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Abstract 

The importance of colloids is widely recognized thanks to the meaningful contributions available 

in a huge number of fields that, among the others include food sciences, and optimization of 

analytical routes. 

This thesis focuses on emulsive systems and shows the use of such systems for food  and 

environmental analytical applications. 

Regarding the food application, developed in the first part of this work the properties of edible 

nanoemulsions were studied and used to load and deliver the bioactive molecule curcumin 

through the gastrointestinal tract. Sodium caseinate represents a good candidate for food 

emulsion preparations because has surface-active properties and because it is perceived as a 

natural product by consumers. Nevertheless, it is very sensitive to acidic pH, to be used as an 

emulsion stabilizer. In order to prevent this drawback, sodium caseinate was used in combination 

with a non-ionic surfactant (Tween 20) as emulsifier of oil/water nanoemulsions. For these 

reasons, nanoemulsions stabilized by Tween 20, sodium caseinate and a blend of the two 

emulsifiers were studied and compared to their response to pH variations. Nanoemulsions were 

characterized by pH and for protein fluorescence. Noticeably, it was ascertained that, at pH close 

to caseinate isoelectric point, emulsions stabilized with the blend of caseinate and tween 20 were 

more stable, compared with emulsions stabilized only with sodium caseinate. The presence of 

Tween 20 ensured the steric stabilization thus improving the role of sodium caseinate as 

emulsion stabilizer. 

The preparation and applicability of nanoemulsion containing curcumin were evaluated. Their 

suitabiliy as carrier was tested through a simulated in-vitro digestion procedure for the assessment 

of the bioaccessibility of ingested curcumin. Nanoemulsions stabilized by the blend of emulsifiers 

were able to solubilize more curcumin than nanoemulsions stabilized by caseinate only. In 

particular, the latter nanoemulsions, at their best, solubilized about 55 μg of curcumin per mL of 

nanoemulsion while, the former reached curcumin concentration around 180 μg / mL. After the 

simulated digestion both the nanoemulsion types gave high values of curcumin bioavailability 

compared to those reported in recent literature, and this represents a meaningful outcome. 

Nevertheless, the best solution to adsorb curcumin seems to be through the nanoemulsion 

stabilized by caseinate and Tween 20 together because it allowed the bioavailability of a 

significant amount of curcumin with a lower fat content. 

 

In the second part of this work, the optimization of an analytical route, for an enviromental 

application was afforded. A number of significant applications in the pollutant determination and 
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removal field stress the importance of optimizing treatments by utilizing strategies that meet 

reliability, sensitivity and economicity. A cost-effective analytical method for the Polycyclic 

Aromatic Hydrocarbons (PAHs) determination in large volume of surface water was 

accomplished. The central role of the extraction procedure was emphasized. In particular, a new 

extraction procedure based on Dispersive Liquid Liquid Micro-extraction (DLLME) followed by 

Gas Chromatography-Mass Spectrometry (GC-MS) for minimizing the sample preparation time 

and simultaneously obtaining high levels of sensitivity, reproducibility and selectivity was 

obtained.  

The important novelties of the proposed method are two: the application of the extraction 

technique without the addition of a dispersive solvent and the high sensitivity. The developed 

method is very sensitive as it allows performing PAHs determinations with a very high pre-

concentration factor, up to 10,000 times. Starting from a 1 L surface water sample and reaching a 

final volume of 100 μL, thus allowing the PAHs determination at very low concentration. 

Further, it should be considered that large volume sampling can be encountered in the on-line 

combination of sample pre-treatment and chromatographic analysis with different and high 

advantages of coupling of sample pre-treatment and chromatographic analysis.   
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Summary 

The Colloidal Science is applied to a large amount of advanced applications in the scientific 

research field, from biotechnology processes, to medical applications and environmental 

remediation. Lately, the Colloidal Science has been "restyled", integrating areas of research and 

development at the interface between Biology, Chemistry and Physics. Colloid suspensions are 

generally made by at least two phases, one made of particles of various size and shape (made of 

fluids or solids) dispersed in a massive phase. The main peculiarity provided by colloids is that 

this dispersity generates an interface between the two phases much larger than the interface that 

would exist if one phase were layered on the other. To give an idea of the increase of surface area 

generated by the use of colloids one would think, for example, of taking a cubic particle of side 1 

cm and breaking it down into smaller cubes having a side of only 10 nm. The total surface area 

for the same amount of material then increases from 6 cm2 to 600 m2, a surface that would cover 

the area of two tennis courts. 

The interface has an important role because it represents a boundary line between two 

compartment, for instance one made of oil and the other made of water, where a series of event 

occurs like chemical reactions, molecular exchange, the interface can provide protection to 

molecules possibly loaded into the dispersed phase etc. Consequently, the larger is the interface 

area, the higher is the availability for a reaction to occur, for the molecular exchange to happen, 

for the protection to be effective.  

This thesis is characterised by two main items with the well defined common thread based on the 

use of colloid systems. In the first part (chapters I-V) of this investigation a compartimentalized 

system, considered for food applications, was studied and characterized to deliver a hydrophobic 

compound in the human body. In second part (chapters VI-VIII), the compartmentalization was 

applyed for the optimization of an analytical extraction route, for an enviromental application. 

Among the colloidal dispersions, emulsions, systems made of oil dispersed in water or viceversa, 

are commonly used in many major chemical industries, in the pharmaceutical industry, in food 

chemistry and in biotechnological applications. Therefore, food grade nanoemulsions (emulsions 

having the oil phase dispersed finely whose size was of  the order of few hundread nanometers) 

made of rice bran oil stabilized in water by protein (sodium caseinate), low surfactant molecule 

(Tween 20) or by a blend of the twe emulsifier, were characterized and evaluated for their 

stability to time, temperature and in particular to pH.  

The other relavant issue afforded was the possibility of using some of the formulations selected 

from the previous stage for solubilizing hidrophobic molecules like curcumin. Hence, this 

compound was  loaded in nanoemulsions stabilized by the proteins or by the blend of emulsifiers 
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through an in-vitro digestion procedure, to determine the influence of the different carriers on the 

bioavailability of curcumin. 

In the second part of this thesis the development of a cost-effective, sensitive and reproducible 

analytical method for the polycyclic aromatic hydrocarbons (PAHs) determination in large 

volume of surface water was afforded. From an analytical point of view, the importance of the 

extraction procedure that results in the isolation of chemical compounds present in the matrix is 

taken for granted. The larger aromatic ring PAHs have very low water solubility and therefore 

extraction of large volumes of water is typically required to achieve trace level detection and 

quantitation. In this respect, the use of dispersive liquid–liquid microextraction (DLLME) 

method that is a sample-preparation technique offering high enrichment factors from liquid 

samples is practical  creating a high surface of contact between the organic solvent for PAHs 

extraction and the volume of water analysed.  

 

The present thesis is organized in chapter  where the ones dedicated to food applications are marked 

with a blue page header (chapters from I to V) and the others, for environmental applications with a 

red page header (chapters from VI to VIII). Accordingly, the contents of the thesis are itemized 

as follows. 

Chapter I illustrates the spreading of colloids from emulsion to foams, from sol to gel, in food 

industry. 

Chapter II presents an introduction to colloid systems showing the forces that govern the colloid 

association and stability. A particular consideration is given to emulsions and nanoemulsions and 

to their formation process. 

Chapter III describes the experimental techniques applied for the investigation of the food-

oriented part of the study. 

Chapter IV presents the part of the investigation carried out for improving the stability to acidic 

pH of caseinate-based nanoemulsion. An advancement on this matter  was achieved by using a 

blend of protein and non-ionic surfactant as nanoemulsion emulsifiers. The results obtained were 

explained according to the composition of the emulsifiers at the oil/water interface where, at 

acidic pH, the presence of Tween 20 ensured the steric stabilization thus improving the role of 

sodium caseinate as emulsion stabilizer. 

Chapter V deals with nanoemulsions made of caseinate and Tween 20 (Mix-O/W) selected from 

the first part of the study that were loaded with curcumin and used in comparison with caseinate 

O/W nanoemulsions in an in-vitro digestion model to examine the effect of the two systems on 

the bioaccessibility, transformation and bioavailability of curcumin.  
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Chapter VI is an introductive chapter on environmental applications, where the characteristics of 

the PAHs are illustrated together with their aspects concerning the associated toxicology and the 

sources of exposure. 

Chapter VII describes the analytical methods used for the investigation of the environmental-

oriented applications. 

Chapter VIII presents the study based on the emulsification used as a method to improve the 

extraction procedure of PAHs from large volume of surface water. The proposed protocol works 

without the addition of a dispersive solvent but by means of ultrasound energy for dispersing the 

extraction solvent in the water sample. Breaking of emulsion with the addition of NaCl is then 

exploited to separate the extraction solvent, further analyzed, from water.  
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Chapter I 

 

 
Use of colloid systems for food applications 

 

 

 

Fig. I. Some examples of food colloids: gelatin (a); jam (b); milk (c); butter (d); mayonnaise (e); egg yolk (f); 
meringues (g); bread (h); ice cream (i); champagne (l); beer (m); coffee (n); chocolate (o); chocolate liquor (p). 

 

The chemistry of foods presents many colloidal phenomena. Foods are structurally and 

compositionally complicated, mostly consisted of colloidal dispersions. Simple colloidal 

dispersions are two-phase systems, comprising a dispersed phase of small particles, droplets or 

bubbles, and a dispersion medium (or dispersing phase) surrounding them. Many food products 

contain two immiscible phases (typically oil and water) as part of the ingredients, and it is crucial 

to mix and stabilize them in order to produce high quality, stable, and sensory appealing 

products. These two immiscible phases are often incorporated into food products as emulsions, 

which are formed by dispersing one phase into the other in the form of small droplets [1-3]. A 

wide variety of food ingredients and products can be considered to consist either entirely or 
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partially as emulsions, or have been in an emulsified state sometime during their production, e.g., 

beverages, butter, cheese, colorants, cream, desserts, flavors, ice cream, margarines, milk, salad 

dressings, sauces, soups, and yogurts [4-8]. The emulsified components of these foods play 

important roles in determining their distinct functional attributes, such as appearance, texture, 

stability, and flavor [9-11]. Hence, the study of food colloids is an important fundamental area of 

research activity within the field of food science and technology. The primary objective of the 

food colloid researcher is to understand how the key physical properties of structure, stability, 

and rheology are influenced by the overall ingredient composition and formulation conditions. 

An essential aspect of the realization of this objective is an appreciation of how the nature of the 

interactions between various kinds of dispersed entities (e.g., particles, droplets, bubbles) and 

macromolecules (proteins and polysaccharides) affects behavior in bulk fluid phases and at solid 

and liquid interfaces. There are many types of colloidal systems depending on the state of the two 

substances mixed together. Emulsions, foams, gels, and suspensions form the basis of a wide 

variety of natural and manufactured materials used in the food [12, 13]; they are characterized by 

the nature of the continuous and a primary dispersed phases, according to the designations in 

Table I.  

 

Table I. Types of colloidal dispersion. 

 

 

I.1 Food colloids 

Table I.2 lists some of the many kinds of food colloids. Some of them are multiple dispersions. 

For example, ice cream is an emulsion, a foam and a suspension [14].  

The food industry’s emulsion, foam and suspension products can be very complex since foods 

contain such a wide array of components, including proteins, fats, emulsifiers, hydrocolloids and 

particles. Due to their intended use, food colloids need to be non-toxic, non-carcinogenic, and 

non-allergenic [15]. They also need to be stable for periods of months to years, including stability 

against such processes as aggregation, creaming, coalescence, and gelation.  
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Table I.2. Some food colloids: emulsions, foams, and suspensions. 

 
 

Sols and gels  

Sols and gels are both liquid loving (lyophilic) colloids. A sol is a liquid colloid or mixture in 

which solid particles are dispersed in a liquid phase (Table I). The disperse phase is attracted to 

molecules of the continuous phase. Sometimes the mixture needs to be heated and stirred. When 

this solution cools, the sol changes into a gel, which resembles a solid rather than a liquid (Fig. 

Ia). Both protein and starch can be used in the formation of a sol or gel. When a jelly is made, 

gelatine is dispersed into a liquid and heated to form a sol. As the sol cools, protein molecules 

unwind forming a network that traps water and forms a gel. If cornflour is mixed with water and 

heated, the starch granules absorb water until their rupture, the starch then disperses in the water 

and the mixture becomes more viscous and forms a gel on cooling [14]. Other types of gel are 

formed with pectin and agar. Pectin, a form of carbohydrate found in fruits, is used in the 

production of jam to help it set (Fig. Ib). Agar is a polysaccharide extracted from seaweed which 

is able of forming gels. If a gel is allowed to stand for a time, it starts to ‘weep’. This loss of liquid 

is known as syneresis [14]. 
 

Emulsions  

When water and oil are shaken together, they form an emulsion (Table I). Conventionally, 

emulsions are classified as either oil-in-water (O/W) emulsions in which oil forms the dispersed 

phase (oil droplets) and water the continuous phase (e.g., milk and sauces) (Fig. Ic), or water-in-

oil (W/O) emulsions in which water forms the dispersed phase and oil the continuous phase 

(e.g., butter and margarines)[1] (Fig. Id). Oil-in-water emulsions are the most widely used in the 

food industry (Table I.2). Emulsions are thermodynamically unstable systems, consequently a 

third component, an amphiphilic compounds (‘‘emulsifiers’’), is added to the systems to facilitate 

emulsion formation and improve emulsion stability [1, 2, 16]. The choice of a specific emulsifier 

(or blend of emulsifiers) for a particular application is critical for creating successful products, 

and depends on product formulation, processing conditions, and the desired final properties [1, 

17, 18]. Mayonnaise (Fig. Ie) is an example of a stable emulsion of oil and vinegar, when egg yolk 
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(lecithin) may be used as an emulsifying agent (Fig. If). More information about emulsions are 

described in Chapter II.  
 

Foams  

A foam is a colloidal dispersion in which a gas is dispersed in a continuous liquid phase (Table I). 

