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| ntroduction

Fruits and vegetables play an important role in &ammutrition. They are vital sources
of essential minerals, vitamins, and dietary fikeand supply complex carbohydrates,
and proteins. They are good sources of calciumgiharus, iron, and magnesium and
contribute over 90% of dietary vitamin C. Green getlow fruits and vegetables are a
rich source of vitamin A (b-carotene). Thiamineaain, and folic acid, which are
required for normal functioning of the human bodye also present in significant
guantities.

Recent developments in agriculture have contribusgghificantly to improved
production of fruits throughout the world. Storggectices have been developed for
each kind of fruit. Improvedpackageshave been dpeelthat protect thefruitand
addimpact on the healthof the consumer.Foods deasised by protective and health-
promoting potential, in addition to their nutritix@lue, are recognised as functional
foods. The beneficial components in functional ®bdve been called by various terms
such as phytochemicals, functional components aattive compounds.

Citrus fruits rank first in the world with respett production among fruits. They are
grown commercially in more than 50 countries arotiredworld. In additionto oranges,
mandarins, limes, lemons, pummelos, and grapefrateer citrusfruits such as
kumquats, Calamondins, citrons, Natsudaidais, Hassaandmany other hybrids are
also commercially important. Citrus fruit productioecorded a handsome increase
during the 1990s, andrecently reached more thanmilibn tons. Considering the
therapeutic value of thesefruits and the generalttneawareness among the public,
citrus fruit are gainingimportance worldwide, amdsh fruit consumption is likely to
increase.Postharvest biology and technology halkvedanto a branch of sciencethat
combines biology and engineering. It has evolvauldig over the pastfour or five
decades, although scattered research efforts iougaaspects ofthis field have been
made previously all over the world. Increased sigpwoductioncombined with concern
about growing population accelerated researchantilstted the development of new
technologies in basic and applied areas.

Epidemiological studies have consistently demotedréhat there is a clear significant

positive association between the intake of fruid &egetables and the reduced rate of
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heart disease mortality, common cancers and otbgereerative diseases as well as
ageing. The protection that fruit and vegetablewiple against these diseases has been
attributed to various bioactive compounds.

In particular, most of the antioxidant capacityfroiit and vegetables can be attributed to
polyphenolic compounds (such as flavonols, flavanolanthocyanins and
phenylpropanoids), other than vitamin C, vitaminakd [3-carotene, which act as
antioxidants or as agents of other mechanisms ibatitrg to anticarcinogenic or
cardioprotective action.

Citrus fruits are rich in flavonoids compounds, @efhhave anticancer properties. Citrus
fruit flavonoids have been shown to inhibit the wtio of cancer cells and prevent the
spread of tumors. Citrus flavonoids are also aidiemts that can neutralize free radicals
and may protect against heart disease. Furthertiay improve blood flow through
coronary arteries, reduce the ability of arteriesfdrm blood clots and prevent the
oxidation of LDL (“bad”) cholesterol, which is anitial step in the formation of artery
plaques.

In addition to being rich sources of flavonoidgrus fruits are high in vitamin C, and
are good sources of folate and potassium. Vitamiis @ powerful antioxidant and
protects the body from damaging free radicalss lalso required for the synthesis of
collagen, which helps wounds heal and helps haddbessels, tendons, ligaments and
bone together.

Conserving the peculiarity of fresh fruit as wedl @olour, aroma, nutritional value and
structural characteristics as much as possiblefdbd industry has focused on the
development of processed items with increased-$feldn the other hand, during the
industrial transformation, a large part of the eateristics determining the quality of
the fresh product undergoes a remarkable modifisatine thermal damage and the
chemical oxidation degrade the most sensitive corapts reducing the quality of fresh
fruits.

In order to solve these problems and to betterepvesthe properties of fresh fruits,
several new “mild” technological processes havenl@eposed 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



Introduction

concentration processes represents one of the poogtrful tools for the agro-food
industry to introduce innovative processes in ordepursue targets such as process
intensification and reduction of production codts.addition, membrane operations
represent a valid alternative to thermal evapomatrocesses which cause the
deterioration of heat sensitive compounds leading temarkable qualitative decline of
the final product. On the other hand, currentdtitbn of a wide variety of juices is
performed by using fining agents such as gelatigomaceous earth, bentonite and
silica sol which cause problems of environmentglast due to their disposal.

Juice clarification, stabilisation, depectinizatiamd concentration are typical steps
where membrane processes such as microfiltratiorF),(Miltrafiltration (UF),
nanofiltration (NF) and osmotic distillation (ODave been successfully used 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 ofiaiegrated membrane process in the
separation, recovery and concentration of bioactempounds in the blood orange
juice.

In the first Chapter, a general introduction on rbesne 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 nutriaceuticalapplicaspns reported in Chapter Il. The
clarification of the blood orange juice and theeeff of an UF membrane on the
recovery of phenolic compounds from the depectthiseod orange juice are analysed
and discussed in Chapter Ill. The concentrationhef clarified juice by OD and the
performance of the OD process in terms of proditgtand quality of the concentrated
juice are analysed in Chapter IV. Finally, ChaMetiscusses the results obtained in the
evaluation of the anti-inflammatory activity of gfeed and concentrated juices
produced through an integrated membrane proceSIF/

The recovered fractions from the blood orange jtiiceugh the investigated membrane
processes represent an ideal substrate for theufation of new products with
improved characteristics for food, pharmaceutica autriaceutical applications.
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These studies offer also interesting perspectioeshe recovery and reuse of bioactive
compounds from other citrus fruits and from by-prod of the industrial

transformation of fruit and vegetables.



CHAPTERI

M EMBRANE PROCESSES

1.1 Introduction

The term membrane most commonly refers to a tlim;lfke structure that separates
two fluids. It acts as a selective barrier, allogvisome particles or chemicals to pass
through, but not others. In some cases, especmbyatomy, membrane may refer to a
thin film that is primarily a separating structuegher than a selective barrier.

The concept of a membrane has been known sinceeitifgeenth century, but it
remained as only a tool for physical / chemicabties development until the end of
World War 1l, when drinking water supplies in Eueopvere compromised and
membrane filters were used to test for water safeliywever, due to the lack of
reliability, slow operation, reduced selectivitydaelevated costs, membranes were not
widely exploited. Microfiltration (MF) and ultralfration (UF) represent the
membranes first used on the large scale. Sincd9B8’s, these separation processes,
along with electrodialysis, are employed in largans and, today, a number of
experienced companies serve the market. A memhbrgrelayer of material which
serves as a selective barrier between two phaskseamins impermeable to specific
particles, molecules, or substances when expostttaction of a driving force. Some
components are allowed passage by the membraneaipermeate stream, whereas
others are retained by it and accumulate in trentate stream [1].

Membrane engineering has already provided intergstolutions to some of the major
problems of our modern industrialized society. Meame processes meet the
requirements of process intensification becausg tieve the potential to replace
conventional energy-intensive techniques, to actisimphe selective and efficient
transport of specific components, and to improwegarformance of reactive processes.
Membrane techniques are essential to a wide rarigapplications including the

production of potable water, energy generationsugs repair, pharmaceutical
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production, food packaging and the separations eteeidr the manufacture of
chemicals, electronics and a range of other predtt

Membrane processes are today consolidated systewerious productive sectors for
their capacity to operate at room temperature attdlow energetic consumption [3].
Membrane science and technology has led to sigmifimnovation in both processes
and products over the last few decades, offeritgyasting opportunities in the design,
rationalization, and optimization of innovative guxtions [4]. At the heart of every
membrane process there is an interface clearly riabited by a nano-
structured/functionalized thin barrier. It contréhe exchange between two phases not
only by external forces and under the effect ofdflproperties, but also through the
intrinsic characteristics of the membrane materntdelf [5]. The separation,
concentration and purification of molecular mixsirare major problems in the
chemical industries. Membrane processing is a fqaenthat permits separation,
purification, clarification and concentration wotlt the use of heat. Particles are
separated on the basis of their molecular sizestiaghe with the use of pressure and
specially designed semi-permeable membranes.

Membrane technology has already gained a huge tanpae in the last two decades and
now is competing with other separation technologqeégerms of energy efficiency, high
separation capacity, selective separation and alapivestments. In many areas of
applications, the conventional separation procebs®s been replaced with the ones
based on membranes. In water desalination, for pkansonventional thermal based
processes have been replaced with RO due to theg énergy intensive nature
combined with small foot print and safer operatifgjs

Membrane filtration can be a very efficient and remmical way of separating
components that are suspended or dissolved inualid\mong the various types of
membranes, composite membranes commonly cons&tpofous support layer with a
thin dense layer on top that forms the actual meamd({7].

Efficient separation processes are needed to obigingrade products in the food and
pharmaceutical industries to supply communities iaddistry with high quality water
and to remove or recover toxic or valuable compté&om industrial effluents. For
this task a multitude of separation techniques sashdistillation, precipitation,

crystallization, extraction, adsorption, and iorelexnge are used today. More recently,
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these conventional separation methods have beeplesugnted with a family of
processes based on the use of semi-permeable nreralas separation barriers.
Membranes and membrane processes were first ieddas an analytical tool in
chemical and biomedical laboratories; they developery rapidly into industrial
products and methods with significant technical @odthmercial impact. The basic
properties of membrane operations make them ideahtlustrial production: they are
generally athermal and do not involve phase changahemical additives; they are
simple in concept and operation, modular and easscale-up; furthermore, they are
characterized by a low energy consumption perngiténrational utilization of raw
materials and recovery and reuse of by-product® membranes used in various
applications differ widely in their structure, iheir function and in the way they are
operated. However, all membranes have severalrésain common that make them

particularly attractive tools for the separatiomwdlecular mixtures [8].

1.2 Synthetic membranes and methods of preparation
Synthetic membranes are fabricated in two main gtoes:

1. Flat sheet—utilized in the construction of flat shealisc, spirally wound, plate,
and frame modules.

2. Cylindrical—utilized in tubular and capillary, ootow fiber modules.

Membranes can be prepared from both ceramic angmgoic materials. Ceramic

materials have several advantages over polymerterraks, such as higher chemical
and thermal stability. However, the market sharpaymeric membranes is far greater
than ceramic membranes as the polymeric materi@seasier to process and less
expensive. A handful of technical polymers are enily used as membrane materials
for 95% of all practical applications [9]. Polymennaterials that are used to prepare
separation membranes are mostly organic compoéndsmber of different techniques

are available to prepare synthetic membranes. liteTh2-1, a schematic representation

of different materials used for preparation of meames has been given.
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Table 1.2-1 Schematic representation of differesmforane materials

Application

Cellulose acetate

Cellulose esters

X
X
Cellulose nitrate M
Poly (vinyl alcohol) ¥

Polyacrylonitrile X X

Poly (vinyl chloride)

PYC copolymer

Aromatic polyamide

Aliphatic polyamide

Polyimide

Polysulfone

XX x| x| X| =
x>
x>

Polyetheretherketone (PEEK)

Polycarbonate

Polyester

Polypropylene

Polyethylene
Polytetrafluoroethylene (PTFE)
Poly (vinylidene difluoride) (PVDF)
Polydimethylsiloxane (PDMS) K

Xl x| X x| x| X| x| x| x| X| X| x| X

x| X x| X| X

MF Microfiltration

UF Ultrafiltration

NF Nanofiltration

RO Reverse osmosis
GS Gas separation

PV Pervaporation

MD Membrane distillation

Although synthetic membranes show a large variatyheir physical structure and

chemical nature, they can conveniently be claskififive basic groups:

(1) microporous media;

(2) homogeneous solid films;
(3) asymmetric structures;

(4) electrically charged batrriers;

(5) liquid films with selective carriers.

This classification, however, is rather arbitrarydahere are many structures which
would fit more than one of the abovementioned €as®.g., a membrane maybe
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microporous, asymmetric in structure, and carryctalgal charges. Any other
classification of synthetic membranes, e.g., adogrtb their application or methods of
preparation, would serve the same purpose of phenologically categorizing the

various types of synthetic membranes [10].

* Neutral microporous membranes

Neutral, microporous films represent a very sinfplen of a membrane which closely
resembles the conventional fiber filter as far las mode of separation and the mass
transport are concerned. These membranes consassafd matrix with defined holes
or pores which have diameters ranging from less thanm to more than 20 pum.
Separation of the various chemical components lsesed strictly by a sieving
mechanism with the pore diameters and the parsces being the determining
parameters. Microporous membranes can be made Various materials, such as
ceramics, graphite, metal or metal oxides, andouarpolymers. Their structure may be
symmetric, i.e., the pore diameters do not vary tive membrane cross section, or they
can be asymmetrically structured, i.e., the poanditers increase from one side of the
membrane to the other by a factor of 10 to 1,000e Pproperties and areas of

application of various microporous filters are suanized in Table 1.2-2.

Table 1.2-2 Microporus membranes: preparation apglgation

Membrane M embrane material Poresize Manufacturing Application
type process

pressing and
sintering of powder

Ceramic, metal or

polymer powder Microfiltration

0.1-20 pm

Microfiltration,

burn dressings,

artificial blood
vessels.

stretching of
0.5-10 pm extruded
polymer sheet.

Homogeneous polymer
sheets (PE, PTFE)

Microporous
membrane

Homogeneous polymer 0.02-10 um track-etching Microfiltration
sheets (PC)

Microfiltration,
phase inversion Ultrafiltration,
Sterilization.

Polymer solution 0.01-5pum
(CN, CA) 2nm-5pum
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* Symmetric microporous sintered membranes
Sintered membranes are the simplest in their fanand in the way they are prepared.
The structure of a typical sintered membrane iswshan the scanning electron
micrograph of Figure 1.2-1. This photograph showBT&E microporous membrane
made by pressing a fine powder into a film or ptt&00 to 500 um thickness and then
sintering the film at a temperature which is juslolv the melting point of the polymer.
This process yields a microporous structure otiradly low porosity, in the range of 10

to 40% and a rather irregular pore structure witlery wide pore size distribution.

Figure 1.2-1SEM of a microporous sintered membiamepared from a PTFE powder.

Sintered membranes are made on a fairly large doahe ceramic materials, glass,
graphite and metal powders such as stainlessatdeiungsten. The particle size of the
powder is the main parameter determining the paesf the final membrane, which
can be made in the form of discs, candles, or ol tubes. Sintered membranes are
used for the filtration of colloidal solutions asdspensions. This type of membrane is
also marginally suitable for gas separation. Widely used today for the separation of

radioactive isotopes, especially uranium.

» Stretched membranes
A relatively simple procedure for preparing micropas membranes is the stretching of
a homogeneous polymer film of partial crystallinifihis technique is mainly employed
with films of polyethylene or PTFE which have bestiruded from a polymer powder
and then stretched perpendicular to the directioextrusion [11, 12]. This leads to a
partial fracture of the film and relatively uniforpores with diameters of 1 to 20 um. A
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typical stretched membrane prepared from PTFE @wvehin the scanning electron

micrograph of Figure 1.2-2.

0 (T
Figure 1.2-2SEM of a microporous membrane prepdmgdtretching an extruded PTFE film
perpendicular to the direction of extrusion.

These membranes, which have a very high porogityo ©0%, and a fairly regular pore
size are now widely used for microfiltration of @cand caustic solutions, organic
solvents, and hot gases. They have to a large tereplaced the sintered materials used
earlier in this application.

Stretched membranes can be produced as flat skeeetsll as tubes and capillaries. The
stretched membrane made out of PTFE is frequesty as a water repellent textile for
clothing, such as parkas, tents, sleeping bags;Tats membrane type has, because of
its very high porosity, a high permeability for gasand vapors, but, because of the
hydrophobic nature of the basic polymer, is up taeamtain hydrostatic pressure
completely impermeable to aqueous solutions. Tthesmembrane is repellent to rain
water but permits the water vapor from the bodyp&smeate. More recently, this
membrane has also been used for a novel processtadlg referred to as membrane
distillation, i.e., to remove ethanol from fermeida broths or wine and beer to
produce low alcohol products and for desalinatibrseawater. These membranes are
also used for desalination of saline solutions mnohedical applications such as burn
dressings and artificial blood vessels [10].

» Capillary pore membranes
These membranes are made in a two step procesagDhe first step, a homogeneous

10 to 15 um thick polymer film is exposed to cobited, charged particles in a nuclear

—
=
I
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reactor. As particles pass through the film, thegsve sensitized tracks where the
chemical bonds in the polymer backbone are brokethe second step, the irradiated
film is placed in an etching bath. In this bathe thamaged material along the tracks is
preferentially etched forming uniform cylindricabies. The pore density of a track-
etched membrane is determined by the residenceitirttee irradiator, while the pore
diameter is controlled by the residence time in ¢hghing bath. The minimum port
diameter of these membranes is approximately 0rl The maximum pore size that
can be achieved in track etched membranes is dekxirby the etching procedure. The
polymer will not only be dissolved along the semsid track left by the penetrating
particle but also on both surfaces of the film. §hwith exposure time in the etching
medium the pore sizes increase and the thicknestheoffiim is correspondingly
reduced. The scanning electron micrograph in Figu2e3 shows a typical track etched
polycarbonate membrane.

Capillary pore membranes are prepared today méioty polycarbonate and polyester
films. The advantage of these polymers is that gmeycommercially available in very
uniform films of 10 tol5 um thickness which is theaximum penetration depth of
collimated particles obtained from a nuclear reaatioich have an energy about 0.8 to 1
MeV. Particles with higher energy, up to 10 MeV,yne@e obtained in an accelerator.
They are used today to irradiate thicker polyméndi up to 50 pum thickness, or
inorganic materials such as mica [13].

On an industrial scale, capillary pore membranes wsed for the production of
ultrapure water for the electronic industry. Hetlgey show certain advantages over
other membrane products because of their shog€e'ridiown" time and good long-term

flux stability.

Figure 1.2-3 SEM of the surface of a capillary @@olycarbonate membrane.

—
N
¥
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Because of their surface filter characteristicstiglas retained by the membranes can
be further monitored by optical or scanning elettnoicroscopy. Figurel.2-4 shows a
scanning electron micrograph of asbestos fibersimatated on a capillary pore

membrane in an air pollution control application.

Figure 1.2-4 SEM of asbestos filter accumulatedhensurface of a capillary pore membrane.

Depending on the application, different membranepmologies will be used. In Figure
1.2-5 a schematic representation of different molgdies is given.

