding the optimal
nanoemulsion prepared by ultrasonic homogenizer, the corresponding BS profiles
(Figure 4.8.b) showed after 30 days of storage the same levels of sedimentation

and creaming as the nanoemulsion prepared by rotor-stator mixer showed after the
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first week of analysis. Besides, it shows slight levels of particle size increase in the
last days of storage period. However, optimal nanoemulsions were physically
stable and visual appearance did not indicate any destabilization and no phase
separation was observed during 30 days of storage at 20 °C.
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4.3.6.2.Release properties of W/O nanoemulsion

Chemical stability of W/O nanoemulsion was evaluated by measurements of
retention levels of total phenolic content (TPC) after 30 days of storage at room
temperature. Polyphenols are very sensitive compounds that can easily be
degraded with time and the W/O nanoemulsions were highly effective in
preventing phenolic compounds degradation. In the present study, freshly
extracted phenolic compounds from olive pomace had a TPC of 17.27+0.87 mg
GAE/qg olive pomace. After 30 days of storage at room temperature, 87.2% and
83.1% retentions of TPC and AA, respectively, were preserved for the optimal
nanoemulsions prepared by rotor-stator mixer and ultrasonic homogenizer,
respectively. In the study performed by Rabelo et al. [89], the 2% Acai berry
extract nonencapsulated sample showed highest retention of 94.6% for the
phenolic loaded sample after 30 days of storage. Sanchez et al. [90] obtained 90%
retention of ACNs in spray-dried cherry juice after 33 days. It can be concluded
that the results obtained in the present study are in the usual retention range of

phenols encapsulated in emulsions with applications for the food industry.

4.4. Conclusions

Based on studies and reviews regarding encapsulation on polyphenols, it is clear
that utilization of encapsulated polyphenols instead of free molecules improves
both the stability and bioavailability of the molecules in vitro and in vivo.
Response surface methodology was applied in this work to determine both the
optimal composition and operating conditions for preparation of W/O and W/O/W
emulsions loaded with phenolic loaded inner aqueous phase obtained from olive

mill solid and liquid residues.

Regarding preparation of double (W/O/W) emulsion, optimal formulation for
primary W/O emulsion was 20.3% (w/w) of phenolic rich aqueous solution as
dispersed phase and 3.7% (w/w) of Span 80 in MCT oil as continuous phase. The

optimal composition for W/O/W emulsion was 9.8% (w/w) of W/O as dispersed
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phase and 4.1% (w/w) of Tween 80 in Milli-Q water as external phase. Three
methods were tested to obtain the optimal emulsification conditions: mechanical
homogenization  (rotor-stator  mixer), ultrasonic homogenization and
microfluidization. Optimum results were achieved by microfluidization at 148
MPa and 7 cycles input levels, obtaining a W/O/W nanoemulsion with and average
droplet diameter of 105.3+3.2 nm and a polydispersity index of 0.233+0.02.
Samples obtained by rotor-stator mixer and ultrasonic homogenizer showed
creaming instability after few days of emulsification, while emulsion obtained by
microfluidization showed no droplet size growth or changes in stability and zeta
potential after 35 days of storage at 25 °C. Furthermore, it showed a satisfactory
level of phenolics retention (68.6%) and antioxidant activity (89.5%) after 35 days
of storage.

On the other hand, same design methods were used for optimization of water in oil
(W/O) nanoemulsion preparation. The optimal formulation was obtained by when
7.4 wiw% of olive cake extract and 11.2 w/w% of a surfactant mixture of PGPR
(97%) and Tween 80 (3%) were emulsified in Miglyol 812N (MCT). The optimal
emulsification condition with ultrasonic homogenizer was obtained by sonication
for 15 minutes at 20% amplitude which resulted in average droplet size of
104.946.68 nm and polydispersity index (PDI) of 0.156+0.085. Furthermore, using
a rotor-stator mixer for 10.1 minutes at 2000 rpm was the other optimal high energy
emulsification method in which average droplet size of 109.8 + 17.81 nm and PDI
of 0.087+ 0.069. After 30 days of storage at room temperature, total phenolic
content analysis of the optimal nanoemulsions prepared by rotor-stator mixer and
ultrasonic homogenizer showed 87.2% and 83.1% retention of the initial phenolic
compounds, respectively. in spite of slight levels of sedimentation and creaming
for the optimal nanoemulsions prepared by both devices, they showed satisfactory
physical stability and no droplet size growth over 30 day storage time at room
temperature which make them suitable for application in food or pharmaceutical

industries.
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Conclusions

The current PhD Thesis collects several theoretical and experimental studies aimed
on the valorization of olive mill wastes (OMW) using clean technologies.
Considering that each chapter addresses different aspects and has its own
conclusions, the general conclusions derived from these works, formulated under

an integrative prism aligned with the proposed objectives, are presented below.