Foams are composed of small bubbles of gas (usually air) dispersed in a liquid, e.g. egg white 

foam. As liquid egg white is whisked, air bubbles are incorporated. The mechanical action causes 

albumen proteins to unfold and form a network, trapping the air. As for the emulsions, foams are 

thermodynamically unstable systems consequently, for forming a stable foam, a surface active 

foaming agent is essential. The foaming agent lowers the surface tension of the liquid phase and 

allows expansion of its surface area. The surfactant forms a closely packed film around the 

dispersed gas bubbles. If egg white is heated, protein coagulates and moisture is driven off. This 

process forms a solid foam, e.g. a meringue (Fig. Ig). Bread and ice cream are other examples of 

solid foams (Figs. Ih and Ii, respectively). The foaming and bubbling character of champagne and 

other sparkling wines have become a symbol of numerous festive events. Champagne (Fig. Il) 

differs from other wines because it undergoes a second fermentation to provide the carbonation 

needed for the bubbling and foaming properties. Unlike for champagne, whose foam film 

lifetimes are short (hydrodynamic control), beer foam (Fig. Im) has a slower drainage rate due to 

the adsorption of proteins at the interfaces and the generation of a significant disjoining pressure 

between bubbles [19]. A beer that has smaller bubbles of uniform size tends to have a more 

stable foam. The beer foam stability is generally increased by increasing concentrations of malt 

proteins (and/or propylene glycol alginate), metal cations (e.g., Mn+2, Al+3, Ni+2), and hop iso-α-

acids, whereas it is generally reduced by increasing amounts of lipids, protein modification, and 

ethanol [20]. In coffee products, such as espresso (Fig. In), a stable foam is an important aspect 

of overall product quality, in addition to smell, taste, colour, and body [21]. Foam layer helps trap 

coffee aromas, providing a more gradual release. The degree of foaming has been found to 

increase with the degree of roast and the amount of protein in the coffee, while the stability of 

the produced foam has been related to the amounts of galactomannan and arabinogalactan [21].  
 

Suspensions 

Suspensions are colloidal dispersions in which a solid is dispersed in a continuous phase that can 

be liquid (sol, suspension) or solid (solid suspension) (Table I). Chocolate drinks provide a related 

example of food suspensions. Chocolate (Fig. Io) is a solid-in-oil (S/O) suspension of non-fat 

particles (sugar and cocoa) in a continuous phase of cocoa butter, which is the natural fat from 

the cocoa bean [22]. When cocoa beans are cleaned, roasted, cracked and ground, chocolate 

liquor results, a suspension of cocoa powder in cocoa butter (Fig. Ip).  

Fig. 1.5: Mayonnaise 

Fig. 1.6: Egg yolk 
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Chapter II 
 
 

Colloid systems 

 
 

The colloidal state was first recognized by Thomas Graham [1] in 1861. The word colloid derives 

from the Greek word kolla that means glue and eidos that means shape. Colloid science deals with 

systems in which one or more of the components has at least one dimension within the 

nanometer to micrometer scale.  

The fundamental characteristic of colloidal system is dispersity. A colloidal dispersion has 

traditionally been defined as a suspension of small particles in a continuous medium. The two 

phases present in a colloidal system are the dispersed phase (the phase present in low amount) and 

the dispersion medium (the medium in which the former phase is distributed). Based on the nature 

of the dispersed phase and of dispersion medium, different types of colloids can be recognized, 

as reported in Chapter I (Table I.1).  

A peculiar characteristic of dispersed systems is the presence of a border region between the two 

phases, called interface. In the case of emulsions, generally formed by droplets of a liquid 

dispersed into another, the interface is made of two immiscible liquids and, in the case of 

suspensions of a liquid and a solid. At the interface between the dispersed phase and the 

dispersion medium characteristic surface properties, such as adsorption and electric double layer 

effects, are evident and play a very important part in determining the physical properties of the 

system as a whole. It is the material within a molecular layer of the interface which exerts the 

greatest influence on particle-particle and particle-dispersion medium interactions.  

 

II.1 Colloidal forces 

The nature and the magnitude of the surface/interface energy are determined by the 

physicochemical properties of the particles and the solvent since the particles will have a 

tendency to undergo aggregation to reduce the surface energy. Colloidal particles in a dispersion 

medium are always subjected to Brownian motion with frequent collisions between them. 

Stability and other characteristics of dispersion are thus determined by the nature of the 

interactions between the particles during such collisions. When attractive forces dominate, the 
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particles will aggregate and the dispersion may destabilize. When repulsive forces dominate, the 

system will remain in a dispersed state.  
 

Van der Waals forces 

London explained the van der Waals forces (the universal attractive forces) acting between all 

atoms, molecules and ions on the basis of wave mechanics. These short-range forces result from 

the interaction between temporary dipoles on some molecules and induced dipoles on the 

neighboring molecules, and a quantum mechanical effect leading to attraction between nonpolar 

molecules. They are fairly weak and only important on small scales (crucial for molecules, very 

important for colloids). Most of the interpretations of London–van der Waals forces in the past 

have been based on the Hamaker approach [2], which involves pairwise addition of the 

microscopic forces acting between two bodies (Eq. II.1).  

VA= -
AR

2h
 (II.1) 

 

where: VA is the free energy due to Van der Waals forces, R the particle radius, A the Hamaker 

constant and h the particle distance. These interactions are always attractive, proportional to 

particle size and inversely proportional to particle distance.  
 

Electrostatic forces 

When the droplets carry some electrostatic charge, it is possible a redistribution of ions in the 

solutions surrounding them. Like charges repel each other but the effective range of the repulsion 

is limited according relationship: 

VE=Krψ2e-kh (II.2) 
 

where VE is the free energy due to electrostatic interactions, K a constant, r the particle radius, ψ 

the electrostatic potential, k the reciprocal Debye length, h the particle distance.  
 

Steric and bridging forces 

The total interaction between the internal droplets and the external aqueous phase is employed to 

determine the stability of colloid systems, and it needs a repulsive total interaction to keep the 

system stable. Steric repulsion can be explained in the following manner. When two particles 

approach each other, the entropy per adsorbed molecule decreases causing desorption and a 

concomitant increase in the interfacial energy. This means that additional work has to be made to 

bring the particles together and this manifests itself as a repulsive force. Interpenetration and 

aggregation is possible only if the net change in Gibbs free energy, due to the interpenetration of 

the polymer chains, is negative. The Gibbs free energy change is determined essentially by the 

change in entropy, due to the release of solvent molecules and to the decrease in randomness of 
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the polymer chain, and by the enthalpy of de-solvation of the polymer chains. De-solvation 

characteristics of the adsorbed polymer species and the dependence of it on solution properties 

such as temperature and ionic strength will be important in determining aggregation by this 

mechanism. Ottewill and Walker derived an equation (Eq. II.3) for the energy change due to an 

overlap of the adsorbed layers by using Flory’s liquid lattice model for polymer solutions [3, 4]. 
 

Vsteric(a)=
4πkTCV

2

3v1
2ρ

2
2

(ψ
1
-k1)(δ-a)

2
(3R+2δ+a/2) (II.3) 

 

where: Cv is the concentration of material in the adsorbed layer, v1 is the molecular volume of 

solvent molecules, ρ2 is the density of the adsorbate, ψ1 and k1 are the entropy and enthalpy 

parameters, respectively, of mixing proposed by Flory, δ is the adsorbed layer thickness, R is the 

particle radius and a is the distance separating the surfaces of two approaching particles.  

In an emulsion system, the steric interaction depends on the separation distance between the 

internal aqueous droplets and the external aqueous phase, the thicknesses of the adsorbed 

surfactant layers and the size of the internal aqueous droplets and the oil globules. All these 

aspects determine the extent of the compression of the adsorbed surfactant molecules. The 

thickness of surfactant layers have the same effect on the steric repulsion, and stronger steric 

interaction can be achieved with thicker adsorbed layers, which can effectively prevent 

coalescence between the internal aqueous droplets and the external aqueous phase. Increasing the 

internal aqueous droplet size can produce stronger steric repulsion; however, larger oil globules 

will weaken the steric repulsion, indicating that a more stable emulsion system can be achieved by 

preparing the system with smaller oil globules and larger internal aqueous droplets.  

Polymers can provide such bridging between particles particularly under conditions where 

particles are not totally coated by the polymeric species. If one wants to stabilize systems with 

polymers, where the surface area-to-volume A/V is high, it is important to add sufficient amount 

of polymer so that the surfaces of the particles become fully covered with adsorbed polymer. If 

not, and the polymer has a reasonably high molecular weight, there is always the risk that an 

adsorbed polymer molecule at a particle surface may stretch over and adsorb to another particle 

surface, thus creating a bridge. If the bridging force is strong enough, the outcome will be 

flocculation or coagulation of the dispersion. The phenomenon is generally referred to as 

bridging flocculation, and is consequently favored in systems with unsaturated particle surfaces 

and high molecular weight polymers that adsorb relatively strongly to the particles.  
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II.1.1 DLVO Theory 

DLVO theory estimates the net interaction energy by summing the Van der Waals and 

electrostatic terms (Eq. II.4). This theory is represented in the Fig. II.1.  

V=VA+VE (II.4) 

 

 

Fig. II.1. Net interaction energy by summing the Van der Waals and electrostatic forces (DLVO theory).  

 

The net interaction is then an explicit function of particle size, separation, ionic strength and 

surface charge. The height of the barrier increases with surface potential and its width increases 

with decreasing h. One of the most important factors ignored in DLVO theory is steric repulsion. 

Many colloidal particles are surrounded by a layer of polymer (typically protein). For suspensions 

to be destabilized, the particles must have enough energy to surmount this barrier during 

collisions. In the absence of electrostatic interactions, the particles can get trapped in the 

secondary minimum and form loose aggregates that can usually be re-dispersed easily. The 

electrostatic forces however, cause the disappearance of the secondary minimum and increase the 

barrier to the primary minimum thereby decreasing the probability of aggregation. Thus a 

combination of electrostatic and steric forces is necessary for effective stabilization [5]. For 

systems stabilized only by electrostatic repulsion, a decrease in the energy barrier will lead to rapid 

coagulation. The energy barrier can be decreased by the addition of counterions that can 

specifically adsorb and alter the surface charge or cause double-layer compression. Adsorbed 

layers of surfactants and polymers can affect stability in the following manner. If they are charged 

they can produce, increase, or decrease the electrostatic repulsion. In the case of polymer or long-

chain molecules, steric repulsion occurs when the adsorbed layers start to penetrate. The 

adsorbed layer has a Hamaker constant different from that of the particle and hence the van der 

Waals interactions are altered. DLVO theory is the simplest force-balance approach to colloidal 

stability. In fact there are many other types of force all with their own dependency on distance, 
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and structural and compositional variables. In theory it should be possible to calculate the 

stability of a colloid as follows: 

V=VA+VE-Vsteric+Vother+…, (II.5) 

 

but the number and extreme complexity of some of the terms render it impractical. A general 

understanding of the balance of forces in play provides a useful qualitative understanding of how 

a proposed change in the formulation will affect the stability of a colloid.  

 

II.2 Surfactants 

Probably the most important physical property of a colloidal system is its stability. The surfactant 

property of accumulation at surfaces or interfaces has been widely used to promote stability of 

dispersions [6]. Surfactants (an abbreviation for surface-active agents) are organic compounds 

having the ability to lower the surface tension of a liquid by facilitating surface wetting or 

miscibility between different liquids. Chemical compounds that exhibit surface activity, if placed 

in solution, migrate to the interface and this migration results in a decrease in surface tension. 

Surfactants are amphiphilic substances consisting of two parts: 1) hydrophobic part “tail” and 2) 

hydrophilic part “head”. A schematic representation of a surfactant molecule is reported in Fig. 

II.2.  

 

 

Fig. II.2. Schematic representation of a surfactant molecule. 

 

Therefore, they are soluble in both organic solvents and water. The hydrophobic part has affinity 

for oil (non-polar solvents) and usually consists of some kinds of hydrocarbons. The hydrophilic 

part, attracted to water, usually called head group, is more varying in chemical nature. One 

common way to classify the more frequently used surfactants is by the charge on the head group. 

The hydrophilic head-group can be: non-ionic (uncharged), ionic (positive-cationic or negative-

anionic), zwitterionic (containing both positive and negative charges) and ampholytic (with both 

acid and base-like characteristic). The hydrophobic portions of surfactants are generally linear or 

branched chains of hydrocarbons or steroidal structures. The class of amphiphilic compounds 

comprises a large category of substances. A classification can be made in base to three 

subcategories: 1) large molecules like proteins or other amphiphilic polymers, 2) small bio-

molecules called lipids, found in e.g. all cell membrane and 3) synthetic surface active agents, 

normally called surfactants. These compounds possess detergent, solubilizing, foaming and 
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wetting properties, due to their double hydrophilic lipophilic affinity. They are used in a wide 

range of applications: in detergents and cosmetics, in medical and biological applications, such as 

controlled release systems of active ingredients. They are also used as colloid system stabilizers, 

such as cell membrane model systems or as nanostructure reaction micro-environments, in 

cultural property and environmental applications, such as in waste water treatment processes 

contaminated by toxic substances, e.g. aromatic or hydrocarbon compounds. 

 

II.2.1 Nonionic surfactants  

Nonionic surfactants are generally less toxic, less hemolytic and less irritating to cellular surfaces 

than other anionic or cationic surfactants and they tend to maintain near physiological pH in 

solution [7, 8]. They have uncharged hydrophilic head-groups, which make them resistant to 

water hardness deactivation. The hydrophilic part contains the polyoxyethylene, 

polyoxypropylene or polyol derivatives. The hydrophobic part contains saturated or unsaturated 

fatty acids or fatty alcohols. They contribute to make the surfactant system less hardness 

sensitive. Polysorbates 20 and 80 (Tween 20 and Tween 80) are used in the formulation of 

biotherapeutic products for both preventing surface adsorption and as stabilizers against protein 

aggregation [9].  

 

Fig. II.3. Tween 20 and Tween 80 structures.  

 

Tween 20 and Tween 80, whose structures are reported in Fig. II.3, are non-ionic detergents with 

a  very low critical micelle concentration (CMC), are generally gentle surfactants, do not affect 

protein activity and are effective in solubilization. Tween 20 exhibits a lower interfacial tension 

than Tween 80. This could be due to the fact that Tween 20, having lauric acid instead of oleic 

acid esterified, possesses lower molecular weight (1228 Da) than Tween 80 (1310 Da). Both the 

surfactants have Hydrophilic-Lipophilic Balance (HLB) values higher than 15. These values 
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indicate an increased encapsulation efficiency which could be attributed to the migration and the 

surface modification properties of these emulsifiers at the oil/water interface. 