I e

dense, homogeneous latex structure
BRRR
9°00°0 0%
cylindrical pores cellular, symmetric
XY ¢
SEWEL
A A
co-continuous cellular, asymmetric

annnne Bl oeoss
9’00’6 S T s e ¢

porous with dense toplayer porous with dense
of same matenal toplayer of different
:ntegrally skinned materal
:composite

Figure 1.2-5 Schematic representation of differ@embrane morphologies

{13
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The formation techniques of membranes and filtezsshown in the Table 1.2-3.

Table 1.2-3Formation techniques of membranes disdldi

Fibers

Particles

Films

* wet-lay (many paper
filters)

e dry-lay (spunbonded
olefins)

» wound (glass filament
cartridges)

* woven (polymeric and/or

metal filter meshes)

* sol-gel (ceramic
ultrafilters)

* compression or sintering
(metal and glass filters
and frits)

» extruded (alumina
microfilter monoliths)

extruded dense films
(silicone films)

extruded and stretched
dense film (teflon and
olefin microfilters)

cast or extruded films with
phase inversion step
(cellulose acetate

ultrafilters)

* nuclear-particle track
etched (polycarbonate
microfilters)

* electrochemical deposition
(homoporous alumina
microfilters)

1.3 Membraneswith Symmetric and Asymmetric Structure

1.3.1 Symmetric structure

Although most of the practically useful membranes asymmetric, as explained later,

some of the membranes have symmetric structuressy @ire prepared in the following

ways:

Track etching -A sheet of polymeric film moves underneath a riaoia
source and is irradiated by high-energy particlBse spots that are
subjected to bombardment of the particles are deegrar chemically
altered during this process. Then, the film undesgan etching process
in an alkaline or hydrogen peroxide bath (dependingthe material),

where the polymer is etched along the path of leighrgy particles.

Precipitation from the vapor phase A cast polymer solution that

consists of polymer and solvent is brought into ansolvent vapor
environment saturated with solvent vapor. The sé#agr solvent vapor
suppresses the evaporation of solvent from the; filne nonsolvent

molecules diffuse into the film causing polymer golation.
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A schematic representation of the a symmetric &irads depicted in Figure 1.3-1.

Z
o4
3

o P
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515::3- AR SRR
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(B)

Figure 1.3-1 Schematic representation of symmestrigcture.(a)Silicon Membranes;
(b)Aluminum membranes morphologies

1.3.2 Aymmetric structure

Most membranes used in industries have an asynursttricture. Figure 1.3-2 shows
schematically a typical cross-sectional view ofasgmmetric membrane. It consists of
two layers: the top one is a very thin dense lést=so called the top skin layer), and the
bottom one is a porous sub layer. The top denser lgpverns the performance
(permeation properties) of the membrane; the porsub layer only provides
mechanical strength to the membrane. The memb@nggmmetric structures do not
possess a top dense layer. In the asymmetric memwahen the material of the top
layer and porous sub layer are the same, the membsacalled’integrally skinned
asymmetric membraneOn the other hand, if the polymer of the top skiger is
different from the polymer of the porous sub laybe membrane is calledomposite
membrane The advantage of the composite membrane oveintiegrally skinned
asymmetric membrane is that the material for tipestan layer and the porous sub layer

can be chosen separately to optimize the overdibimeance [9].
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Porous
Substructure

Nonwoven Web
Reinforcing Fabric

Figure 1.3-2 Schematic representation of asymmetrigcture. Cross-section
illustration of (a) an integrally skinned asymmetmembrane, plus SEM cross sections
of dense-skinned (b) polyacrylonitrile and (c) oiljone membranes manufactured by

GE-Osmonics Inc.

1.4 General terminology and definitions
Membrane filtration technology has developed aigfized terminology.
The definitions themselves provide a basis forusmg the equipment and operating

principles.

< Batch filtration A fixed volume of feed material is filtered artetretentate(the
feed material not filtered) is recycled (or not marad) until a specific recovery
of permeate is obtained. Thus the composition ef fieed is continuously
changing with time.

» Cake The cake is whatever is left sitting on the meamieror filter's surface (or
whatever builds up continuously during the filtoa).

» Concentration PolarizationAccumulation of rejected solute on the feed sitle

the membrane or filter surface, excluding cake dsoged by layers.

1116/
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Interrupting or stopping the filtration process oals the concentration
polarization to dissipate.

e Conductance The reciprocal of resistance. The flux of sol¢entsolutes)
through a membrane is often empirically describedhe@ng proportional to the
product of a driving force and a conductance. Saviyers with different
thicknesses and specific conductances (conductaroealized by its thickness)
may be combined to completely describe the membsgstm under a variety
of conditions.

e Crossflow (tangential flow) filtration The main flow direction s
across(tangential to) the membrane or filter sexfathis operating mode will
typically have a retentate.

» Dead-end filtration The main flow direction is perpendicular to thembrane
or filter's surface. This operating mode may or may have a retentate.

* Feed (or sample)The initial solution presented to the membrandiloer is
called the feed. It can be a mixture of solveniytes, and particulates.

* Fluid velocity (crossflow velocity'he average velocity in the feed channel in a
flowing system or the average radial velocity asrd®e membrane or filter’s
surface in a stirred system.

* Flux: The mass or volumetric flow through the filterfmigrane per unit time per
unit area.

* Fouling: Irreversible decline in flux due to adsorptiorgpdsition, or other
accumulation on the surface and/or in the poreh@imembrane or filter. This
can be caused by any combination of solutes, pdates, and precipitates.

e Hydraulic pressure dropin a flowing system this is mechanical pressure
required to move the feed through the device toolvecthe retentate. It is
mechanical energy required in addition to the ayert@aans-membrane pressure
(TMP). The viscosity of the feed solution and shagethe feed channel
(including any inserts to increase mixing) willedt this energy requirement.

* MWCO (molecular weight cut-9ffThe molecular mass of dissolved molecules
for which a rejection of at least 90% will be obh&st based on the measurement
technique and assumptions used by the manufacturstandard measurement

technique does not exist.

117k
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» Particulates These are species that are suspended in the rgrisoé/ent or
continuous phase. Particulates can include collaids (and cell fragments),
viruses, spores, inorganic precipitates, dust, etc.

* Permeability The permeance normalized for the thickness oftleenbrane or
filter's separating layer.

 Permeate (filtrate, product)Permeate refers to whatever passes through the
membrane.

« Pore size The diameter of the largest pore based on thesunement technique
and assumptions used by the manufacturer. A stdndaasurement technique
does not exist.

* Permeance (pressure-normalized ftukie flux divided by the TMP.

 Permselective A membrane is permselective towards a feed nexifirthe
concentrations in the permeate differ from the feed

* RecoveryPercentage of the feed that permeates a singhitn stage. A stage
may be an element, device, or module in which tlenmeo interruption in the
contact of the feed solution and the membrandter fi

* Rejection A measure of the fraction of solute or particelaetained by the
membrane or filter. Several rejection quantitieg.(drue, observed, and average
rejection, and sieving coefficient) are defined asdd.

* Retentate (concentrate, rejecBetentate is the fluid feed material that does no
pass through the membrane or filter.

* Solutes These are species that are dissolved in the pyinsalvent or
continuous phase. Solutes can include salts arfddmoall and large molecules
of a variety of types.

* Transmembrane pressure (TMHhe difference in absolute pressure across the
thickness of the membrane or filter is called th@smembrane pressure.
Depending upon the type of filtration operationstieian change with position
along the surface of the filter. Also it can redutim a variety of sources, such

as inert gas blanket, pumping, and centrifugalegfet].

118k
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1.5 Fluxesand driving forcesin membrane separation processes

Separations in membrane processes are the redliffevences in the transport rates of
chemical species through the membrane interphdsetransport rate is determined by
the driving force or forces acting on the indivilbamponents and their mobility and
concentration within the interphase. The mobiliy primarily determined by the
solute’s molecular size and the physical structfréhe interphase material, while the
concentration of the solute in the interphase terd@ned by chemical compatibility of
the solute and the interphase material, the saligZe, and the membrane structure.
The mobility and concentration of the solute withhe interphase determine how large
a flux is produced by a given driving force. In name separation processes there are
three basic forms of mass transport. The simplesinfis the so-callecpassive
transport Here, the membrane acts as a physical barrieugw which all components
are transported under the driving force of a graidie their electrochemical potential.
Gradients in the electrochemical potential of a ponent in the membrane interphase
may be caused by differences in the hydrostaticsure, the concentration, the
temperature, or the electrical potential betweea two phases separated by the
membrane. The second form of mass transport thrthegimembrane interphase is the
so-calledfacilitated transport. Here, the driving force for the tramsp the various
components is again the gradient in their eleceoubal potential across the
membrane. The different components, however, anpled to a specific carrier in the
membrane phase. Facilitated transport, therefarea ispecial form of the passive
transport. Completely different, however, is thedhiorm of mass transport through
membranes. It is generally referred toamsive transport. Here, various components
may be transported against the gradient of thekctedchemical potential. The driving
force for the transport is provided by a chemiaaction within the membrane phase.
Active transport is coupled with a carrier in thembrane interphase and is found
mainly in the membranes of living cells [15]. Itshd@o date, no significance in synthetic
membranes.The transport of mass in a membranena a&quilibrium process and is
conventionally described by phenomenological eguatisuch as Fick's law which

relates the fluxes of matter to the correspondimgry forces [16]:
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J = flux for species i
D= Diffusion coefficient for species i

% = Concentration gradient
z

Membrane systems, available in variety of sepanatapabilities have been introduced
for their peculiarities in different fields. Themeval of turbidity, precursors and
disinfectant tolerant micro-organisms relating tathbgroundwater and surface water
supplies, as well as tapping into new water suppbech as brackish and seawater are
some interesting applications [17]. The followiradple shows the membrane separation

processes relative to contaminant size.

1.6 Membrane and module configuration

The practical equipment where the actual membrased separation occurs is known
as membrane module. The basic aim of developmennherhbrane modules is to

provide maximum membrane area in relatively smaltdume, so that the permeate
flux i.e., the productivity of the system is maximuThese membrane modules are of
five types: (i) plate and frame module, (ii) spivadund, (iii) hollow fiber ,(iv) capillary

and (v) tubular.

1.6.1 Membrane configuration
There are three different configurations in termhghe shape of membrane as shown

below as shown ifigure 1.6.1-{18].

Flat sheet ) Tubular

Figure 1.6.1-1 Schematic representation of thréedint membrane configurations
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Different materials can be realized for pressureetr process like microfiltration (i.e.,
PVDF-MFB, MBR-200), ultrafiltration (_Polyacrylomite: PAN-50, PAN-200, PAN-
350, PAN-400, PAN-400C/D, PAN-450; Polysulfone: Bg®-PS-20, PS-30, PS-35;
Polyethersulfone: PES-2, PES-5, PES-10, PES-20,-9BE/D; Poly(vinylidene
fluoride): PVDF-4, PVDF-350, PVDF-400, PVDF-400ByPF-400R, PVDF-400HE,
PVDF-400HB, PVDF-400HA), nanofiltration (NF-2A, NFA, NF-6) and reverse

0Smosis.

Packed in extreme high density, hollow fibres camge from smaller than a strand of
human hair to bristles several hundred micronsiamdter. Hollow fibre devices are
used in both UF and RO applications. Fibres areyed by extrusion through annular
dies. Thousands of strands are tightly bundledtzmtied at the end into potting. The
bundles are usually housed in PVC or stainlessl. st#ben applied in a suitable
application, hollow fibore membranes are more ecdnamand cost effective than
conventional separation methods.

When used properly, hollow fibre devices can fumttior years without replacement.
These devices can be operated at high pressumyiradl them to desalt highly
concentrated seawater. In special applicationy, ¢the be operated as high as 138 bar.
Hollow fibre is a flexible membrane; it can carmytahe filtration by either "inside-out"
or "outside-in". Hollow fiber membranes have beeocgssfully employed in industrial
water, industrial wastewater, and beverage proecgsgiplications worldwide, and are
particularly well suited to the high production damds of municipal drinking water and
wastewater treatment plants. Regardless of flotepathollow fiber membranes offer a
compact, cost-effective solution for filtering largolumes of liquids utilizing minimal
space and energy. Cross flow hollow fibore membiaee reduces fouling as the fluid
flows from the inside of the hollow fibre and passough to the outside of the
membrane. Despite the size of the hollow fibre memé being smaller than other
types of membrane, its circular structure allowkigher surface area which in turn,
yields a higher performance.

Tubular membranes can easily process solutionsairamg high suspended solids, and
concentrate products proficiently and repeatedlifighh end-point concentration levels
without plugging, making them ideal for recovermgstewaters, and clarifying juices.

Tubes can be used individually or grouped togetharpackage. Membranes are placed
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inside a support porous tube, and these tubedaseditogether in a cylindrical shell to
form the unit module. Tubular devices are primatised in MF and UF applications

because of their ability to handle process streaitts high solids and high viscosity

properties, as well as for their relative easeledming. Membrane area per unit volume
is small and fouling is mainly eliminated by mecitahcleaning [19].

Tubular membranes have high durability due to tmagged construction and are
extremely foulant-resistant. In cross-flow modes thgged large-diameter tubes allow
for high velocity in the tubes even with very dirprocess fluids. This maintains

maximum “sweeping” action at the membrane surfawk rminimizes foulant build-up

and clogging, even with high suspended solids [18].

1.6.2 Module configuration

The Plate and frame (PF) configuration has beerldped for relatively small scale
applications that deal with high membrane foulirajeptial. The module structure is
complex to seal the spaces among the membranes @ate pressure loss across the
module is high due to the zigzag flow. Today, Plprimarily used for electrodialysis,
leachate filtration, etc.

The heart of plate-frame module is the supporteqtlaat is sandwiched between two flat
sheet membranes. The membranes are sealed toatee gither gaskets with locking
devices, glue or directly bonded. The plate isrivafly porous and provides a flow
channel for the permeate which is collected fromlbee on the side of the plate.

Ribs or grooves on the face of the plate providees side flow channel. The feed
channel can be a clear path with channel heiglois 0.3 to 0.75 mm. The higher
channel heights are necessary for high viscosdgdereduction in power consumption
of 20 to 40% can be achieved by using a 0.6 mm r@dacompared to a 0.3 mm
channel. Alternatively, retentate separator scr€2d®r 50 mesh polypropelyne) can be
used. Commercial plate-frame units are usuallyzootial with the membrane plates
mounted vertically. They can be run with each plat@arallel plates in two or three
series. Laboratory units are also available asopme#d stacks up to 10 plates. A typical

plate and frame module is shown in Figure 1.6.2-1.
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Figure 1.6.2-1 Schematic representation of:(a)pkate frame module; (b)flow diagram

The Spiral Wound (S\Wnfiguration was developed in 1970's to make pdatt frame
modules more compact for the feed with low foulpagential. It provides large specific
surface area at relatively low costs. Feed watwdlthrough feed channel parallel to
the axis. The permeate travels permeate channet toollected in the center pipe as
shown in the figuremigurel.6.2-2 This module configuration is most commonly used
with the membranes with tight pore sizes such asNF; and RO.

In spiral wound membrane, membrane is cast agmdiito flat sheet. Membranes are
sandwiched together with feed spacers (typicaktiess 0.03 to 0.1 inch) and permeate
carrier. They are sealed at each edge and woundrauymd a perforated tube. The
module diameter ranges from 2.5 to 18 inch andtlengries from 30 to 60 inch.

The application of spiral wound module includesvsstar desalination, brackish water
treatment, potable water treatment, dairy procgs&lectro coat paint recovery, protein
separation, whey protein concentration, etc. Thadeting of plate and frame and spiral
wound module can be done by considering the flawugh a rectangular channel. On
the other hand, for a tubular and hollow fiber medilow through circular device can
be considered.

In hollow fiber (HF) configuration, lots of hollofibers (each fiber is a tubular module)
are kept in a large pipe. Geometry allows a higmimane surface area to be contained
in a compact module. This means large volumes ediitered, while utilizing minimal

space, with low power consumption. The advantafissich modules include reduction

N
w
i
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in space requirement, lowering in labor and chehtoat, lowering in chemical cost,

delivery of high quality product water, etc.

Permeate
pipe Containing
Collection Holes

Anti-telescoping Device

CONCENTRATE
PFED SOLUTION —

PERMEATE
out

CONCENTRATE

PERMEATE
out

Feed Channel
Spacer
PFED SOLUTION

Membrane

Permeate Flow (After passage
through Membrane into Permeate

Permeate Collection Material )

Collection Material Covering

Membrane
Free Channel Spacer

Figure 1.6.2-2 Schematic representation of spiralmnd membrane module

Most hollow fiber products are available in (i) dlameter laboratory test cartridges
ranging up to 10" diameter for commercial produ(ty standard commercial cartridge
lengths of 25", 43", 48", 60" and 72", (iii) nomireeparation ranges from 0.2 micron
down to 1,000 MWCO, (iv) Fiber inside diameters nfro0.02"(0.5mm) up to
0.106"(2.7mm), (v) Various materials of construationcluding polysulfone and
polyacrylonitrile. Figure 1.6.2-4hows some hollow fiber cartridges of 5, 8 and 10”

diameter with endcaps.

<«

Figure 1.6.2-3 Schematic representation of thedvolliber module
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The flow pattern in a typical hollow fiber modubkes place as shown figurel.6.2-4.

k\_ Spectrum hollow fiber

membranes

Figure 1.6.2-4 Schematic representation of thedweliiber module cross-section.

The capillary membranemodules 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. The
feed solution is forwarded into the lumen of capiylmembranes and the filtrate, which
permeates the capillary wall, is collected in thellstube. A schematic representation of
the module is shown in the Figure 1.6.2-5.

Figure 1.6.2-5 Schematic representation of the lapimembrane module.

Tubular membrane modules are traditionally usecgfessure filtration with feed water
recirculation through lumen. In such modules, themrane is cast on the inside

surface of a porous tube. Tubular membranes opénatangential, or cross-flow,

N
0]
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design where process fluid is pumped along the mamebsurface in a sweeping type
action. The feed solution is pumped through theerenf the tube at velocities as high
as 6 m/s. These cross-flow velocities minimize tbamation of a concentration
polarization layer on the membrane surface, pramgoliigh and stable flux and easy
cleaning, especially when the objective is to aghikigh suspended solids in the MF,
UF or NF concentrate. Some tubular membrane mo@duéeshown in Figure 1.6.2-6.

