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Sommario

L’emulsificazione a membrane & una nuova ed alteangecnologia introdotta nei primi anni
'80 per la preparazione di emulsioni o sospensiattraverso [l'utilizzo di strutture
microporose. Grazie all’applicazione di basse fodieaglio, il processo risulta a basso
consumo energetico. Inoltre, 'opportuna sceltdedploprieta e delle caratteristiche delle
membrane utilizzate e dei parametri operativi p¢tengi ottenere particelle di dimensione e
distribuzione controllata, massimizzando I'uso eleisorse impiegate.
La versatilita e le potenzialita dell’emulsificaa® a membrana sono state provate dal suo
utilizzo nella preparazione di una vasta gamma atienmali microstrutturati con dimensioni e
distribuzione altamente controllate e preparateaidirp da materie prime di diverso tipo e
origine tra cui proteine, oli, solventi organici,atariali polimerici. La tecnologia ha
dimostrato inoltre proprieta esclusive per la prap@mne di materiali contenenti molecole
sensibili a stress termici o meccanici. |l processunlta a basso impatto ambientale ed
economicamente sostenibile. Queste caratteristiechdono I'emulsificazione a membrana
capace di rispondere alla crescente richiesta is@atlotti ad alto valore aggiunto che di
processi che siano nuovi, precisi, stabili, effitie eco-compatibili, a basso consumo
energetico e con ridotti costi.
Le ricerche condotte nel presente lavoro di dottorBanno permesso di promuovere
avanzamenti tecnologici nel processo di emulsifm@a a membrana (sia in quello
denominato “a flusso tangenziale” che in quellodwito mediante celletta agitata) ed ha
riguardato l'applicazione di tale processo allapprazione di innovative formulazioni
microstrutturate.
Il lavoro e stato supportato da una continua analisca del processo di emulsificazione a
membrana e delle sue principali applicazioni, prege nelCapitolo 1. Il grado di sviluppo
del processo a livello industriale € stato inoltadutato anche attraverso lo studio dei brevetti
pubblicati ed e discusso néhpitolo 2.
In particolare, gli avanzamenti tecnologici propaftl presente lavoro di tesi nel settore
dell’emulsificazione a membrana hanno riguardato:

» linfluenza delle proprieta chimico-fisiche dei redtli impiegati e dei parametri

operativi nella preparazione di sistemi liquidipkssi Capitolo 3);
* [linfluenza dell'utilizzo di proteine nel processti emulsificazione a membrana
(Capitolo 4);



lo sviluppo di membrane con differente bagnabitita lo spessore e la superficie
interna della membran&épitolo 4);
nuove strategie operative per promuovere il dista@nto delle goccioline di

emulsione in formazione in corrispondenza del maia membranaJapitolo 5).

Le formulazioni microstrutturate innovative svillgip nel presente lavoro di tesi, tramite

I'utilizzo del processo di emulsificazione a memiaahanno riguardato:

la preparazione di emulsioni multiple capaci dpoisdere a stimoli esternCépitolo
6)

la realizzazione di un bioreattore multifasico rm&rutturato contenete un
biocatalizzatore a trasferimento di fase all'indedia dell’emulsione o/wQapitolo 7)

la preparazione di emulsioni semplici complessari@rro per possibili applicazioni
in catalisi chimicaCapitolo 8)

particelle solido-liquide con dimensioni dei micronsub-micron e gli accorgimenti

tecnologici relativi necessarCapitolo 9)

Le linee guida sviluppate nel presente lavoro s $®no riassunte nel diagramma di pag. 8

(Fig. 1) mentre i principali avanzamenti propogispetto allo stato dell’arte, sono presentati

nella tabella a pag. 10 (Table 1).

Complessivamente, sono stati promossi avanzameattipcbcesso di emulsificazione a

membrana per quanto riguarda diversi aspetti tegnt| modi operativi, composizione delle

fasi, impiego in nuove formulazioni, flessibilita eersatilita per diverse applicazioni.



Summary

Membrane emulsification technology permits the prapon of high-value
emulsions/suspensions via microporous architectureghich very well controlled local
shear rates are obtained, leading to a processmuitiih lower energy use and more uniform
or size controlled emulsions/suspensions than atdioreal high-speed mixers, allowing
maximization of resources use.
The robustness and flexibility of the technology feeen proven by its capability to micro-
manufacture a variety of products, such as mianogsired multi-material droplets with target
particle size and size distribution and encapsdld@mulations. The technology has
confirmed unique feasibility for formulations comtiag labile molecules and structures, and
is also recognized among the most sustainable afed manufacturing processes. These
aspects are crucial to meet the demanding requirsnier new, diverse, stable and efficient
high value-added chemical products and plants witduced investment cost and
environmental impact.
The work presented in this thesis discusses thentdagical advances of cross-flow and
stirred direct membrane emulsification process ait&l application in innovative
microstructured formulations.
An overview of principles and applications of meane emulsification process will be given
in the Chapter 1. The patents analysis presented in@hapter 2 aimed at further assessing
the state of the art and perspectives in the mambeenulsification process.
The technology advances of membrane emulsificgtimtess achieved in the present PhD
research project are refereed in particular to:
* influence of dispersion system properties and djperal parameters in the
preparation of dispersed liquid materiah@pter 3)
* evaluation of protein influence on membrane emigksifon processGhapter 4)
* development of an asymmetric membrane with differemttability properties
between membrane thickness and lumen surfabeter 4)
* new operational strategies to promote droplets ctietent from the pore outlet
(Chapter 5)
The innovative microstructured formulations include
» stimulus responsive multiple emulsiof@h@pter 6)
* microstructered multiphase bioreact@h@pter 7)

* iron-emulsion complex in chemical catalysih@pter 8)



* productions of solid lipid sub-micron particleshégh temperature and related
technological challenge€tapter 9)
The overall strategy of work is summarized in Figuld the advances promoted by the

research activity are summarized in Table 1 andpeoed with the state of the art.
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Objectives

The research focus was on the development andatbaration of membrane emulsification
processes (cross-flow and stirred membrane enudtidn) exploring new solutions to
improve the efficiency of emulsification processtlwparticular attention to production of
micro- structures that for their specific applicat and properties required low shear stress
conditions. For this reason new strategies aresiyegted to:
* reduce shear stress condition in the conventiamaiseflow membrane emulsification
process
* identify new operating conditions for detachmentdobplets from the pore outlet,
“vibrating” or “shaking” the continuous phase dwgithe emulsification process by
inverting axial flow direction
* investigate the combined effect between shearsst@sditions and continuous phase
viscosity
* understand the protein-membrane interaction whetepr are used as ingredients in
emulsion preparation
* develop strategies to improve disperse phase fie, to improve membrane
emulsification productivity reducing energy input
In this way the membrane emulsification processlccde used to design droplets with
specific size and size distribution for manufactgriinnovative functional multi-material
structures able to functions as receptor stimubuspplications in different industrial sectors
(such as chemical, biomedical, biotechnology odjo

The advances of the present work beyond the-stateeart are illustrated in Table 1.



Table 1. Advances promoted

State-of-the-art Advances promoted by this thesis

The influence of phase compositions
process parameters are showed in

preparation of oil-in-water emulsions but fe
studies have been conducted on

preparation of water-in-oil emulsions.

The correlation between emulsions phase
compositions and shear stress conditions have
been identified for the preparation of water-
in-oil  emulsion by stired membrane
emulsification. This results can be applied at
the production of dispersed systems by
membrane emulsifications processes in which
continuous phase with high viscosity are
required to reduce emulsions destabilization
phenomena caused by particles' settling
velocity (Stokes law).

When membrane emulsification process
used, low dispersed phase flux is usui
required in order to obtain small droplets s
but this determine low process productivi
The opportune choice of membra
properties permits to control dispersed ph
flux during membrane emulsification.

The use of an asymmetric membrane,
opportunely developed modifying wettability
membrane surface only in the lumen si
permit to increase aqueous dispersed phase
flux trough an hydrophilic membrane and
control droplets size.

Proteins are used as components in emuls
preparations for food, biotechnologic
pharmaceutical or cosmetic applications.
When membrane emulsification process
used, membrane-protein interaction can
occur. This can determine membrane foul
that influence membrane proce
performance and availability of function
ingredients

The interaction between proteins with
different properties and membranes is
investigated in order to understand and

prevent fouling phenomena during membrane
emulsification process

For cross-flow membrane emulsification,
which shear stress is generated by
recirculation of the continuous phas
droplets breaking is observed due to the sl
force caused by the flow along the circuit.

Prevent droplets breaking: selecting low
shear pump, applying high axial velocity but
low continuous phase flow, “vibrating”
“shaking” the continuous phase along the
membrane surface by inverting the axial flow
direction.

This strategy is expected to reduce
recirculation of formed emulsion and increase
disperse phase concentration for single
passage along the module.

Stimulus responsive materials have b
extensively investigated. Most of this &
hydrogels or polymeric materials. Fe
examples of liquid membrane systems (s
as water-in-oil-in- water emulsions) are us
as stimuli responsive biomaterials.

The manufacturing of multiple emulsions as
self-regulated drug delivery systems are
investigated using  highly  controlled
production of particulate materials at low
shear conditions by membrane emulsification
process.

10



Phase transfer biocatalysts are usu
distributed at the interface by stirred t the
reactor (STR) but some disadvantages
observed such as enzyme deactivation
non constant interfacial area.

The Fenton process has been typically
for the partial oxidation of organ
contaminants using Fe(ll) ions
homogeneous catalyst. Thus, the cat he
continuously leaves the oxidation rea
together with the treated effluent oft
causing environmental problems
increasing the treatment costs.

The preparation of solid lipid particles (S
using membrane emulsification has b ure
developed. tage

11



State of the art
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Chapter 1

Membrane Emulsification: Principles and Applicagon

1.1. Introduction

Emulsions and suspensions are colloidal dispersfotwo or more immiscible phases in
which one phase (disperse or internal phase) pedied as droplets or particles into another
phase (continuous or dispersant phase). Therefarmus types of colloidal systems can be
obtained. For example, oil/water and water/oil Bngmulsions can be prepared, as well as
so-called multiple emulsions, which involve the lpnénary emulsification of two phases
(e.g., w/o or o/w), followed by secondary emulsfion into a third phase leading to a three
phase mixture, such as w/o/w or o/w/o. Suspensidreye a solid phase is dispersed into a
liquid phase can be also obtained. In this casel galrticles can be i) micro-spheres, e.g.
spherical particles composed of various natural mihetic materials with diameters in the
micrometer range: solid lipid microspheres, albumicro-spheres, polymer micro-spheres;
and ii) capsules, e.g. small, coated particles ddadith a solid, a liquid, a solid-liquid
dispersion or solid-gas dispersion. Aerosol, whkeeinternal phase is constituted by a solid
or a liquid phase dispersed in air as continuouss@lrepresents another type of colloidal
system.

In emulsions and suspensions, disperse phase donensay vary from the molecular state
to the coarse (visible) dispersion. They are comyencountered in various productions.
The average droplet/microcapsules size distribuitom key feature since they determine
emulsions/suspensions properties for the intended and stability. For large-scale emulsion
production, the most commonly employed methods mased on techniques aiming at
establishing a turbulent regime in the fluid migswr These turbulent flows cannot be
controlled or generated uniformly. The consequemceghat the control of the droplet sizes
is difficult and wide size distributions are comrhoobtained, therefore the energy is used

inefficiently in these technologies. In additiohetprocess scale-up is extremely difficult. The
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use of the ultrasonic bath yields better resulth wespects to the mentioned procedures,
however the control of the droplet dimension il st optimal.

For these reasons, recently much attention has Ipegnin alternative emulsification
processes, such as the membrane emulsification.(ME)

Membrane emulsification is an appropriate technplfmy production of single and multiple
emulsions and suspension. It was proposed foriitstetime at the 1988 Autumn Conference
of the Society of Chemical Engineering, Japan. &itieen, the method has continued to
attract attention in particular in Japan, but alsBurope (1-10).

In the early 1990s, Nakashima T. et al. [2] introeldl membrane technology in emulsions
preparation by direct emulsification method wheréashe late 1990s, Suzuki K. et al. used
the pre-mix membrane emulsification to obtain pidaun rate higher than other membrane
emulsification methods [11].

The fast progress in micro engineering and semilgcior technology led at the development
of micro-channels, that Nakajima M. et al. appiie@mulsification technology [12].

The distinguishing feature of membrane emulsifaratiechnique is that droplets size is
controlled primarily by the choice of the membraits, micro-channel structure and few
process parameters, which can be used to tuneetisaghd emulsion properties. Comparing
to the conventional emulsification processes, teenbrane emulsification permits to obtain a
better control of droplet size distribution, loweegy and materials consumption, modular and
easy scale-up. Nevertheless, productivity/@ay) is much lower, and therefore the challenge
in the future is the development of new membraned modules to keep the known

advantages and maximize productivity.

Considerable progress has been achieved in undémsga the technology from the

experimental point of view, with the establishmefhtmany empirical correlations. On the
other hand, their theoretical interpretation by nseaf reliable models is not accordingly
advanced. The first model devoted to membrane dincalson, based on a torque balance,
has been proposed in the 1998 by S.J. Peng andViillkams [13], i.e. ten years later the
first experimental work was published, and stilwaalays, a theoretical work aiming at a
specific description of the pre-mix membrane enfigisiion process is not available.

The non synergistic progress of the theoretical esstdnding with the experimental
achievements, did not refrain the technology apfiten at productive scale. In particular,
membrane emulsification was successfully appliedpfeparation of emulsions and capsules
having high degree of droplet size uniformity, atéa with low mechanical stress input [14-

16 ]. Therefore, the application of membrane erfiakgion extended to various fields, such

14



as drug delivery, biomedicine, food, cosmetics,sfita, chemistry and some of these
applications are now being developed at commeleval. Their scale vary from large plants
in the food industry, to medium-scale use in thmer industry, and to laboratories bench

scale in biomedicine.

In this chapter, the experimental and theoretiGdels as well as the applications of the

technology will be discussed.

1.2. Membrane emulsification basic concepts

Emulsions and suspensions are key systems for eeddormulations in various industrial
sectors. Membrane emulsification is a relativelwniechnology in which membranes are not
used as selective barriers to separate substaotes Imnicrostructures to form droplets with

regular dimensions, i.e. uniform or controlled dedp size distribution (Fig. 1.1).

Disperse Phase Flow
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I | | | I | . | | ] i 1 ’ N ¥
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Fig. 1.1. Schematic representatimnof membrane emulsification, where the membraneks
as a high throughput device to form droplets witgular dimensionsb) photo of an o/w
emulsion.

Membrane emulsifications can be generally distisiged in (Fig. 1.2): (i) direct membrane
emulsification (DME), in which the disperse phasedirectly fed through the membrane
pores to obtain the droplets. and (ii) pre-mix mesmie emulsification, in which a coarse pre-
mixed emulsion is pressed through the membranesporeeduce and to control the droplet

sizes.
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Membrane emulsification

a)
Membrane
B B B E R BT B E B R
b) Cross-flow membrane Stirred membrane Membrane emulsification

emulsification emulsification in quiescent conditions

Static membrane

Dynamic membrane emulsification emulsification

Fig. 1.2. Schematic drawing of membrane emulsificaia) mechanismsb) operation procedures.
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In general, in the direct membrane emulsificatithe disperse phase is pressed through a
microporous membrane and droplets are formed aifkaing of the pore on the other side of
the membrane, which in contact with the continupbiase. Here, droplets reached a critical
dimension can detach either &pontaneous deformatiar shearedoy the continuous phase
flowing parallel to the surface. In the former catbe driving force for the droplet formation
is the surface free energy minimization, that e droplet is formed by spontaneous
deformation tending to form a sphere. For examplajuiescent conditions the droplets are
formed by means of this mechanism. In the lattsec#éhe shearing stress generated by the
continuous phase is the driving force of the drogktachment. For example, in the cross-
flow membrane emulsification (CDME) and stirred nieeme emulsification droplets are
formed by this mechanism.

In the pre-mix emulsification the basic mechanismthe droplet formation is different from
the direct emulsification. In fact, in this case toredominant formation mechanism is the
droplet disruption within the pore.

Both direct and pre-mix emulsification can be om¢al with a continuous phase flowing
along the membrane surface (i.e. cross-flow, st)r(Fig. 1.2b). However, it is important to
distinguish between the droplet formation mechaniand the macroscopic operation
procedure. In other terms, often, in the literattine “cross-flow” term is used to indicate that
the continuous phase is flowing along the surface,this does not guarantee that the shear
stress is the driving force for the droplet detaehtnas long as the appropriate conditions are
not verified.

The membrane emulsification can be considered easa of micro-device emulsification
process [17, 18] in which the porous membrane isduas micro-devices. Membrane
emulsification carried out in quiescent conditiassalso referred to astatic membrane
emulsification while membrane emulsification carried our in nmgviconditions (either the
membrane, i.e rotating module, or the phase, bsseflow) is also referred to aynamic
membrane emulsificatioffrig. 1.2b).

A peculiar advantage of membrane emulsificationthat both droplet sizes and size
distributions may be carefully and easily contrdlley choosing suitable membranes and
focusing on some fundamental process parameteosteepbelow. Membrane emulsification
is also an efficient process, since the energy igensquirement (energy input per cubic
meter of emulsion produced, in the range of-10 Jn®) is low with respect to other
conventional mechanical methods I0° Jm?), especially for emulsions with droplet

diameter smaller than @m [1]. The lower energy density requirement also improwes
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quality and functionality of labile emulsion ingiedts, such as bioactive molecules. In fact,
in conventional emulsification methods, the higleahrates and the resulting increase of the
process temperature have negative effects on sbietamperature-sensitive componeiitse
shear stresses calculated for a membrane systemuate less and it is possible to process
shear sensitive ingredients.

The droplet size, its dispersion and the droplanfdion time depend on several parameters:
() membrane parameteras pore size distribution, pore border morphologymber of
active pores, porosity, wetting property of the rbemme surface, (iipperating parameters

as cross-flow velocity (i.e. wall shear stressyhsmembrane pressure and disperse phase
flow, temperature, as well as the membrane modsge (tubular, flat, spiral-wound);and (iii)
phase parametersas dynamic interfacial tension, viscosity andsitynof processed phases,
emulsifier types and concentration. Such quantt@sbine with different magnitudes, over
the ranges of operating conditions, and many ahtkghibit coupling effects [4]. Moreover,
the production of mono-disperse emulsions is esdbntelated to the size distribution of
membrane pores and their relative spatial distidbubn the membrane surface. It is worth
noting that the geometry of the module in which rtirembrane is located is also an important
parameter since it determines in conjugation toctiess-flow velocity, the wall shear stress
(Fig. 1.3).

Droplets size distribution and disperse phase péaige determine the emulsion properties

characterizing the final formulation for an inteddese.
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phase configuration

Fig. 1.3.Influence of parameters ahmoplet size and its formation during an emulstfima process.
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1.3. Experimental bases of membrane emulsification

In this section, an analysis of the experimentaleobations and empirical correlations related
to membrane emulsification processes will be itlistd. The theoretical bases that support
these results and predict membrane emulsificatesfopmance will be discussed in the next

section.

As previously anticipated, the appropriate choidette membrane dictates the droplet
properties.

Membranes employed in emulsification processesnaaely of inorganic type (ceramic,
glassy, metallic), but some example of polymeriebheanes have also been applied. Tables
1.1 and 1.2 summarize some of the most common namabrused in direct and pre-mix
membrane emulsification, respectively. Most of theave been originally developed for
other membrane processes, such as microfiltrateord adapted in the emulsification
technology. Nowadays, the growing interest towarggnbrane emulsification is promoting
also research efforts in the design and developroEmiembranes specifically devoted to
membrane emulsification. Shirasu porous glassy jSP@mbranes are among the first
membranes specifically developed for emulsion mapm. SPG membranes are
characterized by interconnected micropores, a wjkectrum of available mean pore size
(0.1-20 pum) and high porosity (50-60%). Micropore metallicembranes, developed by
Micropore Technologies (United Kingdom), are ch&eaezed by cilyndrical pores, uniform
and in a regular array with a significant distabe¢éween each pore. They are available with

pore diameters in the range of 5 —28 and exhibit very narrow pore size distribution.
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Table 1.1. List of most common membranes usedracdmembrane emulsification.

Membrane Membrane Pore Pore Membrane Application Referenc
material / Configuratio| Geometry/ | diameter producer e
Wetting property n Porosity €) (um)
Porous Glass Membrane
SPG/ Tubular or Tortuous, 0.1-20 SPG Technology o/w, w/o 16, 19-21
hydrophilic or Disk interconnected Co., Ltd. (Japan) emulsions
hydrophobic cylindrical
pore/
50%<¢ <
60%
MPG / Tubular Cylindrical 0.2 -1.36; ISE Chemical o/w and w/o 21-23
hydrophilic or pore/ 10.2 - 16.2| Industries Co. Ltd emulsions
disk 50%¢< € < (Japan)
60%
Silica glass / Tubular Cylindrical 0.6 Lab-made w/o emulsiong 24
hydrophobic pore/
£=61%
Ceramic Membrane
Mullite Ceramic Disk - 0.68 Lab-made w/o emulsion 25
/
hydrophilic
Westfalia o/w, w/olw
0.1-0.8 Separator emulsions
Alumina / Membraflow 5, 26-28
hydrophilic (Germany)
Tubular € =35% Sguetg des
0.5-0.2 Céramiques
Techniques o/w emulsions
(France)
0.5-0.8 Pall-Exekia
(France)
Pall-Exekia
Zirconia / Tubular £ =60% 0.1 (France) o/w emulsions | 27, 28
Hydrophilic Société des
Céramiques
Techniques
(France)
Polymeric Membrane
Polyamide / Hollow fiber - 10; 50 kDa Forschstung o/w emulsions 29
hydrophilic (NMWCO)" | Insitut Berghof,
(Germany)
PTFE / Disk £=79% 0.5-50 Japan Goretex| o/w emulsions 30
hydrophobic Co. (Japan)
Polycarbonate / Disk 5%<e< 10 ISOPOREY, o/w emulsions 31
hydrophilic 20% Nihon Millipore
Co. (Japan)
Cellulose acetate Disk - 0.2-03 Advantec Toyo w/o/w 32
/ (Japan) emulsions
hydrophilic
Polipropilene / | Hollow fiber - 0.4 Wuppertal w/o emulsions 14
hydrophobic (Germany)

! Nominal Molecular Weight Cut-Off
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Table 1.2. List of most common membranes usedamgk membrane emulsification.

Membrane Membrane | Operation Pore Application Membrane References
material configuration mode diameter producer
(Hm)
Porous Glass Membrane
Cross flow 2.7 and | o/w emulsions SPG 11
4.2 Technology
SPG Tubular Dead end, 10.7 w/o/w Co., Ltd. 15
multipass emulsions (Japan)
Ceramic Membrane
Alumina / Tubular Dead end, | 3.2, 4 and w/o/w Lab-made 33
hydrophilic multipass 11 emulsions
Polymeric Membrane
Polycarbonate flat Dead end| 0.6, 0.8 | o/w emulsions Millipore 34
multipass | and 3.0 corporation
(United State)
Cellulose acetate flat Dead eng 0.2,0.45, wi/o/w Advantec 35
0.8 and emulsions Toyo (Japan)
3.0
Polyamide flat Dead end 0.8 o/w emulsigns  Whatmdn 36
Ltd.,
Maidstone
(England)
—
b)

Fig. 1.4. Porous membranes developed for emulfifitaprocessesa) Shirasu porous glas
membrane (from SPG Technology Co., LTD, Japdm)metallic membrane (from Micropo
Technologies, United Kingdom).

22




Membrane wetting properties may carefully be com®d in the membrane selection. In
general, the membrane surface where the droplérmsed should not be wetted by the
disperse phase. Therefore, a w/o emulsion is pedpasing a hydrophobic membrane and an
o/w emulsion is prepared using a hydrophilic memeraOn the other hand, w/o and o/w
emulsions were successfully prepared using preemlednydrophilic and hydrophobic
membranes, respectively. The pre-treatment bagicalhsisted in absorbing the continuous
phase on the membrane surface so that to rendeneh&brane non-wetted by the disperse
phase [14, 23, 25]. The presence of emulsifierhi@ tlisperse phase represents another
strategy that permits the preparation of emulsiaith membrane wetted by the disperse
phase.

The dispersion of droplet diameter mainly depengisnuthe membrane pore. In general, a
linear relationship between membrane pore dian{®grand droplet diameter ¢gphas been
observed, especially for membranes with pore diarsefarger than 0.1 micron. In these
cases, linear coefficients varying between 2 -ddpending on the operating conditions and
emulsion composition, have been obtained [3, 2R,Zg@. 1.5 summarizes the behaviour of
the mentioned relationships for different emulssystems. In general, for a certain emulsion

type and in comparable operating conditions, thveelothe pore size the lower the droplet

size.
10 - AMPG
& SPG
87 O Zirconia coated membrane
g 6
=
a
4 O
21 O
O I I I 1
0 0,5 1 1,5 2

Dp (um)

Fig. 1.5. Relationship between membrane pore dien{€;) and droplet diameter ¢p(Data extrapolate
from [3, 23, 27]).
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Fluid dynamic operating conditions, such as axrabogular velocity (i.e. shear stress that
determines drag force value) and transmembranesymegthat determines disperse phase
flux, for a given disperse phase viscosity and mamb properties), can be properly adapted
to tune emulsion properties. The common observédneur of shear stress and disperse
phase flux on WD, ratio is depicted in Figs. 1.6 and 1.7, respebtiv€he droplet size
decreases with increasing of shear stress at thebname surface and decreasing of disperse
phase flux. However, the latter influence is lessdpminant and depends on the droplet
formation time, which in turn is strongly affectbg the interfacial dynamical tension. If the
droplet formation time is larger than the complatisorption of the emulsifier (equilibrium
interfacial tension) the lower the influence ofpiisse phase flux. Therefore, in appropriate
conditions and for emulsions with droplet size ovee micron (1-50 micron, so called
macroemulsions), transmembrane pressure may imiudme disperse phase flux, but have
little influence on changing of droplet size.

Dynamic interfacial tension, therefore emulsifiesed, and related adsorption kinetics
influence the emulsification process. In genetad, faster an emulsifier adsorbs to the newly
formed interface, the lower the interfacial tensiba smaller the droplet produced. Fig. 1.8

shows a linear behaviour betweeg) ratio and interfacial tension.
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Fig. 1.6. Relationship between wall shear strepar{d /D, (Data extrapolated from [27, 28]).
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Fig. 1.7. Relationship between dispersed phase(fjpand and [ZD, (Data extrapolated from [5, 1
22, 26)).
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Fig. 1.8. Relationship between interfacial tengirand O/D,, (Data extrapolated from [26]).

The axial velocity affects the droplet size by botfiuencing the surfactant mass transfer to
the newly formed interface (that speeds up the atolu of the interfacial tension) and the
drag force (that pulls droplets away from the poith).

When production of submicron droplet size is aina¢dcontinuous phase shear stress and
disperse phase flux have to match the need forl simgplet (i.e. high shear stress and low
disperse phase flux) with the need for a relialghtesn productivity (i.e. high disperse phase
flux).

The physical chemical properties of the phasesintimence droplet formation as well as
their stability in the bulk. For example, the visitg of the continuous phase influences both
the shear stress at the membrane wall and thepdsokinetics of the emulsifier.

Concerning thermodynamically unstable emulsions, dreation of new interface from the
disruption of the disperse phase increases theefiemgy of the system, which tends to return
to the original two separate systems. Therefoee uge of emulsifier is necessary not only to
reduce the interracial tension, but also to avba& ¢oalescence and the formation of macro-

aggregates thanks to electrostatic repulsion betwdsorbed emulsifier.
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1.3.1. Post-emulsification steps for microcapsplesiuction

In this paragraph, a description of post-emulsifta steps needed to complete the
preparation of micro-capsules is reported. Microagrsulation can be described as the
formation of small, coated particles loaded witkoéd, a liquid, a solid-liquid dispersion, gas

or solid-gas dispersion.

The concept of micro-encapsulation originated ia i950’s and provided the means by
which ink formulations used in carbonless copy pape packaged. This application has been
most successful and has led to the developmenthef @pplications like the production of
microcapsules for thermal printing, optical recagli photocopy toners, diazo copying,
herbicides, animal repellents, pesticides, oraliaj@ttable pharmaceuticals, cosmetics, food
ingredients, adhesives, curing agents and liveerelapsulation [38].

The size of these capsules may range from 100 naboot 1 mm. Therefore, they can be
classified as nano-, micro- and macrocapsules,ndipg on their size. The first commercial
microcapsules were made by Green with a processdcabmplex coacervation [37]. Since
then, other methods for preparing microcapsules Haeen developed of which some are
based exclusively on physical phenomena. Someeaiflolymerization reactions to produce a
capsule shell. Others combine physical and chempluiahomena. But they all have three main
steps in common. The steps of the microencapulaieparation are schematically depicted
in Fig. 1.10. In the first step, a dispersion or emulsi@s ho be formed, followed by
deposition of the material that forms the capsudd (ig. 1.9, step 2). After solidification or
crosslinking (step 3) of the droplets prepared cygsules are isolated in the last step.

