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This Ph.D. Thesis is part of the research proj@aracterizacion Reoldgica y
Estabilidad Fisica de Emulsiones Formuladas corolistes Verdes” (CTQ2011-
27371) supported by the Spanish Ministerio de Esdagy Competitividad (MINECO)
and by the European Commission (FEDER Programnte$. HhD was possible due to
finantial support from University of Seville “Bec® Plan Propio Universidad de

Sevilla”

The role of solvents in the agrochemical indussripécoming increasingly more
important. Many organic solvents have been withdraw are expected to be banned
soon since they pose hazards to the environment tdudheir toxicity, low
biodegradability and contribution to atmospherit¢atite compound (VOC) emissions.
Thus, environmentally-damaging solvents are benaglgplly replaced by the so-called
‘green’ solvents (Hofer, 2007). D-Limonene, a nallyr occurring hydrocarbon, is a
cyclic monoterpene, which is commonly found in tieds of citrus fruits such as
grapefruit, lemon, lime, and in particular, orangd3-Limonene exhibits good
biodegradability, hence it may be proposed as &srasting alternative to organic
solvents. Furthermore, it has a similar moleculaight and structure to cyclohexane
and toluene and therefore its solvent propertiessamilar, which makes D-limonene a

promising material to replace those VOCs (Kert@(9).

The main goal of this Ph.D. Thesis was the formaitabf a stable submicron D-
limonene emulsion that can be applied in indusfieaiulations replacing traditional
organic solvents. A non-ionic triblock copolymerluf®nic PE9400, was used as
emulsifier due to its low toxicity and expectedeirersible adsorption at the D-
limonene-water interface. Furthermore, a lyopHilicpolymer (rosin gum) was used to
inhibit Ostwald ripening growth in these emulsiom#hich eventually led to highly

stable colloidal systems.
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This Ph.D. Thesis is formed of five chapters. Thst fchapter introduces the
main concepts of emulsion science and technologyedisas the state-of-the-art of D-

limonene, Pluronics and Rosin gum in relation &rtapplications in colloidal systems.

The second chapter is devoted to the interfaciatasiterization of the non-ionic
triblock copolymer surfactant, PE9400. Interfacf@essure isotherms, dilatational
rheology and desorption measurements were caragdaiowing us to extract useful
information regarding the adsorption and confororatof the emulsifier at the D-

limonene-water interface.

The third chapter consists of a detailed study & influence of two key
variables for the formulation of emulsions; thepdise mass fractiong and the
surfactant/oil mass ratid®, on the droplet size distribution (DSD) and stapibf D-
limonene-in-water-emulsions stabilized by Plurom&9400. By using a response
surface methodology, an optimum value of both \des was obtained leading to a
submicron emulsion, which can be prepared with jastone-step rotor/stator
homogenization process. Nevertheless, this emulsioiergoes coalescence induced by

the Ostwald ripening mechanism.

In the fourth chapter it is shown how the optimwmiulation obtained in the previous
chapter can be improved by the addition of a lipoplgum (rosin gum). It is shown
that at gum concentration above 10 wt% the Ostwigkehing is practically inhibited.
Furthermore, from rheological measurements in coatimn with laser diffraction and
multiple light scattering techniques the influenafe surfactant concentration on the

stability of the emulsions was explored.

Finally, the fifth chapter summarizes the main dosions of this Ph.D. Thesis.
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Esta tesis esta encuadrada dentro de la ejecueldpralecto “Caracterizacion
Reologica y Estabilidad Fisica de Emulsiones Foachas con Disolventes Verdes”
(CTQ2011-27371) financiado por el Ministerio de Bomia y Competitividad
(MINECO) y con fondos de la Comision Europea (Paogst FEDER). La realizacion
de esta tesis fue posible gracias a la concesida deca “IV Plan Propio Universidad

de Sevilla” a Luis M2 Pérez Mosqueda.

El papel de los disolventes en la industria es sadanas significativo. Muchos
disolventes organicos han sido retirados, o serasgee sean prohibidos, en los
préximos afios debido a su toxicidad y a su contitirua las emisiones atmosféricas de
compuestos organicos volatiles (VOC). De esta naarles disolventes mas dafinos
para el medio ambiente estan siendo sustituidoslughmente por compuestos
conocidos como “disolventes verdes” (Hofer, 20&ID-limoneno, es un hidrocarbono
natural, un monoterpeno ciclico, que se encuewnir@ilomente en la ciscara de citricos
como pomelo, limén, lima y sobre todo en las nasarEl D-limoneno presenta una
buena biodegradabilidad y por este motivo puedeesentado como una interesante
alternativa a los disolventes organicos tradiciemalAdemas, presenta un peso
molecular y estructura similar a la del ciclohexancel tolueno, por lo que sus
propiedades como disolvente son parecidas, had&rsgo un prometedor candidato

para sustituir a estos VOCs (Kerton, 2009).

El principal objetivo de esta tesis es la formuwacide una emulsion
submicronica estable que puede ser empleada erultmiones con potencial uso
industrial sustituyendo los disolventes organicaditionales. EIl copolimero tribloque,
PE 9400, se ha empleado como emulsificante debsipbaja toxicidad y a la esperada

adsorcion irreversible en la interfaz D-limonenasag Ademas, la adicion de un
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biopolimero lipofilico (goma rosin) inhibe el cregento del tamafio de gota por

Ostwald ripening obteniéndose un sistema coloili@arente estable.

Esta tesis esta formada por cinco capitulos. Ehericapitulo introduce los
principales concepto de la ciencia y tecnologiardalsiones asi como el estado del arte
de los principales compuestos empleados: D-limon@haronics y goma rosin en

relacion con su aplicacion en sistemas coloidales.

El segundo capitulo esta dedicado a la caractédizaaterfacial del surfactante
polimérico no-iénico, PE 9400. Se ha estudiadostaterma de adsorcion, reologia
dilatacional, y los procesos de desorcion obtemienbrmacion interesante respecto al
proceso de adsorcion y las conformaciones del darfte en la interfaz D-limoneno-

agua.

El tercer capitulo muestra detalladamente un estdéila influencia de dos de
las principales variables en emulsificacion; lac¢ian de fase dispersa, y la relacion
tensioactivo/aceiteR, en la distribucion del tamafio de gota (DTG) yaestabilidad
fisica de emulsiones de D-limoneno en agua estadiis por el pluronic PE 9400.
Usando metodologia de superficie de respuesta ssbteamido un 6ptimo de las dos
variables llegando a tener una emulsién submicadeicun proceso de homogenizacion
de una etapa en un homogenizador rotor/statore@ipargo, esta emulsion sufre un

rapido crecimiento del tamafio de particula delatiproceso de Ostwald ripening.

En el cuarto capitulo de la tesis se muestra comap#mo obtenido en la
formulacién en el capitulo previo puede ser mejorgdr la adicibn de una goma
lipofilica (goma rosin). Se muestra como una cotmaeidn de goma de en torno al 10%
m/m inhibe casi completamente el proceso de Ostwagdning. Ademas, la

combinacion de medidas reologicas, difaccion lagedispersion mdultiple de luz
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muestran la influencia de la concentracion de stafde en la estabilidad fisica de las

emulsiones.

Finalmente, el quinto capitulo resume las pringpatonclusiones de la tesis.



Introduction
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1.1 Emulsions

1.1.1 Definition

An emulsion is a type of disperse system whichorsned by two immiscible
liquids (usually a kind of oil and water). One d¢fetliquids forms small spherical
droplets in the other. The liquid which forms thremlets is known as the disperse phase
and the liquid containing these droplets is thetioolwus phase. Several classes of
emulsion could be distinguished depending on thaive spatial distribution of the oil
and aqueous phase. A system which is formed bgiroplets dispersed in an aqueous
phase is called an oil-in-water emulsion or O/W kmon, such as milk, cream,
dressings, mayonnaisesome beverages, different pharmaceuticals and d¢msme
(Aulton, 2007; Troy, 2006). A system consistingwater droplets dispersed into an oill
phase is called a water-in-oil or W/O emulsione likargarine or butter (McClements,
2005; Tadros, 2009). In addition to the conventidD&V or W/O emulsions it is also
possible to prepare various types of multiple eroalgs oil-in-water-in-oil (O/W/O) or

water-in-oil-in-water (W/O/W) emulsions (Garti, 1B9Garti, 2004).

If we try to mix a pure organic phase with pure avad fast destabilization will
be seen, since the attainment of a homogeneougiosolis thermodynamically
unfavorable (Israelachvili, 1992). Eventually, thkease with the lowest density (oil)
will form a cream layer at the top, whereas atlibtgom a water layer will appear. The
system evolves to the state of minimal contact &efaveen the two phases. This is
because droplets tend to merge together, eventlediging to a complete phase
separation (McClements, 2005). Nevertheless, feasible to create emulsions that are
kinetically stable (metastable) with a time windowseful for many industrial
applications (ranging from a few days to months). that end, the addition of an

emulsifier is required. An emulsifier is a surfaagtive chemical that adsorbs at the
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interface of freshly formed droplets and also plays important role in long-term
stability (Binks, 1998; Tadros, 2005; Tadros, 20@9jvide variety of molecules can be
used as emulsifiers, such as: surfactants, protpwlgsaccharides, etc. In this Ph.D.

Thesis a non-ionic triblock copolymer surfactand baen used as emulsifier.

Droplet concentration is usually defined as theelise phase volume fraction
(@), which is the ratio between the volume occupigdalh the droplets and the total
volume of the emulsionf(=Vp/VEg) or as the disperse phase mass fractay),(which
is the ratio between the mass of all emulsion @étsphnd the total mass of the emulsion

(pm=mp/Mmg). ¢pm andgh are related according to (McClements, 2007):

@, = w(w (1- co)&j (1)

P,

@= %(¢m+(1+ %)%J )

2
where,p1 andp, are the densities of the continuous and the dispainase, respectively.

The process whereby two immiscible liquids form amuksion is called
homogenization. Normally, this process occurs degice called a homogenizer, where

this device supplies the necessary energy for dngolgenization process.

1.1.2 Destabilization mechanism

The term “emulsion stability” usually refers to thleility of an emulsion to resist
changes in its physicochemical properties over tifMeClements, 2005). Several
physicochemical mechanisms could take place torgeman unstable emulsion such

as: gravitational separation (creaming/sedimematitbocculation, coalescence, partial
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coalescence, Ostwald ripening and phase inverddackifison, 1992; Friberg, 2004,

McClements, 2005).

ﬁ ( SEDn\éN}AHON ] ﬁ

[ CREAMING | | FLOCCULATION |
I O\ _ I
[ g J |
| COALESCENCE | [ OSTWALD RIPENING |

V4 \/

Figure 1. Destabilization processes for emulsions.

1.1.2.1 Gravitational separation
The density of the droplets in an emulsion is Ugudifferent from that of the
liquid that surrounds them, and therefore a nevitgional force acts upon them

(McClements, 2005; McClements, 2007).
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On the one hand, if the liquid in the droplets l@asower density than the
surrounding liquid, the droplets will tend to mowpwards, a process known as
creaming. On the other hand, if the liquid inside tiroplets has a higher density than
the surrounding liquid, the droplets will tend toowe downwards, which is called

sedimentation.

The rate of creaming or sedimentation depends erb#tance force. The most
famous mathematical model which describes the @i@amnal separation rate is Stoke’s
law. This approximation is only valid for an isa@dtrigid spherical particle drop in an
ideal (Newtonian) liquid (McClements, 2007):

v =29 (p-p)

= 3
stokes 9 ,71 ( )

wherevsikesiS the creaming velocity,is the radius of the drop,is the acceleration due
to gravity, p, is the densityn, is the shear viscosity, and the numbers 1 arefe? to
the continuous and the disperse phase, respectiiélyough, this equation is valid
only for ideal systems (a system is usually considedeal when the volume disperse
fraction is lower than 1%), the main factors inflagng creaming/sedimentation rate,
which are particle size, the viscosity of the dispephase and differences between
densities, also have to be taken into account faremconcentrated emulsions.
Furthermore, the polidispersity of the emulsionpliets as well as the likely occurrence
of droplet flocculation have to be considered farenconcentrated emulsions. Hence,
in order to minimize the gravitational separati@tersome strategies can be adopted
such as minimizing the difference in densities le&twthe phases, reducing the particle
size, changing the rheology of the disperse phasegasing the droplet concentration

and/or avoiding flocculation (Bengoechea, 2006).
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Chanamai (Chanamai, 2000a; Chanamai, 2000b) prepigeling the creamed
emulsion into three layers in order to quantify théension of the creaming process:
(a) a lower layer, where the concentration of detgpls very low or non-existent; (b) a
middle layer, where the concentration of droplstsimilar to the one in the original
emulsion; and (c) an upper layer, where the comagoih of droplets is higher than the
initial one and they are closely packed. The trefidthe droplets in most O/W
emulsions, such as the ones studied in this PhiBsi$, is to move upwards. It is
observed that whereas the thickness of the loweégt &nd uppermost (k) layers
increases over time, the thickness of the middlerléH,) decreases. In some cases, the

middle layer disappears completely after a certiane (Figure 2), (Chanamai, 2000a,;

2000b).
S
° o o ch Hu IHU
0~0 -O%o
Ooo HL
o~ o He

Figure 2. Creaming zones

1.1.2.2 Flocculation

This destabilization process occurs when severaplets suffer aggregation,
forming larger entities but maintaining the intégrof the individual droplets. The
interaction between droplets arises when the repulsetween them is not enough to
avoid the van der Waals attraction (Tadros, 20@9)hough this is a reversible
destabilization process, it could drive the develept of other destabilization processes

such as coalescence.
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One factor enhancing emulsion flocculation is tlespnce of non-adsorbing
colloidal particles such as biopolymers or surfactenicelles. This destabilization
mechanism is usually explained on the basis okkuusion volume theory developed
by Asakura and Osawa (1958). As shown in Figurégh8, surfactant micelles are
excluded from a narrow region surrounding each létof his region extends from the
droplet surface to a distance equal to that of rtheelle radius. Hence an osmotic
potential difference between the depletion zone #re bulk liquid is generated,
whereby droplets tend to aggregate in order to aednis difference (McClements,

2005; Pal, 2011; Quemada, 2002).

MWICELLES _

EMULEION " I “y DISTANCE BETWEER EMLULSION
DROPLET DROPLETS LESs THAN 2R

¥

MECELLES BXCLUSION

Figure 3. Depletion Flocculation scheme

1.1.2.3 Coalescence

This is an irreversible emulsion destabilizationewdby two or more liquid
droplets merge together to form a single, largepléit (McClements, 2005). Interfacial
elasticity of the adsorbed surfactant layer playseq role in coalescence (Husband,

1997; Carrera-Sanchez, 2005). Emulsions which suff@lescence evolve to a more
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thermodynamically stable state because this progegsives a decrease in the
interfacial area between oil and water. In O/W esiaul, coalescence could lead to the
formation of a layer of oil on the top of the samphhich is usually referred to aging

off. In W/O emulsion, it leads to the accumulationvedter at the bottom of the

emulsion (McClements, 2005). Eventually, a comptetparation of the emulsion into

two distinct phases could take place (Tadros, 2009)

1.1.2.4 Ostwald ripening

The Ostwald ripening mechanism refers to the grooftlarger droplets at the
expense of smaller ones. This phenomenon can Heireag due to the difference in
chemical potential of the oil phase between difiedroplets arising from their different
radii of curvature (Lifshitz, 1962; Wagner, 196The rate of droplet growth is likely to
be determined by molecular diffusion across thetinanus phase. A theoretical
description of Ostwald ripening in two-phase systemusually described in the LSW
framework(Lifshitz, Slyozov and Wagner). Ostwald ripeningerg proportional to the

cube of the radius. (Taylor, 1998; Kabalnov, 1998sy, 2002):

3
=00 _8DC.IC @
dt 9 o’RT

whereD is the diffusion coefficient of the dissolved dispe phase in the dispersion
medium,C,, is the aqueous solubility of the dispersed phasethe interfacial tension
between the two phases, addandp are the molar mass and density of the dispersed
phase respectively, is the critical radius of the system at any giveme. The LSW
theory assumes that: the mass transport is maioverged by molecular diffusion
through the continuous phase; the disperse phasiel@as spherical; it is fixed in

space; and there are no interactions between naiigigbparticles (Weers, 1998). The
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particle size increase produced by Ostwald ripemngeversible and may favor other

destabilization processes such as creaming orulaton.