The HLB value of a surfactant plays a key role in defining the hydrophilic-lipophilic 

characteristics of an emulsifier and allows rapid selection according to the emulsion to be 

prepared. Each lipophilic and emulsifying substance has its HLB value. In general, if the 

surfactant has a low HLB form W/O emulsions, if HLB is high, form O/W emulsions. The 

HLB-based system is the quickest and safest way to choose the emulsifiers, but the main limit lies 

in the impossibility of knowing the total amount of emulsifiers to be used to obtain a stable 

emulsion.  

 

II.2.2 Proteins  

Proteins are monodisperse unbranched polymers consisting of uniquely defined sequences of 

covalently linked amino acids. The twenty normal amino acids differ by the characteristics of a 

side chain group and they can be classified into charged, polar, and non-polar groups [10]. 

Proteins are ampholytic molecules, since the charged amino acids titrate at different pKa values. 

The endless number of combinations of amino acids result in protein designs with various 

physical properties, shapes, and functions. For instance, there are fibrous proteins with regular 

helix structures and flexible highly soluble proteins with expanded coil structures. The native 

structure of protein is generally organized on different levels [10, 11]. The primary structure is the 

complete covalent structure of the protein, including the amino acid sequence and, if present, 

disulphide bridges. The secondary protein structure includes spatial arrangements of symmetric 

structures formed with amino acids that have positions close to each other in the backbone. The 

tertiary structure refers to the spatial organization of amino acids that are further apart in the 

primary sequence, i.e. the three dimensional structure of a globular protein monomer. It has to be 

noted that the diving line between secondary and tertiary structures can be ambiguous. Non-

covalent aggregation of tertiary folden protein subunits into oligomers is described by the 

quaternary structure. The oligomers may consist of either similar or different subunits. The most 

important forces involved in stabilization of globular proteins are hydrophobic forces, which has 

the same origin as the driving force underlying micelle formation. Due to these forces, non-polar 

amino acids are preferably located in the interior of the protein, where water contacts are 

avoided. However, non-polar regions on the surface of proteins can also be found. Globular 

proteins are also stabilized by van der Waals interactions and, in particular, by hydrogen bonds 

[12]. Electrostatic interaction may both stabilize and destabilize the protein folding. On the 

surface of the protein, ion-pairs of oppositely charged amino acids stabilize the protein. 
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Electrostatic repulsions between similarly charged amino acids have an opposite effect and, 

usually, extreme pH conditions lead to protein denaturation. In general, globular proteins in 

aqueous solutions have a rather compact and well defined structure in order to function. The 

interior of globular proteins is semi-solid-like and it is more densely packed than that of a 

surfactant micelle [13]. Hence, another opposing force to protein folding is the loss of 

configuration freedom. The formation of disulphide bridges makes the denaturated structure less 

favourable, since they reduce the number of configurations available in the denaturated state 

compared to a molecule with no disulphide bridges.  
 

Casein and caseinate 

Casein is the main protein (24–29 g L–1) in bovine milk. Casein, involved in highly hydrated 

micelles, is based on four major components, αs1-casein (38%), αs2-casein (10%), β-casein (36%) 

and κ-casein (13%) and a minor constituent, γ-CN (3%). Each constituent varies in amino acid 

composition, molecular weight (19000–23900 Da), isoelectric point and hydrophilicity [14, 15]. 

Acid casein refers to precipitated casein, obtained by adjusting skim milk pH to 4.6 with mineral 

acids such as hydrochloric or sulphuric acid. Water-soluble caseinates can be obtained by 

solubilisation of caseins in alkali media such as sodium-, calcium-, potassium- or magnesium-

hydroxyde, lime or borax [16]. The commercially available sodium caseinate is obtained by 

dissolution of acid casein in sodium hydroxide at a pH close to 7. 

 

II.3 Emulsions 

An emulsion may be defined as a biphasic system consisting of two immiscible liquids, one of 

which (the dispersed phase) is finely and uniformly dispersed as globules throughout the second 

phase (the continuous phase). Emulsions are thermodynamically unstable systems, due to free 

energy excess associated with the dispersed phase interfacing tension, which tends to aggregate in 

order to reduce the total surface area, thus leading to emulsion smearing. To reduce this 

phenomenon, a third component, the emulsifying agent, is added to the system. Emulsifier 

stabilizes the system by forming a thin film around the globules of dispersed phase. When placed 

at the interface between the two phases, the emulsifier lowers the interface energy and increases 

the stability of the system. The efficiency of the currently available emulsifiers allow stable 

emulsions for many months and even years. Either the dispersed phase or the continuous phase 

may vary in consistency from that of a mobile liquid to semisolid. Thus, emulsions range from 

lotions (low viscosity) to creams (high viscosity). The particle size of the dispersed phase 

commonly ranges from 0.1 to 100 μm [17]. The fact that the aqueous phase or oil phase becomes 

the dispersed phase depends on many factors, such as the relative amount of the two phases and 
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the emulsifying agent used, since, in the Bancroft principle, the phase in which the emulsion is 

more stable represent the continuous phase of the emulsion. When two immiscible liquid phases 

are mixed, there is an alteration of the surface separation with the formation of "liquid veins" of 

one phase in the other one. Continuing stirring, droplets of varying dimensions are formed, 

producing oil-in-water emulsions (O/W) and water-in-oil emulsions (W/O). If the oil droplets 

are dispersed throughout the aqueous phase, the emulsion is termed O/W as shown in Fig. II.4. 

 

 

Fig. II.4. W/O and O/W emulsions; W/O emulsion is represented on the left side, O/W emulsion is represented 
on the right side. 

 

Fats or oils for oral administration, either as medicaments in their own right, or as vehicles for oil 

soluble drugs, are always formulated as O/W emulsions. They are easily removable from the skin 

surface and they are used externally to provide cooling effect and internally to also mask the 

bitter taste of oil. Water soluble drugs are more quickly released from O/W emulsion. They give 

a positive conductivity test as water, the external phase is a good conductor of electricity.  

A system in which water is dispersed as globules in the oil continuous phase is termed W/O 

emulsion (Fig. II.4). It has an effect on the absorption of drugs from W/O emulsions. They are 

also useful for cleansing the skin of oil soluble dirt, although its greasy texture is not always 

cosmetically acceptable. They are greasy and not water washable and are used externally to 

prevent evaporation of the moisture from the surface of skin e.g. cold cream. Oil soluble drugs 

are more quickly released from W/O emulsion. They are preferred for formulation meant for 

external use like cream W/O emulsion is not given a positive conductivity tests, because oil is the 

external phase which is a poor conductor of electricity [17].  

In general, greater is the degree of immiscibility and greater will be the interfacial tension. The 

work (w) required to expand the interface of a ΔA is equal to the product of the surface tension 

(γ) and the increase the surface area (ΔA). If γ is low the system will have small drops and will be 

more stable while if γ is high the system will have big drops, consequently it will be more 

unstable. To produce an emulsion, energy must be provided (Eq. II.7):  

∆G=∆Aγ
w/o

-T∆S (II.7) 
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where ΔAγw/o  is the energy required to expand the interface due to the increase in its surface and 

TΔS represents the configuration entropy resulting from the increase in the number of possible 

interfaces configurations. Free energy is positive because ΔAγw/o is always positive and higher 

than TΔS. Being positive ΔG, the emulsion formation is a non-spontaneous process, but it 

requires energy. Such energy can be mechanical and/or chemical: the first one can be supplied by 

agitation through any means, the latter derives from the ingredients, and it released when these 

ingredients come into contact. The energy required for the emulsification is given by:  

∆Gem=γ3v/R  (II.8) 
 

The theoretical value obtained by solving this equation is less than the real energy value needed 

for that process because part of the energy supplied is converted to heat (due to friction) and the 

energy to be supplied must be able to overcome the energy barrier against destabilization. The 

final structure of the emulsion, i.e. the formation of direct or inverse structures, is determined by 

two competitive processes: the migration of the surfactant to the interphase and the coalescence. 

The first stabilizes and the second destroys the emulsion. The continuous phase will be the one 

with the highest speed of coalescence. Another factor that affects the structure is the order in 

which the ingredients are mixed. To form an emulsion, it is possible to intervene on ΔAγw/o 

(interfacial energy), adding an emulsifier to the mixture, as already mentioned. The emulsifier 

rapidly forms a monomolecular film around the dispersed droplets, thus creating a barrier 

interfacial. Among the emulsifiers, the surfactants that form a mono or multi molecular layer and 

are able to fully coat the surface of the dispersed phase droplets are of great importance, 

contributing to lowering the interface and thereby decreasing the work required to disperse a 

liquid in another one.  

A good emulsifier must: 

 decrease the interfacial tension γ; 

 act on free surface energy; 

 prevent the film interface;  

 reduce coalescence during emulsification; 

 during the first stages of the emulsion forming process, it must be able to destabilize the 

first W/O interface. 

 

II.3.1 Emulsion stability 

As mentioned before, the emulsions are thermodynamically unstable, therefore, over time, from 

an homogeneous system will form an heterogeneous one in which the two phases are 
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macroscopically distinguishable. Fig. II.5 summarizes the different destabilization mechanisms of 

nanoemulsions namely flocculation, coalescence, Ostwald ripening and creaming/sedimentation.  

The possible "destabilization" mechanisms of an emulsion are listed and illustrated below: 

 

1. Sedimentation and creaming: sedimentation occurs when the droplets of the dispersed phase 

move to the bottom of the emulsion; in the outcrop, the globules move to the surface of 

the emulsion. This phenomenon is also called "creaming" and occurs when the dispersed 

phase floats and it concentrates on the surface of the preparation. Both processes 

originate from the intervention of external forces, such as gravitational and centrifugal 

forces. These phenomena do not occur if the Brownian diffusion of the droplets (KT) is 

greater than the gravitational force in a container of height L, as expressed by the 

following relation: 

KT >
4

3
 πR3∆ρ gL (II.9) 

 

where Δρ is the difference of density between the two phases, R is the radius of the 

droplets of the dispersed phase, and g is the gravitational constant. Sedimentation and 

creaming are not generally serious defects because the droplets are still surrounded by the 

emulsifying film, consequently a good agitation is necessary to bring the emulsion to its 

initial state. 

 

Fig. II.5. Destabilization mechanisms of an emulsion. 

 

However, the phenomenon must be avoided because when the droplets come close each 

other, coalescence is facilitated, which is a serious defect in the emulsions. It gives rise to 

a preparation with an unacceptable aspect; moreover, if shaking is not accurate, there may 

be a non-homogeneous distribution of the final product. One of the strategies for 
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reducing the phenomenon of creaming and sedimentation is to reduce the difference of 

density between the two phases. This objective is achieved by producing systems that can 

be, as shown in Fig. II.6, water-in-oil-in-water (W/O/W) and oil-in-water-in-oil 

(O/W/O).  

2. Flocculation: the phenomenon consists in the droplets aggregation, caused by Van Der 

Waals forces (VA), without varying their individual size. The potential of two equal 

particles of radius R at distance h is given by:  

VA=-
AR

2h
     (II.10) 

 

where A is the Hamaker constant, which is related to the polarizability of the molecules at 

the interphase. Since VA increases decreasing h, in the absence of repulsive forces, large 

droplet aggregates are formed. Repulsive forces can be established in the presence of 

ionic surfactants that create a double electrical layer between the droplets or using non-

ionic surfactants that are adsorbed at the interphase with the hydrophobic parts, creating 

a hydrophilic layer in the bulk. This layer prevent that the droplets come close each other 

by steric interaction.  

 

 

Fig. II.6. Emulsions at difference of reduced density (Δρ); on the left side O/W/O emulsion and on the 
right side W/O/W. 

3. Ostwald ripening: is the process in which the smaller droplets are embedded in the larger 

ones, and it is due to the different solubility of the droplets with different radius. 

Particularly those with a smaller radius are more soluble than those with lower curvature. 

The phenomenon is described mathematically by Ostwald's relation:  
 

RT

M
ln

S1

S2
=

2γ

ρ
(

1

R1
-

1

R2
)    (II.11) 

where S is the solubility, R is the radius (S1 ˃S2 if R1˂ R2), M is the molecular weight and ρ 

is the density of the droplets. Since the force that regulates the process is γ, the addition 

of a surfactant reduces the process. The process is also accelerated by the phenomenon of 

creaming or flocculation.  
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4. Coalescence: it happens after that the films separating the droplets are thinned and broken. 

Two droplets coming in contact and consequently they blend. The mechanism of this 

phenomenon can be explained in terms of disconnection pressure, π. This pressure is the 

result of the summing of three contributions due to the Van der Waals forces (A), 

electrostatic forces (E) and steric forces (S):  

π=πA+πE+πS   (II.12) 

Since electrostatic and steric forces are repulsive forces, in order to reduce coalescence, it 

is necessary to have a positive disconnection pressure: 

 πA˂πE+πS   (II.13) 

 

II.4 Macroemulsions, Microemulsions and Nanoemulsions 

Emulsions are categorized based on their particle diameter and thermodynamic stability as 

conventional emulsions and microemulsions [18]. Conventional emulsions are thermodynamically 

unstable systems, consequently they separate into oil and water phases with time. However, the 

stability of the two phases could be controlled kinetically such that conventional emulsions can 

be stabilized for a long period of time from few days to several months [19]. IUPAC defines 

microemulsion as dispersion made of water, oil, and surfactant(s) that is an isotropic and 

thermodynamically stable system with dispersed domain diameter varying approximately from 1 

to 100 nm, usually 10 to 50 nm [20, 21], whereas a conventional emulsion has a broader range of 

droplet radii from few hundred nanometers to several micrometers (100 nm-100 μm) [18]. A new 

class of emulsion, called nanoemulsion had taken form in the recent years which are claimed to 

possess much improved stability as compared to conventional emulsions [22]. Nanoemulsions 

are very similar to microemulsions in terms of particle diameter but they are obtained by 

mechanical force unlike to microemulsions which forms spontaneously [23, 24]. By definition 

nanoemulsions are emulsions with droplet radii less than 100 nm [18]. However, this range of 

droplet size is arbitrary and some authors consider the upper range to be 200 nm [25]. The major 

differences between conventional emulsions, microemulsions and nanoemulsions are shown in 

Fig. II.8. Both conventional emulsions and nanoemulsion are metastable systems, meaning they 

have a tendency to break down over time due to a variety of destabilization mechanisms, such as 

gravitational separation, coalescence, flocculation, and Ostwald ripening [26] cited above. 

