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Introduction

Foods characterised by protective and health-primigpgiotential, in addition to their
nutritive value, are recognised #&snctional foods The beneficial components in
functional foods have been called by various tesosh as phytochemicals, functional
components and bioactive compounds. These compoirefiuit and vegetables have
been receiving increased interest from consumedsresearchers for their beneficial
effects on human health. Epidemiological studiegeheonsistently demonstrated that
there is a clear significant positive associatietwieen the intake of fruit and vegetables
and the reduced rate of heart disease mortalitphoon cancers and other degenerative
diseases as well as ageing. The protection thitaind vegetables provide against these
diseases has been attributed to various bioactimgounds. In particular, most of the
antioxidant capacity of fruit and vegetables can dributed to polyphenolic
compounds (such as flavonols, flavanols, anthooyaaind phenylpropanoids), other
than vitamin C, vitamin E anfl-carotene, which act as antioxidants or as agents o
other mechanisms contributing to anticarcinogenicavdioprotective action.
The world market of fruit and vegetables has remalsk increased in recent years and
consumers have addressed their interest towardsigiocharacterised by:

= quality (maintenance or improvement of flavour,atol texture);

= safety (microbiologically and chemically, materisded methodologies used

during processing and preservation must not intechazardous compounds);
= formulation (new products starting from new and ldimg raw material and
processing);

= stability (“fresh food” with medium long term shdife).
Consequently, the food industry has focused ondtwelopment of processed items
with increased shelf-life able to retain the pesuty of fresh fruit as well as colour,
aroma, nutritional value and structural charadiessas much as possible.
On the other hand, during the industrial transfdroma a large part of the
characteristics determining the quality of the lirggoduct undergoes a remarkable
modification: the thermal damage and the chemigmlation degrade the most sensitive

components reducing the quality of fresh fruits.



In order to overcome these problems and to bete=epve the properties of fresh fruits,
several new “mild” technological processes havenleposed in the last years.

Within the agro-food industry, membrane technolsgian work as well or better than
the existing technology regarding product qualitgnergy consumption and
environmental issues. The use of membrane separatiarification, purification and
concentration processes represents one of the poogtrful tools for the agro-food
industry to introduce innovative processes in ormepursue targets such as process
intensification and reduction of production codts.addition, membrane operations
represent a valid alternative to thermal evaponatprocesses which cause the
deterioration of heat sensitive compounds leading temarkable qualitative decline of
the final product. On the other hand, currentdiion of a wide variety of juices is
performed by using fining agents such as gelatigomaceous earth, bentonite and
silica sol which cause problems of environmentalact due to their disposal.

Juice clarification, stabilisation, depectinizatiamd concentration are typical steps
where membrane processes such as microfiltratiorF),(Multrafiltration (UF),
nanofiltration (NF) and osmotic distillation (ODave been successfully utilised and are
today very efficient systems to preserve the natrédl and organoleptic properties of
the fresh product owing to the possibility of opgerg at room temperature with low
energy consumption and without chemical additives.

The aim of this work was to study the effect offeliént membrane processes in the
separation, recovery and concentration of bioaampounds in the juice of different
varieties of Citrus fruit.

The possibility to obtain concentrated fractionsidred of antioxidant compounds
from the by-products of the industrial citrus presiag (such as press liquors coming
from red orange peel) was also evaluated.

In the first chapter, a general introduction on rbeame science and technologies,
including their advantages over traditional sepamatprocesses, is reported. A
description of the chemical composition of Citragits and their bioactive compounds
which are of interest for nutriaceutical applicago is reported in Chapter 2. An
integrated membrane process for the productioreajdmot juice with high nutritional
and organoleptic properties is discussed in Chahtdihe influence of the molecular

weight cut-off of different ultrafiltration and nefiltration membranes on the recovery



of polyphenols from bergamot juice is analysed hafer 4. Similarly, the possibility
to recover flavonoids and anthocyanins from préggols coming from pigmented
oranges was investigated by using different mend@rerations. Results concerning
this study are discussed in Chapter 5. Finally,gB#ra6 discusses the results obtained in
the clarification of mandarin juice by using holloflore membranes prepared in
laboratory via the dry—wet spinning technique tlgtothe phase inversion process.
Some recovered fractions from Citrus juices andpimducts of the citrus juice
processing through the investigated membrane psesagpresent an ideal substrate for
the formulation of new products with improved cleesistics for food, pharmaceutical
and nutriaceutical applications.



CHAPTER 1

MEMBRANE SEPARATION PROCESSES

1.1Introduction

Membranes and membrane processes are not a ragention. They are part of our
daily life and play an essential role in nature &lgb in the modern industrial society.
The separation, concentration, and purification neblecular mixtures are major
problems in the chemical industries. Efficient safian processes are also needed to
obtain high-grade products in the food and pharoi#zs industries to supply
communities and industry with high quality wateidao remove or recover toxic or
valuable components from industrial effluents. Hos task a multitude of separation
techniques such as distillation, precipitation,stailization, extraction, adsorption, and
ion-exchange are used today. More recently, theswentional separation methods
have been supplemented with a family of processklzing semi-permeable
membranes as separation barriers.

Membranes and membrane processes were first ieddas an analytical tool in
chemical and biomedical laboratories; they devedopery rapidly into industrial
products and methods with significant technical emehmercial impact.

The basic properties of membrane operations maka ttleal for industrial production:
they are generally athermal and do not involve phadsanges or chemical additives;
they are simple in concept and operation, modutar @asy to scale-up; furthermore,
they are characterized by a low energy consumgtemitting a rational utilization of
raw materials and recovery and reuse of by-prodidesnbrane technologies respond
efficiently to the requirements of the so-callegrdcess intensificatidn since they
permit drastic improvements in manufacturing anocpssing, substantially decreasing
the equipment-size/production-capacity ratio, thergy consumption, and/or the waste
production and resulting in cheaper, sustainabt@nieal solutions. The membranes

used in various applications differ widely in thetructure, in their function and in the



way they are operated. However, all membranes baveral features in common that
make them particularly attractive tools for thea@pion of molecular mixtures. This is
mandatory for applications in artificial organs andmany drug delivery systems as
well as in the food and drug industry or in doweatn processing of bio-products

where thermo-sensitive substances must often baldwafi,2].

1.2Membranes: definition, preparation and properties

A membranecan be defined as a selective or non-selectiveebdhat separates and/or
contacts two adjacent phases and promotes the myehaf matter, energy, and
information between the phases in a specific orgpetific manner. The separation of a
mixture in a membrane process is the result ofeckfit transport rates of different
components through the membrane. The functionnoémbrane in a separation process
is determined by its transport properties for défeé components in a mixture. The
transport rate of a component through a membradeteymined by itpermeabilityin
the membrane and by thdriving force Driving forces in membrane processes are
gradients in the chemical and electrical potentadd in the hydrostatic pressure,
resulting in a diffusion of individual moleculespragration of ions, and a convection of
mass, respectively.

The permeability of a certain component in a membéras determined by its
concentration and its mobility in the membrane &tree. In a homogeneous polymer
matrix, the concentration of a component in a meméris determined by its solubility
in the polymer. In a porous structure, the conedimin of a component in the membrane
is determined by its size and by the pore sizehef structure. The mass transport
through membranes can be described by various matiwl relations. Most of these
are semi-empirical, postulating membrane modelghsas Fick’s law, Hagen-
Poisseuille’s law and Ohm’s law. A more comprehemsiescription suitable for each
membrane, which is independent of the membranectatey is based on a
phenomenological equation that connects the flwfethe electrical charges, volume,
that is, viscous flow, and individual componentshwhe corresponding driving forces

by a linear relation:

J =) Lik-X (1.2.1)
k



Here J is a flux per unit area and X is a genezdlidriving force; the subscriptandk
refer to individual components, volume, and eleelri charges; and L is a
phenomenological coefficient relating the fluxeshe driving forces [3].
The molecular mixture which will be separated ifemeed to asfeed the mixture
containing the components retained by the membramesalled retentate and the
mixture composed of the components permeating tleenbrane is referred to as
permeate
Membranes can be classified according to differpatameters as the materials
(polymers, ceramics, glass, liquid), the struct(@gmmetric, asymmetric), and the
configuration (flat-sheet, spiral wound, tubulapilary, hollow fiber).
Based on their structure they can be classifiddun groups:

1) porous membranes;

2) homogenous solid membranes;

3) solid membranes carrying electrical charges;

4) liquid or solid films containing selective carriers
Figure 1.2-1 illustrates the morphology, materaisl configuration of some technically
relevant synthetic membranes [2].
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Figure 1.2-1Schematic representation of the various matergttsictures and configurations
of technically relevant synthetic membranes
All kinds of different synthetic materials can bsed for preparing membranes. Thus

the material can be either inorganic, such as deraglass or metal, or organic
including all types of polymers. The basic prineiphvolved is to modify the material
in such a way by means of an appropriate techngpues to obtain a membrane
structure with a morphology suitable for a spectf@paration. A number of different
techniques is available to prepare synthetic mengzaSome of these techniques can
be used to prepare organic (polymeric) as wellresganic membranes. The most
important techniques are sintering, stretchingcktretching, phase inversion and
coating.

Sinteringis a rather simple technique to obtain porous &iras from organic as well as
from inorganic materials. The method involves presa powder consisting of particles
of a given size and sintering it at elevated tempee (Figurel.2-2). The required
temperatures depend on the material used. The gwogelds a porous structure of
relatively low porosity in the range of 10 to 40a¥d a rather irregular porous structure
with a very wide pore size distribution. The matkselection for the preparation of
sintered membranes is determined mainly by theimedjunechanical properties and the
chemical and thermal stability of the material e application of the final membrane.
The patrticle size of the powder is the main paremeéétermining the pore size of the
final membrane, typically ranging from 0.2 to 2@n. The lower limit of the pore

diameter is determined by the particle size ofppbeder [4].

Figure 1.2-2Sintering process

Another relatively simple procedure for preparirgqus membranes is tis#retching
technigue In this method an extruded film made from a pdjstiatystalline polymeric



material is stretched perpendicularly to the dicectof the extrusion, so that the
crystalline regions are located tangentially to téeetrusion direction. When a
mechanical stress is applied, a small rupture gcand a porous structure is obtained
with pore sizes of about 0.1-20n. Only crystalline polymeric materials can be used
for this technique. The porosity of these membrasesuch higher than one obtained
by sintering, and values up to 90% can be obtained.

Porous membranes with very uniform, nearly perfjectund cylindrical pores are
obtained by a process referred totemck-etching(Figure 1.2-3). The membrane is
realised in a two-step process. A film or foil (pmArbonate) is subject to high energy
particles applied perpendicularly to the film. Tperrticles damage the polymeric matrix
and create tracks. The film is then immersed inaam (or alcaline) bath and the
polymeric materials are etched away along the sgrdackorm uniform cylindrical pores
with narrow pore size distribution. Pore sizes frOr tolOum are obtained, but the

porosity is low (about 10%).

raciation source

| membrane with
‘ copillary pores

olymer film /
potymer £ etching both — o2 ////////////////// ///

Figure 1.2-3Track-etching method

The choice of the material depends mainly on tiekitess of the film available and on
the energy of the particles applied (usually abbiMeV). The maximum penetration
thickness of particles with this energy is aboupu@ When the energy of the particles

is increased, the film thickness can also be irsg@and even the inorganic materials



can be used. The porosity is mainly determinedhleyradiation time whereas the pore
diameter is determined by the etching time.

The majority of polymeric membranes can be produmng@d method known gshase
inversion.This isa process in which a polymer is transformed, im@trolled method,
from a liquid to a solid state. It is used partaaly for the preparation of asymmetric
membranes, characterised by a non uniform structmgprising an active top layer or
skin supported by a porous support or sub-layer [5]

The concept of a phase inversion covers a rangéfefent techniques such as solvent
evaporation, precipitation by controlled evapomatidghermal precipitation, thermal
precipitation from the vapour phases and immergoegcipitation. The majority of
phase inversion membranes is prepared by immepsemipitation.

In this technique a polymeric solution is cast osu#dable support and immersed in a
coagulant bath containing a non solvent. Precipitabccurs because of the exchange
of solvent and non-solvent. The membrane struailirmately obtained results from a
combination of mass transfer and phase separation.

Phase inversion membranes can be made from almpgiadymer, which is soluble in
an appropriate solvent and can be precipitatechionasolvent.

By varying the polymer, the polymer concentratithe precipitation medium, and the
precipitation temperature, porous phase inversiembranes can be made with a very

large variety of pore sizes and with varying chexhaand mechanical properties.

1.3 Configuration of membrane modules

Membranes are usually packed in small units caflechbrane modules. They are quite
different in design, mode of operation and prodwctiosts.

The two important aspects of a membrane modul¢éharenaterial of the membrane and
its configuration In particular, membrane modudes available in five basic designs:
hollow fiber, spiral wound, tubular, plate and fraiend capillary.

The choice of the module configuration, as welltles arrangement of modules in a
system, is based on economic considerations, {e @y separation, ease of cleaning,
maintenance and operation.

Spiral woundmodules consist of a sandwich of flat sheet mendwaspacers and

porous permeate flow material wrapped around aagpermeate collecting tube. Feed



solution passes axially along the sandwich in thanoels formed by the spacers
through the membrane to the feed solution, thetdglly forwarded towards the central

collecting tube.

In general two or more modules are fitted in seaed suitably sealed into a pressure
housing; the feed solution is introduced at one a&mdl the retentate is collected at the

other one (Figure 1.3-1).
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Figure 1.3-1Schematic representation of a spiral-wound membraadule

Commercial spiral wound modules are about 1 metgg hnd have a diameter of 10 to
60 cm. They provide a relatively large membrane quer unit volume, they cannot be
mechanically cleaned and require a pretreatmermepoe of feed solution.

The capillary membranenodules consist of a large number of capillary membés
with an inner diameter of 0.2 to 3 mm arranged paeallel bundle in a shell tube as
shown in Figure 1.3-2. The feed solution is forvemtdnto the lumen of capillary
membranes and the filtrate, which permeates th#largpwall, is collected in the shell
tube. In thehollow fiber membranedhe selective layer is on the outside of the 8ber
which are installed as a bundle of different fibiera half loop with the free ends potted
with an epoxy resin in a pressure tube. The fatpaasses through the fiber walls and
flows up the bore to the open end of the fiberstret epoxy head. The main



disadvantage of the hollow fibers membrane moduslethe difficult control of
polarization concentration and fouling. Howevesthhenomenon can be controlled by
feed pretreatment to remove particles, macromadscal other materials that may be

precipitated at the membrane surface.
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Figure 1.3-2Schematic representation of the capillary/hollolefi module

In the tubular modulemembranes are located according to the “shell arok"t
geometry. The basic concept of a tubular moduleaistraight membrane tube
surrounded by a porous support layer and a suppbet Feed flows internally along
the tube and the permeate passes through the nmniota the porous support layer
and through suitable pores in the support tubeeTdiameters are in the range of 1.2 to
2.4 cm and a number of tubes are placed in onesymediousing to increase module
productivity. Main applications of tubular membrarere with feeds which cannot be



pretreated to remove potential foulants and whewy kggienic conditions are required.
The relatively large tube diameters permit theitn siechanical cleaning method. Main
applications are in ultrafiltration and microfiltian. In Figure 1.3-3 a schematic

representation of a tubular membrane module isrtego

Figure 1.3-3Schematic representation of tubular membrane module

Another module type is thaate-and-framelts design has its origin in the conventional
filter press concept. The membranes, porous merabsapport plates, and spacers
forming the feed flow channel are clamped togetiret stacked between two endplates
and placed in a housing. The feed solution is pres=d in the housing and forced
across the surface of the membrane (Figure 1.3-4).

The permeate leaves the module through the pernsbatenel and it is collected in a
central tube. Plate and frame units are mainly usethall-scale applications such as in
the production of pharmaceuticals, bio-productéiree chemicals. The selection of the
membrane module is mainly determined by economitsiderations. This does not
mean that the cheapest configuration is alwaysb#st choice because the type of
application is also very important.

In Table 1.3-1 the characteristics of all the medulvhich must be considered in a
system design, including packing density, investneest, fouling tendency and ease of

cleaning, are reported.
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Figure 1.3-4Schematic representation of a plate and frame neodul

Table 1.3-1Qualitative comparison of various membrane configions

Type of Membrane Membrane Control of Ease of Packing Range of
module area per unit cost conce_ntra_ttion cleaning density flux
E/r?]lzl; rr:g polarization (/m’h)
Tubular 20-100 very high very good good Low mm1
Capillary 600-1200 low very good poor high 20-50
Hollow fiber 2000-5000 very low very poor very poo very high -
Spiral wound 800-1200 low good medium Medium 10-50
Plate and frame 400-800 medium good good Low 20-100

-10 -



The cost of the various modules varies apprecidblyjnstance the tubular module is
the most expensive per installed membrane area.ekawit is suited to applications
with a “high fouling tendency” because of its easeperation and membrane cleaning.
In contrast, the hollow fiber modules are very syps$ible to fouling and are difficult to
clean. Pretreatment of the feed stream is thereforemportant factor in hollow fiber
membranes.

Generally specific modules will generally tend todf their own field of application,
although it is often possible to choose between awmore different types in specific

applications [6].

1.4 Membrane processes
Membrane separation processes can differ greatly rggard to membranes, driving
forces, areas of application, and industrial or necoical relevance. Membrane
processes can be classified according to the drivorce applied to achieve the
transport of specific components through the membmato:
» hydrostatic pressure-driven processes such asseev@mosis, nanofitration,
ultrafiltration, microfiltration;
= concentration gradient or chemical potential driygacesses such as dialysis,
pervaporation and membrane contactors (membraned beavent extraction,
osmotic distillation);
= electrical potential driven processes such asrelégalisis, electrofiltration;
» temperature-driven membrane processes such as ieweendhistillation.
Table 1.4-1 summarises the most important memiseparation processes.
The mechanism by which certain components arepgoatedd through a membrane can
also be very different. In some membranes, for etanthe transport is based on the
viscous flow of a mixture through individual por@s the membrane, caused by
hydrostatic pressure differences between the tvesgdseparated by the membrane.
Components that permeate through the membranegargpbrted by convective flow
through micropores under a gradient pressure amgriorce and the separation occurs
because of size exclusion.
If the transport is based on the solubility andugiion of individual molecules in the

non-porous membrane matrix, due to a concentratianemical potential gradient, the
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transport is referred to adiffusion The separation is possibleecause of different

solubility and diffusivity of components into theembrane material [7].