1.1.3 Droplet size

Particle size plays a key role in many of the miosportant properties of

emulsions, such as shelf- life, appearance or textu

Emulsions are usually formed by droplets with aevidnge of different sizes,
which are known apolydisperseemulsions. If all the droplets of the emulsion hiael
same particle size it would be calletbnodisperse (d@mulsion. The droplet size of a
monodisperse emulsion can be completely charaetérlzy a single characteristic
length such as diameted)(or radius (). Typically, real systems present a normal
distribution of droplet sizes. Therefore, polydisgge emulsions are better defined by
using the droplet size distribution (DSD) which tlse volume percentage of the

different diameters presented by the dropletsénetimulsion.

Stable emulsions are usually associated with nadmplet size distributions

and small diameters (Dickinson, 1989).

1.2. Emulsification techniques

Production and control of submicron emulsions witharrow droplet size
distribution are of wide interest and application many fields, such as the food,
pharmaceutical and cosmetic industry (Schultz, 20D=fari, 2008; Jafari, 2007).
Droplet size distribution (DSD) and emulsion stépilare very influenced by the

homogenization process.

A first classification of homogenization processas be to separate them into

“high-energy emulsification” and “low-energy emdisation” methods.
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In this Ph.D. Thesis only the *high-energy emidsifion” methods are
reviewed. The high energy methods include techmicgiech agotor/stator systems,
high-pressure systems, ultrasonic systems, middafki systems, membrane systems
(Schultz, 2004; Urban, 2006Many factors influence the choice of a particular
homogenizer, including the available equipment, th@ume of material to be
homogenized, the desired throughput, the natutbeo$tarting material and the desired

droplet size distribution (McClements, 2005).

As a rule, high-energy homogenization processesamged out in two steps in
order to reduce the droplet size and to obtainreonadistribution. The first step is the
conversion of the separate phases into a coarsksiemand it is usually carried out in
a rotor/stator system. The second step involvesiskeof one of the other emulsification
processes (high-pressure systems, ultrasonic systarorofluidics systems, membrane

systems).

Emulsification can also be produced in a singlep db§ using a mixer or
rotor/stator system. Nevertheless, it has beemdsttiat it is not possible to achieve
droplet size smaller than 1-2 um with rotor/statevices (McClements, 2005; Schultz,
2004). Hence, one of the attainments of this wakthie achievement of stable

submicrom emulsions by rotor/stator systems.

1.2.1 Rotor/stator systems

Rotor/stator devices are the most frequently usedthod for direct
homogenization of emulsions (Loncin, 1979; Fello®800). These homogenizers can
be classified into gear-rim systems, which are ekwisuitable for work in batch
processes, and colloid mills which are usually ugedcontinuous processes (Urban,

2006; Jafari, 2008). Jafari defines rotor/sta®@vrides as an assembly consisting of two
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or more blades and a stator with vertical or skdrgets. The movement of the rotor
generates the circulation of the liquids throughe thssembly producing the

emulsification (Jafari, 2008; Maa, 1996).

There are several forces acting to reduce the elrapke. One of the most
significant is the mechanical impingement agaihstwall due to the high acceleration
of the fluid. Another key force is the shear stnessduced in the gap between rotor and
stator. The thickness of the gap can control thensity of the shear stress.
Furthermore, there are others factors which hameti@eable influence on droplet size
reduction, such as the rotation speed (1000-25@B8)kind of rotor (toothed surface,
interlocking teeth) and the residence time of thmilgion in the vessel (McClements,
2005). This system is mainly used to produce aseoamulsion for feeding other kinds

of “high energy homogenizers”.

1.2.2 High- pressure valve homogenizers

This is one of the most common methods used inirdestry to produce
emulsions. Normally, this technique is used to cedthe droplet size of a coarse
emulsion produced by eotor/stator system.The most commonly used high-pressure
homogenizer is the radial diffuser system (Schu204). It consists of a pump that
introduces the coarse emulsion into the compressiamber. The coarse emulsion is
then compressed by a valve. As the coarse emulsamses through the valve it
experiences a combination of intense disruptivedsthat cause the large droplets to be

broken down into smaller ones (Phipps, 1985; Staagl).

The standard way to work with a high pressure valmmogenizer is to pass the
emulsion around the system several times to obkeroptimal droplet size. Emulsion

droplets with diameters as low as 0.1 um can beymed using this method.
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1.2.3 Ultrasonic homogenizers

These devices have been used for a long time tdupeoemulsions (Gopal,
1968; Abismail, 1999). This apparatus uses higensity ultrasonic waves, generating
intense shear and pressure gradients within a @latehich disrupt the droplets mainly

due to cavitational and turbulence effects.

Different methods are available to produce higlensity ultrasonic waves but

the most commonly used is a piezoelectric trangduce

These devices are well-suited for the productiosrogll volume of emulsions

and have therefore been widely used in lab-scaldstom preparation.

1.2.4 Microfluidization

Microfluidizers can be divided into three partdicaid inlet, a pumping device,
and an interaction chamber. Liquids are forceddw through two channels that merge
into one in the interaction chamber. Interactibarobers are designed with different
shapes in order to optimize the emulsification pescdepending on the type of fluids
that will be used. Normally, this technique is usededuce the droplet size of a coarse

emulsion produced byrator/statorsystem (Dickinson, 1988).

1.2.5 Membrane homogenizers

These homogenizers can form emulsions from theraepg@hases or can be
used to reduce the droplet size of a coarse emulsikhe homogenization process is
produced by obliging one non-miscible liquid (thispdrse phase) into another non-
miscible liquid (the continuous phase) through Bdsmembrane that contains small
pores. This technology is suitable for the productf monodisperse emulsion, given

that the membrane should contain pores with sindiameters (McClements, 2005).
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1.3  Adsorption of surfactants

Surfactants play a fundamental role in emulsionmidation. They are
amphiphilic molecules that tend to adsorb at imiees, decreasing the interfacial
tension and protecting the interface against déstafion processes such as

coalescence.

The type and amount of surfactant in the emulssoa key factor in obtaining
the desired droplet size and stability. If partidizge decreases the interfacial area
between the two phases will increase. For a figedcentration of oil, water, and
emulsifier there is a maximum interfacial area tbah be covered by the emulsifier
(McClements, 2005):

r = 3/-sat¢ - 3/-sa¢
min CS C.S(l_w)

()

wherers is the excess surface concentration of the eneisif saturation (kgif), ¢ is
the disperse phase volume fractiofniscthe concentration of emulsifier in the emulsion

(kgm™), and c; is the concentration of emulsifier in the continaghase (kgi).

Adsorption properties of surfactants are very iafloed by their hydrophobicity.
This is usually characterized by the hydrophiliogiilic balance (HLB) which is
defined as a number that gives an indication of ridative affinity of a surfactant

molecule for the oil and aqueous phase (Davis, 10@€lements, 2005).

A surfactant with high HLB has a predominant hydhidip part and it is suitable
to form O/W emulsion. On the other hand, in sudatt with low HLB, the
hydrophobic groups predominate over the hydroploiies and W/O emulsions can be
formed. Table 3 shows the usual application ofastiants according to their HLB

values.
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HLB Application Example
0-4 Antifoam Oleic Acid (1,0)
Etilen glycol mono-sterate (2,9)
4-6 Emulsificer W/O Glycerol mono-sterate (3,8)
Sorbed mono-stearate (4,7)
6-9 Emulsifier O/W PEG — 4 di-laurate (6,0)
Humectantes sucrose di-palmitate (7,4)

sorbed monolaurate (8,6)

9-13 Emulsifier O/W PEG — 4 monolaurate (9,8)

polysorbate 61 (9,6)

polysorbate 85 (11,0)
PEG — 8 mono-estearate
(11,6)

octoxynol — 9 (12,8)

13-40 Emulsifier O/W, detergent PEG — 8 mono-laarat
(13,1)
sucrose mono-laurate
(15,0)

Sodium oleate (18,0)
Potasium oleate (20,0)
Sodium lauril-sulfate (40)

Table 3. HLB Classification.

1.3.1 Interfacial tension

“The change in free energy of a system that occhena surface-active solute
Is present manifests itself as a change in thefat&l tension, that is, in the amount of
free energy required to increase the interfaciakarbetween the water and the oll
phases by a unit amountMcClements, 2005). The presence of an amphiphilic
molecule decreases the interfacial tension bedieskydrophobic portion is located in
the oil (air) and the hydrophilic portion is locdte the water phase and, as a result, the

thermodynamically unfavorable contacts betweernothand water phase are decreased

(McClements, 2005).

The interfacial tension is represented Ry whereas the reduction of the
interfacial tension by the presence of amphiphitiolecules could be referred to as

surface pressure:
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M =7yom—7Y (6)

whereyqy is the interfacial tension of the pure oil-wateir{wvater) interface ang is

the interfacial tension in the presence of surfastéHiemenz, 1997).

The adsorption of surfactant at the interface idyaamic process in which
Kinetics is very important, as, for example, inustfial processes (Torcello-Gémez,
2012). This process occurs in two steps. Firsiffasive process takes place, whereby
surfactant molecules are transferred from the bpllase to the interface. The
concentration gradient is the driving force; thisepomenon is controlled by mass
transfer. The second step is an adsorption/desarptiocess of the surfactants located

at the interface. (Torcello-Gomez,2012).

It has been shown that there isiaduction timefor the adsorption of proteins
and macromolecules. Hence, at the beginning obts®rption process the interfacial
tension does not decrease due to the high molar @reroteins and macromolecules

(Miller, 2000; Maldonado-Valderrama, 2006).

Adsorption of surfactants is usually studied by idgium surface tension
isotherms, i.e., plots of the equilibrium interfacitension vs. surfactant bulk
concentrationy(c). For conventional surfactants three differeagjions are usually
observed: first, at low concentrations the surfatctdsorption provokes a decrease in
the interfacial tension. Once the interface hasnbeaturated, a constant surface
concentration value is attained and a linear dsere&interfacial tension versus the log
of concentration is observed according to the Gaudsorption isotherm. Eventually, at
high surfactant bulk concentration monomers staraggregate producing micelles.
Increasing the surfactant bulk concentration dagsnctrease the number of monomers

in solution and, therefore, a constant interfat@akion value is attained. The surfactant
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bulk concentration at which micelles start to forim called critical micelle

concentration, cmc.

However, for some polymeric surfactants, such asoRics or proteins, the
interfacial tension isotherm shows a more compidathape with intermediate regions
of constant interfacial tension values, which aported to be due to conformational
changes of the adsorbed macromolecules (Ramirel]; 2Ramirez, 2012; Pérez-

Mosqueda, 2013)
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1.3.2 Interfacial rheology

“Interfacial rheology is the science of the respers mobile two dimensional
phases to deformation. Interfacial rheological peojies are the main characteristics of

the dynamic properties of a filr{Sun 2011).

In many technological applications equilibrium \eduof the interfacial tension
or cmc values are not enough to fully understaedrterfacial properties of surfactants
For example, the aim of this Ph.D. Thesis is thedpction of stable D-limonene
emulsions, in these systems, the knowledge abautim® interface will respond against
any kind of interfacial perturbation is very impamt. This response will be conditioned
by the composition of the molecules which are atitterface, and depends specially on
the chemical structure of the molecules adsorlyetl; tonformation, concentration and

interaction (Torcello-Gémez, 2012).

The interfacial rheological properties could be reloterized by the interfacial
shear and dilational viscoelasticity. However, @ems that dilational viscoelastic
parameters are much larger than the shear oneshamd a more direct correlation to

emulsion stability (Wasan, 1982; Clint, 198lustadter, 1981).

Gibbs defined the interfacial elasticity as theiatwn in the interfacial tension

when a variation in the area is produced (Sun, 2BtEIdonado-Valderrama, 2006):

_dy _ dy
“TdnA (dN A )

wheree is the dilational modulusy is the interfacial tension and A is the interfacia
area. This expression gives a measure of the aasistof the interface to a change in
the area. Usually the interfaces are not complettdgtic because they could present

some viscous behavior. This viscous process iseckl® relaxation processes, such as
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the interchange of molecules between the bulk dmel ihterface or molecular
rearrangement processes in macromolecules (Willid®86; Maldonado-Valderrama,
2006). The dilatational modulus is formed in thése by an elastic component, called

the storage modulus, and a viscous componentdddiéeloss modulus:
E=&,+iawn, (8)

wheregq is the dilational elasticity or storage modulusl any is the dilational viscosity
component or loss modulus that represents a comndmnaf internal relaxation

processes and relaxation due to transport of magteveen the surface and the bulk.

Usually, the storage modulus and the loss modulrs loe determined by
dilatational rheology using oscillatory perturbaisoof the area. The oscillations have to
be done in the linear viscoelastic range which iegpless than 10% variation in the
area.The response is a sinusoidal signal. The storaghilue is obtained from the ratio
of amplitudes of the sinusoidal input signal and $inusoidal output signal. The loss
modulus can be determined by the lag phase betwleentwo signals. This is
determined by the phase angle parameteaiid is defined by the following expression:

tang = i—” 9)

If the o= 0° the interfacial layer is purely elastic, othise if the p= 90° the
interfacial layer is completely viscous and if thhase angle is 0° ¢ < 90° the

interfacial layer is viscoelastic.

1.4. D-limonene
D-limonene (4-isopropenyl-1-methylciclohexane) isatural occurring terpene

with the following chemical structure:
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Figure 5. D-Limonene chemical formula.

This interesting bio-derived solvent can be obtdifrem citrus peels, especially
from orange peel, by steam distillation, both &tdaale (Saleh, 2008) and an industrial
scale. The vast majority of essential oils are produceahfrplant material in which
they occur by different kinds of distillation or bgld pressing in the case of the peel
oils from citrus fruits (Kubeczka, 2010). D-limonene gives citrus fruiteir typical

odor (Fahlbusch, 2003)

The option to obtain D-limonene from citrus peeadsild be an extra added value
because it is possible to transform a by-prodwsnfthe juice industry into an essential

oil with interesting applications (Kerton, 2009).
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Physical/chemical properties of D-
limonene
Molecular formula GoH16
Molecular weight 136.2 g/mol
Physical state Colorless liquid, with charactecistild
citrus odor
Melting point -75°C
Boiling point 176 °C
Solubility 13.8 mg/l at 25°C
Density 0.84 g/ml

Table 2. Physical/Chemical properties of D-limonene

Limonene has a chiral center, i.e., an asymmeaiban. There are two optical
isomers. The IUPAC nomenclature for them is R-liero@ and S-limonene. However,
in this Ph.D. Thesis the most common nomenclatDrémonene and L-limonene, is
used. The two isomers present different properties example, the odor of D-
limonene is lemon flavor and the odor of L-limonesgine flavor (WHO, 1998). The
D-limonene isomeric form is more abundantly presentplants than the racemic

mixture and L-limonene isomeric form (Wichtel, 2002

Usually, the purity of commercial D-limonene varigem 90% to 98%, the
impurities usually being monoterpenes. D-limonerse likely to suffer a quick
destabilization by oxidation. Hence, D-limonene idddoe stored in a cool, dry place

without direct sunlight.
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Figure 6. Product of D-limonene oxidation (Sonch2®803)

D-limonene is one of the most commonly used terpemad the estimated
worldwide limonene production is of 70°1Rg (Kerton, 2009). Due to its molecular
weight and low miscibility in water, D-limonene hasnilar characteristic to classical
volatile organic compounds (VOCs). Therefore, Ddimene is an interesting
environmentally-friendly chemical which can replatteese typical volatile organic
compounds (VOCs), such as hexane, ciclohexanepragetoluene or xylene (Kerton,

2009).

D-limonene is widely used in household and persotiebning products,
fragrance additives and the food and cosmetic tnigssdue to its characteristic lemon
flavor. It is possible to use this solvent in otlkémds of applications such as resins,
paints, cooling fluids, pigments and, thanks tolaw solubility in water, it is also
employed as degreasing agent. Moreover, it hask@sa used as an insect repellent

(Kerton, 2009).
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Some studies have shown that D-limonene can aehaanticancer agent in
some types of cancer, such as bladder (Xu, 2018plon cancer (Chidambara, 2012).
Different researchers have proved that monoterpiaesdietary sources such as citrus
are capable of inducing cytotoxicity in differentirhan cancer cells (Crowell, 1999,

Gould, 1995; 1997, Patil, 2010).