Figure 1.6.2-6 Schematic representation of the trbmembrane module.

There are many advantages using tubular membranggemmtions. Besides their
rugged construction, they have a distinct advantaigéeing able to process high
suspended solids, and concentrate product suctigssid repeatedly to relatively high
end point concentration levels without pluggingr Faice clarification applications,
tubular membrane systems produce the greatestsy&ld the highest final suspended
solids concentration levels. Tubular MF, UF and $¥Stems do not require significant
prefiltration [19].

Properties of membrane modules configurations laoe/s in Table 1.6.2-1. [18].
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Table 1.6.2-1. Summary of membrane module confiigums

Module
Membrane | configuration| Driving P . Common
. , ; ore size o Example
configuration| or operating | force Applications
method
Plate and Pall DT™,
frame (PF) Pressure MF/UF WWT, EDI Electrocell (EC)
Flat Sheet Dow Filmtec,
(FS) (Sg)\'/\r/?l wound Pressurg UF/RO DS, PR g)é(rjrzgnmﬁg?sﬁora)
Woongjin CSM®
C . . Asahi Microza®,
ontained in Toyobo
pressure Pressurg MF/UF/RO | WT, PR,etc Holl
vessels ollowsep®, GE
Hollow Fiber ZW1500 -
(HF) Immersed GE ZW500, Asahi
module Microza®,
without Vacuum| MF/UF WT, iIMBR Mitsubishi
pressure Sterapore™,
vessels Econity
Pressure WWT, PR, Koch Abcor®, ITT
filtration Pressurg MF/UF sMBR PCl,
Tubular (TB) | Vacuum
filtration with | Vacuum| MF/UF SMBR Norit Airlift™
bubbling

DS: Desalination, ED: Electrodialysis, PR: ProcessoRery, WT: Water Treatment, WWT: Wastewater Treatm

1.7 Membrane operations

The principal objective of a membrane separatioocgss is the separation of a
desirable substance from a given mixture. Todayoat all the membrane processes
use synthetic membranes. Although biological memdsacarry out a number of
complicated separations in all life processes, they not widely used. There are a
number of membrane processes which can be defigecbihsidering the following

aspects:

» the nature of the species retained by the membrane,
» the nature of the species permeating through thebranes,
» the driving force needed to achieve the desiredrsd¢ipn,

e the mechanism of separation.
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There are several membrane separation processeb ate of industrial importance
today. They are briefly discussed below with respgectheir principal characteristics
[20].

1.7.1 Microfiltration

Microfiltration (MF) is the process of removing fiales or biological entities in the
0.025um to 10.@um range from fluids by passage through a micropproedium such
as a membrane filter. Although micron-sized pagtctan be removed by use of non-
membrane or depth materials such as those foufibrous media, only a membrane
filter having a precisely defined pore size canueagjuantitative retention. This process
also requires hydrostatic pressure gradient achessiembrane and the pressure used is
of the order of 100 kPa or so. The pore size ofnieenbranes decides the size of the
particulate matter retained. The process is sindaultrafiltration and separation takes
place by sieving. Membrane filters can be usedfifwal filtration or prefiltration,
whereas a depth filter is generally used in clargyapplications where quantitative
retention is not required or as a prefilter to png the life of a downstream membrane.
Membrane and depth filters offer certain advantages limitations. They can
complement each other when used together in a Mi€Eeps system or fabricated
device. The retention boundary defined by a men#ifdter can also be used as an
analytical tool to validate the integrity and eiiccy of a system. For example, in
addition to clarifying or sterilizing filtrationdids containing bacteria can be filtered to
trap the microorganisms on the membrane surfaceubsequent culture and analysis.
MF can also be used in sample preparation to renmiget cells and some cell debris
from the lysate. Membrane pore sizes used for thgmes of separation are typically in
the range of 0.0pm to 1.0pum.

The most used polymers for MF membranes are theopiidbicpolyvinylidenfluoride
(PVDF), polypropylene (PP), polyethylene (PE), #mel hydrophilic materials cellulose
esters, polycarbonate (PC), polysulfone/polyethtnsea (PSf/IPES),
polyimide/polyetherimide and polyetheretherketoREEK). The ceramic membranes,
which can be used both in micro- and ultrafiltratijgrocesses, have superior chemical,
thermal, and mechanical stability compared to pelymmembranes, and the pore size

can be more easily controlled.
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MF membranes are prepared by sintering, track+eg¢hstretching, or phase inversion
techniques. Module configurations include hollowefi, tubular, plate and frame, spiral
wound.

Different solutions can be processed by MF inclgdmilk, beer, wine, whiskies,
potable water, syrups, edible oils and vinegar. @®molecular weight basis, these
membranes can separate or reject macromoleculesganerally solute less than
100,000 MW pass through these membranes. The $igparaechanism of MF is
commonly attributed to a molecular sieving; i.esgmge through the membrane is a
function of particle size relative to opening org@aimensions of the membrane. The

operational mechanism of the functional layer of iHlustrated in figure 1.7.1-1.

Figure 1.7.1-1. Schematic representation of MF nramd function layer.

1.7.2 Ultrafiltration

Ultrafiltration (UF) is the process of separatinggremely small particles and dissolved
molecules from fluids. The primary basis for separais molecular size, although in all
filtration applications, the permeability of a &t medium can be affected by the chemical,
molecular or electrostatic properties of the samile can only separate molecules which
differ by at least an order of magnitude in sizeol&tules of similar size can not be
separated by UF. Materials ranging in size from aK® 1000KDa molecular weight (MW)
are retained by certain UF membranes, while saltsveater will pass through. Colloidal
and particulate matter can also be retained. UWttetfon membranes can be used both to
purify material passing through the filter and alsacollect material retained by the filter.
Materials significantly smaller than the pore siaéing pass through the filter and can be

depyrogenated, clarified and separated from higleootar weight contaminants.
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Materials larger than the pore size rating areimethby the filter and can be concentrated
or separated from low molecular weight contaminabks is typically used to separate
proteins from buffer components for buffer exchangesalting, or concentration.
Ultrafilters are also ideal for removal or exchargfesugars, non-aqueous solvents, the
separation of free from protein-bound ligands, thmoval of materials of low molecular
weight, or the rapid change of ionic and/or pH emwvnent. Depending on the protein to be
retained, the most frequently used membranes hamenanal molecular weight limit
(NMWL) of 3 kDa to 100 kDa andhydrostatic pressures of 0.1-0.5 MPa are used
Ultrafiltration is far gentler to solutes than pesses such as precipitation. UF is more
efficient because it can simultaneously concentaatd desalt solutes. It does not require a
phase change, which often denatures labile spemeslUF can be performed either at room
temperature or in a cold roonihe main hydrodynamic resistance of the membrane is
offered by the top layer, while the supporting pmaub layer offers minimal hydraulic
resistance. UF membranes are prepared by phasksionveMaterials used are PSf,
PVDF, PAN,PEEK and cellulosics such as cellulosstate. Polymer blends, e.g. with
polyvinylpyrrolidone (PVP) are commonly used toriggse the hydrophilicity of the
membranes. Also the UF process can be operateddangdo the dead-end and cross
flow configurationdJF refers to a scale of separation between mitrafibn and
nanofiltration, used to purify, concentrate or fraicate macromolecules.

UF membranes reject or separate high molecularhvsgutes as well as suspended solids,
colloids, and macromolecules. Water and low MW alig=d solids such as salts and sugars
pass readily through the membranéigre 1.7.2-1).
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Figure 1.7.2-1. Schematic representation of UF nramd function layer.
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Some UF membranes can reject particles having @aulalr weight of about 1,000 MV,
and a few manufacturers claim to make UF membreuigsh can reject a small percentage
of low MW dissolved salts. However, most applicaiausing UF membranes fall in the
10,000 to 100,000 MW ranges. Like MF membranes, Ukeseparation mechanism is
commonly attributed to geometry, i.e. the openingoore size of the membrane. While
some specialty dead end cartridges are used, pijnrathe pharmaceutical industry, UF
separations are principally done in cross flow mdsigstems operate at a relatively low
transmembrane pressure, 0.7 to 10.3bar. Genecdlynembranes require higher pressures
than MF membranes because they are “tighter” afet ofiore resistance to liquid flow
through the membrane.

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 fermeraat broths and the gentle nature of
separation which minimises protein denaturationth@sloss of protein activity. The
addition of fining agents and then the decantinfjl@ring through pre-coat filter have
been used in the traditional clarification of frjuitces. The application of UF simplifies
the process by reducing time and labour and byeasing yield and juice quality [22].
UF is also used to remove particulate, microorgasisnd colloidal material from
drinking water and thus replaces conventional fitation and disinfection. The ability
to separate soluble macromolecules from other sokjecies and solvents is the major
reason of the use of the UF in many industries sisgbulp and paper industries [21].
UF membrane systems conserve energy with minimaladipn and labour costs. The
ability to retain high concentrates minimises dsgaosts for a wide range of industries. In
the bid to conserve water, using UF membrane systienrecycle water can yield zero
discharge capabilities. Initial setup cost is lomd aminimal pretreatment chemicals are

required compared to conventional systems.

1.7.3 Nanofiltration

The development of nanofiltration (NF) membranes warly rapid during the 1970s
and 1980s, leading to a “loose RO” membrane prooshgech was given the name
“nanofiltration” at the end of the 1980s.

In this sense, then, NF is a fairly recent develepmin the range of membrane

separation processes, which takes in the uppe(iersgparation size terms) of reverse
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osmosis, and the lower end of ultrafiltration, cavg MWCO values of 100 to 1000
Daltons. It deals with materials that are dissolweda liquid, and not with distinct
particles suspended in the liquid. The separatetwéen solute and solvent occurs by
diffusion of the molecules of the solvent throuple imass of the membrane material,
driven mainly by a high transmembrane pressure, rasicchrough any physical hole
(pore) in the membrane. Some of the solute molscalay also diffuse through the
membrane, either by the process designer's intenbecause the solute has a finite
(although very small) diffusion coefficient in theembrane material.

The key difference between NF and reverse osmesigt the latter retains monovalent
salts (such as sodium chloride), whereas nandidtraallows them to pass, and then
retains divalent salts such as sodium sulphate midrabrane separation process known
as NF is essentially a liquid phase one, becausepiarates a range of inorganic and
organic substances from solution in a liquid maifdyt by no means entirely, water.
This is done by diffusion through a membrane, urglessure differentials that are
considerable less than those for reverse osmadistib significantly greater than those
for ultrafiltration. It was the development of arthilm composite membrane that gave
the real impetus to NF as a recognized process itgitanique ability to separate and
fractionate ionic and relatively low molecular wietigorganic species. NF membranes
are produced in plate and frame form, spiral wodalular, capillary and hollow fibre
formats, from a range of materials, including deke derivatives and synthetic
polymers, from inorganic materials, ceramics esglgiand from organic/inorganic
hybrids.

Recent developments of membranes for NF have greaténded their capabilities in
very high or low pH environments, and in their aggion to non-aqueous liquids. The
plastic media are highly cross-linked, to give ldagn stability and a practical lifetime
in more aggressive environments. NF membranes tendave a slightly charged
surface, with a negative charge at neutral pH. Bhidace charge plays an important
role in the transportation mechanism and separgifoperties of the membrane. As
with any other membrane process, NF is suscepbifieuling, and so NF systems must
be designed to minimize this phenomenon througitopgy pretreatment, with the right
membrane material, with adequate cross-flow vakxito scour the membrane surface

clear of accumulated slime, and by use of rotatingbrating membrane holders.
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Industrial applications of NF are quite commontire food and dairy sector, in
chemical processing, in the pulp and paper indusing in textiles, although the chief
application continues to be in the treatment adHrgrocess and waste waters.

In the treatment of water, NF finds use in the glohg at the end of conventional
processes. It cannot be used for water desalindiianit is an effective means of water
softening, as the main hardness chemicals areeditzaht first sight, NF would not
seem to have much place in MBR processes, becdgsdigher transmembrane
pressure differentials needed for NF are not aklan most bioreactor systems, but
there are some specialized uses for MBRs in whic¢h i8l finding a place. NF
membranes are also used for the removal of natmgdnic matter from water,
especially tastes, odors and colors, and in theovahof trace herbicides from large
water flows. They can also be used for the remasfalresidual quantities of
disinfectants in drinking water.

Food industry applications are quite numerous. e dairy sector, NF is used to
concentrate whey, and permeates from other whegntents, and in the recycle of
clean-in-place solutions. In the processing of sudextrose syrup and thin sugar juice
are concentrated by NF, while ion exchange brimesdemineralised. NF is used for
degumming of solutions in the edible oil processsegtor, for continuous cheese
production, in the production of alternative sweets and for the cholesterol removal
[21]. In aqueous systems, NF uses hydrophilic pelyenmaterials, such as polyether-
sulphone, polyamides and cellulose derivativess&hmeaterials, in contact with organic
solvents, quickly lose their stability. Special nM@anes have therefore been developed
to provide the same kind of performance as in agsisystems, and they are now used
for solvent exchange, solvent recovery and semarafor catalyst recovery and for
heavy metal removal. A schematic representatiom M+ membrane functional layer is
shown in figure 1.7.3-1.

Water

Monovalent Multivalent " . Suspended
lons lons Viruses Bacteria Solids

Nanofiltration Technology

Figure 1.7.3-1 Schematic representation of a NF brame function layer.
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1.7.4 Reverse osmosis

Reverse Osmosis (RO) and NF are two very similenrtelogies. In appearance they
are virtually identical and both use essentially $ame technology to remove impurities
from water or other liquids. In both systems, mesnles are used to separate a liquid
from contaminants.

RO, also known as hyperfiltration, is the fine#itdition known. This process will allow
the removal of particles as small as ions fromlatem. RO is used to purify water and
remove salts and other impurities in order to imprthe color, taste or properties of the
fluid. It can be used to purify fluids such as ethlaand glycol, which will pass through
the RO membrane, while rejecting other ions andasomants from passing. The most
common use for RO is in purifying water. It is ugedproduce water that meets the
most demanding specifications that are currentjylace.

RO uses a membrane that is semi-permeable, allawenfuid that is being purified to
pass through it, while rejecting the contaminah&t temain. Most RO technology uses
a process known as crossflow to allow the membtaneontinually clean itself. As
some of the fluid passes through the membrane ds¢ continues downstream,
sweeping the rejected species away from the merabfidre process of RO requires a
driving force to push the fluid through the memiaaand the most common force is
pressure from a pump. The higher the pressurelatiger the driving force. As the
concentration of the fluid being rejected increaties driving force required to continue
concentrating the fluid increases.

RO is capable of rejecting bacteria, salts, sugansteins, particles, dyes, and other
constituents that have a molecular weight of grehen 150-250 daltons.

RO membranes can be made of cellulose triacetedmatic polyamide or interfacial
polymerization of polyamide and poly (ether urea).

Over traditional evaporation the RO is characterizg low thermal damage to product,
reduction in energy consumption and lower capitaéstments as the process is carried
out at low temperatures and it does not involvesphanange for water removal [22].
The filtration spectrum illustrating all pressunéveén membrane operations including
RO, is depicted in Figure 1.7.4-1.
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1.7.5.Membrane distillation

Membrane distillation (MD) is a relatively new merabe separation process which
might overcome some limitations of the more tradiél membrane technologies. In
particular, high solute concentrations can be redchnd ultrapure water can be
produced in a single step. The possibility of amlustrial development of this
technology is related to the growing commercialilabgity of membranes of potential
interest. When a microporous hydrophobic membraparsites two aqueous solutions
at different temperatures, selective mass tranateoss the membrane occurs: this
process takes place at atmospheric pressure ategnperatures which may be much
lower than the boiling point of the solutions. Thgdrophobicity of the membrane
prevents the transport of the liquid phase acrbespbres of the partition while water
vapor can be transported across them from the wad®, condensing at the cold
surface. The driving force is the vapor pressurdemdince at the two solution
membranes interfaces. Because the process campltdes at normal pressure and low
temperature, MD could be used to solve various evester problems, to separate and
recover chemicals, and also to concentrate to dgghotic pressures aqueous solutions

of substances sensitive to high temperatures. Tssilplity of using solar, wave or
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geothermal energy, or existing low temperature igrad typically available in
industrial processing plants is particularly atthge The fundamental simplicity of
traditional distillation is compromised by variofastors such as the need for complete
removal of all non condensable gases. The useadfuva pumps, high pressure vessels,
deaeration devices, etc. are required for remotiegeffects of the non condensable
gases, with a significant energy consumption. A benof distillation processes have
been proposed with the aim of eliminating the nieectreating a vacuum [23]. Figure
1.7.5-1 shows the schematic representation of Midgss.

Vapour phase

J

Evaporation
Condensation

Liquid Liquid
phase phase

Figure 1.7.5-1 A schematic representation of thenbmane distillation process: T1,
temperature at the hot side; TO, temperature atthld side; J, flux of the vapor phase.

The most suitable materials for MD membranes inel&d/DF, polytetrafluoethylene
(PTFE) and polypropylene (PP). The size of micrepocan range between 0.2and
1.0um. The porosity of the membrane will range from 6@80% of the volume and
the overall thickness from 80-250m, depending on the absence or presence of
support. Because MD can be carried out at the gth®vg pressure and at a
temperature which can be much lower than the lpiiaint of the solution, it can be
used to concentrate solutes sensitive to high testyoe (e.g. fruit juices), also at high
osmotic pressure. Therefore MD has received a gmdantion as a technique for
concentrating fruit juices [24, 25].

1.7.6 Osmotic distillation
Osmotic distillation (OD) is a kind of mass transieiven membrane process where the
driving force is the vapour pressure differencemeenn two solutions. Similar that

membrane distillation (MD) in case of OD are alssedi hyrdophobic, porous,
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polymeric membranes. For the OD process usuallly bamncentration of osmotic agent,
mostly salt solution (NaCl,Cagl K;HPQO,, K-acetate) or some kind of organic
solutions (polyethylene-glycol, glycerol, etc.) arged which can keep and sustain very
low value of vapour pressure during the proceses&hosmotic agents are able to
perform the suitable vapour pressure differencdn whie high concentration and low
vapour pressure value between the two solution2860D process is based on the use
of two aqueous solutions which have different waaetivity and a microporous
hydrophobic membrane between these solutions. Tdgigeous solutions cannot
penetrate into the pores at the liquid-vapour fat&s. As a result, volatile compound
molecules (water) evaporate from the higher watdivity liquid-vapour interface
(liquid food side), cross the pores by diffusiord aondense at the lower water activity
vapour-liquid interface (osmotic agent side). Feglir7.6-1 shows the flow sheet of the
OD process [29-32].