00 g e OOo

@) 0 R (o)

1. Emulsion 2. Capsule wall 3. Polymer shell 4. Capsule
formation deposition Crosslinking recovery

Fig. 1.9. Steps involved in the formation of miapsules.

One of the major problem related to the capsulen&tion is the capsule agglomeration. It
involves the irreversible or largely irreversibligcking together of microcapsules that can

occur during the encapsulation process and/or duhe isolation step
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The microencapsulation process can be classifigthanmain categories (as defined by C.
Thies [38] and reported in Table 1.3: a) chemizatess) and b) mechanical process.
Capsules produced by chemical process are formeelgrin a liquid-filled stirred tank or
tubular reactor. Mechanical process use a gas patseme stage of the encapsulation

process.

In Table 1.4 the typical size of capsules produsdadentified by a number of processes that

have been commercialised.

Table 1.3. List of Encapsulation Processes (A8

Chemical Process Mechanical Process
Complex coacervation Spray drying
Polymer/polymer incompatibility Spray chilling
Interfacial polymerisation in liquid media Fluized bed
In situ polymerisation Electrostatic deposition
In-liquid drying Centrifugal extrusion
Thermal and ionic gelation in liquid media Spinning disck at liquid/gas or solid gas interfa¢
Desolvation in liquid media Pressure extrusion or spraying into solvent
extraction bath

Table 1.4. Commercial Encapsulation Processes biaihed capsule size (After [38])

Process Usual Capsule Sizel(m)
Spray drying 5-5000
In-Liquid drying or solvent evaporation <1-1000
Polymer phase separation (coacervation) 20-1000
Rotational Suspension Separation >50
Fluidized Bed (Wurster) <100
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1.3.2. Membrane emulsification devices

The various membrane emulsification procedure canplactised by using appropriate
membranes and devices configuration.

The cross-flow membrane emulsification can be olethieither with tubular or flat-sheet
membranes, which are fixed in appropriate housingutes connected to circuits controlling
fluid dynamic conditions. A schematic drawing ofrass-flow plant is reported in Fig. 1.10.
The figure also illustrates the tubular and flatesthmembranes and modules. SPG (Japan)
and Micropore (UK) are among the first companie®dpcing plants for cross-flow
membrane emulsification. Fig. 1.11 shows pictufesoonmon marketed equipments.
Emulsification devices where the membrane is imetkns a stirred vessel containing the
continuous phase, so that to obtain a batch ernuasdn device operating in dead-end
emulsification mode, have been also developed (Eif2). Both flat-sheet and tubular
membranes are used. In this membrane emulsificalgmice, the continuous phase kept in
motion creates the shear stress at the membrafaesihat detaches the forming droplets. In
a different operation mode, i.e. when the contirsupliase is not stirred, droplet formation in
guiescent conditions is obtained.

Rotating membrane emulsification is another typebafch emulsification. In this case a
tubular membrane immerse in a continuous phaseeliésgotating itself and its angular

velocity creates the shear stress at the membtafees (Fig. 1.13).
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Fig. 1.10. Schematic drawing of a cross-flow plaising either tubular or flatheet membrane

Both cross-flow and dead-end systems can be usepdraamix and direct membrane
emulsification. In the cross-flow pre-mix systene toarse emulsion is diluted by permeation
into pure continuous phase/diluted emulsion retatowy at the low-pressure side of the
membrane. In the dead-end system the fine emuisiathdrawn as a product after passing
through the membrane, without any recirculation/andilution with the continuous phase. In
this process, the fine emulsion can be repeatedbsqd through the same membrane a
number of times to achieve additional droplet gieduction and enhance size uniformity
(multipass pre-mix membrane emulsification).

Each type of device has specific advantages aratidismtages. The batch emulsification is
suitable for laboratory scale investigations. Thastruction of the device is simple and
handling during emulsification as well as for clean Cross-flow membrane emulsification
is used when it is important a proper adjustmeraligbrocess parameters and larger amounts

of emulsion have to be produced.
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Fig. 1.11. Marketed equipments for membrane emcddion. a) Plant for crosslow membrane
emulsification produced by SPG Technologies Co. L(fdp://www.spg-techno.co.jp/b) spiral-
wound metallic mentane module produced by Micropore  Technolo
(http://www.micropore.co.ull/

A potential disadvantage of cross-flow direct meamer emulsification is the relatively low
maximum disperse phase flux through the membrar@l{@1 ni/m?-h). Membrane, fluid
properties and transmembrane pressure determinediiperse phase flux through the
membrane. The opportune choice of membrane preggoermits to control the flux during
membrane emulsification process. Due to the lowdpctvity, i.e. long production time,
cross-flow direct membrane emulsification is mougable for the preparation of relatively
diluted emulsions with disperse phase content upO8b. Nevertheless, this process enables
to obtain very narrow droplet size distributiontie produced over a wide range of mean
droplets size. Cross-flow pre-mix membrane emulation holds several advantages over
cross-flow direct membrane emulsification. In fadisperse phase fluxes of the former
emulsification process are typically above ¥m3-h, which is one to two orders of magnitude
higher than the latter one. In addition, the meapléts sizes that can be achieved using the
same membrane and phase compositions are smaltgr, the experimental apparatus is
generally simpler and the process is easier toraloand operate since the driving pressure
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and emulsifier properties are not so critical fog successful operation as in cross-flow direct
membrane emulsification. One of the disadvantafigsesmix membrane emulsification is a

higher droplet polydispersity.

Disperse Phase a) b)
J J Disperse Phase

» Membrane

» Membrane
Continuous Continuous
Phase Phase

., Stirrer L_» Stirrer

Fig. 1.12. Emulsification devices where the membrigimmersed in a stirred vessel containing
the continuous phase. Transmembrane pressure éjgiaa) external or shell side, af
internal or lumen side.

Disperse Phase

|

L —» Membrane

Continuous
Phase

Fig. 1.13. Rotating emulsification device.
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1.5. Membrane emulsification applications

1.5.1. Applications in the food industry

Emulsions play an important role in the formulatmfrfoods, i.e., o/w emulsions are used for
preparation of dressings, artificial milks, creaguéurs, and w/o emulsions are used in the
production of margarines and low fat spreads.

Food products must have appropriate texture priggerEor example, it is important that
mayonnaise products have thick and creamy textusas,not too high viscosity. The
rheological properties depend on their compositsuth as the concentration of oil droplets
or the concentration of thickening agents.

The development of membrane emulsification techgiek permits to produce small and
uniform droplets and capsules, using mild condgiasf temperature, shear stress and
pressure. Furthermore, they are able to produdales@roplets with reduced stabilizers
content, which will contribute to the manufacturiojimproved food products with low fat
content.

In this context, the Morinaga Milk Industry (Japaeveloped and commercialized a very low
fat spread using membrane emulsification technol{®88, 40]. The advantages in the
production of low fat spreads made the processdajrtbe first large-scale applications of
membrane emulsification. A w/o emulsion using a MR@rophilic membrane, previously
treated with the oil phase, has been prepared tgsdtow membrane emulsification. The
product resulted stable and free from aqueous peegsaration, tasted smooth and extremely
easily melt able in the mouth.

For practical applications in the food industry,aemdlarge volume production is conducted, it
Is especially important to obtain high dispersesghidux. Abrahamse et al. [8] reported about
an industrial-scale production of culinary cream.this study they evaluated the required
membrane area for different types of membraneSRG membrane, an-Al,O; membrane
and a microsieve filter. The requirements for cafjncream production were: a droplet size
between 1 and fim and a production volume of 20%m containing 30% disperse phase.
They concluded that to produce large quantitiesyohodisperse emulsions the most suitable
was a microsieve with an area requirement of arduntl

Katoh et al. [3] prepared w/o emulsions composeshtifsolution, polyglycerin polyricinolate
(PGPR) at 2%wt and corn oil. It has been proved tthea disperse phase flux was increased

100 times using a hydrophilic membrane pre-trebieninmersion in the oil phase. This made
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the membrane emulsification system practical fogdascale production of a w/o emulsion in
food application.

Double emulsions are also very useful for food @mppibn. Sensitive food materials and
flavours can be encapsulated in w/o/w emulsionas&wg tests have indicated that there is a
significant taste difference between w/o/w emulsiand o/w emulsions containing the same
ingredients, and that there is a delayed releaflevafur in double emulsions [41]. W/o/w or
o/w/o multiple emulsions having a concentrated agaesoluble flavour or a concentrated
oil-soluble flavour encapsulated in the internahgd can be prepared. Food products obtained
with these particulates exhibit enhanced flavoucggtion and extended shelf-life [42].

1.5.2. Applications in the pharmaceutical industry

Among the applications of membrane emulsificatidnug delivery system (DDS) is one of
the most attractive field. W/o/w emulsions have rbgeepared to transport and deliver
anticancer drug [4, 43-45]. The emulsion was diyeatiministered into the liver using a
catheter into the hepatic artery. In this way, @swossible to suppress the strong side effects
of the anticancer drug and also concentrate thag#oselectively to focus on the cancer. The
clinical study showed that the texture of the canagidly contracted and its volume
decreased to a quarter of its initial size.

Composite emulsion as carrier of hydrophilic metkcfor chemotherapy was prepared by
adding albumin to the internal water phase andHecbr cholesterol to the oil phase, so that
obtaining a water-in-oil emulsion. This emulsion swéhen pressed through Millipore
membrane into an external water phase to form awwaultiple emulsion. Its advantages are
high size uniformity and high storage stability [46

Nakajima et al. referred to membrane emulsificaisra method to make functional ethanol-
in-oil-in-water (e/o/w) emulsions. These e/o/w esnhs are suitable to encapsulate
functional components that have a low water anddlilbility while being soluble in ethanol.
An example is taxol which is an anticancer terpefdv].

Vladisavljevic et al. reported about the productminmultiple w/o/w emulsions for drug
delivery systems by extruding a coarse w/o/w eroaldive times through SPG membrane
[48].

Several works also reported about the preparafidcmodegradable polymer microcapsules to
be used as drug delivery system due to their biediadple nature and proven
biocompatibility. The biopolymers employed are nhajoly(lactide) (PLA) [49], poly(lactic-
co-glycolic acid) (PLGA) [50-54], chitosan [55, 56jalcium alginate [57]. Such polymers
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have been applied for encapsulating proteins angtides used as prophylactic and
therapeutic agents in biomedical fields. So fag, delivery route is the injection, which not
only causes distress and inconveniency to patibotslso induces unstable curative effective
and side effects. This is due to the fact thatitugs have to be given frequently, resulting in
rapid increase and decrease of drug concentratidoicod [55]. Therefore, the sustained
delivery system for proteins and peptides is neggssot only for injection administration
but also for developing an oral administration sgstThe use of microspheres as a controlled
release system is one of the prospect methodsactnif may prevent encapsulated drug from
degradation by proteolytic enzymes, prolong its tef-life time and improve its bio-
availability in vivo by controlling release rate afug from the microspheres.

The preparation of monodisperse hydrogel microgs#)esuch as poly-acrylamide-co-acrylic
acid, poly(N-isopropylacrylamide-co-acrylic acid)as been performed for drug devices
thanks to their biocompatibility [57, 58]. The amge diameters of the microspheres were
dependent on the pore sizes (from 0.33 to JuRf) of SPG membranes used in the
preparation procedure.

Solid lipid nanoparticles (SLN) have been alsoddtrced as alternative to solid particles,
emulsions and liposomes in cosmetic and pharmaaupreparations. Charcosset et al.
reported the use of membrane emulsification forpitueluction of SLN [60]. The lipid phase
was pressed through the membrane pores into treoaglcontinuous phase, at a temperature
above the melting point of the lipid. The SLN dner formed by the following cooling of the
preparation to room temperatur€he lipids remain solid also at body temperaturee T
influence of process parameters on the size andigitephase flux was investigated. The
membranes used were supplied by Kerasep ceramidraaes with an active Zgdayer on

an ALOs-TiO, support. Three different microfiltration membramnesre investigated: 0.1, 0.2
and 0.45um mean membrane pore size. It was shown that Slibpaaticles could be
prepared with a liquid phase flux between 0.15 @38 ni/h n and mean SLN size between
70 and 215 nm.

1.5.3. Applications in the electronic industry

The membrane emulsification technique is also eygaldor the preparation of microspheres
starting from monomers such as methacrylates (rradtihiacrylate, cyclohexyl acrylate,
etc.), polyimide prepolymer, styrene monomer [@1¢,

The occlusion of functional material such as théyipude prepolymer (PIP) in uniform

polymer particles, can find promising applicationsophisticated electronic devices such as
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adhesive spacers of liquid crystal panel boardsr(af minor screening process), adhesives or
insulators for micro-tip circuits, and so forth. Ot al. [62] showed that about 30%
occlusion of polyimide prepolymer (diphenilmethahd:-bis-allylnagiimide, BAN-I-M) was
accomplished in the preparation of polymer parsiddlemposed of styrene, various acrylates
and a crosslinking agent (ethyleneglycol dimethiatey EGDMA) via the emulsification
technique with SPG membrane. Particles with a diamad 6-12 microns were prepared. The
presence of acrylates and EGDMA were essentiabtaiio stable lattices of styrene — based
copolymers which occlude BAN-I-M. However, the mese of acrylates with longer side
chains, BA and 2EHA, promoted the inclusion of BANtL In particular, the latter yielded a
stable latex occluding 100% of the initial BANI-Mithwout the crosslinking matrix and using
octyl alcohol as stabilising agent. The latticeshaiit a crosslinking network resulted in an
excellent adhesive ability.

Guang Hui Ma et al. [63] prepared microcapsuleshwiarrow size distribution, in which
hexadecane (HD) was used as oily core and polgstyco-dimethylamino-ethyl
metahcrylate) [P(st-DMAEMA] as wall. The emulsionasv first prepared using SPG
membranes and a subsequent suspension polymerigatioess was performed to complete
the microcapsule formation. Experimental and sitedaesults confirmed that high monomer
conversion, high HD fraction, and addition of DMARVhydrophilic monomer were three
main factors for the complete encapsulation of Hibe droplets were polymerised at 70 °C
and the obtained microcapsules have a diameteingifigpm 6 to 10um, six times larger
than the membrane pore size of .

Furthermore, such monomers can be readily emudsifiedissolving in volatile solvents such
as methylene chloride and chloroform. Uniform padtfide particles, and composite
polystyrene (PST) and polymethyl methacrylate (PMNparticles were produced by solvent
evaporation [64-66].

1.5.4. Other applications

Membrane emulsification has been also appliedniempreparation of oil-in-water emulsion to
be used in cosmetics and/or dermatology, in pdaicior the treatment, protection, care,
cleaning and make-up of the skin, mucous membranddair. The emulsion was composed
by oil phase globules having an average size less 2Oum; it was prepared by direct
membrane emulsification through a porous hydrophilass membrane having an average

pore size ranging from 0.1 toun and preferably from 0.3 tol8n [67].
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The technology also represents a suitable stradtagihe preparation of multiphase reaction
systems that use phase transfer (bio)catalystanGiet al [68] reported about the use of
membrane emulsification to distribute lipase fr@andida rugosaat the interface of stable
oil-in-water emulsions. The enzyme itself was uasda surfactant. Shirasu Porous Glassy
(SPG) membranes having nominal pore diameter ofudlvere used to prepare emulsions.
Emulsions with more than 90% of organic dropletsldf (+0.40)um were obtained. The
methodology allowed to preserve the catalytic pennce of the biocatalyst as well as to
achieve enzyme optimal distribution at the integfa€ stable, uniform and small oil droplets.
Applications in the chemical field, include extrsiof an oil phase containing a photographic
hydrophobic material through a microporous membiatewater [69] and emulsification of
low viscosity paraffin wax in water [70].

The polyurethane (PU) can be considered an envigatdiniendly material because the
urethane bond resembles the amide bond, which esyplossible biodegradability. It can be
used in various elastomer formulations, paintseanlies for polymers and glass, and artificial
leather as well as to biomedical and cosmetic sieRblyurethane spheres were prepared from
20/40% of PU prepolymer solution in xylene [71]. Bkdplets were formed in water with the
SPG membrane of different pore size (1.5 top@r§ and then polymerised to form the final
micro-spheres. Finally, spherical and solid PU ipks$ of 5um were obtained after the
removal of the solvent. In an other study, Ma etraported the formation of uniform
polyurethane-vinylpolymer (PUU-VP) hybrid microspbée of about 2@um, prepared using
SPG membranes and a subsequent radical suspensigmepsation process [72]. The
prepolymers were solubilised in xylene and presdedugh the SPG membrane into the
continuous phase containing a stabiliser to forifioum droplet. The droplets were left for
chain extension at room temperature for some hwifts di- and triamines by suspension
polymerisation at 70 °C for 24h. Solid and sphéred-VP hybrid particles with a smooth
surface and a higher destructive strength werdraata

Ha et al. [73, 74] prepared monodisperse polymeraspheres from 1 to 40m in diameter
for medical diagnostic tests, as chromatographymaol packing and as calibration standards.
The work deals with the synthesis of large andarnif poly(butadiene-styrene) latex. The
ceramic SPG membrane, with a pore diameter ofilh6was employed. The uniform particle
sizes were in the range diameter of 4rg.

Westover et al. [75] prepared lightly crosslinkedtrated poly(4-hydroxystyrene)

microspheres for pH sensors. The microspheres werduced using SPG membranes
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followed by suspension polymerisation and they sbwliameters between 1 and 2
micrometers.

Figoli et al. [76, 77] reported the preparationpaflymeric capsules combining the phase
inversion technique with the membrane process. ddodyetherketone (PEEKWC) capsules
of different size (300-800 micron) and morphologgymmetric with a porous or dense layer)
have been prepared. The capsules can find applicatith in chemical and in food packaging
field [78].

Another field where emulsions are likely to becameerative is the production of fuel [79].
Simple and multiple emulsions represent alterndfisds for diesel engine to both increase
combustion efficiency and reduce particulate erarssConsidering the enormous volume of
diesel that is being consumed today, a replacenfguast a fraction of regular diesel by diesel
emulsion could be of considerable interest to tinéase chemistry community. Until now,
diesel emulsions were prepared by conventional gfragtion methods but it is expected that

the membrane emulsification technique will be dsoome attractive for this application.

1.6. Conclusions

Membrane emulsification, a technology first appdaia the early 1990s, is gaining
increasing attention with many applications beirglered in various fields. Nowadays, it can
be considered at a developing/exploiting stage aisignificant involvement of industrial and
academic research effort. Many studies have beetedaespecially from the experimental
point of view whereas from the theoretical pointvigw the knowledge is not accordingly
advanced.

In this chapter, a description of membrane emugksifon basic concepts, empirical
correlations, theoretical studies as well as mostrmon applications have been discussed.
Many patents have been applied, especially in Japlaich currently holds more than 60% of
worldwide applications, in Europe and USA.

Main drivers for membrane emulsification developménclude high product quality -
especially when labile molecules are involved, gedefinition of droplet size distribution,
low energy input, equipment modularity and easyesag, low equipment foot-print
Challenges in this field include the need for higbeoductivity, membranes and modules
specifically designed for the emulsification pragemodules construction standardization,

and design of innovative intensified processes.
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Chapter 2

Patents analysis in Membrane Emulsification

The present report illustrates the results of alyars of patents on membrane emulsification
published fromits origin to nowadaysThe list of patents analysed is reported in Talle 2

The first patent regarding the membrane emulsiboagoes up again to 1990 (JP2095433).
Fathers of the invention are the Japanese Nakajiatao and Shimizu Masataka of the
Miyazaki Pref. Gov. The invention shows the podsybio prepare an emulsion with uniform
particles through the use of a microporous membvétiediameter uniform of the pore. The
droplet size and size distribution are controlledotigh judicious choice of the process
conditions and the pore size and size distributbthe membrane. This method produces
emulsions by breaking up the dispersed phase froenside to another of a well defined
porous membrane. An emulsion having uniform patsite is produced by simple operation
with a simple apparatus and various materials eaarbulsified while remarkably improving
the physical characteristics.

In the 1992 different patents are published conngrithe simple and multiple emulsions
production, spread, spherical silica gel and pohgmehrough stirred-membranes
emulsification or cross-flow-membranes emulsificatiIn 1993 a new patent (JP5220382)
analyzes the production of monodisperse simple andtiple emulsions through the
membrane emulsification introducing an accuratdyaisof the operational parameters and
the characteristics of the used materials. Thetfadtemulsions can be prepared by using a
simple apparatus and a simple operation proceditheaneduced consumption of energy is
very advantageous from the economical viewpoint.

Therefore, more specifically, the invention is veaugeful in the production of various
materials which require emulsification treatment fbeir production, for example in the
production of foods, medicines, cosmetics, pigmeftsctional plastic particles, functional
inorganic material particles, raw materiala forficeramics and so forth as well as in solvent
extraction.

In the food field, many patents results to haveapplicant an important Japanese food
industry, the Morinaga Milk Industry (JP4323224,6007085, US5279847, JP7087887,
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US5417995, EP0672351). This patents respond teetingest of the food industry to prepare
simple (w/o and o/w) and double (w/o/w and o/w/@)uésions having low-fat content and
excellent flavour without requiring a stabilizerdaa gelling agent as essential components.
The present invention relates to methods for prioduemulsions, a low-fat spread and
multiple emulsions type spread having good tastsilyea excellent in stability and
preservativity on a level never achieved by anyeaotional methods.

The increasing attention in food field towards theoduction of products preserving
ownerships of the natural components in terms sfetar fragrance has determined the
realization of a patent (EP0737425) from the Jagpaneghemical company Asahi Denka
Kogyo KK. The inventors of the present inventionvéaextensively investigated the
emulsified structural of natural fresh cream. Asute they have found that incorporation of
an emulsifying agent and specific proteins affoedsl ideal oil-in-water type emulsion
endowed with enhanced properties characteristidh lob natural fresh cream and of
vegetable cream. The invention show that the menebesmulsification process can be used
also for prepare emulsions containing shear sgasitgredients (such as proteins) preserving
their property in way to get excels fresh crearpatatability.

The Japanese industry Kanegafuchi Chemical Inélis@o. Ltd. proposes the premix
membranes emulsification process for the preparatioemulsions having high content of
dispersed phase (water or oil) difficult to preparth conventional (WO9731708).

The application of membrane emulsification procegtended to various fields such as
pharmaceutical and cosmetic products (JP1124231©00®1491) or in the chemical
industry (JP2006182890,W02006110035).

There are various patent concern the optimizatiomembrane emulsification process such
as apparatus and device to improve the use ofetisology on productive scale.

Nakajima T. et all (JP6315617) plan at first (199#E "stirred-membranes emulsification
plant” for small volumes of dispersed and contirsipbase. Subsequently (2005), to answer
to the request of specific applications such agpharmaceutical field, Nakajima N. et all
(JP2005279326) propose a "disponsable membraneslefidtat it allows to operate under
conditions of sterility and reducing the times oéparation.

Williams et all use a plant and a method to proddispersed systems using a ceramic or
metallic membrane (WO09736674) and an apparatustier membrane emulsification
endowed with a rotating membrane (WO0145830).

The research carried out evidence that Japaneigrihcipal country in which the patent in

membrane emulsification have been developed (64%6) @.1). The data clearly show a
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lower number of studies in the membrane emulsibcafield in the European countries.
Some patents that result to be filed or grantexhfilee EP (European Patent Office) they have
as applicant some German chemical industries wieatFraunhofer ges forschung and the
Basf AG.

204 4%

m Japan

W Europe

@ United States of America

11%

mWorld Intellectual Property
Organisation (WIPO)
Japan O Republic of Korea

8%
64%

@ China

Fig. 2.1. Worldwide distribution of patents on meare emulsification.

The percentage of patents published in the seéttlreomembrane emulsification during the
time has been evaluated from 1990, year of thé gublication, up to December 2007 (Fig.
2.2).

Number
a1

Publication date

Fig. 2.2. Patents published in the time.
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The distribution show two pecks, one in the fiysfrs in which the technique has been
introduced and one in more recent time (2006) inciwithe greatest part of the published
brevets concern the application of the processarhbrane emulsification (photo, cosmetics,
pharmaceutical, chemistry).

The patents published in the early 90 primarily agon the possibility of membrane
emulsification technology application to preparespdirsed systems as alternative to the
conventional mechanical methodologies. Subsequenttly the acquisition of a great number
of information about the membrane emulsificationthmdology (such as the parameters
influence) new application fields have been exmofpharmaceutical or photographic or
fuels) and major attention has always been sanpdve the quality of the process both in
terms of plant that of device to answer better gsna the productive demands.

The research carried out evidence that the fieldvinch the membrane emulsification
technology results to have the most applicatiothés food field followed by the chemical

field. In medical and cosmetic field there are camllymited number of applications.

40+
35
30+
251
% 20
15
10

Food application Chemical Medical Cosmetic
application application application

Fig. 2.3. Percentage of patents applications ifent fields
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2.1. Conclusions

The membrane emulsification introduced in 1990 rexeived in the first years a strong
impulse shown by an increasing number of patentighdd in that period. It is however in
times more recent than the potentialities of sedhmology have lead to the greatest number
of applications in various fields. The food and el (for example production of fuel or
material photographic) field in general resultbéothe fields of great interest.

Some publications concern primarily the process #ed apparatus The aim result to be
investigate the versatility of the membrane emiglaifon technology and to improve the use
in more large scale

Further studies will allow to exploit to the bestetadvantageous opportunities that the
membrane emulsification technique have in termgrofiuct quality, costs sustained. The
exploration of new applications is also attended.