Table 1.4-1Basic properties of membrane operations

Membrgne Membrane type  Driving force Mode of Applications
separation transport
T, Symmetric Hydrostatic  Size exclusion Clarification, sterile
Microfiltration . o
macroporous pressure convention filtration
o Asymmetric Hydrostatic  Size exclusion Separations of
Ultrafiltration ; : macromolecular
microporous pressure convention .
solutions
Size exclusion :
. Separation of small
N . Hydrostatic s'olutl'on organic compounds and
Nanofiltration Asymmetric diffusion
pressure selected salts from
Donnan i
; solution
exclusion
, . . Solution Separation of micro-
Revers_e Asymmetric, Skin-  Hydrostatic diffusion solutes and salts from
0Smosis pressure : )
mechanism solutions
Separation of micro-
. . Symmetric Concentration e solutes and salts from
Dialysis . : Diffusion
microporous gradient macromolecular
solutions
Asymme'_[rlc, Concer)tratlon Solution _
. composite, gradient, e Separation of gas
Gas separation ! diffusion .
homogenous or hydrostatic : mixtures
mechanism
porous polymer pressure
, Concentration :
Asymmetric, . Solution . .
: . gradient, e . Separation of mixtures
Pervaporation = composite non diffusion S
vapour : of volatile liquids
mechanism
pressure
Su_ppc_)rted . Concentration . . Separation,
liquid Microporous radient Diffusion concentration
membranes g
Membrane . Temperature e .
distillation Microporous gradient Diffusion Concentration

1.4-1 Microfiltration

The term microfiltration (MF) is used when pamiglwith diameters of 0.1-3m are

separated from a solvent or other low molecular paments. The separation

mechanism is based on a sieving effect and pastimte separated according to their
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dimensions. Membranes used for MF have pores oft®.10 um in diameter. The
hydrostatic pressure differences used are in thgeraf 0.05-0.2 MPa. The most used
polymers for MF membranes are the hydrophobic poiyidenfluoride (PVDF),
polypropylene (PP), polyethylene (PE), and the bdgtilic materials cellulose esters,
polycarbonate (PC), polysulfone/polyethersulfon8f(PES), polyimide/polyetherimide
and polyetheretherketone (PEEK). The ceramic memasravhich can be used both in
micro- and ultrafiltration processes, have supecdoemical, thermal, and mechanical
stability compared to polymeric membranes, and gbee size can be more easily
controlled.

MF membranes are prepared by sintering, track+agctstretching, or phase inversion
techniques. Module configurations include hollotefi, tubular, plate and frame, spiral
wound. The two standard modes of operation are -dadd and cross-flow
configurations (Figure 1.4.1-1). In the dead-endhoe, the feed flow is perpendicular
to the membrane surface. It is forced through tleenbrane, which causes the retained
particles to accumulate and form a type of cakerlat the membrane surface. The
thickness of the cake increases with the filtratiome. The permeation rate decreases,
therefore, with increased layer thickness.

In the cross-flow mode, the fluid to be filteredvils tangentially to the membrane
surface and permeates through the membrane dug@resaure difference. The cross-

flow reduces the formation of the filter cake teeget at a low level.

feed

l feed retentate

_

OOO

NP o o g IS o g o e
SR PoPo 0R% O o 08%
m membrane m membrane

permeate permeate

dead-end configuration cross-flow configuration

Figure 1.4.1-1Comparison between dead-end and cross-flow cordtgurs
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MF is employed in both production and analyticaplagations. The technologically
important applications are summarised as:

= removal of particles from liquid and gas streamsnicg from chemical,

biological and food industry ;

= clarification and sterile filtration of heat semgit solutions and beverages;

= production of pure water in the electronic indwestyi

= product purification, gas filtration, process saitveecovery in the chemical

industries;

» waste water treatment.
In the food industry the use of MF for the retentiof cellular components,
microorganisms and other solids from alcoholic on4alcoholic beverage, as well as
clarification and concentration, is widely employddferent solutions can be processed
including milk, beer, wine, whiskies, potable watgrups, edible oils and vinegar.
The cold sterilisation of milk by MF is used to guwe fresh milk with medium term
conservation. In fact, this methodology allows t®move microorganisms while
preserving the organoleptic properties of the nttimponents since the process is
carried out at lower temperature compared to tleeused in pasteurisation.
Clarification of apple juice by MF has been praatidor several years as a means of
producing clean and sterile beverages [8].
In the pharmaceutical industry an important applicaof MF is virus and bacteria
removal prior to final formulation of many productd in the clarification of
fermentation broths to remove the suspended cedsraad other particles. In addition,
MF membranes are used as passive substrates th wells can attack and grow.
Physiologically and anatomically, a microporous rbeane is an ideal artificial surface
for growing mammalian cells. A variety of polymerniteembranes is currently used for

cell culture depending upon the application [9].

1.4.2 Ultrafiltration
Ultrafiltration (UF) is a membrane process whichsimilar to MF in operation, but
which uses asymmetric membranes with pores inkimelayer having a diameter of 2-

10 nm. UF is a process of separating extremelylgpaaiicles and dissolved molecules
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from fluids. The primary basis for separation islecalar size although secondary
factors, such as molecule shape and charge, camaplenportant role.

The molecular weight cut-off of ultrafiltration mémanes is between iGand 16
Dalton. Hydrostatic pressures of 0.1-0.5 MPa ardudhe principle of operation is
analogous to microfiltration and is based on “fsieving”. The main hydrodynamic
resistance of the membrane is offered by the tgprlavhile the supporting porous
sublayer offers minimal hydraulic resistance.

UF membranes are prepared by phase inversion. idlateised are PSf, PVDF, PAN,
PEEK and cellulosics such as cellulose acetateyynkol blends, e.g. with
polyvinylpyrrolidone (PVP) are commonly used torggse the hydrophilicity of the
membranes. Also the UF process can be operateddangdo the dead-end and cross
flow configurations.

UF is widely used for the recovery and concentratibenzymes and proteins produced
by fermentations. The attraction of UF in proteioncentration lies in the energy
efficiency of the concentration of dilute fermeiat broths and the gentle nature of
separation which minimises protein denaturatiorthadoss of protein activity. The UF
of milk retains proteins, fats and insoluble andurmb salts while it allows the
permeation of lactose and soluble salts. The palégptof UF is in the formulation of
milk based beverages with a high content of calcauna a relatively low content of fat
and cholesterol.

The addition of fining agents and then the decgntinfiltering through pre-coat filter
have been used in the traditional clarificationfriit juices. The application of UF
simplifies the process by reducing time and laband by increasing yield and juice
quality [10].

UF is also used to remove particulate, microorgasisand colloidal material from
drinking water and thus replace conventional dl@tfon and disinfection and in the
waster water treatment. UF is mainly used at inthlsievel as a method of
fractionation, that is the separation of stream® itwo fractions on the basis of
particulate size or molecular weight cut-off. Theiliy to separate soluble
macromolecules from other soluble species and stivie the major reason of the use

of the UF in many industries such as pulp and paqolrstries [8].
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1.4.3 Nanofiltration

Nanofiltration (NF) is a pressure-driven procestuated between the separation
capabilities of UF and reverse osmosis. In thisc@ss asymmetric mesoporous
membranes are used to separate molecular mixtacesoas. Hydrostatic pressures of
0.3-3 MPa are used. The separations result from dbetribution of different
mechanisms such as size exclusion, diffusion andnBo dialysis.Polymeric NF
membranes contain ionisable groups, e.g. carboxylisulfonic acid groups, which
result in a surface charge (positive or negative}he presence of a feed solution.
Therefore, the separation properties of NF memlsrane determined in general by two
distinct properties: the pore size of the membrandsch corresponds to a molecular
weight cut-off value of about 200 Da, and the stefaharge which can be positive or
negative and affects the permeability of chargechpmnents such as ions. Due to
electric interactions between ions and the membsamface charge, for example, NF
membranes are capable of separating monovalent fativalent ions or neutral
molecules [11].

NF is a unit operation that permits many applig&icuch as solvent recovery from
filtered oil, exchange of solvent in the chemicadustry, water softening, desalination
of dyestuffs, acid and caustic recovery, color reahoconcentration and purification of
ethanolic extract from different matrixes (e.g. tkenphylls, propolis) which are
important in both pharmaceutical and food industriéF is also a valid method for the
fractionation and concentration of bioactive conmmutsifrom fruit juices. Some other
specific applications are removal of cholesteralhwapplications in nutraceutics and
nutritional supplements and for the wine and jworacentration [12].

NF is a relatively new process for the mineralmatof whey (and of milk). It is a
competitive process comparable with electrodialgsi®n exchange for desalination. A
degree of desalination up to 40% can be obtainedNBy which makes possible to
utilise whey.

A NF process is used for recovering tannins ancemabm exhausted baths and their
reuse as tanning agents [13]. Finally, NF membranesised to recover polar or non-
polar eluent phases coming from HPLC chromatogaplocesses. The dilute product
is concentrated up to 10 %, while the contaminateelam is purified and recycled to
the HPLC.
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1.4.4 Reverse osmosis
Reverse osmosis (RO) is a pressure-driven processewparticles, macromolecules,
and low molecular mass compounds (salts and sugaesyeparated from a solvent,
usually water.
The mechanism of separation of species is basqutamesses relating to their size and
shape, their ionic charge and their interactiortk Wie membrane itself.
RO membranes are dense membranes; as a resuliegiemmis lower than the UF
process and rejection is not a result of sieving,d§ a solution-diffusion mechanism.
The operating principle is that the surface laylethe membrane is a relaxed region of
amorphous polymer in which solvent and solute digsand diffuse. To overcome the
molecular friction between the permeate and thgrpetic membrane during diffusion,
large operating pressures are required in the rah@® to 100 bar. The particle size
range for applications of RO is approximately betw®.0001 and 0.001 micron and
with solutes of molar mass greater than 300 Dadtmomplete separation is achieved.
RO membranes can be made of cellulose triacetaimatic polyamide or interfacial
polymerization of polyamide and poly(ether urea@ R employed in a wide range of
applications in the processing of aqueous solutions

» desalination of sea water;

= production of pure water for a variety of indusdrie

= concentration of solutions of food products, pharewgical solutions and

chemical streams;

» waste water treatment.
A successful application of RO is found in the camtcation of grape must prior to
vinification. RO allows dewatering of must at rodemperature avoiding losses of
volatile compounds or damage of organoleptic priigger The must concentration has
the scope of achieving proper sugars concentratbonoptimal fermentation and
therefore high quality wine production [2-5]. Thaush concentrated by RO is rich in
tannin and in organoleptic components, does nat @elelition of sugar and maintains
the delicate balance of aroma compounds unchanigedddition, the fruit juice
concentration by RO has been of interest for th# processing industry for about 30
years. The advantages of RO over traditional e\ajmor are in low thermal damage to

product, reduction in energy consumption and logagpital investments as the process
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is carried out at low temperatures and it does inebvlve phase change for water
removal [14].

In Figure 1.4.4 -1 the separation spectrum of pmesdriven membrane processes is

reported.
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Figure 1.4.3.4 -1The filtration spectrum

1.4.5 Membrane contactors

Membrane contactors (MCs) are systems where thebmaem@ function is to facilitate

diffusive mass transfer between two contacting ebdBquid—liquid, gas—liquid, gas—

gas, etc.) without dispersion of one phase withiotlaer. This is accomplished by
passing the fluids on opposite sides of a micropemmembrane. By controlling the
pressure difference between the fluids, one of tieimmobilized in the pores of the

membrane so that the fluid—fluid interface is lecbat the mouth of each pore. In a MC,
generally, microporous hydrophobic membranes aed ue promote mass transfer
between phases. The membranes are not selectiveepresent an inert support by
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which the contact between phases occurs. The maasspbrt takes place by a diffusive
process through the membrane pores. With respeamineentional systems, MCs have
some important advantages such as nondispersionthef phases in contact,
independently variable flow rates without floodihgnitations, lack of phase-density
difference limitations, lack of phase separationqureements, higher surface
area/volume ratios, and direct scale-up becauaenaddular design.

MCs offer a potential solution in a wide range aduld/liquid and gas/liquid
applications such as: liquid—liquid extraction, gasorption and stripping, dense gas
extraction, fermentation and enzymatic transforamgtipharmaceutical applications,
protein extraction, wastewater treatment, chiralpasations, semiconductor
manufacturing, carbonation of beverages, metakidraction [15].

A number of commercial applications of MCs haverbaleady successfully realized
in beer production. Several industrial plants a@ai this technology for Cremoval
followed by non dispersive nitrogenation in ordeiobtain a dense foam head. Another
important field of application of MCs is the prodion of ultrapure water for electronic
industry.

Membrane distillation and osmotic distillation can be considered examples of
membrane contactors for carrying out the conceatraf aqueous solution containing

non-volatile solutes.

1.4.5.1 Membrane distillation

Membrane distillation (MD) is a relatively new merabe process in which two
agueous solutions, at different temperatures, aparated by a microporous
hydrophobic membrane. In these conditions a net puater flux from the warm side to
the cold side occurs. The process takes place atranspheric pressure and at a
temperature that may be much lower than the bopmigt of the solutions. The driving
force is the vapour pressure difference betweeroesolution—-membrane interfaces
due to the existing temperature gradient. The pmemon can be described as a three
phase sequence: (1) formation of a vapour gap @twhrm solution—-membrane
interface; (2) transport of the vapour phase thinotlge microporous system; (3) its
condensation at the cold side membrane-soluti@nfaxte.
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The most suitable materials for MD membranes inel&d/DF, polytetrafluoethylene

(PTFE) and polypropylene (PP). The size of micreparan range between 0.2 and 1.0
pm. The porosity of the membrane will range from 6@80% of the volume and the

overall thickness from 80—-25fm, depending on the absence or presence of sufport.
general, the thinner the membrane and the grela¢epdrosity of the membrane, the

greater the flux rate. The membrane configuratissed include flat sheet, spiral wound
and hollow fiber; the latter has received the grslatattention. Because MD can be
carried out at the atmospheric pressure and anpetature which can be much lower
than the boiling point of the solution, it can bs&ed to concentrate solutes sensitive to
high temperature (e.g.fruit juices), also at higtmotic pressure. Therefore MD has

received a great attention as a technique for curaténg fruit juices [16,17].

1.4.5.2 Osmotic distillation

Osmotic distillation is a recent membrane procats) known as osmotic evaporation,
membrane evaporation, isothermal membrane dighiiabr gas membrane extraction
which has been successfully applied to the conagotr of liquid foods such as milk,
fruit and vegetable juice, instant coffee and te@ @arious non-food agueous solutions.
This technique can be used to extract selectivedyater from agueous solutions under
atmospheric pressure and at room temperature athaiding thermal degradation of the
solutions. It is therefore particularly adaptedth® concentration of heat-sensitive
products like fruit juices.

The process involves the use of a microporous Ipfbbic membrane to separate two
circulating agueous solutions at different solubaaentrations: a dilute solution and a
hypertonic salt solution. If the operating pressarkept below the capillary penetration
pressure of liquid into the pores, the membranenahbe wetted by the solutions. The
difference in solute concentrations, and consedyientvater activity of both solutions,
generates, at the vapour-liquid interface, a vapoessure difference causing a vapour
transfer from the dilute solution towards the gimg solution. The water transport
through the membrane can be summarized in threse:gtE) evaporation of water at the
dilute vapour—liquid interface; (2) diffusional eonvective vapour transport through
the membrane pore; (3) condensation of water vapdhe membrane/brine interface
(Figure 1.4.5.2-1).
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The typical OD process involves the use of a comatd brine at the downstream side
of the membrane as a stripping solution. A numlesatts such as MgSQ CacCl,
K,HPQO, are suitable. As compared with RO and MD proctss,OD process has the
potential advantage which might overcome the drak®aof RO and MD for
concentrating fruit juice, because RO suffers frbigh osmotic pressure limitation,
while in MD some loss of volatile components andthaegradation may still occur due
to the heat requirement for the feed stream inrotdemaintain the water vapour
pressure gradient. OD, on the other hand, doesufér from any of the problems

mentioned above when operated at room temperat8ie [

Increasing Yater Vapour Pressure
_
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<@ e
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lMemhrane 1 '] : 1 tt1
1 1 i1
t1 LI | 1
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—
Decreasing Water Vapour Fressure

Figure 1.4.5.2-1Mechanism of osmotic distillation through a micropes hydrophobic
membrane

1.6 Concentration polarisation and fouling phenomea in membrane processes
During a separation process the membrane perfoeneauc significantly change with
time, and often a typical flux-time behaviour mag dbserved: the flux through the
membrane decreases over time. This behaviour islynalue to concentration
polarization and fouling, typical of pressure drnivenembrane processes. These two
phenomena are aspects of the same problem, whidheisbuild-up of retained
components in the boundary layer of the membraheiso interface. Both phenomena
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induce additional resistances on the feed siden¢ottansport across the membrane.
When in a mass separation procedure a moleculauraixs brought to a membrane
surface, some components will permeate the memhwader a given driving force,
while others are retained. This leads to an accatoun and a formation of cake or gel
layers by the feed solution constituents retaingdtie membrane which adds an
additional hydrodynamic resistance to the membflamxe This phenomenon is referred
to as concentration polarization. It describesdbecentration profile of the solutes in
the liquid phase adjacent to the membrane resuitorg the balance between different
transport phenomena (convective flow and back siiffio) (Figure 1.6-1).

Concentration polarization is a reversible phenamnewhile fouling is irreversible and
can be caused by several mechanisms: adsorptiooaastriction (deposit of material
on the membrane surface), pore blocking (depositiénthe pores) and/or formation of
a gel layer. Depending on the size of the partiales the membrane pore size, different
cases of fouling can occur, giving different flusatines.

"_| Convective

flow
g

permeate

—

Back diffusive
Flow

d

membrane
gel layer

Figure 1.6 -1Schematic representation of the concentration poddion phenomenon
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The means of preventing or at least controlling tmeme fouling effects are as
heterogeneous as the different materials and mesharcausing the fouling. The main
procedures to avoid or controlling fouling involve:

= pretreatment of feed solution;

= membrane surface modifications;

= hydrodinamic optimization of the membrane module;

= membrane cleaning with the proper chemical agents.
A pre-treatment of the feed solution may includemafcal precipitation, prefiltration,
pH adjustment, chlorination or carbon adsorptiorenirane surface modifications
include the introduction of hydrophilic moieties onarged groups in the membrane
surface by chemical means or plasma depositionh Hegd flow velocities and the
proper module design are efficient tools in cotitiglmembrane fouling.
Typical cleaning agents are acids and bases suc¢hiN&s, and NaOH, complexing
agents, enzymes and detergents [19-20].
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CHAPTER 2

CITRUSFRUITS

2.1 Introduction

Citrus fruits are probably the best known ai
most widespread fruits all over the worl
particularly appreciated for their fresh flavoudait
considered of high beneficial value for their hig
content in vitamin C and natural antioxidant
such as flavonoids and phenylpropanoi
Epidemiological studies on dietary Citre

flavonoids have been associated with a redu

risk of coronary heart disease; they have been sigmested as cancer-preventing
agents. Therefore, the increased interest towdrdset compounds is due to their
pharmacological activity as radical scavengers][1-3

In addition, citrus by-products also represent Gh rsource of naturally occurring

flavonoids: the peel, which represents almost aalé df the fruit mass, contains high

concentrations of flavonoids.