Hydrophobe, porous

membrane o
WKE Sat:rlatted
Crm) Prm»Pom (TP saltiHen
crarry &\\

juice

Figure 1.7.6-1 Schematic representation of OD

If the operating pressure is kept below the capill@enetration pressure of liquid into
the pores, the membrane cannot be wetted by thigm. OD has been successfully
applied to the concentration of liquid foods suchnailk, fruit and vegetable juice,
instant coffee and tea and various non-food aqueoligions. This technique can be
used to extract selectively the water from aquesmhstions under atmospheric pressure
and at room temperature, thus avoiding thermal atkgion of the solutions. It is
therefore particularly adapted to the concentrabbmeat-sensitive products like fruit

juices.
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As compared with RO and MD process, the OD protessthe potential advantage
which might overcome the drawbacks of RO and MD doncentrating fruit juice,
because RO suffers from high osmotic pressurediioit, while in MD some loss of
volatile components and heat degradation may @&titur due to the heat requirement
for the feed stream in order to maintain the watgrour pressure gradient. OD, on the

other hand, does not suffer from any of the proklementioned above when operated at
room temperature [33].
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CHAPTERII

GENERAL PROPERTIESOF CITRUSFRUITS

2.1 Introduction

Citrus is a common term and genus (Citrus) of flomge plants in the rue family,
Rutaceae. Citrus is believed to have origin in phet of Southeast Asia bordered by
Northeastern India, Myanmar (Burma) and the Yunpesvince of China [1]. Citrus
fruit has been cultivated in an ever-widening asige ancient times; the best-known
examples are the oranges, lemons, grapefruit, iames] Citrus fruits are probably the
best known and most widespread fruits all overvioeld, particularly appreciated for
their fresh flavour and considered of high benaficialue for their high content in
vitamin C and natural antioxidants, such as flamd®and phenylpropanoids.

Citrus fruits have long been valued as part of &itmus and tasty diet. The flavours
provided by citrus are among the most preferretheaworld, and it is increasingly
evident that citrus not only tastes good, but$® @ood for people. It is well established
that citrus and citrus products are a rich soufceitamins, minerals and dietary fibre
(non-starch polysaccharides) that are essentiaidanal growth and development and
overall nutritional well-being. However, it is ndveginning to be appreciated that these
and other biologically active, non-nutrient compdsiriound in citrus and other plants
(phytochemicals) can also help to reduce the risknany chronic diseases. Where
appropriate, dietary guidelines and recommendatiogisencourage the consumption of
citrus fruit and their products can lead to widespr nutritional benefits across the
population.

The genus Citrus includes several important fraiteh as oranges, mandarins, limes,
lemons and grapefruits. The sweet orange probaiynated in Southeast Asia, from
which it spread to Arabia and Southern Europe.s]t however, produced in all
subtropical areas of the world. The mandarins &e believed to have originated in
Southeast Asia. Lemons (C. limon) probably origgdaas hybrids between the citron
and the lime and are native to Southeast AsiagpsrBurma or Southern China. They

were widely distributed in the Middle East and $@ub Europe by the twelfth century,
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from which they have spread to many countries. sip®bably originated in India and
then spread to the Middle East and other tropicad aubtropical countries. The
Mexican or Key lime is a somewhat smaller and simeotype of the same species. The
grapefruit, which is generally classed as a sepapécies (C. paradisi), is assumed to
have originated in the West Indies, possibly asealling mutant from Citrus maxima or
a hybrid of shaddock. The seedless cultivars wittk pr red flesh are of commercial
importance. The grapefruit is grown in many suhitalcountries, including the United
States (Florida and Texas), South Africa, and Isf2eand is commonly used as a

breakfast fruit.

Figure 2.1-1 Citrus fruits

2.2 World production

Citrus is the second most important fruit in theri@fter apple, and accounts for the
production of about 100 million tons with an ardacoltivation spread over a massive
7.2 million hectares. It is a long-lived perenntabp and is grown in more than 100
countries across the world. The world productioralbtcitrus fruits in 1980 was 56.61
million metric tonnes [3], while in 1990 it was 63. million metric tonnes [4]. The
1999/2000 Citrus production reached 70.8 millionst@lobally. Brazil, the United
States and China continue to lead production aed dombined output represent close
to 60% of the world's total [5]. In 2007 the wogpdoduction of all citrus fruits was
about 115 million tonnes (Table 2.2-1).

43




CHAPTERII General properties of citrus fruits

Citrus fruits are produced all around the worldcéwing to FAO data, in 2004, 140
countries produced citrus fruits. However, mostdpiciion is concentrated in certain
areas. Most citrus fruits are grown in the Northelemisphere, accounting for around
70% of total citrus production. Main citrus fruitgolucing countries are Brazil, the
Mediterranean countries, the United States (whignescfruits for consumption as fresh
fruit are mainly grown in California, Arizona andceXas, while most orange juice is
produced in Florida) and China. These countriesesgmt more than two thirds of
global citrus fruit production. Brazil contributesgnificantly to the world's orange
production. Japan is the leading producer of manslaBpain, the United States, Brazil,
Italy, China, and Argentina produce substantialngjtias of mandarins. Lemons and
limes are produced mainly in Italy, the United 8satMexico, India, and Argentina.
Oranges contribute to 71% of the citrus fruit pratglin in the world. In Italy the centre
of Citrus growing is the South of the peninsula.eDio their favourable climatic

conditions Sicily and Calabria are considered theatt” of the Italian citrus fruit

production.
Table 2.2-1 The representation list of most citrus producers of the world

Top ten total citrusfruits producers 2007 (Tonnes)

Country | Grapefruit ahznlqicr)rr:; Oranges Tangete;in&c, Other Total
Brazil 72,000, 1,060,00C 18,279,309 1,271,000 - 20,682,309
China 547,00C 745,10C 2,865,00( 14,152,000 1,308,000 19,617,100
USA 1,580,000 722,00C 7,357,000 328,00C 30,000, 10,017,000

Mexico 390,00C 1,880,000 4,160,000 355,00C 66,000 6,851,000
India 178,00C 2,060,000 3,900,000 - 148,00C 6,286,000
Spain 35,000 880,00C 2,691,400 2,080,70( 16,5001 5,703,600
Iran 54,000 615,00C 2,300,000 702,00C 68,000, 3,739,000
ltaly 7,000 546,584 2,293,46¢ 702,732 30,000 3,579,782

Nigeria - - - -1 3,325,000 3,325,000

Turkey 181,923 706,652 1,472,454 738,78€ 2,599 3,102,414

World 5,061,023 | 13,032,388 | 63,906,064 26,513,986 7,137,084 | 115,650,545

Source: Food And Agricultural Organization of Uditdations: Economic And Social Department: TheiSiaal Division
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The rapid growth of the citrus fruit industry inettpast 25 years is due largely to
population increase and improved economic conditiarthe consuming nations of the
world, together with the rapid advance of agria@tusciences and technology of by-
products. Also, because of the nutrition-conscioassuming public and the natural
distinctive flavor of the citrus, the demand fotres fruits and citrus products has
increased and is likely to increase further.

Citrus fruit is fast becoming a staple food produacthe daily diet of many people, and
large consumption of citrus fruit is also attrikditi® other types of food and beverage
industries which require the flavor of citrus. @gris most commonly thought of as a
good source of vitamin C. However, like most otkdrole foods, citrus fruits also
contain an impressive list of other essential eats, including both glycaemic and
non-glycaemic carbohydrates (sugars and fibre)agsaam, folate, calcium, thiamin,
niacin, vitamin B, phosphorus, magnesium, copper, riboflavin, paetat acid and a
variety of phytochemicals. In addition, citrus cans no fat or sodium and, being a
plant food, no cholesterol. The average energyevalufresh citrus is also low (Table
2.2-2), which can be very important for consumerscerned about putting on excess
body weight. For example a medium orange contadn® @0 kcal, a grapefruit 90 kcal

and a tablespoon (15 ml) of lemon juice only 4 K6&l

Table 2.2-2 The Nutritional facts about citrus fruit

Orange Grapefruit Tangerine
Weight(Q) 131 236 84
Energy(kcal) 62 78 37
Fibre contentq) 3.1 2.5 1.7
Ascorbic acidmg) 70 79 26
Folate(mcg) 40 24 17
Potassiun{mg) 237 350 132

Gutherie and Picciano, 1995.

The rise in citrus production is mainly due to therease in cultivation areas and the
change in consumer preferences towards more heatith convenience food
consumption. The world production of different tgpef citrus is depicted in
Figure 2.2-1.
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2004
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Figure 2.2-1 Glabal citrus production by type, 1980 and 2004

2.2.1 Soil and Climate

Citrus can grow well in a wide range of soils.hitivtes well in deep, loose, well-aerated
soils devoid of any hardpan layers of calcium cadte in the rooting zones. Ideal pH
for citrus is considered to be between 5.5 and I7.i5. also highly sensitive to overly
moist soil conditions within its root zone, whilefdctive drainage causes nutritional
imbalance. Citrus trees are susceptible to salrynjand they cannot thrive in saline-
alkaline soil. It appears that loamy soil with hieavsubsoil or even heavy soil with
good drainage can be ideal for citrus.

Citrus belongs to the tender subtropical group #miyes in frost-free subtropical to
semitropical climates. Climatic factors such asperature, moisture, wind, and light
intensity are of principal importance for citrusy fvhich temperature plays a key role.
Usually, a low temperature (-6.66 to -4.44°C) isisidered to be injurious to young
trees, while mature old trees are killed at a teatpee of about -11.11 to -8.88°C.
Different climatic factors influence both the veadte growth of citrus plants as well as

the productivity and physicochemical charactersstitthe fruits [7].

2.2.2 Planting

Usually, citrus is planted in pits of 50 x 50 x &M size in a square system with a
spacing of 58 m depending on the species and oofisstMandarin orange orchards are
usually planted at a distance of 56 m. Though thetmg is usually done during the

monsoon (rainy) season, it is better not to pldantha time of heavy rains to avoid

waterlogging near the planting pit. The weatherusthanot be too dry at the time of

planting.
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2.2.3Irrigation

Citrus trees can withstand a drought of 4 montlggafvn on deep soil with good water-
holding capacity, especially if Rangpur lime is tle®tstock. However, irrigation will
be necessary if the dry season lasts longer theworghs. The amount of water to be
supplied depends on rainfall, evapotranspiration, $oil type. As a rule, the maximum

amount is 100 mm at intervals of 3 weeks.

2.2.4 Manuring and fertilization
Citrus is a nutrient-loving plant, and about 15ned@ts have been known to have
important roles to play for proper growth and depehent of citrus.

2.2.5 Resting or bahar treatment

Citrus trees normally set fruits in the fourth yeldlowers and fruits that may set earlier
must be carefully removed before they develop, bheedhe early bearing may weaken
the plants. Flower initiation in sweet orange isgumably correlated with low levels or
absence of flower inhibitors and follows a periofl low temperature [8]. High
temperature or presence of the previous seasants on trees is detrimental to the
process of flower formation. Under the existing ditions, the flowering is stimulated
by forcing the plants into rest by withholding gaition. This rest or dormancy resulting
from moisture stress is a substitute for the lomgerature treatment under tropical and
subtropical conditions, which is known as bahaattreent. Application of 1000 ppm
Cycocel in the second week of August and Septertdbdime improves fruiting in

following summer [8].

2.2.6 Fruit set and fruit drop

The use of bromouracil has been considered to Etmdlower formation in sweet
oranges [9]. However, its use has remained of awad@aterest, since the concentration
and number of applications and the cost makes g&s unpractical for commercial
purpose. Application of 2,4,5-trichlorophenoxyaciicid (2,4,5-T) (15 ppm) at the time
of first irrigation after the rest period is highlgeful in stimulating flower formation in
sweet orange [10]. Sometimes, flower inhibitiorctmtrol biennial bearing (in trees of

rootstocks from the Jambhiri group) becomes necgssao applications of gibberellic
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acid (GA) at 10 ppm during the process of flowetiation have been observed to be
useful in reducing the number of buds formed [9].

The process of fruit set in citrus is triggeredabgse in endogenous ethylene level [10].
GA applied at 10 ppm after the first set was obsgrto be useful in reducing the
abscission process. However, the practical usefofin@uld depend on the magnitude
and reliability of the response, and the cost latien to additional income. Reduction
in fruit drop is possible by application of alphaphthaleneacitic acid (NAA) (10 ppm)
or 2,4,5-T (100 ppm), 21 days after fruit set [INdrmal irrigation and plant protection
practices are followed to reduce fruit drop of othature. Fruit moth is one of the
major causes of fruit drop, hence necessary ingdatispray needs to be done in such

cases.

2.2.7 Diseases and Pests

A great number of fungi, bacteria, mycoplasmasjses, insects, mites, and nematodes
attack citrus. One of the most dangerous citrusméese is the fungal genus
Phytophthora. Its members cause foot rot, collay coown rot, brown rot, root rot,
gummosis on stems, blight of seedlings, and brawwofrfruit. Two other forms of fruit
decay are important, stem-end rot and mold rot. dieback and gummosis are caused
by Phytophthora palmivora Butler. This malady wéso attributed to tristeza virus
infection alone and fungal complex. Recent studiesyever, indicate that dieback of
sweet orange is a complex phenomenon producedebgaimbination of viral, fungal,
and mycoplasmal disorders. Three fungus diseasese cserious blemishes on leaves
and fruits: meplanose, greasy spot, and scab. Ldamker is a destructive bacterial
disease in many countries. Tristeza is a viralatisgransmitted by aphids. Greening is
even more dangerous than tristeza, as no resigtatgtocks are known. Exocortis
causes bark scaling, stunting, and certain leaftargl symptoms. Psorosis is a whole
complex of virus diseases [12-14].

Among insects, lemon butterflyP@pilio spp), leaf miner Phyllocnistis citrella
Sainton), Scales Chrysomphelus aonidum L. Syn.), Psylla Daphorina citri), citrus
bark borer knderbela quadrinotata w.), citrus white fly Dialeurodes citri), and fruit
sucking moth Qthris fullonica) do most damage to citrus. AphidJoxoptera

citricidus) transmit tristeza and cause injury to young lsagtoots, and flowers. Mites
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(Panonychus citri McGregor) and nematodesTylenchulus semipenetrans Cobb) are

important pests of citrus.

2.3 Anatomor phology of citrusfruit

Citrus fruit arises through the growth and develeptrof an ovary and consists of 8—16
carpels clustered around and joined to the floxad,avhich forms the core of the fruit.
Citrus fruit is composed of three distinctly diféet morphological parts. The pericarp
(rind or peel) is divided into exocarp, or flavedmd mesocarp, or albedo. Flavedo
consists of the colored portion of the peel. In flavedo are cells containing the
carotenoids, which give the characteristic colothi different citrus fruits, i.e., orange,
tangerine, grapefruit, lemon, etc. The oil glaradsp found in the flavedo, are the raised
structures in the skin of citrus fruits that conttie essential oils characteristics of each
citrus cultivar [15]. Immediately under the epicarp the mesocarp or albedo
(Figure 2.3-1).

(a)

Epidermis and wax

Albedo
Flavedo
Core
Seed Locule or
segment
Juice vesicles
(b} Peduncie
Calyx
White thread-like vascular bundle
Qil glands Juice vesicles
Dorsal Segment (locule)
vascular
bundles Axial vascular
bundies
Segment Seed (ovule}
membrane

Small fruitlet
(navel orange)

Figure 2.3-1 (a) Transverse section of citrus fruit showing various anatomical parts of citrus
fruits and (b) longitudinal section showing vascular bundles and fruitlets of navel fruit.
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This is typically a thick, white, spongy layer. Thalbedo consists of large

parenchymatous cells that are rich in pectic suios® and hemiceluloses. The
combined albedo and flavedo are called the pericapmmonly known as the rind or

peel. The flavedo is the outer, colored part ardatibedo is the inner, colorless (white)
or sometimes tinted part (as in red grapefruitlooth oranges).

The edible portion of the citrus fruit, or the endr, is composed of many carpels or
segments. Inside each segment are located the\iesieles, which are attached to the
segment membrane by the vesicle stalk. Many chénsmastituents are distributed

among the various tissues. Some are more concsthtiratone tissue than another. For
instance, flavanone glycosides are found in higlwgrcentration in the albedo than in
either the juice vesicle or the flavedo [16]; ahd bitter compound limonin is highest in

the seeds and membranes [17].

2.4 Prevention potential of Citrus
There is considerable evidence that citrus foodg nadp reduce the risk, or retard the

progression, of several serious diseases and éisoffigure 2.4-1).

Cardiovascular disease
Heart disease
Hypertension
Stroke
Cancer
Neutral tube defects:
spina bifida and anencephaly
Anaemia

Figure 2.4-1 Prevention potential of citrus.

Diet is believed to play an important role in fouajor diseases of advanced economies:
cardiovascular disease, cancer, hypertension, bedity. The degree to which diet is
important in the prevention of these diseases tsknown. However, a commonly
accepted estimate among experts is that at leasttlurd of cancer cases can be
attributed to diet and perhaps one half of the cadeheart and artery diseases and

hypertension are related to diet [18, 19].
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e Cardiovascular disease

It is well accepted that a diet low in saturatedaiad cholesterol and rich in fruits and
vegetables reduces the risk of heart disease. Bpttyical studies have also shown a
significant association between vitamin C intakd @notection against cardiovascular
mortality, but the precise mechanism of proteci®still unclear. One major culprit in
the development of heart disease appears to bghaléwel of oxidized low-density
lipoprotein (LDL), the so-called bad cholesteragrgficantly, a recent study has shown
that high intakes of vitamin C (500 mg/day) obtadifiem the juice of freshly squeezed
oranges, prevented a rise in the levels of oxidiZet, even in the presence of a high-
saturated fat diet [20].