In this Ph.D. Thesis, we have used D-limonene ascafriendly oil phase in the
O/W formulation with the goal of producing more gommentally-friendly emulsions
with potential agrochemical use. D-limonene hasw $olubility in water due to its
hydrophobic character and in many applicationsettmeilsified form is the best way to
apply D-limonene. We have seen that D-limonene cccag used as substitute for
classical oils. There are numerous references Seweral authors concerning oil-in-
water emulsions with D-limonene as the dispersesg@hB-limonene is widely used in
spray-drying encapsulation due to its flavor prtiper(Fisk, 2013; Marcuzzo, 2012;
Jafari, 2007a; 2007b), and it is also used in ttealyction of drug delivery systems
because terpenes are not toxic to the skin (ABDO2 Sapra 2008). Another interesting
application could be its use in the food industsy aapreservative (Hai-Yan, 2012;
Aissat, 2012; Chikhoune; 2013) due to its antinbab properties and because it is
considered as safe (GRAS) for use as a flavorireptagnd food preservative (Sun,

2007)

1.5. Pluronics

Pluronics are A-B-A triblock copolymer surfactantbere the central chain is
the hydrophobic part and is formed by PPO (polypplene oxide) and the side chains
are the hydrophilic parts and are formed by PEQy(gtoxi oxide). They are often
denoted as (PEOx-PPOy-PEOX). Pluronics are alsakias poloxamers, and kolliphor

or Synperonic as commercial names. Due to the Iptgsiof combining blocks,
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surfactants with different molecular weights andBHtan be obtained, (from 2000 to
20000 Da and the range in PEO contents betweel®20(8lexandridis, 1997), and the

properties of the resulting polymers vary in a widege.

This surfactant will present a different physictdts at different temperatures,
depending on the proportion between the PEO andiiéRs. They are classified by a
capital letter: F for flakes, P for Paste and LIfajuids. When a pluronic is named, the
number which follows the capital letter providedomnmation about the size and
proportion of the different blocks: the first numb@r the first two in a three-digit
number) multiplied by 300 shows the approximateaoolar weight of the hydrophobic
part, and the last digit of the number multipliegg bO gives the percentage of
polyoxyethylene content (Pasquali, 2005). For edamwe will focus on Pluronic
PE9400, which is formed by the follow structure BPREG-PPQ; and will be a
paste at room temperature. The molecular weigliRRD will be around 9x300=2700

g/mol and each molecule will possess 60% of PEO.

Normally, Pluronics adsorb at a liquid/liquid irfize with the central chain (the
hydrophobic PPO chain) at the hydrophobic interfaddle the two side chains
(hydrophilic PEO chains) protrude into the wateagd (Torcello-Gomez, 2012). An
interesting property of Pluronics with respectheit use in emulsification processes is
their interfacial behavior when dilatational pekations take place. It is shown that the
storage modulus is larger than the loss modulusthisdfact means that the elastic
contribution dominates the interfacial dilatationtahavior and could preserve the

emulsion droplets against instability processe$ sisccoalescence.
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It has been reported that pluronics at low conegioin and small adsorption times
present an induction time (Pérez-Mosqueda, 201Bgsd@& adsorption properties are

typical for proteins and macromolecules.

PEO

Figure 7. Pluronics at the interface

This kind of surfactant has many applications iffedent fields such as
cosmetics, the pharmaceutical industry, emulsiicatand foaming (Alexandridis,
2000; Berthier, 2010; Leal-Calderon, 2007; Schrar@@5). Recently, Pluronics have
been used in more complex systems. For examplayjsh@f Pluronics in gene therapy
is a promising area of research (Kabanov, 2002xeb\er, their use in delaying lipid
digestion is being applied in the development afdf@roducts with satiating effects
(Torcello-Gémez, 2011; Wulff-Pérez, 2012). The usfesome pluronics in these
applications is possible due to the fact that swhst of F-68 and F-127 have been
approved as inactive ingredient for oral intake the U. S. Food and Drug

Administration (FDA)

1.6. Rosin gum
Sometimes the addition of other components to dorldormulations is
necessary, besides the oil, water and the emulsifisually, these additives have the

function of giving new properties to the formulatjosuch as to improve the physical
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stability or modify the texture of the emulsion.elimost classical additives are the well-
known thickening agentswhich have the function of increasing the viscosifythe
aqueous phase of O/W emulsions (Mitchell, 1986;lisvils, 2003). Others classical
additives aregelling agents which provoke a transition from a liquid-like aqueo
phase to a ggMorris, 1986; Ledward, 1986). On top of that, ket useful additives
are the so-calledeighting agentsvhich can delay creaming by reducing the diffeeenc
between the densities of both phases (Tan, 200xeTis a long list of additives which
have different functions: xanthan gum, seed gurnwnate, gellan gum, etc. In this
Ph.D. Thesis we have employed a weighting agentehg rosin gum in our

formulation in order to improve the physical stapibf the emulsions studied.

Rosin gum is a natural polymer obtained from theegree. Its composition is a
mixture of different rosin acids, which account fayughly 90%, and non-acidic
compounds (Chang-Moon Lee, 2005). Yin proposes fiblowing composition
determined by HPLC for the rosin used in his workn( 2000) (%): abietic acid 45.1,
palustric acid 22.8, neoabietic acid 15.3, and rsti®é.8. This polymer is hydrophobic
and fully insoluble in water, with a molecular wieigof 306.53 g/mol and its density is
1.06 g/ml. Nevertheless, this gum has a good ddluim organic solvents and can be

considered as a weighting agent when added tol ahmase of lower density.

Rosin gum and its various derivatives are widelgdusn paints, varnishes,
printing inks, paper and wood products for thdmfforming properties. They are also
used in chewing gum bases, dental varnishes anthetms. Studies reflect the
biodegradation behavior for rosin gum (Prashan®32@nd this is the key to its use in
biocompatible systems as a coating agent, film-fiogr@agent and coating material for

drug delivery applications (Lee, 2004; Fulzele, £200ee, 2005; Kumar, 2013). In some
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of these applications rosin has been used withwaitpresence of another surfactant.

This fact suggests that the polymer is surfaceacti
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Abstract

In this work, we provide an accurate charactemzatof non-ionic triblock
copolymer Pluronic PE9400 at the air-water and tiere-water interfaces, comprising
a systematic analysis of surface tension isotherdysilamic curves, dilatational
rheology and desorption profiles. The surface presgsotherms display two different
slopes of the7-c plot suggesting the existence of two adsorptemimes for PE9400 at
both interfaces. Application of a theoretical mgdehich assumes the coexistence of
different adsorbed states characterized by thelanaveas, allows quantification of the
conformational changes occurring at the adsorbegerlaindentifying differences
between the conformations adopted at the air-watdrthe limonene-water interface.
The presence of two maxima in the dilatational nhaslws. interfacial pressure
importantly corroborates this conformational chafrgen a 2D flat conformation to 3D
brush one. Moreover, the dilatational responseigesvmechanical diferences between
the interfacial layers formed at the two interfae@slysed. Dynamic surface pressure
data were transformed into a dimensionless form fétetl to another model which
considers the influence of the reorganization pecen the adsorption dynamics.
Finally, the desorption profiles reveal that PlucoRE9400 is irreversibly adsorbed at
both interfaces regardless of the interfacial confdion and nature of the interface.
The systematic characterization presented in tbikwrovides important new findings
on the interfacial properties of pluronics whichncée applied in the rational
development of new products, such as biocompadliienene-based emulsions and/or

microemulsions.
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2.1 Introduction

Pluronics are non-ionic triblock copolymers als@kmn as polaxamers. They are
formed by two hydrophilic side chains of poly(ettryé oxide), PEO, and a central
hydrophobic chain of poly(propylene oxide), PPOeylare often denoted as (PEOXx-
PPOy-PEOX), where x and y are the repeating PEOP&W units respectively. They
have many applications in fields such as cosmetmsarmaceutical industry,
emulsification and foaming (Alexandridis, 2000; B8&er, 2010; Leal-Calderon, 2007;
Li, 2010; Schramm, 2005; Tadros, 2003; Tadros, 20@vano, 2010; Zoller, 2009;
Bai, 2010). Recent investigations deal with the liappon of pluronics in the
development of more complex systems. For exampke use of block copolymers in
gene therapy is a promising area of research (KabhaR002). In addition, their
biocompatibility has boosted their application he tdesign of drugs with improved
long-circulating properties (Torcello-Gomez, 201 Tpally, their use in delaying lipid
digestion is being applied in the development aidf@roducts with satiating effects
(Torcello-Gomez, 2011b; Wulff-Pérez, 2010; WulffrEz 2012). All these applications
involve events occurring at the interface and heaceimproved understanding of the
surface properties of pluronics is important in esrdto rationally design
biotechnological systems.

The surface properties of some pluronics have Ilsagtied in the literature by
means of different techniques such as dynamic aqdlilerium surface tension,
ellipsometry, surface rheology and neutron reflétiat the air-water and hexane-
water interfaces (Blomqvist, 2005; Hambardzumyd42 Kim, 2003; Monroy, 2009;
Mufioz, 2000a; Mufioz, 2000b; Noskov, 2000; Noskd¥& Noskov, 2010; Sedev,
2002; Vieira, 2002; Ramirez, 2011; Torcello-Gémeal12; Llamas, 2013). Some of

these studies show the occurrence of conformaticimahges within the adsorbed layer
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of Pluronics at the interface when increasing tmeownt of adsorbed polymer,
suggesting that the conformation of Pluronic molesuchanges from a 2D flat
conformation to a 3D brush/mushroom one at therfate (Blomqvist, 2005;
Hambardzumyan, 2004; Mufioz, 2000a). Traditionabgling theories have been used
to explain the conformation of the adsorbed polyn@nmly recently, the equilibrium
surface pressure isotherms have been fitted wiehmtbdynamic theories which take
into account this reorganization process (Rami2211; Torcello-Gémez, 2012;
Llamas, 2013). Nevertheless, the morphology of gliar interfacial layers remains to
be fully understood, especially with respect tolaggtions in emulsification processes.
Also, recent studies on the dynamic adsorptiomefRluronics triblock copolymer have
revealed that a slow reorganization process aintiegface has to be considered along
with diffusion (Mufioz, 2000b). These studies deathwmodel interfaces and the
properties of pluronics still need to be validatgdnore realistic interfaces. This work
presents a systematic characterization of the RitrBE9400 at the air-water and
limonene-water interfaces. Limonene is an intengstio-derived solvent which has
been used in food (Jafari, 2012; Marcuzzo, 201ZirKI2010) and pharmaceutical
applications (Murali, 2013), and in the formulatioh biocompatible microemulsions
(Papadimitriou, 2008). Furthermore, limonene isrdaaresting candidate to be used as
(bio)solvent, replacing more polluting solventstsas hexane or xylene (Kerton, 2009)
in agrochemical formulations. Hence, the interfaclzaracterization of PE9400 at the
limonene/water interface validates the previouskwiara more realistic and practical
scenario. The experimental results have been atipsthe framework of a previously
reported model originally developed for protein @gsion which has recently been
used as a model for Pluronics adsorption at tharexvater interface (Ramirez, 2012).

Hence, this work provides a systematic study shgwirsequence of surface, dynamic,
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rheological and desorption (Torcello-Gémez, 2082jtova, 2005)] properties of
Pluronics. The combination of measurements alort tie theoretical fitting of the
experimental curves provides a thorough charactiéoiz, complementing work in the
literature on pluronics and enabling the intergretaof interfacial conformation at a
molecular level. These new findings can have appbos concerning the rational

design of biotechnological complex systems witliedént applications.

2.2 Materials, methods and models

2.2.1. Material

The triblock copolymer Pluronic PE9400 (PE®PPQ-PEQ;, Mw = 4600
gmol! and HLB = 12-18) was kindly provided by BASF ansked as received. The
hydrophilic-lipophilic balance value of PEO-PPO-PE@n-ionic triblock copolymers is
defined as HLB = 20 MpedMw , Where M, peo is the molecular weight of the
hydrophilic PEO units and s the total molecular weight.

D-Limonene (4-isopropenyl-1-methylciclohexane) is arganic compound
widely used as an industrial solvent. It is obtdifiom the peel of citrus fruit, mainly
from oranges and lemons. D-Limonene 97% was puechfitem Sigma-Aldrich® and
purified with Florisil® resins (Fluka, 60-10 meslpyior to use by following the
procedure used elsewhere (Maldonado-Valderramapb;20@aldonado-Valderrama,
2010). Namely, a mixture of oil and Florisil® ingmortion 2:1 w/w was shaken gently
for 3 h and then filtered with Millex® filters (Quin PDVF) and stored under nitrogen
in the dark. The interfacial tension of the pudfiBmonene oil-water interface was
measured before every experiment, in order to nonfthe absence of surface-active

contaminants, yielding values of 44.0+0.5 mN m-2@ftC.
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Ultrapure water, cleaned using a Milli-Q water figation system (0.054S),
was used. All glassware was washed with 10% Mi€roe®eaning solution and
exhaustively rinsed with tap water, isopropanolpdized water, and ultrapure water in
this sequence. All other chemicals used were ofyioal grades and used as received.
All measurements were carried out al@0The reproducibility of the experiments was
tested by performing at least three replicate nreasents in all cases, obtaining values

for the standard deviation within (0.5 mN/m).

2.2.2 Drop profile tensiometry

The OCTOPUS, a drop profile analysis tensiometeetdan axisymmetric drop
shape analysis (ADSA), which has been fully desigaed developed at the University
of Granada, was used in this study (Cabrerizo-\¥icH999). The image capturing, the
micro-injector and the ADSA algorithm are managgdb/Nindows integrated program
(DINATEN®). The solution droplet is formed at the tip of @uble capillary which is
inside a thermostated cuvette at 20°C containiaddss dense phase (air or limonene).
The interfacial tensiony;, and the interfacial ared, are calculated by fitting the drop
profiles to the Young—Laplace equation of capitiariThe surface pressure is defined as
1=y -y, where y is the interfacial tension of the polymer solutiagainst air or
limonene, angy is the interfacial tension of the pure interfage< 72,8+0.2 mNrt for
the air-water interface ang = 44.0+0.5 mNnt for the limonene-water interface at
20°C).

The dilatational rheology of the adsorbed Plurdiios was studied by small
harmonic oscillations of the interfacial area im@rto avoid excessive perturbation of

the interface (<5%AA). The system records the response of the suréarston to this
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area deformation (Myrvold 1998). In a general cdlse,dilatational modulusE] is a
complex quantity that contains a real and an imagipart:

E(iw)=E'+iE" 1)
where the real parE’, is called the storage modulus and coincides thighdilatational
interfacial elasticity, and the imaginary pdat;, is called the loss modulus and it is
related to the dilatational interfacial viscosity.

Finally, the double capillary allows us to carrytodesorption studies by
exchanging the subphase of the drop by pure bafexxplained elsewhere (Cabrerizo-
Vilchez, 1999). The initial volume of the drop wesplaced 80 times to ensure the
complete removal of the polymer in the subphaselevmonitoring the interfacial
tension.