e Olive mill wastes generated in olive oil production process are a major
environmental issue due to their high toxic organic load, low pH, and high
chemical and biological demands. However, these wastes are a considerable
source of valuable natural components such as phenolic compounds.

e The recovery of the remaining oil (olive pomace oil) present in olive mill solid
residues can be performed by conventional solvent extraction or ultrasound-
assisted extraction methods. It has two business aspects that can provide
important economic benefits. Taking into account that the majority
composition of olive pomace oil is formed by oleic acid (63-65%), linoleic
acid (13.3-14.6%) and palmitic acid (12.9-13.1%), it could be used in cosmetic
products and also in food products, in which case it must be refined.
Furthermore, the solid waste obtained during the production of olive pomace
oil can be used for the recovery of phenolic compounds through additional
extraction and adsorption-desorption processes. This method provides the
selective isolation of desired phenolic compounds like hydroxytyrosol, tyrosol
or oleuropein for their further use in food and pharmaceutical applications.

e Ultrasound assisted extraction methods for phenolics recovery from olive mill
solid residues were found to be technically feasible and constitutes a great
opportunity for valorization of olive mill by-products. Phenolics extraction
efficiency depends mainly on solid/solvent ratio.

e The development of an industrial scale-up of the extraction process from olive
mill solid residues could yield less polluted environments and less toxicity for

plants and soil.
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Although the adsorption process of phenolic compounds from olive extract
depends mainly on adsorbent type, the efficiency of the desorption process
depends largely on solvent type. As a future work, the effect of temperature
and adsorbent/solvent ratio in desorption process should be further studied in
order to enhance the desired isolation of phenolic compounds.

Regarding pretreatment of olive mill wastewater (OMWW) before entering it
to membrane-based treatment, the huge effect of acidification (adjustment to
pH=2) on conversion of other polyphenols to hydroxytyrosol was observed.
Membrane treatment process was found to be feasible to produce a purified
permeate stream and a phenolic-rich retentate stream from OMWW. The
obtained permeate could be used as irrigation water or even as drinking water
in the event of being subjected to a reverse osmosis process. Furthermore, the
selective recovery of the desired phenolic compounds in the retentate stream
could be studied in the future by applying an adsorption-desorption process.
Extracts obtained from the olive mill by-products treatment can be
encapsulated in nanoemulsions to improve the stability and bioavailability of
their phenolic molecules. Composition of phenolic-loaded hanoemulsions and
operating conditions of the emulsification process were optimized in this work,
but further studies in vitro and in vivo should be carried out to evaluate their

stability and bioavailability.
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La presente Tesis Doctoral recoge diversos estudios tedricos y experimentales
dirigidos a la valorizacion de los residuos de almazara (OMW) utilizando
tecnologias limpias. Considerando que cada capitulo aborda aspectos diferentes y
tiene sus propias conclusiones, a continuacion se presentan las conclusiones
generales derivadas de estos trabajos, formuladas bajo un prisma integrador

alineado con los objetivos propuestos.

e Los residuos de almazara generados en el proceso de produccién de aceite de
oliva son un problema ambiental importante debido a su alta carga organica
toxica, bajo pH y alta demanda quimica y bioldgica. Sin embargo, estos
residuos son una fuente importante de valiosos componentes naturales, como
son los compuestos fendlicos.

e La recuperacion del aceite residual (aceite de orujo de oliva) presente en los
residuos sélidos de la almazara se puede realizar mediante métodos
convencionales de extraccion con disolventes o de extraccion asistida por
ultrasonidos. Esto tiene dos aspectos comerciales que pueden brindar
importantes beneficios econémicos. Teniendo en cuenta que la composicion
mayoritaria del aceite de orujo de oliva estd formada por &cido oleico (63-
65%), acido linoleico (13,3-14,6%) y acido palmitico (12,9-13,1%), se podria
utilizar en productos cosméticos y también en productos alimentarios, en cuyo
caso debe ser refinado. Ademas, los residuos solidos obtenidos durante la
produccion de aceite de orujo de oliva se pueden utilizar para la recuperacion
de compuestos fenodlicos mediante procesos adicionales de extraccion y
adsorcién-desorcion. Este método proporciona el aislamiento selectivo de
compuestos fendlicos deseados, como hidroxitirosol, tirosol u oleuropeina,
para su uso posterior en aplicaciones alimentarias y farmacéuticas.

e Se demostré que los métodos de extraccion asistida por ultrasonidos para la
recuperacion de compuestos fendlicos a partir de los residuos sélidos de la

almazara son técnicamente viables y constituyen una gran oportunidad para la

288



PhD Thesis

Conclusions

valorizacion de estos subproductos. La eficiencia de extraccion de dichos
compuestos fendlicos depende principalmente de la relacion sélido/disolvente
empleada en el proceso.