In contrast with other types of fruit, citrus frelitan be consumed mostly fresh or
pressed to obtain a juice. The majority of citrugité are preferably eaten fresh-
oranges, mandarins, grapefruits, clementines angetaes. Oranges and grapefruits
produce a very palatable juice and hence make utitious and popular breakfast.

Lemons and limes can be processed into lemonadepiekies, and their juices can be
also added to various food preparations to enhéareeur.

Furthermore, citrus fruits can be processed toiobtéher food products such as
dehydrated citrus products like jams, jellies orrmmalades, which are very much

appreciated. Citrus essential oil is another bydpob of citrus derived from the citrus

fruit peel. It is used in the food industry to githee flavour to drinks and foods; in the
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pharmaceutical industry for the preparation of dragd in the cosmetic industry for the
preparation of soaps and perfumes and for homaidgg@roducts. In particular, lemon
oil is extensively used in furniture polish and dmmnot is employed for making
perfumes and massage oils [4-5].

In this chapter, after a description @itrus origin, the chemical composition of citrus
fruits and the most important functions of theirtrrants in the human health are

reported.

2.2 Origin, variety and production

The genus citrus, which includes few of the mogtanant fruits worldwide, belongs to
the family of Rutaceae, which comprises 140 gererh 1300 species in the world.
Citrus cultivation originates in China and SoutlsteAsia where it has been cultivated
for more than 4000 years. Citrus is the second mmogbrtant fruit in the world after
apple, and accounts for the production of about @fllion tons with an area of
cultivation spread over a massive 7.2 million hexgalt is a long-lived perennial crop
and is grown in more than 100 countries acrossvtiréd.

Favourable conditions for citrus cultivation arepical and subtropical climates falling
approximately within 40° latitude in each side bé tequator, where temperatures are
predominantly warm. Brazil, USA, Japan, Mexico, B&n and countries of the
Mediterranean region are the major citrus produ@egure 2.2-1).

In Italy the centre of Citrus growing is the South the peninsula. Due to their
favourable climatic conditions Sicily and Calabeee considered the “heart” of the
Italian citrus fruit production.

In citrus species the plant is generally in therfaf large shrubs or small trees reaching
a height of 4 to 15 m. The genus citrus is closelsgted with other important genera of
the family RutaceaefFortunella, Poncirus, Microcitrusand Eremocitrus Major
economically important species of citrus aK@: sinensis(Orange), C. paradisy
(Grapefruit),C. limon(Lemon),C. reticulate(clementine)C. aurantium(sour orange),
C. medica(Citron) and major citrus hybrids inclu@trange (trifoliate orange X sweet
orange), Citrumelo (trifoliate orange X grapefruit), CBergamia Risso(bergamot),
Tangor(sweet orange X tangerine) amengelo(tangerine X grapefruit). Orange alone
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accounts for 75 % of the total citrus fruit prodantworldwide followed by mandarin,
grapefruit and lemon [5-6].

1% 6% M,

14%
1 5%
o G 154G
O Brazil B Uited States O China O vledc o
B IJeditertanean Basin O South A fiica H India Oltan
B Migena M Palastan OJapan OF est of the world

Figure 2.2-1Geographical distribution of fresh citrus produatio

In Italy the most important and typical citrus \igs are:
= Qrange this variety which originates in China and Japaas introduced in Italy
by the Arabs in the 4century. The red oranges of Sicily in the varifi@aroccq
Moro and Sanguinelloare the best known in the world. The main charesties of
these varieties are their intense internal colaufimrought about by the anthocyanin
pigments in the endocarp), their attractive extecoéour and lovely sweet taste. The
areas of cultivation are located in numerous tovstridts in the provinces of Catania,
Ragusa, Syracuse and Enna.
= Bergamot is a natural hybrid fruit derived from bitter age and lemon; it is
produced almost exclusively in the Reggio Calabriea, where the cultivated area is
about 1500 ha with an annual production of 25,@thés. The origins of Bergamot
remain obscure; probably bergamot was imported Btwope from the Canary
Islands, where it had been introduced by Christo@@wumbus. Whatever its origins,
this strip of coastland in Calabria is the onlygglan the world where bergamot meets

its optimal conditions for fructification.

-28-



= Clementins: are introduced in California in 1914. Clemendgingf Calabria
region, cultivated in the provinces of Reggio CakabCatanzaro, Cosenza, Vibo
Valentia and Crotone, are particularly well-knowor their detectable flavor and
remarkable freshness. The region cultivates thét fofi the common, Fedele,
Hernandina, Marisol, Nules, Spinosa, SRA 63 andliVarvarieties. The Calabrian
clementina ripens earlier than the other variedtabe beginning of October.

= Citron (Citrus medic this plant has an ancient origin; the most atitee
provenance is from India but it probably arrivedlialy through the Hebrews who
introduced the cultivation of the citron on the &alan coasts. The cultivars are
divided into two groups: sweet and acidic citrormdéng the acidic citron the most
important variety is the Calabrian one, known as Bliamante citron. This plant finds
the best conditions of cultivation in warm courdrien Calabria, the cultivation of
citron extends along the coast of high Thyrrenifmom Diamante to Tortora, called

Coast of Citron.

2.3 Structure

All varieties of citrus fruits are very similar structure except for size and shape. They
can be round, oblate, ellipsoid, spheroid, pyrif@mnad ovoid.

The skin is constituted by an epicuticular wax fayiéghe quantity of waxes depends on
the variety, the climatic conditions and growtheraimmediately under the epidermis
the flavedo is located characterized by a yelloneeg or orange colour. It contains the
oliferous vesicles that are constituted by a timd &agile walls; inside the essential oll
is characterised by a positive pressure, that perme recovery by abrasion of flavedo
layer. Under the flavedo there is the albedo ctutstl by tubular-like cells forming a
network; it differs in thickness according to thariety and the cultivar.

The albedo is very rich in flavonoids thabntribute to the bitter taste of the juice. Next
layer is the endocarp, the edible part of the fwith the segments containing juice
vesicles: the juice can be considered as the ligei@ased by the cytoplasm and the
vacuoles located inside the vesicles. The intepaal is the core formed by a sponge

tissue similar to the albedo (Figure 2.3-1) [7].
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Figure 2.3-1Structure of Citrus fruits

2.4 Chemical composition

Citrus is characterised by a high content of vita@i(from 50 to 70 mg/100 g of edible
fresh) and it also contains an impressive listsgeatial nutrients including: folic acid,
vitamin B6, thiamine, riboflavin, organic acids, iam acids, minerals salts as
potassium, calcium, cupper, phosphorus and iromthEumore, it is low in fat and
contains no cholesterol; it appears, instead, geaa source of other phytochemicals
and nutriaceuticals including polyphenols and aaroids having antioxidant activity
[8]. Studies performed on the nutrient density @culation frequently used by
dietitians and nutritionists to reflect the nutital value of a food) by Rampersaud et al.
[9] of different commonly consumed fruits demontddathat citrus juices, particularly
orange and pink grapefruit, have the highest cated|nutrient density scores compared
to apple, grape, pineapple and prune [10].

In Table 2.4-1 the chemical composition of citrederred to 100 grams of edible
portion is reported.
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Table 2.4-1Chemical composition of Citrus fruit

Chemical composition of Units | Value per
Citrus 100 grams of
edible
portion
Edible part % 87
Water g 86
Proteins g 0.94
Lipids g 0.12
Minerals
Potassium mg 0.181
Magnesium mg 10
Iron mg 0.10
Copper mg 0.045
Vitamins
Vitamin C mg 70
Thiamin mg 0.087
Riboflavin mg 0.040
Niacin mg 0.282
Folic acid mg 30
Vitamin E mg 0.240
Vitamin B6 mg 0.060
Tocopherol, alpha mg 0.240
Amino Acids
Tryptophan mg 9
Threonine mg 15
Isoleucine mg 25
Leucine mg 23
Methionine mg 20
Phenylalanine mg 31
Energy Kcal 44
Kj 184

Listed below are some of the important nutrientscdbed in citrus and their role in the

safeguard of human health.

2.4.1 Dietary fibres

An excellent source of dietary fibres, Citrus fsugirovide both soluble and insoluble
forms. The predominant type of soluble fibre imustis pectin, making up 65 to 70

percent of the total fibre. The remaining fibreg #ne insoluble form constituted by

cellulose, hemicellulose and trace amounts of gu@itsus also contains lignin, a fibre-

like component. The consumption of citrus fruite cantribute significant quantities of

pectin in a diet. Dietary incorporation of pectippaars to affect several metabolic and
digestive processes: pectin has been associataturteerous physiological effects
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including the decreasing of glucose absorption t#wedimproving of insulin response,
the lowering of plasma LDL cholesterol concentnasi@and the binding to minerals to
decrease their bioavailability. Pectin can alseriiere with the reabsorption of bile
acids which may help in lowering plasma cholestéokls. In addition, observations
indicate that citrus pectin possesses an anticguatential and an immune modulatory
effect.

A reasonable goal for dietary/fibre intake is 253 g/day, but in many developed
countries the actual average intake is closer togl8Nith one medium orange
containing approximately 3.0 g of fibre, citrusifraan make a valuable contribution to
meeting the daily fibre goal [11-12].

2.4.2 Ascorbic Acid

Among the different substances contained in cifmuiss a primary role in the safeguard
of the human health is carried out by Vitamin C.

Vitamin C (ascorbic acid) is an essential waterslad vitamin, important for its
antioxidant function. It is a six-carbon lactoneig(ife 2.4.2-1) synthesized from
glucose in most mammalian species, mainly in libet,not in humans. The importance
of ascorbate to humans is illustrated by the letmature of prolonged vitamin C
privation, which causes scurvy. Ascorbic acid igoad reducing agent. Following the
donation of an electron the semidehydroascorlatical is obtained; loss of a second
electron converts this radical to deydroascorbate,unstable molecule. Metabolic
pathways exist that can recycle ascorbyl radicall aehydroascorbate back to
ascorbate, using NADH or GSH as sources of redysowgger.

Vitamin C acts against oxidation of lipids, protiand DNA, subsequently protecting
their structure and biological function. The oxidatof these biomolecules generates
measurable reaction products, such as 8-oxodeowgguse from DNA, F2-
isoprostanes from lipids, and carbonyl derivatifiesn proteins. Moreover, this can
give a useful method to assess the antioxidanttedfevitamin C or other antioxidants.
In addition, vitamin C acts as an electron donordifferent enzymes; it participates in
collagen hydroxylation, is necessary for synthedisarnitine, and participates in the
biosynthesis of norepinephrine from dopamine andutadion of tyrosine metabolism.
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It reduces the risk of heart disease by preventimg oxidation of low-density
lipoprotein (LDL) cholesterol.

Figure 2.4.2-1Ascorbic acid

Ascorbic acid plays a key role in the formationcollagen, a primary component of
much of the connective tissue in the body. Adequatlagen synthesis is essential for
strong ligaments, tendons, skin, blood vesselsfand/ound healing and tissue repair.
The weakening of these tissues is a symptom ofmiitaC deficiency. Vitamin C is an
important aid in the absorption of inorganic iramdeed it may aid in the reduction of
dietary inorganic iron from the insoluble Fe (It§ the soluble Fe (Il) form, which is
more easily absorbed by the small intestine. Asterbas also been shown to aid in the
treatment of anaemia and stress, and protect agairesgastric nitrosamine formation.
Vitamin C is also a crucial factor in the eye'sliagbto deal with oxidative stress, and
can delay the progression of advanced age-relatezllar degeneration (AMD) and
vision-loss [13].

Only 10 mg of vitamin C per day are required tovpreg vitamin C deficiency.
However, for good health and sufficient body sterafvitamin C, 30 to 100 mg/day is
generally recommended. Citrus fruits are a pawitylgood source of vitamin C, with
one medium orange or grapefruit providing approxetya 70 mg and 56 mg,

respectively.

2.4.3 Vitamin E

Vitamin E is a lipophilic compound exhibiting a ety of biological activities.

It includes two groups, tocopherols (alfa, betange, delta) and tocotrienols (alfa,
beta, gamma, delta) (Figure 2.4.3-1), not syntleesim humans and animals but
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ingested with the diet; they are particularly pres@ vegetable oils and other plant-

based food groups.

CH,

HO

CHj
CHs;

a-tocopherol

a-tocotrienol

Figure 2.4.3-1Structure of selected tocopherols and tocotrienols

Vitamin E is considered as the most potent antenxidof the lipid soluble type,
inhibiting the propagation of lipid peroxidationnd thus preventing membranes or
lipoproteins from oxidative damage.

The antioxidant activity of vitamin E is due to ébility to donate its hydrogen ions to
lipid free radicals thereby neutralizing the ratiemad forming the tocopheroxy radical.
This constitutes an important biological functidnvitamin E, since the deterioration of
cellular membranes is associated to cellular dygtfan and because oxidative
modification of lipoproteins plays a role in tharwation of the atherosclerotic plaque.

The elevation of plasma and tissue F2-isoprostémesliable index of in vivo oxidative
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lipid damage) in animals with vitamin E deficiendgmonstrates the importance of
vitamin E also in vivo.

Epidemiological studies suggest that vitamin E meguce the risk of coronary heart
disease, some cancers, cataracts and diabetesoanthe progression of neurological
diseases. The health effects of vitamin E may lb&te® to numerous mechanisms,
including protections of cells from oxidative dareagprotection of LDL from
oxidation, enhancement of the immune system, remuaif cholesterol synthesis by
inhibition of the enzyme HMG-CoA reductase.

Vitamin E plays an important role as a blocker dafrasamine formation. This
mechanism is implicated in the initiation stagescafcinogenesis. Effects on the
immune system have also been hypothesized as #leossechanism of action for
vitamin E in the promotional stages of carcinogenemsd antitumor proliferation

capacities possibly by modulating gene expressidnl].
2.4.4 Folic acid
Folic acid (Figure 2.4.4-1) is a water soluble Bawmiin, known as B9 vitamin, which

plays an important role in human nutrition. Citfugit and green vegetables such as
broccoli, spinach and bell peppers are good sowfcsate.

Figure 2.4.4-1Folic acid

Folate compounds are important for DNA synthesisnitéing to preserve the genetic

information and for the production of amino-acids.
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Folic acid plays an important role to maintain flbegels of homocysteine in blood
lower. Folate-rich diets have been associated tte@eased risk of cardiovascular
disease.

Folate compounds prevent megaloblastic anemia, raoent studies implicate their
deficiency in the etiology chronic diseases anawiary heart disease.

There is a strong scientific evidence supportiiglabetween folic acid intake and the
prevention of neural tube defects in infants. The Center for Disease Control and
Prevention recommends a consume of about 0.4 mghdaly women of childbearing
age, and specially those who are planning a pregnan

Nowadays, folic acid-fortified beverages are use@ anethod to increase the intake of

this vitamin in the pregnant population and theie is recommended [17-19].

2.4.5 Carotenoids

Carotenoids are a family of pigmented compounds dha synthesized by plants and
microorganisms but not by animals. In plants, tleentribute to the photosynthetic
machinery and protect them against photo-damaggt &nd vegetables constitute the
major source of carotenoids in human diet. Theypmesent as micro-components in
fruits and vegetables and are responsible for thellow, orange and red colors. In
citrus fruits, carotenoids are mainly associatethwulp and its particles extracted in
the juice.More than 600 carotenoids have so far been idedtiin nature. However,
only about 40 are present in a typical human @éthese 40 about 20 carotenoids have
been identified in human blood and tissues. Clos@0f6 of the carotenoids in the diet
and the human body is representeddscarotein,3—carotein, lycopene, lutein and
cryptoxanthin. They contain a system of conjugatedble bonds which allow them to
interact efficiently with reactive oxygen specieSigre 2.4.5-1).3-Carotene,q-
carotene, lutein as well as several other dietargtenoids are efficient quenchers of
singlet molecular oxygen and scavengers of penaditals.

In human studies, numerous associations betweew adrotenoids intake or status and
an increased risk for cancer, age-related maculegemkration, cataract and
cardiovascular diseases have been observed [20].

The antioxidant properties of carotenoids have lmmgested as the main mechanism

by which they afford their beneficial effects. Retetudies are also showing that
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carotenoids may mediate their effects via other haesms such as gap junction
communication, cell growth regulation and modulgtigene expression. However,
carotenoids such asand[3 carotein andx-cryptoxanthin also have the advantage to be

converted to Vitamin A with its related role in tHevelopment and disease prevention.

\\\\\\\\\

Figure 2.4.5-13-carotene

The role of carotenoids in the prevention of cheattiseases and their biological actions

are summarized in Figure 2.4.5-1 [21-23].

BIOLOGICAL ACTIONS

Provitamin A SRR :
Activity Antioxidant Function
Immune Response :
CGap Jur?ctltc_)n Xenobiotics/Drugs
ommunication Metabolism

Carotenoids

=D

DISEASE PREVENTION

Figure 2.4.5-1Role of carotenoids in the prevention of chrongedise
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2.4.6 Flavonoids

Flavonoids are a group of polyphenolic compounderdie in chemical structures and
characteristics. They occur naturally in fruit, e&ples and nuts. Citrus fruits are the
main source of dietary flavonoids.

They are characterized by a common beppgrone structure, which has been reported
to act as an antioxidant in various biological egst. Multiple combinations of
hydroxyl groups, sugars, oxygens and methyl graifached to this structure generate
the various classes of flavonoids: flavanols, ftaxees, flavones, flavan-3-ols
(catechins), anthocyanins, and isoflavones (Figutes-1) [24].

Citrus flavanones are present in the glycosidegbycane foms. Among the aglycone
forms naringenin and hesperidin are the most inapbrftavanones.

Among the glycoside forms, two types are identifie@ohesperidosides (naringin,
neohesperidin and neoeriocitrin) and rutinosidessifleridin, narirutin and didymin).
The flavonoids composition is not always the sam€iirus fruits. For example, in the
sweet orange juicesC{trus sinensiy the most abundant component is hesperidin,
followed by narirutin and dydimin. The blood vayieif sweet orange is characterised
by the presence of anthocyanins.