2.2.3 Theoretical models

2.2.3.1 Equilibrium isotherm

The theoretical model used to fit the experimertata of adsorption was
developed by Fainerman and co-workers originallgxplain the experimental surface
properties of adsorbed proteins (Fainerman, 2003lleiyi 2004; Maldonado-
Valderrama, 2005; Alahverdjieva, 2005). This mdukd been applied recently to fit the
experimental surface pressure isotherm of sevehatoiics at the hexane-water
interface assuming that polymers can adsorb iremdifit adsorbed states characterized
by their molar areagw(Ramirez, 2011). In order to proceed with therfgtaccurately
the authors distinguish two behavioural regionshie isotherm: the “pre-critical” and
the “post-critical” ones, the critical point beidlgfined by the critical surface pressure,

/7, which corresponds to the two-dimensional condémsanset.
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Pre-critical regime

In both regimes the relevant physical parametegs @y, the maximum molar
area occupied by the adsorbed molecudesthe molar area at high surface coverage
and ap, the molar area of the solvent or the molar afeane segment of the polymer

molecule. The number of adsorbed statess given by:

) o ®)

h

The equation of state is given by:

7 :—%[In(l—/’a)ﬁ/'(a)—cq))+a(/'a))2} (3)

where/7 =y, —Y, is the surface pressuiejs the Boltzmann constark,the temperature

and a reflects the interaction between the adsorbed entds. /[, is the total surface

n
concentration which is the sum of the moleculeodusd in each staté;, (/7 = Z/’i )
i=1

n

and w is the mean molar area and is defined as/ :Zcq/'i wtierepartial
i=1

adsorption in each statg, is:

(1- /'a))% exp{(a{ —4 ( Zal'w)}
Zn:(l— /'a))% eprw' C_lej( ml'a))}

The adsorption isotherm for each state is given by:

blc:(l_//__ﬁexp{—h(%j /'w} (5)

(4)
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wherec is the surfactant bulk concentration dnds the adsorption equilibrium constant

of the polymer in the staielt is assumed that the adsorption equilibriumvalues are

n

constant for all the states, hence the total adsorponstant isb=> nh .
i=1

Post-critical regime

In this regime three additional parameters are :udbhd compressibility
coefficient, & the number of multilayeran, and the adsorption coefficient for the
adsorption of the second and subsequent laperg;, is introduced to account for the
decrease in the area occupied per molecule duenideasation. From this parameter a

new auxiliary variable is defined:

W =

I 7-r*
expl E——w 6
[* p( RT j 6)

where, /7* and /* are the values of the critical surface pressuik @itical surface

concentration, respectively. Therefore, the adsampgsotherm and the equation of state

become:
/'ia)exp{— “ (Za/'a))}
he= o ™
(1-/w) Vo
7 :—ﬂ[ln(l—/'a))ﬂ'(a)—wo)+a(/'a))2} (8)
Y,

It is assumed that surface pressure values araffemtted by the adsorption of
the subsequent layers and the coverage of the layelts is proportional to an
adsorption coefficients, and the preceding surface concentration. So, asugh
approximation the surface concentration of the sécand subsequent layerS;s is

given by:
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B m bZC i-1
[y= r;[ﬁ bzcj 9)

The software package Protein M, (Aksenenko, 2048)deen used to fit surface

pressure isotherm data to the model explained above

2.2.3.2 Dilatational rheology
According to the diffusional model (Zholob, 2009udassen, 1972) the
interfacial elasticity, which is directly linked tthe dilatational modulusE can be

calculated by the following equation:

-
S hzex (10)

whereEyis the limiting elasticity which is defined as:

Eo=( d”j (11)

dinrl”

the parametef is defined as:

= %
Z—\/: (12)

where w is the angular frequency of the measurement apds the characteristic

frequency of the diffusion process and can be amits:

_(dc, )’ D
%_(er 2 (13)

Cs being the bulk concentration abdthe diffusion coefficient.

2.2.3.3 Adsorption kinetics
The experimental data (surface tension vs. timgg teeen transformed into the
dimensionless variables? and t’, according to the scaling argument for diffusion

controlled adsorption proposed by Ferri et al. (FF€000):
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t —_
9=—y}f )_ yyeq (14)
0 eq
=t (15)
TD

where (1), ) and jeq are the surface tension, the surface tensioneptire interface
and the equilibrium surface tension, respectivalyis the characteristic time scale for
the diffusion process and is a function of theudiibn coefficientD, and the adsorption
depth,h:

h2
=" (16)

The adsorption depth can be calculated from massit@on a differential area,

dA:

/_e
[dA= GhdA- he (17)

0
where /¢q stands for the equilibrium surface concentratiowd & is the
surfactant bulk concentration.
In order to fit the experimental dynamic surfacesten values a model which
combines the diffusion of the polymer to the irded with the subsequent reorientation
has been used (Serrien, 1992). The proposed eguatidhe dimensionless dynamic

surface tension reads as follows:

ot = {(1— B) ex{—(% t jﬂ + B} exf— At ) (18)

B T

andA=-2 B and s are the amplitude and characteristic
Yo ™ Veq Ir

where B =

time of the reorganization process, respectiveliieWs = 0 andzr>> 1, equation (18)

reduces to a pure diffusional process:
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{ : %]
B(t") = ex —(—t j (19)
T

This model has been previously used to explairatteorption kinetics of other

Pluronics (Mufioz, 2000b).

2.3 Results and Discussion

2.3.1 Equilibrium surface pressure isotherms

Figures 1A and 1B show the interfacial pressuréhemons (7-c) obtained for
Pluronic PE9400 adsorbed at the air-water interfau# the limonene-water interface
respectively. The interfacial pressure values ptbth Figures 1A and 1B were obtained
after 3 hours of adsorption at constant interfaarala. After this period, the interfacial
layer has settled and the changes of interfacraid@ remain below 5%. Both figures
show a non-monotonous increase in the interfaciebgure as a function of bulk
concentration. Namely, Figures 1A and 1B show teqgasate regions: first an increase
in the interfacial pressure as the bulk concemmatncreases and finally a constant
value once the interfacial layer is saturated, aotinog for a critical aggregation
concentration, cac. Within the first region we adso distinguish two regimes (pre-
critical and post-critical) which differ in the gle of the increasing tendency /Gf This
type of behaviour has previously been reportedoforonics adsorbed at the air-water
interface and at the hexane—water interfaces butahohe limonene-water interface
(Mufioz, 2000a; Ramirez, 2011). The occurrenceisfiimk before the cmc is likely to
be due to a conformational change at the interfacghich the polymer changes its
orientation from 2D flat conformation to a 3D brushmushroom one as reported in the
literature for other Pluronics (Mufioz, 2000a; Mufi@d@00b; Ramirez, 2011; Ramirez,

2012; Torcello-Gémez, 2012; Llamas, 2013). Figurasand 1B reveal that adsorption
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in a flat conformation leads to a higher slope he f7-c isotherm due to the high
interfacial area occupied by each molecule leadintarger changes in the interfacial
coverage, and hence, in the interfacial pressunee@he interface is saturated with flat
molecules the increase 6f is less pronounced. Further adsorption at thé-gadgal
regime could lead to the formation of multilayeyndensation of the adsorbed
polymer layer, aggregation within the interfaciayér and/or penetration into the oil
phase. Interestingly, these regimes appear atthethir-water and the limonene-water
interface. The main difference is the length of thet adsorption regime (2D-flat
conformation) which is larger at the limonene-watgerface (Figure 1B). This already
suggests structural differences in the adsorbeérlaf PE9400 at air-water and
limonene-water interfaces. Furthermore, the intealgpressure of a saturated interface
appears higher for PE9400 at the limonene-watarfate, hence demonstrating a
higher adsorption recorded at the oil-water infas compared to the adsorption at
the air-water interface (Maldonado-Valderrama, 300%e cac of PE9400 is slightly
higher at the limonene-water interface (§@gene-water= 0,05 Mol > caGiwater= 0,01

molm™) also accounting for this feature.
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Figure 1. A) Surface pressure isotherm for PluroRIE9400 at the air-water interface
at T = 25°C. B) Surface pressure isotherm for PhicoPE9400 at the air-water
interface at T = 25°C. The blue line is the béstofthe protein adsorption model with
the values of the parameters given in Table 1.c¢rbssing of the blue line with the red
line indicates the value of the cac. The standadiation of each data point i80.5
mN/m.

In order to gain further insight antthe different conformation and

condensation of the interfacial layer of PE940€hatair-water and the limonene-water

interface we applied the theoretical model explkhiabove to the experimental data
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displayed in Figures 1A and 1B. The lines in Figutd& and 1B are the best fit of the
experimental data obtained with parameters givefidhle 1. Since there are many
adjusting parameters the experimental data caiitbd fith a high number of different

combinations of them. In order to obtain a meanihgfhysical result, two of the

m2

mol

2
parameters,dp = 2,4-16 ll an = 3,0-10 ), have been fixed according to the
mo

values given in a previous work for the adsorptbrthe same polymer at the hexane-
water interface (Ramirez, 2011). Hence, we congligtrthe molar area occupied by a
segment of the polymeny, and the maximum molar area,, are intrinsic properties
of the polymer and do not depend on the naturbehbn-polar phase. Accordingly, the
only fitting parameters areu, the minimum molar area (this parameter can Hereiht
since it is likely that the hydrophobic segmentshaf polymer can dissolve or penetrate
into the oil phase while this is not possible & #ir-water interface), the interaction
parameterg, the condensation parameter and when multilay@ndton is considered,
b, andmin the post-critical regime.

Table 1 shows a lower value of of PE9400 at the limonene-water interface
than that obtained at the air-water. This agredis thie experimental findings discussed
above suggesting the formation of a more compaget lat the limonene-water interface
at high interfacial coverage. This could be thailtesf PPO segments penetrating into
the limonene in agreement with recent work whichndestrates the penetration of PPO
segments into the hexane phase by ellipsometricsunements (Ramirez, 2012). The
same value of at both interfaces indicates that the attractivieraction between
adsorbed polymer molecules is similar at the aitewand the limonene-water interface.
Conversely, the value af appears much higher at the limonene-water interfabis

accounts for an increased compressibility of th@42B at the oil-water interface that



Chapter 2 61

would possibly promote higher interfacial coveragel lead to higher condensation of
the interfacial layer. In general, the higher corsdgion of the adsorbed layer of
PE9400 at the limonene-water interface, which wa®ady inferred from the
experimental7-c isotherms, is corroborated and rationally quesatiby the outcome of
the fitting procedure. Moreover, the numerical esldisplayed in Table 1 importantly
guantify this increased condensation by meansefdier molar areacd), the higher
saturation/7 and the higher compressibilitg)(of the molecule at the limonene-water
interface. The values of the interfacial pressaathierm are not affected by introducing
the parameters of multilayer formation. Howevegytlare given in Table 1 since they
affect the fitting of the dilatational rheology, agll be explained in next section
(Maldonado-Valderrama, 2005).

2.3.2 Interfacial dilatational rheology

In order to explore in more detail the interfadi@haviour of the copolymer at
the air-water and the limonene-water interfaces diatational rheology of these
systems was measured (Figures 2A and 2B). Theatidaal modulus was obtained by
imposing harmonic perturbations to the interfaceaaftrequency of 0,1 Hz after
equilibration of the interfacial layer. Figures 2&d 2B show the dilatational modulus
measured at the end of the adsorption process detofor each of the bulk
concentrations shown in Figures 1A and 1B. Also¢aiit has been reported previously
that the interfacial elasticity of these copolymirs unique function of the interfacial
pressure (i.e. interfacial coverage) (Blomqvist)Z0Torcello-Gémez, 2012), harmonic
oscillations were performed throughout the wholesoaption process for a given
concentration of PE9400 in the bulk. These valuesadso plotted in Figures 2A and
2B, hence confirming thd is directly linked to the interfacial pressurehetthan the

polymer bulk concentration.



Chapter 2 62

30

25 4

20

15 1

E [mNm"]

10 |

I7[mNm™]

30 1

N
o

E [mNm™']

-
o

0 10 20 30 40

17| mNm’ |

Figure 2. A) Surface dilatational elasticity vsrisee pressure for Pluronic PE9400 at
the air-water interface. B) Interfacial dilatatiohalasticity vs. interfacial pressure for
Pluronic PE9400 at the limonene-water interfacead®l circles are the surface
elasticity calculated once the final surface presswvas reached for each bulk
concentration. Red squares and blue triangles e ihdependent measurements of the
surface elasticity for a given bulk concentrati@2(¢ 10° molni®) at different adsorption
times. Solid and dashed lines correspond to a #texa dilatational modulus
calculated via equation (10) for a harmonic pertation of 0,1 Hz and a diffusion
coefficient of 1.18° nfs® (air-water) and 2-18° nfs' (limonene-water) with the
equilibrium model parameters of Table 1 and m =bRafer, solid line) and m =1
(monolayer, dashed line), respectively. The stathd#eviation of each data point is
£0.5 mN/m.
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The existence of two maxima in the elasticity o€ timterfacial layer was
expected in the literature owing to the conformadiaransition taking place (Torcello-
Gomez, 2012; Mufioz, 2003) but very few works spealify report two maxima
(Blomgvist, 2005; Noskov, 2006; Ramirez, 2012; Mni®003). Recently, the
occurrence of three maxima (two of them at low atefpressure) was reported for a
more hydrophilic Pluronic F68 at the air/water rfdee by means of electrocapillary
wave and quasi-elastic light scattering, a techmigapable of measuring at very high
frequencies (up to 1-10Hz) (Llamas, 2013). The first maximum, located l@v
interfacial pressures, i.e. low interfacial coveragorresponds to the 2D conformation
of the molecules which lie fully extended at théerface (Blomqgvist, 2005). This
conformation provides similar elasticity values (@MN/m) regardless of the nature of
the interface. This is consistent with the thegedtanalysis which provides the same
maximum molar areadfnay) and interaction parametea)(at both interfaces (Table 1)
and only shows differences in the molecular confdrom at high interfacial pressures,
I.e. when the interaction is maximized. The secmadimum would correspond to a 3D
brush conformation of the polymer in which the PB¢yment protrudes into the oil
phase. Interestingly, this maximum appears displdaoehigher interfacial pressures at
the limonene-water interface, importantly corrobioia the higher interfacial coverage

attained at the oil-water interface.

Figures 2A and 2B also show theoretical predictioiris as a function of7. The
theoretical values were obtained via equation (T®)e limiting elasticity,E, and
characteristic frequency are related to the equulib properties of the adsorbed film by
equations, (11-13).

Therefore, with the equilibrium model parameteral€ 1) the only adjusting

parameter is the diffusion coefficient. The solites in Figures 2A and 2B show the
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best fit to the experimental data at air-water dimdonene-water interfaces with
diffusion coefficients of 1-I8 m’s® and 2-13° m’s?, respectively. Diffusion
coefficients of similar Pluronics determined byfeliént techniques such as dynamic
surface tension, time-resolved ellipsometry andadyic quasielastic light-scattering
measurements at the air-water interface have begorted to be in the range 0,6-
1,5-10'° m?s* (Mufioz 2000b) in concordance with our result. Remtore, in a recent
paper the dynamic surface tension of Pluronic PES4®d similar Pluronics at the
hexane-water interface was calculated between 583 m’s’ (Ramirez, 2011),
which is slightly higher than the diffusion coef@ot obtained at the limonene-water
interface in the present work. Figures 2A and 28 alhow the theoretical predictions
considering either a monolayer or a bilayer adsonpit is seen that considering bilayer
adsorption at the air-water interface does notisagmtly enhance the agreement with
the experimental data whereas it importantly impsothe fitting at the limonene-water
interface. Application of the theoretical model tims way provides important new

information about the interfacial conformation ddiq@nics at interfaces.

2.3.4 Adsorption kinetics

Figures 3A and 4A show the adsorption kinetics B9400 at the air-water and
the limonene-water interface, respectively. For thake of clarity only three
concentrations have been plotted in each figure.driginal data were transformed into
a dimensionless form according to equation 11 gdence, Figures 3B and 4B show
the 8 vs.t' plot, where@ = (1)-)ed)/(J6-)6g) andt’=t/7p, (see section 2.3 for a detailed
explanation of the parameters). Whergas )6, yandt are experimental valueg has

to be calculated. The diffusion time scalg, is determined from the diffusion
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coefficient,D, and the adsorption depth,as described in equations 13 and 14. Since
is determined by the equilibrium adsorption isatiea 7, value for each concentration
can be calculated from the experimental data, d#pgnonly on the value of the
diffusion coefficientD. In order to obtain thB values the theoretical dependencé&of
vs.t’ for a pure diffusion process (equation 16), wigores a unique curve, are plotted
in Figures 3B and 4B (blue line). Hend2,values that best fit the theoretical plot are
selected (ca. 1-18 m’s* for air-water interface and 2-1dm?s? for limonene-water
interface). The values used agree with the prelyoteported ones which are in the
range 0,6-3,5- I¥m?s* (Mufioz, 2000b; Ramirez, 2011). It is seen thdhatair water
interface the experimental data agree well witlffagion-controlled adsorption. On the
contrary, at the limonene-water interface the expemtal data deviate from the
behaviour of a pure diffusion adsorption. Previousrks show the occurrence of a
slower reorganization process which follows thstfidiffusion step in the adsorption
kinetic of Pluronics at fluid and solid interfac@dufioz, 2000b; Guzman, 2011). In
order to take into account this slower processeartttical model developed elsewhere
(Serrien 1992) was used. Two extra parameters,uatiog for the amplitudeB, and
time scaleA, of the reorganization process, are included, ésgmtion 18, section 2.3).
Hence, a more favourable interaction between tliyner and limonene rather than air,
in agreement with the discussion of the adsorpteimaviour and the dilatational curves,

is also inferred from adsorption kinetics measunase
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Figure 3. A) Dynamic surface tension for PluroniE9200 at the air-water interface
for the following polymer bulk concentrations: 2G> molm? (circles); 1,7-1¢ molm?®
(diamonds) and 6,5-T(squares). B) Dimensionless dynamic surface tansiot from
the experimental data of Figure 3A as explainedtha text. The blue line is the
theoretical dependence according to a purely diffiual process. The standard

deviation of each data point 0.5 mN/m.
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Figure 4. A) Dynamic surface tension for Pluroni€9200 at the limonene-water
interface for the polymer bulk concentrations: 8% molm? (circles); 2,2-1¢ molm?®
(diamonds) and 1,5-Ténolm® (squares). B) Dimensionless dynamic surface tensio
plot from the experimental data of Figure 4A aslaixgd in the text. The blue line is
the theoretical dependence according to a purelfusional process, whereas the red
line is the theoretical dependence when a reorgditin process is also considered.