However, the small sized droplets (radius less than 100 nm) of nanoemulsions display number of 

potential advantages over the conventional emulsions, e.g., higher stability to droplet aggregation 

and gravitational separation, high optical clarity, ability to modulate product texture, and increase 
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bioavailability [22]. These advantages bring in potential applications of nanoemulsions; these are 

described in the paragraph II.4.2.  

 

 
 

Fig. II.8. Comparison of macroemulsions, nanoemulsions (also referred to as miniemulsions) and microemulsions 
with respect to size, shape, stability, method of preparation, and polydispersity. Nanoemulsions and microemulsions 
have a larger surface area per unit volume than do macroemulsions because of their size. In addition, due to a strong 
kinetic stability, nanoemulsions are less sensitive to physical and chemical changes. Copyright (2006) by IOP 
Publishing. 
 

II.4.1 Nanoemulsions preparation 

Preparation of nanoemulsions may involve single step or multiple steps depending on the type 

and nature of the ingredients present in oil and aqueous phases [26]. As the two phases in 

emulsions are immiscible, external energy is required to disperse one phase as droplets into the 

other. The free energy (∆G) required to form a nanoemulsion is given by the equation II.8 cited 

in the paragraph II3. This free energy can be provided by mechanical devices or by the chemical 

potential of the system [27]. A number of different approaches can be employed to form an 

emulsion, but these can be broadly categorized as high-energy and low-energy approaches [26]. In 

high-energy methods, the free energy comes from mechanical forces applied to the system (such 

as shear, turbulence, or cavitation), while in low-energy methods, the majority of the free energy 

associated with emulsion formation comes from physicochemical processes rather than the 

application of mechanical forces.  
 

Low energy methods 

In low energy methods, the smaller droplets are formed when the system undergoes a phase 

inversion in response to changes in composition or temperature, and passes through a state of 

low interfacial tension. The two most widely used low energy methods are emulsion inversion 

point (EIP) [28, 29] and phase inversion temperature (PIT) [30]. EIP is sometimes referred to as 

phase inversion composition (PIC). Low energy methods begin with a W/O macroemulsion 
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which is then transformed into an O/W nanoemulsion. In EIP, a W/O macroemulsion is 

prepared at room temperature and is then diluted slowly with water. During this dilution process, 

the system passes through an inversion point where the transformation from W/O to O/W 

emulsion takes place. At this inversion point, the interfacial tension of the oil–water interface is 

very low and thus small droplets can be formed without a significant energy penalty [29]. In PIT, 

on the other hand, the W/O macroemulsion is prepared at a temperature higher than the phase 

inversion temperature (THLB) of the mixture. When the oil–water–surfactant mixture is cooled 

down to room temperature, it passes through the inversion temperature at which the 

transformation of the mixture from a W/O to an O/W emulsion takes place. As with EIP, the 

interfacial tension of the oil–water interface near the inversion point is very low, and small 

droplets with high specific surface area can be generated with low energy requirements [30].  
 

High energy methods 

High energy methods require a change in temperature to induce the formation of a 

nanoemulsion. In contrast to low energy methods, high energy methods begins preparing an 

O/W macroemulsion, which is usually accomplished by mixing oil, water and surfactant in a 

simple batch stirrer system for a sufficient period of time; in the second step, the macroemulsion 

is converted into a nanoemulsion. These methods utilize mechanical devices that are capable of 

generating intensive disruptive forces that produce oil droplets of smaller size. Examples of these 

devices include the high pressure valve homogenizers, microfluidizers, sonicators etc. In a high 

pressure homogenization (HPH), a high pressure pump pushes the macroemulsion through a 

narrow gap (gap height is on the order of a few microns [31]) where the large droplets break into 

smaller droplets as they are subjected to extreme elongational and shear stress [31, 32]. The 

homogenization process is typically repeated multiple times (referred to as the number of passes) 

until the droplet size becomes constant [33]. In an ultrasonicator, high energy shock waves create 

turbulence (due to cavitation) which ruptures the droplets. It is the most commonly and widely 

used method to prepare nanoemulsions, because they are capable of producing desired small 

droplets required for nanoemulsions. If employed, these methods are also able to produce on a 

large scale for industries [34]. 
 

Disadvantages of low energy methods 

Although low-energy methods have some advantages over high energy methods (low cost, low 

energy, low temperature), the types of oils and emulsifiers that can be used often limit them. 

Currently, low-energy methods have only been shown to work with synthetic surfactants such as 

Tweens and Spans, consequently it will be not possible employing these methods in applications 

that use natural emulsifiers, such as phospholipids, proteins, or polysaccharides, due to the nature 
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of the physicochemical mechanisms involved in nanoemulsion formation by low-energy 

methods. Moreover, low-energy methods are unsuitable for the formation of food, products that 

contain relatively high levels of fat, such as salad dressings or mayonnaise, because there would 

be high levels of surfactant present in the final product. However, this limitation can be 

overcome in applications where the nanoemulsions are used in a highly diluted form, such as in 

soft drinks and fortified waters, because the total amount of surfactant in the final product is 

then relatively low, even though the surfactant-to-oil ratio is high [35]. 

 

II.4.2 Nanoemulsions applications 

Nanoemulsions have unique properties, such as small droplet size, exceptional stability and 

tunable rheology that make them an attractive candidate for applications in the food, cosmetic, 

pharmaceutical industries and in drug delivery applications. 
 

Nanoemulsions in drug delivery 

The lyphophilic nature of nanoemulsions allows them to be  used in most forms of drug delivery, 

namely topical, ocular, intravenous, internasal and oral delivery. The nanoemulsions are able to 

solvate water-insoluble drugs in order to formulate aqueous solutions that can be easily delivered 

to patient. A considerable number of studies focused on using nanoemulsions for topical drug 

delivery [36], [37, 38]. Some studies claim that, due to the relatively small size and low ζ-potential 

of nanoemulsion formulations, hydrophobic drugs are delivered more efficiently than the 

suspensions of these drugs [39, 37]. 
 

Nanoemulsions in food industry 

Nanoemulsions are used in the food industry to improve the bioavailability of food ingredients. 

An example is curcumin, a bioactive agent possessing health benefits, whose biovailability is 

limited due to its low-water solubility in gastrointestinal fluids. Yu and Huang [40] have explored 

the possible application of nanoemulsions in improving the digestibility of food. The researchers 

showed that O/W nanoemulsions are able to solubilize curcumin in the oil phase thus allowing 

to increase the digestion of curcumin than when it is taking in directly. Other studies on 

nanoemulsions in the food industry have discovered the preparation and stability of flavored 

nanoemulsions using low energy methods [41-45].  
 

Nanoemulsions in pharmaceutical industry 

Pharmacy is the field where nanoemulsion formulations are studied for their application as 

nanocarriers which allow the treatment of a variety of diseases.  
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Eral et al. [46, 47] proposed an approach for producing size-controlled crystals of poorly water-

soluble pharmaceutical compounds The researchers dissolved the active pharmaceutical 

ingredient (API) in nanosized droplets of anisole in an aqueous medium containing alginate (a 

biopolymer) and F68 (a biocompatible polymeric surfactant); and cross-linked the continuous 

phase leaving a droplets trapped in a hydrogel. Through evaporation of the composite hydrogel, 

authors showed that crystals of controlled size and loading can be produced.  
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Chapter III 

 
 

Experimental techniques 
 
 
III.1 Dynamic Light Scattering (DLS) 

Dynamic Light Scattering (DLS), Photon Correlation Spectroscopy (PCS) or Quasi-Elastic Light 

Scattering (QELS) is a technique for measuring the size of particles in the sub-micron region [1], 

[2]. DLS measures Brownian motion and relates this to the size of the particles. Brownian motion 

is the random movement of particles due to the bombardment by the solvent molecules that 

surround them. Normally DLS is concerned with measurement of particles suspended within a 

liquid. Smaller particles are “kicked” further by the solvent molecules and move more rapidly. On 

the contrary, larger particles will move slower. An accurately known temperature is necessary for 

DLS because knowledge of the viscosity is required (the viscosity of a liquid is related to its 

temperature). The velocity of the Brownian motion is defined by a property known as the 

translational diffusion coefficient (D)[3].  
 

The Hydrodynamic diameter 

The size of a particle is calculated from the translational diffusion coefficient by using the Stokes-

Einstein equation; 

d(H)=
KT

3πηD
 (III.1) 

 

where: d(H) is the hydrodynamic diameter; D is the translational diffusion coefficient; k is the 

Boltzmann’s constant; T is the absolute temperature and η is the viscosity. 

The diameter obtained by this technique is the diameter of a sphere that has the same 

translational diffusion coefficient as the particle. The translational diffusion coefficient will 

depend not only on the size of the particle “core”, but also on any surface structure, as well as the 

concentration and type of ions in the medium.  
 

Ionic Strength of Medium 

The ions in the medium and the total ionic concentration can affect the particle diffusion speed 

by changing the thickness of the electric double layer called the Debye length (K-1). Thus a low 
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conductivity medium will produce an extended double layer of ions around the particle, reducing 

the diffusion speed and resulting in a larger, apparent hydrodynamic diameter. Conversely, higher 

conductivity media will suppress the electrical double layer and the measured hydrodynamic 

diameter. 
 

Surface structure 

Any change to the surface of a particle that affects the diffusion speed will correspondingly 

change the apparent size of the particle. The nature of the surface and the polymer, as well as the 

ionic concentration of the medium can affect the polymer conformation, which in turn can 

change the apparent size by several nanometers.  
 

Non-spherical particles 

The sphere is the only object whose size can be unambiguously described by a single figure. 

Different techniques are sensitive to different properties of the particle, e.g. projected area, 

density, scattering intensity, and in general will produce different mean sizes and size distributions 

for any given sample. The conformation of proteins and macromolecules are usually dependent 

on the exact nature of the dispersing medium. As conformational changes will usually affect the 

diffusion speed, DLS is a very sensitive technique for detecting these changes [3].  

 

III.1.1 Light Scattering Theories [4] 
 

Rayleigh Scattering 

If the particles are small, compared to the wavelength of the laser used (typically less than d 

=λ/10 or around 60nm for a He-Ne laser), then the scattering from a particle illuminated by a 

vertically polarized laser will be essentially isotropic, i.e. equal in all directions. The Rayleigh 

approximation is given by Ι α d6 and also that Ι α 
1

λ4, where Ι is the intensity of light scattered, d is 

the particle diameter and λ is the laser wavelength. The d6 term explains that a 50nm particle will 

scatter 106 or one million times as much light as a 5 nm particle. Hence there is a risk that the 

light from the larger particles will swamp the scattered light from the smaller ones. This d6 factor 

also means it is difficult with DLS to measure a mixture of 1000 nm and 10 nm particles because 

the contribution to the total light scattered by the small particles will be extremely small. The 

inverse relationship to λ4 means that a higher scattering intensity is obtained as the wavelength of 

the laser used decreases.  
 

Mie theory 

When the size of the particles becomes roughly equivalent to the wavelength of the illuminating 

light, then a complex function of maxima and minima with respect to angle is observed. Fig. III.1 
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shows the theoretical plot screening the log of the relative scattering intensity versus particle size 

at angles of 173° (the detection angle of the Zetasizer Nano S and Nano ZS in aqueous media) 

and 90° (the detection angle of the Nano S90 and Nano ZS90) assuming a laser wavelength of 

633 nm, real refractive index of 1.59 and an imaginary refractive index of 0.001.  

 

 

Fig. III.1. Theoretical plot of the log of the relative intensity of scattering versus particle size at angles of 173° and 
90°  assuming a laser beam at a wavelength of 633 nm, real refractive index of 1.59 and an imaginary refractive index 
of 0.001. 

 

Mie theory is the only theory that explains correctly the maxima and minima in the plot of 

intensity with angle and will give the correct answer over all wavelengths, sizes and angles. This 

theory is used in the Nano software for conversion of the intensity distribution into volume.  

 

III.1.2 How DLS works 

In dynamic light scattering is measured the speed at which the particles are diffusing due to 

Brownian motion. This measure is obtained by determining the rate at which the intensity of the 

scattered light fluctuates. How do these fluctuations in the intensity of scattered light arise?  

 

 

Fig. III.2. Schematic representation of a speckle pattern. 

 

Imagine if a cuvette, containing particles which are stationary, is illuminated by a laser and a 

frosted glass screen is used to view the sample cell. A classical speckle pattern would be seen (Fig. 
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III.2) that will be stationary both in speckle size and position because the whole system is 

stationary. The dark spaces are where the phase additions of the scattered light are mutually 

destructive and cancel each other out (Fig. III.3A). The bright blobs of light in the speckle 

pattern are where the light scattered from the particles arrives with the same phase and interfere 

constructively to form a bright patch (Fig. III.3B). For a system of particles undergoing Brownian 

motion, a speckle pattern is observed where the position of each speckle is seen to be in constant 

motion. It happens because the phase addition from the moving particles is constantly evolving 

and forming new patterns. The rate at which these intensity fluctuations occur will depend on the 

size of the particles. 

 

 

Fig. III.3. The observed signal depends on the phase addition of the scattered light falling on the detector. In 
example A, two beams interfere and ‘cancel each other out’ resulting in a decreased intensity detected. In example B, 
two beams interfere and ‘enhance each other’ resulting in an increased intensity detected. 

 

Fig. III.4 schematically illustrates typical intensity fluctuations arising from a dispersion of large 

particles and a dispersion of small particles.  

 

 

Fig. III.4. Typical intensity fluctuations for large and small particles. 

 

The small particles cause the intensity to fluctuate more rapidly than the large ones. It is possible 

to directly measure the spectrum of frequencies contained in the intensity fluctuations arising 
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from the Brownian motion of particles, but it is inefficient to do so. The best way is to use a 

device called a digital auto correlator. 
 

How a correlator works 

A correlator is basically a signal comparator. It is designed to measure the degree of comparison 

between two signals, or one signal with itself at varying time intervals. If the intensity of a signal 

is compared with itself at a particular point in time and a time much later, then for a randomly 

fluctuating signal it is obvious that the intensities are not going to be related in any way, i.e. there 

will be no correlation between the two signals (Fig. III.5). Knowledge of the initial signal intensity 

will not allow the signal intensity at time t = infinity to be predicted. This will be true of any 

random process such as diffusion.  