Major interest from European countries is attendeasidering the positive perspectives and
potentiality that the membrane emulsification psseshow in the dispersion systems

production.
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Table 1List of patents developed in Membrane Emulsifiatio

Publication

Publication

date Title number Inventor Applicant
1990-04-06 PRODUCTION OF EMULSION 1P2095433 NAKAAMADAO; SHIMIZU MASATAKA MIYAZAKI PREF GOV
ITO MUTSUHIRO; FUJISAKI MINORU; NAKATANI KAZUHIKO; YAMAZAKI
1992-08-10 PRODUCTION OF EMULSION AND SPHERICAL S@A GEL IP4219131 M SONITO. ARIMORA MASAY ORI FUJI DAVISON CHEMICAL
1992-09-14 PRODUCTION OF POLYMER BEAD JP4258601 HABUME KIYOKO OHTSU TIRE & RUBBER CO LTD
OKONOGI SHIGEO; KUMAZAWA RENZO; TOYAMA KAZUYOSHI; KATO
1992-09-14 PRODUCTION OF DOUBLE EMULSIFIED SPREADIS TS PRODUCTION IPA258251 |\ e VU0: TACALAS Ky OTAKA FLIMOTO MA SALISA MORINAGA MILK INDUSTRY CO LTD
1992-11-12 PRODUCTION OF MONODISPERSE ORGANIC POLERIBEADS IP4323224 YAMAGOSHI TOMIO; FUJ'SAT\LL'\J"FL’\L%TT% ITO MUTSUHIRO; YAMAZAKI FUJI DAVISON CHEMICAL
1993-07-27 PRODUCTION OF EMULSION JP5184895 OTSUKA YUKIO SEKISUI FINE CHEMICAL CO LTD
1993-08-31 MONODISPERSE SINGLE AND DOUBLE EMULSIGMD ITS PRODUCTION IP5220382 NAKAJIMA TADAO; SHIMIZ MASATAKA; KUKIZAKI MASAHITO MIYAZAKI PREF GOV
PRODUCTION OF FINE POLYMER PARTICLE AND FINE POLYMEPARTICLE _
1994-01-11 NI Saly IP6001854 HASEGAWA JUN; HANEDA HIDEKAZU NIPPON ZEON CO
TOMITA MAMORU; TOYAMA KAZUYOSHI; KATO MAKOTO; ASANO
1994-01-18 DOUBLY EMULSIFIED SPREAD AND ITS PRODUGIN JP6007085 e T Y A B o MRS A MORINAGA MILK INDUSTRY CO LTD
) N OKONOGI SHIGEO (JP); KATO RYO (JP); ASANO YUZO (JPUGUCHI
1994-01-18 TS PR PR T e SOy o READ ANDIL-IN US5279847 HIROYA (JP); KUMAZAWA RENZO (JP); SOTOYAMA KAZUYOSH (JP); MORINAGA MILK INDUSTRY CO LTD (JP)
TAKAHASHI KIYOTAKA (JP); FUJIMOTO MASAHISA (JP)
1994-02-22 PRODUCTION OF AQUEOUS COPOLYMER RESINSPERSION IP6049104 YAMAMOTO AKIHITO; YOSHINO FUMIO DAINIPPON INK & CHEMICALS
1994-05-24 PRODUCTION OF MONODISPERSE FINE SPHERIGMRTICLE JP6142505 HIRAYAMA CHUICHI; IHARA HIROTAA; IWATSUKI MAKOTO HIRAYAMA CHUICHI; IHARA HIROTAK A; AJINOMOTO KK
STABLE MULTIPLE EMULSIONS COMPRISING INTERFACIAL GEATINOUS
1994-07-26 |  LAYER, FLAVOR-ENCAPSULATING MULTIPLE EMULSIONS ANDLOW/NO- US5332595 GAONKAR ANILKUMAR G (US) GEN FOODS INC (US)
FAT FOOD PRODUCTS COMPRISING THE SAME
1094-08-23 PRODUCTION OF EMULSION IP6233923 SAKAIBRNORYI; KITAHARA MICHIO; NAKADA SATORU NONOGAWA SHOJI YK; FUJI SHIRISHIA KAGAKU KK
1994-11-15 EMULSIFYING METHOD AND DEVICE IP6315617 NAKAJIMA TADAO; SHIMIZU MASATAKA, IWASAKI YOSHIHIKO ; MIYAZAKI PREF GOV; KIYOMOTO TEKKO KK
FUJIMOTO KENJI
TOMITA MAMORU; TOYAMA KAZUYOSHI; KATO MAKOTO; ASANO
1995-04-04 MIXED EMULSIFIED SPREAD AND ITS PREPARAON IP7087887 ot Tk AT YO LKA MORINAGA MILK INDUSTRY CO LTD
1095.04-25 PRODUCTION OF EMULSION IP7108164 SAKAIBANORI; KITAHARA MICHIO; YAMAZAKI MITSUHITO NONOGAW A SHOJI YK; FUJI SILYSIA CHEM LTD
. TOMITA MAMORU (JP); SOTOYAMA KAZUYOSHI (JP); KATO RO (3P);
1995-05-23 SPREAD AND A METHOD FOR PRODUCTION OF IBASPREAD US5417995 ASAND YURs (P TAKAHASHI KIYOTARA (0F) MORINAGA MILK INDUSTRY CO LTD (JP)
1995.09-20 METHOD FOR PRODUCING EMULSIONS. Epos7e3s | OKONOGISHIGEO (IP); KATOY%YZ%((JJFQ); YUGUCHI HIROYRIP); ASANO MORINAGA MILK INDUSTRY CO LTD (JP)
1995-12:05 | METHOD FOR PREPARING OIL-IN-WATER EMULSN OF EDIBLE FATTY OIL IP7313056 YAMANO YOSHIMASAAITANI SHOICHI; HOSOYA YASUTO NISSHIN OIL MILLS LTD
1996-10-16 OIL-IN-WATER EMULSION CONTAINING LYSOPHSPHOLIPO-PROTEINS EP0737425 OKUTOMI YASUO (JP); BIDA TOSHIHIRO (JP) ASAHI DENKA KOGYO KK (JP)
1997-08-05 PREPARATION OF EMULSION AND POLYMER FINEARTICLE JP9201526 MUKAI KATSUNORYI; HISADA TAKASHINAITO MASANORI SEKISUI FINE CHEMICAL CO LTD
1997-09-04 PROCESSES FOR PRODUCING EMULSIFIED FATMPOSITION WO09731708 SUZUKI KANICHI (JP) KANEGAFUGHCHEMICAL IND (JP); SUZUKI KANICHI (JP)
i i DISPERSE TECH LTD (GB); WILLIAMS RICHARD ANDREW
1997-10-09 DISPERSION OF IMMISCIBLE PHASES wogr3ge7 | WILLIAMS RICHARD ANDREW (GB); WHEELER DEREK ALFRED(GB); (GB); WHEELER DEREK ALFRED (GB); MORLEY NEIL
MORLEY NEIL CHRISTOPHER (GB)
CHRISTOPHER (GB)
1998-02-17 PRODUCTION OF EMULSION IP10043577 MUKZATSUNORI; HISADA TAKASHI SEKISUI FINE CHEMICAL COLTD
SUSTAINED RELEASE EMULSION PREPARATION OF MEDICINEND ITS NAKAJIMA TADAO; SHIMIZU MASATAKA; KOMATSU YOSHINORI ; KATO | MIYAZAKI PREF GOV; S P G TECHNO KK; MEIJI MILK PROD
1998-08-04 IP10203962
PRODUCTION OKI O LTD
EMULSIFYING METHOD OF PHOTOGRAPHIC HYDROPHOBIC SUBBNCE,
1999-09-07 |  EMULSIFIED MATERIAL AND SILVER HALIDE PHOTOGRAPHICSENSITIVE IP11242317 ENDO KIYOSHI KONISHIROKU PHOTO IND
MATERIAL
1999-12-07 MEMBRANE EMULSIFYING DEVICE IP11333271 ARIGUCHI TORU REIKA KOGYO KK
2000-04-20 |  STABLE OIL-IN-WATER EMULSION, METHOD FOR PREPARINGAME AND W00021491 ROULIER VERONIQUE (FR); QUEMIN ERIC (FR) OREAL (FR):; ROULIER VERONIQUE (FR); QUEMIN ERIC (R

USE IN COSMETICS AND DERMATOLOGY




2001-06-28 ROTATING MEMBRANE WO0145830 WILLIAMS RIGARD (GB) UNIV LEEDS (GB); WILLIAMS RICHARD (GB)
2001-07-03 POLYPHASE EMULSION JP2001179077 GOTO MASASHI; MABKAWIA K10 RKAJIMA TADAC: SHIMIZU SUNSTAR INC; MIYAZAKI PREFECTURE
2002-12-04 DEVICE AND PROCESS FOR MAKING EMULSIONS EP1262225 SCHLIESSMANN URSULA DIPL-ING (DE); STROYDRBERT DIPL-ING (DE) FRAUNHOFER GES FORSCHUNG (DE)
2003-11-28 METHOD FOR FORMING EMULSIOR AND METHOD FOR FORMINGESIN IP2003335804 HAYASHI SHINICHI; KOJIMA RYOJI SONY CHEMICALS
2004-01-15 | S/O SUSPENSION, S/O/W EMULSION, AND TREMANUFACTURING METHOD | JP2004008837 NAKAJIMA TADACBHIMIZU MASATAKA; KUKIZAKI MASAHITO MIYAZAKI PREFE CTURE
2004-04-15 PRODUCTION METHOD OF EMULSION JP20041339 KOBI YOSHIKI KURARAY CO
20040805 UNIFORM EMULSION BY MEMBRANE EMULSIFICATION Us2004152788 | WU HUEY SHEN (US); OGA TAKAHIRO (JP); OMI SHINZO B); YAMAZAKI
NAOHIRO (JP)
PROCESS FOR PRODUCING INORGANIC SPHERES HAVING UBRM , ,
2004-12-31 P B G R e SPHERES AV KR20040111082 TATEMATSU SHIN; YAMADA KAZUHIKO; YAMADA KENJI ASAHI GLASS CO LTD
2005-02-03 | METHOD AND APPARATUS FOR M$QS$ACTUR'NG INORGANIC SRERICAL JP2005028358 YAMADA KENJI; TATEMATSU SHIN; YAMADA KZUHIKO ASAHI GLASS CO LTD
2005-02-03 EMULSION PRODUCTION DEVICE JP2005028254 NAGAHAMA TORU; YOSHINO TOMOAKI TAISHO PHARMA CO LTD
2005-02-03 METHOD OF PRODUCING EMULSION JP200502825 YOSHINO TOMOAKI; NAGAHAMA TORU TAISHO PHARMA CO LTD
CHITOSE MICROSPHERE AND MICROCAPSULE WITH UNIFORMZE AND , _
2005-04-20 R R CN1607033 MA GUANGHUI (CN); SU ZHIGUO (CN); WANG BINYAN (CN) INST OF PROCESS ENGINEERING CH (CN)
2005-07-14 DEVICE AND METHOD OF PREPARING EMULSION JP2005186026 NAKAJIMA NOBORU; FUJIWARA MITSUTERU SPG TECHNO KK
2005-10-13 DISPOSABLE MEMBRANE MODULE FOR PREPARINEMULSION IP2005279326 NAKAJIMA NOBORU; FUJIWARA NMISUTERU; MAEDA DAIGO SPG TECHNO KK
2006-05-11 METHOD FOR PREPARING MICROSPHERE us2amss | SUZUKITAKEHIKO (IP); MATSU%‘F’,\SA YASUHISA (JP); SUZWKI AKIRA TANABE SEIYAKU CO
" DANNER THOMAS DR (DE); VOSS HARTWIG DR (DE); BAUDERNDREAS
2006-06-07 PROCESS FOR PRODUCING A FINE EMULSIONTRA COARSE EMULSION EP1666130 OB ViEREeR SONA OE) BASF AG (DE)
METHOD FOR CONTROLLING DROPLET SIZE OF AN EMULSIOWHEN _ _
2006-06-15 I osLING DROPLET SIZE OF A US2006128815 | CLARE HUGH J (GB); PEARSON CHRISTOPHEEGE); SHANKS IAN A (GB)
METHOD FOR PRODUCING EMULSION FUEL AND APPARATUS O , , ,
2006-07-13 PRODUCING THE SAME AND APPARATUS FOR MODIFYING FUEL JP2006182890 NAKAJIMA NOBORU; FUJIWARA MITSUTERU; MAEDA DAIGO; SPG TECHNO KK
WATANABE KOJI
PROCESS FOR PREPARING AN AQUEOUS ADDITION-POLYMERSPERSION GASCHLER WOLFGANG (DE); DANNER THOMAS (DE); BAUDERNDREAS BASF AG (DE); GASCHLER WOLFGANG (DE); DANNER
2006-08-31 WO2006089939 DD UMK AR STEPEEN (DE): HAMERG GBSO (O THOMAS (DE); BAUDER ANDREAS (DE); FUNKHAUSER
: ; STEFFEN (DE); HAMERS CHRISTOPH (DE)
MICROSIEVE MEMBRANE FOR EMULSIFICATION AND LITHOGRAHIC ,
2006-10-19 R A WO02006110035 SANCHEZ-DE VRIES STEFAN (NL) FLUXXIOBIV (NL); SANCHEZ-DE VRIES STEFAN (NL)
2006-12-07 METHOD OF PRODUCING METAL PARTICLE JP2006328471 ISHIKAWA YUICHI; SON HITONORI KRI INC
20061221 METHOD FOR PRODUCING EMULSION COMPOSITION 2006341252 FUJIMOTO KENJI; MINAMINO TATSUO; AKAGI HIDEKUNI; IWASAKI KIYOMOTO IRON & MACHINERY WORK; MIYAZAKI
YOSHIHIKO; SHIMIZU MASATAKA; NAKAJIMA TADAO PREFECTURE
METHOD FOR PREPARING EMULSION USING POROUS BODY ANDS NAKAJIMA NOBORU; IWASHITA KAZUHIRO; FUJIWARA MITSUTERU;
2006-12-28 ERaRSIoN Y JP2006346565 A KAZOHIR SPG TECHNO KK
PREPARATION OF EMULSION FOR DECREASING LIQUID-DROBIAMETER
2007-01-17 CONTINUOUSLLY AND GRADUALLY BY POROUS FILM CN1895763 LI NA (CN) XI AN COMM UNIV (CN)
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Chapter 3

Phases properties and operational parameters iprblfess

3.1. Introduction

Water-in-oil (W/O) emulsification is an importantgeess in food, cosmetic, pharmaceutical
and other chemical industries [1-3]. Moreover, WE@ulsions were applied to produce
multiple emulsions [4], microcapsules for capsulizimedicines, and microspheres for
packing gel permeation chromatograph (GPC) and pagformance liquid chromatography
(HPLC) columns [5,6], immobilizing enzymes [7] alwhding protein drugs [8]. The mean
size and size distribution of emulsions are of egpeignificance for fabrications of all these
“high- tech” products. In addition, the characteristice atability of emulsions are greatly
affected by their size and size distribution [9].

There is a very small number of papers dealing withpreparation of W/O emulsions by a
membrane emulsification method. It can be explaimethe fact that the preparation of W/O
emulsions is difficult in comparison to O/W emulso It is because the water droplets are
hard to stabilize by an electrical double-layerutejpn force in an oil phase with low
dielectric constant. In addition, diffusion of faatant molecules through the continuous oil
phase is slower because of the higher viscosityl@ompared to water. Thus, stabilization of
the newly formed water droplets is slower and cz@dace cannot be avoided sufficiently
during droplet formation. However, droplet coalesmin the prepared emulsion is slower in
the case of higher continuous phase viscosity. abld 3.1 are summarized the data of
previous investigations dealing with the preparataf W/O emulsions by a membrane
emulsification method. A small amount of works presents in literature. In particular, most
mainly concern the production of W/O emulsions bect membrane emulsification in static
[10-13] or cross-flow [14-19] operation procedurgssome case, when cross-flow was used,
droplets size was below the mean pore size andmigsattributed to the fact that: a) water

which penetrates through the membrane cannot coehpldisplace the oil phase from the
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interior of the pores due to the high oil viscosigmpared with water [14] or b) spontaneous
emulsification occurred when the interfacial tensimetween the water and oil phases is less
than 2 mN/m [11]. In addition, most results wasredd to us of hydrocarbons not suitable
for human use.

In this work, the effect of natural and biocompkibil phase viscosity on droplets size and
droplets size distribution was investigated in pieparation of W/O emulsions to applied in
food, cosmetic or pharmaceutical application. Tine \&as to set the operations conditions to
prepare W/O emulsion in which droplets size wagtstrcontrolled from membrane pore.
Stirred cell membrane emulsification was used ssains procedures. In the stirred cell
membrane emulsification is achieved using a circdiac membrane with uniform pores
regularly spaced, on top of which a simple paddieid stirrer induced shear at the membrane
surface, resulting in droplet detachment during im@me emulsification [18, 20-21]. In this
system, the drop size distribution of product iscinbetter than would be expected from such
a noncontrolled shear device [20]. Although theeyspermit to obtain only larger droplets
because membrane pores available ranged from |B#0the knowledge can be used to
produce W/O droplets emulsions with specified sising all membrane emulsification
process in which shear induced droplet formatiomrsoAthe effect of dispersed phase
composition was evaluated in order to improve Wif@ulsion stability using glycerol as

plasticizer or PVA as thickening.
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Table 3.1. Literaturelata of previous investigations dealing with thepgaration of W/O emulsions by a membrane emulsifinanethod.
Dy

Method

Operation
procedures

Membrane

Dispersed
phase

Continuous
phase

Emulsifier

Flux or Py of
dispersed phase

Flour rate or shear stress
of continuous phase

Pre-mix Static Hidrophobic PTFE 1 Water Corn oil Hexaglycgovlvgzlg/nmnoleate 0.1-1.5 mPa 3 10
Direct Static hydrophilic SPG ~ 0.99 Water Toluene PE-64 (2-10 wt%) 4 mi/min - %g%‘ 11
Direct Static hydrophilic SPG 2 Water Toluene PE-64 (2-10 wt%) 4 ml/min - 11%% 11
Direct Static hydrophilic SPG 4.70 Water Toluene PE-64 (2-10 wt%) 4 ml/min - 1158%- 11

Water + NaCl 13.5-

irect tatic ydrophobic . .017-0. erosene wt% a -

Di Stati hydrophobic SPG 4.8 0.017-0.855 K PGPR (5 wt%) 3 kP 15' 5 12
M) '

irect tatic ydrophobic erosene wt% - a - .5-7.

Di Stati hydrophobic SPG 2 W?(;esrsg ,\'\/‘SC' K PGPR (5 wt%) 7-10 kP 6575 12
Direct tatic ydrophobic . erosene wt% a -

i Stati hydrophobic SPG 4.8 W?tgi;,wau K PGPR (5 wt% 3kP 15 13
Direct  Cross-flow P%{%?gg;gﬁe 0.4 Water Mineral oil PGPR (10 wt%) 0.5 linth 130 I/h 042 14
Direct  Cross-flow P%’{%?gg;g'ge 0.4 Water Mineral oil PGPR (10 wt%) 0.12 I/nth 130 I/h 031 14
Direct  Cross-flow P%{%fgg;gﬁe 0.4 Water Mineral oil PGPR (10 Wit%) 0.2 In?h 130 I/h 026 14
Direct Cross-flow Hydmgrggﬁfiggys 2l 25 Water n-hexadecane BolevMT (1 wt%) 250 mbar - 125 15
Direct Cross-flow Hyd;(;g?glgrcif;régys 2l 315 Water n-hexadecane Span 85 (1 wt%) 150 mbar - 150 15
Direct Cross-flow Hydrophobic MPG 1 Water + soybean oil PC + PGCR (5 wt%) 80 kPa - 3.08 16

glucose (5%)
Direct Cross-flow hydrophilic SPG 0.99 Water Toluene PE-64 (2-10 wt%) 4 ml/min 23 ml/min %g% 17
0,
Direct Stirred cell Hidrophobic metallic 30 Wazirso;; ;D VA Kerosene HypeSrFr)r;eanI?OZfé \(A(/)tti ;Nt 49) 70 l/hnt 70 dynes/crh 77 18
Kerosene/ o
Direct Stirred cell Hidrophobic metallic 30 Wazii-,o; ;D A soyabean Hypeérn;enrgoz% \(/Sts;ﬂlt 79 70 l/hn? 126 dynes/ch 71 18
0 0il(40%) P ©
Kerosene/
. . " n " Water + PVA " Hypermer B261 (0.3 wt%)
Direct Stirred cell Hidrophobic metallic 30 (15%) so;zggs/[z)a)n oil Span 80 (2 wt%) 70 I/hnt 127 dynes/ct 65 18
Kerosene/ 2
Direct Stirred cell Hidrophobic metallic 30 Water 0+ PVA soyabeab oil LlyReiCIE 26T (0'03 i) 70 I/hntf 120 dynes/cr 5 18
(15% ) (80%) Span 80 (2 wt%)
Direct Rotating Nickel 5 Water Sunflower oil PGPR (1 wt%) - - - 19
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3.2. Materials and methods

3.2.1. Materials

Soybean oil (Sigma), Squalene and Limonene werd asecontinuous phase in the W/O
emulsion preparation. In all experiments, 2 wkbtbitan monooleatéSpan 80, Sigma) was
used as hydrophobic surfactant. All the aqueoudisols ware prepared using ultrapure water
(USF Elsa, model Purelab Classic PL5221) with astiggy of 18.2 MQ-cm. A 15 wt%
solution of Polyvinil alcohol (PVA, 13.000-23.00@ltbns) or glycerol was used as dispersed

phase.

3.2.2. Membranes and membrane emulsification eqgripm

An hydrophobic metallic membranes, havingp20 d,, was used to prepare W/O emulsion in
the stirred emulsification cell (Micropore Techngies Ltd) [18, 20]. The system consists in a
PTFE base (named injection chamber) that hostsat rfiembrane coupled with a

dismountable threaded glass cylinder. A stainlésal stirrer is placed over the glass cylinder
and regulated by a voltage regulator connectethdoetectricity. The feeding system of the
cell was modified from the original version, wheirestead of a gravimeter cylinder a
peristaltic micropump (Ismatec, model C.P. 7801p-8fs connected to the injection

chamber to permeate the dispersed phase at fimmtyratled flow rate. A schematic

representation of the stirred emulsification plameported in the Figure 3.1.

L7\,
77\ o
vou
[62]

\ 4

Fig.3.1. Stirred membrane emulsification equipnsaiteme. 1: peristaltic pump; 2: Dispersed phase
graduated vessel; 3: backpressure valve; 4: iojectihamber; 5: glass cylinder; 6: Stainless staa¢s
with a blade at the bottom ending; 7: motor; 8iagé regulatc

55



In all experiments, the dispersed phase flux wad kenstant at a value of 40.7 + 0.7 I/m

The emulsification process was stopped when 3%atémin oil was obtained.

3.2.3. Dispersed drop size modelling

The equations used were introduced in the prewauk [18]. For the simple paddle-bladed
system used in this work, equation 1 can be usedltulate the location of the transitional
radius along the paddle-blade radius. The tramsiticadius is the point at which the rotation

changes from a forced vortex to a free vortex:

0.036
r=2 12{ 057+ ossBJ(E} o Re (1)
2 TAT 1000+ 143Re

whereb is the blade heighT, is the tank widthD is the stirrer width, andb is the number of
blades. The Reynolds Number is defined by ResB%2mm wherep is the continuous phase
density,  is the angular velocity, ang is the continuous phase coefficient of dynamic
viscosity.

The boundary layer thickness,is defined by the Landau-Lifshitz 2 equation:

pw

The shear stress in the boundary layer above timebname surface varies according to eqs 3
and 4, for radial positions less than the trans#iaadius and greater than the transitional

radius, respectively

r= 0.825701’%_ I' < krans (3)
r 06 1
r= 0.8257aft,ans( trj 5 I > Frans (4)

3.2.4. Droplets measurement
Droplet size was measured by Zeiss Axiovert 25captimicroscopy with a 10X lens. The
images were obtained with an AxioCam (Carl Zeisshg AxioVision 3.1 software (Carl
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Zeiss). The images were processed by the “Sciongéingorogram. This software
automatically counts identified particles and measutheir diameter. For each series of
experiments, standard deviation was calculated fabieast three different experiments. For
each experiment, three samples were taken at the sampling time and for each one at least
five photos were analysed. From these measurentbetsnean droplet size reported as The
mean particle size was expressed as the surfaghtedimean diameter (or Sauter diameter),
D[3,2]and as the volume weighted mean diameter,der Brouckere diameter), D[4,3].
D[3,2] and D[4,3] were determined, respectivelyfa®ws:

D’n,
p[32]= %D;:{ (5)
plag) = & Di4”f (6)

Z Di3 nl

whereD; = particle diameter of classaandn; = number of particle in class
The width of droplet size distribution was expresses a Span number, calculated by the
following expression:

D[0.9]- D[0.4]
D[05]

Span= (7)

where DO] is the diameter correspondingX@ vol.% on a relative cumulative droplet size
curve.
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3.3. Results and discussion

3.3.1. Effect of continuous phase composition
In Table 3.2 are reported the continuous phase ustee preparation of W/O emulsion, the

angular velocity ¢) and the corresponding shear stress applied.

Table 3.: Continuous phase us

Viscosity Density Shear Angular
Continuous phase (cP) (g/ml) stress velocity
(dyne/cnd) )

o Linoleic (18:2)w-6
s noencqsas | Soybean 54 0.919 g:;g §1‘j§
18.03 34.59
Squalene 11.2 0.858 33.75 46.42
, 53.54 58.03
[Li] m _ 44.51 68.01
bandE Limonene 1.3 0.840 66.12 87.17
74.68 94.14

When soyabean oil was used as continuous phasedfease of shear stress determined
droplets size decrease but droplets size belownin pore size also obtained as showed
in Fig. 3.2.

Fig. 3.2. Optical Microscopy images (10x) of enmubs produced at shear stress value of (a)
5.18 Dyne/crf (b) 9.82 Dyne/cth Soybean oil was used as continuous phase

This suggests that a phenomenon of breaking oatwithout membrane controller. This

result was also observed in the previous work amweas related to the continuous phase
viscosity [18].
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However, the aim of these tests was to verify thesgbility to obtain droplets size controlled
by membrane emulsification process, even when uaisglvent with high viscosity value,
selecting appropriate values of angular velocitye Tests showed that although low value of
angular velocity was selected, droplets’ breakirgs wduced. Fig. 3.3 shows that the shear
stress increase reduces the emulsion droplets thaareter but span increase. This confirms
that when soybean oil was used, the contributiteted to the high viscosity dominates the
emulsification process also when controlling thieefof turbulences caused by the agitation

speed of the continuous phase.

500 - - 10
o
T 400 - -8
£
©
S . 300 -6 - —4—D(43)
5§ -\; g -—®-D3E2
5 T 200 Ly @ Span
o
: . L
& 100 - -2
S L

O T T T T T O

0 2 4 6 8 10 12

Shear stress (dyne/cm?)

Fig. 3.3. Mean particles diameter and span of eongsas function of shear stress. Soybean oil
was used as continuous phase

250 - + 10

o
O il €
e 200 8
o
a
150 - le c * D(4,3)
s 5 g =DG2)
S 100 1 T4 Span
o
% 50 4 12
()
E E e -

0 : : : : : 0

0 10 20 30 40 50 60
Shear stress (dyne/cm?)

Fig. 3.4. The influence of shear stress conditionsmean particles diameter and span when
squalene was used as continuous phase
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It is observed that mean particles diameter deeredsen shear stress increased. The
droplets breaking phenomenon was observed onlghear stress values of 53.54 D/cm2

corresponding to an angular velocity of 58.03 sfhe comparison between optical

microscope images (Fig. 3.5 ) shows this effect.

Fig. 3.5. Optical Microscopy images (10x) of emaoits produced at shear stress value of (a) 18.03
Dyne/cnd, (b) 33.75 Dynescf(c) 53.54 Dyne/cf Squalene was used as continuous phase



The data shows that, when oils with a viscositydowompared to the common vegetable
oil like soybean oil (54 cP) but higher comparedh® hydrocarbons such as kerosene (1.4
cP), an appropriate shear stress value througlsdleetion of angular velocity permit to
control membrane emulsification process preventhgy effect of turbulence associated
with the continuous phase viscosity that can berdahe for droplets breaking.

The lowest viscosity value of limonene has perroisdio use higher values of angular
velocity and thus shear stress. Fig. 3.6 showsritheence of shear stress conditions on
mean particles diameter and span when limoneneus&s. Droplets size and droplets size
distribution decrease when shear stress increaskisl case, no breaking phenomenon was

observed also at very high values of angular veidg€iig 3.7).

_ 100 - 10
L
g 80 - 18
Ko
o & D(4,3
2= 60 w6 < (4.3)
JE! g =02
= 40 - T4 Span
o
s 20 12
(6] - -
= 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0

0 10 20 30 40 50 60 70 80

Shear stress (dyne/cm?)

Fig. 3.6. The influence of shear stress conditionsnean particles diameter and span when
limonene was used as continuous phase
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Fig. 3.7.Optical Microscopy images (10x) of emulsions proetl at shear stress value (af) 44.51
Dyne/cnf, (b) 66.12 Dyne/ch) (c) 74.68 Dyne/cf Limonene was used as continuous phase

The Fig. 3.8 combines the D(3,2) and span obtairséng different continuous phases and
at different shear stress conditions.
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Fig. 3.8. The suitable range of shear stress donditwhen using viscous fluids. Effects
on: a) mean particles diameter and b) span whetincmus phases with different viscosity
were use

The effect of continuous phase on the W/O emulgicgparation using dispersion cell
system depends on the combination of two factdrs:shear stress (or angular velocity)
and the viscosity of the continuous phase. The sladavs that with soybean oil already at
an angular velocity of 24.14'5(5.18 D/cm) droplets breaking was observed and span
value was high (drawn in yellow in Fig. 3.8 b). éxther increase of angular velocity could
cause loss of control of the emulsification procds®ugh the membrane pores. For
limonene, higher values of angular velocity (up%4.14 &) do not cause emulsion
droplets breaking and monosized droplets are oddajspan = 0.53). The low viscosity of

limonene allows to use high values of angular viglognd shear stress without affect the
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membrane process. Squalene has viscosity propaerteesmediate between soybean oil and
limonene. Up to values of angular velocity of ab86t42 s-1 (33.75 Dicfpthe effect of
breaking does not occur but the further increasamgfular velocity of up to 58.03 s-1
(53.54 D/cnf) involves a loss of process control through thenimene pore size and got

several droplets of smaller size.

3.3.2. Effect of dispersed phase composition

The study evaluated the effect of the dispersedselmmposition using two different
stabilizers added to the aqueous phase: glycerblpafivinilalcol (PVA) (13.000-23.000
daltons). Glycerol is used as plasticizer becauserifers plasticity to the droplets while
the PVA works as a thickening by increasing dispérghase viscosity and thus reducing
the kinetic energy of the droplets and hence thwbility and association by preventing
the destabilization reversible phenomena suchaasdlation. PVA is known to associate
with anionic surfactant such as SDS in solution #orch polyelectrolyte complex at the
interface, leading to the decrease of interfa@ation [21, 22]. Experiments carried out in
the same operative conditions with different cambns phases in the presence of PVA or
glycerol in the dispersed phase are compared 853).

In all experiments, droplets with lower size andido size distribution are obtained when
PVA is used.

Soybean oil 9.99 dyne/cm? a)
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)
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g
S 50 - 12
(]
= 0 0

glycerol PVA
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Fig. 3.9. Effect of PVA or Glycerol added in thespiérsed phase on mean particles diameter and

span when a) soybean oil, b) squalene or c) limemeas used asontinuous phase

The physical stability of dispersed systems is etgueto be lower when droplets with

lower size are obtained. According to Stokes law:

v=d’(p, - p,)-

1870

wherev is the particles' settling velocity (m/s) (vertigadownwards ifps > po, upwards if

pp <pr ), dis the men partciles diameteris the gravitational acceleration (r’r)[spp is the

mass density of the particles (kgjmandp, is the mass density of the continuous phase

(kg/m?).
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The difference between W/O emulsions obatined uBM#& or glycerol are also evident in

the Fig. 3.10 for all continuous phase used.

Fig. 3.10. Optical microscopy images of a) Soyb®dr+ glycerol, b) Soybean Oil + PVA; ¢) Squalene +
glycerol, d) Squalene + PVA; e) Limonene + glycefpLimonene + PVA.