The standard deviation of each data poin#i3.5 mN/m.
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Limonene

Figure 5. Sketch of the different conformationahmtpes occurring as long as the
polymer adsorbs at the interface. The red segmnids for PPO units, whereas the
black one represents the PEO units. The oil phasgange and the aqueous phase is

blue. (I) represents the flat 2D conformation awlé/ values, whereas (Il) are the 3D

conformation for high7 values

2.3.5 Desorption process

Finally, the desorption behaviour of PE9400 from #ir-water interface and the
limonene-water interface was studied. This is doypexchanging the bulk solution for
that of a buffer, hence depleting the subphasketitop of polymer. This methodology
allows the investigation of the reversibility oftladsorption process and the desorption
profile. Figure 5 shows the evolution of the inéeifl tension throughout the whole
exchange process for two different concentrationdah interfaces (air-water and
limonene-water). The solid lines in Figure 5 mdr& beginning of the exchange of the
bulk solution once a stable layer had adsorbethairterface. It can be seen that the
interfacial tension remains constant for the lowencentrations at both interfaces
(Figure 5A), whereas a slight increase (about 2 MNim observed for the higher
concentration of PE9400, also at both interfacé&s€ results importantly complement
the findings of Svitova (Svitova, 2005) and Toleegbomez et al (Torcello-Gomez,
2012) for the adsorption/desorption of Pluronic F@&monstrating that Pluronic

PE9400 is adsorbed irreversibly at both interfaddsreover, the desorption profile
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obtained also reveals that this anchoring at therface is independent of the

conformation of the polymer at the interface, ptaoamushroom/brush as well as of

the nature of the non-polar phase.
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Figure 6. Dynamic surface tension for the bulk solu exchange experiments. Open
circles and filled circles stand for air-water anldnonene-water, respectively. A)
Polymer bulk concentration: 2,2-2anolm?® B) Polymer bulk concentration: 2,210

molni®. The standard deviation of each data point &5 mN/m.
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2.4. Conclusions

A systematic surface characterization has beemedaaut on the equilibrium,
dynamics, interfacial rheology and desorption peobf Pluronic PE9400 at the air-
water and limonene-water interface in order toyfulharacterize the properties of the
adsorbed layers. The equilibrium surface pressswéherm displays two adsorption
regimes in the pre-critical region which are chagazed by two slopes in th@-c plot.
These regimes are related to a conformational itransf the adsorbed polymer layer
from a 2D flat conformation to a 3D brush one whiakes place at both the air-water
and the limonene-water interface. The theoreticaddeh provides quantitative
information on this transition showing that PlumiE9400 has a lower minimum
molar area and higher internal compressibilityhat imonene-water interface than at
the air-water interface, suggesting a more comjiessayer formed at the former.
Dilatational rheology offers further evidence oéttwo conformations at the interface
by showing two maxima as a function of the surfp@ssure and the application of the
theoretical model to these data provides good aggat importantly confirming the
reliability of the proposed model. Moreover, thdatditional response confirms the
structural differences between adsorbed moleculdsgh interfacial coverage. Also,
the model indicates that the adsorption proceedtheénform of a bilayer at higher
interfacial coverage at the limonene-water integfdn general, the higher condensation
of the adsorbed layer of PE9400 at the limonenemterface is corroborated and
rationally quantified by the outcome of the fittipgocedure. Figure 6 displays a sketch
of the transition from 2D flat conformation to a 3bush structure when augmenting
the surface pressure in both air/water and limotveater interfaces showing the
enhanced compressibility and the likely bilayemniation of the adsorbed PE9400 at the

limonene/water interface. Analysis of the adsorptikinetics by transforming the
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original data into a dimensionless form yields @&ua curve for the dynamic surface
tension at different concentrations, which is @tt® a model involving the diffusion
time scale and the amplitude and the time scatbeofeorganization process. Realistic
diffusion coefficients were obtained at both indeds and a more favourable interaction
between PE9400 and limonene again inferred fromatljasting parameters. Finally,
the desorption profile of PE9400 was studied aihavater and the oil-water interface.
These experimental results importantly demonstretePluronic PE9400 is irreversibly
adsorbed at the interface regardless of the nafiutiee interface and the conformation
of the polymer, providing important functional imfisation concerning the adsorbed

layer.
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Abstract

D-limonene is a naturally occurring solvent that ceplace more polluting
chemicals in agrochemical formulations.

In the present work, a comprehensive study of tifieence of disperse phase
mass fractiong and of the surfactant/oil rati® on the emulsion stability and droplet
size distribution of D-limonene-in-water emulsiostsbilized by a non-ionic triblock
copolymer surfactant has been carried out.

An experimental full factorial desigrf 8vas conducted in order to optimize the
emulsion formulation. These emulsions were maimstabilized by both creaming and
Ostwald ripening. Therefore, initial droplet sizmeaming rate, normalized Ostwald
ripening rate and turbiscan stability index, werged as dependent variables. The
optimal formulation, involving minimum droplet sizeand maximum stability was
achieved aty= 50 wt%;R = 0.062.

The combination of these experimental findings withe rheological
characterization of the emulsions allowed us to gatleeper insight into the stability of
these emulsions, which can be applied to the ratidavelopment of new formulations

with potential applications in agrochemical forntidas.
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3.1 Introduction

The role of solvents in the agrochemical indussybecoming increasingly
important. More than 25% of all pesticides conthigh concentrations of organic
solvents, which represent a fire hazard, may béctard contribute to atmospheric
volatile compound (VOC) emissions (Hofer, 2007)ughmany of the classical solvents
are being gradually replaced by so-called ‘greasivents. D-limonene, a naturally
occurring hydrocarbon, is a cyclic monoterpene Whiccommonly found in the rinds
of citrus fruits such as grapefruit, lemons, linegl, in particular, oranges. Limonene
exhibits good biodegradability, and it may therefdre proposed as an interesting
alternative to organic solvents, meeting the emereasing safety and environmental

demands of the 21st Century (Kerton, 2013).

D-Limonene is the major flavour compound in severtals oil, such as orange
oil, lemon or mandarin (Brud, 2010) and it is widelsed as flavour additive in
cosmetics, food and pharmaceutical applicationtaffje2012; Lu, 2013; Marcuzzo,
2012; Murali, 2013). It has been reported that idelnene had bactericide, antioxidant
and therapeutic activities (Gerhauser, 2003). Githat D-limonene is not soluble in
water, emulsification is an interesting alternatigesolubilize and protect D-limonene
from oxidative degradation (Soottitantawat, 2008),order to keep the lemon-like

flavor and be active in those areas of food (L1.20

In order to emulsify D-limonene, non-ionic polymersurfactants, Pluronics,
have been used. Their chemical structure is dermtdREOx-PPOy-PEOX, where PEO
and PPO stands for poly(ethylene) oxide and pobgyene) oxide, respectively. The
HLB can be modulated depending on the number of BEB®O PPO units. They have
been used as foam and emulsions stabilizers insiridbapplications (Alexandridis,

2000; Tadros, 2010). Furthermore, these polymenifastants are promising materials
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for many technological applications such as drutjvele, gene therapy and the
development of foods that provide specific physiatal responses, such as control of
lipid digestion or satiety (Batrakov, 2008; Kaban@002; Torcello-Gomez, 2011a,
2011b, 2013, 2014). Recently, the interfacial proge of Pluronic PE9400 adsorbed at
the limonene-water interface have been reporte®drez-Mosqueda (2013) showing
that PE9400 is irreversibly adsorbed at this iaieef thereby making it a potential

candidate to prevent emulsion coalescence.

Emulsions are thermodynamically unstable colloidaspersions that are
destabilized by several mechanisms, such as flattonl coalescence, gravitational
separation (sedimentation or creaming) and Ostwpkhing. It has been shown that
orange oil suffers from creaming and Ostwald ripgnfLim, 2011). It is known that
both destabilization processes, creaming and Ogtraéning, depend on the disperse
mass fraction,g and surfactant concentration (Abeynake, 2012;n@hmai, 2000;
Neogi, 2001; Weiss, 2000). Therefore, a correciectgln of composition and
physicochemical formulation is essential to imprtve emulsification process (Cuellar,
2005; Salager, 2003). Multivariate statistical ta@gnes, such as response surface
methodology (RSM), have been shown to be an irttagetool for the optimization of
emulsions and nanoemulsions (Bueno, 2009; Mahdr];2dusa, 2013; Soleimanpour,
2013). With this approach, a mathematical modeheoting the response variables to
the process ones is obtained with a minimum nundfeexperiments. Hence, the

development of new formulations becomes more effe¢Montgomery, 2001).

The most common emulsification methods are basedexhanical energy input
to the system by an external source. As a rule|ssoms are prepared in two steps; the
aim of the first (primary homogenization) is to a&te droplets of disperse phase such

that a coarse emulsion is formed. The goal of #woisd step is to reduce the size of
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pre-existing droplets, which usually involves tlee wf a different homogenizer, such as
an ultrasonic probe, a high-pressure valve homagendr a microfluidizer (Jafari,

2007; Urban, 2006).

Nevertheless, in the present study a single-stéqr/stator homogenizer was
used in order to obtain monomodal submicron emugsisith a disperse mass fraction
in the range from dilute to slightly concentratedutsions (= 10-50 wt%) and with a
low ratio of wit% surfactant over wt% solvemR € 0.1). An experimental full factorial

design 3 was conducted in order to optimize the emulsiomfdation.

3.2 Materials and methods

3.2.1. Materials

D-Limonene (4-isopropenyl-1-methylciclohexane) wasd as disperse phase in
the emulsion formulation. It is mainly obtainedrfrahe peel of citrus fruit, principally
from oranges and lemons. D-Limonene 97% was puechfitem Sigma-Aldrich® and
purified with Florisil® resins (Fluka, 60-10 meslpyior to use by following the
procedure used elsewhere (Maldonado-Valderramab;200aldonado-Valderrama,
2010). Namely, a mixture of oil and Florisil® ingmortion 2:1 w/w was shaken gently
for 3 h and then separated by decanting.

The triblock copolymer Pluronic PE9400 (PE®PQ-PEG:;, Mw = 4600 g-mot and
HLB = 12-18) was kindly provided by BASF and usede@ceived.

Ultrapure water, cleaned using a Milli-Q water figation system was used. All

glassware was washed with 10% Micro-90 cleaningtgwi and exhaustively rinsed

with tap water, isopropanol, deionized water, altichpure water in this sequence.
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3.2.2 Emulsion preparation

The aqueous phase was first prepared by dissolthegcorrect amount of
surfactant with magnetic stirring for 15 min at 3@®n. The emulsion was then formed
using a batch process. The oil phase was added tbheecontinuous phase while
homogenizing at 17500 rpm for 60 seconds usinga/stator system (Ultra Turrax T-

25/KV11, IKA Instruments, Germany). The final emafsweight was 50 g.

3.2.3 Droplet size measurements

Droplet size distribution (DSD) was determined bging laser diffraction
measurements performed with a Mastersizer X (Malvparticle size analyzer. The

mean droplet diameter was expressed as the Saameeter, d

SN
SN

d,, = (1)

whereN; is the number of droplets with a diametBf, Measurements were done in

triplicate.

3.2.4 Creaming stability

Multiple light scattering measurements with a Tadain Expert LabMeasuring
were used in order to study the creaming of thelgions (Chanamai and McClements,
2000). This instrument is capable of detecting roiieg before it is visible to the naked
eyel. The extent of creaming was quantified using amiag index (McClements,

2007),Cl:

cl =Hs «100 (2)
H

E
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where,Hs is the height of the serum layer at given time lfp2rs) andHg is the total
height of the emulsion. The height of the serunetayas obtained from the width of
the peak at the bottom part of the cell of the baakered light in reference mode, i.e.

the backscattering flux at time t = 12 h minusithigal backscattering flux.

3.2.5 Ostwald ripening

The evolution of the Sauter diameter with time waenitored using laser
diffraction measurements (Mastersizer X, Malver)linear variation of the plot of
r3ir3, vs.t was obtained following the LSW theory (Lifshit6l1), where andr, are
the droplet radius at a given time and the inidabplet radius, respectively. The

normalized Ostwald ripening ratkog) was calculated from the slope of these plots.

3.2.6. Overall destabilization index (Turbiscand8ity Index)

In order to quantify simultaneously the destabilaa processes in our
emulsions the Turbiscan Stability Index (TSI) waedl This index is a statistical factor
and its value is calculated as the sum of all tlestabilization processes in the

measuring cell (Lesaint et al, 2009) and it is gibg:

TSI:Z‘scagf( b - scal Jﬂ (3)

wherescanes andscan are the initial backscattering value and the baatksdng value
at a given time respectivelly, is a given height in the measuring cell and T$héssum

of all the scan differences from the bottom tottsyeof the vial.

3.2.7. Rheology of emulsions

Flow curves were carried out using a rheometer frtammke Thermo Scientific
(Germany), a Mars controlled-stress rheometer witandblasted Z20 coaxial cylinder

sensor system (Ri=1cm, Re/Ri=1.085). All rheolobim@asurements were performed
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at 25°C £ 0.1°C, using a C5P Phoenix circulatore(imo-Scientific) for sample
temperature control. The results represent the mefanthree measurements.

Equilibration time prior to rheological tests wa&01s.

3.2.8. Design of experiments

In order to rationally develop an optimal formutetiof D-limonene-in-water
emulsions prepared with a rotor/stator homogenasecond-order experimental design
and mathematical model was required. In the presenk, the two process variables
selected were: surfactant/oil ratiB, and disperse mass fractiog, With only two
factors, a full factorial desigrf 3vith three replications of the center point wassted.

The quadratic model is given below:
Y= Bo+ PR+ B0+ ﬁnRz + ,322@2 + B12RO 4)

Each factor is measured at three levels which weded to take the value -1
when the factor is at its low level, 0 when atnitedium level and +1 when at its high
level. The lowest value fdrR (0.02) was chosen such that the minimum size dflesta
droplets that can be theoretically produced wagni, according to the following
equation (McClements, 2005):

6/ @
d =——sar 5
min C ( )

S

whereC; is the surfactant concentration in the emulsiod &g:is the excess surface
concentration of the surfactant at saturation. Ai@®f /s = 3 mg-nf was usetf. The
highest limit was set as 5 times the lowest oneR saried in the range 0.02 — 0.4.

was studied in the range 10 — 50 wt%, from dilotslightly concentrated emulsion.
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It has been reported that emulsion droplet siza fenction of the processing
conditions; homogenization rate and emulsificatiome (Franco, 1998) in addition to
the formulation used. The optimal processing caoowlkt were found to be 17500 rpm
and 60 seconds of homogenization rate and emuwasdit time respectively, as shown

in Figure 1 for the center poirfR€ 0.06,p= 30 wt%).