 

Fig. III.5. Schematic showing the fluctuation in the intensity of scattered light as a function of time. 

 

However, if the intensity of signal at time = t is compared to the intensity a very small time later 

(t+δt), there will be a strong relationship or correlation between the intensities of two signals. The 

two signals are strongly or well correlated. If the signal, derived from a random process such as 

Brownian motion, at t is compared to the signal at t+2δt, there will be a reasonable comparison or 

correlation between the two signals, but it will not be as good as the comparison at t and t+δt. 

The correlation is reducing with time. The period of time δt is usually very small, maybe 

nanoseconds or microseconds and is called the sample time of the correlator. t = ∞ maybe of the 

order of a millisecond or tens of milliseconds. If the signal intensity at t is compared with itself, 

then there is perfect correlation as the signals are identical. Perfect correlation is indicated by 

unity (1.00) and no correlation is indicated by zero (0.00). The time at which correlation begins to 

decline is an indication of the average size. If the particles are large the signal will be changing 

slowly and the correlation will persist for a long time (Fig. III.6A). If the particles are small and 

moving rapidly then correlation will reduce more quickly (Fig. III.6B). The time at which the 

correlation starts to significantly decay is an indication of the mean size of the sample. The 
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steeper the line, the more monodisperse the sample is. Conversely, the more extended the decay 

becomes, the greater the sample polydispersity.  

 

 

Fig. III.6. Typical correlogram from a sample containing large particles in which the correlation of the signal takes a 
long time to decay (A); typical correlogram from a sample containing small particles in which the correlation of the 
signal decays more rapidly (B). 

 

The correlation function 

The correlator used in a PCS instrument will construct the correlation function G(τ) of the 

scattered intensity (Eq. III.2):  

G(τ)=〈I(t).I(t+τ)〉 (III.2) 
 

where τ is the time difference (the sample time) of the correlator. 

For a large number of monodisperse particles in Brownian motion, the correlation function (G) is 

an exponential decaying function of the correlator time delay τ (Eq. III.3):  

G(τ)=A[1+Bexp(-2Γτ)] (III.3) 

 

where A is the baseline of the correlation function, B is the intercept of the correlation function. 

Γ = Dq2 

where D is the translational diffusion coefficient and q is (4 πn/λo) sin (θ/2) 

where n is the refractive index of dispersant, λo is the wavelength of the laser and θ is the 

scattering angle. 

For polydisperse samples, the equation can be written as: 

G(τ)=A[1+Bg
1
(τ)2] (III.4) 

where g1(τ) is the sum of all the exponential decays contained in the correlation function. 
 

Obtaining Size information from the correlation function 

Size is obtained from the correlation function by using various algorithms. There are two 

approaches that can be taken: 
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 fit a single exponential to the correlation function to obtain the mean size (z-average 

diameter) and an estimate of the width of the distribution (polydispersity index); this is 

called the Cumulants analysis.  

 fit a multiple exponential to the correlation function to obtain the distribution of particle 

sizes. 

The size distribution obtained is a plot of the relative intensity of light scattered by particles in 

various size classes and is therefore known as an intensity size distribution. If the distribution by 

intensity is a single fairly smooth peak, then there is little point in doing the conversion to a 

volume distribution using the Mie theory. If the optical parameters are correct, this will just 

provide a slightly different shaped peak. However, if the plot shows a substantial tail, or more 

than one peak, then Mie theory can make use of the input parameter of sample refractive index 

to convert the intensity distribution to a volume distribution. This will then give a more realistic 

view of the importance of the tail or second peak present. In general terms it will be seen that: 

d(intensity) > d(volume) > d(number) 

A very simple way of describing the difference between intensity, volume and number 

distributions is to consider two populations of spherical particles of diameter 5 nm and 50 nm 

present in equal numbers (Fig. III.7).  

 

Fig. III.7. Number, volume and intensity distributions of a bimodal mixture of 5 and 50 nm lattices present in equal 
numbers. 
 

If a number distribution of these two particle populations is plotted, a plot consisting of 2 peaks 

(positioned at 5 and 50 nm) of a 1 to 1 ratio would be obtained. If this number distribution was 

converted into volume, then the two peaks would change to a 1:1000 ratio because the volume of 

a sphere is equal to 4/3π3. If this was further converted into an intensity distribution, a 1:1000000 

ratio between the two peaks would be obtained because the intensity of scattering is proportional 

to d6 (from Rayleighs approximation).  
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Optical configuration of a Dynamic Light Scattering instrument 

The optical configuration of a Dinamic Light Scattering instrument is shown in Fig. III.8. Firstly, 

a laser (1) provides a light source to illuminate the sample contained in a cell (2). For dilute 

concentrations, most of the laser beam passes through the sample, but some is scattered by the 

particles within the sample at all angles. A detector (3) is used to measure the scattered light. In 

the Zetasizer Nano series, the detector position will be at either 173° or 90°, depending upon the 

particular model. 

 

Fig. III.8. Optical configurations of the Zetasizer Nano series for dynamic light scattering measurements. A typical 
dynamic light scattering system comprises of six main components. 

 

The intensity of scattered light must be within a specific range for the detector to successfully 

measure it. If too much light is detected, then the detector will become saturated. To overcome 

this, an attenuator (4) is used to reduce the intensity of the laser source and hence reduce the 

intensity of scattering. For samples that do not scatter much light, such as very small particles or 

samples of low concentration, the amount of scattered light must be increased. In this situation, 

the attenuator will allow more laser light through to the sample. For samples that scatter more 

light, such as large particles or samples at higher concentration, the intensity of scattered light 

must be decreased. The appropriate attenuator position is automatically determined by the Nano 

software and covers a transmission range of 100% to 0.0003%. The scattering intensity signal 

from the detector is passed to a digital processing board called a correlator (5). The correlator 

compares the scattering intensity at successive time intervals to derive the rate at which the 

intensity is varying. This correlator information is then passed to a computer (6), where the Nano 

software will analyze the data and derive size information.  

 

III.2 ζ-potential 

Zeta potential is a physical property showed by any particle in suspension. It can be used to 

optimize the formulations of suspensions and emulsions. Knowledge of the zeta potential can 
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reduce the time needed to produce trial formulations. It is also an aid in predicting long-term 

stability. As cited in the paragraph II.1.4 of the chapter II, the DLVO suggests that the stability 

of a particle in solution is dependent upon its total potential energy function VT. VA and VR are 

the attractive and repulsive contributions. They potentially are much larger and operate over a 

much larger distance (Eq. III.5); 

VA=-A/(12πD2) (III.5) 

 

where A is the Hamaker constant and D is the particle separation. The repulsive potential VR is a 

far more complex function (Eq. III.6); 

VR=2πεаζ2exp(-kD) (III.6) 
 

Where a is the particle radius, π is the solvent permeability, κ is a function of the ionic 

composition and ζ is the zeta potential [5]. It has long been recognized that the ζ-potential is a 

very good index of the interaction degree between colloidal particles and measurements of zeta 

potential are commonly used to assess the stability of colloidal systems [6]. Most colloidal 

dispersions in aqueous media carry an electric charge. There are many origins of this surface 

charge depending upon the nature of the particle and also the surrounding medium. Dissociation 

of acidic groups on the surface of a particle will give rise to a negatively charged surface. 

Conversely, a basic surface will take on a positive charge (Fig. III.9). In both cases, the magnitude 

of the surface charge depends on the acidic or basic strengths of the surface groups and on the 

pH of the solution. The surface charge can be reduced to zero suppressing the surface ionization 

by decreasing the pH in case of negatively charged particles (Fig. III.9A) or by increasing the pH 

in the case of positively charged particles [7] (Fig. III.9B).  
 

 

Fig. III.9. Origin of surface charge by ionization of acidic groups to give a negatively charged surface (A); origin of 
surface charge by ionization of basic groups to give a positively charged surface (B). 

 

The electrical double layer 

The development of a net charge at the particle surface affects the distribution of ions in the 

surrounding interfacial region, resulting in an increased concentration of counter ions, ions of 

opposite charge to that of the particle, close to the surface. Thus, an electrical double layer exists 

round each particle. The liquid layer surrounding the particle exists as two parts; an inner region 

(Stern layer) where the ions are strongly bound and an outer (diffuse) region where they are less 
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firmly associated. Within the diffuse layer there is a notional boundary inside which the ions and 

particles form a stable entity. When a particle moves (e.g. due to gravity), ions within the 

boundary move it. Those ions beyond the boundary stay with the bulk dispersant. The potential 

at this boundary (surface of hydrodynamic shear) is the ζ-potential (Fig. III.10).  
 

 

Fig. III.10. Schematic representation of zeta potential. 

 

The magnitude of the ζ-potential gives an indication of the potential stability of the colloidal 

system. If all the particles in suspension have a large negative or positive ζ-potential then they will 

tend to repel each other and there will be no tendency for the particles to come together. 

However, if the particles have low ζ-potential values then there will be no force to prevent the 

particles coming together and flocculating. The general dividing line between stable and unstable 

suspensions is generally taken at either +30 or -30 mV. Particles with ζ-potentials more positive 

than +30 mV or more negative than -30 mV are normally considered stable. However, if the 

particles have a density different form the dispersant, they will eventually sediment forming a 

close packed bed (i.e. a hard cake) [8,9]. The most important factor that affects ζ-potential is pH. 

Imagine a particle in suspension with a negative zeta potential.  

 

 

Fig. III.11. Typical plot of ζ-potential versus pH showing the position of the isoelectric point and the pH values 
where the dispersion would be expected to be stable. 
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If more alkali is added to this suspension then the particles tend to acquire more negative charge. 

If acid is added to this suspension then a point will be reached where the charge will be 

neutralised. Further addition of acid will cause a build up of positive charge. Therefore a ζ-

potential versus pH curve will be positive at low pH and lower or negative at high pH (Fig. 

III.11). 

 

Electrokinetic effects 

An important consequence of the existence of electrical charges on the surface of particles is that 

they interact with an applied electric field. These effects are collectively defined as electrokinetic 

effects [10]. There are four distinct effects depending on the way in which the motion is induced. 

These are:  

 Electrophoresis: the movement of a charged particle relative to the liquid is suspended 

in under the influence of an applied electric field 

 Electro-osmosis: the movement of a liquid relative to a stationary charged surface under 

the influence of an electric field 

 Streaming potential: the electric field generated when a liquid is forced to flow past a 

stationary charged surface 

 Sedimentation potential: the electric field generated when charged particles sediment. 

 

III.3 Rheometry 

Rheometry refers to the experimental technique used to determine the rheological properties of 

materials; it is defined as the study of the flow and deformation of matter which describes the 

interrelation between force,  deformation and time. Rheology describes the deformation of a 

body under the influence of stresses. “Bodies” in this context can be either solids, liquids or gases 

[11].  
 

Viscosity 

There are two basic types of flow, these being shear flow and extensional flow. In shear flow, 

fluid components shear past one another while, in extensional flow, fluid component flowing 

away or towards from one other [12].  
 

Shear flow 

Shear flow can be depicted as layers of fluid sliding over one another with each layer moving 

faster than the one beneath it. The uppermost layer has maximum velocity while the bottom layer 

is stationary. For shear flow to take place a shear force must act on the fluid. This external force 
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takes the form of a shear stress (τ) which is defined as the force (F) acting over a unit area (A) as 

shown in Fig. III.12. In response to this force the upper layer will move a given distance x, while 

the bottom layer remains stationary. Hence we have a displacement gradient across the sample 

(x/h) termed the shear strain (γ). For a solid which behaves like a single block of material, the 

strain will be finite for an applied stress – no flow is possible.   However, for a fluid where the 

constituent components can move relative to one another, the shear strain will continue to 

increase for the period of applied stress. This creates a velocity gradient termed the shear rate or 

strain rate ( ) which is the rate of change of strain with time (dγ/dt).  

 

Fig. III.12. Quantification of shear rate and shear stress for layers of fluid sliding over one another. 

 

When we apply a shear stress to a fluid we are transferring momentum, indeed the shear stress is 

equivalent to the momentum flux or rate of momentum transfer to the upper layer of fluid. That 

momentum is transferred through the layers of fluid by collisions and interactions with other 

fluid components giving a reduction in fluid velocity and kinetic energy. The coefficient of 

proportionality between the shear stress and shear rate is defined as the shear viscosity or dynamic 

viscosity (η), which is a quantitative measure of the internal fluid friction and associated with 

damping or loss of kinetic energy in the system (Eq. III.7).  

η=τ/γ̇ (III.7) 
 

In SI the viscosity is expressed in Pa s (Nm-2 s). It should be noted that fluid viscosity is both 

pressure and temperature dependent, with viscosity generally increasing with increased pressure 

and decreasing temperature. Temperature is more critical than pressure in this regard with higher 

viscosity fluids, such as asphalt or bitumen, much more temperature dependent than low 

viscosity fluids such as water [13].  
 

Fluids flow behavior 

From the rheological point of view, fluids can be distinguished in Newtonians and non 

Newtonians [13]. These various types of flow behavior are shown in Fig. III.13. 
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Fig. III.13. Shear stress/shear rate plots depicting various types of flow behavior. 

 

Newtonian fluids 

Newtonian fluids are fluids in which the shear stress is linearly related to the shear rate and hence 

the viscosity is invariable with shear rate or shear stress. For the Newtonian fluids, the η doesn’t 

change varying τ. Typical Newtonian fluids include water, simple hydrocarbons and dilute 

colloidal dispersions. The angular coefficient of the curve is called dynamic viscosity (η). The 

equation describing the rheological behavior of Newtonian fluids is: 

τ=ηγ̇  (III.8) 

The shear rate (dv/dz)=γ̇ is expressed in s-1 (Eq. III.9).  

m

s

1

m
=

1

s
 (III.9) 

 

Non Newtonian fluids  

Non-Newtonian fluids are those where the viscosity varies as a function of the applied shear rate 

or shear stress. These fluids are particularly interesting in the food sector because biological 

fluids, such as solutions and suspensions of protein or polysaccharide macromolecules, present 

these behaviors. For the pseudoplastic fluids (shear thinning), the viscosity, defined by the tangent to 

the curve in each single point, is called apparent viscosity and decreases increasing the shear 

gradient.  