3.3.3. Comparison between membrane emulsificatiohnaechanical emulsification.
Membrane emulsification process was compared wit mechanical process. The

dispersion cell was used but the dispersed phaseadded along with the continuous
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phase and not been made to permeate through thénameenpores. The mixture was
stirred using the same angular velocity used withrhembrane emulsification process. In
particular, some experimental data obtained usmglene as a continuous phase were
compared. The aim is to verify whether the emudaiion is achieved through the
dispersion of the aqueous phase in oil phase (uomiis phase) through the membrane
pores or by mechanical agitation. The data confivat emulsion droplets are obtained by
membrane emulsification process. More uniform andnaodisperse emulsions were
obtained using the membrane compared to tests tim ovily mechanical agitation was
used. In particular, this is clear if span values eompared (Fig. 3.11). In addition, the
results obtained from mechanical tests shows vany reproducibility as indicated from

the error bar in Fig. 3.11.
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Fig. 3.11. Comparison between Membrane emulsiicaME) and mechanical stirring (MS) when
squalene was used at two different angular veldaijyalues a) 34.59%s b) 58.03 3.
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3.4. Conclusions

Stirred membrane emulsification can be used wititsssful to produce W/O emulsion
using Limonene (+ Span 80 2% wt) as continuousehasl PVA as stabilizer in the
dispersed phase. The continuous phase viscosityeinde the process of droplets
emulsions production controlled by membrane pore.

These results shows the combined effect betweesephr@perties and operative conditions
in the preparation of w/o and o/w emulsion by meameremulsification using continuous

phases with high viscosity.
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Chapter 4

Evaluation of protein behaviour in membrane emigigtion

process

4.1. Introduction

Proteins are the single most commonly used classamshing and emulsifying agent used in
the food industry. They are natural, non-toxic,aghand widely available, thus making them
ideal ingredients. Their interfacial properties @damade them the subject of much study over
the years [1,2]. They stabilise emulsions by foignan viscoelastic adsorbed layer [3], the
mechanical properties of which are thought to mrfice the stability of emulsions and foams
[4]. Proteins have a complex structural morpholoigyis known that the extent of protein
adsorption is influenced by surface hydrophobi¢dy6] and charge [2,7]. Once adsorbed,
they unfold and rearrange their secondary andatgritructure [8-10] to expose hydrophobic
residues to the hydrophobic phase. Proteins (enzymfienctional proteins) are also used as
high value components in emulsion formulation inda@and pharmaceutical field. Commonly
used emulsification technique due to the high sh@@es can be cause lose of bioactivity of
shear stress or thermosensitive ingredients likateprs [11]. Membrane emulsification
technology is a suitable process to produce pestialith precisely controlled size and size
distribution with low energy and low shear. Howewshen proteins are used in membrane
emulsifications some aspects must be considered.

Fouling can occur as accumulation of proteins @nttdp surface of the membrane (external
fouling), or as deposition and adsorption of pruewithin the internal pore structure of the
membrane (internal fouling). Fouling phenomena datermine large dispersed phase flux
decline, modification of pore size during emulsafion process, modification of membrane
wettability and loss of protein amount needed aslsifirer or as functional ingredients in the

specific formulation.
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The aim of this work to identify the conditionsludncing the process of membrane proteins
adsorption. Proteins with different properties adential use as emulsifier were selected to
study membrane adsorption. Bovine serum albuminAjBg-lactoglobilin, Concanavalin A
(Conc A) and Lipase froroandida rugosavas used as proteins models. Hydrophilic ceramic
membrane with pore size of 50 nm, hydrophilic SP&nhrane with pore size of 100 nm and
hydrophobic SPG membrane with pore size of 400 ras use to carried out the adsorption
membrane experiments.

Two different conditions were investigated: a) protsolution recirculation in tangential flow
and b) protein solution permeation through the nraméb.

In this work, the membrane wettability modificatiby protein adsorption was used to obtain
a hydrophilic membrane with asymmetric propertissduto prepare a water-in-oil emulsion
(w/0). The w/o emulsion prepared following membramedification was compared with the

w/o emulsion prepared without membrane modification
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4.2. Materials and Methods

4.2.1. Materials
The proteins and buffer solutions used are summehiiz table 1.

Table 4.1.

Proteins Buffer solution

BSA (Sigma) NakPOy/ NagHPO, 10 mM
pH 7

B-lactoglobilin (Sigma) NaH,POy/ NgHPO, 10 mM
pH 7

Conc A (Sigma) TrisHCI 20 mM, MnglL. mM, NaCl 1 M, CaGlI1 mM
pH 5.3.

Lipase fromcandida rugosg NaH,POy/ NaHPO,50 mM

(Sigma) pH 7

Isooctane (Carlo Erba) and Span 80 (Sigma) was asextganic phase and emulsifier in the

preparation of o/w emulsion.

4.2.2. Membranes and membrane plant

Membranes used in this work are ceramic membraramdaflow, Germany) and shirasu

porous glass membrane (SPG).

Tubular microporous ceramic zirconia oxide (Zyr@embrane with mean pore sizes of 50
nm, inner diameter of 7 mm, outer diameter of 10 amd length of 100 mm were employed.
The membrane is constructed from multiple ceraayels:

- first layer with alfa-allumina, pore size abdyitm, layer thickness about %n;

- second layer with alfa-allumina, pore size al#0@um, layer thickness about 0n;

- active layer with zirconia , with layer thickrsds2um.

Tubular hydrophilic and hydrophobic SPG membranth wiiean pore sizes respectively of
100 nm and 400 nm, inner diameter of 9 mm, outameter of 10 mm and length of 100 mm
were also employed. The membrane plants usedrteadaut the experiments of protein

adsorption are showed in Fig. 4.1 and 4.2. Fig. ¢h8ws the cross-flow membrane

emulsification plant used to prepare w/o emulsions.
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Fig. 4.1. Equipment scheme piotein adsorptio  gjg 4.2, Equipment scheme pfotein adsorptio

experiments when protein  solution v gyperiments wherprotein solution was pressuriz
recirculated along the lumen membrane trough the membrane pores

1 peristaltif: pump, 2: membrang modu[e; 1: nitrogen gas cylinder; 2: backpressure valve
purge valve; 4: backpressure valve; 5: COMURI a6 valve: 4: backpressure valve; 5: iniGanc

phase container A solution graduated vessel; 6: membrane mox
7: purge valve, 8: permeated solution vessel
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Fig. 4.3 . Crossflow membrane emulsification equéptrscheme.

1. nitrogen gas cylinder; 2: backpressure valvgusge valve; 4: backpressure valve; 5: dispersedq
graduated vessel; 6: membrane module; 7: purgeyvalgear pump; 9: continuous phase container
backpressure valve

4.2.3. Experimental set-up
In this work two main experimental parts: a) Pnotadsorption and b) emulsion preparation

will be discussed.

4.2.3.1 Protein adsorption in condition of tangahfiux

The membrane plant showed in figure A was used. prbeein solution was ricirculated in
the lumen side using a peristaltic pump (Amicon @58 for 45 min. During the time, a
samples was taken from the solution vessel aftd5530, 45 min. The protein amount was

guantified by BCA Test. The adsorbed protein amdomy) was calculated as following:

Mgs =M, =M (1)

in which m and m represents, respectively, the initial mass andntagss measured in the
samples taken form solution vessel at differenet(iy) of protein.

The membrane permeability to ultra pure water waasured at beginning and at the end of

each experiments. The permeability reduction waasmed according to following equation:
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R-P
P :'Pf*loo 2

red

in which Pi and Prepresents respectively the initial water permégbénd the water
permeability at the end of protein adsorption expent.
In some case, the protein adsorption % was rep@medcalculated according to following

equation:

Mass 1109 3)
m

m_..% =

ads

In addition, the surface that the protein wouldumcas mono strait (&) was calculated
considering proteins crystallographic data.

After each experiment the membrane and membranet plare cleaned according the
procedure described in the section 2.3.3. The é@xpetal conditions are showed in Table

4.2. The effect of protein concentration, axialoegty and type of membrane was evaluated.

Table 4.2. Experimental conditions

Protein Protein concentration (g/lAxial velocity (m/s)| Type of membrane
0.09
0.28
0-5 0.43
BSA - Hydrophilic Ceramic
0.58 d, 50 nm
1 0.09
0.58
5 0.09
0.28
0.09
0.28
2 0.43
0.58 Hydrophilic Ceramic
0.09 d, 50 nm
' 4
Lipase 0.28
6 0.09
0.28
Hydrophilic SPG
2 0.28 d, 0.1um
. Hydrophilic Ceramic
Concanavalin A 1 0.09 d, 50 nm
. Hydrophilic Ceramic
B-Lattoglobulin 1 0.09 d, 50 nm
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4.2.3.2 Protein adsorption in condition of croasxfl

The membrane plant showed in figure A was useceveduate membrane protein adsorption,
protein solution was pressurized with §as at 30 psi and filtered from shell-to-lumen in
dead-end mode. The flux and protein concentratiggermeate solution was measured during
the protein filtration process. In this case, thsabtion of Conc A, PhAla was evaluated.
The conditions applied during the experiments veti@ved in the table 3.

Protein concentration was evaluated using at spgottometry, at 280nm. The Conc A
adsorption was evaluated from thg@ ratio (the ratio of Conc A concentration in pertega
Cp, to that in initial feed, §. A value of G/C; equal to 1 indicate no protein retention
occurred. When gC; <1 indicates protein retention. The mass adsoitkedthe membrane
pores (n,) and the concentration of protein eventually aoedr(C,) were calculated as

follows, respectively:

rna = mf _Zmpi (4)

m, - z m,
e ]

: V,

v

C %)

wherem andm, are, the mass of protein in the initial feed amdhe permeated collected

samples, respectively, aiWd is the void volume of the membrane.

flux reduction % =J°J—_J* 100 (6)
0
where Jy and J are the buffer solution flux without and with CoAcor PhAla or Conc

A/PhAla, respectively.
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Table 4.3. Experimental conditions applied whentgiro adsorption experiment was carried out
applying a transmembrane pressure

) Concentration Pression
Protein ) Type of membrane
(a/l) (Psi)
30 Idrophobic SPG membrane
PhAla 4
d, 0.4um
30 Idrophobic SPG membrane
Conc A 1
d, 0.4um
Conc A 1
n 30 Idrophobic SPG membrane
dp 0.4pum
PhAla 8 ’

4.2.3.3 Membrane and membrane plant cleaning
The cleaning procedure was carried out trough mdiffestep using detergent solution of 10-
30 wt% of NaOH and 1-5 wt% di NaOCI:
1. 1% v detergent solution was recirculated alonguheen side for 30min at 50°C;
2. 3% v detergent solution was a) recirculated aldrgylumen side for 30min at 70°C
and b) permeated through the membrane at low fieéx 30 min
3. ultrapure water was recirculated 2 or 3 times aliveglumen side
After this procedure, the water permeability wasptetely restored.
Alla fine di queste operazioni, la permeabilita l@lemembrana e ritornata al valore di

partenza.

4.2.3.4. W/O emulsion preparation

W/O emulsions were prepared using the plant shaow&dy. 4.3 and the hydrophilic ceramic
membrane with 50 nm of pores diameter. The emulsias prepared after membrane
modification after lipase adsorption. 6 g/l lipas@ution was ricirculetd along the lumen
membrane side using a peristaltic pump as prewalesscribed (4.2.3.1 section) at 0.58 m/s
as axial velocity for 45 min. The modified memleanas used to prepare a w/o emulsion.
The continuous phase was a 2% wt Span 80 solutitsobctane and the dispersed phase was

ultrapure water. The water phase was pressuripegltrthe membrane at the transmembrane
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pressure of 0.05 bar and dispersed phase flux Wakh&f. The continuous phase was
recirculated using an axial velocity of 0.05 m/s.

A w/o emulsion using the same conditions, previpudéscribed, was prepared without
membrane surface modification. In this case, astraambrane pressure of around 0.025 bar
was required.

The emulsions was analyzed by optical microscopy.

4.2.4. Protein quantification
The overall protein amount present in the solutiaas quantified by BCA Protein Assay
(Sigma Aldrich) based on the aromatic amino acsbédiance at 562 nm. BSA solutions were

used as standard proteins.

4.2.5. HPLC analysis

The concentration of PhAla was measured by usinGROWNPAK CR (+) column
(150mmx4 mm) (Daicel Chemical Industries, Itd.)mabile phase made of HCJ(pH 7
flowed at 0.8 ml/min, 200 nm, Z&. Calibration curve of chromatographic peak aresws
PhAla concentration was obtained from (D,L) PhAknglard solutions.

4.2.6. Droplets size analysis

W/o emulsion droplet size distribution and droplet swere measured using optical
microscope (Zeiss, model Axiovert 25) equipped wittamera (JVC, model TK-C1481BEG)
to capture the images of the emulsions was usegl dftplets size was measure using scion
image software.

The mean particle size was expressed as the sunfagghted mean diameter (or Sauter
diameter), D[3,2]and as the volume weighted meamedier, (or De Brouckere diameter),
D[4,3]. D[3,2] and D[4,3] were determined, respeely, as follows:

_2.Dbhn
D[3’2] - Z Dizni (7)

plag)= 22" (®)

Z D3n

whereD; = particle diameter of clasandn; = number of particle in class
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The width of droplet size distribution was expresses a Span number, calculated by the

following expression:

_ D[og]-D[04]
~ D[og]

Span 9)

where DkO] is the diameter correspondingX® vol.% on a relative cumulative droplet size

curve.

4.3. Results and discussion

4.3.1. Protein adsorption in condition of tangential flasx a function of protein concentration

and axial velocity

The conditions applied during the protein adsorp&xperiments was summarized in table

and the results were discussed separately forgatkin studied.

4.3.1.1 BSA

The protein amount adsorbed during the time andntkeenbrane permeability, measured
before and after protein adsorption experimentglifi¢rent axial velocity, are showed in
figure 4 for 0.5 g/l BSA solution. The results slemirhat BSA rapidly adsorb at membrane
surface in 5-15 min and after this time the amaifrnirotein adsorbed remained constant. In
the pH conditions used the protein show very hightew solubility for the presence of
negative charge groups and present the expandedust. The protein adsorption determine
water permeability reduction. Same results wereendesl when 1 and 2 g/l BSA solution
were used (Fig. 4.5 and Fig. 4.6).

The data suggest that protein adsorption depena@datein concentration and axial velocity.
In particular when high protein solution was us#tk amount of protein adsorbed on
membrane surface increased. This phenomenon detmnai major reduction of membrane
permeability. The protein adsorbed amount and palifity reduction as a function of initial
protein solution concentration are showed in thge Bi6 a) and b), respectively, at different

axial velocity used.
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Fig. 4.4. BSA adsorbed amount and membrane pertitgattien a) 0.09 m/s, b) 0.28 m/s, ¢) 0.43 m/s and
d) 0.58 m/s as axial velocity was applied. Theahirotein solution concentration was 0.5 g/l.

81



0.016 -

900 + o )
+ initial = after BSA adsorption
30012 y = 1295,4x
§ ’cE? 600 - R? = 0,0988
5 i - y = 1104,3x
3 0.008 é R? = 0,9942
© B
5, ™ 300
2 0.004
0 T T . )
0 ‘ ‘ ‘ ‘ ‘ 0 0.2 0.4 0.6 0.8
0 10 20 30 40 50
. P (bar)
Time (min)
0.016

T . 900 + initial = after BSA adsorption
2 oo . . ) - y = 1295,4x
2 = (g 600 R? = 0,9988
@ 0.008 £
b = 300

5
<</() 0.004
o0
0 T T T T 1 0 T T T 1
0 10 20 30 40 50 0 0.2 0.4 0.6 0.8
Time (min) P (bar)

Fig. 4.5. BSA adsorbed amount and membrane pertitgalvhen a) 0.09 m/s, b) 0.58 m/s as axial
velocity was applied. The initial protein solutioancentration was 1 g/l.
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Fig. 4.6. BSA adsorbed amount and membrane pertitgalvhen a) 0.09 m/s, b) 0.28 m/s as axial
velocity was applied. The initial protein solutioancentration was 2 g/l.
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Fig. 4.6. a) BSA adsorption amount and b) perméghgduction as a
function of initial BSA solution concentration

The same relationship was observed when axial igla@s increased as showed in the Fig.
4.7 and 4.8, respectively.
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and c) 2 g/l BSA solution was used
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All results obtained using BSA are summarized ibléa

Table 4.4 Protein adsorption and Permeability rédnavith BSA

BSA concentration | Axial velocity (m/s) | Protein adsorption Permeability
(a/l) amount (mg) reduction (%)
0.09 2.8 7.6
0.5 0.28 2.9 10
0.43 3.5 11.5
0.58 4.8 13.5
0.09 6.9 15
1
0.58 1.26 18.5
0.09 1.7 18
2
0.28 2.16 20
4.3.1.2 Lipase

Lipases are well-known biocatalysts able to intessith interfaces where they undergo a
conformational activation. The lipase active sgeovered by a lyophilises surface loop, the
so-called lid (or flip), which upon binding to thimterface moves away, turning the “closed”
form of the enzyme into an “open” form.

The protein amount adsorbed during the time ancheability measurement at different axial
velocity are showed in Fig. 4.9 when 2 g/l lipastugon was used. The results showed that
the lipase rapidly adsorb at membrane surface20 &in and after this time the amount of
protein adsorbed remained constant. Same resuls oleserved when 4 and 6 g/l lipase
solution was used (Fig. 4.10 and 4.11).

The data showed very high protein amount adsor@ir@hpermeability reduction. In addition,
as showed to the BSA, also when the lipase was tisegrotein adsorption and permeability
reduction increase when initial protein concentratand axial velocity was increased as
showed in Fig. 4.12 and 4.13.
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Fig. 4.9. Lipase adsorbed amount and membrane péihte when a) 0.09 m/s, b) 0.28 m/s, ¢) 0.43 m/s
and d) 0.58 m/s as axial velocity was applied. ifiiteal protein solution concentration was 2 g/l.
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Fig.4.10. Lipase adsorbed amount and membrane péilitg when a) 0.09 m/s, b) 0.28 m/s as axial
velocity was applied. The initial protein solutioancentration was 4 g/l.
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Fig. 4.11. Lipase adsorbed amount and membraneeadifity when a) 0.09 m/s, b) 0.28 m/s as axial
velocity was applied. The initial protein solutioancentration was 6 g/l.
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4.3.2. Protein adsorption in condition of tangdrtiax as a function of membrane type

2 g/l lipase solution was used to investigate tifece of protein adsorption as a function
of membrane type. SPG membrane with pore sizeloimdn and ceramic membrane with
pore size of 50 nm was compared. Axial velocityO0d9 m/s was used. The protein

adsorption profile and reduction permeability fé(*G membrane are showed in the figure
4.14.
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Fig. 4.14. Lipase 2 g/l adsorption and permeabibiyuction when SPG membrane was used

In Fig. 4.15 the experimental data obtained using two type of membranes are
compared.

30 -

25

Hi

20
15

10

, ]

Ceramic SPG

Protein adsorbition (%),

Fig. 4.15. Lipase adsorption and permeability réidnacwhen SPG membrane and ceramic membrane
were used
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The data show that the protein amount adsorbed embrane surface was the same for

the two type of the membranes. However, the peritiggaleduction was major for the

ceramic membrane. This can be do to the fact timtntembranes used have different

pores size. In particular, when ceramic membrarih pore size of 50 nm was used the

protein adsorption can be determine a major deerefasiembrane permeability.

4.3.3 Protein adsorption in condition of tangential flasxa function of proteins used

The protein adsorption profile and permeability sm@ament for the 1 gfi-lactoglobulin and

Conc A solutions are showed in Fig. 4.16. The axelocity used was 0.09m/s. The

adsorption experiments were carried out using 5&aramic membrane.
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Fig. 4.16. a) 1 g/B-lactoglobulin and b) 1g/l Conc A adsorption andnpeability reduction.

Also whenp-lactoglobulin and Conc A were used, the proteisoagtion occurred in the fist

5-10 min and after this time the amount of protalsorbed did not change over time.
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In Fig. 4.17, a comparison between different prateised in this work, at the same condition

of protein concentration, axial velocity and menmar&ype, are showed.
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Fig. 4.17. Amount of protein adsorbed as a functibprotein type

The results showed that proteins structural praggenhfluence the adsorption process. Under
the conditions studied, ceramic membrane is fifeeharge, since its isoelectric point falls
into a rather wide range, between 5 and 7. Thelteesthowed that proteins structural
properties influence the adsorption process. Utlteconditions studied, ceramic membrane
is free of charge, since its isoelectric pointdatito a rather wide range, between 5 and 7. For
this reason, the protein-membrane interactionsoéneydrophilic-hydrophilic type and the
electrostatic attractions effect is absent. Théerbht protein behaviour was explain by the
differences between the protein structural properdt the chemical conditions investigated.
Fig. 4.18 shows the permeability reduction andl tedaface ideally occupied for a monostrait
of each protein. The data show that the lipase thasprotein having higher adsorption
properties compared to the others because the pbilihereduction was greater after lipase
adsorption experiment. This can be do to the hyubjr sites present and to protein-protein

aggregation phenomena.
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Fig. 4.18. Permeability reduction and area occumirccthe membrane for each protein
used

4.4.4. Protein adsorption in flow-through condition by &fpg transmembrane pressure
Hydrophobic SPG membrane was used in this expetan&he membrane pores were much
larger (0.4um) than Conc A size. Conc A in solution largely sists of dimmers. The
monomeric molecular weight of Con-A is 25,500 [1&{.pH values less than 6 (such as that
used in the present work) the maximum dimer exteng slightly less than 8 nm as it was
deduced from crystallographic structures (for thrarder form, 1APN from the Protein Data
Bank) [13]. Therefore, based on the size, the pratbould easily pass through the Qu#h
membrane pores. However, due to electrostatic dot@ns it could be adsorbed to the
membrane pore wall. Also the PhAla is a small ameomb of 165.19 but the electrostatic
interactions could cause membrane adsorption.

In order to verify the steady-state permeation prigs of the Conc A and PhAla solution
through the membrane, pre-screening experiment® warried out during which both

volumetric flux andC,/C; ratio as a function of time were measured.
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As shown in Fig. 4.19, th€,/C; ratio increase during the time until 0.94 and G®&onc A
and PhAla respectively. If no protein was adsorbgdhe membraneC,/Ci was 1. In the
present experiment, tl&/C; value close to 1 indicates that only the small am@f Conc A

or PhAla was adsorbed during the solution permpatitowever, the mass adsorbed into the
membrane pores @nand the protein concentration adsorbed calculatedrding to (1) and
(2), respectively, was 0.43 mg and 0.49 mg/ml. &liggh the membrane pore was much larger
than protein size the electrostatic interactiomieen protein and membrane occurred. At start
of the solution permeation, the flux is constant the protein adsorbed into the membrane

determine membrane fouling that causes flux dedin20%.
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4.3.5 W/O emulsion preparation

The hydrophilic ceramic membrane after lipase gusmr was used to prepare a w/o
emulsion. The emulsion prepared with the modifiedntbrane was compared with the
emulsion prepared with the hydrophilic membranéait modification. The pictures of two

emulsions are showed in the Fig. 4.20.

Fig. 20. Droplets emulsions prepared using a) nediinembrane and b) non modified membrane
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When modified membrane was used, meam8as droplets size and 1 as span was obtained.
In the other case, 24m and 1.6 were obtained respectively as dropleesand span e lo span
(Fig 4.21).

2.1
1.8
15+
1.2+

Span

0.9
0.6
0.3

unmodified membrane modified membrane

0,

unmodified membrane modified membrane

Fig. 4.21. Mean particles size and span of emulgiepared using modified and not modified membrane

Modified
lumen
surface

Continuous phase

Fig. 4.22. Schematic representation of modified im@me used to prepare w/o emulsions
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The lipase adsorption modified membrane wettabifitgroving the hydriphobicity properties
as suggested from the permeability reduction dataimed in the section 3.1.2. The water
flux decrease a higher value of transmembrane yressas required to carried out the
experiment at the same dispersed phase flux used Wie hydrophilic membrane was used.
The hydrophobic properties of membrane lumen satenjt to increase the interfacial tension
between dispersed phase and membrane surfacetdbeahaater is detached as a forms of
droplets into the oil phase ricirculeted in the &mmside. The schematic representation of
modified membrane was shown in Fig. 4.22.

This method permits to use hydrophilic asymmetremrane to prepare w/o emulsion with
the significant advantages for the emulsificationcgess time because the dispersed phase

flux was higher compared to the hydrophobic symimetembrane.

4.4. Conclusions

Fouling phenomenon was influenced by: protein patans (concentration, chemical-
physical properties), membrane parameters (pore, siettability), operating parameters
(flow rate, flux). Membrane-protein interaction ludnce the real amount of protein able to
work as emulsifier or as functional ingredientsidgmrmembrane emulsification process and
the emulsification process efficiency (dispersedgehflux, membrane wettability). These
results show that the use of protein as emulsdieiunctional ingredients during membrane
emulsification process has limitations but also soadvantages if properly managed.
Understanding all the phenomena involved in the brame-protein interaction permit to
control membrane emulsification process performaaue the quality of dispersed material
produced.

Membrane-protein interaction phenomenon was us#éd suiccessful to produce a membrane
with different wettability properties between sheatid lumen side.This membrane was used to
produce W/O emulsion with smaller droplets size simd distribution compared with the non
modified hydrophilic membrane. These results shidves the membrane-protein interaction
can be used to functionalize opportunely membramé® used in membrane emulsification

process reducing emulsification time and increadisgersed phase flux.

99



References

[1] P.J. Halling. CRC Cirit. Rev. Food Sci. Nutr.tGer (1981), p. 155.

[2] J.R. Mitchell. In: B.J.F. Hudson, Editor, Degpments in Food Proteins, vol. 4, Elsevier,
London (1986), p. 291.

[3] B.S. Murray and E. Dickinson. Food Sci. Techrnt. 2 (1996), p. 131.

[4]. V.N. Izmailova, G.P. Yampolskaya and Z.D. Tus&aya. Colloid. Surf. A-Physicochem.
Eng. Aspects 160 (1999), p. 89. Article

[5] S. Nakai and E. Li-Chan. Crit. Rev. Food ScutiN 33 (1993), p. 477.

[6] M. Corredig and D.G. Dalgleish. J. Dairy Re8.(6996), p. 441.

[7] S.H. Kim and J.E. Kinsella. J. Food Sci. 5088 p. 1526.

[8] F. MacRitchie. In: C.B. Anfinsen, J.T. EdsalthdaF.M. Richards, Editors, Advances in
Protein Chemistry, vol. 32, Academic Press, Newk{d978), p. 283.

[9] L.J. Smith and D.C. Clark. Biochim. Biophys.tacl121 (1992), p. 111.

[10] Y. Fang and D.G. Dalgleish. J. Colloid InteBti. 196 (1997), p. 292.

[11] Charcosset, | Limayem, H Fessi, The membramelgfication process - a review,

Journal of Chemical Technology & Biotechnology, (2004) 209 — 218

[12] G.M. Edelman, B.A. Cunningham, G.N. Reeke, JB&cker, M.J. Waxdal, J.L. Wang,

The Covalent and Three-Dimensional Structure ofdaoavalin A, Proc Nat Acad Sci 69
(1972) 2580-2584.

[13] J. Bouckaert, R. Loris, F. Poortmans, L. Wy@systallographic structure of metal-free
concanavalin A at 2.5 A resolution, Proteins 2308)%510-524.

100



Chapter 5

New operational strategies to promote droplets athetznt

from the membrane pore at low shear conditions

5.1. Introduction

Membrane emulsification is an alternative emulatiiecn methodology which allows
particles preparation by forcing a dispersed ph#seugh membrane pores into a
continuous phase [1-3]. Generally, in order to emsuregular droplet detachment from the
pore outlet, the continuous phase is recirculatexhgathe membrane surface. This
technique is called “cross-flow membrane emulsiiosd [4-7] . The flow rate of the
continuous phase should be high enough to provideréquired tangential shear on the
membrane surface. However, during droplet formafmwacess with continuous-phase
flow, droplets can be liable to further break ug do the shear force caused by the cross-
flow pump [8,9].
In this work, O/W emulsions were prepared by crht®s- membrane emulsification
process using a hydrophilic SPG membrane with pimes of 3um. The aim of the present
work is the study of new operational strategiepriomote droplets detachment from the
pore outlet reducing shear stress conditions duhiegcontinuous phase recirculation. The
main strategies suggested were:

- Reduction of membrane section in order to reducgéimoous phase flow rate

- Reversal of continuous phase flow at appropriatervals of time as innovative

detachment of droplets at the pores membranes gonéinuous and controlled

operation mode
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5.2. Materials and Methods

5.2.1. Materials
2% wt Tween 80 (Polyoxyethylene (20) sorbitan mdeai®, Sigma) was used as a water
soluble emulsifier. The dispersed oil phase wadbesag oil (Sigma). The dispersed phase %

in emulsions prepared was 7% wt.