35 2.0
3.0 1
= 15
£
¢ E i i i
— 25 < 1.0
E i
S 20 ) 0.5
= 0 50 100 150 200
1.5 4 t[s]
L]
1.0 i ¢
0.5

5000 10000 15000 20000 25000 30000

r.p.m

Figure 1. Sauter mean diameter as a function of dgemization rate for D-limonene-
in-water emulsion with R = 0.06 an¢g = 30%. Emulsions were produced by
Ultraturrax T-25 at room temperature. The insetwhdhe influence of emulsification
time on droplet size for the optimal homogenizatae (17500 rpm). Symbols are the
mean of three replicates and the error bars show #tlandard deviation of the

measurements.

The effect of the two independent variables, stafadoil ratio R) and disperse
mass fraction @ on emulsion mean droplet sizd;, and on the destabilization
processes: creaming indeXl, Ostwald ripening ratkog and the overall destabilization
index TSI (Turbiscan Stability Index) of D-limonene-in-watemulsion was studied

using a 3 experimental factorial design. Experiments wenedamly carried out in
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order to minimize the effects of random error ie thbserved responses. The center
point in the design was determined in triplicatecaculate the repeatability of the

method’ and to check the fitting quality of the mathematimodel (Khuri, 1996).

The quadratic terms of the response surface madeis obtained by the least
squared method. For model construction, terms with 0.05 were removed and the
analysis was recalculated without these terms. 3iéability of the models was
determined by using the coefficient of determinat{?) and the lack of fit test (§).
Joklegar and May proposed that $hould be higher than 0.80 to obtain a good #ttin
(Jokeglar, 1987). | is the ratio between mean squares due to lackt @nfl mean
squares for pure error. ThigHFvalue must be compared with a table value @ffér a
level of significance and the degrees of freedorthefmean squares employed. It was
assumed that the proposed model did not exhibkt ¢ddit at a level of significance

when ki exceeded k.

3.3 Results and discussions

3.3.1. Surface response analysis

The variation of each response variable was ihjtiassessed as a quadratic
function of surfactant/oil ratio and dispersess fraction (Table 1). The lack of fit
shown by the fittings of creaming index and turhiscstability index was solved by
adding a new cubic interaction term in these modils R*¢°. The results indicated
that the models employed were adequate, showirgjgmificant lack of fit (it > For
with o = 0.05) and very satisfactory values df far all responses. The’Rralues for
droplet size, creaming index, Ostwald ripening r@ate turbiscan stability index were
found to be 0.959, 0.998, 0.967 and 0.991 respygtiComparison between predicted

and actual values for the response variables aisicated that the polynomial
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regression models were suitable to determine omtinflmrmulation for preparing D-

limonene-in-water emulsions with maximum stabi(iyg. 2).

Regression ds 2 (um) C.l. (%) Kor (W) TSI
coefficients
Bo 0.936667 2.49224 0.236833 5.78167
B1 -0.348333 0.50695 0.262155 4.025
B -0.1216667 -2.3496 0.230378 -4.63667
Bi1 0.248333 1.48822 0.0923217 3.085
Bss _(p > 0.05) 1.77868 (p >0.05) (p > 0.05)
Buo _(p >0.05) 2.6975 0.209317 2.5125
Buss -1.47425 -3.6275
Fiof 1.45 2.81 1.51 3.05
Ferit 9.01 9.55 9.12 9.28
R? 0.959 0.998 0.967 0.991
Adj-R 2 0.943 0.997 0.948 0.983

Table 1. Regression coefficients of the fitting et®d
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Figure 2 A) Sauter mean diameter at t = 0 vs. sttefat/oil ratio, R. B) Creaming index
(Cl) as a function of R. C) Normalized Ostwald npwy rate (kr) vs. R and D)
Turbiscan stability index (TSI) vs. R. Symbols egpond to experimental
measurements: trianglegE 10%), squares ¢ = 30%) and circles ¢ = 50%). Lines
are the theoretical values obtained by the surfaesponse models by using the

parameters in Table 1.

3.3.2 Emulsion droplet size

Droplet size is a key variable to study emulsicabgity (McClements, 2005).
Destabilization processes, such as creaming or &dtipening growth, depend greatly
on droplet size. It was therefore particularly intpat to determine the droplet size in

order to characterize our system.
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From full factorial design we deduced that the nsighificant factors affecting
droplet size in our system were the linear and cptedterms of surfactant/oil ratio and

the linear term of disperse mass fraction (TableThe equation of the fitted model

was:

ds2=0.94 - 0.35R -0.12*p+0.25*R? (6)

1.8W/

1.6

14

12

ds, [Mm]

1.0

0.8

0.6

0.4

Figure 3 Response surface 3D plot of the Sautemnikameter as a function of the

process variables R angt The color scale indicates the Sauter mean diametieies
ranging from 0.8m to 1.8um.

Figure 3 shows the surface response of the effacr@blesk and gon theds ».
For a given disperse mass fraction, increastngelded a decrease in the droplet size
until it reached a minimum value. Thil, variation was to be expected since more

emulsifier was available to fully cover the O/Warface with smaller droplets as R was
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increased. However, once a certain ratio was aeHievfurther increase of surfactant
did not result in smaller droplets. The limitingfar may be a) the actual emulsification
process, which was not capable of generating enaugiigy to further reduce the
droplet size, and/or b) the fact that the emulsifiel not adsorb fast enough to form a

protective layer to prevent recoalescence phenorfMo@lements, 2005).

On the other hand, the influence @fon the droplet size was certainly more
striking. The lack of major differences @, with g was to be expected. However, a
clear tendency to decreadg with increasingpwas observed. For a given surfactant/oll
ratio (R) if the amount of oil (disperse phase) is incréaske surfactant concentration
in the continuous phase is also increased, enh@gribhm viscosity of the continuous
phase/j.. It has been reported that the viscosity of thatinoous phase influences the
droplet size diameter obtained in rotor/stator hgemizers. It is stated that an increase
in 7. will lead to higher turbulent eddies which canléeger than the smaller droplets
and therefore emulsification will proceed via abtuent viscous regime producing

smaller droplets (Vankova, 2007).

3.3.3 Destabilization processes

It was seen that all emulsions were affected b lgoavitational separation and
increase in droplet size in a very short time (mith2 hours). Since the disperse phase
is less dense than the continuous one the oil éi®pend to move towards the top,
which is known as creaming. As an example, Figureshéws the droplet size
distribution (A-C) and the backscattering profil@sF) for emulsions wittR = 0.06.
Depending ong two different behaviors were detected: fpr 10 and 30 wt% both
destabilization processes, creaming and increas¢hefdroplet size were readily

noticeable. Nevertheless, for emulsions wgh= 50 wt% creaming was not easily
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perceived whereas the increase in the dropletwses® very marked. Eventually, this

emulsion was also affected by creaming, probabéytduhe increase in droplet size.

% Volume
o

d;, [um] d;, [um] d; 5 [um]

100

80

60

% BS

40

20

% H

Figure 4. A-C: Droplet size distribution for emwas with R = 0.06 angg= 10 wt%
(A), ¢= 30 wt% (B) andp= 50 wt% (C). t = 0 (Squares and solid lines) and 12 h
(Circles and dashed lines). D-F: Backscatteringfpes as a function of the measuring
cell height for emulsions with R = 0.06 amd 10 wt% (A),p= 30 wt% (B) andp= 50
wt% (C). t = 0 (solid lines) and t =12 h (dashedds).

In order to gain a deeper knowledge of the destaliibn processes & 3ull
factorial design was useR,and gbeing the process variables. The dependent vasabl
studied were creaming indeXClj to analyze gravitational separation, normalized
Ostwald ripening ratekg) for droplet size growth and turbiscan stabilitgex TS) as

an overall destabilization parameter.
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3.3.4 Creaming Index (ClI)

Due to the lack of fit of the quadratic model thdgiéion of a cubic interaction

was considered, R¥. Hence, the model equation was:
Cl =25+051*R-23p + 1.5°RF + 1.8*F + 2.7"R*¢ - L5[(R*¢f  (7)

The high value of the coefficient of determinatid®f, (0.998) indicates that

experimental measurements agree well with the model

Figure 5 shows the surface response of the effgmiooess variableR andgon
theCl. TheCl variation as a function & was quite dependent on disperse mass
fraction, @ Hence, atp= 10 wt%Cl decreased witR, whereas for the highegt= 50

wt% the opposite behavior was observed.

0.02

Figure 5. Response surface 3D plot of the creanmagx (Cl) as a function of the
process variables R angd The color scale indicates the creaming index esltanging

from O to 16.
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FromCl values, the creaming velocityd can be calculated as follow:

v €1 TH)

8
¢ 10002 (®)

where He is the total height of the emulsions in mm and id¢2the total time of
measurement in hours, therefafeis in mm-HA-. Figure 6 shows the creaming velocity
as a function of the squared radius of the dropfeta linear variation was observed for
emulsions containing 10 wt% D-limonene. For nonsgil emulsions ¢ > 2 wit%)
hydrodynamics interactions between particles apeeted to slow down the velocity of
the gravitational separation as expressed by Std&es If droplet flocculation is
negligible a kind of Stokes’ law equation can beduso predict the creaming velocity
(McClements, 2005).
V. = _29r%(p, - p1) 9)

7,
whereg is the acceleration due to gravityis the radius of the droplet; andp. are the
densities of the continuous and disperse phasegatdgely ands. is the viscosity of
the emulsion. As shown in Figure 7A the emulsiornthw = 10 wt% are Newtonian
and the viscosity for all the emulsions was aroAnmdPa-s. By using equation (9) with
Ne= 2 mPa-sg = 9.81 m&, p, = 1000 kg-rif andp, = 841 kg- it creaming velocities

very close to experimental values were obtaineskas in Figure 6.

For gvalues above 10 wt% the systems became more crrapteit was likely
that droplet-droplet interactions lead to droplé&ic€ulation. Therefore, creaming

velocity was not a linear function of
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Figure 6. Creaming velocity (Y as a function of the droplet radius squared for
D-limonene-in-water emulsions witlp = 10 wt% (circles),g = 30 wt% (triangles)
and @= 50 wt% (squares). The solid line is the creamimdpcity dependence witfi r

calculated via equation (8) with the parametersuesl given in the text.

Rheological measurements were carried out to gaileeper insight into the
creaming destabilization. Figure 7A shows the flmwves for emulsions containing 10
wt% D-limonene. All curves showed Newtonian behgwehatever the droplet size or
surfactant concentration. The viscosity obtained tfiese emulsions was around 2
mPa-s. For emulsions wip= 30 wt% a transition from Newtonian to shear-tiig
behavior was observed as shown in Figure 7B. Thissition can be attributed to the
onset of flocculation due to the excess of surfadma solution (Derkach, 2009; Manoj,
1998; Pal, 2011). Nevertheless, the increase icrg@ming index at the highd’tvalue
pointed to the occurrence of flocculation which leml an enhanced gravitational
separation. For emulsions a= 50 wt% (Figure 7C) all the systems were shear-
thinning. The increase in the shear-thinning bedrawas probably due to the
flocculation induced by micelles in solution (ddpmla flocculation) as explained for

emulsions withp= 30 wt%.
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Figure 7. Flow curves shown as shear stress vargtage for the D-limonene-in-water

emulsions. Figure 7A,¢= 10 wt% ; Figure 7B,¢p= 30 wt% and Figure 7C¢= 50

wt%. Circles (R = 0.02),

triangles (R = 0.06) asguares (R = 0.1).
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3.3.5. Ostwald ripening

As shown in Figure 4, by using both multiple lightattering and laser
diffraction techniques, emulsions also underwentirmrease in droplet size. Two
destabilization mechanisms were likely to occuglescence and/or Ostwald ripening.
On the one hand, if coalescence is the leadingadiéigation process a linear plot of
1/r? vs.t will be shown (Kabalnov, 1998): on the other haméinear plot of® vs.t will
be obtained if Ostwald ripening is the main degizdiion process (Weers, 1998). In all
the systems studied a linear variationrdfwith time was observed confirming the
occurrence of Ostwald ripening. Figure 8 showstilme evolution of the cube of the
normalized droplet radius. From the slope of thasts the Ostwald ripening ratkog)
was calculated. This rate constant was used tauatalthe influence of the process

variablesR and gin the Ostwald ripening.

As shown in Table 1 the only factor that is noingigant is the quadratic term

of @ Hence, the model equation was:
kor = 0.24 + 0.26% + 0.23*R + 0.092R + 0.21'R* ¢ (10)

The high value of the coefficient of determinatid®f, (0.967) indicates that

experimental measurements agree well with the model

Figure 9 shows the surface response of the Ostiyding rate as a function of
Randg@ At the lowestR value thekor was close to zero, whatever the disperse mass
fraction. kor increased wittR for all ¢ values. Nevertheless, the rise became steeper

with increasingp
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0o 2 4 6 8 10 12
t[h]

Figura 8. Normalized radius cubed vs. time. Fig8fe ¢= 10 wt% ; Figure 8Bg= 30
wt% and Figure 8Cgp= 50 wt%. Circles (R = 0.02), triangles (R = 0)0&nd squares
(R = 0.1). Lines are the best linear fit to expezntal data. From the slopes the

normalized Ostwald ripening rated® was determined.
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0.02

Figure 9. Response surface 3D plot of the normdli2etwald ripening rate @g) as a
function of the process variables R agd The color scale indicates the Ostwald

ripening rate values ranging from O'tio 1 h.

3.3.6. Turbiscan Stability Index (TSI)

Taking into account that the emulsions were defitaldi simultaneously bigoth
processes, creaming and Ostwald ripening, the dnfla of R and ¢ in the global
destabilization parameter, TSI, was studied. A goodelation was obtained between
experimental data and the model proposed as shovagure 2. The model equation

was:
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0.02

Figure 10. Response surface 3D plot of the Turlms$&bility Index (TSI) as a function
of the process variables R agdThe color scale indicates the Turbiscan Stablihiyex

values ranging from 0 to 20

TSI =5.8-4.6" +4.0*R+ 3.1'R° + 2.5'R* 9-3.6 *R* ¢ (11)

Figure 10 shows the dependence of TSI as a funcidmoth,R and ¢ It is
worth noting the existence of an area with TSI galalose to zero, fdR values in the
range 0.03-0.05 and for the highestvalue (50 wt%). Hence, an optimum process
condition can be set for emulsions of submicrore siath minimum destabilization.
Figure 11 shows the normalized values of TSI angplét size for the emulsions

containing 50 wt% of disperse phase as a functibnswfactant/oil ratio. The
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intersection of both curves gave an optimal valud vininimum destabilization and

droplet size for R = 0.062.

1.0 \ 1.0
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0.00 0.02 0.04 0.06 0.08 0.10 0.12
R

Figure 11. Normalized Sauter mean diameter vs Rshed line) and normalized
Turbiscan Stability Index vs. R (solid line) for wdsions with ¢ = 50 %wt. The

intersection of both curves indicates the optimarmtilation.

3.4 Conclusions

Monomodal, submicron D-limonene-in-water emulsionwgre obtained by
rotor/stator homogenizer by using pluronic PE9480emulsifier. In order to gain a
deeper knowledge of the droplet size distribution atability of the emulsions as a
function of the variables, surfactant/oil rat®)@nd disperse mass fractiog) @ surface
response methodology has been implemented. Theematltal models obtained from
the full factorial design gave an adequate fit leetw the experimental and actual

values.
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D-limonene-in-water emulsions were destabilized Ibgth, creaming and
Ostwald ripening growth. The former was more mdria@ dilute emulsions, whereas
the latter was faster at highgrvalues. Furthermore, creaming destabilizationiloftel
emulsions ¢ = 10 wt%) can be quantified using a kind of S&kaw by substituting

the viscosity of the continuous phase for thatefémulsion.

From rheological measurements the transition fraewtdnian to shear-thinning
behavior of the emulsions pointed to the occurren€eflocculation induced by

surfactant micelles.

In order to take into account the influence of bd#stabilization processes a
global destabilization parameter, the turbiscabikty index (TSI), has been used. An
optimal formulation, with minimum TSI and minimumraglet size values, was

obtained foR = 0.062 andp= 50 wt%.
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Abstract

Stable sub-micron D-limonene-in-water emulsionsehlagen obtained by means
of a single-step rotor/stator homogenising proc&se formulation comprises the use
of a naturally occurring lipophilic biopolymer (iasgum) dissolved in the disperse

phase and a non-ionic triblock copolymer as emals{Pluronic PE9400).