e El desarrollo a escala industrial del proceso de extraccion de los residuos
sOlidos de las almazaras podria producir entornos menos contaminados y
menor toxicidad para las plantas y el suelo.

e Aungue el proceso de adsorcion de compuestos fendlicos del extracto de oliva
depende principalmente del tipo de adsorbente, la eficiencia del proceso de
desorcidn depende en gran medida del tipo de disolvente. Como trabajo futuro
se propone un estudio més exhaustivo del efecto de la temperaturay la relacion
adsorbente/disolvente en el proceso de desorcidn para mejorar la obtencion de
los compuestos fendlicos deseados.

e En cuanto al pretratamiento de las aguas residuales de almazara (OMWW)
antes de someterlas al tratamiento con membranas, se observd el importante
efecto de la acidificacion (pH = 2) sobre la conversidn de otros polifenoles en
hidroxitirosol.

e Se demostrd la viabilidad técnica del tratamiento con membranas de las aguas
residuales (OMWW) para obtener una corriente de permeado con baja carga
organica y una corriente de retenido rica en compuestos fendlicos. El
permeado obtenido podria utilizarse como agua de riego o incluso como agua
potable en caso de ser sometido a un proceso de ésmosis inversa. Ademas, se
podria estudiar en un futuro la recuperacion selectiva de los compuestos
fendlicos deseados en la corriente de retenido mediante la aplicacion de un
proceso de adsorcién-desorcion.

o Los extractos obtenidos en el tratamiento de los subproductos de la almazara
pueden encapsularse en nanoemulsiones para mejorar la estabilidad vy
biodisponibilidad de las moléculas fendlicas que contienen. En este trabajo se
optimizaron la composicion de las nanoemulsiones cargadas con fenoles y las
condiciones de operacion del proceso de emulsificacion, pero se deben realizar

mas estudios in vitro e in vivo para evaluar su estabilidad y biodisponibilidad.
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1. Oil extraction with standard Soxhlet method

Solid-liquid extraction is a basic laboratory operation that consists of separating
the components of a solid matrix soluble in an organic solvent. Both phases must
come into intimate contact so that the solute or solutes can diffuse from the solid
to the liquid phase, producing a separation of the original components of the solid.
Two of the most common examples of solid-liquid extraction in food products are
extraction of fat with organic solvents and extraction of sugar from beets with hot
water. The BUCHI B-811 extraction system (Buchi Laboratotiums Tchnik AG,
Flawil, Switzerland) is used for the extraction of liquid solid samples with solvents
or solvent mixtures of known composition and the subsequent concentration or
drying of the extract. Solvents with a boiling point between 30 °C and 150 °C can
be used. Furthermore, there is the possibility of supplying inert gas for drying

thermolabile extracts.

Description
Step1: Extraction

When heating and evaporating the solvent present in the vessels, it ascends to the
refrigerant where it condenses and falls on the glass container that contains the
sample. The glass tube with the sample, placed in the solvent chamber, is covered
with the condensed solvent. When the solvent level reaches the photoelectric cell,
the glass valve opens, allowing the passage of the solvent to the lower vessel. This
operation is repeated during the preset time and cycles, the number of which

defines the duration of the extraction process.
Step 2: washing

At this stage the glass valve remains open, so the evaporating solvent rises to the
refrigerant, where it condenses and descends, washing the area where the sample

is placed and the solvent chamber as it passes.
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Step 3: drying

At this stage the glass valve remains closed so that the solvent does not fall on the
solvent cup but is retained in the solvent chamber. It is a stage in which the heating
power is lower to avoid heating the extract obtained that remains in the solvent
beaker. The “inert gas” option allows minimizing the thermal degradation of the

extract during this stage.

In this study, BUCHI B-811 was used for soxhlet process. This extraction system
has 4 chambers of extraction which in our study, Ground olive mill solid waste
(cake or pomace) about 19 grams in total (4.7 grams in each chamber of extraction)
was placed in the Soxhlet apparatus and continuously refluxed with 360 mL (90
ml for each chamber) of n-hexane for 3 hours. After extraction, n-hexane was
distilled using the same extraction system. The obtained oil was weighted and the

recovery yield was calculated using Eq. (1):

Oil extract obtained (g)

Yield =

x 100 1)

Amount of olive pomance used (g)

Figure A.1. BUCHI B-811 extraction system
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2. Analysis of fatty acid profile by Gas chromatography (GC-FID)