5.2.2. Membranes and membrane emulsification eqgipm

The o/w emulsion was prepared using an hydrophiliwlar SPG membrane with pore size
of 3 um. Homemade lab-scale cross flow emulsificatiompla schematised in Figure 5.1.
The phase to be dispersed was contained in a geaitluassel and circulated in the shell side
using a peristaltic micropump (Ismatec, model G#016-30). The transmembrane pressure
was fixed by regulating two backpressure valveatied between the pump and the membrane
module. In all the experiments the dispersed pliagewas 1 I/hmi. The continuous phase
was re-cycled inside the lumen of the membranegugomp to work at the desired
continuous phase tangential velocity by selectihg adequate flow rate in the pump

regulator.

2 3

—X—

4
®

@
~2K

T ., X

Fig. 5.1. Crossflow membrane emulsification equiptrecheme. 1. periitic pump; 2: backpressu
valve; 3: purge valve; 4: backpressure valve; Spelised phase graduated vessel; 6: mem
module; 7: purge valve; 8: peristaltic pump; 9:timmous phase container; 10: backpressure
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Some preliminary experiments were carried out ideorto evaluate the break up
phenomena eventually occurred during the continupligse recirculation along the
membrane surface. Three different pump were usegeaa pump (model 130-000), a
conventional peristaltic pump (Amicon, model 5411328) and a low shear peristaltic
pump (Digi-Staltic double-Y Masterfléxpump Micropump, model GJ-N23.JF1SAB1).
Minimal pulsation ensures accuracy in peristaltispdnsing while pulsation causes
variations in flow rate. Combining the split-chahhgbing configuration with the offset

rollers of two stacked Easy-Lo&dl pump heads merges a pulse from one channelavith
trough from the other. In this way, the flow of thentinuous phase doubles while the
pulses are reduced by 90% allowing that there atevariations of the continuous phase
velocity during membrane emulsification process.

When the effects of the reduction of membrane secéind the reversal of continuous
phase flow at appropriate intervals of time wenad&d the low shear peristaltic pump
(Digi-Staltic double-Y Masterflekx pump Micropump, model GJ-N23.JF1SAB1) was
used.

All the experiments were carried out at room terapee (21°C).

5.2.3. Measurement and analytical methods

Emulsions droplet size distribution and dropleteswwere measured using a laser light
scattering system (Malvern Mastersizer 2000, Malvierstruments). Microscopic analysis
was also carried out. Optical microscope (Zeissjehédxiovert 25) equipped with a camera
(JVC, model TK-C1481BEG) to capture the imagehefémulsions was used.

The mean particle size was expressed as the swifamggted mean diameter (or Sauter
diameter), D[3,2] and as the volume weighted meaameiter, (or De Brouckere diameter),
D[4,3]. D[3,2] and D[4,3] were determined, respeely, as follows:

D3n
D[32]= %sz:f 3)
plag)= 22" (4)

Z D3n

whereD; = particle diameter of clasandn; = number of particle in class
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The width of droplet size distribution was expresses a Span number, calculated by the

following expression:

_ Db[og]-D[o]

SPan= = og]

(5)

where DkO] is the diameter correspondingX® vol.% on a relative cumulative droplet size
curve.

The mass of oil-water emulsion samples were medsbyemeans of a moisture analyser
(Ohaus, model MB45) composed by a precision balancea dryer unit. The oil percentage
was determined from the weight of sample dried bgting at 100°C because only water
phase was evaporated at this temperature. The ntagee of water-in-oil (%W/O) can be

determined as follows:

m
%W/O=Hf*100 (6)

wheremy was the mass of sample after evaporation (casrebpg to the mass of oil not
evaporated at 100°C) amd was the mass of initial sample (at the moment lclv it was

taken from emulsion).
5.3. Results and Discussion

5.3.1. Effect of continuous phase recirculatioridyy shear pump

To evaluate the break up phenomena eventually matwturing the continuous phase
recirculation along the membrane surface, threegsunith different operation mechanism

were used: ear pump, a peristaltic pump and asloear peristaltic pump. A flow rate of

1700 ml/min (0.55 m/s) was applied. The figure $hBws the mean particle diameter and

span of emulsions produced using the three diftggemps.
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Fig. 5.2. Mean particles diamesenf O/W emulsions prepared recirculating the cardus phas
at 0.55 m/s using a gear pump, a peristaltic punapsaperistaltic pump with reduced pulsation

When gear and peristaltic pumps were used, emulgilboplet size were very close to
membrane pores size. In particular, when gear pwamp used, a D[3,2] of 1.6m and
D[4,3] of 2.9um were obtained. In addition, emulsion temperatiuneng the recirculation
was 30°C. The small droplets diameter obtainedbmaexplained due to the recirculation
of the continuous phase inside the gear of the pinapdetermines droplets break up. The
high shear stress hypothesized is confirmed by ¢eatpre increasing during
emulsification process. In the case in which paltist pump was used, due to the absence
of gear, break up phenomena doe to the mechanioedssare not expected. This
hypothesis was confirmed by D[4,3] value of jdrh that is more sensitive to the presence
of large particles. Despite of some break-up phesr@ralso occurred as showed by D[3,2]
value of 3.5um. This suggested that, also when peristaltic puag used, not controlled
shear conditions were obtained as confirmed by simultemperature increase (35°C). In
addition to droplets size and emulsion temperatais® the droplets size distribution is an
important parameters to evaluate the control of Isiom production by the membrane
pores. In fact, a special property of membrane sificdtion process is the capacity to
control droplet size and size distribution usingnambrane with a well-defined pore
structure. The emulsions produced with both meetiopumps showed a span of 2.3 that
indicate emulsion polidispersed. When the pump wattuced pulsation and low shear was
used, the operating conditions selected allow &niefit control of particle size to obtain

droplets with a diameter about 4 times the diameteahe pore, according to data in the
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literature [2]. No solution temperature increases whserved during the recirculation time
and also a span value of 1.2 was obtained.

The low shear peristaltic pump was used in theratkperiments in order to avoid droplets
break up caused by not controlled shear conditions.

5.3.2. Effect on membrane section reduction

The operational strategy used to improve the efficy of the cross-flow emulsification
process was to reduce the membrane section soliteh high values of axial velocity at
low flow rate values. Through this method, it isspible to obtain high value of axial
velocity only in the membrane compartment wherdn lsigear force are necessary to detach
faster emulsion droplets at the membrane pores.

To reduce SPG membrane section, a plastic tubenah@n diameter and 150 mm in length
was placed inside the membrane lumen. The lengttheftube is equal to the distance
between the two ends of the membrane module, $dhbaipe rests on the form but not in

contact with the surface of the membrane as shovg. 5.3.

Fig. 5.3. SPG membrane module with reduction seajoschematic representation and b) picture

In order to evaluate the effect of membrane reducsiection the continuous phase was
ricirculated along the membrane surface at the flate of 850 ml and the data was
compared to those obtained in the same conditiatisubing the membrane with the

unmodified section. Table 5.1 and Fi. 5.4 summatasditions used and data obtained.
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Table 1. Experimental conditions and main resultined when membrane section strategy was
evaluated to produce O/W emulsions

Flow rate Axial velocity along the Section  D[4,3] D[3,2] Span
(ml/min) membrane surface (m/s)  (mnT) () (um)
850 0.28 50.2 38.4 24.21 1.49
850 0.64 22 32 15.41 1.9

Data show that the reduction section of 56% petmibbtain droplets size reduction of

36% when D[3,2], more sensitive to the presencaddll particles, was considered.
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Fig. 5.4. Mean particles diameter and span of @fidlsions obtained using SPG membrane with
normal section (50.2 mfhand reduced section (22 Mmvhen continuous phase was recirculated
at 850 ml/min as flow rat

5.3.3 Effect of continuous phase “vibrating” aldhg lumen membrane surface

An alternative methodology to cross-flow membramauksification was carried out
reversing the continuous phase flow, alternatdlgppropriate intervals of time, during the
emulsification process. The peristaltic pump wibuced pulsation used can be configured
SO as to alternate the flow direction of the camurs phase in one direction and the
opposite, consecutively. A new emulsification methas been developed using rotating
membrane [10-12]. Compared with cross membrane fication methods, the rotating
membrane emulsification can be particularly advgewas to the production of coarse
emulsions and fragile structured products in whiehdroplets and/or particles are subject
to breakage during the pump recirculation. Theealispd phase passes radially through the

porous membrane wall and forms droplets moving itht® continuous phase. In the
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method investigated in this work, the shear stiesieveloped by reverting the continuous
phase flow direction rather than by circulating tbentinuous phase in cross-flow
direction. In the table 5.2 are showed the opesationditions studied. The parameters
evaluated are the flow rate, the number of clocew{REV.,) and counterclockwise
(REV.) revolution, the time of clockwise (kev—) and counterclockwise (kev.)

revolution.

Table 5.2. Operative conditions studied when eff#ictontinuous phase “vibrating” along the
lumen membrane surface was evaluated

Flow Axial REV., REV_, REV_ REV._ Trev.
rate velocity Number Time Number Time T
(mI/mln) (m/s) (TREV—>) (TREV<—) REV.
(s) (s)
1700 0.55 2 0.2 1 0.1 2
1700 0.55 1 0.1 1 0.1 1
1700 0.55 2 0.2 1/10 0.01 20

The experiments were carried out at the same féder (1700 ml/min). The only difference
between them was in the ratio of clockwise (RB\And counterclockwise (REY time

( TREVA

) that corresponds to a range of time in whichdbetinuous phase flow direction
REV,

T
was reverted. The smal-—~ value corresponds to a fast change of continubtase
REV,

flow direction.

T
The mean particles diameter and span as a funotiehi~— at flow rate constant of 1700
REV.

ml/min are shown in the figure 5.5. The effecthe droplets size are observed only when

T
the ==~ value was 20. In this case, the time of counteksldse revolution is much

REV._

smaller than the time of clockwise revolution ahd troplets size increase. Could be that
this time is not sufficient to determine droplettathment as a result of reversal flow rate

as the continuous phase was shacked along the rmpenburface.
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5.4. Conclusions

In this work, new operational strategies to pronarigplets detachment from the pore outlet
at low shear stress conditions have been reported.

O/W emulsions were produced in condition of lownfloate of continuous phase but at high
wall shear stress along the membrane, reducing mamalsection. The reduction section of
56% permitted to obtain droplets size reduction36% compared with the droplets size
obtained at the same flow rate.

O/W emulsions were produced by “shaking” the camius phase along the membrane
surface by inverting the axial flow versus. Thigstgy is useful to reduce recirculation of
formed emulsion and increase dispersed phase dpatien for single passage along the

module.
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Chapter 6

Proofs of concept on use of Conc A as glucose seimso

multiple emulsions prepared using membrane emcdditn

6.1. Introduction

Effort have been made, in recent years, to devaltggnative novel drug delivery systems
that would mimic and/or replace important physiadad functions. It would be highly
beneficial if the active agents were delivered ksystem that sensed the signal and acted to
release. The majority of stimuli responsive biomate are hydrogels, polymeric materials
having great interest to their hydrophilic charaeted potential to be biocompatible. Stimuli
responsive hydrogels undergo volume changes ironsgpto environmental changes such as
pH [1], temperature [2] and electric field [3]. $ustimuli-responsive have been extensively
investigated as smart materials in the biomedieddl$ since they can sense environmental
changes and induce structural changes by themsé&lgesxample, as pH and temperature are
the most widely utilized triggering signals for nubated systems, pH- and temperature-
responsive hydrogels have many potential applinatia self regulated drug delivery [4, 5].
In addition, biomolecule-responsive hydrogels, whrecognize specific biomolecule and
undergo volume changes in response to them, areiging materials as the next generation
of biomaterials and drug-delivery devices [6]. Avfbiomolecule-responsive hydrogels, have
been reported since such biomolecule-responsiveogts became increasingly important in
the biomedical field.

Liqguid membrane systems known as water-in-oil-itewa@mulsions could be one class of
possible candidates to obtain stimuli responsivemiiterials. Multiple emulsions are
dispersed systems where both water in oil anchoMtater emulsion exists simultaneously in a
single system. The two major types of multiple esiaris are the water-in-oil-in-water
emulsion (W/O/W,) and oil-in-water-in-oil emulsion (DNV/O,) double emulsions. They can
be used for entrapment of both hydrophilic and bgtiobic solutes that have to transverse

through the middle immiscible phase (liquid memlejan order to come from inner miscible
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phase to outer miscible phase. The potential agidics for this technology are enormous,
mainly in the areas of food, cosmetics, pharmagolbgually multiple emulsions are used to
provide high capacity of entrapment, protection fdgile substances, combination of
incompatible substance in one product and conttollelease. Few models of stimuli
responsive multiple emulsions are reported in dit@re. Temperature-induced release from
W,/O/W, emulsion [7] and pH-responsive pickering emulsj8h have been investigated.
Biomolecule-responsive emulsions are not yet replort

In the present work, the manufacturing of multiplaulsions as self-regulated drug delivery
systems has been investigated. Glucose-sensitivéplauemulsion has been selected as
study-case. Concanavalin A (Conc A), a glucoseibhmg@rotein obtained from the jack bean
plant, Canavalia ensiformiswas selected as biomolecule-sensor. Conc A hexs fioequently
used in glucose sensitive delivery systems. Inapproach, insulin was chemically modified
to introduce glucose using a glycosylated insulamivchtive complexed with Conc A [9].
Insulin release occurred in presence of glucosausecthe free glucose molecules compete
with glucose-insulin conjugates bound to Conc A dhds, the glycosylated insulin is
desorbed from the Conc A host in the presenceeef @lucose. In another approach, a highly
specific interaction between glucose and Conc A wssd to form crosslinks between
glucose-containing polymer chains [10]. Becausdhef non-covalent interaction between
glucose and Conc A, the formed crosslinks are sivier As the external glucose molecules
diffuse into the hydrogel, individual free glucosmlecules can compete with the polymer-
attached glucose molecules and exchange with tigmpo-attached glucose molecules
exchange with them.

In the present work, Conc A will be also usend emilsifier in the present work. Proteins
form an interfacial films when adsorb at the liqumderface. Amphiphilic proteins such as
BSA and casein along with monomeric emulsifiersengsed to improve stability and release
properties in double emulsions [11] but the emidsiproperties of Conc A have not been
studied yet. However, the presence of hydropholnid &ydrophilic sites suggest the
possibility to use Conc A as macromolecular emigisiin fact, the study of Conc A structure
evidences that Conc A hydrophobically bind carbobtes [12, 13].

In the present work Conc A will be used as emusjfidissolved in the aqueous dispersed
phase, in the preparation of water-in-oil emulsf@hi/O). In addition, Conc A will be used,
also together with other emulsifiers, in the pregpian of water-in-oil-in-water (\WO/W,)
emulsions. The aim is to functionalize emulsioreiface with Conc A so that to recognize

specifically the glucose molecules free. Previowsksa showed that same substance are able
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to act as demulsifier agents modifying the integfafiims properties and determining phase
separation when added in emulsions systems [8, 14].
We have hypothesized that the Conc A-glucose iotiera determine changes in the
properties of Conc A interfacial film so that tooprote the release of a molecule of interest
added in the Waqueous dispersed phase when glucose is addee W taqueous phase.
Membrane emulsification technology has been sealette prepare WO and W/O/W,
emulsions. In fact, conventional methods to preamellsions utilize strong shearing stress
which may affects physicochemical properties oftgns used as emulsion ingredients and
drops rupture during secondary MV/W, emulsion preparation. The membrane
emulsification process is highly alternative attirge technique [15-17]. This method uses the
microporous membrane to disperse one of two imimisdiquids into another by applying a
low pressure. This technique permit a fine contfadiroplets size using low shear stress and
shear-sensitive ingredients. The distinguishinguieais that the resulting droplet size is
controlled primarily by the choice of the membrgmee. In order to ensure a regular droplet
detachment from the pore outlets, shear stressnergted at the membrane/continuous phase
interface by recirculating the continuous phaseeatially along membrane surface (cross-
flow mode) or by stirring vessel.
In order to provide a proofs of concept on use oh€A as glucose sensor in multiple
emulsions prepared using membrane emulsificatios work first attempts to:

1. formulate a W/O emulsion in which Conc A is distriéd at the interface using cross-

flow membrane emulsification. W/O emulsion propestivill be evaluated.
2. formulate W/O/W, emulsion using stirred cell membrane emulsifigatid/;/O/W,
emulsion properties will be evaluated.

3. measure of release in presence of glucose-stinamdsn absence of stimulus.
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6.2. Materials and methods

6.2.1. Materials

Concanavalin A (Conc A) fronCanavalia ensiformigJack bean) Type IV, lyophilized
powder, (Sigma,) was used as glucose-sensor aedhaksifier for the preparation of both
water-in-oil (W/O) and water-in-oil-in-water (WO/W,) emulsions. The protein was
dissolved in a 20 mM Tris HCI (>99%, Sigma) buffgeH 5.4) with 1 mM CaGl
(96%,Sigma), 1 mM MnGI(>99%, Sigma) and 1 M NaCl (Sigma). The inner aggephase
(W3) contained 0.1 wt.% Conc A and an easy moleculeh s (D, L)-Phenylalanine (PhAla,
99%, Sigma), used as an indicator to study andfywdnie controlled release. The outer
agueous phase @Vcontained 2 wt.% Polyethylene glycol sorbitan wmeate (Tween 80,
Sigma) was used as emulsifier also with 0.2 wt.%dCA. Soybean oil (Sigma,) was used as
oil phase in the (WO/W,) emulsion preparation. In same experiments, soybeh
containing 2 wt.%sorbitan monooleatéSpan 80, Sigma) was used. All the aqueous sokutio
ware prepared using ultrapure water (USF Elsa, mBdeelab Classic PL5221) with a
resistivity of 18.2 M2-cm. Perchloric acid (70% redistilled, 99.999%,n%aQ was used to
prepare the mobile phase for HPLC analysis.

6.2.2. Membranes and membrane emulsification eqgipm

Shirasu Porous Glass (SPG) hydrophobic membraree having mean pore sizepfaf 0.4
pum, supplied from SPG Technology (Japan), was usegrepare (WO) emulsions.
Homemade lab-scale cross flow emulsification piaischematised in Fig. 6.1 A.

The phase to be dispersed was contained in a geatluassel pressurised by nitrogen vessel.
The transmembrane pressure was fixed by regulativay backpressure valves located
between the gas cylinder and the stainless stegibmae module. The permeate flux of
dispersed phase was perfectly controlled and kepstant during the experiments. The
continuous phase was re-cycled inside the lumenhef membrane using a gear pump
(Micropump, model GJ-N23.JF1SAB1) to work at thesiced continuous phase tangential
velocity by selecting the adequate flow rate inghenp regulator.

An hydrophilic metallic membranes, having 10n d, was used to prepare ¥@/W,
emulsion in the stirred emulsification cell (Micame Technologies Ltd) [18, 19]. The system
consists in a PTFE base (named injection chambat)osts a flat membrane coupled with a

dismountable threaded glass cylinder. A stainlésal stirrer is placed over the glass cylinder
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and regulated by a voltage regulator connectethdoetectricity. The feeding system of the
cell was modified from the original version, wheiresstead of a gravimeter cylinder a
peristaltic micropump (Ismatec, model C.P. 7801p-8fs connected to the injection
chamber to permeate the dispersed phase at fimmtyratled flow rate. A schematic

representation of the stirred emulsification planeported in Fig. 6.1 B.
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Fig. 6.1. Membrane emulsification equipment scheme.

A) Crossflow membrane emulsification. 1: nitrogen gglénder; 2. backpresse valve; 3: purg
valve; 4: backpressure valve; 5: dispersed phaadugted vessel; 6: membrane module
purge valve; 8: gear pump; 9: continuous phaseagogrt 10: backpressure valve

B) Stirred membrane emulsification. 1: peristaltic punitrogen gasylinder; 2: dispersed pha
graduated vessel; 3: backpressure valve; 4: iogjeathamber; 5: glass cylinder; tainles:s
steal stirrer, with a blade at the bottom endingn@tor; 8:voltage regulator
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6.2.3. Experimental procedure

6.2.3.1. WO emulsion preparation with Conc A in the dispdrpbase

W1/O emulsion containing 0.1wt % Conc A as emulsifias first prepared using cross-flow
emulsification mode using plant shown in the Figéurk A. A volume of 45 ml was re-cycled
inside the lumen of the SPG hydrophobic membrang (th d,). The dispersed phase flux
was 1.5 0.5 l/hrhin all experiments. The axial velocity ranging fr@003 to 0.05 m/s
(shear stress 0.17 to 2.37 Pa) was used. Soybégalso with Span 80 2%wt, where

specified) was used as continuous phase.

2.3.1.1. Property of Conc A adsorption onto SPGrtydobic membrane

To evaluate membrane protein adsorption, a 0.1v@cd¥c A solution was pressurized with
N, gas at 30 psi and filtered from shell-to-lumerd@ad-end mode. The set-up in Figure 6.1
A was used with valves 7 and 10 closed and coliggtermeate from lumen (valve 11 open).
The membrane used was the same in the emulsificgtimcess (SPG hydrophobic
membrane, 0.4im d,). The experiment was carried out at ambient teatpeg (23 + 1°C).
The flux and protein concentration in permeate tsmuwas measured during the protein
filtration process. In this case, the setting afheee way valve (11 in Figure 6.1 A) was
changed to allowed to collected permeated proteinitisn. Protein concentration was
evaluated using at spectrophotometry, at 280 nra.dd¢nc A adsorption was evaluated from
the GJ/C; ratio (the ratio of Conc A concentration in pertee&, to that in initial feed, . A
value of G/C; equal to 1 indicate no protein retention occurtdthen G/Ci <1 indicates
protein retention. The mass adsorbed into the manebporesny,) and the concentration of

protein eventually adsorbe@4) were calculated as follows, respectively:

rna = mf - Z mpi (1)
m, - Z m,
Ca = V—' (2)

Vv

wherem andm, are, the mass of protein in the initial feed amdhe permeated collected

samples, respectively, aid is the void volume of the membrane.

3y

0

flux reduction %

*100 3)
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whereJp andJ are the buffer solution flux without and with CoA@and PhAla, respectively

6.2.3.2. WO/W, emulsion preparation
W,/O emulsion containing 0.1wt % Conc A as emulsifiesis used as dispersed phase.
Different compositions of Wphase were used to tested the effect of diffezemilsifiers on
droplets size, droplet size distribution and cdigtbrelease. The following YWphases were
tested:

0.2wt % Conc A

2wt % Tween 80

0.2wt % Conc A + 2wt % Tween 80
W,/O/W, emulsion was prepared using the stirred emulsiioatell. The W volume used in
all experiments was 90 ml. The dispersed phaselag 8 I/hr in all experiments. The
speed velocity used was 116.05(56.51 dine/crf). The final % O/W in WO/W, emulsion
was 10%.

6.2.4. Emulsion characterisation techniques

W,/O/W, emulsion droplet size distribution and droplet sim¥e measured using a laser light
scattering system (Malvern Mastersizer 2000, MaJestruments). Microscopic analysis of
both W//O/W, and W/O emulsion characterisation was also carried Optical microscope
(Zeiss, model Axiovert 25) equipped with a camedG, model TK-C1481BEG) to capture
the images of the emulsions was used. The dropleés was measure using scion image
software.

The mean particle size was expressed as the swiamgghted mean diameter (or Sauter
diameter), D[3,2]and as the volume weighted meamedier, (or De Brouckere diameter),
D[4,3]. D[3,2] and D[4,3] were determined, respeely, as follows:

D[32] = 2.0 (4)

2.Dn,
D[43]= %g::

whereD; = particle diameter of classandn; = number of particle in class

(5)
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The width of droplet size distribution was expresses a Span number, calculated by the

following expression:

_ D[og]-D[04]
~ D[og]

Span (6)

where DkO] is the diameter correspondingX® vol.% on a relative cumulative droplet size

curve.

The mass of water-oil emulsion samples and of watesent in the samples were measured
by means of a moisture analyser (Ohaus, model MBdBjposed by a precision balance and
a dryer unit. The oil percentage was determinechfilee weight of sample dried by heating at

100°C because only water phase was evaporatets aemhperature. The percentage of water-

in-oil (%W/O) can be determined as follows:

m
%W/o=ﬁf*1oo (7)

wheremy was the mass of sample after evaporation (correBpg to the mass of oil not
evaporated at 100°C) amd was the mass of initial sample (at the moment miclwv it was
taken from emulsion). The analysis was carriedioubediately after the emulsification and
the % W/O evaluated with this procedure was congpavith the one calculated from the
dispersed phase permeated during the emulsificatxperiment. In such experiment, these
measurements were repeated during the time to arathié eventual changes of the %W/O
caused by phase separation from the emulsion. Tasepeventually separated from the
emulsion, was collected using a separating funaedsthe resulting %W/O only refers to the
stable %W/O emulsified.

6.2.5. Measurement of controlled release as aifumof glucose stimulus

PhAla was used as a marker substance containdx Wit droplets to monitor its release in
the W, phase after glucose addition. Therefore, in otdetetermine the PhAla release from
the W/O/W, emulsion under glucose stimulus, a glucose amows added to WO/W,
emulsion (+Glu) to have in the aqueous phase d fioacentration of 5g/l. The effect of
different composition of WO/W, emulsion prepared with different emulsifier wasteds
using the devices shown in Fig. 6.2. In all expenis, W/O/W, emulsion without glucose
stimulus (No Glu) was also monitored and used astrolblanc reference system. At
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appropriate intervals, samples were taken fromgllneose testing vessel and from control
system and the concentrations of (D)- and (L)-isomvere measured by chiral HPLC.
Samples from the aqueous phase of the emulsionat¢aened by filtering a small amount of
emulsion thorough a 0j2m cellulose acetate filter attached to a syrindes doncentration of
PhAla released was measured by using a CROWNPAK(Rolumn (150mmx4 mm)
(Daicel Chemical Industries, Itd.), a mobile phassde of HCIQ pH 7 flowed at 0.8 ml/min,
200 nm, 25C. Calibration curve of chromatographic peak aresws PhAla concentration
was obtained from (D,L) PhAla standard solutions.

The amount of released PhAla by the glucose stisneffect (PhAla*) was calculated as

follows:

PhAla = PhAla,g, — PhAlg,q, (8)

where PhAla.g, and PhAlanociy were the PhAla concentration released in presendeira
absence of glucose stimulus, respectively.

In some experiments, the same glucose amount sadtial stimulus was added into the
water phase (to 10 g/l and 15 g/l), at appropriatee intervals, to observe the effect of

progressive stimulus on the release properties.

Fig. 6.2. Scheme describing the/ /W, emulsionstested to the controlled release as a functionlwfoge
stimulus. For all emulsions a device without gliestimulus was represented. The emulsions diffetHe
emulsifiers composition as specified in each scheme
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6.3. Result and discussion

6.3.1.Property of Conc A adsorption onto SPG hyldotyic membrane

The first W/O emulsion was prepared by using Coresfemulsifier and as glucose sensor to
be dispersed at the interface. Conc A was soldhilinto the water phase (dispersed phase)
that had to be permeated through the porous hydlmplSPG membrane. The membrane
pores were much larger (Op) than Conc A size. Conc A in solution largely sists of
dimmers. The monomeric molecular weight of Con-25%500 [20]. At pH values less than 6
(such as that used in the present work) the maxirmdimer extension is slightly less than 8
nm as it was deduced from crystallographic strasyfor the dimmer form, 1APN from the
Protein Data Bank) [21]. Therefore, based on the,ghe protein should easily pass through
the 0.4um membrane pores. However, due to electrostacdntions it could be adsorbed to
the membrane pore wall. Also the PhAla is a smalihaacid of 165.19 but the electrostatic
interactions could cause membrane adsorbtion.

In order to verify the steady-state permeation progs of the Conc A and PhAla solution
through the membrane, pre-screening experiment® warried out during which both
volumetric flux andCy/C; ratio as a function of time were measured. Expeamsevere
carried out at pH 5.4, ionic strength 1.026 M amain temperature (23+1°C).

As shown in Figure 6.3, the,/C; ratio increase during the time until 0.94 and @®&onc A
and PhAla respectively. If no protein was adsorbgdhe membraneC,/Ci was 1. In the
present experiment, th&/C; value close to 1 indicates that only the small amaf Conc A

or PhAla was adsorbed during the solution permpatitowever, the mass adsorbed into the
membrane pores @nand the protein concentration adsorbed calculatedrding to (1) and
(2), respectively, was 0.43 mg and 0.49 mg/ml. &liph the membrane pore was much larger
than protein size the electrostatic interactiomieen protein and membrane occurred. At start
of the solution permeation the flux is constant th& protein adsorbed into the membrane
determine membrane fouling that causes flux dedin0%.

This pre-screening tests are important becauseitpermonfirm that Conc A and PhAla was
available to arrange at the water/oil interface ands transport through droplets emulsions,

respectively.
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Fig. 6.3.Cy/C; ratio (for Conc A and PhAla) and flux reduction ihgr adsorption precreening text ont
SPG hydrophobic membrane.

6.3.2. W/O emulsion preparation with Conc A as emulsifiergent in the dispersed phase
The preparation of WO emulsion was carried out using Conc A in theeised phase that
would have been displaced at the interface so tthadtabilize emulsion and function as
glucose sensor. W/O emulsion preparation was chmog using low shear stress. The
dispersed phase flux of 1.5 |/Amas used in all experiments. Effect of axial vepain mean
particle size and Span is presented in Fig. 6.4lewk B, C illustrate the relative emulsion
droplets pictures.