A low dietary intake of folate contributes to thecdease of plasma folate and the
raising of plasma homocysteine levels [21, 22]. ldoysteine is a toxic agent for the
vascular wall and, when plasma levels rise abovenabvalues, there is an increased
risk of cardiovascular disease. An inverse dospenese relationship has been identified
for fruit and vegetable intake and plasma homoaystkevels. Frequent consumption of
folate-rich foods, such as oranges and orange,ju@®ls to increase plasma folate

levels and, thus, lower homocysteine levels.

e Cancer
After numerous studies of fruit and vegetable ietakd cancer development, there is a
consensus that consuming these foods has a pwetesfiect [23]. However, it is
unlikely that one anticarcinogenic substance irtipaar is responsible for the benefit.
There is reasonable scientific support for vitadis protective role in cancer. Many of
animal, cell culture and human studies have sugdeshas a positive effect. However,
epidemiological studies provide good evidence fratective effects are more closely
associated with the consumption of fruits and vagles rather than with the enormous
levels of vitamin C often used in cell culture amdmal studies.
Recent news from researchers have demonstratedrduages can play a significant
role in preventing cancer. We know, for exampleat tthe Mediterranean diet, which
includes a considerable amount of citrus, is assediwith a low incidence of cancers
of the breast, lung, pancreas, colon, rectum, &nd> Indeed, citrus fruits have been

found to contain numerous known anticancer ageotg itihan any other food.
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The anticancer power of oranges is most effectinerwthe whole fruit is eaten; it
seems that the anticancer components of orangds syoergistically to amplify one
another's effects. The soluble fiber, or pectiniclwhs so effective for heart health, is

also an anticancer agent [24].

e Neural tube defects
During the first stage of pregnancy, adequate dolatake is critical for reducing the
risk of severe birth defects, namely spina bifidad aanencephaly. Public health
recommendations in the United States include theswmption of 4 mg of folate per
day for women of child-bearing age [25]. Regulansiamption of citrus foods can help

supply adequate folate and thus reduce the ristkesie birth defects.

e Anaemia
Vitamin C can increase the absorption of non-ha®m (the inorganic iron form found
in plant foods) two- to fourfold [26]. The bioavailility of non-haem iron is much
lower than that of haem iron, which is found indsaf animal origin [6]. Vegetarians
and individuals who consume little meat and aniprablucts are at an increased risk of
iron-deficiency, which can progress to anaemia awvee. Worldwide, anaemia is one
of the most serious nutrient-related public hegitbblems, resulting in poor growth,
impaired psychomotor development, reduced physp=formance and decreased
cognitive function. Consuming citrus fruits richwitamin C can help prevent anaemia

and its devastating consequences.

e Cataracts
Oxidation of the eye's lens plays a central rolthanformation of age-related cataracts.
The role of dietary antioxidants, such as vitaminirCthe aetiology of cataracts has
been a recent focus of research [27]. Lower cataisichas been shown in individuals
with high blood concentrations or intakes of vitan@ and carotenoids. There is now
evidence to show that a high level of vitamin Gak& over the long term decreases the
risk of cataract development. Although epidemiatadjistudies that measure past

nutrient intake and status suggest a protectivecefirom citrus, further studies are
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needed to examine the long-term benefits of cifrug consumption and cataract
protection.

e Bone metabolism and osteoporosis
The influence of nutrient intake on bone densityaiis area of current research with
many unanswered questions. Long-term intake ofouarfoods may be important to
bone health, possibly because of their beneficfedce on the acid base balance.
Vitamin C intake has been associated with bone mairgensity, but more work in this

area is necessary to understand the mechanisrtecddtion. [28]

e Kidney stone disease
A kidney stone is a crystal structure formed byessive salts in the urine. The most
common type of stone is the calcium stone. A steileincrease in size until it is not
passable and becomes lodged in the ureter. Stonpteys include severe back pain,
blood in the urine and fever. Stones strike meedghio four times more often than
women. Some people prone to stones have been feitiméhsufficient levels of citrate
in their urine and it has been suggested thatgattrus fruits and drinking orange juice
may help prevent kidney stones by increasing wyic#rate. More research is needed
in this area, but increasing fruit consumption isudritionally sound recommendation
that may prove to be very beneficial for individualt risk of certain kinds of kidney

stones [29].

e Cognitive function
Elevated homocysteine levels are associated wiginitee dysfunction in the elderly.
Older subjects with greater intakes of fruits arebetables, and the corresponding
nutrients vitamin C and folate, have been showpddorm better on cognitive tests
[30]. The consumption of a satisfactory diet, contey nutrient-dense foods, appears to
be associated with better cognitive function in éhderly. More research is needed to

determine the effect of long-term citrus consumpto cognition.
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e Asthma

Some studies suggest that a diet low in vitamins@ irisk factor for asthma [31].
Vitamin C is the major antioxidant substance presethe airway surface liquid of the
lungs, where it could be important in protectingaiagt oxidants. More research is
needed to understand whether vitamin C and citamsumption is protective in the
causation and progression of asthma.

In addition, citrus by-products also represent &h reéource of naturally occurring
flavonoids: the peel, which represents almost calé df the fruit mass, contains high
concentrations of flavonoids. In contrast with othges of fruit, citrus fruits can be
consumed mostly fresh or pressed to obtain a jdibe. majority of citrus fruits are
preferably eaten fresh- oranges, mandarins, gmaipefrclementines and tangerines.
Oranges and grapefruits produce a very palatalite gnd hence make for nutritious
and popular breakfast. Lemons and limes can beepsed into lemonades and pickles,

and their juices can be also added to various fwedarations to enhance flavour [32].

2.5 Citrus biocompounds

The composition of citrus fruit is affected by sufdctors as growing conditions,
maturity, rootstock, variety, and climate. In th®gess of juice extraction, as pressure
and tearing forces are exerted upon the variogadssof the orange to varying degrees,
the extracted juice contains substances from thesges. Some of these elements may
be responsible for undesirable changes occurringratessed orange juice, and a
knowledge of these constituents of the fruit wil &f value in helping to combat these
changes [33].

Biocompounds present on citrus fruits are: proteimsds, sugars, acids, pectic
substances, enzymes, flavonoids, bitter principlesel oil, volatile constituents,

vitamins, mineral constituents, ecc.

e Proteins (nitrogenous constituents)
The nitrogen content of whole citrus fruits variegween 0.1 and 0.2% on a wet basis.
The nitrogenous constituents of citrus fruit ina@ugroteins, simple peptides, amino

acids, phosphatides, and related substances. Dbeins in citrus fruits are relatively
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insoluble and are found to be associated with tiiel ortions of the fruit, such as

seeds, flavedo, albedo, and pulp.

e Lipids
Oleic, linoleic, linolenic, palmitic, and stearicids, glycerol, and a phytosterol in the
pulp and locular tissues of California Valenciagvén been reported [34]. The
unsaturated fatty acids occupy a large percentégkeototal fatty acids of the citrus
seed oils. This fact makes citrus oil a desiraldgetic substitute for other unsaturated

fats in food.

e Sugars
The sweetness of citrus fruits is due to the preseri glucose, fructose, and sucrose.
The sugars may vary from 1% in certain lemons tarlge9% in some oranges. The
most important factor governing sugar content isunity, especially with the sweeter
kinds of citrus. In these, the acid content sligliécreases during maturity. In oranges,
tangerines, and grapefruits, the soluble solidsisbmainly of sugars, but in lemon and
lime juice the soluble solids are mainly citricdcin oranges, at maturity, the reducing
and non reducing sugars are present in about egoaunts, but in less sweet fruits

(lime), the reducing sugars predominate. Sugacsadsur in albedo and flavedo.

e Acids
Citrus fruits are classed as acid fruits, as teeluble solids are composed chiefly of
organic acids and sugars. The acidity of citrusgsiis due primarily to citric and malic
acid. Traces of tartaric, benzoic, oxalic, and sucacids have also been reported [35].
The titratable acidity of oranges and grapefruits/® an important part in determining

the maturity of these fruits.

e Pectic Substances
In addition to the soluble carbohydrates, citrustér contain insoluble carbohydrates
that provide the structural materials and consistraughly equal proportions of
cellulose and pectin. Starch and lignin are abSdm. peel is particularly rich in pectin,

which may make up 20-40% of dry matter. The pestibstances in citrus juice are
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important to the processing industry because of tbaction as cloud stabilizers in the
juice. The tissues of citrus fruits have high cotdeof pectic substances, and they are

used as a source of commercial pectin.

e Enzymes
Pectinesterase of citrus fruits occurs in greatceatration in juice sacs and rag, with
decreasing amounts in flavedo and albedo. Pectirsesst activity is believed to be one
of the principal causes of cloud instability, knovas cloud loss and gelation in
unpasteurized citrus juices and frozen concentr&iegsphatase occurs in the peel and

also in solution in orange, grapefruit, and lemaings.

e Flavonoids
Citrus fruits contain complex mixture of flavonadmpounds which include flavanone
and flavone glycosides and also some highly metlatag flavanones and flavones.
The principal flavonoid in sweet oranges, mandammsl lemons is hesperidin, while in
grapefruit, naringin predominates.
Anthocyanins, flavones, flavonols, and flavanones grouped under flavonoids.
Flavonoids contain a §C3-Cs carbon skeleton with sugar moity (in glucosidés)e
major glycoside flavonoid in citrus are hespiridimaringin, and neohespiridin. In
general, concentration of flavanones decreasasiiasfatures.
Hesperidin is a main flavonoid of oranges. It i$ bitter in taste. Hesperidin is thes7-
rutinoside of hesperetin [16]. In hesperidin, themnose and glucose are in the form of
rutinose as a disaccharide moity, and because efrutinose, they are not bitter.
Hesperidin is also found in mandarins, lemons, $irend hybrids. The cloudiness of
juice and marmalade made from oranges is due topieion of hesperidin, which is
less soluble in water. Hesperidin can be founchendegment membrane in the form of
white spots/crystals in freeze-damaged orangesimritie form of white specks in
frozen concentrated orange juice. Citrus fl avasonentaining neohesperidose as
disaccharide moity are bitter, whereas, the fl amas containing the isomeric
disaccharide rutinose (6#+-rhamnopyranosyl-Dglucose) are tasteless [36§ufe
2.5-1).
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Figure 2.5-1 Important flavonoids (flavanone glycosides) of Citrus

e Bitter Principles
Some citrus juices have a tendency to developrbéss. The bitterness is due to
limonin and isolimonin. The bitter principles areepent mainly in albedo, to a small
extent in seeds, and slightly in the outer memimafiguice sacks. The limonin is water
insoluble and is present in albedo in non bittemfoprobably as glycoside at pH 4.5 or
greater. During the extraction process of juice, limonin may also be extracted and
come in contact with the juice, the pH (3.6) of @iis very suitable to convert

glycoside of limonin to dilactone form, which isryebitter. It is generally known in the
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processing industry that the juice of some varseté oranges, such as Washington
Navel, sometimes becomes unpalatably bitter a fewrd after extraction. This
bitterness is most intense with early fruit, anddmes less marked in more mature
fruit. This phenomenon of delayed bitterness is tulhe physical process of diffusion
of limonin from the suspended solids into the juiBecause of the low solubility of
limonin, heating or prolonged standing increassasciincentration. The pronounced
bitterness of some citrus flavonoids is due tongan, the chief flavonoid constituent of
the grapefruit and which also occurs in severaksypf oranges. Another flavonone
glycoside with about one-tenth the bitterness aofingen is neohesperidin. It also
contains neohesperiodose. The aglycones are met, ibr is neohesperidose in the free

form.

e Volatile Constituents
The most important volatile materials of citrusifrare those associated with flavor and
aroma. The volatile constituents of citrus juicalfle 2.5-1), which can be removed
from the juice by distillation, consist of waterswluble and soluble fractions. The
predominant off-flavor in stored canned orangeguappears to come from nonvolatile

precursors.

Table 2.5-1 Composition of Volatile Fraction of Orange Juice

Approximate number|
Types of compound of _identified Example
constituents of the
type
Linalool, a-Terpineol, 4-
Vinylguaiacol
Alcohols 54 Citronellol, Nerol, Octanol,
Geraniol,
Methanol, Ethanol
Acetaldehyde, Hexanal, Citronelldl,
Aldehydes 41 Geranial, Neral
Ketones 16 Carvone, Nootkatone, Acetone
Ethyl butyrate, Methyl butyrate,
Esters 39 Ethyl —acetate, Linalyl acetate
a-Pinene, Terpinolene, Valencene,
Hydrocarbons 51 Myrcene, Limonene
Acids 10 Acetic, Butyric
Others 12 Ethyl butyl ether, Linalool oxides
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e Ped Oil

In the extraction of the juice, different proportgoof oil may be extracted from peel.
The main constituent of oil is d-limonene. A smeathount of peel oil in fresh orange
juice gives it a pleasant aroma and adds to tiverflaJnder certain conditions, even the
small amounts of oil in canned juice may give riseobjectionable flavors upon
storage. Efforts to increase the yield of the juicey result in the possible
contamination of the juice with peel juice congditti which may contribute to
bitterness or other off-flavors.

e Pigments.
The color of orange and tangerine juices is chidflg to carotenes and xanthophylls.
As chlorophyll in citrus peel decreases, carotemaittrease. In mature green fruit,

xanthophylls predominate.

e Vitamins
The principal vitamin in citrus fruit is ascorbicid or vitamin C. The amount varies
with variety, maturity, and other factors. As theiff matures, the vitamin C content
gradually decreases. During the harvesting sedbkernyitamin C content ranges from
0.3 to 0.6 mg/ml [37]. Ascorbic acid is relativegtable in citrus product during
processing and storage. As the storage temperatareases, ascorbic acid losses
increase. In addition to ascorbic acid, citrus ggicontain vitamin B complex and
provitamin A (carotenoids). Other vitamins whichvlabeen reported are biotin, folic

acids, pyridoxine, inositol, riboflavin, thiaminand niacin.

e Mineral constituents
In common with other fruits, citrus fruits have g content of potassium (100350
mg/100 g edible portion) and a low content of sodi(l10 mg/100 g). Potassium
accounts for 60-70% of the total ash content of jthee. The major portion of the
calcium and mangnesium is in a water-insoluble foombined with pectin. Potassium
is an essential mineral that works to maintaintibdy's water and acid balance. As an
important electrolyte, it plays a role in transiit nerve impulses to muscles, in

muscle contraction and in the maintenance of nofoi@bd pressure. Potassium also
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plays an important role to mental function as veallto physical processes. It helps to
promote efficient cognitive functioning by playirggsignificant role in getting oxygen
to the brain. The daily requirement of potassiumpproximately 2000 mg and, while
frank deficiency of potassium is rare, there is sotoncern that a high sodium-to-
potassium intake ratio may be a risk factor foiocie disease.

Increased consumption of citrus fruits and juicesai good means of increasing
potassium intake. One medium orange and a 225 assgbf orange juice provide
approximately 235 mg and 500 mg of potassium, sy [6].

Magnesium may play an important role in regulatahgpd pressure. Diets that provide
plenty of potassium and magnesium are consistessociated 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. The recommended daily allowancanf@dult is in the range 380-420

mg of magnesium for day [38].
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CHAPTERIII

CLARIFICATION OF BLOOD ORANGE JUICE

3.1 Introduction

Citrus fruits represent a potential material foodoand pharmaceutical industry since
they contain a number of secondary metabolites #mat bioactive in citrus, e.qg.
flavonoids, most of which exist in the form of fEamvone glycosides, namely, naringin,
hesperidin and neohesperidin [1-3]

Sweet orangesCjtrus sinensis L) are a very important species of Citrus. They are
classified according to the color of the pulp dkegi blonde or blood (red) oranges. The
latter are commonly cultivated in the Mediterraneaea, but the Sicilian ones, which
account for around 60% of the Italian orange hdnegress a better quality due to the
special pedoclimatic characteristics of the argaBtbod oranges have a pleasant taste
and are distinguished among the sweet orangesebgidin burgundy color of the flesh
and sometimes of the peel.

The red color of blood oranges is primarily assteclavith anthocyanin pigments [5]
not usually found in citrus but common in berryitsurepresented mainly by cyanidin-

3-glucoside and cyanidin-3‘(8nalonyl)- glycoside [6] (Figure 3.1-1).

Figure 3.1-1 (A) Anthocyanins structure;
(A) cyanidin-3-glucoside (B) Cyanidin 3-(6"-majdgiucoside)
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They contain also alkaloids (mainly synephrine,atyin and octopamine) and
hydroxycinnamic acids including ferulic, p-coumarntlorogenic and caffeic acids [7-
9]. Each group of these compounds has a specidgmal activity. For example,
flavonoids and hydroxycinnamic acids possess poasioxidant property [9, 10],
anticarcinogenic activity [8, 11-13] and free radiscavenging activity [14]. Fresh
blood orange juice is particularly successful or tharket because of its taste and
nutritional value [15]. For this juice heat and dadive damage may be measured by
determining ascorbic acid and anthocyanin contemkéch are dependent upon both
orange variety and process operating conditions.

Studies on preliminary treatments of oranges, k$akibn operations and packaging
materials have been carried out to improve prodquetity. Moreover, many efforts are
involved in the preservation of components whicé active in conferring protection
against major diseases, for improving quality &€ in a non-pharmacological way [16-
23].

Membrane processes are consolidated systems inugaproductive sectors thanks to
their capacity to operate at room temperature, madegressures and, consequently,
with low energetic consumption. They are a valigdralative to classical processes, such
as pasteurization and vacuum evaporation, whichifgigntly change the quality of
fresh fruit and vegetable juices. Pressure-driveeambrane operations such as
microfiltration (MF), ultrafiltration (UF), nanofitation (NF) and reverse osmosis (RO)
have been successfully used to clarify, fractioaig concentrate fruit juices and plant
extracts [24-27]. Permeate fluxes and selectivitieshe UF processes are a depend
strongly on the operating and fluid-dynamic corahs, the nature of the membrane and
the nature of the feed solutions. Although the gnaembrane pressure (TMP) is the
driving force for permeation, the flux increaseghwpressure up to a limiting value
(TMP;m) which depends on physical properties of the teeloe filtered and cross-flow
velocity. This latter affects the shear stresshatrhembrane surface and consequently
the rate of removal of deposited matter responsibfeix decay [28].