Anthocyanins constitute the colouring compound8afers and fruits. They are in the
epicarp, but they also colour the mesocarp of @andhe anthocyanin content is
strongly dependent on the level of maturation.

Mandarin juices are quite similar to sweet orargjece they are characterised by the
same distinctive flavanones. Lemdaitfus limon) is characterised by the presence of
significant amounts of hesperidin, eriocitrin andstin. Bergamotitrus bergamia

is extremely rich in flavonoids. Neoeritrocin, magin, neoheperidin and hesperidin are
the most abundant flavanones in juices and seetsrdnently new flavonoids have
been identified as rhoifolin, diosmetin, luteolapigenin and chrysoeril glucosides [25].
Grapefruit Citrus paradis) can generally be found in three different vaestired, pink
and white, their color depending on the presenceafsence) of lycopene. Its main
component is the flavanone naringin and naringeminich has always been recognized
to be a distinctive component of grapefruit juicBkrirutin is also present in good
amounts. Generally, white grapefruit juice is sliglicher in flavonoids than the pink

and red varieties [26].
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Flavonoids play an important role in human hedltiey possess a variety of biological
properties, including antiallergic, antiinflammatprantiviral, antiproliferative, and
anticarcinogenic activities. Flavonoids have reediconsiderable attention because of
their bene-ficial effects as antioxidants in thevemtion of human diseases such as
cancer and cardiovascular diseases, and some qgitadl disorders of gastric and
duodenal ulcers, vascular fragility, and viral doadterial infections [27].
Flavonoids protect against cancer through inhibitmf oxidative damage and can
exercise their antioxidant activity in several ways

= antiradical activities: OHhydroxyl), @, *0,, O, (superoxide);

= anti-lipoperoxidation activities (RROO; RO);

= activities of metal chelation.
Flavonoids have been shown to be able to act aexafdnts by scavenging free
radicals, an activity related to their phenol ricgsitaining hydroxyl groups. Flavonoids
also have the ability to act as reducing agentslaapof donating hydrogens to free
radicals and causing their removal. Flavonoidsalaa act as singlet oxygen quenchers
and as chelators of transition metal such as cogpeiron, which are well-known pro-
oxidants in foods. The ability of monomeric pheoslito act as antioxidants is
dependent on extended conjugation, number andareggment of phenolics substituent
and molecular weight.
The anti-inflammatory activity of flavonoids is dteethe inhibition of cycloxygenase-2
(COX2) and inducible nitric oxide synthase. In padar, studies using mouse
macrophage cells, have shown tl@Gitrus hesperidin has an inhibitory effect on
lipopolysaccharide (LPS)-induced over expressioaycfooxygenase-2, inducible nitric
oxide synthase (iINOS), over-production of prostadia E2 and nitric oxide (NO) [28].
Indeed, citrus flavonoids are able to inhibit theslses and phosphodiesterases essential
for cellular signal transduction and activation.eyhalso affect the activation of a
number of cells involved in the immune responseluiiing T and B lymphocytes.
Recent studies have focused on the Citrus flavenaid the prevention of
atherosclerosis by inhibiting the formation of athea in many steps of its
pathogenesis. Particular flavonoids inhibit platetggregation and adhesion thus
reducing thrombotic tendencies, by mediating ineesan platelet cyclic AMP (CAMP)

levels by either stimulation of adenylate cyclase imhibiting of cAMP
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phosphodiasterase (PDE) activity and by inhibitihg enzymes cyclo-oxygenase and
lypoxigenase involved in arachidonic acid metalmlisn platelets. In addition
flavonoids have a considerable antithrombotic @gtilbbecause they maintain the right
prostacyclin and NO endothelium levels.

Flavonoids appear to increase vasodilation by imduo/ascular smooth muscle
relaxation which may be mediated by the inhibitioh protein kinase C or by a
decreased cellular uptake of calcium.

Flavonoids intake has been inversely and signifigaassociated to death from
coronary heart disease and showed an inverse orelatiith the incidence of
myocardium infarction. In vitro, flavonoids inhibithe oxidation of low-density-
lipoprotein (LDL) by macrophages, mainly by inhibg the generation of
hydroperoxide.

Recently, flavonoids have attracted attention ater@lly important dietary cancer
chemoprotective agents. In addition, the possibtéwamor action of certain flavonoids
has also generated interest. Flavonoids may adllistages of the carcinogenesis
process: damage to the DNA (initiation), tumor depment (promotion) and invasion
(proliferation).

An important mechanism by which flavonoids may éxkeir effects is through their
interaction with phase | metabolizing enzymes (egytochrome P450), which
metabolically activate a large number of pro-cavgens to reactive intermediates that
can interact with cellular nucleophiles and ultisdptrigger carcinogenesis. Flavonoids
are demonstrated to inhibit the activities of darg450 isozymes such as CYP1A1l and
CYP1A2.23,90,91. Thus, they are likely to have a@tgxtive role against the induction
of cellular damage by the activation of carcinogens

Moreover, some flavonoids have been reported agnpoaromatase inhibitors.
Substantial evidence supports the concept thabgesis are involved in mammary
carcinomas. Estradiol, the most potent endogenstregen, is biosynthesized from
androgens by the cytochrome P450 enzyme compld&dcatomatase. Inhibition of
aromatase is an important approach for reducing/thrstimulatory effects of estrogens
in hormone-dependent breast cancer. Thereforeorilzids could be considered
potential agents against breast cancer througimkiigition of aromatase activity.
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The molecular mechanism of antiproliferation mayoine the inhibition of the
prooxidant process that causes tumor promotionis Igenerally believed that the
formation of growth promoting oxidants (reactiveyggn species, ROS) is a major
“catalyst” of the tumor promotion and progressistages, which follows the initiation
stage (carcinogen metabolic activation to mutagens¢ prooxidant enzymes induced
or activated various tumor promoters. In additiomjbition of polyamine biosynthesis
could be a contributing mechanism to the antipecdifive activities of flavonoids.
Ornithine decarboxylase is a rate-limiting enzym@alyamine biosynthesis, which has
been correlated with the rate of DNA synthesis et proliferation in several tissues.
Several experiments show that flavonoids can intahiithine decarboxylase induced
by tumor promoters, and thus cause a subsequerdasecin polyamine and inhibition
of DNA/protein synthesis. Furthermore, flavonoids also effective at inhibiting signal
transduction enzymes, for example, protein tyrokimase (PTK), protein kinase C
(PKC), and phosphoinositide 3-kinases (PIP3), wiaighinvolved in the regulation of
cell proliferation.

The abilities of particular flavonoids to block sbtumor growth may be due to their
inhibition of the neoangiogenic process. Angiogenesa strictly controlled process in
the healthy adult human body, which is regulated &ywariety of endogenous
angiogenic and angiostatic factors. However, patjfiodl angiogenesis can occur in
cancer. Angiogenesis inhibitors such as flavona@ids able to interfere with various
steps of angiogenesis, like basement destructiobladd vessels, proliferation and
migration of endothelial cells, or the lumen forroat Therefore, these compounds may

have potential for the treatment of solid tumors.

2.4.7 Organic Acids

Organic acids play a very important role in frug®wth and, also, in citrus products
sales. Total acidity, together with total sugar teah is an important criterion to
evaluate the ripening degree of oranges and guafefwhile for lemon juice it
represents the primary factor for price definition.

Organic acids are a useful index of authenticityfrints product. The organic acids
composition of fruits is also of interest becausésoimportant influence on the sensory
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properties of the fruit juices. The main organidaf citrus fruits are citric and malic
acids. In addition, traces of benzoic, oxalic anccgic acids have been reported.
Organic acids are contained basically in the jaiod their concentration in other parts
of the fruit is very low.

Citric acid (Figure 2.4.7-1) is a commercially valuable praduidely used in the food,
pharmaceutical and beverage industries becausesems antibacterial and acidulant
effects, reinforces the antioxidant action of otekebstances, and improves the flavors
of juices, soft drinks, and syrups. As a food auddiit is denoted by E number E330.
Citrate salts of various metals are used to delthese minerals in a biologically
available form in many dietary supplements. In phecessing of frozen foods, citric
acid is used as a pH regulator; it is also ablefgtmize the stability of frozen food

products by enhancing the activity of antioxidaams inactivating enzymes.

o) OH
HO
HO OH
0
o)

Figure 2.4.7-1Citric acid

The buffering properties of citrates are used totr@d pH in household cleaners and
pharmaceuticals. The ability of citric acid to ctel metals makes it useful in soaps and
laundry detergents. By chelating the metals in heaitkr, it lets these cleaners produce
foam and work better without need for water softgniin a similar manner, citric acid
is used to regenerate the ion exchange materiatsinsvater softeners by stripping off
the accumulated metal ions as citrate complexes.s@kuration point for citric acid and
water is 59%. In biochemistry, citric acid is imfaoit as an intermediate in the citric
acid cycle and therefore occurs in the metabolignmalmost all living cells. It is
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produced commercially by submerged fermentationsofrose or molasse based
medium [29].

Malic Acid (Figure 2.4.7-2) is one of the main fruit acidsd as produced naturally in a

range of plants, most notably in apples. It is a toxic and a natural product that, when
ingested into the body as a supplement to a healibty has been shown to offer

improved levels of energy, particularly during ecise.

OH
HO

OH @)

Figure 2.4.7-2Malic acid

Recent medical testing has also shown links betwleemse of malic acid as a dietary
supplement and a reduction in pain caused by trenzhcondition fibromyalgia, which
is a long term degenerative disorder that causestpeoughout the body, particularly
in the joints.

Malic acidis prepared hydrolyzing maleic anhydride to makeded and, at elevated
temperatures and pressures, forming an equilibmoixture of maleic acid, fumaric
acid and malic acid. The latter is isolated from tither two acids. Malic acid is used in
a variety of products: it is the preferred acidtilamlow-calories drink; in sugar free-
drinks malic acid masks the off-tast produced yessubstitutes [30].

2.4.8 Mineral salts

Citrus fruits are an important source of minerdtisssuch as potassium, copper, iron and
magnesium. Minerals are naturally elements neeglatidobody and its vital activities.
Each mineral is indispensable for important lifexdtions; they are needed for the
formation of hormones, enzymes and other body anbss.

Copperis a mineral involved in different biological agaties. It is found in a variety of
enzymes:. copper enzymes are widely distributedimvitie body; they perform several

diverse functions including transport of oxygen aidctrons, catalysis in oxidation
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reduction reactions and the protection of the agkhinst damaging oxygen radicals.
Copper plays an important role in the collagenenfifon and it plays a part in
connective tissue maturation, a function of coppéich is closely linked with the
activity of lysyl oxidase, a copper dependent emnzyfound almost exclusively in
connective tissue and crucial for the optimal faiioraof a child’s brain and nervous
system. The mineral is responsible for productio anaintenance of myelin, the
material that surrounds and protects nerve anah lm@is. Copper also plays a role in
making neurotransmitters. It also helps to sudfagnelasticity of blood vessels, which
allows maintenance of proper blood pressure.

The anti-inflammatory activity of copper complexasvarious ligands such as amino-
acid and salicylic acid has been demonstratedetlbepper complexes are known to
promote tissue repair.

Since copper is needed for healthy muscle tonearation, it also plays a vital role in
the heart.

Potassiumis an essential mineral that works to maintain loey's water and acid
balance. As an important electrolyte, it plays ke fia transmitting nerve impulses to
muscles, in muscle contraction and in the maintemanf normal blood pressure.
Potassium also plays an important role to mentactfan as well as to physical
processes. It helps to promote efficient cognifivectioning by playing a significant
role in getting oxygen to the brain. It has varigotes in body functions and it is
essential for the proper function of all cells;stiss, and organs. Among metabolic
functions, potassium plays a role in the synthesiproteins and in the biochemical
transformations required for carbohydrate metabmulis

A high-potassium diet may also prevent or at |lelst/ the progression of renal disease.
An increased potassium intake lowers urinary catcaxcretion and plays an important
role in the management of hypercalciuria and kidsteyes and is likely to decrease the
risk of osteoporosis. Low serum potassium is stsomglated to glucose intolerance,
and increasing potassium intake may prevent theldpment of diabetes. Reduced
serum potassium increases the risk of lethal var&i arrhythmias in patients with
ischemic heart disease. Epidemiological studiescanicome trials show that increasing
potassium intake reduces cardiovascular diseastliborThis is mainly attributable to
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the blood pressure-lowering effect and may alsopasially because of the direct
effects of potassium on the cardiovascular systth [

Magnesiumplays a critical role in human health and nutntiand is essential in

numerous biochemical pathways. Divalent magnesianthe fourth most abundant
metal ion found in cellular metabolism. About 90%ilee intracellular magnesium ion

is bound to the ribosome. Its biological functianslude structural stabilisation of

protein, nucleic acids and cell membranes. Magnesan is also required to promote
specific structural or catalytic activities of peots, enzymes or ribozymes.

Magnesium may play an important role in regulatahgpd pressure. Diets that provide
plenty of potassium and magnesium are consistessgociated with lower blood

pressure. Magnesium deficiency can cause metabbhages that may contribute to
heart attacks and strokes, as well as an increaskdof abnormal heart rhythms.

Population surveys have associated higher blooeldewith lower risks of coronary

heart diseases. Dietary survey have suggestedathagher magnesium intake is
associated with a lower risk of stroke. Magnesignalso important in carbohydrates
metabolism, and it may influence the release atidigycof insulin.

The recommended daily allowance for an adult isthe range 380-420 mg of

magnesium for day [32].

Citrus is a good source obn. It is vital for almost all living organisms by pigipating

in a wide variety of different processes. The meliabfunctions of iron are the best-

known of the micronutrients, given their key role the structure and function of

hemoglobin. The human adult contains about 3.5igoof mostly (60%) in the form of

hemoglobin in red blood cells[33]. The principah&tion of iron is thus coincident with

the role of hemoglobin transporting oxygen from tbags to metabolically active

tissues. Iron is also present in myoglobin, anamgtular store of oxygen, in the

cytochrome enzymes of the mitochondrial electr@mgport chain, in cytochrome P-
450, which is involved in the metabolism of drugsdaother foreign materials; in

catalase and peroxidase, which prevent free radiedliated cell damage; and in a
number of other enzymes involved in energy metabglisuch as reduced nicotinamide
adenine dinucleotide phosphate dehydrogenase [34].

The RDA for iron is 28-30 mg for day. An orange\pd®s about 2mg of iron.
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CHAPTER 3
CLARIFICATION AND CONCENTRATION OF
BERGAMOT JUICE

BY UF/OD INTEGRATED PROCESSES

3.1 Introduction

Bergamot is mainly used for the production of tlssemtial oil from peel which is
widely employed in the cosmetic, pharmaceutical foudl industries. The juice due to
its better taste, has not found so far a real mska food industry and it is considered a
waste of the essential oil production. Therefotds iinteresting to investigate all the
possible uses of the juice, in order to take adgmtof the larger amount of this
discarded product, considering the potentialiti€sSt® health promoting substances,
especially in terms of ascorbic acid and flavongigg].

In order to preserve these components, the bagpepres of “cold process” membrane
technologies can be exploited. These technologiesdeal in the production of fruit
juices with high quality, natural fresh taste additive free since the separation process
is athermal and does not involve phase change emicial additives. In particular,
membrane processes such as MF and UF represernidaaltarnative to the use of
traditional fining agents (gelatine, bentonitejcsilsol). In these processes the juice is
separated into a fibrous concentrated pulp andasdfied fraction free of spoilage
microorganisms.

Membrane concentration processes such as RO, MDBD&ndre valid alternatives to
the use of thermal evaporation which causes lofisesmo-sensitive compounds with a
consequent remarkable qualitative decline of thal fproduct [3-6].

The aim of this study was to evaluate, on laboyasaale, the potential of UF and OD
processes for clarifying and concentrating depesetth bergamot juice. The

performance of the membrane-based process wasats@lan the basis of the quality
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of the products through the analytical measuremehtbe vitamin C, flavonoids and
the total antioxidant activity (TAA).

3.2 Materials and methods

3.2.1 Juice extraction

Bergamot fruits were collected from plants growinga cultivation area located in
Reggio Calabria (Calabria, Italy). Fruits were leal\and then squeezed by a domestic
juicer (Aristarco S.r.l., Treviso, Italy). After fping, sodium sulphite (Sigma—Aldrich,
Milan, Italy) was added in order to inhibit the gnme polyphenol oxidase that
determines a browning of the pulp. A pectinase fraspergillus aculeatugPectinex
Ultra SP-L, Novo Nordisk A/S, Novo Alle, 2880 Bagsud, Denmark) was also added
in quantity of 10 g/kg. The enzyme is able to hyyse both high and low etherified
pectins and also partially hydrolyze cellulose ameimicellulose. The puree was
incubated for 4 h at room temperature in plastik$awith a capacity of 5 | and then
filtered with a nylon cloth. The extracting proceelgave an average juice yield of 41%

(w/w). The juice was stored at -17°C and was défb$ room temperature before use.

3.2.2 UF experimental plant and procedures

Bergamot fruit juice was clarified by using a lakory bench plant equipped with a
polysulphone hollow fibore membrane module preparethboratory. The bench plant

consisted of a feed tank with a capacity of 5 diten which the juice is placed before
the clarification step.

The plant was equipped with adequate devices fer rdgulation and control of

operating parameters. The juice from the feed tmak circulated through the lumen
side of the hollow fibre by using a gear pump. Arthometer placed in the feed tank
was used for to control the juice temperature dutime process. Two manometers
located at the inlet (Pin) and outlet (Pout) of thembrane module were used to
measure the inlet and outlet pressure and constgube transmembrane pressure
(TMP). The feed flow rate and the TMP value werguiated by a pressure control
valve, on the retentate side, and by regulatingrpime of the gear pump. A tube heat
exchanger fed with tap water was used in orderamtain constant the temperature of
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the juice. A digital balance placed under the patemdank permitted to measure the
permeate flow rate and, consequently the perméaate f
A scheme of the UF bench plant is reported in ihare 3.2.2-1

— —

1 £

Figure 3.2.2-1 -Scheme of ultrafiltration bench plant.
(1-feed tank; 2-feed pump; 3,5- manometers; 4- mamebmodule; 6-permeate tank; 7-heat
exchanger; 8-pressure valve; 9-thermometer)

Experiments were carried out according to the batmicentration procedure (Figure
3.2.2-2) in which the permeate is collected sepiyand the retentate is recycled to the
feed tank. The UF system was operated at a TMP8ob&r, an axial feed flow rate of
114 I/h and a temperature of 23.5°C up to reactolanve reduction factor (VRF,
defined as the ratio between the initial feed vauamd the volume of the resulting
retentate) of 2.2.