Increasing the applied shear stress, the macromolecules orient themselves in the direction of the 

motion, consequently they offer less resistance to sliding liquid. This behavior is mathematically 

expressed by Ostwald's power equation: 

τ=Kγ̇
n
 (III.10) 

with n˂1, denominated index of rheological behavior and k = constant named consistence index (Pa sn). 

Consistence index is dependent from temperature, according to the Arrhenius law (Eq. III.11); 

ln
k1

k2
=

Ea

R
(

1

T1
-

1

T2
) (III.11) 
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where Ea is the activation energy (J/mol K), R is the gas constant (8.314 J/mol K) and T is the 

temperature expressed in K.  

For plastic fluids the fluid sliding occur only when the applied shear stress exceed the yeld stress (τ0), 

the limit shear stress value. Thus, before they flow, plastic fluids require an yeld stress to be 

applied. Depending on the flow behavior, there are two types of plastic fluid: 1) bingham plastic 

fluid or Casson plastic fluid (Fig. III.13). An ideal plastic fluid is like toothpaste. Before it starts to 

flow (deform) you need to provide some yield stress, after you push the toothpaste comes out of 

the tube. A typical food product that acts as a plastic fluid is ketchup. Like toothpaste, ketchup 

also require a force to be applied (yeld stress) in order to get the ketchup out of the bottle.  

For the mathematical interpretation of plastic fluids we use the Herschel-Bulkley model: 

τ=τ0+Kγ̇
n
 (III.12) 

 

Finally, the dilating fluids (shear thickening) are characterized by an apparent viscosity which 

increases to the increasing of shear rate. This behavior is rare in food fluids, while it is found in 

products such as varnishes etc. In this case, mathematic representation is also provided by 

Ostwald power equation (III.10) with n˃1 [13].  

 

III.3.1 Rotational rheometer 

The fluids viscosity measurement is carried out with the viscometers, instruments using to 

establish the correlation between the shear stress and the shear rate. An example of viscosity 

measuring system is shown in Fig. III.14. A single head (stress controlled) rotational rheometer 

with parallel plate measuring systems (PP MS) is used to measure the viscosity. The sample is 

loaded between the plates at a known gap (h). Single head rheometers are able to work in 

controlled stress or controlled rate mode, consequently it is possible to apply a torque and 

measure the rotational speed or alternatively apply a rotational speed and measure the torque 

required to maintain that speed. In controlled stress mode a torque is requested from the motor 

which translates to a force (F) acting over the surface area of the plate (A) to give a shear stress 

(F/A). In response to an applied shear stress, a liquid will flow with a shear rate dependent on its 

viscosity.  

 

Fig. III.14. Illustration showing a sample loaded between parallel plates and shear profile  generated across the gap. 
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If the measurement gap (h) is accurately known, then the shear rate (V/h) can be determined 

from the measured angular velocity (ω) of the upper plate, which is determined by high precision 

position sensors, and its radius (r), since V = r ω.  

Other measuring systems including cone-plate and concentric cylinders are commonly used for 

measuring viscosity. The type of measuring system used and its dimensions is dependent on the 

sample type and its viscosity [14].  

 

III.4 Fluorescence spectroscopy 

Luminescence is the emission of light from any substances, and occur from electronically excited 

states. Luminescence is formally divided in two categories: 1) fluorescence and 2) 

phosphorescence, depending on the nature of the excited state. Fluorescence is the property of 

some substances to re-emit the received radiation at a lower frequency, particularly absorbing 

ultraviolet light and emitting it visible, as is the case of the highlighters. This phenomenon was 

discovered from fluorite, calcium and fluoride mineral, that is fluorescent. Fluorescence typically 

occurs from aromatic molecules, fluorescent substances (fluorophores). It is based on the 

emission of a photon from the excited state to the fundamental one. Such photon emission 

occurs with a precise energy (E) that can be followed at a specific wavelength (λem). The emission 

intensity by a population of excited fluorophors will be: 

I=nE (III.13) 

 

The transition from different vibrational levels occurs spontaneously with the energy emission at 

lower intensity than that of excitation by generating a fluorescence spectrum with a maximum 

corresponding to the emission transition. The typical fluorescence lifetime is in the order of 

pico/nanoseconds, therefore it represents a very rapid process. For this reason, to observe 

fluorescence phenomenon, the fluorophore must be continually excited. Intensity, position of the 

wavelength and lifetime are some of the observable parameters that characterize a fluorophore; 

these parameters may be influenced by the temperature and/or viscosity of the medium. 

Fluorescence spectral data are generally presented as emission spectra. A fluorescence emission 

spectrum is a plot of the fluorescence intensity versus wavelength (nanometers) or wavenumber 

(cm–1). The processes that occur between the absorption and emission of light are usually 

illustrated by the Jablonski [15] diagram (Fig. III.15). Jablonski diagrams are often used as the 

starting point for discussing light absorption and emission.  

The singlet ground, first, and second electronic states are depicted by S0, S1, and S2, respectively.  
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Fig. III.15. One form of a Jablonski diagram. 

 

At each of these electronic energy levels, the fluorophores can exist in a number of vibrational 

energy levels, represented by 0, 1, 2, etc. The transitions between states are shown as vertical lines 

to illustrate the instantaneous nature of light absorption. Transitions occur in about 10–15 s, a time 

too short for significant displacement of nuclei. This is the Franck-Condon principle. Absorption 

and emission occur mostly from molecules with the lowest vibrational energy. The absorption of 

luminous energy by a fluorophore leads to the promotion of an electron to one of the vibrational 

levels of the electronic excited states S1 or S2. With a few rare exceptions, molecules in condensed 

phases rapidly relax reaching the lowest vibrational level of S1. This process is called internal 

conversion and generally occurs within 10–12 s or less. Since fluorescence lifetimes are typically near 

10–8 s, internal conversion is generally complete prior to emission. Hence, fluorescence emission 

generally results from a thermally equilibrated excited state, that is, the lowest energy vibrational 

state of S1. Return to the ground state typically occurs to a higher excited vibrational ground state 

level, which then quickly (10–12 s) reaches thermal equilibrium (Fig. III.15). Molecules in the S1 

state can also undergo a spin conversion to the first triplet state T1. Emission from T1 is termed 

phosphorescence, and is generally shifted to longer wavelengths (lower energy) relative to the 

fluorescence. Conversion of S1 to T1 is called intersystem crossing. Transition from T1 to the 

singlet ground state is forbidden, and as a result the rate constants for triplet emission are several 

orders of magnitude smaller than those for fluorescence. Examination of the Jablonski diagram 

(Fig. III.15) reveals that the energy of the emission is typically less than that of absorption. 

Fluorescence typically occurs at lower energies or longer wavelengths. This phenomenon was 

first observed by Sir. G. G. Stokes in 1852 at the University of Cambridge [16]. Energy losses 

between excitation and emission are observed universally for fluorescent molecules in solution. 

One common cause of the Stokes shift is the rapid decay to the lowest vibrational level of S1. 

Furthermore, fluorophores generally decay to higher vibrational levels of S0 (Fig. III.15), resulting 

in further loss of excitation energy by thermalization of the excess vibrational energy. In addition 
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to these effects, fluorophores can display further Stokes shifts due to solvent effects, excited-state 

reactions, complex formation, and/or energy transfer. Another general property of fluorescence 

is that the same fluorescence emission spectrum is generally observed irrespective of the 

excitation wavelength. This is known as Kasha's rule [17] although Vavilov reported in 1926 that 

quantum yields were generally independent of excitation wavelength [18]. Upon excitation into 

higher electronic and vibrational levels, the excess energy is quickly dissipated, leaving the 

fluorophore in the lowest vibrational level of S1. This relaxation occurs in about 10–12 s, and is 

presumably a result of a strong overlap among numerous states of nearly equal energy. Because 

of this rapid relaxation, emission spectra are usually independent of the excitation wavelength. 

The generally symmetric nature of these spectra is a result of the same transitions being involved 

in both absorption and emission, and the similar vibrational energy levels of S0 and S1. In most 

fluorophores these energy levels are not significantly altered by the different electronic 

distributions of S0 and S1. Suppose the absorption spectrum of a fluorophore shows distinct 

peaks due to the vibrational energy levels. These peaks are due to transitions from the lowest 

vibrational level of the S0 state to higher vibrational levels of the S1 state. Upon return to the S0 

state the fluorophore can return to any of the ground state vibrational levels. These vibrational 

energy levels have similar spacing to those in the S1 state. The emission spectrum shows the same 

vibrational energy spacing as the absorption spectrum (Fig. III.16).  

 

Fig. III.16. Excitation and emission spectrum 

 

The fluorescence lifetime and quantum yield are perhaps the most important characteristics of a 

fluorophore. Quantum yield is the number of emitted photons relative to the number of 

absorbed photons. Substances with the largest quantum yields display the brightest emissions. 

The lifetime is also important, as it determines the time available for the fluorophore to interact 

with or diffuse in its environment, and hence the information available from its emission.  
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III.4.1 Intrinsic or natural fluorophores 

Fluorophores can be broadly divided into two main classes: 1) intrinsic and 2) extrinsic. Intrinsic 

fluorophores are those that occur naturally. These include the aromatic amino acids, NADH, 

flavins, derivatives of pyridoxyl, and chlorophyll. Extrinsic fluorophores are added to the sample 

to provide fluorescence when none exists, or to change the spectral properties of the sample. 

Extrinsic fluorophores include dansyl, fluorescein, rhodamine, and numerous other substances. 

Intrinsic protein fluorescence originates from the aromatic amino acids [19], [20] tryptophan 

(trp), tyrosine (tyr), and phenylalanine (phe) (Fig. III.17).  

 

 

Fig. III.17. Tryptophan, tyrosine and phenylalanine structures. 

 

The indole groups of tryptophan residues are the dominant source of UV absorbance and 

emission in proteins. Tyrosine has a quantum yield similar to tryptophan but its emission 

spectrum is more narrowly distributed on the wavelength scale.  This gives the impression of a 

higher quantum yield for tyrosine. In native proteins the emission of tyrosine is often quenched, 

which may be due to its interaction with the peptide chain or energy transfer to tryptophan. 

Denaturation of proteins frequently results in increased tyrosine emission. Like phenol, the PkA 

of tyrosine decreases dramatically upon excitation, and excited state ionization can occur. 

Emission from phenylalanine is observed only when the sample protein lacks both tyrosine and 

tryptophan residues, which is a rare occurrence. The emission of tryptophan is highly sensitive to 

its local environment, and is thus often used as a reporter group for protein conformational 

changes. Spectral shifts of protein emission have been observed as a result of several phenomena, 

including binding of ligands, protein–protein association, and protein unfolding. The emission 

maxima of proteins reflect the average exposure of their tryptophan residues to the aqueous 

phase. Fluorescence lifetimes of tryptophan residues range from 1 to 6 ns. Tryptophan 

fluorescence is subject to quenching by iodide, acrylamide, and nearby disulfide groups. 

Tryptophan residues can be quenched by nearby electron-deficient groups like NH3
+, –CO2H, 

and protonated histidine residues. The presence of multiple tryptophan residues in proteins, each 

in a different environment, is one reason for the multi-exponential intensity decays of proteins.  
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Chapter IV 

 
 

Effect of the coexistence of sodium caseinate and Tween 20 as 

stabilizers of food emulsions at acidic pH 

 
 
IV.1 Introduction 

In the last few years functional foods or nutraceuticals are gaining increasing attention due to the 

raise in the development and consumption of these products. The interest is not only related to 

the growing of the market trend but also to the tremendous need to exploit natural foods 

potentially able to prevent carcinogenic, cardiovascular and respiratory diseases. When 

nutraceutical molecules have low water solubility, the use of a compartmentalized system, like 

emulsions, represents one of the choices to improve both the bioactive compound addition in 

food preparation and the nutraceutical delivery in the human body [1]. Emulsion, indeed, offers a 

suitable way to reduce fat in food without compromising their organoleptic properties and to 

assure the appropriate availability. 

Emulsions are commonly used in many major chemical industries, in the pharmaceutical industry, 

in food chemistry and in biotechnological applications [2-7]. One of the issues related to the use 

of emulsion is the stability to environmental stress and its effect on the physico-chemical 

characteristics. Surfactants are generally used to improve the stability of food emulsions [8, 9]. 

The two most important types of surface-active materials in food are proteins and low molecular 

weight surfactants [10]. The importance of emulsifier food additives in the manufacture of food 

products such as creamy sauces, candy, packaged processed foods, margarine and confections is 

well established for almost a century [11-14]. 

Among the proteins, sodium caseinate is largely used as food ingredient in food industry. Sodium 

caseinate derives from casein that is the principal protein component of milk. It is formed by 

different protein fractions (αs1-,αs2-, β- and k-casein in weight ratio of 0.4:0.08:0.4:0.1) [15, 16]. 

Thanks to its composition, sodium caseinate is characterized by good solubility and suitable 

surface-active properties. It is, in fact, composed of hydrophilic and hydrophobic domains 

distributed in various sequences and fractions [17]. These characteristics and the fact that it is a 
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natural diary product make caseinate a good emulsifier for food emulsion preparation. Together 

with the strengths that come with the use of sodium caseinate, the issue related to effects induced 

by pH fluctuation of the medium should be handled with the utmost care. As well known, 

sodium caseinate has an isoelectric point at pH 4.6, that is the pH value at which the overall 

charge of the protein is zero (a neutral charge) . In these conditions, sodium caseinate loses the 

repulsive forces that support the protein solubilization and as a consequence it precipitates. When 

this happens to caseinate in food emulsion, i.e., to caseinate forming a thin layer that stabilizes oil 

droplets in an aqueous phase, it generates the emulsion destabilization. This last aspect is a 

drawback when caseinate is used as stabilizer of preparations characterized by acidic pH [18].  

Several cases of coexistence of proteins and surfactants at the oil/water (O/W) interface have 

been reported, i.e. for the case of oil or water soluble surfactants [19-21]. The behavior of mixed 

systems containing surfactants is strongly related to the presence of surfactant-protein association 

structures and interfacial interactions [22]. Low molecular weight surfactants decrease the surface 

or interfacial tension to a greater extent compared with macromolecular surfactants. This 

difference is mainly related to differences in orientation and configuration at the interface. 