The aim of the experimental activities was to eatdithe potential of the UF membrane
process in the production of formulations of ing¢réor food and pharmaceutical

industries starting from the blood orange juicedoiced in the Calabria region. The
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blood orange juice, after a depectinization steps wubmitted to the clarification

procedure based on the use of hollow fiber UF mams.

The effect of the blood orange juice ultrafiltration permeate fluxes and quality of the
clarified juice in terms of suspended solids copttatal soluble solids (TSS), phenolic

compounds and total antioxidant activity (TAA) wasluated and discussed.

3.2 Materialsand methods

3.2.1 Blood orange juice

Blood oranges ofraroccovariety from Corigliano Calabro (Cosenza, Calgbviere
used to prepare the juice. After a preliminary agien of washing and drying, the fruits
were cut crosswise and squeezed using a houseldtiie juice extractor. The
squeezed juice was depectinised by using a peict@yizyme (Pectinex Ultra SPL,
Sigma-Aldrich, Milan) which was added in quantity 20 mg/L; then the juice was
incubated for 4 hours at room temperature in plastnks with a capacity of 5 liters.
The juice was finally filtered through a cotton fabfilter and then stored at -17°C. It
was defrosted to room temperature before the Udrrent.

The extracting procedure from the blood oranges gav average juice yield of 54%

(w/w). The TSS content of the raw juice was about 10.5Bkix with a pH of 3.5.

3.2.2 UF equipment and procedures

UF of blood orange juice was performed by usingeach laboratory plant. The UF
equipment consisted of a 5 litres feed tank, a geanp, the UF membrane module, a
thermometer, two manometers for the measure ofirlet (R,) and outlet (R
pressures and a pressure control valve. A coolaiigfed with tap water was used to
maintain constant the feed temperature. A digigdduhce, connected to the system, was
used to measure the permeate flux. A schematieseptation of the UF bench plant is
shown in Figure 3.2.2-1.

The plant was equipped with an UF hollow fibre meamie module (DCQ 111-006C,
polysulphone, 0.16 fi supplied by China Blue Star Membrane Technology, Ctd.
(Beijing, China).

UF experiments were performed according to thehbatmcentration mode collecting
separately the permeate and recycling the retemtale feed tank of the UF plant.
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heating plate
and stirrer

Figure 3.2.2-1 Scheme of the UF bench plant.

The UF system was operated at a TMP of 0.8 bam aixial feed flow rate (Qof 106

I’/h and at a temperature of 20+1°C to clarify thie¢ up to a volume reduction factor
(VRF, defined as the ratio between the initial faedume and the volume of the
resulting retentate) of about 3.8 units. The dleatfon process produced two fractions:

a clarified juice (permeate) and a fibrous conedett pulp (retentate).

3.2.3 UF hollow fibre membrane module and charasties
The UF hollow fibore membrane module is depictedrigure 3.2.3-1. In Table 3.2.3-1

characteristics of the membrane module are sumathriz

Figure 3.2.3-1 UF hollow fibre membrane module.
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Table 3.2.3-1 Characteristics UF hollow fibre megue

Configuration Hollow fiber
Membrane material Polysulphone
Dimension (mm) 50 x 330
Operating pressure (bar) 1-15
Operating Temperature (°C) 5-45
Operating pH 2-13

Inner fiber diameter (mm) 2.1
Membrane area (f 0.16

Nominal molecular weight cut-off 100 kDa

3.2.4 Measurement of hydraulic permeability and brame cleaning
The UF hollow fibre membrane module was charaatdritor its water permeability.
The hydraulic permeability was determined by fegdirstilled water to the module and
measuring the volume of permeate collected in #&aicettime through the surface
membrane area at different transmembrane pres@uv2s).
The water flux J), was determined by measuring the volume of peten@) collected
in a certain timet} through the membrane surface ar&a (naintaining constant the
feed flow rate and the feed temperature:

\Y

—_bp

tA
The slope of the straight line obtained by plottthg water flux against the applied
TMP, gives the measure of the water permeabili®).[2
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.
After the experiments with the juice the membrarmuate was cleaned in two steps.
The first cleaning step was performed with tap wdte 15 min to remove juice
residues from the membrane module and then reatingl distilled water for 30 min
through the module at high flow rate and low TMPomder to remove the reversible
polarized layer. In the second step the membrandgulaovas submitted to a cleaning
procedure using the following solutions:
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- NaOH solution (Carlo Erba, Milan) at 0.5 w/w%;

- Enzymatic solution (Ultrasil 50, Henkel, Dusseldaf 1.0 w/w%.
Cleaning solutions were recirculated in the UF pfan 60 min at 40°C. At the end of
each cleaning procedure the membrane module wsedriwith distilled water and the

hydraulic permeability was measured.

3.2.5 Analytical measurements
Samples of depectinised juice (feed UF), clarifipdce (permeate UF) and
concentrated juice from the UF treatment (retent#te were collected and stored at -
17°C for further analyses.
The rejection (R) of the UF membrane towards specdmpounds was determined as:

R= (1—&) 100

Cq

whereC, andC; are the concentration of a specific componenhéngermeate and feed,

respectively.

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

3.2.5.2Total suspended solids
The suspended solids content was determined itiaelto the total juice (w/w%) by
centrifuging, at 2000 rpm for 20 min, 20 ml of aepveight sample; the weight of

settled solids was determined after removing tmeatant.

3.2.5.3Conductivity

Conductivity measurements on blood orange juicerifidd juice and UF retentate
samples were performed by using a FiveEasy FE3CctiBep conductivity meter

supplied by Mettler Toledo (Polaris Parkway, ColusbUSA); results were expressed

asuS/cm.
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3.2.5.4Total antioxidant activity

Total Antioxidant Activity (TAA) was determined bgn improved version of the 2,2'-
azino-bis-(3-ethylbenzothiazoline-6-sulfonic ac{&BTS) free radical decolourisation
assay [30] in which the ABTS radical cation is gamed by reaction with potassium
persulphate (KS,0g) before the addition of the antioxidant. The deachtion 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-carboxylic dcian analogous of vitamin E.
Spectrophotometric measurements were performedsbyguan UV-160 UV-visible
recording spectrophotometer (Shimadzu Scientifstriiments, Inc., Japan) at 30 °C.

The percentage of inhibitiod4]) was calculated as:

%l = (AABTS - ASAMPLE) 100

BTS

Where Awgts is the mean value between initial and final absode of the ABTS
working solution and AavpLe iS the absorption value after 5 min of contacteenn the
antioxidant and the ABTS solution.
A 2mM ABTS solution was prepared by dissolving BBTS in distilled water. The
ABTSradical cation (ABTS) was produced by reacting 50 ml of ABTS, (diammonium
salt, minimum 98%, Sigma Aldrich, Milan) with 5@0 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. Thiecah was stable in this form for
more than two days. The work solution was prepémediiluting 1 ml of the ABTS
solution to 25 ml with phosphate buffer saline (PESnM NaHPOy, 5 MM NgaHPO,,
9 g/l NaCl) to a final UV absorbance of 0.70£0.0234 nm.
Different samples coming from the UF process wedlkgetl with PBS buffer according
to the following procedure:

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

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

— 120 pl of sample + 880 ul of PBS buffer.
After this procedure samples were analysed acopitdithe following method: addition

of 1 ml of diluted (ABTS) solution to 10ul of diluted sample; the absorbance reading
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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 esampl

3.2.5.5Determination of phenolic compounds

Phenolic compounds were determined by HPLC. UF patenfractions were directly
injected, whereas retentate UF were previouslyrifegated at 5000 rpm for 15 min, in
order to remove the pulp fraction. HPLC analysespb&nolic compounds were
performed by using a Shimadzu HPLC system, equippgd two SCL-10-AVP
pumps, an SLC-10-AVP controller, and an SPD-20A U¥/detector. Analyses were
performed with a @& RP-column (150 mm x 4.6 mm idu® particle size) (Supelco).
The solvent system used was a gradient of solve(aer with 0.1% BPOs) and
solvent B (acetonitrile) at a flow rate of 1 mL/mi@radient elution was performed as
follows: 0-25 min, linear gradient from 15 to 40%vent B; 25-35 min, linear gradient
from 40 to 60% solvent B; 35-40 min, linear gradiénom 60 to 70% solvent B; in
additional 5 min the column was then reconditiongith the initial eluent. The detector
was set at 284 nm to detect hydroxybenzoic acidsflananones at 325 nm to detect
hydroxycinammic acids. The separated phenolic cardpwere identified comparing
their retention times with authentic compounds. IQitative determination was carried
out by using the external standard method. Caldmaturves were constructed with the

external standards.

3.2.5.6UHPLC-DAD-ESI-MBanalysis

Samples, with and without alkaline hydrolysis, Unigid and centrifugated (fresh juice
and UF retentate) were analysed in a Thermo Act##LC system (Thermo
Scientific, San Jose, CA, USA) equipped with puaytposampler and photodiode array
detector (DAD) using a Hypersyl gold RP column (fthe Scientific; 150 mm x 2.1
mm i.d.; particle size 1.am) at 30°C. The eluents used were water/acet@iatetic
acid (99:1:0.1, v/v/v) (eluent A) and acetonitdeétic acid (100:0.1, v/v) (eluent B).
The elution program (elution condition I) was 0-thp0% B; 5-23 min, 0-60% B; 23-
24 min, 60- 100% B; 24-27 min, 100% B; 27-28 mi@0A0% B; 28-35 min, 0% B. The



CHAPTER Il Clarification of blood orange juice

flow rate was 30Q@L/min; injection volume was L. MSnanalysis was performed on a
Thermo Scientific LTQ -XL using electrospray iortisa (ESI) and detection in the
positive ion mode, with a source voltage of 3.5 &¥d an ion transfer tube temperature
of 350°C. The instrument was tuned to optimiseitimesation process and sensitivity
using chlorogenic acid. A full-scan mass spectrier @ range ofn/zvalues of 150—
1500 was recorded. The control of the instrumendt@ata processing were done using
Xcalibur 2.07 (Thermo Scientific).

3.3 Results and discussion

3.3.1 Hydraulic permeability and membrane cleaning

Figure 3.3.1-1 shows the hydraulic permeabilityref UF membrane module measured
with distilled water at 20°C, at a feed flow rafe287 I/h in the range of TMP values of
0.2-1 bar.

200

180 1 *

160 A

140 A

Lp=1891/mZh bar

120 - R?=0,989
=
E 100
=
-+ 80 - L ]

60 A

L 2
40 -
20 A
Q
0 0,2 0,4 0,6 0,8 1 1,2

TMP (bar)

Figure 3.3.1-1 Characterisation of the UF membravith distilled water
(Operating temperature = 20+1°C).

The hydraulic permeability of the UF membrane beftre juice treatment was 189
I/m?hbar. The measurement of the hydraulic permeatifitgr cleaning procedures is
depicted in Figure 3.3.1-2. As shown in the figtire enzymatic cleaning permitted to
recover about 52% of the initial hydraulic perméapbiof the UF membrane. The

following alkaline cleaning permitted to reach &« 8covery of the original hydraulic
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permeability. Consequently, a uncompleted recowdrthe initial permeability of the
UF membrane, attributed to an irreversible compomérfouling phenomenon, was

observed.
200
180 B Before juice treatment []
OMterenzymatic clegmng Lp= 189 1/m2h bar
160 After alkaline cleaning R2= 0,989
140
;FH 120 Lp=1381/m2h bar
g 100 iz = 0,992
= g0 Lp=98,29 |/mZ2h bar
60 R?=0,927
40
20
0f
0 0,2 04 0,6 0,8 1 1.2

TMP(bar)

Figure 3.3.1-2 Characterisation of UF membrane befand after cleaning with different
solutions (Operating temperature = 20£1°C).

3.3.2 Clarification of blood orange juice by UF nignaine

UF experiments carried out according to the batoitentration mode showed that the
permeate flux decreased gradually with the opegdaimes by increasing the VRF due
to a concentration polarization and gel formatitieqomena. The initial permeate flux
of 14.02 kg/mh decreased to about 2.7 kgm(80%) corresponding to a final VRF
value of 3.87 (Figure 3.3.2-1).

UF membranes typically retain microorganisms amgelanolecules as lipids, proteins
and colloids, when small solutes such as aminoacidamins, salts, sugars are allowed
to flow through the membrane with water. Thereftive possibility of microbilogical
contamination in the permeate stream is minimisawiding any thermal treatments
and, consequently, loss of volatile aroma compou8dspended solids are completely
removed and the resulting clarified juice has lowrscosity and negligible turbidity
[31, 32].
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Figure 3.3.2-1 Time course of permeate flux and fRRe ultrafiltration of blood orange juice
(TMP = 0.8 bar; Qf = 106 I/h; T =20£1°C)

3.3.3 Analytical results
In Table 3.3.3-1 the evaluation of TSS, suspenddidiss conductivity and pH in

samples obtained from the UF process are reported.

Table 3.3.3-1 Measurement of TSS, suspended smidductivity and pH in samples coming
from the UF of blood orange juice

TSS  Suspended Conductivity

Sample  (°Brix) solids (uS/cm pH
(%)
Feed 11 10 7410 3,5
Permeate 10.5 - 5550 3,5
Retentate 11 92 6530 3,5

Results show that suspended solids were complegghoved from the depctinised
juice. pH and soluble solids remained almost ungbdnin the clarified juice. A
decrease of the conductivity was observed in thimeate stream if compared with the
original feed.

174 %
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Table 3.3.3-2 shows the evaluation of TAA determined by the ABir&e radical
decolourisation assay in samples coming from thepldieess. A little decrease of the
TAA (8.2%) was observed with respect to the fresbe.

Table 3.3.3-2Analyses of TAA in samples coming from the URrmneat

Sample OTS.S TAA
(°Brix) (mM trolox)
Fresh juice 11.0 6.1+0.2
UF permeate 10.5 5.6+1.0
UF retentate 11.0 5.4+0.7

* values referred to 11 °Brix

HPLC quantitative analyses of some antioxidant camepts were performed on
samples before and after the UF treatment.

Figures 3.3.3-1 a and b shows phenolic compounfilgg@f depectinised juice (feed)
and UF permeate, respectively. As can be seemprtfies did not differ significantly
among the samples before and after the treatmarttstal of 11 phenolic compounds
were identified in all samples by comparison witle tretention time and ultra-violet-
visible spectra of authentic standards, analyzetburdentical conditions, and further
confirmation using mass spectral data. The idedtifphenolic compounds, including
hydroxycinnamic acids (5), hydroxybenzoic acids (Bvanones (2) and flavan-3-ols
(2), are reported in Table 4. Mean values of tmegdicates for each sample are given.
SD% values were always lower than 3% for the thepetitions.

The quantitative data were performed by externéibredion curves with standards.
Two hydroxybenzoic acids, ellagic apehydroxybenzoic acids, were detected in all
samplesThe major hydroxybenzoic acid in all juice samples ellagic acid.

The five hydroxycinnamic acids identified in thealrsis were sinapicp-coumaric,
ferulic, caffeic and chlorogenic acids. Caffeic dacivas the most dominant
hydroxycinnamic acid in all samples. Chlorogenidagas the second most abundant
hydroxycinnamic acid followed by-coumaric, sinapic and ferulic acids. By contrast, i
another study, ferulic acid (37.7 mg/L) was fouade the main phenolic acid in blood

orange juices from Sicily [33].
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Two flavanones, naringin and hesperidin, were detea all samples, and the most
abundant compound was naringin.

The two flavan-3-ols identified in the analysis weatechin and epicatechin. Therefore,
the profile of phenolic compound was dominated Wkagec acid, catechin and
epichatechin. Anyhow ellagic acid was the majornaie compound in all samples,
while the least abundant compound was sinapic acid.
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Figure 3.3.3-1 HPLC Chromatogram of (a) feed anduyb permeate and identified
compounds
(1) catechin hydrate; (2) caffeic acid; (3) p-hysypenzoic acid; (4) chlorogenic acid; (5)
epicatechin; (6) p-coumaric acid; (7) ferulic aci(B) sinapic acid; (9) naringin; (10)
hesperidin and (11) ellagic acid

The results reported in Table 3.3.3-4 show thahphe compounds are recovered in
the clarified juice obtained in the UF treatmemt \ithich suspended solids are mainly
removed from the depectinised juice) as also codtt by the low rejection values

(Table 3.3.3-5) of the UF membrane toward thesepoamds (between 0.4 and 6.9%).
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Table 3.3.3-4 HPLC analyses of blood orange juieated by UF (results are the means of
three repetitions; values are expressed as mg/L)

Phenolic compounds Feed Permeate Retentate
sinapic acid 8.25 7.77 8.87
p-coumaric acid 16.64 16.46 18.22
Naringin 101.18 97.03 102.40
hydroxybenzoic acid 50.21 47.66 53.41
hesperidin 19.73 18.93 23.89
ferulic acid 3.88 3.61 4.28
epicatechin 62.61 59.84 60.39
ellagic acid 99.98 94.63 89.13
Catechin 71.45 69.31 74.50
caffeic acid 48.60 46.09 51.73
chlorogenic acid 27.83 27.70 29.98

Table 3.3.3-5 Rejection of the UF membrane towérehplic compounds

Phenolic compounds Rejection (%)
sinapic acid 5.8
p-coumaric acid 1.1
Naringin 4.1
hydroxybenzoic acid 5.0
Hesperidin 4.0
ferulic acid 6.9
Epicatechin 4.4
ellagic acid 5.3
catechin hydrate 3.0
caffeic acid 5.1
chlorogenic acid 0.4

The HPLC coinjection analysis of the juices withhantic anthocyanins, commercially
available, allowed to confirm the absence of cyen8tO-glucoside, one of the major

anthocyanins identified in blood orange juices 46,8nd of minor pigments, such as

(77):
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cyanidin 3,5-diglucoside andyanidin 3-rutinoside. So far, the samples wergesiibd
to HPLC-ESI-MS analyses to identify some other anthocyanins.