The clarification process produced two fractionsclarified juice (permeate) and a

fibrous concentrated pulp (retentate).
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retentate

U, S Start volume

1
Fommmmmee- ' End volume
L p » permeate

P e

valve

________

pump Membrane module
Figure 3.2.2-2Scheme of the batch concentration operation

3.2.3 Characterisation of UF membranes with bidlesdi water

HF membranes were characterised with bidistilledewan order to measure the
hydraulic permeability.

The water permeability ¢) was determined by feeding bidistilled water to the
membranes module and measuring the water fluxXfareint TMP values.

The water flux (J), was determined by measuringvtiiame of permeate (V permeate)
collected in a certain timethrough the membrane surface area, maintainingtaot

the feed flow rate and the feed temperature ojuice.

_Vpermeate
tA

J (3.2.3-1)

The slope of the straight line obtained by plottthg water flux against the applied
TMP, gives the measure of the water permeability [7

The hydraulic permeability of the membrane modul¢hie same fixed conditions was
measured after each experimental run and after eleming treatment in order to

evaluate the effect of the juice treatment on tleentorane fouling.

-B53 -



Figure 3.2.3-1 shows the characterisation of thenbrane with bidistilled water at 25
°C, at a feed flow rate of 80 I/h in the range MH values of 0-0.9 bar.

120

100 +

80 4

=
N
£ 60 L,=111.53 I/mh bar
T R?=0.98
—

40 -

20

0 T T T
06 08 1,0

0,0 0,2 0,4
TMP (bar)
Figure 3.2.3-1Characterisation of UF membrane with bidistilledtea

3.2.4 Osmotic distillation unit and procedures

The permeate coming from the UF treatment was digxinio osmotic distillation (OD)
experiments by using a laboratory plant suppliedHoechst-Celanese Corporation
(Wiesbaden, Germany). The plant, showed in Figwzet3l, is equipped with:

two magnetic drive gear pumps for the circulatidnboth clarified juice and

stripping solution in the shell side and in the &mmside (tube side) of the OD

membrane module, respectively;
four pressure gauges in order to register inlet @kt pressures for both tube

side and shell side streams;
= adigital balance (Gibertini Elettronica, Milanallf), placed under the juice tank,

for the measure of the weight of extracted watérwas used to calculate the

evaporation flux ();
two flow-meters for the measure of both brine gotuaand juice flow rate.
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Brine solution
(Tube side)

\ 4

6 2 2 Juice
(Shell side)

5 7
3 @ 8 9
10
I—@ ,
4

1 —extracting solution tank v
2 —brine pump

3,5,7,8 — manometers

4 —OD membrane module
6,9 — flowmeters

10 — feed pump

11 — feed tank

12 — digital balance

Figure 3.2.4 -1Scheme of the osmotic distillation bench plant

The plant was equipped with a Liqui-EdExtra-Flow 2.5x8”, membrane contactor
supplied by Hoechst-Celanese Corporation (Wiesha@ermany). The OD membrane
module is constituted by hydrophobic hollow fibreembranes with an external

diameter of 30Qum and an internal diameter of 2@th. Other characteristics of the OD
membrane module are reported in Table 3.2.4-1.

The juice with an initial concentration of 10° Briwas pumped through the shell side
of the membrane module, while in the tube side édva 60 w/w% calcium chloride

dehydrate (Fluka Chemie GmbH, Buchs, Switzerlaradjit®n, in a counter current

mode. It was chosen because it is not toxic arsdréady available at low cost.

Both solutions were re-circulated back to theireresirs, after passing through the

contactor, at a temperature of 28&2CC.
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Table 3.2.4-1Data sheet of Liqui-Cel® Extra-Flow 2.5x8” membrazentactor

Fibres characteristics Celgar@microporous

Fibre type polypropylene hollow fibre

Cartridge Operating Limits

Maximum Transmembrane 4.2 kglcn
Differential Pressure

Maximum Operating 40 °C
Temperature Range

Cartridge Characteristics
Cartridge Dimensions (DxL) 8x28 cm (2.5x8 in)

Effective Surface Area 1.4 m2
Effective Area/Volume 29.3cm
Fiber Potting Material Polyethylene

The initial weight of the stripping solution (gealy 8 Kg) was two times higher
compared to that of the juice, in order to prewesignificant dilution with consequent
decreasing of the driving force during the proc&3. system was generally operated
with a slightly higher pressure on the shell sitlehe module than the lumen side bar in
order to avoid the leakage of the brine strip thi® product.

The flow rate of the extracted water, at various{soduring the concentration process,
was calculated by measuring the weight loss ofjtinee over the time by a digital
balance. Flow rates normalised by the membraneaceirirea (1.4 gave the
evaporation flux (J) values [3].

Experimental trials were performed in selective raprg conditions up to reach the
desired level of total soluble solids in the juice.

After each trial, the pilot plant was cleaned fipst rinsing the tube side and the shell
side with distilled water. Then a KOH solution avBv% was circulated for 1 h at 40
°C. After a short rinsing with distilled water, #@ric acid solution at 2 w/w % was
circulated for 1 h at 40 °C. Finally the circuit svansed with distilled water (Table
3.2.4-2).
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Table 3.2.4-2Cleaning procedure for the OD membrane module

Shell side Tube side Duration Temperature
Distilled water Distilled water 10-15 min Room tpenature
KOH solution at 2% (w/w) Distilled water 60 min 40°
Distilled water Distilled water 10-15 min Room teenature
Citric acid solution at 2% (w/w)  Distilled water ®ain 40°C
Distilled water Distilled water 10-15 min Room teenature

3.2.5 Analytical measurements

3.2.5.1 Total soluble solids

TSS measurements were carried out by using hanactemeters (Atago Co., Tokyo,
Japan) with scale range of 0-32, 28-62 and 58-9.°B

3.2.5.2 Total suspended solids
The suspended solids content was determined itiaeleo the total juice (w/w%) by

centrifuging, at 2000 rpm for 20 min, 45 ml of aeqwveight sample; the weight of

settled solids was determined after removing timeatant.

3.2.5.3 Total antioxidant activity (TAA)

The total antioxidant activity was determined byiamproved version of the 2,2’bis-
azino-(3-ethylbenzothiazoline-6-sulfonic acid) drmonium salt (ABTS) free radical
decolouration assay in which the radical is gemerdty reaction with potassium
persulphate before the addition of the antioxidg@fiO]. The decolouration of the
blue/green ABTS chromophore (radical cation) is measured as theepéage of
inhibition of absorbance at 734 nm and it is refdrto the reactivity of Trolox (6-
hydroxy-2,5,7,8-tetramethylchroman-2-carboxylicchcan analogous of vitamin E.

The concentration of antioxidants giving the sargogbance percentage inhibition of
the radical cation at 734 nm as 1 mM Trolox wascwaked in terms of Trolox

equivalent antioxidant activity (TEAC).
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The percentage of inhibition (%l) was calculated as

0%l = ( ApgTs  — AsampLE jxlOO

Arore (3.2.5.3-1)

where :
Apgts IS the is the mean value between initial and fimddsorbance of the
ABTS"working solution;
AsavpLe IS the absorption value after 5 min of contaciMeein the antioxidant and the
ABTS solution.
A 2mM ABTS solution was prepared by dissolving #thBTS in water. The ABTS
radical cation (ABTS) was produced by reacting 50 ml of ABTS, (diammonisait,
minimum 98%, Sigma Aldrich, Milan) with 500l of 70 mM potassium persulfate
(minimum 99,0%, Sigma Ultra, Milan) solution antbaling the mixture to stand in the
dark at room temperature for 6 h before use. Theahwas stable in this form for
more than two days. The work solution was prepamediiluting 1 ml of the ABTS
solution to 25 ml with phosphate buffer saline (PESnM NaHPOy, 5 MM NaHPO,,
9 g/l NaCl) to a final UV absorbance of 0.70+0.0Z734 nm.
Different samples coming from the integrated UF-@iocess were diluted with PBS
buffer according to the following procedure:

— 40 pl of sample + 960 ul of PBS buffer ;

— 80 pl of sample + 920 ul of PBS buffer;

— 120 pl of sample + 880 ul of PBS buffer.
After this procedure samples were analysed acoptdithe following method: addition
of 1 ml of diluted (ABTS) solution to 1Qul of diluted sample; the absorbance reading
was registered exactly 1 min after the initial mgkiand up to 6 min. The absorbance
value at 6 min was used to calculate the resutisrted as total antioxidant activity and
expressed as mM trolox equivalent. Each deternunatvas performed in triplicate.
Results were expressed as means + SD of three esnhiplFigure 3.2.5-1 a scheme of

the described method is reported.
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1 ml of ABTS + 24 ml of PB¢
(V = 25 ml)

l

Thermostatiomt 3(°C for 15 min

l

A=0.70-0.73

|

10 pl of juice sample diluted
with PBS + 1 ml of ABTS

l

Spectrophotometric analysis
at 734 nm for 6 min

Figure 3.2.5.3 -1Scheme for the determination of TAA in sampleg@famot juice

3.2.5.4 Determination of flavonoids and ascorbimac

The concentration of flavonoids and ascorbic acd @etermined by high-performance
liquid chromatography (HPLC) by using a HPLC Syst@kgilent 1100 Series, USA)
equipped with an UV detector, a quaternary pump andHP-Chemstation data
acquisition. Chromatographic separation is obtaibgdusing a RP C 18(2) column
250*4.6mm, 5uu (Phenomenex, Torrance, CA, USA).

The identification and quantification of flavonoidad ascorbic acid in bergamot juice
was based on the external standard method by comgpée retention times and their
UV-Vis spectra with those of representative stadslat different concentrations

For the evaluation of he flavonoids content, wogksolutions of hesperidin, naringin
and neohesperidin were prepared by dissolving cawialeflavonoids standards
(Extrasynthese, Genay, Frangegthanol (Sigma Aldrich, Milan). Samples of fresid
concentrated bergamot juice were dissolved in dlsmoantity of DMSO (2ml) and 10
ml of ethanol were added later. The obtained smhstiwere filtered with 0.4%m

cellulose acetate filters and directly injectedr e chromatographic elution a solvent
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gradient of KHPO, 0.25 M (pH 3) (solvent A) and acetonitrile (solv@&) was used as
indicated in Table 3.2.5.4-1. The following conadlits were used: flux=1.2 ml/min;
T=30°C;A=284 nm.

Calibration curves with three different concentratof each flavonoids were used for

the quantitative analysis. Each standard was iegeitiree times.

Table 3.2.5.4- HPLC solvent gradient elution program

Time Solvent A Solvent B
(min) (%) (%)
0 100 0
5 75 25
30 58 42
34 58 42
34.1 0 100
39 0 100
39.1 100 0
49.0 100 0

For the evaluation of the ascorbic acid contenyas of fresh and clarified bergamot
juice were directly injected (after filtration with.45 um cellulose acetate HPLC
filters). Concentrated samples were previouslyluéelil to the same concentration of
the fresh juice (10°Brix). Samples were eluted sacratic mode by using a mobile
phase of HPO, 0.05 M in the following conditions: flux=0.7 ml/mi T=25 °C;
pressure=80 bak=205nm.

3.3 Results and discussion

3.3.1 Clarification of the bergamot juice by UF

UF experiments carried out according to the batmitentration mode showed that the
permeate flux decreased gradually with the opegdaimes by increasing the VRF due
to a concentration polarization and gel formatithe initial permeate flux of 55 I/fh
decreased of about 75% when a final VRF value 2faas reached (Figure 3.3.1-1).
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Figure 3.3.1 -1Clarification of bergamot juice. Time course of peate flux and VRF.
(T=23.5 °C; Qf=114 I/h; TMP=0.8 bar)

The UF membrane retains microrganisms and largecutds as lipids, proteins and
colloids, while small solutes such as vitaminstssalugars are allowed to flow through
the membrane with water. Thus the possibility o€nmbilogical contamination in the
permeate stream is minimised, avoiding thermaltimeats and, consequently, loss of
volatile aroma compounds. Moreover the UF stepwatb to obtain a clarified juice
more suitable for the following membrane based eatration step: indeed UF
completely removed the suspended solids and thdtires clarified juice had lower
viscosity and negligible turbidity [11,12].

The membrane module was rinsed with distilled wiieB0 min after the treatment of
the juice; then it was submitted to a cleaning pdaces using NaOH (Carlo Erba,
Milan) solution at a concentration of 0.5 w/w %.€eTtleaning solutions was circulated
for 60 min at a temperature of 40°C. A final ridehe system with distilled water for
at least 20 min was carried out.

Figure 3.3.1-2 shows the characterisation of thenbrane before and after cleaning
procedures: a god restore of the initial hydrapizmeability was obtained after the

alkaline cleaning.
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Figure 3.3.1-2Effect on membrane cleaning on the water permeglufithe UF membrane
(T=25°C)
3.3.2 Concentration of clarified bergamot juicedsmotic distillation
Figure 3.3.2-1 shows the time course of the evajpporflux and the total soluble solids
(TSS) for a generic run in which the clarified bart juice, with an initial
concentration of 10.5°Brix, was concentrated ub46Brix. The juice and the brine
were pumped through the shell and the tube sidieeofnembrane module, respectively,
at a flow rate of 33 I/h; both solutions were recalated back to their reservoirs, after
passing through the contactor, at a temperatuBsdt. TMP was fixed at 0.48 bar. At
first the brine concentration was 60% giving risean evaporation flux of about 1.4
Kg/m*h. In the range 0-60 min a decrease of the evaporftix was observed owing
to the dilution of the stripping solution. In paxlar, a reduction of the stripping
solution of 33%, and consequently to the drivingéoof the process, determined a 47%
reduction of evaporation flux. In the range 60-189(n a further decline of the
evaporation flux (39%) was observed. In this ratige flux decay can be mainly
attributed to the increase of the TSS concentradiwh consequently to the increase of
the juice viscosity. The evaporation flux reachedalue of 0.4 kg/rth when the juice
TSS concentration was 54°Brix. These observatiomsficn data reported in the
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literature for the concentration of sucrose sohgi@and passion fruit juice by osmotic
distillation: at low TSS of the feed juice the fldecay is more attributable to the
dilution of the stripping solution, at higher TS8ncentrations it depends mainly on
juice viscosity (viscous polarisation) and consexye on juice concentration and

temperature [14,15].
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Figure 3.3.2-10smaotic distillation of clarified bergamot juice.
Time course of evaporation flux and TSS concepfrati
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Figure 3.3.2-20smotic distillation of clarified bergamot juice.
Time course of brine concentration
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3.3.3 Analytical evaluations

In order to evaluate the effect of the integratéd@D process on the juice quality and
its TAA, analytical determinations were performed samples collected during both
membrane processes.

In Table 3.3.3-1 the evaluation of TSS, suspenadidssand ascorbic acid in samples
coming from the integrated UF- OD process is shown.

The rejection of the UF membrane towards these ocomgis was measured according
to the following equation:

_ Cp
R= [1—C—fjx100 (3.3.3-1)

where G is the solute concentration in the permeate ansd e solute concentration in
the feed.

According to the equation 3.3.3-1 the rejectiontlké UF membrane towards the
ascorbic acid and TSS was 12.3% and 4%, respectidlspended solids wew
completely removed from the juice while ascorbiddand TSS were recovered in the
clarified fraction. In Table 3.3.3-2 a mass balantehe UF process for the ascorbic
acid is reported. Considering a recovery factotemnms of clarified juice, of 53.4%, the
guantity of ascorbic acid in this fraction was 46.7

The retentate samples of the OD process, at diffevalues of TSS concentration,
showed the same content of ascorbic acid of thfiethjuice: the OD process has no
influence on the acid ascorbic content indepengebst the concentration degree
achieved.

Table 3.3.3-3 shows the analytical evaluation efrggn, hesperidin and neohesperidin
in samples of clarified and concentrated bergamiocej The observed rejection of the
UF membrane towards flavonoids was in the rang&¥%, a lower value if compared

to that of the ascorbic acid.
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Table 3.3.3-1Analytical evaluations in samples of bergamotguic
coming from the UF-OD treatment

Membrane Sample TSS Suspended  Ascorbic acid*
(°Brix) solids (mg/L)
(%)
Feed 10.5 11 252
UE Permeate 10 - 221
Retentate 12 94 224
Feed 10 - 215
oD Retentatel 20 - 212
Retentate2 34 - 213
Retentate3 54 - 212

*Value referred to the san&S contenbf the fresh juice

Table 3.3.3-2Mass balance of the UF membrane for the ascorbid ac

Feed Permeate Retentate Balance

Volume (liters) 4.02 214 53.2% 1.88 46.8% 100%

Ascorbic acid (mg) 1013.11 4725 46.7%  459.2 45.3% 92%

The mass balance of the UF process for flavonaidsported in Table3.3.3-4. It can be
noted that the recovery of flavonoids in the petadaction is in the range of 51-53%
when the recovery factor of the permeate is 53.PRerefore the mass balance of the
UF process is in agreement with the measured r@peanhd with the observed recovery
factor. During the OD process the flavonoids cotregion in the retentate remained
constant independently by the achieved value of. TSS
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Table 3.3.3-3Analytical evaluations in samples of bergamot juice
coming from the UF/OD proce'ss

Membrane Sample TSS Naringin ~ NeoHesperidin Hesperidin
(°Brix) (mg/L) (mg/L) (mg/L)
Feed 10.5 48 75 5.6
UF Permeate 10 46.7 74.6 5.52
Retentate 12 48.86 76 5.6
Feed 10 42 74 4.85
oD Retentatel 20 41.5 74.3 4.70
Retentate? 34 42 .4 72.5 4.88
Retentate3 54 42.4 73 4.88

*Values referred to the same °Brix of fresh juice

Table 3.3.3-4Mass balance of the UF membrane for flavonoids

Feed Permeate Retentate Balance
Volume (liters) 4.02 2.138 53.2% 1.8820. 46.8% 0%0
Hesperidin (mg) 22.5 11.8 52.4 % 10.53 46.8% 99.2
NeoHesperidin(mg) 301.2 160 53.1 % 143 47.47 100
Naringin (mg) 193 99.8  51.7 % 91.95 47.6 98.6

In Figure 3.3.3-1 the chromatographic profile oé tliavonoids of the depectinised
bergamot juice and of the OD retentate at 54° Brbeported. The flavonoids profile of

the depictinised juice shows typical componentshef bergamot juice (neoeritrocin,

naringin and neoheperidin). They are very well presd in the concentrated juice.
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Figure 3.3-5HPLC chromatogram of flavonoids in feed, permeaig r@etentate.
Peaks: 1, naringin; 2, hesperidin; 3, nechesperidin

In Figure 3.3.3-2 the variation of the TAA durintgetintegrated membrane process
UF/OD is showed. Considering the UF process ordlyght decrease of TAA in the
permeate fraction was observed (7%). In the Umtate the TAA was the same of
the depectinised juice. The concentration treatnignOD did not induce other
significant changes in the TAA value, independerily the TSS concentration
achieved: the highly concentrated sample at 54;Bifvowed a high value of TAA
(14 mM trolox), only 10% lower than the fresh jlic

The obtained result of the TAA are in agreementhwiie analytical results of
ascorbic acid and flavonoids. These compounds ibomér to the antioxidant
activity of the juice and were very well preservédring the UF/OD integrated

process.
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Figure 3.3.3-2Variation of TAA during the integrated UF-OD proses

On the basis of the results obtained on laboratoaje an integrated membrane process
scheme (Figure 3.3.3-3) for producing a concerdradbergamot juice with high
nutritional value was proposed. In this process afid OD steps represent a valid
alternative to the traditional clarification andncentration process based on the use of
fining materials (gelatine, bentonite, silica sahd thermal evaporation, respectively.
The residual fibrous phase coming form the UF psdeetentate) could be submitted
to a stabilising treatment (pasteurisation, ohmieatimng, high pressures) and
successively added together with the water, to fthal OD concentrate for the
preparation of fibres enriched beverage [15]. Besidhe final retentate of the OD

process is a good source of antioxidants and ithmmsed in foods and nutritional

supplement formulations.
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CHAPTER 4
RECOVERY OF POLYPHENOLS IN
BERGAMOT JUICE

BY INTEGRATED MEMBRANE PROCESS

4.1 Introduction

Current studies on bergamot juice revealed impoméwarmacological effects for the
presence of different compounds able to reducechwtesterol and the serum lipid
levels. These properties can be attributed to thesgmce of a high content of
polyphenols, and particularly flavonoids includinfavanones, flavones and
polymethoxyflavones [1-3].