GC analysis for the extracted oil from each extraction process was performed. The
fatty acid content is determined by the official method of the AOAC [1] which is
based on the breakdown of all glycerides and subsequent derivatization to methyl
esters of fatty acids. These methyl esters are analyzed by gas chromatography
(Agilent 6890N GC system) (Figure A-2) with flame ionization detector (FID) and
helium as carrier gas. A capillary column OmegawaxTM-320, 30m x 0.32mm is
used. For the identification, standard substances (methyl esters) were used and for
the quantification, the methyl-tricosanoate (C23:0) was used as internal standard.
For the derivatization the AOAC method is followed, but in the part corresponding
to the chromatographic analysis some small modifications have been made.
Separation of compounds was carried out in a column (Omegawax-320, 30m x
0,32mm) using helium as the carrier gas (1.8 mL/min). The chromatographic
conditions were as follows: initial temperature: 180 °C; temperature rate:
5°C.min~! up to 220 °C, which was maintained for 15 min; injector temperature:
250 °C; injection: 1ul; transfer-line temperature, 250 °C; split ratio: 1:50.
Preparation of all samples for gas chromatography were performed with one

replicates.

Reagents

e Isooctane solution of Methyl tricosanoate (C23:0) (1 g/mL), used as internal
standard. It was by accurately weighting 25 mg (= 0.1 mg) of C23:0 Methyl
ester in a 25 mL volumetric flask and diluting with isooctane.

e Boron trifluoride (BF3) 12% in methanol

e Sodium Hydroxide (NaOH) 0.5 M in Methanol, prepared by dissolving 2.0 g
NaOH in 100 mL methanol.

e FAMEs standards, dissolved in isooctane

e Sodium chloride (NaCl) saturated solution, prepared by dissolving 36 g NaCl
in 100 mL distilled water.
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Figure A.2.  Gas Chromatography equipment (GC-FID)

Sample preparation

Accurately, 1 mL of I.S. Solution was added into a glass tube. Then, 25 mg (£ 0.1
mg) of extracted oil from olive mill solid wastes was weighted into the glass tube
containing the I.S and 1.5 mL of NaOH-MeOH solution was added. The glass tube
was capped and heated 5 minutes in a water bath at 100 °C. Then it was cooled
down and 2 mL BFs;-MeOH was added. After mixing vigorously, the glass tube
was again heated in the water bath at 100 °C for 30 minutes. Subsequently, the
mixture was cooled, diluted with 1 mL of isooctane and then mixed in a vortex for
30 seconds. Immediately the mixture was diluted in 5 mL of saturated NaCl
solution, mixed and left to stand for phase separation. What phases were separated
completely, the upper organic layer was transferred into a glass vial for
autosampler injection in the GC column.
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Quantification of fatty acids

The amount of each fatty acid in the sample is quantified according to Eq. (2), in
which Ay is the area counts for each fatty acid (FA); Ais. is the area counts of
internal standard; W,s. and Wsample are the 1.S. and sample weights in mg,
respectively; ax is the slope of the calibration curve of each fatty acid methyl ester
(FAME) standard; and CFrame-era is the ratio between molecular weight of each
FAME and that of corresponding FFA in each case, which is necessary to express
result as mg of fatty acid (FA)/ g oil rather than as FAME.

Ax. Wis.
Ars.. Wsample - ax - CFFAME-FFA

mg ral g oil = x 1000 2

3. Characterization of phenolic contents

Polyphenols account for the antioxidant richness of most of the foods usually
consumed by the population. All polyphenols have at least one or more hydroxyl
groups attached to an aromatic ring in their structure. Among the polyphenols it is
possible to distinguish two major types of compounds: the flavonoids, for which
several thousand have been described in the plant kingdom, and whose structure
comprises two aromatic rings linked by a heterocycle of three carbon atoms and
one of oxygen (C6- C3-C6), and the so-called non-flavonoids (some hundreds) that

comprise, mainly, mono-phenolic alcohols, phenolic acids and stilbenes.

They are bioactive compounds with antioxidant capacity that have aroused great
interest from a nutritional point of view, for their actions not only in health, but in
the prevention of functional and structural changes in various diseases. In recent
years, they have been attributed beneficial effects against the development of
various diseases (cancer, cardiovascular diseases and neurodegenerative diseases)

associated with increased cellular oxidation processes, known as oxidative stress.
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3.1 Determination of Total Phenolic Content by Folin-Ciocalateu method

Basis

Total phenolic content (TPC) for each olive mill sample (solid and liquid) was
measured using Folin-Ciocalateu standard method [2] with some modifications.
The Folin Ciocalteau method is based on an oxidation-reduction reaction between
the Folin-Ciocalteu reagent and the polyphenols present in the sample. Reduction
of Folin reagent is based on the following pattern: Mo (IV) + e = Mo (V). It is
reduced to a complex mixture of blue compounds. The absorbance at 750 nm of
the blue color formed is measured, since the maximum absorbance is around that
wavelength. The absorbance obtained is directly proportional to the concentration
of polyphenols in the sample. Although the reagent reduction test is simple,
sensitive and precise, it should be noted that said reagent is capable of being
reduced not only by all polyphenols, but also by reducers such as ascorbic acid,
sodium metabisulfite, iron (1) salts, EDTA, certain amino acids, fructose and
glucose, among others. The latter is extremely important since when this method
is applied to samples containing one or more of said interferers, without taking
corrective measures, a result will be erroneously obtained that represents an over-
estimation of the real value of total polyphenols. In these cases, the appropriate
controls must be incorporated, using modifications to the original method that
allow analytical discrimination between the contribution made to the reduction of
said reagent by the polyphenols to be measured and those non-polyphenolic