Generally, low molecular mass surfactants rapidly adsorb and orient themselves properly between 

the two phases facilitating a maximum reduction of interfacial tension. Proteins are less surface 

active compared to low molecular mass surfactants, because proteins lower the interfacial tension 

by forming a continuous viscoelastic membrane around droplets that like a film stabilize the 

dispersed phase. Low molecular mass surfactants do not form such a viscoelastic films. The 

behavior of mixed systems depends on the nature of the interactions between proteins and 

emulsifiers at the oil-water interface. For emulsions containing both low molecular and 

macromolecular surfactants, the stability is mainly dependent on protein films adsorbed at the 

interfaces [23]. However simple non-ionic emulsifiers displace milk proteins from the interface 

because at high surfactant concentrations they produce a lower interface tension [24]. Dickinson 

well highlighted the importance of ionic emulsifiers and particularly the role of sodium caseinate 

[25]. Recently Su and coworkers, highlighted that sodium caseinate can be used in a mixed system 

to partially replace synthetic surfactants for nanoemulsions fabrications using the PIT (phase 

inversion temperature) method [26]. Zou et al. reported that using mixed colloidal dispersions the 

bioaccessibility of hydrophobic bioactive agents like curcumin can be enhanced [27].  

Furthermore, it is well established that parameters like pH, ionic strength and temperature has to 

be considered pivotal for demulsification and thus for the emulsions stability [28]. For O/W 

emulsions stabilized by polystyrene latex particles with ionizable amino surface groups, the role 

of pH and temperature for the demulsification process was defined [29].  Since emulsions or 
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nanoemulsions stabilized by caseinate lose their stability in correspondence of the protein 

isoelectric point, this aspect could make caseinate unappealing for applications where the stability 

is required. For this reason, this study focuses on the preparation and the characterization of 

stable nanoemulsions made by using a blend of caseinate with a non-ionic surfactant in an 

attempt of finding the optimal formulation to produce stable nanoemulsions for food and 

healthcare applications. 

 

IV.2 Materials and Methods 
 

Materials 

Tween 20 (polyoxyethylene 20 monolaureate), sodium caseinate, sodium bicarbonate, sodium 

carbonate, citric acid monohydrate, trisodium citrate dihydrate, sodium phosphate dibasic, 

sodium phosphate monobasic and hydrochloric acid were purchased from Sigma-Aldrich and 

used without further purification. Rice bran oil was from a local supermarket. All other chemicals 

were of analytical grade. Ultrapure water was used to prepare all solutions and nanoemulsions.  
 

O/W Nanoemulsion preparation 

Nanoemulsions were prepared by mixing the previously aqueous phase prepared by dissolving 

Tween 20 or sodium caseinate in ultrapure water with 5% (w/w) rice bran oil. Fine emulsions 

were then obtained by mixing the two phases through an Ultrasonic Homogenizer (Model 300 

VT) for 2 minutes. All the nanoemulsions were prepared with 5% oil content and in the range of  

emulsifier concentrations (0.5, 1.0, 1.5, 2.0 % w/w). Tween 20, sodium caseinate or a 1:1 (w/w) 

blend of the two emulsifier were used as emulsifiers. 
 

Nanoemulsion Characterization 

The mean particle diameters (Z-average) and the polydispersity index (PDI) of the oil dispersed 

phase were determined through Dynamic Light Scattering (DLS) using a Malvern UK Zetasizer-

Nano ZS90 instrument operating with a 4 mW He-Ne laser (633 nm wavelength). The average 

aggregate size and the PDI values were estimated with a fixed detector angle of 90° by a 

cumulant analysis of the autocorrelation function using the software provided by the 

manufacturer. Samples were properly diluted with ultrapure water prior to measurements to 

avoid multiple scattering effects according to previous studies [30, 31]. Effects of different 

processing conditions on the nanoemulsion stability were analyzed by changing parameters such 

as incubation time, temperature and pH. Particle size distribution and stability were analyzed after 

sample preparation, after 4 days at 25°C and after heating the samples at 37 °C for 4 days. ζ-

potential measurements (angle of detection 17°) were carried out through the electrophoretic 
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mobilities of the dispersed phase as determined by laser Doppler velocimetry. The ζ-potential 

was calculated from the Smoluchowski approximation of the Henry equation. Samples were 

placed into dedicated disposable capillary cells. All measurements were performed at 25 °C.  

Rheology measurements of nanoemulsions were carried out using a Haake MARS III rheometer 

(Thermo Scientific) equipped with a parallel plate geometry probe with a plate diameter of 60 

mm. This geometry solution provided narrow gap and large surface area suited for low viscosity 

samples [32]. The temperature was controlled by a Phoenix II cooling and heating system in 

combination with a Peltier heating system. The samples (2.9 mL) were carefully poured into the 

surface of the lower plate and the upper plate was lowered until reached a 1 mm gap distance. 

Before testing samples were left to rest for 10 minutes in order to allow temperature 

equilibration. Flow curves were made in CR (control rate) mode varying the shear rate (0.1- 150 s-

1) at 25°C. Apparent viscosity was measured at fixed shear rate of 100 s-1 at 25°C. 

Fluorescence measurements were performed using a Varian Eclipse spectrofluorimeter in a 1 cm 

quartz fluorescence cuvette. The measurements were carried out after an incubation time of 5 

min. The excitation and the emission slit widths were 5 nm. The excitation wavelength was 290 

nm. 

 

IV.3 Results and discussion 

In this investigation 5% (w/w) rice bran oil nanoemulsions stabilized by non-ionic surfactant 

(Tween 20), protein (Caseinate) and a blend of the two emulsifiers in a 1:1 weight ratio (Mix) 

were analyzed and compared. The overall amount of surface-active molecules varied in the range 

of 0.5-2% (w/w). Henceforth, it will be referred to Tw20-O/W (nanoemulsions stabilized by 

Tween 20), Cas-O/W (nanoemulsions stabilized by caseinate) and Mix-O/W (nanoemulsions 

stabilized by both the emulsifiers).  

The size of the oil droplets immediately after the nanoemulsion preparation obtained by means 

of DLS analysis is reported in Fig. IV.1A. Samples were properly diluted according to other 

authors [30, 31]. At first glance, it appeared that increasing the concentration of the emulsifier 

resulted in a decrease of the oil droplet size present in the dispersed phase when Tween 20 took 

part to the nanoemulsion, i.e. for Tw20-O/W and Mix-O/W nanoemulsions. Conversely, the 

amount of protein in Cas-O/W did not seem influencing the aggregates diameters of the 

dispersed phase which varied from about 390 to 450 nm. 

The effect of time on the samples was studied by performing the measurements after a period of 

4 days (Fig. IV.1B). As can be seen, this storage time slightly affected the droplet size for Tw20-

O/W nanoemulsions, while the dispersed phase size decreased for low protein concentration in 
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Cas-O/W nanoemulsions and increased for Mix-O/W which lost the early resemblance to Tween 

20 stabilized nanoemulsion in term of size and gained an higher similarity to Cas-O/W.   

 

 
 

Fig. IV.1. Oil droplet size as function of emulsifier percentage immediately after nanoemulsion preparation (A); 
after 4 days storage at 25°C (B); after 4 days storage at 37 °C (C). Tw20-O/W: full black diamonds; Cas-O/W: full red 
pentagons ; Mix-O/W: full blue circles. Inset of panel A and C: pictures (from left to right: Tw20-O/W, Mix-O/W 
and Cas-O/W nanoemulsions) of just prepared and stored at 37°C nanoemulsions respectively. 

  
The effect of storage under heating, was evaluated by keeping the samples at 37 °C for the same 

period of time (4 days). As can be inferred from Fig. IV.1C, in these conditions, sizes of 

dispersed phase for all the nanoemulsions became approximately close each other for all the 

analysed systems. Comparing these results with those of the samples stored at 25 °C Cas-O/W 

showed the higher variation. Insets of Fig. IV.1A and IV.1C showed pictures of the three 

different nanoemulsions freshly prepared and after 4 days storage at 37 °C. As shown, from a 

macroscopic point of view the samples appeared stable and substantially unchanged.  

In order to improve the nanoemulsions characterization, samples were tested for their rheological 

behavior. The flow curves and the relative viscosity curves of the different types of 

nanoemulsions are illustrated in Fig. IV.2. As reported, for all the emulsifiers content the best 

fitting of shear stress as function of shear rate is given by Herschel Bulkley model (Eq. IV.1) that 

is applied on fluids with a non linear behavior and yield stress: 

τ =τ0+Kγ̇
n
 (IV.1) 

 

where τ0 is the yield stress value, K indicated as consistency index, reflect the viscosity of the fluid 

and n is the flow behavior index. When n is close to 1 the fluid tends to pass from a shear 

thinning to a shear thickening behavior, when n is above 1, the fluid has shear thickening 

properties. The parameters obtained from the experimental data fitting to Eq. IV.1 are reported 

in Table IV.1. According to the Herschel Bulkley model and to the viscosity data flow all the 

nanoemulsions here considered, regardless of the type and concentration of emulsifier, behaved 

as non-newtonian fluids, and considering that the obtained n values are all close each other, all 

nanoemulsions exhibited similar flow behavior. 
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Fig. IV.2. Flow curves of nanoemulsions (full symbols) and relative viscosity as function of shear rate (empty 
symbols). A: Tween 20 stabilized nanoemulsions; B: Mix stabilized nanoemulsions; C: Sodium caseinate stabilized 
nanoemulsions. 
 

Table IV.1. Yield stress (𝜏0), consistency index (K) and flow behavior index (n) obtained from fitting the 
experimental data to Eq. 4.1. 

 𝜏0 (Pa) K (Pasn) n R2 

Tw20 – O/W 0.5% 6.80 x 10-2 ± 2.5 x 10-3 7.00 x 10-4 ± 1.70 x 10-4 1.078 ± 4.7 x 10-2 0.99504 

Tw20 – O/W 1.0% 6.05 x 10-2 ± 3.0 x 10-3 1.39 x 10-3 ± 3.0 x 10-4 0.964 ± 4.1 x 10-2 0.99097 

Tw20 – O/W 1.5% 6.07 x 10-2 ± 3.1 x 10-3 1.41 x 10-3 ± 3.1 x 10-4 0.971 ± 4.1 x 10-2 0.99098 

Tw20 – O/W 2.0% 6.29 x 10-2  ± 3.1 x 10-3 1.07 x 10-3 ± 2.6 x 10-4 1.008 ± 4.6 x 10-2 0.98929 

MIX – O/W 0.5% 5.97 x 10-2 ± 3.3 x 10-3 1.46 x 10-3 ± 3.2 x 10-4 0.962 ± 4.2 x 10-2 0.99531 

MIX – O/W 1.0% 7.34 x 10-2 ± 3.0 x 10-3 9.70 x 10-4 ± 2.30 x 10-4 1.045 ± 4.4 x 10-2 0.99524 

MIX – O/W 1.5% 7.26 x 10-2 ± 2.8 x 10-3 8.30 x 10-4 ± 1.70 x 10-4 1.090 ± 4.0 x 10-2 0.99629 

MIX – O/W 2.0% 7.38 x 10-2 ± 2.7 x 10-3 5.20 x 10-4 ± 1.30 x 10-4 1.156 ± 4.9 x 10-2 0.99499 

Cas – O/W 0.5% 6.59 x 10-2 ± 3.5 x 10-3 1.12 x 10-3 ± 2.9 x 10-4 1.020 ± 4.9 x 10-2 0.99415 

Cas – O/W 1.0% 6.08 x 10-2 ± 3 x 10-4 1.47 x 10-3 ± 2.8 x 10-4 0.982± 3.6 x 10-2 0.99661 

Cas – O/W 1.5% 6.61 x 10-2 ± 2 x 10-4 1.13 x 10-3 ± 2.4 x 10-4 1.041± 4.1 x 10-2 0.99599 

Cas – O/W 2.0% 6.01 x 10-2 ± 3.4 x 10-3 1.73 x 10-3 ± 3.3 x 10-4 0.972 ± 3.7 x 10-2 0.99647 
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The apparent viscosity varied according to the type of emulsifier already at low concentration, as 

shown in Fig. IV.3. Low concentration of Tween 20 (0.5%) had apparent viscosity value very 

similar to that of water and linearly and slightly increased while increasing the surfactant 

concentration. In the same way, Cas-O/W and Mix-O/W nanoemulsions had growing values of 

apparent viscosity according to the rise of concentration. Although increasing the apparent 

viscosity values remained low and were typical of liquid feeds or beverages [33].  

 

 
 

Fig. IV.3. Nanoemulsions apparent viscosity measured at shear rate of 100 s-1 as a function of emulsifier type and 
concentrations. 

 

Apparent viscosity values were collected at a shear rate of 100 s-1, such kind of shear rate value is 

typical for food processes such as mastication, flow through a pipe or stirring [34]. 

In order to consider a wide range of applications, the pH of the nanoemulsions was changed 

from the native values, which were for all slightly acidic (between pH 6.0 and 6.5), to acidic pHs, 

lower than 3 and alkaline values. Considering that ζ-potential gives information on nanoemulsion 

stability and that the surface charge of protein is influenced by pH, the surface charge of the 

nanoemulsion droplet was determined according to pH variations (Fig. IV.4). As indicated, at 

native pH all the nanoemulsions, regardless of the emulsifier type and concentration gave 

negative values of surface charge. More negative values were found for Cas-O/W nanoemulsions, 

while less negative surface charge values were found for Tw20-O/W nanoemulsions. Mix-O/W 

nanoemulsions gave intermediate surface charge values between the two other systems, because 

ζ-potential values strongly depend on the interface layer composition [35].  

From the ζ-potential profiles, it emerged that Cas-O/W and Mix-O/W nanoemulsions were 

characterized by three main surface charge zones, according to variations of pH values. When the 

pH was lower than the pI value of caseinate (pH 4.6), the surface became positively charged, 

approaching the pI value the surface charge turned close to zero, moving toward higher pH the 

ζ-potential value was even more negative. 
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Fig. IV.4. ζ-potential as function of pH for nanoemulsions stabilized with different percentages of emulsifier. Red 
dots indicate Cas-O/W; black dots are for Tw20-O/W and blue dots for Mix-O/W. Inset: picture of acidified 
nanoemulsions, from left to right: Tw20-O/W, Mix-O/W and Cas-O/W nanoemulsions. 