The extraction of polyphenols from vegetable materby using organic solvents is a
classical operation applied to many industrial psses, particularly the pharmaceutical
industry. This method is safe and efficient; howeweinvolves high capital cost and
the high temperature required to increase the ehbdra rate may denature the
polyphenols. Moreover, the extract may contain eials which are considered unsafe
for human consumption. Finally, the extraction whydrophilic solvents is limited by
the co-extraction of sugars from the fruit.

Therefore, technologies able to separate sugar fralgphenols are needed in order to
concentrate the polyphenolic fraction for nutras=utuses [4].

Within the agro-food industry membrane technologi&s work as well as or better than
the existing technology regarding product qualitgnergy consumption and
environmental issue. They offer a competitive aldive to thermal processes which
cause irreversible change of the aroma profile @sldur degradation. On the other
hand, current filtration of a wide variety of jugcés performed by using fining agents
such as gelatine, diatomaceous earth, bentonitesifioa sol which cause problems of

environmental impact due to their disposal.
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In this work an integrated membrane process was ialgestigated for the separation
and concentration of polyphenols in the bergammejuin order to develop a natural
product enriched in polyphenols suitable for nagisical applications. In particular,
the bergamot juice, depectinised after an enzymatiatment, was submitted to a
preliminary ultrafiltration treatment devoted tetlemoval of suspended solids.

The clarified juice was then submitted to differatitafiltration (UF) and nanofiltration
(NF) processes in order to evaluate the effechefrtominal molecular weight cut-off
(NMWCO) on the rejection of the membranes towartagass and polyphenols (Figure
4.1-1). The separation process was monitored bypeomg the concentration of total
polyphenols, flavonoids, total soluble solids (TS@panic acids and total antioxidants

activity (TAA) in the permeate and retentate frac with the composition of the fresh

juice.
- S UF
Bergampt juice 1,000 Dz
v
Depectinization
v
s NF
— serum . 750 Da
UF
100KD
pulp
NF
> 450 Da

Figure 4.1-1General process scheme for the recovery of polygiken
from bergamot juice
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4.2 Material and methods

4.2.1 Bergamot juice

The bergamot juice was supplied by Gioia Succh{Sosarno, Reggio Calabria, Italy).
Juice depectinization (treatment with pectinasenfispergillus aculeatyslO g/kg of
pulp, 4 h at room temperature) was described inpitewious par. 3.2.1. After the
enzymatic treatment the juice was filtered withamytloth and stored at -17 °C. It was

defrosted to room temperature before use.

4.2.2 UF and NF equipment

UF experiments were performed by using the sameeuomnt desribed in the previoud
par.3.2.2. NF experiments were performed by usitaparatory bench plant equipped
with 3 litres feed tank, a high pressure pump, ermtfometer for the control of

temperature, two manometers for the measure ofirtleed and outlet pressures, a
pressure control valve and a cooling coil fed wap water used to maintain the feed

temperature constant.

4.2.3 UF and NF membranes

Experimental trials were performed by using différ&)F and NF membranes. These
membranes were selected on the basis of theircpkati molecular weight cut-off
(MWCO). The depectinised juice was clarified byngsia polysulphone hollow fibre
membrane module supplied by China Blue Star mengbréechnology Co., Ltd
(Beijing China). The clarified juice was then sulied to an UF treatment by using a
composite fluoro polymer flat sheet membrane witRMWCO of 1,000 Da supplied
by Alfa Laval (Lund, Sweden). The NF treatment lud clarified juice was performed
by using two monotubular ceramic membranes with NGAWof 750 and 40 DA,
respectively, supplied by Inopor (Veilsdorf, Germpanin Table 4.2.3-1 the main

properties of the selected membranes are reported.
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Table 4.2.3-LCharacteristics of the UF and NF membranes

Type DCQ EtnaO1PP Inopor  Inopor

Configuration Hollow fibre Flat-sheet  Tubular Tubul

Polymer JiO TiO,

Membrane material Polysulphone
Operating pressure 1-1.5 1-10
Operating temperature 0-40 0-60 350 350
2-9 1-11 0-14 0-14

Operating pH

Membrane surface area 0.16 m 38.46cm 48cnf  48cnf

Membranes were characterised with distilled watefixed conditions of temperature
(25°C) and at different values of TMP, in ordermb@asure their water permeability.
The water permeability was measured, in the saxeel ftonditions, before and after the
experimental trials as well as after each cleapimgedure. In Figures 4.2-3-1, 4.2.3-2,
4.2.3-3 and 4.2.3-4 the hydraulic permeabilitiethef selected membranes are reported.

The water permeability indicated asdecreased bv decreasina the NMWCO.
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Figure 4.2.3-1Characterisation of 100 KDa UF membrane with distlwater
(T=25°C)
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Figure 4.2.3-2Characterisation of 1000 Da UF membrane with distilwater.
(T=25 °C)
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Figure 4.2.3-3Characterisation of 750 Da NF membrane with dietliwater.
(T=25 °C)
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Figure 4.2.3- 4Characterisation of 450 Da NF membrane with distlwater.
(T=25°C)

4.2.4 Analytical determinations

Feed, permeate and retentate samples were anatysethtion to suspended solids,
total soluble solids, pH, total antioxidant actyyibrganic acids and total polyphenols.
Suspended solids, total soluble solids and totélbxdant activity were evaluated
according to the procedure reported in the previbagpter.

pH was measured by an Orion Expandable ion anaBk&e320 pH meter (Allometrics,
Inc., LA, USA).

4.2.4.1 Total phenolics content

Total phenolics content was determined by usingFblkn-Ciocalteau reagent (Sigma
Aldrich, Milano, Italy) according to the method oefed by Slinkard e Singleton [5].
The procedure is based on the observation thgthbaolic substances are oxidised by
the Folin-Ciocalteau reagent which contains a mmetof phoshotungstic acid and
phosphomolybdic acid. The reagent becomes partiyced resulting in the production
of the complex molybden-tungsten blue, which is snead spectrophotometrically at
756 nm.
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1.0 ml Folin-Coicalteau’s phenol reagent dilutetiOlwith bidistilled water was added
to 0.2 ml of bergamot juice. 0.8 ml of a 7.5 % smdlicarbonate (Sigma Aldrich,
Milano, Italy) was added to develop the color ahd mixture was mixed for 1 min.
After 30 min the absorbance was readed at 765 mainst bidistilled water. The
concentration of total phenols was calculated fthenstandard curve obtained by gallic
acid solutions at different concentration (0, 5, 20, 40, 60, 80, 100 mg/l). Results

were expressed as gallic acid equivalents.

4.2.4.2 Flavonoids and organic acids

Flavonoids (hesperidin, naringin, neohesperidin aadrutin) were determined by
using a HPLC system (Agilent 1100 Series, USA) pped with a pump, an UV-Vis
detector and a data acquisition system. Chromagbbgraeparation was performed by
using a Luna C 18(2) column (250x4.6mnund Phenomenex, Torrance, CA, USA);
the following conditions were used: flux=1ml/min=25°C, pressure=100 bax,=284
nm. The mobile phase was a mixture of 80:20 watdsRO, 0.25 M (v/v) (solvent A)
and a mixture of 46:4:50 water/KPO, 0.25 M/Acetonitrile (solvent B). A six-step
linear gradient analysis for a total run time ofdih was used.

The quantitative determination of ascorbic, malnd aitric acids was carried out by
using the same HPLC system equipped with an Allt®i8 HP 5U column (250x4.6
mm, 5um) (Alltech Associates, Inc., IL.)samples were eluteid isocratic mode by
using a 0.025 M KKPQ, solution at pH 2.5. Operating conditions werea®ivs: flow
rate 0.7 ml/min, temperature 25°C, pressure 80 Aasample volume of 1Qul was
used. Analyses were monitored at 205 nm.

Prior to HPLC analysis all samples were filtered using 0.45um cellulose acetate
filters. All flavonoids and organic acids were iti@ad by matching the retention time
and their spectral characteristics against thosstafidards. Quantisation was made

according to the linear calibration curves of semddcompounds.

4.3 Results and discussion
4.3.1 Ultrafiltration of depectinised with 100 KDa@embrane
UF experiments were performed at a TMP of 0.7 &araxial feed flow rate of 114 I/h

and a temperature of 24°C according with the batshcentration mode. The UF
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system was operated to clarify the juice up tocavery factor of 87% corresponding to
a volume reduction factor of 7.8.

The results showed that the permeate flux decregisetbially with the operating time
by increasing the volume reduction factor due cotregion polarization and gel
formation. The initial permeate flux of 9 kglm decreased to about 3 kghmby
increasing the operating time (Figure 4.3.1-1). BH¥RF curve can be divided into
three periods. An initial period in which a rapidcgease of permeate flux occured; a
second period up to VRF 3, corresponding to a @ndkcrease of the permeate flux; a

third period characterised by a small decreasé®fpermeate flux up to a steady state

value [6,7].
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Figure 4.3.1-1Ultrafiltration of depectinised bergamot juice.
Time course of permeate flux and VRF. (TMP= 0.7 Qdir= 114 ml/min; T= 24°C)
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Figure 4.3.1-2Ultrafiltration of depectinised bergamot juice.
Variation of permeate flux as a function of VRF.
(TMP = 0.7 bar; Qf = 114 I/h; T= 24°C)

In order to evaluate the degree of membrane foulegwater permeability of the UF
membrane was measured after the treatment of ibe gund compared with the initial
value measured before the clarification step.
The membrane was then submitted to different clgpprocedures in order to restore
the initial water permeability. Cleaning solutionsre re-circulated in the UF plant for
60 minutes, according to the total recycle confijon, at a temperature of 40 °C at
high flow rates and at low TMPs in order to avoame blocking phenomena. A good
restore of the hydraulic permeability was obsenadter the following cleaning
procedure:

- distilled water for 30 minutes after the treatmeith the juice;

- NaOH solution at 0.1 % (w/w);

- enzymatic solution at 1% (w/w).
At the end of each cleaning procedure the membmnaogule was rinsed with distilled
water for 20 min and the water permeability of thembrane in fixed conditions (T=24

°C; Q=70 I/h) was measured.
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Figure 4.3.1-3 shows the pure water flux of the ftoeme before and after cleaning

treatments.
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Figure 4.3.1-3 Pure water flux of the membrane befe and after cleaning treatments.
(operating conditions: T=24 °C; Q=70 I/h)

4.3.2 Ultrafiltration of clarified juice with 1000a membrane

Experimental trials with the 1,000 Da UF membrarerevperformed according two
types of operating configuration: the total recyate the batch concentration mode. In
the former both permeate and retentate streams n@eyeled back to the feed tank to
ensure a steady-state in the volume and composifithre feed.

Experimental trials were devoted to the investmatdf the juice pH and TMP on the
rejection of the UF membrane towards sugars angppehols. Figure 4.3.2-1 shows
the effect of the TMP on the steady-state permiaxein the range 3.75-12.5 bar in
fixed conditions of feed flow rate (76 I/h) andtemperature (24°C).

As the pressure is increased the permeate flux steoweviation from a linear flux-
pressure behaviour and it becomes independent efspre. In these conditions a
limiting flux is reached at TMP value of about 1@rband any further increase in
pressure determines no significant increase ofpdreneate flux. The existence of a
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limiting flux can be related to the concentratioolgvization phenomenon due to the
build-up of rejected compounds on the membranasearfc-9].

70

c:cx 60 T . .
S

=

= 50

=

9

< 40

[J]

£

(O]

Q 30 -

9

8

%]

L. 20 -

3

g

N 10

O T T T T T
2 4 6 8 10 12 14
TMP (bar)

Figure 4.3.2-1 Effect of TMP on the permeate flux dring UF of clarified juice (operating
conditions: Q= 76 I/h; T=24°C)

Figure 4.3.2-2 shows the time course of the perenfdax at different pH values of the
juice in selected operating conditions of tempermt(25°C), feed flow-rate Q
(1560ml/min) and TMP (7.5 bar). The initial valuketioe permeate fluxe was practically
the same in the range of pH investigated and itedesed gradually with operating time.
However, by increasing the pH of the juice from 2088.5 a lower value of the
permeate flux at steady—state was measured. Thisopmenon could be attributed to an
increase of fouling of the membrane, at high pHiga) due to a change in the chemical
composition of the juice; as reported by Chethaetha&.[10], an increase in pH results
in precipitation of polyphenols and the quantity pfecipitate formed increases
concurrently with increase in pH [11].

Figure 4.3.2-3 shows the time course of the perenitax and of the VRF for a generic
run carried out according to the batch concentnatmmde at an applied pressure TMP
of 7.5 bar, at a temperature of 24 °C and at a feed rate of 97 I/h. The initial

permeate flux was of about 80 kghmand only a 20% reduction of the initial flux was

-82-



obtained when the VRF reached the final value h&tdend of the UF process a recovery

factor of 88% was reached.
The preliminary treatment of the depectinised jwicth the 100 KDa membrane limits
the polarization concentration and fouling phenomeiring the process producing

higher permeate fluxes and steady state value44].2-
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Figure 4.3.2-2Time course o% permeate flux at different pH values
(TMP =7 5 har: Of = 1560 ml/min: T = 25°C)
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Figure 4.3.2-3Ultrafiltration of clarified bergamot juice.
Variation of permeate flux as a function of VRF.
(TMP=7.5 bar; Qf =97.6 I/h; T= 24°C)

-83-



Figure 4.3.2-4 shows a hydraulic permeability vale¢ the UF membrane after the
treatment of the clarified juice and after a clegnwith a NaOH solution at 0.1%. The
membrane water permeability dropped by 23 % afterjtice treatment; a complete
recovery (99%) of the hydraulic permeability wadamed after the cleaning with the

alkaline cleaning solution.

35
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Figure 4.3.2-4Regeneration of water permeability in the UF memiara
(T=25 °C)

4.3.3 Nanofiltration of clarified bergamot juice.

The clarified juice was processed by using twoeddht NF membranes, with the same
chemical and physical properties but different NM®@/CExperimental trials were
carried out according to the batch concentrationlenia selected operating conditions
(TMP=7.5 bar; Qf =97.6 ml/min; T= 24°C for the NBOrDa membrane; TMP=33 bar;
Qf =100 ml/min; T= 24°C for the NF 450 Da membrane)

Figure 4.3.3-1 and 4.3.3-2 show the time coursth@ipermeate flux observed for both
the membranes. In the initial stage a higher deatihthe permeate flux was observed
for the 450 Da membrane; in particular, the inifigrmeate flux of about 40 Ifim
descreased to 18 Ifimafter 80 minutes and remain constant by increasia operating
time. For the 750 Da membrane a higher steady—{gthateit 25 I/rfh)
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was measured. The different phenomena of fluximedan be attributed to a different

mechanism of polarization concentration and fouling
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Figure 4.3.3-1Nanofiltration of clarified juice with 750 Da menare
Time course of permeate flux.
(TMP=7.5 bar; Qf =97.6 ml/min; T= 24°C)
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Figure 4.3.3-2Nanofiltration of clarified juice with 450 Da menane.

Time course of permeate flux.
(TMP=33 bar; Qf =100 ml/min; T= 24°C)
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The water permeability of both membranes was cotalyl@estored after the cleaning
with a NaOH solution at 1% (Figures 4.3.3-3 and348.

Lp (I/m 2h bar)
»

1- | ]

after juice  after cleaning after cleaning before juice
treatment with water  with NaOH treatment

Figure 4.3.2-4Regeneration of water permeability in NF 750 Da roeme
(T=25°C)

0,91
0.8+
0,71
0,6+
0,51
0,4+
0,34
0,21

Lp (I/m 2h bar)

0 ; : ‘
after juice  after cleaning after cleaning before juice

treatment with water  with NaOH treatment

Figure 4.3.2-4Regeneration of water permeability in NF 450 Da rneme.
(T=25°C)

- 86 -



4.3.4 Analytical evaluations

Tables 4.3.4-1 and 4.3.4-2 show most of relevantsigb-chemical determinations
performed on samples coming from UF and NF treatsnen

Suspended solids were completely removed by theK¥®) UF membrane, while total
soluble solids and pH remained practically unchdnigethe clarified juice. Organic
acids, flavonoids and polyphenols were recovereitiénpermeate of the UF process as
showed also by the TAA value of the clarified julgkich was only 9% lower than that
of the depectinised juice.