"interfering" components present in a sample.
Reagents

¢ Folin Ciocalteau: Commercial reagent, mixture of phosphotungstanate and
phosphomolybdate (kept at 4°C)

o Olive mill sample (the extract obtained from solid residues or wastewater )

e Sodium Carbonate (Na2CO3) 7.5% (w/v) dissolved in distilled water

e Distilled water
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Development

A standard calibration curve (R? = 0.99) was prepared using gallic acid solution
(50mg/50ml). 100 pl of olive mill samples containing phenolic compounds was
added to a test tube. Then 2.8 ml of distilled water, 2 ml of 7.5% sodium carbonate,
100 pl Folin-Ciocalteu reagent added to the test tube. Contents were mixed and
after 60 minutes in the dark at room temperature, the absorbance was measured
spectrophotomertrically at 750 nm (Hitachi U-2000 spectrophotometer) (Figure A-
3). In this thesis, TPC was expressed as milligrams of Gallic acid equivalents per
grams of olive mill solid residues (mg/g) or as mg of Gallic acid per liter of olive
mill wastewater (mg/L).

Figure A.3. Spectrophotometry equipment (Hitachi U2000)

3.2 Identification of individual polyphenols by HPLC / DAD

The identification and quantification of individual polyphenols was carried out by
reverse phase HPLC at various wavelengths (280 and 330 nm). Analytical-scale

HPLC analysis of the olive extracts and fractions were performed with a High
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Efficiency Liquid Chromatograph (HPLC-DAD Agilent 1100, CA, USA)
equipped with a Kinetex®5 pum Biphenyl 100 A column of 250 x 4.6 mm
(Phenomenex, Inc. CA, U.S.A.). Separation was achieved, using a linear gradient
of two solvents: solvent A (ammonium acetate 5 mol/m?® with 1% (v/v) acetic acid
in water) and solvent B (ammonium acetate 5 mol/m? with 1% (v/v) acetic acid in
acetonitrile). A linear gradient was run at 25 °C with flow rate of 0.8 ml/min from
2% B in 7 min, from 2% to 8% B in 20 min, from 8% to 10% B in 35 min, from
10% to 18% B in 55 min, from 18% to 38% B in 65 min, from 38% to 65% B in
75 min and from 65% to 80% B in 80 min. the injection volume was 10-100ul
depending on the sample content. All the tests were performed in duplicate and the
results were averaged. The evaluation of each phenolic compound was based on
comparison of peak sequence and intensity with standard solutions. Regarding
liquid samples (olive mill wastewater), results were expressed as milligrams of
compound per liter of OMWW (mg/L), while for dried and defatted olive mill solid
wastes (cake and pomace) results were expressed as milligrams of compound per

grams of olive mill sample (mg/qg).

Figure A.4. HPLC-DAD Agilent 1100 equipment
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3.3 Determination of Total Flavonoid Content

The objective of this method is to determine the flavonoid content using a
colorimetric method with aluminum chloride. Total Flavonoids Content (TFC) for
olive mill solid wastes (residues obtained from two-phase and three-phase oil
extraction) extract was measured using method prepared by Chang et al. (2002)
[3]. Flavonoids are secondary metabolites of plants that are synthesized from a
phenylalanine molecule and 3 from malonyl-coA, forming a cyclized base
structure (Figure A-5) thanks to the action of an enzyme isomerase. Later this
structure can undergo many modifications and additions of functional groups, so
there is a great variety of compounds within this family. The main classes are:
flavones, flavonols, flavonones, isoflavones, anthocyanins, and chaconas. Foods
generally contain a complex mixture of flavonoids in their composition. Their
functions in vegetables are varied, from being responsible for pigmentation to
acting as chemical signaling agents and modulators of enzyme activity. Numerous
studies support the beneficial biological properties of flavonoids, mainly due to

their antioxidant properties.

OH
OH

HO O

OH
OH O

Figure A.5. Quercetin molecule - Example of flavonoid structure

Principle
415 nm is established as the measurement wavelength, since it is where these
colored compounds have an absorption maximum. The measurement is

proportional to the amount of flavonoids in the sample. The groups of flavonoids
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that mainly establish colored complexes with aluminum chloride are flavones and

flavonols.

Reagents

Following materials with analytical grade were used.