The addition of rosin gum highly increases the istgbof Pluronic-covered
emulsions by reducing the Ostwald ripening growtlth@ emulsion droplets. A full
Ostwald ripening inhibition was obtained for rogilam concentrations above 10 wt%.
Furthermore, it has been observed that rosin gwsorbd at the interface, reducing the

interfacial tension and leading to lower dropleesi

Emulsions were classified in three different regi@s a function of Pluronic
PE9400 concentration. Region I: from 1 wt% to 3oahe surfactant available was not
enough to achieve the minimum droplet size thatlmambtained under the operating
conditions. Region II: from 3 wt% to 6 wt% the drefpsize reached a constant value
and highly stable emulsions were obtained. Rediofrom 6 wt% to 8 wt% an excess
of surfactant in solution provoked a depletion diakation process, which eventually led

to the creaming of the emulsion.

This chapter is a contribution to the developmehtsostainable product
engineering by scouting the applications of greelvemits in model agrochemical

emulsions.
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4.1 Introduction

D-limonene is an interesting bio-derived solventicihcan be obtained from
citric peels. This organic compound presents isterg applications in different fields
such as cosmetics, food, pesticide applications @ratmaceutical industries (Brud,
2010, Caballero-Gallardo, 2011; Jafari, 2012; Maro, 2012; Klein, 2010; Murali,
2012). Furthermore, D-limonene is a good candittatee used as a (bio-)solvent in the
design of novel agrochemical products, replacingemmollutant chemicals (Kerton,
2009).

The formulation of the disperse phase was completétd rosin gum as
stabilizer. Rosin gum is a natural polymer obtairfemm pine trees. It is chiefly
composed of 90% rosin acids (abietic acid, palistaid, neoabietic acid, and others)
and is 10% non-acidic. There exist several pap&ishacomment on the application of
rosin gum in biocompatible systems such as druiyetgl (Lee 2004 and 2005, Kumar
2013) or microencapsulation (Fulzele 2004).

The emulsifier function was carried out by an ABWdk copolymer, Pluronic
PE 9400, where A and B stand for poly(ethylenedexand poly(propylene) oxide
respectively. These surfactants have found manysiniél applications as foam and
emulsion stabilizers (Alexandridis, 2000; Tadro§0%). On the other hand, these
polymeric surfactants have been employed recentiyaore sophisticated technological
applications such as drug delivery, gene therapglytha developing of foodstuffs that
provide specific physiological responses, such @a#rol of lipid digestion or satiety
(Batrakova, 2008; Kabanov, 2002; Torcello-Gémezl112) 2011b, 2013 & 2014,
Wulff-Perez 2012, J6dar-Reyes 2010).

Emulsions are thermodynamically unstable colloid&épersions which are

destabilized by several mechanisms such as flowonjacoalescence, gravitational
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separation (sedimentation or creaming) and Ostwiglehing. Production of stable
submicron emulsions is a key achievement in sevdiglds such as food,
pharmaceutical and agrochemicals (McClements, 208&l-Calderon, 2007; Tadros,
2009).

Two-step emulsification processes are commonly usedbtain submicron
emulsion. First a coarse emulsion is usually preduzy means of a rotor/stator system.
Then high pressure homogenizer or ultrasonicatieviceés are used to decrease the
droplet size to a submicron level. Neverthelessthm present work emulsions with
volumetric diameters of ca. Ofim were produced by using a single-step rotor/stator
emulsification process.

One of the critical parameters that have to befalyecontrolled in emulsion
formulation is the emulsifier concentration. A nmmim surfactant bulk concentration is
required to fully cover the available interfaciaka created during the emulsification
process. However, an excess of surfactant in solutiill lead to the formation of a
large number of micelles. It is well-known that radsorbed surfactant micelles could
induce the flocculation of the emulsion dropletsedio a depletion mechanism.
Although flocculation is a reversible process, ibuld develop irreversible
destabilization processes such as creaming anddatescence (Bibette, 1991;
Dickinson, 2000; Dimitrova, 1999; McClements, 19B&dford, 2004; Shields, 2001)
This work provides a systematic study concerninge tklevelopment and
physicochemical characterization of fine emulsibgpsneans of fundamental principles
of colloid and interface science. These new findiogn have applications concerning
the rational design of eco-friendly emulsions wiglromising applications in

agrochemical formulations.
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4.2 Materials and methods

4.2.1 Materials

D-Limonene (4-isopropenyl-1-methylciclohexane) is arganic compound
widely used as an industrial solvent. It is obtdifiom the peel of citrus fruit, mainly
from oranges and lemons. D-Limonene (97%) was @s@th from Sigma-Aldrich®
and purified with Florisil® resins (Fluka, 60-10 sig prior to use by following the
procedure used elsewhef®laldonado-Valderrama, 2005; Maldonado-Valderrama,
2010)Namely, a mixture of oil and Florisil® in proporti®2:1 w/w was shaken gently
for 3 h and then separated by decanting.

Rosin gum is an exudate gum which is solid at reemperature. It is a mixture
of different acids such as abiatic acid, palaustigad, neoabetic acid. Its molecular
weight is 302.45 gmdiand its density at 20°C is 1.06 grhL

The triblock copolymer Pluronic PE9400 (PE®PPQ-PEQ;, Mw = 4600
gmolt and HLB = 12-18) was kindly provided by BASF arsid as received.

Ultrapure water, cleaned using a Milli-Q water figation system was used. All
glassware was washed with 10% Micro-90 cleaningtgwi and exhaustively rinsed
with tap water, isopropanol, deionized water, alichpure water in this sequence. All

measurements were carried out £tQ0

4.2.2 Emulsification methods

First, an excess of the required amount of rosm guas dissolved in purified D-
limonene by gently stirring overnight. This solutiwvas filtered in order to remove the
insoluble fraction of the rosin gum and then D-lmeoe was added to the filtered

solution, reaching a final rosin gum concentratté30 wt%.
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The continuous phase was produced by dissolvingt®&8urfactant using a magnetic
stirrer for 15 minutes at 300 r.p.m.

The emulsion was then formed by using a batch gsydée oil phase (70 wt%
Dlimonene and 30 wt% rosin gum) was added over ¢betinuous phase and
homogenized for 60 s at 17500 r.p.m. using a rst@Eidr system Ultraturrax T-
25/KV11. The mass disperse fractige 50 wi% and the final emulsion weight was 50
g. The influence of Pluronic PE9400 concentratiarthe stability and physicochemical

properties of the emulsions was studied in theedrgm 1 to 8 wt%.

4.2.3 Emulsion droplet size analysis

Droplet size distribution (DSD) was determined bhkaser diffraction technique
using a Mastersizer X (Malvern Instruments). Thesmasurements were carried out
after 1, 7, 15, 30, 45 and 75 days aging time tyae the time evolution of the DSD.
All measurements were carried out in triplicate.

The mean droplet diameter was expressed as therSdiaimeter (¢l,) and

volume mean diameter {g.

2 ND"

dyn = W 1)

whereN; is the number of droplets with a diameter, To determine the distribution

width of droplet sizes, “span” was used, calculdigdhe following formula:

_ D(v,0.9)-D,0.1)

Span
D(v,0.5)

(2)

where, D(v,0.9), D(v,0.5), D(v,0.1are diameters at 90%, 50% and 10% cumulative

volume, respectively.
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4.2.4 Emulsion microstructure

An optical microscope, Axio Scope Al, from Carl &ewas used with a 40x
objective to study the microstructure of all emoits. The images were captured 24

hours after the preparation of the emulsion.

4.2.5 Rheology of emulsions

A controlled-stress rheometer AR 2000 (TA InstrutsgrCrawley, United
Kingdom) with a rough plate-plate sensor (40 mmmditer) was used to carry out small
amplitude oscillatory shear (SAOS) tests. Stressepw at three different frequencies
(0.1, 1 and 3 Hz) were performed from 0.02 to 1lOirParder to estimate the lineal
viscoelastic range. Frequency sweep tests (fronto30.01 rad/s) were performed
selecting a stress well within the linear rangeO&Aexperiments were carried out after
1 and 75 days after preparation.

Flow curves were obtained by using a Mars rheomigten Haake Thermo
Scientific (Germany). This is a controlled streeeameter with a sandblasted Z20
coaxial cylinder sensor system (Ri=1cm, Re/Ri=1)0B®w curves were carried out at
1, 30 and 75 days of emulsion storage.

All rheological measurements were performed at 26°C.1°C, using a C5P
Phoenix circulator (Thermo-Scientific) for sampéamiperature control. Samples were
taken at about 2 cm from the upper part of theaiaoet. Sampling from the top part of
the container in contact with air was avoided. Tésults represent the mean of three

measurements. Equilibration time prior to rheolabtests was 180 s.
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4.2.6 Viscosity of the continuous phase

The viscosity values for the continuous phase hasen calculated using a
Falling Ball Viscometer C (Haake). Viscosity is ainted from the following equation:

1= K(Bpar =P 3)
where 17 is the viscosity of the continuous phaggy is the density of the ball (2.2
glcent ), pi is the density of the continuous phase (see Tahl& 2s a constant that
depends on the ball (0.007 mPa-s-¢ths?) and t is the time

All the measurements were performed at 20°C + 048@ the result is the

average of five measurements.

4.2.7 Stability

Multiple light scattering measurements with a Tadain Lab Expert were used
in order to study the destabilization of the emarisi Measurements were carried out
during 75 days at 30°C to determine the predominsthanism of destabilization in

each emulsion.

4.2.8 Interfacial tension measurements

A drop profile analysis tensiometer (CAM200, KSVinland) was used in this
study. A droplet of the lightest phase is formethattip of a hooked capillary, which is
immersed in the less dense phase and thermostaiz2@PC. The surface pressure is
defined as’7= )y — ), whereyis the interfacial tension of the rosin gum salntagainst
limonene, andy = 44.0+0.5 mNnt is the interfacial tension of the limonene-water

interface at 2€C.
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4.3 Results and Discussion

4.3.1 Influence of Rosin gum concentration on tiabifity and droplet size of the

emulsions.

It has been shown that D-limonene emulsions araegto break down due to
creaming and/or Ostwald ripening. In a previous kvan optimum formulation for
Pluronic-covered D-limonene emulsions was foundger50 wt% and 3 wit% Pluronic
PE9400. Nevertheless, this emulsion suffers fronw@ld ripening growth driving,
eventually, to a creaming destabilization. In oriermprove the emulsion formulation
a lipophilic biopolymer is added to the emulsioBstwald ripening destabilization was
quantified by means of a normalized Ostwald ripgniate, r. These values were
determined from the linear part of the plotrdff®, vs.t, wherer andr, are the droplet
radius at a given time and the initial droplet tsdrespectively. Parametarsandrg
were measured by laser diffraction measurementssh&svn in Figure 1 addition of
rosin gum diminished the normalized Ostwald ripgnirate, kg, for emulsions
containing 3 wt% PE9400 and with a disperse masgiém of 50 wt%. For rosin gum
concentrations above 10 wt% droplet growth is iiteth Furthermore, Figure 1 shows
on its right-hand y-axe the evolution of the iditleoplet size as a function of rosin gum
concentration. It is shown that emulsion dropletrdases with increasing rosin gum
concentration, reaching a minimum value of apprataty ca. 500 nm. The decrease in
the emulsion droplet size is likely to be due te #dsorption of the rosin gum at the
interface, which diminishes the interfacial tensiomaking it easier to create higher
interfacial area by applying the same amount ofrggnaluring the emulsification
process. In order to verify this assumption, thenbenene-water interfacial tension was

measured as a function of rosin gum concentrafiablé 1). These experimental results
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confirmed the adsorption of rosin gum at the D-livapne-water interface, leading to

lower emulsion droplet sizes and hindering the atign of limonene across the

interface.
Rosin gum (wt%) | /7 (mNm™?)

le-4 2

le-3 7

le-2 12

0.1 23

1 26

10 29

30 31

Table 1. Interfacial pressure of the D-limoneneavahterface at different rosin gum
concentrations at 20°C
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Figure 1. Ostwald ripening rate, kKOR and sauterndéger, d3,2 as a function of rosin

gum concentration.

4.3.2 Droplet size distributions and morphologylodplets

Figure 2A shows the droplet size distribution of tamulsions with different
surfactant concentration aged for 24 hours. Firsghould be stated that all emulsions

showed monomodal distributions. Moreover, dropiee slistributions shifted to lower
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droplet diameters with increasing PE9400 bulk catregion and levelled off for

surfactant concentrations above 5 wt%. Figure 28wshthe Sauter and volumetric
mean diameters and span values of emulsions widrelt PE9400 concentration aged
for 24 hours. For surfactant concentration abovevt%, submicron Sauter and
volumetric mean diameters were achieved. The lowesan diameter values were
found for the 6 wit% emulsion. Despite this, it sldobe noted that span (droplet size
polydispersity) dropped to a minimum around 4 witds stated that an increase in
polydispersity highly influences the stability dfet emulsion leading to an increase in
the creaming rate due to higher values of the gfiepacking parameter (McClements,

2005).
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Figure 2. (A) Droplet size distribution and (B) $aumean diameter (d3,2), volumetric
mean diameter (d4,3) and span as a function of d?iier PE9400 concentration of
emulsions aged for 24 hours.

Standard deviation of the mean (3 replicates) §2dd4,3 and span < 5%

Figure 3 shows the time evolution for 75 days @ Wiolume mean diameter for
the eight emulsions. It is noteworthy that stalhibrsicron emulsions were obtained at
surfactant concentrations within 3-7 wt%. The iase in the g values of the
emulsions with less surfactant (1 and 2 wt%) canaberibed to the occurrence of
coalescence, enhanced by creaming of the bigggtedsoin these emulsions. A slight
increase in the g value was observed for the most concentrated (8) wtbalsion after

aging for 75 days. This increase is likely to batexd to a depletion flocculation process
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due to an excess of surfactant micelles in solutidrich cause the coalescence of

emulsion droplets.

1.6
144 1
1.2 4
1.0
0.8 1
0.6 1
0.4 1
0.2 1
0.0

dy 5 [um]

CPE9400 [\Nt%]

Figure 3. Volume mean diameter, d4,3 as a funatifolRluronic PE9400 concentration.
Emulsion samples were aged for 1 day (black b&®)days (light-grey bars) and 75
days (dark-grey bars).

Optical micrographs were acquired in order to aomfihe laser diffraction
results obtained so far. Emulsions were dilutetu{idin ratio 1:20), so droplets were
more easily observed. Figure 4 shows, by way ofmgt@, the micrographs obtained by
optical microscopy with transmitted light (phasenttast mode) for the emulsions
containing 4 wt% (Figure 4B) and 1 wt%, (Figure 4Auronics PE940Qt is observed
that 1 wt% emulsion is a more polydisperse emulsidh bigger droplets than 4 wt%,

thus confirming the results shown in Figure 1.
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A

Figure 4. Micrographs using transmitted light ingge contrast mode (objective: 40x)
for diluted emulsions (dilution ratio: 1/20) conténg (a) 1 wt% Pluronics PE9400 and
(b) 4 wt% Pluronics PE9400. Emulsion samples age@4 hours.

4.3.3 Rheology

Figure 5 shows the flow properties for the emulsistudied aged for 24 hours
as a function of surfactant concentration. All &mulsions exhibited a trend to reach a
Newtonian region at the lowest shear rate valud@kwed by a decrease in viscosity
(shear-thinning behaviour) above a critical shede.rThis behaviour is likely to be
produced due to shear-induced breaking of flocaf@mai, 2000). Greater tendency to
flocculate has previously been associated to fameulsions by Pal, 1996 and Barnes,
1994 (Pal, 1996; Barnes, 1994).

Viscosity curves were fitted to the Cross model:

To _./7001_n (4)
G
Ve

wherer is the viscosity/}.. is the limiting high shear rate viscosity, is the zero-shear

n=1n,+

viscosity, y is the shear rate; is the critical shear rate amds the power law index.
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The inverse of the critical shear rate gives whatcommonly known as the

characteristic time for flow, 3/

1000
) A 1wi%
100 { 9w o 2wt%
B 3wt%
w10 v 4wWt%
N A 5 Wi%
= 1] o 6wWt%
o 7 wt%
01 1 v 8 wth
—— Cross model
0.01

0001 001 01 1 10 100
[s7]

Figure 5. Flow curves for the studied emulsionsaatunction of Pluronic PE9400
concentration for 24 hours of aging time at 20°@n@nuous lines illustrate data fitting

to the Cross model

Figure 5 also illustrates the fitting quality ofetlesults obtained to the Cross
model (R > 0.999). The values of fitting parameters areashin Table 2 as a function
of surfactant concentration. An analysis of thetiniif parameters allows the

identification of three surfactant concentratiogioms (see figure 6).