Table 4.3.4 -1Physico-chemical characteristics of bergamot jisabmitted to UF and NF

treatments
Membrane Sample TSS pH Suspended Malic Ascorbic Citric TAA
type (°Brix) Solids acid acid acid (mM Trolox)
(%) (glL)  (gL) (9/L)
Feed 10 2.8 12 1.41 0.16 45 19.1
UF (100 KDa) Permeate 9.8 2.8 - 1.40 0.14 44.9 17.4
Retentate  10.6 2.9 93 1.44 0.16 44.0 21.3
Feed 9.6 2.8 - 1.38 0.14 44.0 17.3
UF (1000 Da) Permeate 9.4 2.8 - 1.35 0.14 43.0 15.7
Retentate 9.6 2.8 - 14 0.16 51.0 15.6
Feed 8.9 2.97 - 1.9 0.3 57 17.6
NF (750 Da) Permeate 6.2 2.95 - 1.8 0.26 53.74 8
Retentate 9 2.95 - 2 0.25 55 16.7
Feed 7.8 2.9 - 1.82 0.135 41.6 16
NF (450 Da) Permeate 4 3.0 - 1.7 0.125 39.0 15
Retentate 8 3.1 - 1.8 0.13 40.0 22
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Table 4.3.4 -2Analysis of flavonoids and total polyphenols in pls of bergamot juice
coming from UF and NF treatments

Membrane
type

UF (100 KDay)

UF (1000 Da)

NF (750 Da)

NF (450 Da)

Sample

Feed
Permeate
Retentate
Feed
Permeate
Retentate
Feed
Permeate
Retentate
Feed
Permeate

Retentate

Narirutin
(mg/L)

4.97
4.35
4.4

4.6
4.33
4.0
2.5
0.93
4.1
4.22
0.03
6.12

Naringin
(mg/L)

70.36
65.84
75.60
65.0
64.5
72.4
39.5
22.4
60.5
60.0
2.82
72.62

Hesperidin
(mg/L)

9.46
7.31
13.80
10.2
10.0
10.0
58.15
30.15
93.7
7.5
0.62
10.0

Neohesperidin
(mg/L)

86.43
80.00
86.70
80.0
78.0
78.0
58.15
30.15
93.7
72.15
2.65
90.0

Total
polyphenols

(mg/L gallic
acid)

962
942
1056
868
860
947
943
529
1477
878.0
140.0
1102.0

Results obtained with the UF 1000 Da membrane staWwat the physico-chemical

properties of clarified juice were preserved dutiimig process. Only a little reduction of

TAA (9.2%) was observed in the permeate, in consparivith the initial feed.

The composition of flavonoids on permeate and taterside was the same as indicated

by the chromatographic profiles (Figure 4.3.4-1).
As reported in the previous section, the effedhefpH and of the TMP on the rejection

of this membrane towards polyphenols was evaluatedshowed in Figure 4.3.4-2 an

increasing of pH from 2.8 to 8.5 determines anaasimg of the rejection from 0.9 % to

8.6%. This phenomenon could be explained assurhmdormation of a cake layer on

the membrane surface due to a precipitation ofgga@nols when the pH of the juice is
raised [15-16].

- 88 -



mAU
140

1204

100 4

80 -

60 -

407

20 7

Feed

mAU g
140 -

120 ]
100
80 ]
60
40
20]

01

mAU
140

120+

100+

80

60

40

20

01

2
4
1 3
10 15 20 25 30 min
2
Permeate
4
3
1
b io i5 é5 éO mi‘n
Retentate 4
3
1

5

T T T T T
10 15 20 25 30 min

Figure 4.3.4-1HPLC chromatogram of flavonoids in feed, permeaie etentate coming

from UF treatment of clarified bergamot juice witB00 Dalton UF membrane.
Peaks: 1, narirutin; 2, naringin; 3, hesperidin; Aeohesperidin
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Figure 4.3.4-2Polyphenols rejection at different pH values.
(1000 Da UF membrane)
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In Figure 4.3.4-3 the effect of TMP on the polypblsnrejection is showed. It can be
noted that the rejection of the membrane towardgppenols was increased in the
range of investigated TMP values. Higher TMP valoces\pressed the rejection solute
into a thicker and denser fouling layer that igpmassible for an additional resistance to
the permeate flux, in addition to that of the UFnmbbeane increasing the rejection of
the membrane towards polyphenols.

10

Rejcetion (%)

O T T T T T
2 4 6 8 10 12 14

TMP (bar)
Figure 4.3.4-3Polyphenols rejection at differeiMP values
(1000 Da UF membrane)

The NF 750 Da membrane showed a rejection towdadsrioids in the range of 43-
62% and a rejection towards polyphenols of 44% rédfoee, phenolic fractions with

molecular weight greater than 750 Da were retaioedthe retentate side of the
membrane. Besides, flavonoids identified in thegu(naringin, narirutin, hesperidin
and neohesperidin), with molecular weights from 5010 Da, were also partially
retained by the membrane. This behaviour can bibwid to a fouling phenomenon
which determines a reduction of the membrane pare. SThe observed rejection
towards TSS was of about 30%. Consequently, despéeincreased value of the
rejection towards polyphenols and sugar, in conspariwith the 1000 Da membrane,

this membrane does not permit an efficient separaif both substances.
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The observed rejection for the NF 750 Da membramweatds polyphenols is also
confirmed by the lower value of the TAA in the peae in comparison with the NF
feed (the rejection of the NF membrane towards Wes 54%). Finally, the content of
organic acids in the NF permeate stream was padigtisimilar to that of the clarified
juice. As showed in Table 4.3.4-2, the rejectiorttid NF 450 Da membrane towards
flavonoids was in the range 91-99%. Therefore fleids were retained on the retentate
side of the membrane as also confirmed by the HpMoGles (Figure 4.3.4 -3).
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Figure 4.3.4-4HPLC chromatogram of flavonoids in feed, permeaig @etentate coming from

NF treatment of clarified bergamot juice with 456 NF membrane.
Peaks:1,narirutin;2, naringin;3, hesperidin;4, nexdperidin
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The rejection towards TSS was of about 48% indigafior this membrane the best
performance in terms of separation between sugat$l@aonoids in the clarified juice.
Figure 4.3.4-5 summarizes the effect of NMWCO anrijection towards sugars and
polyphenols for the selected UF and NF membraneani be noted that the difference

in rejection between sugars and polyphenols was&sed by decreasing the NMWCO.

100

—aA— flavonoids
—®&— sugars

Rejection (%)

0 T T T T T T
400 500 600 700 800 900 1000 1100

NMWCO (Da)
Figure 4.3.4-5Effect of NMWCO on sugars and flavonoids rejection

The obtained results are in agreement with expetiahelata reported by Saleh et al.
concerning the separation of health compounds pieajuice by using a 250 Da NF

membrane [4].

Figure 4.3.4-6 shows the variation of the TAA iangles of feed, permeate and
retentate coming from UF and NF treatments of fdalibergamot juice. It can be noted
that the TAA is related to the flavonoids contdntparticular, the lowest TAA value
was measured in the permeate coming from the NFpd&€ess where flavonoids were
practically absent. On the other hand the highaktevwas measured in the retentate of

the same process due to the concentration of ftaden

-92.-



UF 1000

251
HNF 750

B NF 450

20

TAA (mM Trolox)

feed permeate retentate

Figure 4.3.4-6Variation of the TAA in samples of clarified
bergamot juice coming from the UF and NF processes.

In conclusion the integrated UF-NF system can besidered a viable method to
separate the phenolic fraction of bergamot juica suitable form which can be used as

a functional ingredient.
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CHAPTERDS
CONCENTRATION OF FLAVONOIDS
FROM RED ORANGE PRESS LIQUOR

BY MEMBRANE PROCESSES

5.1Introduction

The Italian citrus industry prevalently process&st oranges producing both natural
and concentrated juice, together with essentialMddreover, it discharges every year
several hundred tons of peel, wet pulp and wasewaintaining high quantities of

bioactive compounds.

Disposal and purification of wastes require techgmlal and economic efforts, so that
the recovery and valorisation of products from daes has become a necessity, to
balance costs and increase competitiveness bystfigation of process. Among the

bioactive compounds flavonoids (hesperidin, nanjuand anthocyanins have found

application in the food and pharmaceutical indestri

Recent interest in anthocyanins is due not onlytheir potential health benefits but
also for their use as natural colorants. In paldiglanthocyanins are extracted from red
fruits and vegetables, to produce authorized famdrants (European Code, E 163) and
nutraceuticals [1-3].

Extraction methods based on the use of solventsdparating bioactive compounds
from fruit wastes are a classical operations agplethe pharmaceutical industry. It is
obvious that medical interest in drugs obtainednfrdants has led to an increased need
for ideal extraction methods, which could obtaire tmaximum of the bioactive
constituents in a shortest processing time wittwadost [4].

This research was undertaken in order to evaluiate potentiality of membrane
operations for the separation and concentrationflanfonoids from press liquors
obtained by pigmented oranges peels. In partictharpress liquor was submitted to a
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preliminary ultrafiltration (UF) treatment, followle by a nanofiltration (NF) pre-
concentration step and a further concentratiom@®NF retentate by osmotic distillation
(OD). Permeate and retentate streams coming frombrane operations were analysed

for their content in total flavonoids and anthodyan

5.2 Materials and methods
5.2.1 Press liquor coming from red orange peel pesing
The press liguor coming from red orange peel psingswas supplied by Citrech Snc

(Messina, Italy). It was stored at -17°C and de&dso room temperature before use.

5.2.2 UF experimental plant

The liquor was clarified by using a laboratory pilp/erind S.pA, Milan, ltaly)
equipped with a polysulphone hollow fiber membramedule supplied by China Blue
Star Membrane Technologies, Co., Ltd (Beijing, @hip Characteristics of the
membrane module are reported in Table 5.2.2-1. §dn@gpment consists of a 25 |
stainless steel feed tank, a feed pressure pungomanometers (0-40 KPa) located at
the inlet (R, and outlet (R of the membrane module and a magnetic flow nifeter
the measure of the axial feed flow ratg)(@ tube and shell heat exchanger, placed
after the feed pump, was used to maintain the temyoe of the juice constant. A data
acquisition system, permitting the continuous mumnig of the TMP and of the axial
feed flow rate, was connected to the UF plant. gitdi balance, connected to the
system, was used to measure the permeate fluxexh@matic of the UF plant is
reported in the Figure 5.2.2-1.
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Table 5.2.2-1Characteristics of the hollow fibres membrane medul

Type DCQ111-006C
Configuration Hollow fibre
Membrane material Polysulphone
Dimension (mm) 90x522
Operating pressure (bar) 1-1.5
Operating temperature (°C) 0-40
Operating pH 2-13
Inner fiber diameter (mm) 2.1
Membrane surface areg€ m 1.2
Nominal molecular weight cut-off (Da) 100.000

Figure 5.2.2-1 Scheme of the UF pilot laboratory pint.
(1-feed tank; 2-feed pump; 3,6-manometers; 4- mangmodule; 5-thermomether; 7- heat
exchanger; 8- pressure valve; 9- flowmeters; 10ypate; 11- digital balance)
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5.2.3 Nanofiltration procedure

The permeate coming from the UF treatment was dtdxinito a preliminary
concentration by NF using a laboratory plant swgaplby Matrix Desalination Inc.
(Florida, USA). The equipment consists of a 12eldféank, a cooling coil working with
tap water, a high pressure pump, a stainless lstemling, a permeate flowmeter and a
pressure control system (Figure 5.2.3-1). The pheat equipped with a spiral wound
membrane module (Nadir NF PES 10 2440 C) supphelliorodin Nadir (Wiesbaden,
Germany). The characteristics of the membrane neoahd reported in Table 5.2.3-1.
The NF ei%eriments were perforéned according tdo#teh concentration mode

<

- >4

-2

Figure 5.2.3-1 Scheme of the NF bench plant
(1-feed tank; 2-feed pump; 3-membrane module; #pate; 5- pressure valve;6- cooling coil).

Table 5.2-3-1Characteristics of the Nadir NF PES 10 membrane

Type Nadir NF-PES 10
Configuration Spiral wound
Membrane material Poly-ether-ether-sulphone
Maximum operating pressure (bar) 40
Maximum operating temperature (°C) 50
Operating pH 2-9
Membrane surface areaim 1.6
Na2S04 rejection (%) 25-50
NacCl rejection (%) 5-15
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5.2.4 Characterisation of the UF and NF membrangk water

The UF and NF membranes were characterised witkerwatorder to evaluate their
water permeabilities ¢} according to the procedure previously descrilygt 8.2.3).
The water flux was measured in fixed conditionsterhperature (25°C) at different
TMP values. This procedure was repeated after ecland NF experiment and after
the cleaning procedures. In Figures 5.2.3-1 and&2he hydraulic permeabilities of
both membranes are shown. The lower hydraulic paoitiy of the NF membrane (7.7
I/m?h bar) can be attributed to its NMWCO (about 10G{) @hen compared with the

NMWCO of the UF membrane (100 KDa).

80
60
o
£ L,=99.1 I(m*h bar)
40 1 R?=0.99
—
20
0 T T T
0,0 0,2 0,4 0,6 0,8 1,0
TMP (bar)
Figure 5.2.4 -1Characterisation of the UF membrane with water
(T=25°)
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Figure 5.2.4 -2Characterisation of the NF membrane with water.
(T=25°C)

5.2.5 Osmotic distillation process

The retentate coming from the NF unit was submiti@can OD process using the
laboratory bench plant previously described (pat.43. The liquor with an initial TSS
concentration of 32 °Brix was pumped through thellstide of the membrane module,
with an average flow rate of 30.0 I/h. The strigpsolution (60 w/w% calcium chloride
dehydrate) was circulated in the tube side whitaaerage flow rate of 30.3 I/h. The
temperature of both, liquor and brine solutions ®882°C, whereas the average TMP
was 0.28 bar.

The flow rate of the extracted water was measuigd awdigital balance and it was used
to calculate the evaporation flux,JJAfter the experimental run, the plant was clehne
first by rinsing the tube side and the shell sidéhwle-ionised water. Then, a NaOH
solution at 2% was circulated for 1 h at 40°C. Afeeshort rinsing with de-ionised
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water, a citric acid solution at 2 w/w % was ciated for 1 h at 40 °C. Finally the

circuit was rinsed with de-ionised water [5].

5.2.6 Analytical evaluations

Samples of feed, permeate and retentate comingtfiermtegrated UF-NF-OD process
were analysed for total flavonoids and anthocyammstent in order to evaluate the
influence of the integrated membrane processefi®@idparation and concentration of

flavonoids.

5.2.6.1 Total flavonoids content

The total flavonoids content of the samples was smel by using a modified
colorometric method [6]. 3.5 ml of absolute ethanak added to 0.5 ml of press liquor.
After addition of 4 ml of 90 % diethylene glycolédmixing, the reaction was initiated
by adding 0.1 ml of 4 M NaOH. The absorbance at@20wvas measured, after 10 min
of incubation at 40 °C, by using an UV-Vis Recogispectrophotometer (UV-160 A,
Shimadzu Scientific Instruments, Inc, Japan). Hedpewas used as standard and total

flavonoids content was expressed as mg of hespezgliivalents.

5.2.6.2 Total anthocyanins

The determination of the total amount of anthocyaniwas carried out by
spectrophotometric and HPLC analyses.

Spectrophotometric analyses were performed un@efollowing conditions: at 5 ml of
juice were added 40 ml of a EtOH/HCI mixture presly prepared mixing 79.3 ml of
anhydrous ethyl alcohol with 20.3 ml of HCI (37%he absorbance was measured at
535 nm. The calibration curve was obtained by maguabsorbance of standard
solutions of pure cyanidin-3 glucoside [7,8].

HPLC analyses were carried out by using an HPL@egygAgilent 1100 series, USA),
equipped with a Luna C 18 column (250 x4.6mm, 5Sphenomenex, Torrance) and an
UV detector. The following conditions were used: ¥ml/min; T= 25°C;A=518 nm.
The mobile phase was a mixture ofMHCOOH (9:1) as solvent A and
H,O/HCOOH/CHCN (4/1/5) as solvent B. Anthocyanins separatios wehieved by
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using the following linear gradient: starting camah, 88 %A, 12 %B; 26 min, 70% A,
30% B; 35 min, 100% B; 43 min, 88% A, 12% B; 46 8Bt A, 12% B.

Anthocyanins were identified by matching the reatamttime and their spectral
characteristics against those of standards (cyemioride, myrtillin chloride, cyanidin
3-glucoside chloride, peonidin-3-glucoside chloyideQuantification was made

according to the linear calibration curves of semddcompounds.

5.3 Results and discussion

5.3.1 Clarification of the press liquor by UF

The press liquor was clarified according to thecbatoncentration mode, at a
temperature of 25°C, a feed flow rate of 500 I/d anTMP of 0.54 bar. Figure 5.3.1-1
shows the time course of the permeate flux of a&gemun in which starting from 39
litres of press liquor, 37.5 litres of clarifiedgoluct were obtained (final VRF 26). The
initial permeate flux of about 52 I bar decreased gradually and reached a steady-
state of 45 I/rth bar after 10 min of operation.The UF step wasirsd&mental pre-
requisite in order to apply high flow-rate and nmaize yield during the subsequent NF

or OD treatment [9-12].
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Figure 5.3.1-1Clarification of press liquor coming from red oramgeel.
Time course of permeate flux.
(operating time: T=25°C; Qf=500 I/h, TMP=0.54 bar)
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The membrane module was rinsed with tap water @omi after the treatment of the
press liquor; then it was submitted to a cleanimgc@dure with a NaOH solution at a
concentration of 0.5 % w/w and at a temperatur403€ for 60 min. A final rinse of the

system with tap water for 20 min was carried ouguFe 5.3.1-2 shows the hydraulic
permeability of the membrane module before and d#fie cleaning procedure: a good

restore of the initial water flux was obtained aftee alkaline cleaning.