Continuous phase axial velocity is a fundamentatess parameter to determine membrane
emulsification characteristics, because wall stst@ss caused by the continuous phase is a
major force to drive the droplets that are detadhau the membrane pore.

Figure 6.4 shows droplet size decrease with axeddoity and shear stress increasing from

0.003 to 0.05 m/s and from 0.17 to 2.37 Pa, regmdgt Also span shows the same
behaviour.
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Fig. 64. Effect of axial velocity on mean particle sizele&Span of W/O emulsion. Emulsion dropl
pictures prepared at A) 0.003 m/s, B) 0.011 m/s0.35 m/s as axial velocity.
Water separation from the prepared emulsions oeduand only the stable % W/O was
measured. Fig. 6.8hows the stable %W/O present in W/O emulsion pegpasing different
value of axial velocity. The stable %W/O was moreew higher axial velocity (and shear
stress) was used (see Fig. 6.5). In fact, largepldts are formed at low shear stress and the
emulsion results less stable.
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Fig. 6.5. The stable %W/O present in W/O emulsigppred using different values of axial velocity.
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Results showed that 0.1wt % Conc A in the dispepebe could stably emulsify about 3%
of Wy phase in oil at 0.05 m/s as axial velocity. Using I/hnf as dispersed phase flux and
0.05 m/s as axial velocity we prepare adf@/emulsion in the presence of 2% wt Span 80. In
Fig. 6.6 mean particle diameter and span of emulgrepared using only Conc A or Conc A
with Span 80 were compared. The volume-surface meaiicle diameter (d(3,2)), which is
more sensitive to the presence of small partiddesreases slightly in the presence of Span
80. The more significant effect there was in théune-weighted mean particle diameter

(d(4,3)) which is more sensitive to the presencanyflarge particles.

= =
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L L |

Mean Particle Diameter (um)
»

Conc A0.2% Conc A0.2% + Span 80 2%

@ d(3,2) md4,3) O Span

Fig. 6.6.Mean particle diameter and span of W/O emulsiopgmed using only Conc A 0.2%
or Conc A 0.2 % wt and Span 80 2% wit.

The stable %W/O present in the stored W/O emulsisn was compared in Fig. 6.7. The
water amount stably emulsified in the oil phaserease in the time more slowly in the
presence of Span 80. Results shows that the cotidninaf Conc A and monomeric
emulsifier added in the oil phase (Span 80) infageemulsion stability. Other authors [22,
23] found significant stability enhancement in @resence of proteins (such as BSABer
lactoglobulin) and oil soluble surfactant.

The w/o emulsions prepared using Conc A and ComdtiA Span 80 as above described were

used as dispersed phase for the subsequg@/W, emulsion preparation.
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Fig. 6.7. The stable %W/O present in the stored \&H@ilsionprepared using only Conc A 0.2
wt or Conc A 0.2 % wt and Span 80 2% wt as a fomctf time.

3.3. Wi/O/W, emulsion preparation

Hydrophilic flat sheet metallic membrane with ién d, was used to prepare Y@/W-
emulsion. The aim was to prepare a stable intertacgaining Conc A able to interact with
glucose and activate the release. Fig. 6.8 showseffect of different emulsifier on the
emulsion properties. When Conc A was used, droplang a larger mean particle diameter
(D[3,2] and D[4,3]) was obtained. This is a typitehaviour of most proteins. Because of
their higher molecular weight and lower flexibilithey can not adsorb and unfold at the
interface as quick as surfactants can [24]. In, fastshown in Fig. 6.8, emulsions prepared
using Tween 80 as emulsifier have a more narrowldtsize and droplet size distribution
compared with other prepared emulsions. They h&8g&)and d(4,3) of 55.am and 59.6
um, respectively and span of 0.6. In Fig. 6.8 ores dkat the addition of Tween 80 to Conc A
agueous solution decreases the mean particle dign®2t4 versus 6246m and 134.2 versus
73 um for D[3,2] and D[4,3], respectively, comparedtwihe emulsion prepared using Conc
A as emulsifier. However, mean patrticle diameteat span of emulsion prepared using Conc
A with Tween 80 are more similar to emulsion pregaonly with Tween 80. We could
hypothesize that the emulsifier having low molecweight such as Tween 80 adsorbs at
vacant holes in the interfacial protein network bmtulsion droplet size and size distribution
is influenced mostly by the adsorption of Tweera8@mulsion interface.

The presence of Span 80 in the oil showed an addgifect with Tween 80 and Conc A in
the W2 continuous phase (Fig. 6.9) and both mes&rcigadiameter and Span decrease.
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ConcA Tween 80

0.2%wt 2%wt +
B d(3,2) 92417 62.625
0Od4,3) 134.181 73.035
B Spai 1.292 0.981

Fig. 6.8. Mean particle diameter and span qf W, emulsion prepared using different @sifier on.
Emulsion droplets pictures prepared using A) Cong. 2% wt, B) Conc A 0.2% wt and Tween 80 2%
C) Tween 80 2%w

Tween 80 2%wt +
ConcA0.2%wt

Tween 80 2%wt +
ConcA 0.2%wt + Span

d(3,2) 62.625 56.52
od(4,3) 73.035 67.211
Span 0.981 0.8

Fig. 6.9. Mean particle diameter and span of W, emulsion prepared using as dispersed phase
emulsion prepared using only Conc A 0.2 % wt or €ArD.2% wt and Span 80 2%wit.
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6.3.4. Measurement of controlled release as aifumof glucose stimulus

In order to evaluate Conc A glucose sensor propariy/,/O/W, emulsion the release of a

marker substance, i.e. PhAla, dissolved in a§jueous phase was followed during the time.

Fig. 6.10A, B, and C shows the %PhAla release from emulspmepared using different

emulsifier as a function of time. For all experirhethe amount of PhAla released with and

without glucose stimulus was compared.
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Fig. 6.10. PhAla amount released as a functionnoé tfrom W/O/W, emulsions prepared using differ:
emulsifier at W/O interface: A) Conc A 0.2% wt, B) Conc A 0.2% avtd Tween 80 2% wt, C) Twelr@0 2%
wt. D) The effective release of PhAla due to reggoto stimulus for the 't//O/W, emulsions teste
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Fig. 611. The hypothesized mechanism to promote the altedrrelease in the presence of glucose stirr

when Conc A was distributed at the interface.
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Fig. 6.10 shows that, in all considered systems, Congad able to control the marker

substance release as function of glucose stimutufack, the amount of PhAla release from
W1/O/W, emulsion, in all cases considered, was more in thsepice of glucose. The high

affinity between Conc A and glucose determined efguential interaction between them,

causing the protein displacement from emulsionriate with phase separation and marker
substance release. This is the hypothesized meamhamipromote the controlled release (Fig.
6.11).

PhAla amount released in absence of glucose stgnulas due by the two possible

mechanism for permeation through oil phase sugddsterelease from the double emulsion
[25]: the first being via the “reverse micellar tsgort” and the second by “diffusion across a
very thin lamellae” of surfactant phase formed lieas where the oil layer is very thin. The
different PhAla amount release profile, in considevé,/O/W, emulsions, depending by the

different properties of interfacial film. We could hypaiee the following mechanism:

1. Conc A is distributed at WO emulsion interface and at ¥@/W, emulsion interface

with Tween 80 (1° system)

Conc A functions as glucose sensor at@and W/O/W, emulsion interface. The presence
of Tween 80 stabilize the multiple emulsion. ConatAO/W; interface bonds the glucose
dissolved in the aqueous phase promoting its dispi@nt from the interface with
consequent rupture of double droplets and thanntesaction between Conc A at Y@
interface and glucose. The release of PhAla markbstance increased progressively
during the time (Fig 6.10 A).

2. Conc A is distributed at WO emulsion interface and at ¥®@/W, emulsion interface

(2° system)

Conc A functions as glucose sensor at/@Vand W/O/W, emulsion interface. The

W1/O/W, emulsion was not stable and phase separation wssrvaa. The intrinsic

emulsion instability determines no remarkable ddfee between the system with and
without glucose stimulus, respectively. The amounPbAla marker substance release in
this emulsion system is lower than the system presly discussed (Fig. 6.10 B). This was
probably determined to the phase separation phamane fact, the interaction between the
glucose dissolved in the aqueous phase and Cond\A/@ interface can be delayed by the

glucose diffusion through the separated oil phasadtition, although the same amount of
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glucose is used, the free glucose amount is lessubecof Conc A- glucose interaction in

the aqueous phase.

3. Conc A is distributed only at YYO emulsion interface (3° system)
Conc A functions as glucose sensor only atQVThe glucose diffusion through the Q/W
droplets delayed the ConcA- glucose interaction. tR@ reason, PhAla marker substance

release resulted lower and slower compared the firstrsyditcussed (Fig. 6.10).

The effect of glucose stimulus on PhAla marker & release from multiple emulsion
systems considered is better shown in the Figure B.Which reports the effective release
due to response to stimulus. PhAla release reatgridne to the effect of glucose stimulus
(PhAla*), calculated according to equation 4, wassatered. When only Tween 80 was used
as emulsifier, PhAla* release slowly increased dytime time. Instead, when Conc A was
used together with Tween 80, PhAla* release sigaifily and continuously increased in the
time. When only Conc A was used, PhAla* release decreasaddm of emulsion instability.

In order to develop a controlled release systers df great important to consider factorial
design such as emulsion interface stability andaga concentration effect. The presence of
Span 80 in the oil phase showed an improve in tlestability evaluated during the time. For
this reason, the multiple emulsion prepared usiogcCA, Span 80 and Tween 80 has been
selected to measure PhAla release as a functiprogfessive progressive addition of glucose
stimulus (Fig. 6.12).

In this case, Conc A functions as glucose sens®:&D and W/O/W, emulsion interface.
The PhAla marker substance release in the pres#ngieicose stimulus is more significant
compared to the others systems studied when Iugibse concentration is reached. When 5
g/l glucose concentration is used no differenceveen the system with and without glucose
stimulus was observed. It is possible that in tlsecthe amount of free Conc A is major
compared with the amount of Conc A distributed hat interface because of Span 80 and
Tween 80 contemporary presence. A major concentratiaylucose is required to promote
PhAla release. In fact, the progressive additionla¢age in the water phase (to 10g/l and 15
g/l) determine the reactivation of PhAla marker stahce release. This results proof the
concept that Conc A functions as glucose sensothé multiple emulsion considered
controlling the release as a function of glucosedtus. The glucose concentration able to
promote PhAla release depend on Conc A amountliigdd to the interface or free in the
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agueous phase. The presence of Span 80 at imprdVif@ interface stability seems to

permit a best interaction between Conc A and glucose.
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@ Span 80 + Conc A + Tween 80_GLU m Span 80 + Conc A + Tween 80_NO GLU

Fig. 612. The PhAla amount released as a function ofrpesjve addition of glucose stimulus in
emulsion prepared using using Conc A 0.02 % wiWaO and W/O interfaces ), Span 80 2% wt &
Tween 80 2% w

6.4. Conclusions

Preparation of stimulus responsive multiple emuisibas been investigated in this work. A
glucose-sensitive multiple emulsion was used asemsgstem. A protein that specifically
bind glucose such as Conc A was tested as emulaifieéras glucose-sensor in the multiple
emulsions preparation. The membrane emulsificatimthnique was selected as
emulsification technique both in the W/O and W/OéWiulsion preparation. Conc A showed
emulsifier property in the WO emulsion prepared in the controlled shear stcesslitions
using crossflow membrane emulsification. /& emulsion prepared using cross-flow
membrane emulsification containing a marker sulegtgRhAla) to testing controlled release,
was used as dispersed phase yiQMV, preparation. The multiple emulsion having the best
properties in terms of stability and controlledesde was prepared investigating the effect of
O/W, interface composition. Results showed that it issiimbs to modulate the drug release

velocity modifying interface properties with difesrt emulsifier molecule. The combination

130



of Tween 80and Span 80 as emulsifier and Conc Aylasose-sensor showed the better
controlled release property in the presence ofagecstimulus. The progressive addition of
glucose in the water phase determine the reaaivati marker substance release confirming
the effect of self-regulating drug delivery progedf multiple emulsion functionalized with
Conc A at the interface.

These results show the flexibility and suitabilitf membrane emulsification process for
controlled production of self-regulating drug deliy W/O/W emulsions that would mimic

and/or replace important physiological functions.
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Chapter 7

Membrane emulsification as a novel method to digte
phase-transfer biocatalysts at the oil/water iamef in

bioorganic reactions

7.1. Introduction

Emulsions are a unique microheterogeneous mediurerfpymatic reactions [1]. They are
usually prepared using high-pressure homogenizdrasalund homogenizers and rotor/stator
systems, such as stirred vessels, colloid mills othed disc dispersing machines [2]. In the
dispersing zone of these machines high shear strese applied to deform and disrupt large
droplets. Therefore, high-energy imputes are requaretishear-sensitive ingredients such as
proteins or starches may lose their functional prop€dies

In membrane emulsification process, a dispersedidiiqahase is pressed through the
membrane pores to form droplets on the membramaegage side; droplets are then removed
from the pore mouth by a continuous phase flowlng@the membrane surface [4, 5]. In this
kind of process, shear stress is much lower thamlloge-mentioned emulsification systems
and therefore it is possible to use shear-senditigeedients such as proteins. Furthermore,
monodispersed emulsions with narrow droplet size can loriped [6, 7].

These properties suggested that the membrane épaitlen process could be a very suitable
method to prepare multiphase microstructured reactliystems containing phase transfer
biocatalysts.

Lipases are well-known biocatalysts able to intesaith interfaces where they undergo a
conformational activation. The lipase active siteasered by a lypophilic surface loop, the
so-called lid (or flip), which upon binding to thaterface moves away, turning the “closed”
form of the enzyme into an “open” form [8]. This neskthe active site accessible to the
organic solvent and also exposes a large hydrophssface, which is thought to facilitate

binding of lipase to the interface. This phenomenkmpwn as interfacial activation [9],
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enhances lipase hydrolytic activity and also fagdiwe lipid-water interface with high regio-
and/or enantioselectivity [10].

Studies on lipase in multiphase systems have regpam the use of surfactant molecules to
stabilize the interface. Usually lipase activityamulsion depends on the type of surfactant
[11].

In this work, the distribution of lipase at the irfitze of the oil droplets was assisted by
membrane emulsification. The process allowed avgidime use of other surfactants and
lipase itself functioned both as phase transfer biocstalyd surfactant. The interface stability
provided a constant reaction interface at steady-state.

The efficiency of the multiphase emulsion reactsystem prepared in this way was tested
using the kinetic resolution of racemic naproxerthyleester mixture as a reaction model to
produce (S)-naproxen acid, a member of the arylaaatid group of nonsteroidal anti-

inflammatory drugs.

7.2. Materials and methods

7.2.1. Chemicals

Lipase fromCandida rugosatype VII, containing 1 gotei/5.88 Gaw powderdnd 1.180 units/mg

of solid was purchased from Sigma Aldrich. Racemaproxen methyl ester was used as
substrate after it was dissolved in isooctane nelageade. Ultrapure water was made by bi-
distilled water filtered through a Oiin membrane; sodium dihydrogen phosphate anhydrous
(NaH,PQy) and disodium hydrogen phosphate anhydrousHR®&,) were used to prepare
phosphate buffer solution (pH 7.0). Pure (S)-naprosemer was used as standard. THF
(tetrahydrofuran) and TEA (triethylamine) HPLC geadvere obtained from Sigma Aldrich.
Methanol and ethanol HPLC grade were obtained from Carla. Erb

7.2.2. Equipment and Procedure

The experimental apparatus is illustrated in Fig. 7.1. Tha paaits of the system consisted of
i) a membrane module where the emulsion was foriiea circuit feeding the organic phase
containing the substrate; and iii) a reaction dtrauhere emulsion was collected into an

agueous phase.
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Fig. 71. Schematic representation of the experimentphmgius used to distribute the lipas:
the interface of the oil/water emulsion.

SPG tubular membranes (from SPG Technology Compaagan) having 0.Jum pore
diameter, 10 mm outside diameter, 1 mm thickness1l@dmm length were used. An SPG
tube was assembled in a Pyrex vessel. A 50 mM phtesphafer solution (pH 7.0)
containing lipase was circulated by a gear pummgatbe lumen side of the SPG membrane.
The aqueous phase axial velocity was 0.16 m/s, wticresponded to the maximum axial
velocity value of the used system, causing no pressgrease at the lumen inlet. The volume
of the initial aqueous phase was 100 ml. Emulsificatvas carried out at room temperature
(20 £ 2 °C).

The effect of protein concentration on emulsificatand reaction systems was studied using
four different lipase concentrations (1, 2, 4 and 8 g/l).

The oil phase, isooctane containing 5 mM racemicroxagm methyl ester mixture, was

circulated along the shell side of the SPG membiame forced to permeate through the
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membrane by applying a transmembrane pressureoot &1 bar. The initial volume of the
organic phase was 100 ml, the volume permeateddhrthe membrane to form an emulsion
dependent on the emulsifier (lipase) concentraind will be reported case by case. The
emulsion preparation time ranged from 30 to 60 min.

When the volume of organic phase in the emulsionegasvalent to the maximum volume of
organic phase that the lipase was able to steadily dispettse aqueous phase, the circulation
of the continuous phase between the batch andhhbésiication module was stopped and the
reaction was continued in the stirred tank reactbermostated 30 °C. At appropriate
intervals, samples were taken from the reactioneles® the concentrations of (S)- and (R)-
isomer were measured by chiral HPLC.

Samples from the aqueous phase of the emulsionattagned by filtering a small amount of
emulsion thorough 0.pm cellulose acetate membranes. The protein not @xaglat the
interface and remaining in the aqueous phase wasured both by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) and chtalytic activity test. Enzyme
activity in the filtered aqueous solution was meaduwsing triglycerides present in olive oil
as a substrate. This substrate was also used ty Htedeffect of axial velocity during

emulsion preparation on lipase functional properties.
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7.2.3. Droplet measurement

Droplet size was measured by Zeiss Axiovert 25captmicroscopy with a 20x lens. The
images were obtained with #xioCam (Carl Zeiss) using AxioVision 3.1 softwar€a(l
Zeiss). The images were processed by the “Scion Image” rpmg This software
automatically counts identified particles and measutheir diameter. From these
measurements, the mean droplet size and size disbribwere evaluated. For each series of
experiments, standard deviation was calculated fbleast three different experiments. For
each experiment, three samples were taken at the same sptinpdirand for each one at least
five photos were analysed.

In addition to optical microscopy, light scatteriagalyses were also carried out, using
Brookhaven 90 Plus, which has an analytical rangevéen 2 nm and 8m. The two
analytical methods gave similar droplet size valwath an overestimation of about Qutn

for the optical microscopy analyses.

7.2.4. HPLC analysis

(S)- and (R)-naproxen acid were measured by HPL@rkMitachi) coupled with a UV
detector (Merk Hitachi L-4000) at 254 nm. ChirobioW (Astec) column was used. The
mobile phase was a 10/90 mixture of THF/aqueougtisaol at pH 7.0 containing 0.1% TEA.
The analysis was made at a flow rate of 1.0 ml/n8)n@proxen was eluted faster than (R)-
naproxen. Calibration curve of chromatographic p@&a versus naproxen concentration was
obtained from standards solutions.

Mass, produced at time t, was calculated by consigdhie concentration of naproxen acid in
the aqueous phase volume and the concentratiopgewious sampling volumes, according
to:

Mas$roduced Ve G+ VG (1)
Where V is the total volume of aqueous phase in emulsto @rtain sampling time,; &
the naproxen concentration measured by HPL{s ¥he volume of a previous sample, and
Chis the naproxen acid concentration of a previous sample.

Enantiomeric excess of (S)-isomer in the produgt,\eas calculated according to:

e§=($-R)/(S+R) 2)
where § and R are the mass of product of (S)- and (R)-naproxen acid,atsps.
The conversion of the substrate was calculated accotating
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Conversion = ($:Rp) / Ms (3)

where M is the mass of substrate.

7.2.5. Electrophoresis

Proteins present in the collected samples, e.g. lipae initial solution and in the aqueous
phase after filtration of emulsion samples (herémaalso called unadsorbed lipase), were
analysed by one-dimensional SDS-PAGE on a 10-15%tB8e&" gradient using buffer
strips. An 8/1ul sample applicator was used (Amersham Biosciend&3, The gel has a
continuous 10 to 15% gradient gel zone with 2% sdnoking. The buffer system in PhastGel
SDS Strip is composed of 0.20 M Tris-glicine 0.20 M Tris and 0.58%6 at pH 8.1.

Sample treatment: to the final volume, 2.5% SDS (8idxdrich), 5% pB-mercaptoethanol
(Sigma-Aldrich), were added and heated at 100°C thed 0.01% of bromophenol blue
(Sigma-Aldrich) was added. Each sample was load#d a separate lane of the gel
containing 1uL of sample. The gels were stained with silver amehtdistained with 3.7%
Tris-HCI, and 1.6% sodium tiosulphate. The solutiondoeserving the gels contained 10%
glycerol.

The gel images captured by scanner were analysémdye Quant TL Software (Amersham
Biosciences, UK), which permitted the identificatiohthe band molecular weights (MW)
and concentration. The estimation of protein MW walsulated by using the molecular size
calibration mode in a gel image containing standdi/s. The MWs of the proteins of
unknown samples were calculated from the logaritinve fitting, which relate the standard
MWs with the relative mobility as a pixel posititny using calibration Kit proteins (LMW,
low molecular weight). The amounts of proteins tdfead in the gels were calculated, using
standard proteins, from the quantitative calibratarve, which relates the band volume and

intensity to protein amount.

7.2.6. Enzyme activity test with olive oil

A 19 ml phosphate buffer solution (pH 7.0) and 1ahblive oil were placed in a 50 ml

volume tank and stirred at 500 rpm to form a umifenixture and then 1 ml of lipase solution
was added. The mixture was stirred with a magndiites and the temperature was
maintained at a constant value of 30 (x1) °C. Thactien was monitored by automatic
titration using a Mettler DL21 titrator and 20 mM NaOH sioint
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7.3. Results and Discussion

In this section, results on the use of membrane sfimaltion to distribute lipase at the

interface of oil/water multiphase reaction systemrs presented. Initially, it was verified that
the operating conditions during emulsion preparatibd not have a negative effect on
enzyme activity. Then, the influence of the emutsifilipase) concentration on the emulsion
properties, as well as on the catalytic activity andntioselectivity of lipase distributed at the

interface, were investigated.

7.3.1. Effect of axial velocity on lipase performance

The effect of shear stress caused by axial velamitythe lipase functional properties was

investigated. A 2 g/l lipase solution was recirtethalong the membrane emulsifier lumen at
the same axial velocity used during the emulsicparation (0.16 m/s). The solution was

recirculated for more than 60 min and samples wekert every 30 min to test the enzyme
activity. Catalytic activity was measured using eliwil as substrate and the results were
compared with native lipase activity. Fig. 7.2 shole ¢oncentration of free fatty acids as a
function of time produced by a native lipase solutand a lipase solution after recirculation

along the membrane emulsifier circuit. The initi@action rate for the native lipase solution
and the lipase solution after recirculation (at&8@ 60 min) resulted 0.012 mM/min and

0.013 mM/min, respectively. Results confirmed thatnegative effect on the lipase activity

was caused by operating conditions.
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Fig. 7.2. Reaction rate of lipase native solutand lipase solution recirculated along the lumé
SPG membrane at 0.16 m/s. (lipase solution coratamtr= 2g/1).
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7.3.2. Emulsion properties

7.3.2.1. Influence of lipase concentration on emulsion dopleé distribution
Emulsions were prepared using isooctane contaidingiM naproxen methyl ester as

dispersed phase and phosphate buffer containimgdi@s continuous phase. Four lipase
concentrations were used: 1, 2, 4 and 8g/l.

Droplet size distributions for different lipase centrations, measured by optical microscopy,
are shown in Fig. 7.3.

There was no difference between the droplet siziillition of the different emulsions. In all
cases, droplet sizes ranged from 0.7 (x0.01) to 3.2)+0n with a maximum at 1.6 (+0.4)
pum, representing more than 90% of the droplet emudsidnalyses carried out by light
scattering resulted in a maximum droplet size itistion of 1.4 (x0.3um. Although the two

methods resulted in a 0.@m difference, the overall range value can be conster

trustworthy.
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Fig. 73. Droplet size distribution of emulsions obtaineding 1, 2, 4 and 8 g/l of lipase init
concentration as emulsifier. a) @il water emulsion picture captured at the optisairoscope (20x). (O
phase = isooctane containing 50 mM racemic napraowethyl ester mixture; water phase = phosp
buffer containing lipase solution; transmembraresgure (TMP) = 0.1 bar; axial velocity = 0.16 m/s)
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The fact that droplet size did not depend on thailgifiter concentration implied that
hydrodynamic conditions played a decisive roleh@ tised emulsifier concentration. Similar
results were reported by Tcholakova [12]. The expental data from those studies showed
that there was a considerable decrease of drapketas low surfactant concentrations (< 0,1
wt%) on the contrary there was a plateau regiorhifgh surfactant concentration values (>
0,1 wt%).

Fig. 7.4 shows the percentage of organic phase irwtter phase as a function of lipase
concentration solution used as emulsifier. At lowutsifier concentration (1 to 4 g/l) the
percentage of organic phase increased linearly witeasing lipase concentration, reaching
a plateau after 4 g/l. This behaviour is probable do the fact that lipase forms stable
aggregates at a concentration of 8 g/l, which prisvéme lipase from being available to

stabilize additional emulsion droplets. This point will belier discussed in the next section.

35

30

e

25

20

Organic phase (%)

10 1

L4 = I

0 1 P 3 4 3 6 T i

Lipase concentration {g/l)

Fig. 74. Behaviour of organic phase percentage in wateas@ as a function of lipase solut
concentration.
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Thanks to the highly droplet uniformity and stdilithe membrane emulsification
methodology offered a possibility to accuratelylaage catalyst basic parameters such as the
hydrodynamic diameter. This information is usefulthe bioreactor optimization design. In
this work, macromolecule diameter at the interfaces vevaluated and compared to the
molecular diameter calculated from crystallographic.data

In fact, each emulsion droplet is a sphere for whiclvas calculated the volume of each
sphere Ygy) knowing the radius of each drog){

4 3
=2

Knowing the total volume\{,y) of organic phase permeated in the aqueous phasessible

(4)

to calculate the total number of droplet&:

ot (5)

The total droplets numbeNg) multiplied by the area of each drofy) gives the total area
occupied by dropletsA):

Aot = Nigt X A, (6)
The area of each dropleig will be:

Ag =4 ary’ (7)

In which rq is the drop ray.
The area of each dropleA§) can also be expressed as the product of the nuailgpase
molecules that covers every single dropMidecoleLipag and the area of lipase to the interface

(ALipase)-

Ag = Nlipasemoleulesx Aipase (8)

If we approximate the lipase as spherical mole€Al§asi = nrupasiz,dove Nipasi € il raggio
della lipasi) the equation 6 can be rewrite as following:
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2

A\ot = Ntot X NmolecoleL;base X :urLipase (9)

NxN IS the lipase total numbeN G ipase:

molecolelpase

N _ N x_Jipase (10)

totLipase — 'Y A MV

Lipase

in which N, is Avogadro numbemMV jpase@nd giipase are respectively, the lipase molecular

weight and lipase amount distributed at emulsion interface

Combining equation 9) and 6), we obtain the following rethesiip:

Vtot X 4 2 = N x gLipase
3 lurg A MV
4ir g Lipase

3

2
X :urLipase (11)

that permit to obtain lipase molecular ray knowihg tispersed phase volumé.f) stably
distributed in the water phase and the lipase amountudittd at the interfac@fpase-

The molecular ray of lipase frosandida rugosabtained using equation 11) is 112.28 (+ 6
A).

Usually this information is obtained from crystgftaphic data. However, when protein are
absorbed at the emulsion interface they undergdoomational changes from which
molecular ray depends. Membrane emulsification nology permit to obtain the

hydrodynamic diameter of the protein distributed at tierface.

7.3.2.2. Measure of lipase not present at the interface

The emulsification process was stopped after tharscgphase was separated on the top
surface of the aqueous phase. This was considerie asgnal that no more free lipase was

available for emulsion stabilisation. The organitumee excess was collected and measured
in order not to consider it in the percentage of organicepimsmulsion.

After emulsion preparation, 5 ml emulsion was feto separate 2 ml of agueous phase and
it was analysed to determine whether any uncomgldipxase was present. Analyses were

carried out by electrophoresis and activity testh wlive oil. The results are summarized in
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Fig. 7.5. The graphic shows fatty acids productioradanction of time obtained with the
solutions filtered from emulsions prepared withfafiént lipase concentrations. Enzyme
activity was detected only when 8 g/l lipase comicdion was used. The electrophoretic gel
(Fig. 7.5 a) shows the bands of initial and filterpéde solution for the used concentrations
(1-8 g/l). Also in this case, only when the 8 g/l 8pasolution was used uncomplexed enzyme
was present in the aqueous phase (lane 9).