I.  Concentration region | (1-3) wt%: The zero-sheacwosity and characteristic
time for flow increased, while the flow index demsed with Pluronic
PE9400 concentration due to the fall in dropletrdiger, which resulted in
greater specific surface area available for frictidost of the Pluronic
surfactant was required to cover the increasing @ii&fface. This fact is
associated with a tendency for the apparent vigcosiincrease when the

Sauter diameter decreases (Barnes, 1994).
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Concentration region Il (3-6) wt%: The zero sheascesity, the
characteristic time for flow and the flow index é&ed off. Excess amounts
of Pluronic in the continuous phase are in dynamguilibrium with
surfactant on the interface and in addition micet@centration start being
significant.

Concentration region Ill (6-8) wt%: Mean dropleautieters levelled off, and
polidispersity went clearly up leading to a strigimcrease in both zero-
shear viscosity and characteristic time for flowrtRermore, a marked drop
in the flow index is shown, indicating the occuwerof more shear thinning
emulsions. An excess of free micelles in the dspgrhase is expected
which is likely to lead to a depletion flocculatigmenomenon influencing
the rheological properties of the emulsion (Pall20Derkach, 2009).
Therefore, the zero shear viscosity and the cheniatit time for flow are
expected to increase, whereas the flow index shdatitease as shown in
Table 1. This rheological change could be produegcither an enhanced
viscosity of the continuous phase (due to the ma=s®f lyotropic structures based

on micelles), or the occurrence of a stronger atwork due to depletion

flocculation (Palazolo, 2005; Manoj, 1998).
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Figure 6. A) Zero shear viscosityp; B) Characteristic time for flow, 3, ; and C)

flow index, n, as a function of Pluronic PE9400 cemtration for emulsions aged for 24

hours.
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Surfactant Moo No :
(W1%) (Pas) | (Pars) | WVe(s)| "
1 0.014 0.2 8 0.55
2 0.015 0.8 25 0.46
3 0.015 16 40 0.43
4 0.025 2.2 33 0.44
5 0.028 1.8 36 0.44
6 0.045 2 30 0.44
7 0.055 4.2 50 0.37
8 0.080 184 1000 | 0.22

Table 2. Flow curves fitting parameters of the Grasodel for the emulsions at 24
hours of aging time.

The viscosity of the continuous phase prior to esfichtion was measured by
means of the falling ball viscometer. It is seeat tinmcreasing surfactant concentration
from 2 wt% to 16 wt% causes viscosity to increasenf1l.1 to 4.6 mPa-s (Table 3).
Nonetheless, the increase in the viscosity of eiongsfrom the lowest surfactant
concentration to the highest one is about four rsrdé magnitude (from 100 to 100000
mPa-s). Hence, the marked increase in the viscokitye emulsions is more likely to
be related to a depletion flocculation phenomenbantto the viscosity of the

continuous phase.

Surfactant (wt%) p (g/ml) n(mPa-s)
2 1.0012 1.08
4 1.0040 1.26
6 1.0065 1.51
8 1.0091 1.77
10 1.0122 2.67
12 1.0145 3.17
14 1.0170 3.72
16 1.0195 4.63

Table 3. Continuous phase density and viscosityegaht 20°C.

Figures 7 A, B, and C show the flow curves as &tion of aging time for three

emulsions which are representative of the threfemiit regions explained above (1
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wit%, 4 wt% and 7 wt%). Experimental data were ditte the Cross model (equation 4)
with the fitting parameters given in Table 4. Sagsplvere taken from the upper part of
the container to follow any rheological changesdpieed by creaming. The evolution of
the rheological parameters for the emulsion comigiiwt% PE9400 pointed to the
development of a more viscous and shear thinningtsire at the top of the vial, which
is likely to be due to the formation of a creamelaylThe evolution of the flow curves
for 7 wit% PE9400 emulsion showed a slower incremsehe viscosity while
maintaining the same flow index value. Hence, avetoformation of a serum layer is

observed. Finally, the emulsion containing 4 wi¥O#8D was stable for all the aging

time.
SL(J\::?,Z;‘ " tir“:’éo(rgag; n«Pas) noPas) Y. ()| n
1 0.014 0.2 8 0.55
1 30 0.017 0.7 77 0.48
75 0.023 10 588 0.39
1 0.025 2.2 33 0.44
4 30 0.022 2.3 33 0.45
75 0.022 2.5 25 0.44
1 0.055 4.2 50 0.37
7 30 0.056 4.6 42 0.39
75 0.065 8.2 53 0.35

Table 4. Evolution over time of the flow curvenig parameters of the Cross model
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A small amplitude oscillatory shear (SAOS) tes i®chnique widely used to
determine the viscoelastic behavior of a systend @an provide useful information
about the microstructure of the colloidal systemd tneir evolution over time. In order
to ensure that the test does not provoke struati@stiuction in the sample, tests should
be performed at a stress and strain within theafinescoelastic range (LVR).

Therefore, oscillatory torque sweep tests at thitferent frequencies were previously
conducted in order to estimate the maximum ampitemlue of the sinusoidal shear
stress function that guarantees linear viscoelasth@avior. In a stress sweep, G’ and G”
remain constant up to a critical stress and strain.

Figure 8 shows the frequency dependence of tharliviscoelasticity functions,
G’ and G” for the aged emulsions that exhibited @asurable linear viscoelastic range
as a function of time. The formulation with 7% swtint after 24 hours presents fluid-
like viscoelastic behaviour with higher values @7 than G throughout the measured
frequency range. The difference between G~ and&&ame larger with decreasing
frequency. The transition between the terminalaegind the relaxation plateau zone is
not clear. The formulation with 7% surfactant extisiba change in its viscoelastic
properties after 75 days. In this sense, G" iselothan G' in the higher frequency
regime and G" is greater than G' in the lower sy regime as a consequence of a
crossover point between G' and G". This crosstreguency ¢*) determines the onset
of the terminal relaxation zone and moves to lofsegquencies with aging time, which
implies higher relaxation times;)(t The terminal relaxation time was calculated lees t
inverse of the crossover angular frequency and gdhdrom a value below 0.05 s to
0.18 s. Shorter relaxation times indicate relayiialst rearrangements of the network
and correlate well with the instability of emulsgoagainst creaming. On the other hand,

longer relaxation times pointed to a stronger drtfaroplet interaction, which can be
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correlated with greater macroscopic stability aghioreaming in emulsions (Aven,

2012; Santos, 2013).
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Figure 8. Influence of Pluronic PE9400 concentrati@and aging time on the
mechanical spectra for the emulsions that exhibrmeelsurable LVR. Shear stress
amplitude: 0.05 Pa. A) 7 wt% of PE9400 and B) 8 vaP4?E9400. Filled and open
symbols stand for storage and loss moduli, respelgti Triangles and circles are the

mechanical spectra measured at 1 day and 75 dayg digne, respectively

On the other hand, the formulation with 8 wt% sctdat presents a dynamic
behavior, which corresponds to a plateau zonedanrtachanical spectrum, and it is non

time-dependent. The G” values are higher than thev@ues and both show a slight
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frequency-dependence. G" and G™ values experiemeeithor increase with aging time
which implies an increase in the viscoelastic proge of the emulsion. The results for
this emulsion show a relaxation plateau zone thaypical for samples with weak-gel
viscoelastic properties. This behavior has been sedifferent systems like surfactants
aqueous dispersions and/or polymers (Faers, 20@ferd; 2010, Pérez-Mosqueda,
2013a), emulsions (Mufioz, 2012) and agrochemidalgi{lo-Cayado, 2013).

This SAOS evolution is consistent with the develepiof structure. The
increase in the G and G values is associated it depletion flocculation
phenomenon which could help to favor an increasehm creaming rate if the
compressive pressure on the droplet network dgeawty is greater than the maximum

stress the gel can withstauscall, 1987).

4.3.4 Physical stability

The physical stability of the emulsions was studisthg the creaming index

(CI) which is defined as (McClements, 2007):
cl =100s )
HE

where, H is the total height of the emulsion angiblthe height of the serum layer.

The calculated creaming indexes for different emuls aged for 75 days are
represented in Figure 9 as a function of surfactamicentration. Similarly to the
rheological characterization three regions are wfese First, a decrease in Cl with
increasing surfactant concentration from 1 wt% towv®6 was observed. Hence,
emulsions became more stable against creamingodhe tombination of the reduction
of the droplet size and the increase in emulsi@tosity. In the second region from
Pluronic PE9400 concentration ranging from 3 wt% twwt% a CI value of around 1%

was estimated, hence creaming is practically sggprein this concentration interval.
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Finally, from 6 wt% to 8 wt% the onset of creamings detected from the increase in
the CI values. This result is in agreement with gtrectural evolution of the emulsion
suggested by the rheological measurements. Bearimgnd that droplet size remained
the same over time, a destabilization process aukepletion flocculation phenomenon

is inferred.

C.1. [%)]

Chega00 [wt%]

Figure 9. Creaming index as a function of PluroREE9400 concentration.

Figure 10 shows the visual aspect of three emudsihich are representative of
the three different regions, aged for 75 and 26/ daurthermore, a tentative sketch of

the emulsion droplet evolution in each region soahown.
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Region {I)

Regions
(1) and {II)

Figure 10. Visual aspect of the emulsions formulateith a Pluronic PE9400
concentration of 1 wt%, 4 wt% and 8 wt% aged fodays.

4. Conclusions
Slightly concentrated D-limonene-in-water submicremulsions formulated
with a non-ionic triblock copolymer as emulsifienda a lyophilic biopolymer as

stabilizer can be readily prepared by using rotatés homogenizers.

Addition of a natural occurring lyophilic biopolymerosin gum, highly
increased the stability of emulsions and reducedditoplet size. It was observed that
rosin gum adsorbed at the interface, making inéeresting candidate for encapsulation

purposes.

The influence of Pluronic PE9400 concentration ba stability, DSDs and
rheological properties of the emulsions was studddidemulsions exhibited Cross-type

non-Newtonian flow properties. The zero shear \8ggp power-law flow index and
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characteristic time for steady shear flow allowbkd tdentification of three surfactant
concentration regions. Furthermore, these emulsimg exhibited measurable linear
viscoelastic (SAOS) properties from 7 wt% surfattamhen depletion flocculation

started to be significant. Rheological measuremarésdemonstrated to be a powerful
tool to assist in the prediction of destabilizatiprocesses in combination with laser

diffraction and multiple light scattering technigue

In short, below 3 wt% surfactant, emulsions are niyaidestabilized by
creaming, above 6 wt% surfactant, depletion flogtoh phenomenon led to an
increase in the creaming rate and in the range f8aim 6 wt% surfactant, emulsions

were highly stable.

This work opens up new possibilities for the depelent of environmentally-
friendly emulsions in green chemistry. These erousi may find applications as

matrices for agrochemicals.
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1.

The interfacial behavior of pluronic PE 9400 Heeen studied by interfacial
tension and interfacial dilatational rheology at #ir/water and limonene/water
interface. Two adsorption steps characterized loy different slopes in th&-c
plots, and two maxima which depend on the intealapressure have been
observed in th&- I7 plots. These experimental results fitted the tloelpmamic
protein model. This model is based on the occugeat adsorbed layer
compression and the likely formation of a bilayehmher interfacial coverage
at the limonene—water interface. Hence, a confaaomak transition from 2D flat
conformation to 3Dbrush/mushroontonformation has been proposed to take

place when increasing surface pressureoth interfaces.

The subphase exchange technique made it podgsib&udy the desorption
behavior of pluronic PE 9400 at the air/water amibhene/water interface. The
results show that the polymer is irreversibly atledrat the interface regardless

of the interface and the conformation of the polgme

The combination of laser diffraction, rheologgdamultiple light scattering
allow a comprehensive characterization of D-lima@emulsions stabilized by
Pluronic PE9400 to be made. The influence of stafamil ratio (R) and
disperse mass fractiog)(on the droplet size distribution and physicabsity
of the emulsions was studied using surface respamsthodology. From the
optimum formulation monomodal submicron D-limonenavater emulsions

were obtained by single-step rotor/stator homogeiua.

Addition of a lyophilic biopolymer (rosin gumd the disperse phase yields a
marked increase in the physical stability of emarisi and a reduction of the

emulsion droplet size. The enhanced physical siah# ascribed to three
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reasons. The effect against creaming is due toptigmer performance as a
weighting agent due to its high density. Rosin guay play the role of a second
disperse phase which promotes Ostwald ripeningoitibimn. Interfacial tension

measurements show that rosin gum is a surfaceeactiemical and this fact

leads to smaller droplet size for the same energyti

5. With regard to the influence of surfactant conicagion on the emulsion stability
and rheology of D-limonene emulsions containing94® and rosin gum, three
concentration regions have been defined. Below 3%uwactant, emulsions are
mainly destabilized by creaming, above 6% wt suglai; depletion flocculation
triggers a rise in creaming rate and in the ramgenf3 to 6% wt surfactant,

emulsions exhibit enhanced stability.
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1.

Se ha realizado la caracterizacion interfaciel pluronic PE 9400 en las
interfases aire/agua y limoneno/agua mediante rasdi@ tension interfacial y
de reologia dilatacional interfacial. La isoterma ddsorcion muestra dos
pendientes diferenciadas en ambas interfaces. Band® ha apreciado en la
representacionE-/7 la presencia de dos maximos siendo estos ressltado
experimentales ajustados correctamente con el motEimodindmico de
adsorcion de proteinas. EI modelo justifica ungonaompresibilidad de la
capa de polimero adsorbida en la interfaz limoreguoa y la probable
formacion de una bicapa a elevados recubrimiemigsfaciales para la misma
interfaz. Se propone un cambio conformacional deso@ estructura
bidimensional lineal a bajas presiones interfasialea una conformacion
tridimensional enchampifién/cepilloa altas presiones interfaciales en ambas

interfases.

El empleo de la técnica de intercambio de sebfexs ha permitido estudiar el
comportamiento del pluronic PE 9400 frente a laod®én en las interfaces
aire/agua y limoneno/agua. Los resultados expetstes) muestran que el
polimero se adsorbe de forma irreversible indegameimente de la interfaz en

la que se encuentre y de la conformacion que piesen

La combinacion de difraccion laser, reologia igpdrsion muiltiple de luz
permite realizar una caracterizacion exhaustivemelsiones de D-limoneno
estabilizadas con pluronic PE 9400. Se ha estudaddluencia de la relacion
surfactante/aceiteR} y de la fraccion de fase dispergd €n la distribucion del
tamafno de gota mediante el uso de metodologia pkrfale de respuesta. La

formulacidn éptima nos permite obtener una emulsn@momodal con tamario
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de particula submicrénico de D-limoneno en aguaiaméel un proceso de

homogenizacion en un paso empleando un sistendstator.

4. La adicion de biopolimero lipofilico (goma rosm la fase dispersa produce un
gran aumento en la estabilidad fisica de las eongsi y una disminucién del
tamafio de gota. La mejora en la estabilidad fisecasocia a tres razones. El
efecto frente al cremado es asociado a que el o actlia como agente de
peso debido a su alta densidad. La goma rosin paadar como segunda fase
apolar dentro de la fase dispersa, lo que provacmHibicion del Ostwald
ripening. Medidas de tension interfacial muestrae gl biopolimero presenta
actividad interfacial 1o que permitiria obtener tdins de particula menores

empleando la misma energia en el proceso de homzagem.

5. También se ha estudiado la influencia de la@aimacion de surfactante sobre la
estabilidad fisica y sobre la reologia de las emnoks conteniendo la
formulacién D-limoneno, PE 9400 y goma rosin. Se &areciado tres zonas en
funcidn de la concentracion de suractante. Porjdets 3% de tensioactivo las
emulsiones se desestabilizan principalmente ponade, por encima del 6% de
surfactante se produce depletion flocculation gaeorece la aparicion de
cremado, entre el 3% y el 6% de surfactante lasitaciones presentan una

gran estabilidad fisica.