80 1 ® Before UF treatment _ )
@  After UF treatment L,=99.1 ((m"h ba)
@ After NaOH treatment OL _=92.83 I(m’h bar)

L,=85.83 I(m?h bar)

J,(im?h)

O (1 T T T T
0,0 0,2 0,4 0,6 0,8 1,0
TMP (bar)
Figure 5.3.1-2Effect of membrane cleaning on the water permewgtwfithe UF membrane
(T=25°C)

5.3.2 Concentration of clarified liquor by NF

Figure 5.3.2-1 shows the time course of the perenidax and of the VRF for a generic
NF run carried out according to the batch concéiotranode at an applied TMP of 8
bar and a temperature of 20°C. Average permeatediwf about 0.6 I/fm were
obtained. Starting from a clarified liquor with amtial TSS concentration of 5°Brix, a

concentrated liquor with 32°Brix was produced.
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Figure 5.3.2-1Nanofiltration of clarified press liquor.
Time course of permeate flux and VRF.(operatingltmms: TMP = 8 bar; T = 20°C)

5.3.30D process

The retentate coming from the NF process was tbanentrated by OD. Figure 5.3.3-1
shows experimental results concerning a genericimunhich the liquor with a TSS
concentration of 32 °Brix, was concentrated upZdBrix. At a brine concentration of
60 w/w % an initial evaporation flux of 1.3 Kgfmwas measured. The decrease of
evaporation flux in the range 0-150 can be attadub the dilution of the brine solution
(Figure 5.3.3-2). In particular, a 33 % reductidrthe stripping solution concentration
and consequently the driving force of the procettermined a reduction of the
evaporation flux of about 80%. In the range 150-860 the evaporation flux remained
unchanged despite the increasing in TSS concesrirafithe juice and its viscosity. On
the contrary studies performed on the concentradiofruit juices by OD showed a
decreasing of the evaporation flux when TSS coma#ah of the juice was higher than
30-35 °Brix. [13,14].

During the OD process samples of concentrated tigudifferent level of concentration

were collected for the analytical evaluations.
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5.3.4 Analytical results

Permeate and retentate samples coming from thgrates membrane process were
submitted to analytical measurements in order tauate their content of flavonoids

and anthocyanins and the effect of the UF-NF-ODusege on the recovery of these
compounds.

During the UF process the content of total anthomg and flavonoids remained

practically unchanged in the clarified press liq(ibable 5.3.4-1) and a low rejection of

the UF membrane towards these compounds was mdgsuré %).

Table 5.3.4-1Analitycal evaluation of anthocyanins and flavorsoid samples o fpress liquor
coming from the UF treatment

Sample TSS Total Flavonoids  Total Anthocyanins
(°Brix) (ppm) (ppm)
Feed UF 5.2 22770 1782
Permeate UF 5 22760 1780
Retentate UF 5.1 22785 1790

Results obtained with the NF membrane showed ligatejection towards anthocyanins
was higher than that of flavonoids and the conegioin of these compounds in the
retentate fraction, increased by increasing the VR¥evertheless the ratio

flavonoids/anthocyanins decrease by increasinyRie (Figure 5.3.4-1).
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Figure 5.3.4-1Concentration of flavonoids and anthocyanins inrstentate
as a function of VRF

In Table 5.3.4-2 the content of anthocyanins artdl thavonoids coming from the

integrated NF-OD process is reported.

Table 5.3.4-2Analitycal evaluations of anthocyanins and flavonoids in samples of clarified
liquor from NF-OD treatments

Sample TSS Cyanin Cyanidin 3- Myrtillin Peonidin-3- Total
(°Brix)  chloride g'glco?’éde chloride g'ﬁlco_séde Flavonoids
chloride chloride idi
(ppm) (bpm) (ppm) (Hesperidin)
(ppm) (ppm)
Feed NF 5 14.83 155.6 35.23 33.04 22750
Retentate NF 32 - 1304.34 300.51 213.20 73750
Retentate OD 47 639.19 1787.70 400.63 399.67 93250.6

As expected, the concentration factor of these @amgs in the final OD retentate was

in agreement with that of the TSS compounds dileaavater removal.
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Figure 5.3.4-2 shows the chromatographic profilamhocyanins in the samples of NF

feed, OD feed and OD retentate at different le@€lESS concentration. It can be noted

that the cyanidin-3-glucoside chloride, correspogdio the peak 3, is the most

important compound in the different fractions asd@ other anthocyanic compounds,

it was retained by the NF membrane and furtherhyceatrated in the OD process.

mAU |

80]

Feed NF 5° Brix

Feed OD 32° Brix

12 4

mAU

100

Retentate OD 47° Brix

Figure 5.3.4-2HPLC chromatogram of anthocyanins.
Peaks: 1 Cyanin chloride, 2: Myrtillin chloride,
3:Cyanidin-3-glucoside chloride, 4:Peonidin-3-glsode chloride
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The concentrated solution coming from the integt&&-OD membrane process can be

used as an industrial colorant (as alternativleause of artificials colorants) or for the

preparation of pharmaceuticals and nutriaceuticals.
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CHAPTER 6
ULTRAFILTRATION OF
CLEMENTINE MANDARIN JUICE

BY HOLLOW FIBRE MEMBRANES

6.1Introduction

Clarified fruit juices can be used in different guats such as cocktails of fruit juices,
liqueurs, fizzy beverages, flavoured mineral wagdc,. Moreover, natural antioxidants
occurring in food formulations may be used as camepts of composite food
formulations for their stabilization or may be extted and added to foods. Within the
agro-food industry, membrane technologies can vasriwell or better than the existing
technology regarding product quality, energy constimn and environmental issues.
They offer a competitive and attractive alternatisethermal processes which cause
irreversible change of the aroma profile, colougrdeation and “cooked” notes
recognized as off-flavours [1].

On the other hand, current filtration of a wideigtyr of juices is performed by using
fining agents such as gelatine, diatomaceous epdtiite, bentonite and silica sol
which cause problems of environmental impact duethwir disposal [2-3]. The
application of membrane processes for fruit juites been investigated by many
authors [4-9] and commercial processes have beeadsi been implemented for juices
like apple and orange. However, there are almostamntific references dealing with
the clarification of mandarin juice by membranes.

This study was undertaken in order to evaluateefifiect of the ultrafiltration of the
mandarin juice by using modified poly(ether etheetoke) (PEEKWC) and
polysulphone (PSU) hollow fibre membranes, prepameldboratory, on the quality of
the clarified juice in terms of suspended solidsitent, total soluble solids (TSS),

-112 -



colour, clarity, pH, acidity, total phenols, orgaracid and total antioxidant activity
(TAA). The performance of membranes in terms ofnate flux was also evaluated.

6.2 Material and methods

6.2.1 Juice extraction

Clementine mandarins (Citrus clementina), of Ca#abrigin, were purchased from a
local open market (Cosenza, Italy). Fruits werevédland squeezed with a domestic
juicer. The juice was depectinised by using a pase (Sigma-Aldrich, Milan) from
Aspergillus aculeatus (10 g/kg of pulp, 4 h at rommperature) and then filtered with
nylon cloth (Figure 6.2.1-1). The extracting proeexigave an average juice yield of
48%w/w with a TSS content of about 11°Brix. Thecguwas stored at -17°C and was

defrosted to room temperature before use.

Clementine

Squeezing

Juice

Depectinization
( 4h room temperature)

Filtration with
Nylon Cloth

Permeate UF cRtdte

Figure 6.2.1-1 Process of the extraction of clemené mandarin juice
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6.2.2 HF membranes and module preparation

PEEKWC and PSU polymer solutions were prepared duitian of the polymer to
DMF or DMA under mechanical stirring at room temgiare. The solution was then
stored in a thermostated vessel, kept at 30 °Qugfivout the entire spinning run. HF
membranes were prepared by extruding the polymktico through the spinneret
whose outer and inner diameters were 2.0 and 1.0 mespectively, according to the
dry-wet spinning process[10]. PEEKWC and PSU memibraodules were prepared by
embedding four HF membranes inside a 20-cm longsgtabe (effective membrane
length 18 cm) with epoxy resin. In Table 6.2.2-hrtteristics and membrane surface

area of membrane modules are reported.

Table 6.2.2-1 Characteristics of PEEK-WC and PSU nmbrane modules

PEEKWC PSU
membrane membrane
module module

Number of HF membranes 4 4
Length of the HF membranes (cm) 18 18
Internal diameter of the HF 164 143
membranes (mm)
Membrane surface area (én 37.0 32.0
Cross-flow area (mfi 8.45 6.42

6.2.3 HF membranes characterisation

6.2.3.1 Hydraulic permeability measurements

HF membranes were characterised with bi-distillestew in order to measure their
hydraulic permeability. It was determined accordinghe method previously described
(par. 3.2.3). Figures 6.2.3.1-1 and 6.2.3.1-2 shimsvcharacterization of the PEEWC
and PSU membranes with bi-distilled water at 25T@e water permeability was
measured, in the same operating conditions, befodeafter experimental trials, as well

as after each cleaning procedure.
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Figure 6.2.3.2 -2 Characterisation of PSU membraneith bi-distilled water
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6.2.3.2 Dextran rejection

The dextran rejection was determined by feedin2agfl. aqueous dextran solution (at
a TMP of 0.5 bar and a feed flow rate of 40 L/h)d ameasuring the dextran

concentration in the permeate and feed stream thiéetest was running for 1 h. The
dextran concentration was determined by a colorimehethod, according to the

procedure of Dubois et al. [11]. The rejection wakulated as:

C -G

f

R(%) =

x100 (6.2.3.2 -1)

where G and G are the dextran concentration in the feed and eatensolution,
respectively. Figure 6.2.3.2-1 reports the dextegection of both membranes.

100
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c
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©
(O]
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©
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o
[ PSU
o4 ® PEEKWC
T T T T
0,0 5,0e+5 1,0e+6 1,5e+6 2,0e+6 2,5e+6

Molecular weigth (Da)
Figure 6.2.3-3Dextran rejection of PSU and PEEKWC membranes

A lower rejection towards dextrans at different ewllar weight was observed for
PEEKWC membranes when compared with PSU membramegarticular, the

rejection towards dextran 2,000,000 Da for PEEKW/@ 8SU membranes was 50%
and 87%, respectively.
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6.2.4 UF experimental set-up

The clarification of mandarin juice was performgdusing a laboratory bench plant
(DSS LabUnit M10, Danish Separation System AS, Dekinequipped with a HF
membrane module. The equipment consists of a faeki & gear pump, two pressure
gauges (0-2.5 bar) located at the inlgt)(Bnd outlet (R,) of the membrane module, a
pressure control valve and a multitube heat exatrategl with tap water.

Experiments were performed according to the batsftentration mode at a TMP of
0.3 bar and a temperature of 25+2 °C up to a fmeéime reduction factor (VRF) of 2.
The feed flow rate through the HF membranes wa§BWhich was equivalent to a
mean velocity of 2.96 m/s for the PEEKWC membraaed 3.89 m/s for the PSU

membranes.

6.2.5 Determination of physiochemical charactecssti

Feed, permeate and retentate samples were anatysethtion to suspended solids
content, TSS, pH, TAA, total flavonoids, polyphenchnd organic acids content
according to the procedures reported in the prevahapters.

Colour (as absorbance at 420nm) and clarity (asepégsige of transmittance at 660 nm)
were measured by using a Shimadzu UV-VIS Recor8pectrophotometer (UV-160A,
Shimadzu Scientific Instrument, Inc., Japan). Acdsge titrated to pH 8.2 with 0.1 N

NaOH and expressed as percent citric acid.

6.3 Results and discussion

6.3.1 Juice clarification

Batch concentration experiments showed that theneate flux, in the selected
operating conditions, decreased gradually withratpeg times by increasing the VRF
due to concentration polarization and fouling pheaoa (Figure 6.3.1-1 and 6.2.3-2).
In the initial stage the rapid flux decline, morgdent for the PSU membranes, can be
attributed to the adsorption and growth of a paktilayer formed by leftover pectin,
protein and high molecular weight compounds pregemihe juice. However, internal
fouling due to pore plugging at the early stagéhefprocess can also occur. The slower
decline towards a quasi-steady state can be d#dbio a fouling phenomenon due to

pore blocking and cake build-up [12, 13]. Permefitex values observed with
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PEEKWC membranes were lower than those observdd R8U membranes. Steady-

state permeate fluxes were 38 Binand 42 L/rfh, respectively.
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Figure 6.3.1-1Clarification of mandarin juice by PEEKWC hollovbfe membranes. Time
course of permeate flux and VRF (TMP=0.3 bar; T=252)
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Figure 6.3.1-2Clarification of mandarin juice by PSU hollow fibreembranes
Time course of permeate flux and VRF (TMP=0.3 Ba&25+3°C)
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The hollow fibore membranes were rinsed with biillest water for 30 min after the
treatment of the juice; then they were submitted t@eaning procedures using a 4000
ppm NACIO solution. The cleaning solution was ciated for 40 min at a temperature
of 40 °C. Then the hollow fibres were submittedatdinal rinsing with bi-distilled
water. Figure 6.3.1-3 shows the characterizatioR® hollow fibre membranes before
and after the cleaning procedures: the initial waggmeability was completely restored

after the chemical cleaning.

1600
1400 - Before juice treatment
—— After juice treatment
1200 -
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1000 - o
NE —— After cleaning with NaClO
£ 800 1
o
2
600 -
°
400 A
200 -
0 T T T T
0,0 0,3 0,6 0,9 1,2 1,5
TMP (bar)
Figure 6.3.1-3Effect of membrane cleaning on the water permesfifithe PSU hollow fibre
membranes

6.3.2 Analytical evaluations

Tables 6.3.2-1 and 6.3.2-2 show the influence efdlarification treatment with PSU
and PEEKWC membranes, respectively, on the juiceposition. The permeate of the
depectinised mandarin juice treated with both mexmés contains most soluble solids
and acids (in terms of citric acid) of the initfaked. The pH remains unchanged in the
clarified juice of both membranes.

Colour and clarity of the juice were improved affiiration because of the removal of

suspended colloidal particles and higher molecwaight soluble solids of the juice.
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The decrease in total soluble solids is due torémeoval of suspended solids: it is

known that the presence of suspended and solubligs smcreases refractometric

readings [14].

Table 6.3.2-1Analytical measurements on samples coming from fufamdarin juice with

PSU membranes

Parameter Feed Permeate Retentate
Colour (Ao 2.406 0.064 2.492
Clarity( %Tee0) 1.67 98.62 0.78
TSS (°Brix) 11.2 10.6 11
Suspended solids (w/w,%) 4.9 0.0 -
pH 3.37 3.39 3.49
Acidity (% citric acid) 0.8 0.8 0.79
Total phenolics (as GAE) (mg/L) 3.05 2.55 3.62
Total Flavonoids (mg Hesperidin/L) 566 204.4 709.25
TAA (mM Trolox) 5 3.4 4.7
Malic Acid (g/L) 2.4 1.47 3.3
Ascorbic Acid (g/L) 0.3 0.246 0.285
Citric Acid (g/L) 7.75 6.4 8
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Table 6.3.2-2Analytical measurements on samples coming from fufamdarin juice with
PEEKWC membranes

Parameter Feed Permeate Retentate
Colour (A0 2.385 0.078 2.495
Clarity( %Tss0) 1.69 98.85 0.73
TSS (°Brix) 11.0 10.6 10.6
Suspended solids (w/w,%) 5 0.0 -
pH 3.35 3.42 3.45
Acidity (% citric acid) 0.78 0.76 0.7
Total phenolics (as GAE) (mg/L) 2.67 2.45 2.39
Total Flavonoids (mg Hesperidin/L) 524.33 236 723.84
TAA (mM Trolox) 5.5 4.3 5.2
Malic Acid (g/L) 3 2.4 3.74
Ascorbic Acid (g/L) 0.365 0.419 0.304
Citric Acid (g/L) 7 6.65 7

Figure 6.3.2-1 shows rejections of both membraoestds analysed compounds. A
higher rejection towards total flavonoids was obedrfor the PSU membranes (64%)
in comparison with the PEEWC membranes (55%); phisnomenon can be attributed
to the strong association of these compounds tedheidal fraction of the juice which
is completely rejected by the membranes. Sincé flataonoids contributed to the TAA
of the juice a consequent reduction of this agtiuit the clarified juice was observed.
PEEKWC membranes showed also a lower rejection riisv@henolics compound,
vitamin C, malic and citric acids in comparison twithe PSU membranes. This
behaviour was in agreement with the lower rejectiolbbserved for PEEKWC

membranes towards dextrans.
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Figure 6.3.2-1Rejection of PSU and PEEKWC membranes towards
analysed compounds

In conclusion the treatment of mandarin juice WVREREKWC and PSU hollow fibre
membranes prepared in laboratory, permits to olataitarified juice able to retain the
food value of the original juice. However, in tHardied juice obtained with PEEKWC
membranes was observed a higher recovery of addokicompounds, expecially in
terms of vitamin C and total phenolic compounds,cdmpared with the PSU

membranes.
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Conclusions

Membrane operations can be considered as a vigipeoach for the separation,
recovery and concentration of bioactive compounusCitrus fruits and their by-
products.

The clarification and concentration of bergamotcguiby using ultrafiltration and
osmotic distillation processes represents an istieig alternative to the traditional use
of fining agents and thermal evaporation to produ@gice with high nutritional content
able to retain the peculiarity of the fresh juideperimental results confirm the
possibility to recover most ascorbic acid, hesperigharingin, neohesperidin in the
clarified bergamot juice, due to the low rejectioihthe UF membrane towards these
compounds (3-12%). Suspended solids were completelyoved during the
ultrafiltration process. In the OD process a littdgluction of antioxidant compounds
(12%) was observed in comparison with the frestejui

The integrated membrane process UF/NF can be aesicgs a valid approach for the
recovery of the phenolic fraction from the bergafuite in a suitable form for the use
as a functional ingredient. NF membranes charaet@rby different rejections towards
phenolic and sugar compounds have been identifleese membranes separate the
clarified juice in a permeate fraction containir@® of the initial sugar content and in a
retentate fraction, enriched in polyphenols, charégsed by a high TAA value. The
latter has a potential application in the pharmtcalindustry due to the recent statin-
like active principles identified in the bergamaiice and their anticholesterolemic
activity.

A polyphenolic concentrate can be obtained from fmess liquor coming from
pigmented orange peels by using an UF-NF-OD seguéncan be potentially used as
an industrial colorant (as an alternative to the wd artificial ones) or for the
preparation of pharmaceutical and nutriaceuticatipcts.

Finally, PEEK UF membranes prepared in laboratoyyubing the phase-inversion
technique, permit to obtain a higher recovery dicaidant compounds, especially in
terms of total phenolic compounds, if compared W8l membranes.

The obtained results confirm the efficiency of meanie operations in the treatment of

Citrus fruits and their by-products aiming at thelestive removal of bioactive
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compounds and the formulation of products for mggutical applications. These
processes may be proposed as valuable alternébitesditional operations to redesign
transformation cycles of fruit and vegetables idenrto improve the quality of the final
products, to recover compounds with high added evghntioxidants and bioactive
compounds) from by-products, to reduce energy aopson and environmental
impact. As in other industrial sectors, the podisjbto realise integrated membrane
operations in which all the productive steps areseddaon molecular membrane
separations can be considered as a valid appraach $ustainable industrial growth

within theprocess intensificatiostrategy.
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