In the used operating conditions of transmembraasspire, axial flow rate, temperature, etc.,
lipase 8 g/l was able to stabilize a certain volwherganic phase, over this value, additional
organic phase that permeated through the membepeated as a continuous phase on the
top of the emulsion mixture, even though the uncemgd lipase was still present in the
agueous phase. Since the organic phase separatesjstir lack of organic phase to be
emulsioned, but on the contrary lack of emulsifierailable to stabilize the droplets.
Therefore, in the conditions used, lipase concentrdtigher than 4 g/l does not increase the

oil/water ratio.
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Fig. 7.5. Activity tests of aqueous solutidilgered from the oil/water emulsion to detect unguexec
lipase. a) SDS-PAGE of lipase initial solution dittgéred aqueous phase after emulsion preparation.
Line 1: Standard solution; Lines 2, 4, 6 and 8 espnt the initial lipase solution at 1, 2add 8 g/l
respectively; Lines 3, 5, 7 and 9 represent th@ommiexed lipase present in the filtered agueouse
of emulsion prepared using the lipase solution, & ¥ and 8g/l respectively.

The results are in agreement with the previousrehtien that at 8 g/l lipase formed stable
aggregates that made it unavailable for stabilizivegoil/water interface during the emulsion
preparation.

It is worth to mention that, the protein aggregatdsb at lower concentrations (as light
scattering analyses indicated — data not shown).ddevy while at lower concentrations all

the enzyme was available to be distributed at thieader interface (in fact, no protein nor

activity was found in the water phase filtered frtva emulsion) at 8 g/l, after a certain value,

no additional oil phase was emulsioned even thoegklyme was found in the filtered
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agueous phase. This led to the hypothesis that aygtegates were more stable than in the
other cases, and therefore the protein was not availakdéatuitizing additional interface.
Previous studies on the behaviour Gandida rugosalipase aggregation showed that
aggregation is a function of protein concentration [1¥ha@ugh there are no clear indications
about the reversibility/irreversibility of aggregat formation, it is likely that aggregates

formed at higher lipase concentration are more stable.

7.3.3. Performance of lipase at oil/water interface in bendmgreactions

Activity and enantioselectivity of lipase distriledt at the oil/water interface by membrane
emulsification was evaluated by means of enantas®e hydrolysis of 5 mM racemic
naproxen methyl ester present in organic dropletsekch lipase concentration (1, 2, 4 and 8
g/l) the production of naproxen acid, the enantiomexcess and the conversion degree were
evaluated. The time course of (S)- and (R)-napra@d produced as a function of time is

shown in the Fig. 7.6, whilst conversion and enantiomericssxaee reported in Fig. 7.7.
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Fig. 7.6. Behaviour of naprex acid mass production as a function of time @ofganic reactions carrit
out using the lipase distributed at the oil/watgeiface by membrane emulsifier. (Oil phase = itmue
containing 5 mM racemic naproxen methyl ester mixtwater phase = plphate buffer containing lipa
at1, 2,4 and 8 g/l).
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Fig. 7.7. Time course of conversion and enantiomeric excédhe bioorganic reactions carried
using the lipase distributed at the oil/water ifstee by membrane emulsion.

For each series of experiments, the production phéproxen acid increased as a function of
time. The productivity, calculated as the slope betwthe mass of naproxen acid produced
and the reaction time, increased with increasingliffese concentration approaching to a
plateau at the highest lipase concentration (8 g results are congruent with the data
obtained in previous experiments. In fact, the prtdig increased with the lipase at the
oil/water interface and the substrate availabi(jpercentage of oil phase) increased with
increasing lipase concentration, up to a criticalcemtration that most probably caused the
formation of stable lipase aggregates which extBrnaxhibited the polar part of the
macromolecules, thus maintaining them in the aquebase and preventing their adsorption
at the oil/water interface.

In all cases, the enantiomeric excess of the (S)exep acid was 100% and no decrease was
observed as long as the conversion of the naprmethyl ester did not exceed 45%. After
this conversion value, the enantiomeric excess dserkto about 93%. This can be explained
by the fact that the reaction is a kinetic resolti therefore lipase catalyzes the

enantioselective hydrolysis of the racemic naproxethyl ester mixture until (S)-naproxen
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methyl ester is available. When (S)-naproxen metstier concentration is remarkably
reduced, competition of (R)-naproxen methyl ester becoigesicant and (R)-naproxen acid

is also produced.

The results indicated that lipase did not undergactvation, in fact production of (S)-
naproxen acid increased with time and enantionmexcess was 100% as long as the proper
isomer substrate was available. It has been repdniEtdreaction rate and productivity of
hydrolysis reaction catalyzed by lipase in microtsiams depends on the nature of the
surfactant [14-18]. In this work, lipase itself wasedisas a surfactant and therefore the

enzyme activity was not influenced by additives.

7.5. Conclusions

The suitability of membrane emulsification to ops8m the distribution of the lipase at the
oil/water interface of heterogeneous bioorganic reactystems has been demonstrated.

The mild operative conditions in terms of sheaesgrof this technique allowed emulsions to
be obtained with droplets stabilised by the lipdiself without the need of additional
emulsifier.

Stable emulsions with droplet size distributionihgva maximum at 1.4-1.6m representing
more than 90% of the droplets, were obtained. Thaml®at shear stress and enzyme optimal
spatial arrangement at the stable and constantatdfl interface, lipase showed very high

enantioselectivity (100%) at high conversion degree (189% of the(S)-naproxen ester).

149



References

[1] H. Stamatis, A. Xenakis and F.N. Kolisis, Bioorgamgactions in microemulsions: the
case of lipases, Biotechnol. Adv., 17 (1999) 293.

[2] C. Charcosset, I. Limayem and H. Fessi, The menebeanulsification process- a Review,
J. Chem. Technol. Biotechnol., 79 (2004) 209.

[3] A.L. de Roos and P. Waltraed, Loss of enzyme agtoue to adsorption onto emulsion
droplets, Colloids Surf.B., 6 (1995) 201.

[4] T. Nakashima, M. Shimizu and M. Kukizaki, Particlentrol of emulsion by membrane
emulsification and its application, Advance Drug DelivBgviews, 45 (2000) 47.

[5] S.M. Joscelyne and G. Tragard, Membrane emulsificata literature review, J.
Membrane Sci., 169 (2000) 107.

[6] S.M. Joscelyne and G. Tragardh, Food emulsionsgusiembrane emulsification:
conditions for producing small droplets, Food Eng, 39 (1999) 59.

[7] G.T. Vladisavljeve and H. Schubert, Preparation and analysis of oiater emulsions
with a narrow droplet size distribution using Shkugorous-glass (SPG) membranes,
Desalination144 (2002) 167.

[8] A.M. Brzozowski, U. Derewenda, Z.S. Derewenda, G.G. DodénM. Lawson, J.P.
Turkenburg, F. Bjorkling, B. Huge-Jensen, S.A. Patkarlanthim, A model for interfacial
activation in lipases from the structure of a funfyase-inhibitor complex, Nature, 351
(1991) 491.

[9] M. Pernas, C. Lopez, A. Prada, J. Hermoso and M.L. Ruaagt8ral basis for the Kinetics
of Candida rugosd.ipl and Lip3 isoenzymes, Colloids Surf. B, 26 (2002) 67.

[10] K.E. Jaeger, S. Ransac, B.W. Dijkstra, C. Colson, Mh keuvel and O. Misset,
Bacterial Lipases, FEMS Microbiol. Rev., 15 (1994) 29.

[11] T. Kavase, T. Hashimoto, T. Fujii and T. Minagawaidgts on the affects of surfactants
on lipase activity, Journal of the Japan Oil Chemistry Spcizt (1985) 530.

[12] S. Tcholakova, N.D. Denkov and T. Danner, Rolewfagtant type and concentration
for the mean drop size during emulsification in turbuléwf Langmuir, 20 (2004) 7444.

[13 ] Y. Liou, A.G. Marangoni and R.Y. Yada, Aggregatioehhviour ofCandida rugosa
lipase, Food Research International, 31 (1998) 243.

[14] K. Holmberg and E. Osterberg, Enzymatic prepamatiof monoglycerides in

microemulsion, Journal of the American Oil Chemists Sgpcth (1988) 1544.

150



[15] P. Skargelind and M. Jansson, Surfactant interfac lipase catalysed reactions in
microemulsions, J. Chem. Technol. Biotechnol., 54 (1992) 277.

[16] M. Stark, P. Scagerliind, K. Holmberg and J. Cadfddependence of the activity of
Rhizopudipase on microemulsion composition, Colloid. Polym. Sci., @&®0) 384.

[17] T.P. Valis, A. Xenakis and F.N. Kolisis, Comparativedses of lipase fronRhizopus
delemarin various microemulsion system, Biocatalysis, 6 (1992) 267

[18] P.D.I. Fletcher, G.D. Rees, B.H. Robinson and R.B. Fneed Kinetic properties ai-
chymotrypsin in water-in-oil microemulsions: studiesth a variety of substrates and
microemulsion system, Biochem. Biophys Acta, 832 (1988) 20

[19] P. Grochulski, Y. Li, J.D. Schrag, M. Cygler, Twantmrmational states of Candida
rugosa lipase. Protein Sci. 3 (1994) 82-91

151



Chapter 8

Ferrous ion effects on the stability and properi#sO/W

emulsions formulated by membrane emulsification

8.1. Introduction

Emulsions are formed by two immiscible phases inctvione (dispersed phase) is dispersed
in the other (continuous phase). Emulsions are géipamstable and, therefore, they tend to
separate. The addition of surfactants is frequesttiployed to avoid phase separation and to
stabilise the emulsion droplets because they psssaphiphilic nature. This is, they have a
hydrophilic head and a hydrophobic tail in their ewllar structure. Surfactants not only
reduce the interfacial tension of the media, thudifating the formation of emulsions, but
also are supposed to induce repulsive forces betveeeulsion droplets, stabilising the
emulsion. Due to the importance of the interfaci@rge in emulsion systems, surfactants
have been typically classified according to therghathat they have in the molecule.
Classically, surfactants have been classified agnamicationic, non-ionic and amphoteric.
Thus, it is logical to assume that emulsions obthinéth charged surfactants are highly
stable due to the charge repulsions between thd pemups of the surfactant molecules
located in the interface of the emulsion dropleteerEthough emulsions can benefit from the
charge repulsions occurring between emulsion dtepiehas been previously demonstrated
that non-ionic surfactants are also capable ofilstaly emulsions although they are non-
charged surfactants [1]. In general, depending orting@sion ingredients and emulsification
conditions, the emulsions can suffer from coaleseemod even breakage. The so-called
stabilisers or the presence of solid particles magease the stability of emulsions [2]. When
dealing with charged surfactants, the presence wfiteoons in the media can decrease the
stability of the emulsions due to their electrastattraction with the charged emulsion
droplets [3]. This may cause a decrease on thdsiepa occurring between droplets and, in

consequence, their coalescence and, at the end, gkaseation phenomena. Thus, a

152



definitive formula for obtaining stable emulsionseg not exist and an accurate study of each
emulsion to be prepared has to be carried out surenboth its stability and its final
properties.

Emulsions can be prepared in several devices sschigh-pressure homogenisers [4-6],
ultrasonication devices [7, 8], rotor-stator systd®s10]. However, these methods both
consume notable amounts of energy and the sizebdisbns of the emulsion droplets are
generally wide. Recently, several new methods thiteuvarious microfabricated structures
have been developed for preparing monodispersesemsal with low energy requirements.
Microchannel [11], microfluidic devices [12, 13] antembrane emulsification [14], offer an
alternative and versatile routes to produce emulsions.

Membrane emulsification has been shown to be véraciive for the production of high
value compounds. One example is the formulation agsuales containing drugs for its
controlled release [15-18]. The technique is basetherformation of emulsions by forcing
the dispersed phase to permeate through a memarahbeing collected into the contiuous
phase drop-by-drop. There exist several membrane #icatisn configurations depending
on how the dispersed phase droplets detach fronmgrabrane surface [19]. For instance,
previous works have shown that stable emulsionsbeasuccessfully produced by crossflow
membrane emulsification [15, 20-22] and dead-endestimembrane emulsification [23-25].
In such equipments, membrane material, pore sizer skreas, and dispersed phase flux are
some of the operating variables having a stronlyience on the properties of the prepared
emulsions. Obviously, the previous variables havéod¢oadded to the others influencing
variables such as the surfactant percentage, tihé g@tcentage in the final emulsion, the
density and viscosity of both phases, the compositioneofbntinuous phase, etc.

This work aimed at the preparation of oil-in-watenusions containing Fe(ll) at their
interface. SDS was used as anionic emulsifier. Is slgstem, Fe(ll) functioned as a counter
ion of SDS and it could be adsorbed at the oil/wdteplet interface. On the other hand, as
previously mentioned, this may cause destabilizationeoéthulsion.

One of major interest of producing stable Fe(llprtaining emulsions could be to test them
as catalyst for the partial oxidation of organictzonminants. The Fenton process has been
typically used for this purpose. However, this praceses Fe(ll) ions as homogeneous
catalyst [26]. Thus, the catalyst continuously leathes oxidation reactor together with the
treated effluent often causing environmental pnoisi¢27] and increasing the treatment costs.
The use of Fe(ll) ions confined in emulsion droplebuld avoid those problems. However,

this work is not focused on the use of oil/wateopdets as catalyst but to identify the
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appropriate operating conditions for the preparatd stable oil/water droplets containing

Fe(ll) ions. This is considered to be the most g point for ensuring the adequate

development of this new application. The effecEefll) presence in the continuous phase or
added after droplet formation, Fe(ll) concentratiamuksifier concentration, disperse phase
percentage and droplets size on emulsion stahbiligye investigated. Emulsions were

prepared in a stirred cell, by using flat metalliembranes, and by cross flow emulsification
using tubular ceramic membranes. Membrane porefsize 20 down to 0.5um have been

used. A relationship between droplets size and Fe(ll) onstonudtability was identified.

8.2. Materials and methods

8.2.1. Chemicals

Commercially available corn oil was used as disgzhase of the prepared emulsions. SDS
for molecular biology (Sigma, purity 99%) was sedelchs model anionic surfactant. Iron (1)
sulphate heptahydrate (Sigma-Aldrich, purity 99%pwaed as source of Fe(ll) ions. The
continuous phases was an aqueous solution maddtrapure water (USF Elsa, model
Purelab Classic PL5221) with a resistivity of 18.2Mm, containing SDS, Fe(ll) or both.

8.2.2. Membrane emulsification devices, membranes and aperati

8.2.2.1. Stirred membrane emulsification equipment and enpets

The stirred emulsification cell was manufactured Micropore Technologies Ltd.
(Leicestershire, United Kingdom). The system consistea PTFE base (named injection
chamber) that hosts a flat membrane coupled witlismountable threaded glass cylinder.
Between the glass cylinder and the membrane, a R3iREg placed in order to prevent leaks
during the emulsification. A stainless steal stirweith a blade at the bottom ending, a motor
at the top and a PTFE vortex breaker fixed at tineeg is placed over the glass cylinder and
regulated by a voltage regulator connected to kbetrecity. A detailed scheme of the stirred
emulsification cell was published by Stillwell dt 4]. The feeding system of the cell was
modified from the original version, where instead afgravimeter cylinder a peristaltic
micropump (Ismatec, model C.P. 78016-30) was conneitdethe injection chamber to

permeate the dispersed phase at finely controlled flav rat
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A typical emulsification experiment started prepgrthe continuous phase by dissolving the
appropriate amount of surfactant into ultrapureewaind, depending on the experiment, also
iron sulphate. A graduated glass cylinder was sulbedty filled with the liquid to be
dispersed. Then, both pump impulsion and aspiratibad, as well as the injection chamber,
were filled with the liquid to be dispersed. Thene tmembrane was placed inside the
injection chamber, below the joint, and the glassndgr was threaded. At that moment, 90
mL of continuous phase were added to the cylinder the stirrer was placed at its correct
position. The voltage regulator was set at the ddsuoltage position and the pump was
subsequently switched on. The pump was always aguesat that the oil permeate flow rate
through the membrane was 0.15 mL/min. The decreateedével in the graduated cylinder
of the liquid to be dispersed was controlled thtomg the experiment to assure that the
permeate flux was constant. When the desired volomthe liquid to be dispersed had
permeated, the pump and the stirrer were switchieainof the emulsion was poured out into a
glass beaker. After this, the system was dismountddsabmitted to cleaning with soap and
water.

Two hydrophilic metallic membranes were used in shered emulsification experiments,
both purchased at Micropore Technologies Ltd. The paes of the membranes were 10 and
20 um. The membranes were also cleaned with soap arel watier being used and were

maintained submerged in ultrapure water until their next us
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8.2.2.2. Crossflow membrane emulsification equipment andrempnts

Emulsification experiments in crossflow mode wegesried out in a homemade lab-scale
emulsification plant, schematised in Fig. 8.1. The phasbe dispersed was contained in a
pressurised nitrogen vessel. The transmembrane upeesgas fixed by regulating two
backpressure valves located between the gas cyliadérthe stainless steel membrane
module. This way, the permeate flux of oil was pdtjecontrolled and kept constant during
the experiments. Two valves that allowed the depresgion of the system were installed
before the oil vessel and at the shell of the medth Amicon (model 54113#1728, Beverly,
USA) peristaltic pump was used to work at the @esirontinuous phase tangential velocity
by selecting the adequate flow rate in the pumpleggr. A 100-mL glass beaker was used as
continuous phase container during the experimenitsallf, several manometers were

installed to control and monitor the pressure duringethalsification tests.
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Fig. 8.1. Crossflow membrane emulsification equiptreeheme.
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The membrane tested with this system was a tullwidrophilic ceramic membrane with a
pore size of 0..um (manufactured by Membraflow, Germany). The membiiwe layer
was made of zirconium oxide and the total lengtthefmembrane was 100 mm. The internal
and external diameter of the membrane was 7 and 10 mm, resjyect

A crossflow membrane emulsification experiment starby filling with oil the dispersed
phase vessel, the tubes connecting the vessel andambrane module and also the shell of
the module. The vessel containing the continuouseheas filled with 90 mL of ultrapure
water and the pump was switched at the desired e for performing the emulsification
experiment. The continuous phase was always redtyokde the lumen of the membrane.
Once all the air was purged out from the moduletragen pressure of 5 bar was fixed and
the dispersed phase was allowed to permeate doneadhour. After this, the dispersed phase
circuit was depressurised, the water that had beeulating was purged out and a solution
containing the ingredients desired for the emulatfon experiment was circulated for five
minutes in order to remove some oil that could haveained in the continuous phase circuit.
90 mL of continuous phase, prepared as in the dtcedl experiments, was then replaced to
the continuous phase vessel and kept circulatintgeasame flow rate than when water was
circulated. Then, the dispersed phase circuit wasspresed at 1 bar and, at that moment, the
emulsification process started. Once the desirednvelof oil had permeated, the dispersed
phase circuit was depressurised to stop the oihgation and the obtained emulsion was
collected from the circuit and continuous phasesekand kept in a glass beaker for further

characterisation and/or iron addition experiments.

8.2.2.3. Preparation of Fe(ll)-containing emulsions

The presence of Fe(ll) in the continuous phaserbdfte emulsification experiments started
was done by dissolving a known amount of Fe(ll) @DS in ultrapure water, as
abovementioned. Then, this solution was used asincmnts phase and the experiment
operation was as when no Fe(ll) was present.

When the effect of the Fe(ll) presence and cona#otr on the emulsion properties of
previously-prepared emulsions wanted to be explaedilsions without Fe(ll) in the initial
continuous phase were obtained, following the prdsodescribed in the previous sections.
Then, the obtained emulsions were left to settlerroght in separating funnels and the
separated continuous phase was replaced by ar)-Eefliaining aqueous solution of known

concentration. The new emulsion system was genthganat 50 rpm at room temperature (20
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+1°C). At this point, the new emulsion was subjedtethe same analysis than those prepared
with an Fe(ll)-containing continuous phase. Congrperiments were also carried out in

which the separated continuous phase was replaced by atee w

8.2.3. Emulsion characterisation techniques

Emulsions obtained in the stirred and crossflow mm@me emulsification devices were
characterised with the same techniques and follpwiiee same sampling and analysis
protocol. After the emulsification experiments, enuls were preserved unstirred in closed
glass beakers at room temperaturet(20C). Given the size of the droplets, the emulsions
suffered from creaming. To obtain an homogenous Earfmem emulsions that were
analysed, they were gently stirred (50 rpm) befdre tharacterisation analyses were
performed. The emulsion sample was withdrawn froencéntre of the beaker. A pipette was
immersed, the liquid entered in the tip during imnoersvas purged off and then the sample
was saked. Any eventually separated oil was caretlilpinated from the sample and its
mass and volume were measured. Five different samydee collected for each measure to
evaluate the analysis reproducibility. After the ptamwithdrawal, the emulsions were left
again without stirring.

The mass of oil-water emulsion samples and of @k@nt in the samples were measured by
means of a moisture analyser (Ohaus, model MB45posed by a precision balance and a
dryer unit. The instrument operates on the thernawigretric principle: the oil percentage is
determined from the weight of sample dried by imepat 100°C. The percentage of oil-in-
water (%O/W) can be determined from the initial &ndl (after evaporation) sample weight
measurements. The analysis was carried out immédeiter the emulsification and the oll
in water percentage evaluated with this procedwas eompared with the one calculated from
the the oil permeated during the emulsification expent. For certain emulsification
experiments, these measurements were repeated alengveek to monitor the eventual
changes of the %0O/W as a function of time, causedrbplet breakage and oil separation
from the emulsion. As explained before, as separatedvas not collected during the
sampling, the resulting %O/W only refers to the esifigld oil-in-water percentage.
Therefore, a decrease of %O/W was an indicator of the emnuiseakage.

The droplet size distribution of the emulsion wasaoted in a Malvern Mastersizer analyser
(Malvern Instruments, model 2000), a laser lighttecaty analyser, equipped with a liquid
sampling unit (Malvern Instruments, model Hydro @0AU). Reported data are averages of

ten readings of at least three samples from at leastseparate experiments. The analyser
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was used to obtain the droplet size distributiorveuthe surface weighted mean diameter (or
Sauter diameter), represented by D[3,2], the volumghted mean diameter, represented by
D[4,3] (or De Brouckere diameter), and the valuehaf $pan (indicator of the width of the
distribution curve). D[3,2] and D[4,3] were determined, resipely, as follows:

_2.Dbn
D[3’2] - z Dizni (1)
D*n
p[43)= %ng: @

whereD; = particle diameter of classandn; = number of particle in class

Span number is calculated by the following expression:

D[09]- D[04]

SPan= =5 og]

3)

Where D[0.5] is the diameter in microns at which 50% of sangpémaller and 50% is larger;
D[0.1] and D[0.9] are the diameters below which 10%d 0% of the sample lie,
respectively.

The droplet size distribution analysis was perfafmenmediately after preparing the
emulsions and followed during one week. The chamjdbe D[3,2], D[4,3] and Span are
therefore an indicator of the changes on the propertiggeqgirepared emulsions. D[4,3] value
is more sensitive to the presence of larger drepletn D[3,2] value, and therefore it gives an
indication of droplet coalescence. Emulsion stabiligex (ESI) was expressed as the ratio
between the emulsion stored data (including D[3,24,%) and Span) and the initial emulsion
data. Combining ESI value with %0O/W measurementssfored emulsions it is possible to
understand the occurred destabilization procesgatticular, ESI = 1 and constant %0O/W
indicate that emulsion is stable. ESI>1 and decreas¢he %O/W indicate emulsion
coalescence and droplets breakage. ESI<1 and decieathe %O/W indicate emulsion
breakage, i.e. larger droplets coalesce and thekdosaising oil separation. In this last case,
as the larger droplets disappear the analysis catchirlyriee smaller stable droplets.

Optical microscopy characterisation of the prepamdlisions was also carried out in some of
the experiments to compare the visual observatainge droplet size distribution of the
emulsions with those obtained using the light sceiyy analyser. The optical microscope
(Zeiss, model Axiovert 25) was equipped with a cam@VC, model TK-C1481BEG) to

capture the images of the emulsions, which were then medtdy scion image software.

159



The Fe(ll) content was obtained in an atomic alismrpspectrometer (Hitachi, model Z-
8200). Emulsions were filtered through Nylon membrdrsks of 0.2um pore size and 47
mm diameter (Whatman International) prior to Fe@éialysis. A vacuum pump (Edwards,
model D1) was used to filter the emulsion sampldé® difference between the initial iron
concentration in the continuous phase (originaahanged) and the final iron concentration
allowed the determination of the Fe(ll) linked to the esiaul droplets.

8.3. Results

This section is structured in two main parts. Thst fileals with the exploration of the effect
of emulsification parameters to obtain emulsionsitiga a high degree of uniformity and
stability. These emulsions were prepared only withncoil as dispersed phase and SDS
solution as continuous phase in the stirred emcggibn cell. These emulsions were then
used as a base reference to identify the effect of the peeséfe(ll).

The second part includes the effect of the presémue concentration) of Fe(ll) dissolved in
the continuous phase used for preparing emulsidhg &t the same conditions than when
prepared without Fe(ll). In this section, it is afgesented the study of the effect of the Fe(ll)
addition after the emulsification process, therefafeer exchanging the continuous phase of a
formulated emulsion by a new Fe(ll)-containing amusephase (V). The emulsions used in

this part were prepared by the two membrane emulsificdtoites employed in this work.

8.3.1. Formulation of O/W emulsions

8.3.1.1. Effect of the stirring rate and membrane pore sizikeoanhulsion properties

The study of the effect of the stirring rate on the propedfdhe prepared emulsions has been
carried out with 2% SDS aqueous solution as The %O/W was 10% in all experiments and
the tested stirring rates varied from 583 to 2388.rThe two metallic membranes (10 and 20
pum) were used to test the effect of the membrane p@e on the final characteristics and
stability of the obtained emulsions.

Figure 8.2 shows the effect of the stirring rate on the mediclpadiameter.
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membrane and c¢) 30m metallic membrane. (10% O/W; 2%SDS i)W

In particular, Fig. 8.2a illustrates the D[3,2], D[4,3ldaSpan of the just prepared emulsions
obtained with the stirred cell using the two métathembranes. As it can be seen, for both
membrane pore size, the higher the stirring rate|dlver the mean particle diameters. This
can be explained by a higher shear stress at thaitigs of the membrane, causing a higher
degree of detachment of the oil droplets per timi. @The span is slightly higher at lower
stirring rate. The emulsion stability was evaluabgdcomparing these data with the ones
obtained after 7 days. Fig. 8.2b and 8.2c show the f&SIL0 um and 20pum metallic
membranes, respectively. Results show that emulgicgzared at stirring rate higher than
1750 rpm are very stable regardless to the type afbrene. For lower stirring rate, the value
of ESI>1 indicates that emulsions coalesce. Theceffemore severe for 20m membrane
pore size. However, no phase separation occurrdteioliserved time. Finally, 1750 rpm of
stirring rate and the 1@um metallic membrane were selected for carrying allitthe

experiments presented in the following sections.

8.3.1.2. Effect of the SDS concentration on the emulsion prepert

This section shows the emulsion features as aibmoft the SDS weight percentage (%SDS)
in the W,.. The %SDS varied from 0.2 to 2%. 10 %O/W emulsionsevpeepared using the 10

pum metallic membrane in the stirred cell at 1750 r@rstioring rate. Fig. 8.3 shows the effect
of the %SDS on the D[3,2], D[4,3] and Span of the formulated éomsls
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As it can be seen, the mean particle diameters aeerevith increasing of emulsifier
concentration. In particular, the major change itaioled between 0.2 and 1.5 % of SDS
while between 1.5 and 2% the particle propertiessarelar. This behaviour is due to the
decrease of interfacial tension with increasingeofulsifier concentration [14]. In fact, the
emulsion droplet formation and detachment is goaeitoy the balance between the interfacial
tension force and the shear force exerted by théremus phase. Since in these experiments,
shear force was constant, droplet size distributtbanged due to the interfacial tension
decrease. This effect is more significant at 0.2%this case, separation of oil phase after
emulsion preparation was also observed. The behaigauainly due to the fact that a SDS
concentration lower than its critical micellar centration (0.24% w/w ) was used [28, 14].
As shown in Fig. 8.3a the emulsion prepared by u8%%gSDS was the most stable compared
the others.

8.3.1.3. Effect of the %O/W on the emulsion properties

2% SDS in W was employed to prepare O/W emulsions at diffe¥e@/W in the stirred cell
at 1750 rpm. Fig. 8.4 shows the D[3,2], D[4,3] and Spathe prepared emulsions as a
function of the %O/W.
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As it can be seen, an increase on the %O/W frono ZD% does not significantly affect the
D[3,2] and DI[4,3] of the obtained emulsions whileyttsfightly increase for the 31% O/W
emulsion. Contrarily, the Span increases when padsimgy 10 to 20% remaining constant
afterwards. Less SDS is available per oil volume anihigher %O/W and, consequently,
larger droplets are produced, which agrees withalitee data [29]. Even though higher Span
values are observed at high %0O/W, none of the eondsivere broken during one week of

observation.