HPLC-ESI-MS' analyses revealed the presence of three pigmenta éhd 3 in all
samples before and after UF (Figure 3.3.3-2).
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Figure 3.3.2-2 UHPLC-DAD profile of the UF permeduice at 325 nm.
(1) Delphinidin-3-Op-D-glucoside; (2) Delphinidin-3-(6"-malonyl glucake); (3) Cyanidin 3-
(6”-dioxalylglucoside)

The molecular masses [Mpf the compounds 1 andvre determined to be at 465 and
551 mass units, respectively. Upon fragmentatianptserved for both compounds the
detected ions witim/z 303 that are indicative of the presence of a deigim aglycon.
Fragment ion am/z 303 [M-162] suggested for compound 1 the presence of one
hexose. Compound 2 showed in addition, a fragnmematm/z465 [M - 86T, the latter
corresponding to the loss of one malonyl group:gdresence of both fragment ions at
m/z465 and am/z303 [M - 86 - 162] suggested for compoun® the presence of one
malonyl group and one hexose. Thus, the pigmemtsdl2 were tentatively identified
based on their mass spectrometric properties amgp@ason with literature data [35,36]
as delphinidin  3-3-D-glucoside and delphinidin  3-(6"-malonylglucosjde
respectively. Compound 3 had a molecular mass [M]%93 u: the detected ion with
m/z 287 following fragmentation of the pigment was icadive of the presence of
cyaniding as aglycon. The fragmentation pattermsibtwo ions am/z449 [M - 144]
andm/z287 [M - 144 - 162, the latter corresponding to the loss of one hexos

This compound was identified as cyanidin 3- (6”xdilylglucoside), on the basis of the

comparison of its mass spectroscopic properties laachture data [6]. The mass
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spectrometric properties and identities of anthotya 1-3 are summarized in Table

3.3.3-6.

Table 3.3.3-6 Identity and mass spectrometric prtigee of anthocyanins from blood orange

juice
Compound [M+] MSMS identified as
(m/lz) (m/2)
1 465 303 delphinidin 3-@-D-glucoside
2 551 303,465 delphinidin 3-(6"-malonylglucoside
3 593 287, 449 cyanidin 3-@-D-(6"-

dioxalylglucoside

(79:
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CHAPTERIV

OSMOTIC DISTILLATION OF CLARIFIED
BLOOD ORANGE JUICE

4.1 Introduction

Osmotic distillation is a new membrane process edded “isothermal MD” that can
be used to remove selectively water from agueolugisns under atmospheric pressure
and at room temperature, avoiding thermal degranddti-4]. It involves the use of a
microporous hydrophobic membrane to separate twaulating agueous solutions at
different solute concentrations: a dilute solutaord an hypertonic salt solution. If the
operating pressure is kept below the capillary patien pressure of liquid into the
pores, the membrane cannot be wetted by the sofutibhe difference in solute
concentrations, and consequently in water actigftypoth solutions, generates, at the
vapour—liquid interface, a vapour pressure diffeeecausing a vapour transfer from the
dilute solution towards the stripping solution.

The water transport through the membrane can bemswized in three steps: (1)
evaporation of water at the dilute vapour-liquitenface; (2) diffusional or convective
vapour transport through the membrane pore; (3p@osation of water vapor at the
membrane/brine interface [5-8].

As compared with RO and MD process, the OD protessthe potential advantage
which might overcome the drawbacks of RO and MD doncentrating fruit juice,
because RO suffers from high osmotic pressuredimon, while in MD some loss of
volatile components and heat degradation may @&titlur due to the heat requirement
for the feed stream in order to maintain the wabgor pressure gradient. OD, on the
other hand, does not suffer from any of the proklementioned above when operated at
room temperature.

The clarified blood orange juice coming from the piécess was submitted to the OD

process by using a bench plant equipped with aowoflore membrane module. The
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integrated membrane process was evaluated footenpality in preserving bioactive
compounds of the juice in order to obtain formwaas of interest for food or
pharmaceutical applications.

The performance of the OD process was analyzedrinst of productivity and quality
of concentrated samples through the identificahod quantization of compounds of

interest.

4.2 Material and methods
4.2.1 Clarified blood orange juice
The clarified juice was obtained according to tHe fwocess described in the previous

Chapter.

4.2.2 OD unit and procedures
The permeate coming from the UF treatment was dtdxinio OD experiments by
using a laboratory plant supplied by Hoechst-Caan€orporation (Wiesbaden,
Germany).
The plant, showed in Figure 4.2.2-1, is equippeith:wi

= 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@untkt pressures for both tube
side and shell side streams;

= adigital balance (Gibertini Elettronica, Milanally), placed under the juice tank,
for measuring the weight of extracted water; it waed to calculate the evaporation
flux (J,) expressed as kgfim

= two flow-meters for measuring both brine and julog rate.
The plant was equipped with a Liqui-EdExtra-Flow 2.5x8”, membrane contactor
supplied by Hoechst-Celanese Corporation (Wieshademmany). The OD membrane
module is constituted by hydrophobic hollow fibreembranes with an external
diameter of 30Qum and an internal diameter of 2@t (Figure 4.2.2-2 ).

Characteristics of the OD membrane module are suinatbin Table 4.2.2-1.
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The clarified juice, with an initial TSS concentost of 10.5 °Brix, was pumped
through the shell side of the membrane module, \&ithaverage flow rate of 478
ml/min. A 60 w/w% calcium chloride dehydrate satutj used as stripping solution,
was circulated in the tube side with an average flate of 573 ml/min in a counter
current mode. It was chosen because it is not tametit is available at low cost. Both
solutions were re-circulated back to their resesjafter passing through the contactor,

at a temperature of 23°C.

Brine soluton

{Tube side)

Juice

(Shell sade)

Figure 4.2.2 -1 Osmotic distillation bench planheme.
(1-extracting solution tank; 2 - brine pump; 3,8,7manometers; 4 - OD membrane module;
6,9 - flowmeters; 10 - feed pump; 11- feed tank: tiijital balance)
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Table 4.2.2-1 Data sheet of Liqui-Cel® Extra-Flovs@B” membrane contactor

Fiber Characteristics

Fiber type Celgard Microporous Polypropylene
Hollow fiber

External diameter 300um

Internal diameter 220pum

Lenght 0.16 m

Estimated number of fibres 9288

Cartridge Operating Limits
Maximum Transmembrane 4.2 kglcn (60 psi)
Differential Pressure

Maximum Operating Temperature Range 4q °c (104 °F)

Cartridge Characteristics

Cartridge Dimensions (DxL) 8x28 cm (2.5x8 in)
Effective Surface Area 1.4 nf (15.2 ff)
Effective Area/Volume 29.3 cni/en?

Fiber Potting Material Polyethylene

The initial weight of the stripping solution wasdwimes higher compared to that of the
juice, in order to prevent a significant dilutiomthvconsequent decreasing of the driving
force during the process. OD system was operatddanslightly higher pressure on the
shell side of the module than the lumen side basrder to avoid the leakage of the
brine strip into the product. The average TMP was @ar.

The flow rate of the extracted water, at variousfsoduring the concentration process,
was calculated by measuring the weight loss ofjtiee over the time by a digital
balance. Flow rates normalised by the membraneaceirirea (1.4fh gave the
evaporation flux () value.

OD experiments were performed in selected operatiogditions up to reach the
desired level of total soluble solids in the juiédter each trial, the pilot plant was
cleaned first by rinsing the tube side and thel seé¢ with distilled water. Then a KOH
solution at 2 w/w% was circulated for 1 h at 40 AGter a short rinsing with distilled
water, a citric acid solution at 2 w/w % was ciated for 1 h at 40 °C. Finally the

circuit was rinsed with distilled water.
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4.2.3 Analytical determinations
OD samples were analysed in relation to total deludwlids, pH, total antioxidant
activity and phenolic compounds according to thecpdures reported in the previous

Chapter.

4.3 Results and discussion

4.3.1 OD of clarified blood orange juice

Figure 4.3.1-1 shows the experimental results coimog the concentration of the
ultrafiltered blood orange juice by OD within a séal loop from 10.5 to 61.4°Brix.
Throughout the experimental run brine and juiceperature were maintained almost
constant at 28+2 °C. At first, the brine concembratwas 11.2 mol/L producing an
evaporation flux of 1.26 kg/fh. During the process the evaporation flux decikase
gradually up to reach a final value of 0.41 k@intorresponding to a final juice

concentration of 61.4 °Brix.

Figure 4.3.1-10D of clarified blood orange juic&ime course of evaporation flux and TSS
concentrationloperating conditions: TMP = 0.325 bar,;£478 ml/min; Q = 573

70

Operating time (min)
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The decline in evaporation flux can be attributedhe decrease in brine concentration
from 11.2 mol/L at 10.5°Brix, to 5.27 mol/L at 61Btix (Figure 4.3.1-2). This result
shows the strong influence of the brine concemmnatin the evaporation flux and,
consequently, on the driving force of the OD pracdhe decrease in evaporation flux
is associated to an exponential increase of thee’miiviscosity which may raise
resistance to mass transfer in the liquid phase emasequently, may induce a lower

driving force due to a polarization effect [1].

12 60
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Figure 4.3.1-20D of clarified blood orange juic&ime course ofalcium chloride
concentration and juice viscosity (operating cormatis: TMP = 0.325 bar, & 478
ml/min; Q, =573 ml/min; T= 25+2°C)

4.3.2 Analytical measurements

TAA measurements were performed on the initialtfrgsce, on the UF permeate and
retentate fractions and on the concentrate juicdymed by OD. The antioxidant
activity was measured after rediluting the conadett juices to the same TSS
concentration of the fresh juice (10.5°Brix), inder to allow the direct comparison
between different samples. Results are reportaloe 4.3.2-1 (the final concentration

in TSS achieved by the various treatments is aldwated).

188k
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The fresh juice showed a total antioxidant actigiightly higher than that of the juices
after filtration and concentration steps (6.1+0.®1 rirolox). In the permeate coming
from the UF process a little decrease of the TARY8) was observed with respect to
the fresh juice. The data reported in the Table2413showed that the concentration
treatment by OD did not induce significant changeSAA (5.3+0.6 mM Trolox) with
respect to that of UF permeate. Similar resultsevadstained by several Authors in the
concentration of different clarified fruit juicepdmegranate, kiwi, orange, bergamot,
cactus pear, apple, grape) and vegetable extrgctsing OD [9-13] confirming the
particular mildness of the treatment.

Table 4.3.2-1 Results of TAA in samples coming Wé#OD treatments

Sample TS.S TAA
(°Brix) (mM trolox)
Fresh juice 11.0 6.1+0.2
UF permeate 10.5 5.6+£1.0
UF retentate 11.0 5.4+0.7
OD retentate 61.4 5.3+0.6*

* values referred to 10.5 °Brix

HPLC quantitative analyses of some antioxidant camepts were performed on
samples before and after each technological tredtme

Figures 4.3.2-1 a-c show phenolic compound profiedepectinised juice (feed), UF
permeate and retentate OD, respectively. As caselea, the profiles did not differ
significantly among the samples before and afterttéatments.

A total of 11 phenolic compounds were identifiecalhnsamples by comparison with the
retention time and ultra-violet-visible spectra afthentic standards, analyzed under
identical conditions, and further confirmation wgimass spectral data. The identified
phenolic compounds, including hydroxycinnamic aqi@s hydroxybenzoic acids (2),
flavanones (2) and flavan-3-ols (2), were reponte@iable 4.3.2-2 Mean values of three
replicates for each sample are given. SD% valuas akvays lower than 3% for the

three repetitions.
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Figure 4.3.2-1 - HPLC Chromatogram of (a) feed, {5) permeate and (c) OD concentrated
juice and identified compounds
(1) catechin hydrate; (2) caffeic acid; (3) p-hygybenzoic acid; (4) chlorogenic acid; (5)
epicatechin; (6) p-coumaric acid; (7) ferulic aci(8) sinapic acid; (9) naringin; (10)
hesperidin and (11) ellagic acid

The results reported in Table 4.3.2-2 show thainphe compounds are recovered in
the clarified juice obtained in the UF treatmemt \{thich suspended solids are mainly
removed from the depectinised juice) as also codtr by the low rejection values of
the UF membrane toward these compounds (data simo@imapter 3).

Phenolic compounds were well preserved in the tatersample of the OD process

(having a content of total soluble solids of 61A4RBas demonstrated by the constant
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value of the ratio between the concentration ohplie compounds in OD retentate and

the concentration of these compounds in the UF patenstream (in the range 5.54-

6.39).

Table 4.3.2-2 HPLC analyses of blood orange ju{€&ssults are the means of three

repetitions. Values are expressed as mg/L)

UF oD

Feed Permeate Retentate Retentate
sinapic acid 8.25 7.77 8.87 8.30
p-coumaric acid 16.64 16.46 18.22 15.78
naringin 101.18 97.03 102.40 101.63
p-hydroxybenzoic acid 50.21 47.66 53.41 52.049
hesperidin 19.73 18.93 23.89 19.89
ferulic acid 3.88 3.61 4.28 3.72
epicatechin 62.61 59.84 60.39 62.76
ellagic acid 99.98 94.63 89.13 102.53
catechin 71.45 69.31 74.50 73.08
caffeic acid 48.60 46.09 51.73 50.38
chlorogenic acid 27.83 27.70 29.98 29.54

The HPLC coinjection analysis of the juices withhentic anthocyanins, commercially
available, allowed to confirm the absence of cyen8tO-glucoside, one of the major
anthocyanins identified in blood orange juices I54,and of minor pigments, such as
cyanidin 3,5-diglucoside andyanidin 3-rutinoside. So far, the samples wergesiibd

to HPLC-ESI-MS analyses to identify some other anthocyanins.

HPLC-ESI-MS' analyses revealed the presence of three pigmenta &hd 3 in all
samples before and after membrane operations @-&0r2-2).

The molecular masses [Mpf the compounds 1 andv&re determined to be at 465 and
551 mass units, respectively. Upon fragmentatianptserved for both compounds the
detected ions witim/z 303 that are indicative of the presence of a deigim aglycon.
Fragment ion am/z 303 [M-162] suggested for compound 1 the presence of one
hexose. Compound 2 showed in addition, a fragnuenaim/z465 [M - 86T, the latter

corresponding to the loss of one malonyl group:gdresence of both fragment ions at

1191]-
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m/z465 and am/z303 [M - 86 - 162] suggested for compourl the presence of one
malonyl group and one hexose. Thus, the pigmemtsdl2 were tentatively identified
based on their mass spectrometric properties amgpaason with literature data [16,17]
as delphinidin  3-3-D-glucoside and delphinidin  3-(6"-malonylglucosjde
respectively. Compound 3 had a molecular mass [M]%93 u: the detected ion with
m/z 287 following fragmentation of the pigment was igadive of the presence of
cyaniding as aglycon. The fragmentation pattermsibtwo ions am/z449 [M - 144]
andm/z287 [M - 144 - 162, the latter corresponding to the loss of one hexos

This compound was identified as cyanidin 3- (6”"xdilylglucoside), on the basis of the
comparison of its mass spectroscopic propertieditandture data [15].
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Figure 4.3.2-2 - UHPLC profile of the (a) UF permteand (b) OD concentrated juice at 325
nm

(1) Delphinidin-3-Op-D-glucoside; (2) Delphinidin-3-(6"-malonyl glucise); (3) Cyanidin 3-
(6”-dioxalylglucoside)
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As revealed for other phenolic compounds, the UHPpfdfile of identified
anthocyanins in the UF permeate was very similah&b observed for the concentrated
juice indicating a good preservation of these conmglg in the OD process.

These results corroborate previous findings onadtiermal concentration of roselle
extract [13] in which losses of anthocyanins inaantrated samples were of about 3%
in comparison with the initial extract. On the aamy, high temperature treatments tend
to significantly decrease the stability of anthauya during storage [18].

The investigated process, based on the integrafidwo membrane technologies, UF
and OD, presented good potential for recovering aodcentrating most part of
antioxidant compounds of blood orange juices.

The UF process permitted to remove suspended sfobds the depectinised orange
juice producing a clear juice in which the totatiaxidant activity was well preserved
in comparison to the fresh juice.

The concentration of the UF permeate by OD prodacedncentrated juice with a total
soluble solids content of 61.4°Brix. A direct cormipan of results between clarified and
concentrated juice showed no significant differende their content of phenolic
compounds. Consequently a good preservation ofoxadéint compounds was
guaranteed by the integrated UF-OD process in wilielrmal and mechanical stress of
the juice is strongly reduced in comparison withnwentional methodologies.
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CHAPTERYV

ANALYSISOF ANTI-INFLAMMATORY
ACTIVITY OF BLOOD ORANGE JUICE
TREATED BY MEMBRANE OPERATIONS

5.1Introduction

Fresh blood orange juice is successful on the maeause of its taste and nutritional
value [1]. Blood oranges have a pleasant tasteaamdlistinguished among the sweet
oranges by the rich burgundy color of the flesh smthetimes of the peel.

Citrus contains a host of active phytochemicals doatribute to health. In fact, there
are more than 170 phytochemicals in an orange.s lcammonly accepted that
consumption of certain foods can prevent cancer Q2frus products have received
much attention in recent years, because of potehgsapeutic benefits associated with
high levels of flavonoids, having antiallergeniqtiaxidant, anticancer, and anti-
inflammatory properties [3]. Flavonoids have a widege of biological effects, such as
inhibition of key enzymes in mitochondrial respioat protection against coronary
heart disease, and anti-spasmolytic, anti-inflanonyat antioxidative, vascular,
estrogenic, cytotoxic anti-tumor, and antimicrobiattivities [4]. Citrus species
typically contain various flavonoids such as flavaes, flavones and their glycosides
(i.e., hesperidin, neohesperidin, naringin, namiudiosmin) and polymethoxyflavones
(i.e., tangeritin, nobiletin) [5]. It is known th&esperidin improves vascular integrity
and decreases capillary permeability, such that given as a supplement to patients
with fragile blood vessels [6]. Furthermore, in @sation with naringin, hesperidin
might reduce cholesterol levels [3].

The red color of blood oranges is primarily assdawith anthocyanin pigments [7]
not usually found in citrus but common in berryitsurepresented mainly by cyanidin-

3-glucoside and cyanidin-3‘(énalonyl)-glycoside [8].

1196/~
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It is known that the thermal treatment by pasteian and/or thermal concentration
produces modifications of some components with egaent degradation of taste and
chemical characteristics. Several studies have shibnat citrus processing not only
affects the chemical and sensorial properties ef jthce but also their functional
properties [9]. In particular, concentration redii¢dbe storage volumes (so reducing
transport and storage costs) and facilitates thsgpvation; on the other hand, when the
concentration is carried out by evaporation, méshe aroma compounds contained in
the raw juice are lost and the aroma profile undesgan irreversible change with a
consequent remarkable qualitative decline [10Jprter to found alternative process to
the thermal treatment efforts have been made tease the shelf-life and to retain as
much as possible the peculiarity of fresh fruitwasl as color, aroma, nutritional value
and structural characteristics.