¢ Flavonoid standard (In this study quercetin was used as standard)

e 100% ethanol

¢ Aluminum chloride 10% (Accurately, Sg of AICIs was taken and made up to
50 ml in a volumetric flask by mixing with distilled water under an extractor
hood)

e 1M potassium acetate (4.907 g of potassium acetate (CH:COOK) dilute by
mixing with 50 mL of distilled water).

o Distilled water

Preparation of the standard curve

Quercetin standard solutions were made at different concentrations between
approximately 10 and 500 pg/mL in ethanol-water solution with 1:1 ratio (v/v)
which was the basic solvent for phenolic extraction from olive mill wastes.
Subsequently, a standard calibration curve (R? = 0.99) was prepared using

guercetine solution.

Preparation of samples

500 pl of olive extracts (sample) was added to a test tube. Then 2.8 ml of distilled
water, 1.5 ml of ethanol 95%, 100 ul of AICIl; 10% and 100 pl of potassium acetate
(CH3CO:2K) 0.1M added to the test tube. Contents were mixed and after 30 minutes
in the dark at room temperature, the absorbance was measured
spectrophotomertrically at 415 nm (Hitachi U-2000 spectrophotometer) (Figure A-
3). TFC was expressed as milligrams of quercetin equivalents per grams of olive

pomace (mg/g).
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3.4 Determination of Antioxidant Activity by DPPH assay

Definition

The purpose of this method is to determine the antioxidant capacity of the products
obtained according to different extraction methods. Antioxidant Activity (AA) of
the olive mill extracts was measured by following DPPH method described by
Brand-William et al. (1994); Shen et al. (2010) ([4,5]). An antioxidant is a
molecule capable of slowing or preventing the oxidation of other molecules.
Oxidation reactions can produce free radicals that start chain reactions that damage
cells. Antioxidants terminate these reactions by removing intermediates from the
free radical and inhibit other oxidation reactions by oxidizing themselves.
Therefore, antioxidants are often reducing agents such as thiols or polyphenols.
From a chemical point of view, a free radical is any species (atom, molecule or
ion) that contains at least one unpaired electron in its outermost orbital, and which
in turn is capable of existing independently (hence the free term). The presence of
an "unpaired"” electron in the outermost orbital of an atom gives the latter an
increased ability to react with other atoms and / or molecules present in its
environment, normally lipids, proteins and nucleic acids. The interaction between
free radicals and said substrates gives rise to alterations in the structural, and
eventually functional, properties of the latter.

This method takes its name from the base radical of the reaction, DPPH (2,2-
diphenyyl-1-picrylhydrazyl free radical). The basic reaction mechanism in the
DPPH method is electron transfer. In the presence of an antioxidant or radical

agent, the absorbance value of the original reagent (DPPH) decreases.

Reagents

e Methanol (analytical grade)

e The solution 50.7 pM of DPPH (dissolving 0.0010 g in 50 ml methanol) was
prepared. Then the solution was stored in dark at 4°C for at least 4 hours after
preparation. This reagent was then kept covered with aluminum foil and in the

dark. The absorbance value of the reagent is approximately 0.7.
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Preparation of the sample

As mentioned earlier, solvent used for olive mill solid wastes was ethanol-water
solution with 1:1 (v/v) ratio while regarding olive mill liquid wastewater
(OMWW), distilled water was considered as solvent.

In order to perform DPPH assay, an amount of 60 ul of sample extract with 2940
pl of DPPH reagent solution were mixed and for preparing the control solution, 60
pl of the solvent with 2940 pl of DPPH reagent solution were mixed. The mixtures
were allowed to stand in the dark at room temperature for 60 minutes. The
absorbance of the samples were measured at 517 nm using a UV-VIS
spectrophotometer model (Hitachi U-2000 spectrophotometer) (Figure A-3).
Antioxidant activity was expressed as millimoles of Trolox equivalents per grams
of olive pomace (MMrtroi0x/g) or per liter of OMWW (mMMroiox/L).

Calibration curve

It was made with trolox as standard under the same conditions as the samples (in
the same solvent). In the calibration curve, the concentration of trolox as in the
form of molarity (250.29 g /mol) is indicated on the X axis and on the Y axis, the
difference in absorbance (Ar-Am) was placed. In this study, a standard calibration

curve (R? = 0.995) was prepared using Trolox solution.

Expression of results
For the calculation of antioxidant capacity, the following expression is taken into

account:
Absorbance difference = A - (Am - Ao) 3

Where A = absorbance of reagent; An=absorbance of the sample; Ao = absorbance
of the blank made with the sample and the solvent used for the extraction. The
value of the difference in absorbance is taken to the calibration curve. Also the

capability of scavenging the DPPH radical was calculated by using the Eq. (4):

DPPH scavenging effect (% inhibition) = {(Ac —A1)/Ao) x100} 4)
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Where, Ay is the absorbance of the control reaction, and A; is the absorbance in
presence of all of the olive extract samples and reference. All the tests in this study

were performed in duplicate and the results were averaged.