8.3.2. Formulation of ferrous O/W emulsions

Two operating modes have been explored to invdstidpe effect of the presence of Fe(ll) in
the final properties of O/W emulsions. The first huetology contemplates the addition of
Fe(ll) in the W, together with 2% SDS. Besides, the second one ¢srmmsisexchanging the
separated aqueous phase of a previously preparetsiem for a new Fe(ll)-containing

agueous solution (.

8.3.2.1. Formulation of emulsions with Fe(ll)-containing W
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The emulsions presented in this section have besaped with the stirred cell emulsification
set-up at a constant stirring rate of 1750 rpm emgloying the 1Qum metallic membrane.
The %SDS was 2% and the %O/W 10%, unless othervassdnThus, the only variable
changed during the experiments was the Fe(ll) concemrgie(11)]) in W,

Figure 8.5 shows the behaviour of D[3,2], D[4,3] apdt$as a function of time for emulsion
prepared with different [Fe(ll)]. Figure 5 also indks the properties of the emulsion prepared
without Fe(ll) in the W.
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Fig. 8.5. Effect of the [Fe(ll)] in \Won the D[3,2], D[4,3] and Span. Dashed lines regmeéa D[3,2], b
D[4,3] andc Span of the virgin emulsion; a) Influence of tRe(ll)] in W, on the emulsion stability inde
(ESI) of stored emulsion (10% O/W; 2% SDS ig;\A0 um metallic membrane; 1750 rpm)

Fig. 8.5a illustrates the ESI values and Table 1 samnses the actual %O/W for one-week-

aged emulsions as well as the final [Fe(Il)] in the contisygzhase of the prepared emulsions.
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Table 8.1. Remaining %0O/W and final [Fe(Il)] in Wex emulsification.
10% O/W ; 2% SDS; 1Am metallic membrane; 1750 rpm.

[Fe(I]in Emulsion  %O/W after Remaining [Fe(l)]
Wo breakage seven days in W (mg/L)
(mg/L)
0 No 10 0
15 No 10 12
31 No 10 28
60 7" day 7.1 NA
84 8" day 3.2 NA
133 ' day 1.4 NA

NA: not analysed due to emulsion destabilisation.

The emulsion prepared with a,Wwontaining the highest [Fe(l)], this is 133 mg/lcpke just

in few hours after its formulation. After one weehe treal %O/W of the remaining emulsion
was only 1.4%, as shown in Table 8.1. Fig. 8.5 shows it this [Fe(l)] in W, D[3,2]
increased from 30.1 to 33,8m and D[4,3] increased from 35.87 to 53.5 in one week.
Similarly, Span increased from 1.2 to 3.3. These patarm were 26.Jum and 0.65,
respectively, when no Fe(ll) was present in thg \this can be explained by the charge
interactions between Fe(ll) cations and the negatelgarged emulsion droplets, made of
SDS, which is an anionic surfactant. As shown by Meial. using zeta potential
measurements, Fe(ll) and Fe(lll) ions are associaidd emulsion droplets prepared with
SDS as emulsifier due to electrostatic attractimetsveen iron ions and the charged interfaces
of the emulsion droplets and this phenomena deterrai decrease of zeta potential [30].
Similarly, other works have dealt with the assooiaif calcium ions with emulsion droplets,
causing destabilisation phenomena [3, 31].

When 84 mg/L Fe(ll) and 60 mg/L Fe(ll) were presentV,, the resultant emulsions were
also broken six and seven days after the emulsionulation, respectively. The remaining
%0O/W were 3.2 and 7.1% when 84 and 60 mg/L Fe(lllewmesent in Wo, as shown in
Table 8.1. In both emulsions, D[3,2] remained unchamdeag the time and very close to the
D[3,2] of the emulsion without Fe(ll) in the WNonetheless, Span and DI[4,3] slightly
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increased along the time, being the indicator ofetimeillsion destabilisation few days after the
emulsion formulation. ESI value are in agreement with tliskiour.

For 31 and 15 mg/L Fe(ll), the emulsions remainadlstand their droplet size distributions
unchanged along one week. As Table 8.1 shows, the %&®MUth emulsions was constant
and equal to 10% and the [Fe(Il)] in the prepanedilsions after one week were 28 and 12
mg/L, respectively. Thus, even though Fe(ll) destsddlithe emulsions, it is possible to
obtain stable emulsions in presence of Fe(ll) beRivmg/L. Taking into account the
differences in the [Fe(ll)] before and after theudsification, summarised in Table 8.1,
around 27 mg Fe(ll) per litre of emulsified oil wiasked to the emulsion droplets or located
at their interfaces.

The effect of the presence of Fe(ll) in,Was also studied at several %O/W. The [Fe(lD] in
W, was 15 mg/L and the rest of the emulsificationaldes remained unchanged and equal to
those used for performing the previous experimenkais, 2% SDS was also in the,W
together with Fe(ll), the stirred emulsificationloghs selected for preparing the emulsions at
1750 rpm of stirring rate and the fufh metallic membrane was used. The D[3,2], D[4,3] and

Span of the prepared emulsions are shown in Fig. 8.6.
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Fig. 8.6. Effect of the %O/W omé D[3,2], D[4,3] and Span of emulsions preparetth \we(ll). (10%
0/W ; 2% SDS and 15 mg/L in 10 um metallic membrane; 1750 rpm).
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The behaviour is similar to the one related to expents carried out without iron in the
continuous phase (see Fig. 8.4). However, in the presse the change of D[4,3] and Span
is more evident. Fig. 8.6a also reports the ESI after one wegkeNB[3,2], D[4,3] nor Span
suffered significant changes along one-week observebut when 31% emulsion was
produced, three days after the emulsion formulatfoee oil was visually observed. The

remaining %0O/W one week after the emulsion production easebn in Table 8.2.

Table 8.2. Remaining %O/W and final [Fe(ll)] in W after enfidation.
2% SDS; 15 mg/L Fe(ll); 1Am metallic membrane; 1750 rpm.

[Fe(ID] inW,  Emulsion %O/W after Remaining [Fe(ll)]

0,

YO/W (mg/L) breakage? seven days in W (mg/L)
10 15 No 10 12
31 15 ¥ day 18 NA

NA: not analysed due to emulsion destabilisation.

As the droplets of the 31% O/W emulsion were oafiinlarger, they were more sensitive to
be destabilised by coalescence and, finally, breakAgealso shown in this table, the
remaining %0O/W one week after the emulsion preparatas 18%. Therefore, even though
ESI = 1 the emulsion was not stable. On the othadhas it can be seen, neither 10% nor
20% O/W emulsions containing 15 mg/L Fe(ll) in tké, were destabilised and their
properties remained unaltered (ESI = 1 and %O/Wsteon) at least during the observation
period. Regarding the remaining [Fe(ll)] in the esmh continuous phase, Table 8.2 shows
that, for the 10% and 20% O/W emulsions, 12 and 9.8 Rg(ll) appear in the continuous
phase. As shown before, for 10% O/W emulsion, thisessmts a presence of 27 mg Fe(ll)
per litre of emulsified oil. For 20% O/W emulsionjstiatio decreased to 26 mg Fe(ll) per
litre of emulsified oil. Thus, the decrease on thessnaf Fe(ll) linked to the emulsion per
volume unit is not significantly affected by the %®and can be assumed to be between 26
and 27 mg/L.

8.3.2.2. Addition of Fe(ll) to previously-prepared O/W emulsion
The effect of the presence of Fe(ll) and its cobegion on the stability changes and
properties of previously-produced O/W emulsions iscussed in this section. In the
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experiments, the emulsions were prepared without)Re(the W,. After this, the emulsions
were left to separate and the continuous phasereg@aced by an Fe(ll)-containing (W
aqueous solution. The difference between this typxperiments and those carried out with
Fe(ll) in W, was that, replacing the continuous phase by pactically no SDS was free in
the continuous phase and the Fe(ll) could not tacatd by free SDS molecules, which are
also negatively charged. Hence, the effect of tlesgmce of free SDS molecules (or micelles)
is also considered in this section. In addition, in paigt of the study emulsions were obtained
by crossflow membrane emulsification with a A ceramic membrane. This way, the effect
of the [Fe(Il)] in W, is also examined with emulsions having smallerm#@plet diameter,
obtained using a membrane with smaller pores imssflmv mode. In addition, the
replacement of the emulsions’ continuous phases al&s examined when no Fe(ll) was
present in the new continuous phase,))(Wor this, the original continuous phases of the
prepared emulsions were removed and replaced kapule water. This way, the effect of the
intrinsic instability, which might arise from theimination of the emulsifier from the
continuous phases, was also studied. The blank exgetiallowed the discussion of the
destabilisation phenomena occurring wheg &ve replaced by Fe(ll)-containing WThe
emulsions prepared had a %O/W equal to 10% ané®ieS was 2% in W The emulsions
prepared in the stirred cell were done at 1750 opstirring rate and those obtained with the
crossflow membrane emulsification set-up were dan@60 mL/min of continuous phase
circulation flowrate. This flowrate corresponds taaamgential velocity of the continuous
phase in the membrane lumen of 0.33 m/s.

First, the discussion of the emulsions preparethénstirred cell is presented. Fig. 8.7 shows
the DJ[3,2], D[4,3] and Span evolution along the tinteseveral [Fe(ll)] in W and of the
virgin emulsion, therefore, when no continuous phase replant was performed.

As it can also be seen, when thg W not contain Fe(ll) (blank experiment) or conéal
0.44 mg/L Fe(ll), neither D[3,2] and D[4,3] nor Spaffatied from the values of the virgin
emulsion. However, when 5.1 and 15 mg/L Fe(ll) weresent in W, D[3,2] and D[4.3]
decreased during the first hours after the contisyshase exchange. Span values remained
practically unchanged after the substitution of teatinuous phase by an Fe(ll)-containing
W, regardless the [Fe(Il)] in W
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Besides, Fig. 8.8 shows the evolution of %O/W alomgtittne as an indicator of the emulsion
breakage due to the presence of Fe(ll) in W
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It can be noticed that, when no Fe(ll) was presetihé W, (blank experiment), no emulsion
destabilisation occurred and the emulsion behagethe virgin one. In addition, regardless
the [Fe(l)] in W, %O/W reduction occurred and, therefore, emulsi@akeige was observed
during the first hours after the continuous phasehange. These results are in agreement
with the fact that Fe(ll) cations are linked to #aulsion droplets causing an increase on the
instability of the emulsions due to the decreas¢hernrepulsion forces between the emulsion
droplets, as explained in the previous section. Fig. &®otstrated that, as the [Fe(ll)] in,W
increases, emulsion breakage occurs earlier. Faanost at 0.44 mg/L Fe(ll) in Wthe
%0O/W decreased down to 7.5% during the first sixrboafter the continuous phase
exchange. After one week, the %0O/W of this emulsios %8%. Nevertheless, at 5.1 and 15
mg/L Fe(ll) in W, total breakage of the emulsion occurred five and tour after the
continuous phase exchange, respectively. Thus, [Fa(lW, strongly affects the stability of
the previously-formulated O/W emulsions. Comparing pinevious results with those of the
stability of O/W emulsions produced with Fe(ll)-¢amming W, at the same [Fe(l)], the latter
were more stable than the former. This could beagxet by the fact that SDS molecules (or
micelles) were present in the continuous phase whe(l) was present before the
emulsification process in Wand could also attract Fe(ll) cations. However, whRe(l) was
present in W, where no free SDS molecules were present, Fefliprts were more available
to be attracted by the emulsion droplets and, irsequnence, higher emulsion instability can
be expected in this case.

Emulsions obtained with the crossflow membrane sificétion device, equipped with a 0.5
pm ceramic membrane were also prepared (without)He(MV,) and subjected to exchange
of their continuous phases by Fe(ll)-containingeaans solutions. This way, the [Fe(l)] in
W, effect on the stability of the emulsions couldodi®e studied in emulsions having smaller
mean droplet diameters. The original emulsions abthin crossflow mode had a D[3,2] of
5.8um, D[4.3] of 7.9 um and a Span of 1.6. The obtained siong remained stable during
one week and the previous parameters unchangeaydhis period. The same [Fe(ll)] in\W
than with the emulsions obtained in the stirred lsification cell, already presented before,
were tested, this is, 0.44, 5.1 and 15 mg/L Fe(ll). &aution of D[3,2], D[4.3], Span and
%0/W were followed along the time to characterisee tchanges in the emulsion
characteristics and stability. Fig. 8.9 shows thatréméacement of Wby a W, without Fe(ll)
(blank experiment) did not cause any change onntean particle diameter and Span

compared to the virgin emulsion.
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Thus, the removal of SDS from the,\{&nd its replacement by ultrapure water) did rantse
destabilisation on the emulsions prepared. Thiswea®bserved in the other emulsions after
the replacement of their Moy Fe(ll)-containing W, which indicates that destabilisation
phenomena occur when Fe(ll) is present. Fig. 8.10 shbe %0O/W evolution at the three
tested [Fe(ll)] in W together with the virgin (represented by a dashee) and blank
emulsion.

Fig. 8.10 demonstrates that the emulsions, after xobamge of their original continuous
phases by Fe(ll)-containing ones suffered from ateksation, regardless the [Fe(ll)]. The
remaining %0O/W one week after the continuous phliapacement was 6.6, 7.5 and 8.3%
when 15, 5.1 and 0.44 mg/L Fe(ll) aqueous solutionse veeployed as W The possible
mechanism causing destabilisation may be, as ab@gioned, the lower repulsion forces

due to the decrease on the net charge of the interfaces obphetslwhen Fe(ll) is present.

171



g
=
2 < [
Q
] PSR —— S —— FRIE
o c
g5 5
2 N
8 _
gy g M o C
Bl 3 :
<o <} o
21 1
1
0 T T T T T T T T 0
0 20 40 60 80 100 120 140 160 180
t(h)
@D [3,2] 0 mg/L Fe(ll) AD[3,2]0.44 mg/L Fe(ll) WD [3,2]5.1 mg/L Fe(ll) D [3,2] 15 mg/L Fe(ll)
0D [4,3] 0 mg/L Fe(ll) AD[4,3]0.44mg/L Fe(ll) 0D [4,3]5.1mg/L Fe(ll)  © D [4,3] 15 mg/L Fe(ll)
O Span 0 mg/L Fe(ll) A Span 0.44 mg/L Fe(ll) O Span 5.1 mg/L Fe(ll) <© Span 15 mg/L Fe(ll)

Figure 8.10. Effect of the [Fe(Il)] in \bn the remaining % O/W. (10% O/W ; 2% SDS ig ®\5 um
ceramic membrane).

Fig. 8.11 shows the optical micrographs of both thiginiemulsion obtained in crossflow
mode before exchanging the continuous phase (FigABhy a 15 mg/L W and after the
exchange (Fig. 8.11B).

It is clearly shown that, when Fe(ll) is presenttire emulsified system, droplets are
agglomerated due to the lower charge repulsion dxtwdroplets, which can be the starting
point for coalescence and result, at the end, in @omnurupture. Instead, when no Fe(ll) was
present, agglomeration between droplets is notalliswbserved. Thus, the observations by
optical microscopy agree with the decrease on ti#Whoalong the time due to emulsion
breakage. This also supports the proposed destabilisaohanism based on the decrease on
the droplets repulsions when Fe(ll) is present wugés electrostatic attraction towards the
emulsion droplets.

Comparing the response of the larger-droplet-smalgons with that of the smaller ones, it
can be deducted that, the former are more negatafedgted by Fe(ll) ions and are easily
broken at the same [Fe(ll)] in )that the latter. Thus, not only the [Fe(ll)] in, W an
important parameter affecting the emulsion droptability but also the original droplet size

of the emulsions plays a crucial role on it.
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Fig. 8.11. Optical micrographies at 20x of virgmusion (A) and after exchanging the original
continuous phase by a 15 mg/L Fe(ll) solution (BR% 01W; 2% SDS; 0.6m ceramic membrane).
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8.4. Conclusions

Membrane emulsification, operated in stirred or sflosv mode, has demonstrated to be an
efficient technology to prepare stable oil/wateoplets containing Fe(ll) linked to the
surfactant molecules present in their interfaces.

The stability of O/W emulsions is strongly affectagthe presence of Fe(ll) dissolved in the
continuous phase. It was found that the maximaeteBe(Il) concentration that did not cause
emulsion breakage along one week was 31 mg/L witd% O/W emulsion. The %0O/W was
also found to be crucial for the stability of thendsions prepared in presence of Fe(ll).
Destabilisation phenomena occurring in presendee@il) cations are due to the attraction of
Fe(ll) to the negatively-charged emulsion interfadesa consequence, the interfacial charge
of emulsion droplets is decreased and charge riepslbetween emulsion droplets are also
diminished, causing coalescence and even ruptune.analysis in the continuous phase of
the stable emulsions confirms that Fe(ll) is boundtiie SDS present in the droplets’
interfaces.

Free SDS negatively-charged molecules and/or mgétieghe emulsion continuous phases
have also been found to be possible Fe(ll) attradae to charge interactions. Experiments
based on the removal of the free SDS from the poatis phase and subsequent addition of
Fe(ll)-containing solutions demonstrated that theemce of free SDS in solution caused an
increase on the instability of the emulsions atgame Fe(ll) concentrations than when SDS
was present. In addition the absence of free SD®nmulsion with continuous phase
containing no Fe(ll) did not destabilize the emutsiThus, it is evident that free SDS can act
as breakage retardant (or even evader) when He(Hjesent in the continuous phase. The
droplet size distribution of the emulsions alsoypla crucial role when Fe(ll) is present in the
continuous phase. Emulsions with larger droplet di@ns are more sensitive to be broken by
Fe(ll) dissolved in the continuous phase. Thus, not the Fe(ll) concentration and presence
of free SDS molecules (or micelles) in the contimiphase are important variables affecting
the stability of O/W emulsions but also the drogiee is a key variable in the destabilisation

phenomena.
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Chapter 9

Use of Membrane Emulsification Process to produaid s

lipid microstructured systems at high temperature

9.1. Introduction

Solid lipid particles (SLP) were realised by exahiag the liquid lipid (oil) of the emulsions
by a solid lipid, which means lipids being solidrabm temperature. At the beginning of the
1990ssolid lipid nanapartciles was introduced asa#ternative to solid nanoparticles,
emulsions and liposomes in cosmetic and pharmaceuticarptems [1-3].

The use of solid lipids instead of liquid oils isery attractive idea to achieve controlled drug
release, because drug mobility in a solid is considerablgricampared with liquid oil. Other
advantages of SLN are reported to be increased toxiwmily, avoidance of organic solvents,
drug stability, high drug payload, and incorporation of libpland hydrophilic drugs [1].

The high pressure homogenization technique has te®onstrated to be the more effective
method for the production of SLP [4-5]. Recently, tiembrane emulsification process was
applied to prepare SLP [6-8].

In this work, membrane emulsification process isestigated to prepare paraffin-in-water
emulsions. Paraffin is wax solid, with a typical maitipoint between about 47 °C to 64 °C.
In this work, paraffin wax is used as dispersed phats70°C to obtain highly concentrated
emulsions. The aim is to investigate the suitabkragon conditions to obtain stable paraffin
wax droplets using membrane emulsification procemsied out at high temperature. In
particular, the effect of continuous phase axiabe#y and dispersed phase flux on droplets
size and droplets size distribution was investigatémulsion stability is also evaluated

during the storage time of up to 60 days.
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9.2. Materials and methods

O/W emulsions were prepared using paraffin wax (Sigkdrich, 6.5 cP viscosity at 70
°C,melting point is 58/62 °C), 9 wt. % PolyoxyethyteB0 stearyl ether (Brij78, HLB=15,
Sigma-Aldrich) in ultrapure water as continuous ghaBaraffin wax. Emulsions were
prepared with tubular hydrophilic microporous cei@nmembrane from Membraflow,
Germany with pore size of 0.1 (surface of 1.87*1f).

Droplet size distribution was determined usingghtliscattering Malvern Mastersizer 2000
apparatus, which operates based on laser diffraatfoparticles. The droplet size was
expressed as the d(3,2) or Sauter mean diameterdrdpket uniformity was expressed as the
span, this value is a measure of the size distdbukiidth. The narrower the distribution, the
smaller the span becomes.

The emulsions paraffin content has been determihexigh a humidity analyser (thermo-
balance). The humidity is determined through thes los weight of the sample dried by
heating. This analysis is possible for fluid witchffetent boiling points. The sample
desiccation has been carried out at 100 °C. The amofi water is calculated by the
difference between initial mass of the sample f@omg paraffin wax, emulsifier and water)

and the residual weight (paraffin wax and emulsifier)ratital evaporation of the water.

9.2.1 Membrane emulsification apparatus

The experimental apparatus used for membrane dioatsin is shown in Fig 9.1. The tank
containing paraffin wax and the membrane modulglteemostated at 70 (x2)°C. Continuous
phase is not thermostatically controlled, but it reachemadrature of about 65 (£2)°C when
it is recirculated.

The dispersion phase was circulated with pistongpunthe shell side of membrane module
and under certain pressure permeates through maeelmto continuous phase. This phase
circulated with gear pump in lumen side of modulenmbrane where the emulsion was
formed.

The effect of continuous phase axial velocity gestigated carrying out the experiments at
0.15, 0.3 and 0.58 m/sec. Also the effect of dispersesepflux (221 and 600 g/h®nis
evaluated at two different value of transmembraresgure 80 and 140 kPa, while the axial
velocity was maintained constant at 0.58 m/s. Inxgkements, 40%w\V) of dispersed phase

in emulsion is obtained.
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Fig. 9.1. Emulsification plant

9.3. Results and discussion

9.3.1 Influence of continuous phase flow velocity droplets size and droplet size
distribution

The o/w emulsions consisting of paraffin wax as eispd phase and 9 wt. % brij 78
dissolved in ultrapure water as the continuous @hasre prepared. The influence of
continuous phase velocity on the mean dropletwe® investigated. Furthermore, an optimal
condition for monodispersed emulsion production was aigond.

The continuous phase flow is one of fundamentacgse parameters that determine the
membrane emulsification characteristics; this pataminfluences the droplet size produced
as it generates drag force on the droplet. The montis phase velocity was varied from 0.15
to 0.58 m/sec. Dispersed phase flux was kept constar800 g/h*mi (transmembrane
pressurel40 kPa). In Fig. 9.2, it can be seen that mean drdjaleteter decreased when cross

flow velocity increased. Whit increasing axial vetgcfrom 0.15 to 0.58 m/s, droplet size
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distribution become narrower and span shift fromt8.2.9. At high axial velocity (0.58 m/s)

o/w emulsions with a droplets size of 2.3 micron and span ofi€8 obtained.

O Span
md3,2

0.15 0.3 0.58
Axial velocity (m/s)

Fig. 92. Effect of continuous phase velocity on dropleesand droplets size distribution for para
wax-in-water emulsions

9.3.2 Influence of transmembrane pressure on dropletsraizaraplet size distribution
Transmembrane pressure also influences dropletdsasid high pressure leads to jets of the
dispersed phase and large droplet. However, lowspresleads to low flux of dispersed
phase, which means a long emulsification time. InFgthe influence of transmembrane
pressure on droplets size and dispersed phase flux wasidl

When transmembrane pressure increase linearly aserehe dispersed phase flux. This

determine the formation of larger droplets emulsions.
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Fig. 9.3. Effect of continuous phase velocity oopdet size for paraffin wax-in-water emulsions
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However when droplets size distribution is evaldate a function of dispersed phase flux, an
increase in span value was observed (Fig. 9.4). innflaen 221 g/hm2 was used as dispersed
phase flux, a bimodal distribution was obtained (Fig. 9.4 a) Bodeacertain amount of larger
droplets were formed.
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Fig. 9.4. Effect of dispersed phase flux on drogiee distribution for paraffin wax-in-
water emulsions. Droplets size distribution obtdimsing A) 221 g/hfand B) 600 g/h
as dispersed phase

This broader droplet size distribution can be explay lower proportion of active pore a

lower trans membrane pressure. The fact that smdlb& pores are activated determine the
formation of droplets with different size.

An additional important evidence is the behaviotidispersed phase flux during the time
showed in Fig. 9.5. The instantaneous dispersed phasalécreases versus time due to

fouling which is higher for membrane with smaller pore size.
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Fia. 9.5. The variation of dispersed phase fluthwime

9.3.3. Studies on stability of o/w emulsions

The stability of emulsions was carried by analyzengample of emulsion over time a light-
scattering. This study showed that size of the @tspk not changed during the storage time.
In Fig. 9.6 are reported result the analysis of eionss prepared with continuous phase
velocity of 0.15, 0.3 and 0.58 m/sec. The stability ofuksions is illustrated in terms of
average size as a function of time.

Any significant change in droplets size distribuatiof prepared O/W emulsions was observed

during the storage time of up to 60 days.
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Fig. 9.6. Average droplet size as a function of time
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9.4. Conclusions

The o/w emulsions with a narrow droplets size distion and dispersed phase content up to
38 % were successful prepared using ceramic membwah a nominal pore size of Ouin

at high temperature. The mean size and the spaa vlline emulsion droplet decreased with
increasing the continuous phase flow velocity. Theepactivation influence droplets size
distribution when low transmembrane pressure wadieah The prepared o/w emulsions
were stable and no significant change in mean dtagte was observed during the storage

time of two months.
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Overall Conclusions

In this work the development and application of rhesme emulsification process to prepare
biohybrid microstructured and multifunctional systemsenavestigated.

Starting from the critical analysis of literaturatd and patents developed in the membrane
emulsification field, some problems regarding thecpss have been identified and several
technological advances have been proposed. Knowigaiged and advances proposed have
been applied to the preparation of new formulatiasith potential applications in various
fields such as pharmaceuticals, chemicals, bioteolggohnd food showing the flexibility of
membrane technology.

In particular, the correlation between emulsions sgh@&ompositions and shear stress
conditions have been identified for the preparatadnwater-in-oil emulsion by stirred
membrane emulsification. Few studies have been adedwn the preparation of water-in-oil
emulsions. The results obtained can be applied eaptbduction of dispersed systems by
membrane emulsifications processes in which coatisuphase with high viscosity are
required to reduce emulsions destabilization phemantaused by particles' settling velocity
(Stokes law).

The interaction between proteins with different ggdies and membranes has been also
investigated in order to understand and preventinfiguphenomena during membrane
emulsification process. The work showed the possilib identified the best conditions in
which proteins can be used in membrane emulsificatithout negatively influence the
emulsification process. In addition, the positivase of membrane-proteins interaction was
shown in the development of an asymmetric membraralifying wettability membrane
surface only in the lumen side. This strategy pteaiito achieve high aqueous dispersed
phase flux trough an hydrophilic membrane as weloacontrol droplets size distribution. In
fact, when membrane emulsification process is usma, dispersed phase flux is usually
required in order to obtain small droplets size thig determine low process productivity.
The opportune modification of membrane propertiesnits to control dispersed phase flux
during membrane emulsification.

A problem connected with the application of crossvflmembrane emulsification was also
investigated and some solution has been investigdtbe shear stress generated by the
recirculation of the continuous phase determinexpldts breaking due to the shear force

caused by the flow along the circuit. The technolalgadvances proposed in this work to
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prevent droplets breaking were: i) applying highadxelocity at the membrane level but low
continuous phase flow along the circuit and ii) dkimg” the continuous phase along the
membrane surface by inverting the axial flow di@tt This strategy permit to reduce
recirculation of formed emulsion and increase disp@hase concentration for single passage
along the module

From a point of view of the exploration of new aadvanced applications of membrane
emulsification process, multiple emulsions as ssdulated drug delivery systems were
investigated. Few examples of liquid membrane systésauch as water-in-oil-in- water
emulsions) are used as stimuli responsive bionaseriln this work, the membrane
emulsification permitted tightly controlled produanti of particulate multifunctional materials
at low shear conditions.

Using membrane emulsification, also a biocatalysts w@istributed at emulsion interface and
used at the same time as catalyst and as surfaéthase transfer biocatalysts are usually
distributed at the interface by stirred tank rea¢8¥TR) but some disadvantages are observed
such as enzyme deactivation and non constant acfatfarea. In this work, the membrane
process was proposed with success as suitable alternatiiedualogy.

The application of membrane emulsification was ailseestigated to organic catalysis
preparing droplets emulsions complexing Fe(ll) iombe use of Fe(ll) ions confined in
emulsion droplets could avoid the problems relatedthe homogeneous catalysis. The
appropriate operating conditions for the prepamatd stable oil/water droplets containing
Fe(ll) ions are evaluated for ensuring the adeqdetelopment of one of major interest of
producing stable Fe(ll) —containing emulsions as cdtalys

In this work, the preparation of Solid Lipid Parésl at high temperature by membrane
emulsification process was also investigated. Fedydbas been developed in the preparation
of SLP by membrane emulsification. The study caraetin this work permitted to evaluate
the influence of process parameters on SLP sizesaeddistribution at high temperature and
high dispersed phase percentage. Sub-micron sized drbaletdeen produced.

Overall, improvements in technological aspects, dmsramode, phases composition,
innovative formulation capacities and applicatia@rsatility of the membrane emulsification

process have been promoted.
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