Today membrane processes are very efficient systempseserve the nutritional and
organoleptic properties of the fresh product owiagthe possibility of operating at
room temperature with low energy consumption (dee previous chapters). The
antioxidant activity of blood orange juice is maimélated to its total flavonoid content,
including the anthocyanins and also hesperidinrergtutin. Oranges with higher levels
of these compounds were demonstrated to be bettex@ants [11]. Recent studies
emphasize that recurrent or chronic inflammatiossoaiated with an oxidative stress
have been implicated in various diseases suchraeialiabetes, autoimmune diseases,
etc. The development of strategies for reducingummation and oxidation status could
lead to effective treatments for these diseaseshik way, some natural products
containing biological active molecules could pap&te to the prevention or the
treatment of some of these diseases [12].

Inflammation plays an important role in variousedises, such as rheumatoid arthritis,
atherosclerosis, obesity, asthma, hypertensionirsdin resistance which all show a
high prevalence globally. In obesity, lipid storageadipocytes is increased, which
triggers the release of adipokines [13].

Recent studies have shown that among the adipokipeggulated in lipid-loaded
adipocytes, monocyte chemoattractant protein-1 (METRplays a crucial role in
inducing macrophage infiltration into adipose tssueading to the amplification of the

adipose tissue inflammatory response [14].
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During an inflammatory response, mediators, suchpmsinflammatory cytokines,
including interleukinl (IL-1), tumour necrosis fact (TNF), interferon (INF)-c,
interleukin 6 (IL-6), interleukin 12 (IL-12), intlukin 18 (IL-18) and the granulocyte—
macrophage colony-stimulating factor, are releasedreover inducible nitric oxide
synthase (INOS) stimulates the production of lasgeounts of pro-inflammatory
mediators. Tumor necrosis factor-alpha (T&EF-one of the best characterized
cytokines, was originally discovered in the mougseus during endotoxemia and
recognized for its anti-tumor activity [15]. At @ent it is well established that apart
from the microglial cells, TNFe can also be synthesized and released in the byain
astrocytes and some populations of neurons. Thenmmodled NO produced by the
inducible NO synthase (iINOS) gives rise to reactivteogen species, which induce
biomolecular and cellular damage. This cytokine ingplicated in inflammatory
disorders and carcinogenesis [16]. Nitric oxida gas generally known by its chemical
formula NO, or NO. The dot denotes an unpaired electron, whichésdgfinition of a
free radical; possessing this, NO is highly reactand quite -different from the
anaesthetic agent nitrous oxide;@, which is extremely stable. In 1987, it was show
that NO was the long sought endothelium derivedxiah factor (EDRF) [17]. This
was a crucial discovery for cardiovascular biologyd it soon became evident that NO
was produced by many cell types and performed sev@inctions, including inhibition
of platelet aggregation and mediation of the cymt@ction of activated macrophages,
and had a role in central and peripheral neurotnégson. NO has many actions
relevant to rheumatic diseases, being implicated imflammation and
immunoregulation, hypoxicreperfusion injury and wagis, cartilage and bone
physiology, peptic ulceration, and pain mechanigf@. Although inflammation is
primarily a protective response (against micro-oig@s, toxins or allergens, for
example), inflammation that is chronic and uncdigtbbecomes detrimental to tissues
[19].

In this Chapter results related to the evaluatibanti-inflammatory activityin vitro of
samples coming from the treatment of blood orangeejby integrated UF/OD process
are analyzed and discussed. In particular, cldriied concentrated blood orange juice
samples were analyzed for their anti-inflammatocyivéty in vitro by testing their
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inhibitory activity on the production of nitric ad@ (NO), TNFe, MCP-1 and IL-6 in
lipopolisaccaride (LPS)-stimulated mouse macropb&yg\W 264.7.

5.2 Material and methods

5.2.1 Chemicals and standards

Xanthohumol and LPS were purchased from Sigma-étd(iSchnelldorf, Germany);
Water for the mobile phase was purified with a Ml system (Millipore, Bedford,
MA).; Dulbecco’s modified Eagle’s medium (DMEM), BRwell Park Memorial
Institute 1640 (RPMI-1640); fetal bovine serum (FBStreptomycin and penicillin
were acquired from Lonza (Verviers SPRL, Belgiuhifric Oxide standard and Griess
reagents were purchased from Cayman Chemical (AtworAMI, USA); ELISA was
performed using R&D Systems kits (Abingdon, UK)ciBchoninic acid (BCA) protein
assay kit was acquired from Pierce (Rockford, IISA); XTT Cell Proliferation Kit Il
was purchased from Roche Applied Science (Almerbe WNetherlands); LDH

Cytotoxicity Detection kit was purchased from Roépplied Science.

5.2.2 Blood orange juice samples
Samples of clarified juice (UF permeate) and cotre¢ed juice (OD retentate) were

produced according procedures discussed in preGbagpters 3 and 4.

5.2.3 Evaluation of anti-inflammatory activity in cell culture

Samples coming from different membrane processdsahdifferent concentration of
total soluble solids and high acidity. All sample®re diluted at the same TSS
concentration (10.5 °Brix) by using Dulbecco’s Mioetl Eagle’s Medium.

The RAW 264.7 macrophage cell line, obtained frormehkican Type Culture
Collection (Teddington, U.K.), was cultured in Detlto’s Modified Eagle’s Medium
with 10% (v/v) fetal bovine serum, 100U/mL penicilland 10Qug/mL streptomycin at
37°C in a 5%(v/v) C@humidified air atmosphere. RAW264.7 cells weredseein a
96-well culture plate at a density of 25 x*Jfer well and incubated overnight. After
removal of the supernatant, adherent cells weratdde with 1 pg/mL LPS in
combination with diluted solution of xanthohumolur® xanthohumol was dissolved in

ethanol 100% (final concentration used for thesceBatment never exceeded 0.1% v/v
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of ethanol). Following 4 h of incubation, the madiwas collected for enzyme-linked
immunosorbent assay (ELISA).
After the supernatant was removed, fresh mediumaadgd, and cells were incubated

for 48 hours.

5.2.3.1 Measurement of nitric oxide production

After incubating for 48 h, NO accumulated in thétute medium was measured as an
indicator of NO production using the Griess metHad].

UF and OD samples were both incubated with andowith.PS. The concentration of
NO was quantified from a standard curve. Data vexgressed as percentage of the
positive LPS-treated control (set at 100%). Howgbercause of nitric oxide detection
limits, LPS (1 pg/ml) was used to measure NO prodaoc Incubation times were
selected based on the specific properties of @iffemflammatory mediators. 100 ul of
the cell culture medium were mixed with 50 ul ofégss reagent 1 and 50 ul of Griess
reagent 2; then the plate of cell culture was iated at room temperature for few min,
removing air bubbles before absorbance measuremébsorbance was measured at

540nm using an ELISA plate reader (Multiskan Asgent

5.2.3.2 Measurement of TNF-«, I1L-6 and MCP-1 production

TNF-a, IL-6 and MCP-1 concentrations were determined HiySA. ELISA was
performed according to the manufacturer's protoosing R&D Systems Kkits
(Abingdon, U.K.) for mouse TN; IL-6 and MCP-1. Controls contained medium with
equivalent amounts of solvent as compared to thatrtrents. These were incubated
both with and without LPS. The concentrations of Ff@y IL-6 and MCP-1 were
quantified from a standard curve. Data were expess percentage of the positive
LPS-treated control (set at 100%).

5.2.3.3 Viability and cytotoxicity assays

The determination of cellular viability was carriegut by using an XTT Cell
Proliferation Kit II (Roche Applied Science, Almerdhe Netherlands). Briefly,
RAW264.7 cells were incubated for 24 h with the gke® and 1pug/mL of LPS. After

incubation, the supernatant was carefully remowaetd 100uL of fresh medium,

4100~
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together with sodium 3’-[1-(phenylaminocarbonyll3etrazolium]bis(4-methoxy-6-
nitro)benzenesulfonic acid hydrate (XTT) (final centration = 0.45 mM) and N-
methyldibenzopyrazine methyl sulfate (1.25 mM), evadded. After 4 h of incubation
at 37 °C, the amount of formazan accumulated ingtbe/th medium was measured at
450 nm using an ELISA plate reader (Multiskan Ascdimermo Labsystem, Breda,
TheNetherlands). The conditions were consideredetdoxic if the cell’s ability to
metabolize XTT to formazan was lowered by >20% @mparison to that of the
untreated control. Cytotoxicity of the samples wesgaluated through an LDH
Cytotoxicity Detection Kit (Roche Applied ScienclAW 264.7 macrophages were
treated for 24 h with the samples in the preserfcapg /mL of LPS. After the
supernatant had been carefully removed, a mixtéirae catalyst (diaphorase/NAD
mixture, 250uL) and the dye solution (iodotetrazolium chloridedasodium lactate,
11.25 mL) was added to adherent cells (fDQvell). After 30 min of incubation at 25
°C, the absorbance was measured at 490 nm usikd I&A plate reader (Multiskan
Ascent) [22].

5.2.4 Satistical Analysis
Each experiment was performed independently at teese times in triplicate. Data are
expressed as means (£SD) of the normalized values.

5.3 Results and discussion
5.3.1 Effect of UF and OD samples on NO released in LPS-stimulated RAW 264.7
mouse macrophages
At first the effect of samples coming from UF an® @rocesses on RAW 264.7 cells
stimulated with 1pg/mL of LPS was investigated. kb@hages were treated with
different dilutions (1:10000, 1:25000, 1:50000, A0@O0 and 1:1000000) of blood
orange juice in DMEM. NO is known to be a late anfilmatory marker and can be
determined in LPS-stimulated macrophages from 2énivards, with levels still
increasing up to 48 h and possibly later. In owsecthe effect on NO release was
determined after 24 h of incubation and the comaéinhs of NO were measured by
Griess Method. As shown in Figure 5.3.1-1, bloodnge juice appeared to be an

effective inhibitor of NO release. A dilution 1:1@@00 of the UF permeate caused a
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significant inhibition by 31.7%. The dilution 1:1000 gave a more pronounced effect
(40.2%). The highest effect of inhibition was dételcwith the dilution 1:50000 and it
was 63%. The OD retentate diluted 1:1000000 causkibition by 22.2%. The
dilution 1:100000 gave a more pronounced effect7@y, but the highest effect of
inhibition was obtained with the diluted sampleQD80 and it was 51.6%.

Griess assay '48h" [450nm]
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BCIOD 1:10000
BCJOD 1:25000
BOJOD 1:50000
BUIOD 1:100000
BCJCD 1:1000000
BOJPer 1:10000
ROIIPer 1:7 5000
BUJPer 1:50000
BOJPor 1:100000
BOJPer1:1000000
Cont X{5ug/ml)
Control = 1PS
BOJOD 1:10000
BOJOD 1:25000
BCIOD 1:50000
BCJCD 1:100000
BOJOD 121000000
Caontrol + LPS
BOJPer1:10000
BOJPer1:25000
BOJPer 1:50000
RCIIPer 1:100000
BUOJFer 1:1 000000
Cont ¥[5ug/ml] LPS

Control= (RAW 264,7 with DMEM), BOJOD=blood orangedeiosmotic distillation, BOJPer = blood orange juice
Permeate, LPS= lipopolisaccaride and X= Xanthohwsrbhct.

Figure 5.3.1-1 Inhibitory effect of blood orange juice samples (UF permeate and OD retentate)
for NO production in LPS-activated RAW 264.7mouse macrophages.

5.3.2 Effect of UF and OD samples on TNF-a released in LPS-stimulated RAW 264.7
mouse macrophages
The effect of blood orange juice, exactly the samptoming from UF process
(permeate) and OD process (retentate) on RAW 2&13 stimulated with 1pg/mL of
LPS was investigated. Macrophages were treated diifierent dilutions of blood
orange juice in DMEM (1:10, 1:100, 1:1000, 1:100025000, 1:50000, 1:100000 and
1:1000000). After 4 h of incubation, the concemtrag¢ of TNFe were measured by
ELISA. As shown in Figure 5.3.2-1, the blood orafpgee appeared to be an effective
inhibitor of TNF- release. Dilutions 1:10000 and 1:1000 of the Ufngate caused a
significant inhibition (about 17%). The dilution1D0 gave a more pronounced effect
(52%). The highest effect of inhibition was obselrweth the dilution 1:10 and it was
85%. OD retentate samples diluted 1:10000 and0D: baused inhibition of 10%. The
dilution 1:100 gave a more pronounced effect (3a86),the highest effect of inhibition

was observed with a dilution 1:10 (72%).
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TNFa assay [450nm)]
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Control= (RAW 264,7 with DMEM), BOJOD=blood orangedeiosmotic distillation, BOJPer = blood orange juice
Permeate, LPS= lipopolisaccaride and X= Xanthohuswtrhct.

Figure 5.3.2-1 Inhibitory effect of blood orange juice samples (UF permeate and OD retentate)
on the production of pro-inflammatory cytokine of TNF-a in LPS-activated RAW 264.7 mouse
macrophages.

5.3.3 Effect of UF and OD samples on MCP-1 and IL-6 released in LPS-stimulated
RAW 264.7 mouse macrophages

Experiments for MCP-1 and IL-6 were also performayg ELISA by using the

corresponding kit. Experiments show that UF permemtd OD retentate had no

significant effect in reducing the amount of MCR#id IL-6 released in LPS-stimulated

RAW 264.7 mouse macrophages. Results are showigumes.3.3-1.

5.3.4 Effect of UF and OD samples on the viability and cytotoxicity in RAW 264.7
mouse macrophages

Cell viability was verified using an XTT cell prédration kit assay II. In the XTT test
the tetrazolium salt is cleaved to formazan by enmex cellular mechanism. The
bioreduction occurs in viable cells only, and isnarily related to glycolytic NAD(P)H
production. Therefore, the amount of formazan dyen&d directly correlates to the
number of metabolically active cells in the cultuMeither LPS alone nor LPS in
combination with the highest concentration (1:10¢larified and concentrated samples
affected the viability of cells after 24 h (Figurs3.4-1 a and b). The viability test
showed that the viability of the RAW 264.7 cellsswaot affected by UF permeate and

OD retentate samples (conditions are regarded ibxiell viability lowers more than
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20%). As all the tested compounds were within thability range of 80-100%,

experimental conditions were considered non-toxic.
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Control= (RAW 264.7 with DMEM), BOJOD=blood orangegeiosmotic distillation, BOJPer = blood orange juice
Permeate, LPS= lipopolisaccaride and X= Xanthohuswthct.

Figure 5.3.3-1 Inhibitory effect of blood orange juice samples (UF permeate and OD retentate)
on the production of pro-inflammatory cytokine: (a) MCP-1cytokine and (b) IL-6 cytokine in
LPS-activated RAW 264.7 mouse macrophages.
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blood orangedeiosmotic distillation, BOJPer = blood orange juice
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Control= (RAW 264.7 with DMEM), BOJOD
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Figure 5.3.4-1 Viability test of the RAW 264.7 cellswith (a) clarified blood orange juice (UF

permeate) and (b) concentrated blood orange juice (OD retentate).

In conclusion, according to the obtained resulis,tteatment of blood orange juice by

membrane operations determines an improvementtoirlammatory activities of the

juice reducing the level of different inflammatanarkers as NO and TNé-
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These results confirm the high potential of membraperations in preserving bioactive
compounds of the citrus juice. The promising restétated to the inhibitory activity of
UF and OD samples on the production of nitric oXid®) and TNFe, offer interesting
perspectives in the formulation of new pharmacealtproducts starting from natural
sources. Further investigations could be addressdtie evaluation of the effect of
membrane-based processed juices on other antranfi&ory markers together with

their antiviral, anticancer and vasodilatatory @ati
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Conclusions

The aim of the experimental activities was to eatduthe potential of an integrated
membrane process in the production of formulatiais interest for food and
pharmaceutical industries starting from the blooghge juice produced in the Calabria
region. The blood orange juice, after a depectimnastep, was submitted to the
clarification procedure based on the use of holldver UF membranes and then
concentrated by using OD hollow fiber membranes.

The effect of both processes on permeate and eatamofluxes, the quality of clarified
and concentrated juices (in terms of suspendedissaontent, total soluble solids,
phenolic compounds and total antioxidant activagy their anti-inflammatory activity
was analysed and discussed.

The investigated process, based on the integraifotwo membrane technologies,
ultrafiltration (UF) and osmotic distillation (OD)presented good potential for
recovering and concentrating most part of antioxideompounds of blood orange
juices.

The UF process permitted to remove suspended sfbds the depectinised orange
juice producing a clear juice in which the totatiaxidant activity was well preserved
in comparison to the fresh juice. Phenolic compsuwere recovered in the clarified
juice as confirmed by the low rejection values bé tUF membrane toward these
compounds (between 0.4 and 6.9%).

A total of 11 phenolic compounds were identified thre clarified juice including
hydroxycinnamic acids, hydroxybenzoic acids, flawaes and flavan-3-ols. HPLC-ESI-
MS"analyses revealed also the presence of three datlyas in the clarified juice.

The concentration of the UF permeate by OD prodacedncentrated juice with a total
soluble solids content of 61.4°Brix. A direct commipan of results between clarified and
concentrated juice showed no significant differende their content of phenolic
compounds. Consequently a good preservation ofoxadéint compounds was
guaranteed by the integrated UF-OD process in wilielrmal and mechanical stress of
the juice is strongly reduced in comparison withvemntional methodologies.
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The treatment of blood orange juice by membraneratipms determines also an
improvement of anti-inflammatory activities of thece reducing the level of different
inflammatory markers as NO and TNf=-

The promising results related to the inhibitoryiatt of UF and OD samples on the
production of nitric oxide (NO) and TN&- offer interesting perspectives in the
formulation of new pharmaceutical products startingm natural sources. Further
investigations could be addressed to the evaluaifotihe effect of membrane-based
processed juices on other anti-inflammatory markegether with their antiviral,

anticancer and vasodilatatory action.
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