4. Characterization of olive mill wastewater

4.1 Determination of Chemical Oxygen Demand (COD)

Chemical oxygen demand (COD) is a parameter that could be useful for evaluation
of waste biodegradability and also for evaluating the mass or the energetic balance
of the process. The COD value provides relevant information about the efficiency
of the AD process [6,7]. COD is defined as the amount of oxygen required to
oxidize an organic compound to carbon dioxide, ammonia, and water, and it is
used as one of the main water quality parameters in wastewater treatment facilities
[8].

In this research, Analysis of COD for raw and treated olive mill wastewater
(OMWW) samples was performed in accordance of the protocols described in the
Standard method for examination of water and wastewater [9]. Briefly, OMWW
samples were diluted with ratios 1:50 and 1:100 depending on their prior treatment.
Then 5 mL of diluted sample were poured in a glass tube along with 3 mL of
k2Cr,O7 and 7mL of H,SO4. Also a Blank and title sample were prepared by using
distilled water instead of OMWW. The mixtures in all glass tubes were sealed and
heated at 160 °C for at least two hours except for Title sample. After getting cold
and adding ferroin as indicator, contents of each glass tube were titrated with
Standard Ferrous Ammonium Sulfate titrant (FAS). COD value was measured by
the application based on Eq. (5):

(B-M)

COD = fx-——= xD.F (5)
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Where f equals to 960 and D.F is dilution factor. Also B, T and M are consumed
volume in titration process for blank, title and OMWW samples, respectively. All
samples in this COD analysis were prepared with two replicates.

4.2 Light scattering methods

4.2.1 Particle size measurement

Particle size and particle size distribution in this research was determined via laser
diffraction (LD) method according to official method proposed by 1SO standards
[10]. This technique is based on the fact that particles passing through a laser beam
are able to scatter light at a certain angle. The scattered angle increases
logarithmically as particle size decreases, whereas the intensity of scattered light
decreases with the cross-sectional area of particle (Figure A-6).

Large angle
Blue light detectors
source . b2
= - -
-
- b =9 Focal plane
- _ detector
Red light & \} \—\’
source 2 .
§
Back scatter '
detectors

Figure A.6. Particle size analysis by laser diffraction (adopted from www.malvern.com)

Part of particle size measurements of this study was measured using a laser light
scattering system (Malvern Mastersizer 2000/2000E, Malvern Instruments) which
is shown in Figure A-7. The mean particle size was expressed as the volume
weighted mean diameter (D[4,3]) based on Eg. (6).

D{'n;
D[4,3] = Zp& (6)
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The volume weighted mean diameter is most sensitive to the presence of large
particles. The width of particle size distribution was expressed as a Span number,

calculated by following Eq. (7):

D(0.9)-D(0.1)

Span = 209 ™

where D(0.9) is the particle diameter which in this study signifies the point in the
size distribution, up to and including which, 90% of the total number of particles
in the sample is contained; The definition for D(0.5), is then the size point below
which 50% of the material is contained, this value is also known as the mass
median diameter. And the D(0.1) is that size below which 10% of the particles are
contained.

The mean particle diameter and span values were calculated on the basis of five
different experimental runs. In this study, a comprehensive process of light
scattering methods were performed on raw and pretreated samples of olive mill

wastewater in order to study the effect of processes like acidification and

centrifugation and filtration on particle size distribution.

-

Figure A.7. Malrn Mastersizer 2000 apparatus with hydra 2000SM dispersion unit
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4.2.2 Zeta potential and Nanosizing measurement

A typical dynamic light scattering system comprises of six main components.
Firstly, a laser (1) provides a light source to illuminate the sample contained in a
cell (2). For dilute concentrations, most of the laser beam passes through the
sample, but some is scattered by the particles within the sample at all angles. A
detector (3) is used to measure the scattered light. In the Zetasizer Nano series, the
detector position will be at either 173" or 90°, depending upon the particular model.
The intensity of scattered light must be within a specific range for the detector to
successfully measure it. If too much light is detected, then the detector will become
saturated. To overcome this, an attenuator (4) is used to reduce the intensity of the
laser source and hence reduce the intensity of scattering. For samples that do not
scatter much light, such as very small particles or samples of low concentration,
the amount of scattered light must be increased. In this situation, the attenuator will
allow more laser light through to the sample.

For samples that scatter more light, such as large particles or samples at higher
concentration, the intensity of scattered light must be decreased. The appropriate
attenuator position is automatically determined by the Nano software and covers a
transmission range of 100% to 0.0003% [11].

In current thesis, Droplet size distribution, mean droplet diameter and
polydispersity index (PDI) of OMWW samples in nanoscale were measured by
dynamic light scattering (DLS), using a Zetasizer Nano ZS apparatus (Malvern
Instruments Ltd., UK) (Figure A-8). The apparatus is equipped with a He—Ne laser
emitting at 633 nm and with a 4.0mW power source. The instrument uses a
backscattering configuration where detection is done at a scattering angle of 173°.
Samples were first diluted 1:10 to avoid multiple scattering effects and then 2 ml
samples were poured into DTS0012 square disposable polystyrene cuvettes.
Measurements were performed at 20°C. The hydrodynamic diameter was
calculated, using the Stokes—Einstein equation with the assumption that the
particles were monodisperse spheres.

Zeta potential ({) was also measured using the mentioned Zetasizer Nano ZS

apparatus. The measurement was conducted for each diluted sample at 20 °C, using
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DTS1061 disposable folded capillary cells. The Zeta potential ({), was calculated
in an applied electric field, using the Smoluchowski approximation.

Figure A.8. Malvern Zetasizer Nano ZS apparatus

4.2.3 Physical stability evaluation

Physical stability of olive mill wastewater samples was measured in terms of their
droplet growth ratio using a Turbiscan Lab Expert equipment (Formulaction Co.,
L’Union, France) (Figure A-9) by static multiple light scattering (MLS), sending
a light beam from an electroluminescent diode (A = 880 nm) through a cylindrical
glass cell containing the sample. Since acidified samples tend to aggregate during
storage, the droplet size obtained in this work was measured at 4 days at the bottom
of the cell containing them. Three different levels of pH (1.5, 3 and 4.9) were
prepared.

stability analysis was done for the sample without dilution which was placed in a
cylindrical glass cell and two synchronous optical sensors received the light
transmitted through the sample (180° from the incident light) and the light
backscattered by the droplets in the sample (45° from the incident light). The
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optical reading head scans the height of the sample in the cell (about 40 mm), by
acquiring transmission and backscattering data every 40 um. Transmitted and
backscattered light were monitored as a function of time and cell height for 4 days
at 25 °C.

Figure A.9. Turbiscan Lab Expert equipment

5. Characterization of single (W/0) and double (W/0/W) emulsions
In current thesis, characterization process of encapsulated phenolic compounds
within W/O and W/O/W emulsions was performed by the executing following

analysis:

e Droplet size diameter and polydispersity index (PDI) determination
e Zeta potential (§) measurement

e Total phenolic content (Folin-Ciocalateu method)

e Antioxidant activity (DPPH assay)

e Physical stability measurement

e Chemical stability measurement
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Except for stability measurements, rest of the above mentioned analysis including
their related equipment were similar to the processes performed for previous
analysis which are completely described earlier in sections 3.1, 3.4 and 4.2.2 of
this Appendix.

5.1 Chemical stability measurements

The percentage of phenolic compounds held within the agueous phase after several
days of storage at room temperature was measured following the method proposed
by Regan and Mulvihill [12] (30 days for W/O emulsion and 35 days for W/O/W
emulsion). Thus, 3 g of optimal emulsions were mixed with 3 g of phosphate buffer
solution (pH 7) and centrifuged (Eppendorf 5804 centrifuge) at 4500 rpm for 90
min. Then, the lower phase was collected carefully for total phenolic content (TPC)
and antioxidant activity (AA) analysis. The percentage of encapsulated compounds
was identified by using the following equation:

E (%) = ( —z—j)xwo 8)

where C; is the concentration of phenolic compounds found in the aqueous phase
after centrifugation and C; is the initial concentration of phenolic compounds in

the inner aqueous phase [12, 13].

5.2 Physical stability measurements

Stability of W/O and W/O/W emulsions was measured in terms of their droplet
growth ratio. Since emulsions tend to aggregate during storage, the droplet size of
the emulsions was measured after 1 day and several days after preparation (30 days
for W/O emulsion and 35 days for W/O/W emulsion). Two different storage
conditions were evaluated: 4 °C and room temperature in darkness. Furthermore,
optical characterization of the optimal double emulsion was done by static multiple
light scattering (S-MLS) using a Turbiscan Lab Expert equipment (Formulaction
Co., L’Union, France) (Figure A-9). As described earlier, the apparatus send a light

beam from an electroluminescent diode (A = 880 nm) through a cylindrical glass
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cell containing the sample. The emulsion sample (20 mL) without dilution was

placed in a cylindrical glass cell and two synchronous optical sensors received the

light transmitted through the sample (180° from the incident light) and the light

backscattered by the droplets in the sample (45° from the incident light). The

optical reading head scans the height of the sample in the cell (about 40 mm), by

acquiring transmission and backscattering data every 40 um. Transmitted and

backscattered light were monitored as a function of time and cell height at 25 °C

[14,15].
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