 
Taking into account the ζ-potential profiles of Tween 20, the negative surface charge of the O/W 

nanoemulsion may be attributed to the adsorption of OH- species from the aqueous phase [34, 

36]. Size distributions of the nanoemulsions dispersed phases were measured according to 

variations of pH. By means of this approach, it was verified that the Cas-O/W nanoemulsion 

were destabilized at pH values close to the pI. A direct evidence of this behavior is given in the 

inset of Fig. IV.4 where pictures of the acidified nanoemulsions highlighted the flocculation 

occurring when only caseinate was used as emulsion stabilizer. On the contrary, Mix-O/W and 

Tw20-O/W nanoemulsions remain stable also at acidic pH. Size distributions of the dispersed 

phase for Cas-O/W 0.5 and 2%, respectively, were reported in Fig. IV.5A and IV.5C, as function 

of pH. As can be seen, for low caseinate concentration (0.5%) the size distribution was at least 

bimodal for pH close to 4, while for the same pH at higher caseinate concentration (2%) no size 

distribution was detected because the nanoemulsion was fully destabilized and flocculated. By 

comparing the Cas-O/W with the Mix-O/W nanoemulsions, whose droplet size distributions are 

reported in Fig. IV.5B and D (for emulsifier concentration of 0.5 and 2% respectively), two main 

aspects can be highlighted: i) Mix-O/W nanoemulsions gave size distributions characterized by 

low dispersity; ii) Mix-O/W nanoemulsions showed stability at pH values close to 4. On the 

contrary, Cas-O/W nanoemulsions were destabilized. The presence of caseinate affected the Mix-

O/W nanoemulsion at high emulsifier concentration (2%) where the size distribution was 

centered on higher diameter values. 

In view of these results, it was most likely that the 1:1 (w/w) blend of emulsifiers stabilized the 

nanoemulsion also at acidic pH conditions, even though the overall ζ-potential profiles of Mix-

O/W, that in absolute terms presented lower values compared to Cas-O/W, would suggest a 

lower stability. The stabilizing effect, that was more evident in the Mix-O/W with low emulsifier 

content, indicated that in the Mix-O/W nanoemulsion, the droplet interface hosted both the 

emulsifiers and benefited of two mechanism of stabilization; on one side there was the 
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predominant role of Tween 20 that provided a steric stabilization and, on the other caseinate, that 

at low pH, gave electrostatic repulsion to the dispersed phase.  

 

 

Fig. IV.5. Oil droplet size distribution as function of pH for Cas-O/W nanoemulsions 0.5% (A), 2% (C) and for 

Mix-O/W nanoemulsions 0.5% (B), 2% (D). 

 
In order to understand if the stabilizing effect was due to the interactions between caseinate and 

Tween 20, experiments of acidification were also carried out on simple suspensions (without oil) 

of caseinate and Mix (caseinate/Tw-20 1:1 w/w). The different response to acidic pH values 

observed for the nanoemulsions, was not confirmed in the absence of oil. Indeed, at pH values 

close to 4 precipitation was observed in either the suspension of caseinate or the 1:1 blend of 

non-ionic surfactant and caseinate (data not shown). 

Reckoning in that caseinate is made of different protein fractions (αs1-, αs2-, β-, and k-caseins), that 

the higher part of them is mainly hydrophobic (αs1- and β-casein represent above 70% of 

protein), that the pI of protein depends mostly on charged aminoacids (water soluble) some 

hypothesis related to the surface arrangement of the protein, protein/Tween 20 can be made.  

Fluorescence spectra reported in Fig. IV.6 compared the emission from caseinate suspension 

with the one of Cas-O/W nanoemulsion (Fig. IV.6A) and caseinate/Tween 20 blend (without oil) 

with Mix-O/W nanoemulsion. The oil content, in this case, was lowered to 0.1% (w/w) to avoid 

scattering interferences during the spectrofluorimetric measurements. The fluorescence of 

proteins is related to tryptophan, tyrosine and phenylalanine residues [16]. These amino acids 

generally self-assemble in hydrophobic portion of the proteins to shield from water contact. 

From the spectra reported in Fig. IV.6, as can be seen, no differences were detected for the 

caseinate emission in suspension with or without Tween 20. The emission spectra were, in fact, 

identical in absence of oil. On the other hand, both caseinate and Mix induced a red shift of the 

emission when emulsified with oil. When a red shift is observed, it means that the fluorescent 
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residues are more exposed to aqueous environment [37] as consequence of a conformational 

change of caseinate occurring at the o/w interface with or without Tween 20. 

 

 
 

Fig. IV.6. Fluoresce emission spectra (𝛌ex =290 nm) of caseinate suspension, Cas-O/W nanoemulsion (A) and mix 
suspension, Mix-O/W nanoemulsion (B) at 25°C. 

 

Needless, this indication does not explain the different response of the Cas-O/W and Mix-O/W 

nanoemulsion at pH values close to 4. Nevertheless, this evidence proves that Tween 20 does not 

displace caseinate from interface, although small non-ionic surfactant are reported to dislocate 

protein at the o/w interface [23]. In light of these results, it is reasonable to speculate that, due to 

relatively large hydrophilic (polyoxyethylene) head groups of adsorbed Tween molecules, droplet 

flocculation was controlled in the Mix-O/W nanoemulsion and it is possible that the surfactant, 

in some way, segregated and protected the charged aminoacids thus preventing the protein 

precipitation and nanoemulsion destabilization. 

 

IV.4 Conclusions 

The present study was focused on improving the stability of a caseinate-based nanoemulsion to 

allow this protein to be used as food emulsifier of liquid preparations [38]. Sodium caseinate is 

sensitive to pH, in particular near its isoelectric point (pH 4.6), where, the overall charge of the 

protein is close to zero. The lack of electrostatic repulsion causes the protein precipitation and if 

the protein is located at the nanoemulsion o/w interface, the nanoemulsion loses stability. In 

order to improve the nanoemulsion stability the o/w interface was stabilized by a blend of 

protein and non-ionic surfactant. The results obtained through DLS demonstrated that the 

diameters of the dispersed phase in the blend stabilized nanoemulsions were smaller then those 
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of the Cas-OW nanoemulsion, indicating that the mixed system was more stable and that the 

ability of the blend of emulsifier in stabilizing the nanoemulsion was also proven at pH close to 

caseinate isoelectric point. The combination of ζ-potential and DLS data as function of pH 

demonstrated that in nanoemulsions stabilized by a blend of caseinate and Tween 20, the 

presence of Tween 20 ensured the steric stabilization.  

As a whole the results obtained allow to draw the conclusion that promoting the use of sodium 

caseinate as emulsion stabilizer, the studied nanoemulsions could represent suitable tools in the 

field of manufacture of food products [38]. 
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Chapter V 

 
 

Effect of nanoemulsion stabilizers on the in-vitro digestion of 

curcumin 

 
 
V.1 Introduction 

Rhizome turmeric (Curcuma longa), containing high levels of curcumin, is used in numerous food 

products as a spice and pigment because of its characteristic flavor profile and yellow color [1], 

[2]. Curcuminoids are a group of highly hydrophobic molecules found in the spice turmeric, with 

the three dominant forms being curcumin, demethoxycurcumin and bisdemethoxycurcumin [3]. 

In traditional Chinese and Indian medicine, turmeric and curcuminoids have been used for the 

cure of numerous ailments, including anemia, bacterial infection, colds, coughs, eczema, fevers, 

inflammation, jaundice, liver, skin and urinary diseases, viral infections and wounds [2]. 

Curcumin, whose structure is shown in Fig. V.1, has been reported to have the highest bioactivity 

among the curcuminoids and to have low oral toxicity, even when ingested at relatively high 

doses (12 g per day) [4]. It contains three closely related lipophilic molecules having a number of 

phenolic groups and conjugated double bonds [5].  

 

 

Fig. V.1. Curcumin structure. 

 

Curcumin is considered highly effective against colorectal [6] and pancreatic cancer [7] thanks to 

its ability to interfere with various biochemical pathways. The health benefits of the nutraceutical 
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agent have been attributed to numerous different pharmacological effects, including antibacterial, 

antifungal, anti-inflammatory, antioxidant, anti-tumor and anti-viral activities [8]. These potential 

health benefits, as well as its good safety profile, have led to interest in its application as a 

bioactive agent in functional food, supplements and pharmaceuticals [9]. Nevertheless, the 

physicochemical characteristics that currently limit its incorporation into many food products are 

its low water-solubility, chemical instability and low oral bioavailability. The low-water solubility 

makes it difficult the integration into many functional food and beverages, while its low oral 

bioavailability may reduce its biological activity [4, 10,11]. The main factors limiting the 

bioavailability of curcumin are its low solubility in gastrointestinal fluids and its propension to 

undergo chemical transformation within the gastrointestinal tract [3]. These limits may be 

overcome by encapsulating curcumin within food-grade delivery systems such as liposomes [12], 

nanocomplexes [13, 14], colloidosomes [15], emulsions [16, 17], nanoemulsions [18, 19], or 

biopolymer nanoparticles [20, 21]. Nanoemulsion delivery systems are particularly effective at 

increasing the bioavailability of hydrophobic nutraceuticals because they are rapidly digested in 

the gastrointestinal tract (GIT), and therefore allow the rapid formation of mixed micelles that 

can solubilize the nutraceuticals [22]. Proteins represent a class of common ingredients found in 

functional food products [23], and therefore it is important to study how they may influence 

curcumin bioavailability. The presence of proteins in a food matrix may alter the oral 

bioavailability of nutraceuticals by altering their bioaccessibility, absorption or transformation in 

the GIT through various mechanisms, such as binding interactions, alteration of diffusion 

processes, interference with active or passive transport mechanisms and antioxidant activity [24]. 

The water-solubility and/or chemical stability of curcumin has been reported to improve when it 

binds to soy protein [25], whey protein [26], and caseinate [27]. As reported in chapter IV, the 

instability of the caseinate stabilized nanoemulsions at acidic pH was overcome using a mixed 

system, containing a combination of a non-ionic surfactant (Tween 20) and the protein. For this 

reason nanoemulsions made of caseinate and Tween 20 (Mix-O/W) were selected for being 

loaded with curcumin and, in this chapter, they are used in comparison with caseinate O/W 

nanoemulsions in an in-vitro digestion model to examine the effect of the two systems on the 

bioaccessibility, transformation and bioavailability of curcumin. In detail, the solubility of 

curcumin was evaluated according to the variation of type and concentration of emulsifier and 

according to different temperature of incubation (25, 30 and 100°C) to mimic the fact that an 

emulsion-based functional food may be consumed at room temperature (e.g. salad dressings) or 

after heating (e.g. cooking sauces). The outcomes of this study provide useful information on the 
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relationship between surface composition of the oil droplets, the curcumin solubility and 

bioavailability provided by the proposed nanoemulsion systems. 

 

V.2 Materials and Methods 
 

Materials 

Rice bran oil was from a local supermarket. The following chemicals were purchased from the 

Sigma Chemical Company (St. Louis, MO): curcumin, mucin from porcine stomach, pepsin from 

porcine gastric mucosa, lipase from porcine pancreas pancreatin, porcine bile extract, Tween 20 

(polyoxyethylene 20 monolaureate) and NaCas (sodium caseinate). All other chemicals were of 

analytical grade. Ultrapure water was used to prepare all solutions and emulsions. 
 

O/W Nanomulsion preparation 

Nanoemulsions were prepared by mixing the aqueous phase previously prepared by dissolving 

Tween 20 and sodium caseinate or only caseinate in ultrapure water with 5% (w/w) rice bran oil. 

Fine emulsions were then obtained by mixing the two phases through an Ultrasonic 

Homogenizer (Model 300 VT) for 2 minutes. Samples of nanoemulsions were all prepared with 

5% oil content and increasing emulsifier concentrations (0.5, 1.0, 1.5 % w/w). Sodium caseinate 

or a 1:1 (w/w) blend of two emulsifier, Tween 20 and caseinate, were used as emulsifiers. 

Curcumin was added either in the oil phase before the nanoemulsion preparation or to the O/W 

nanoemulsion. The resulting mixtures were then incubated at 25 and 30 °C for 30 min and 100 

°C for 15 min [28].  
 

Curcumin solubility in O/W emulsion 

The solubility of curcumin in each O/W nanoemulsion was measured using a UV-visible 

spectrophotometer based on the method previously proposed with some modifications [29]. The 

method is described as follows and it is shown in Fig. V.2.  

Briefly, 5 mL of O/W emulsion were centrifuged at 2000 rpm for 10 minutes at room 

temperature to remove undissolved curcumin. After centrifugation, 1 mL of supernatant was 

mixed with 1 mL of chloroform and 1 mL of ultrapure water, vortexed for 2 minutes and 

centrifuged at 4000 rpm for 10 minutes.  

The bottom layer (chloroform), containing the solubilized curcumin, was collected, while the top 

layer was further mixed with other chloroform (1 mL) and the same procedure was repeated until 

all the curcumin was extracted from the O/W emulsion. The chloroform collected was 

spectrophotometrically analyzed at 419 nm. The concentration of curcumin extracted from each 

mixture was calculated from a calibration curve (Fig. V.3). The solubility of curcumin in each 
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mixture was then calculated as the concentration of curcumin extracted from each mixture 

multiplied by the dilution factor.  

 

 

Fig. V.2. Flowchart of curcumin extraction procedure from O/W nanoemulsions.  

 

 

Fig. V.3. Calibration curve of curcumin in chloroform carried out through UV-Vis spectrophotometry. 

 

V.2.1 Simulated Gastrointestinal Digestion 

The potential gastrointestinal (GIT) fate of the samples was analyzed by passing them through an 

in vitro model that consisted of mouth, stomach and small intestine phases [30, 31]. The 

digestion process is simulated in a simplified manner by applying physiologically based 

conditions, i.e. chemical composition of digestive fluids, pH and residence time periods for each 

compartment. The model introduced by Oomen et al. (2003) [32] was used as starting point with 

some modifications [28, 29 33-35]. The digestive fluids were prepared according to Table V.1 

showing the constituents and concentrations of the various synthetic fluids representing fed 

conditions.  



                                                                                                                                                                 Chapter V 
 

73 
 

Table V.1. Constituents and concentrations of the various synthetic juices of the in vitro digestion model 
representing fed conditions. 

 

 

The in vitro digestion model used in this study is described as follow and is shown in the Fig. 

V.4. 

 

 

Fig. V.4. Schematic representation of the model used to simulate the in vitro digestion of curcumin. 

 

Initial system: all the O/W nanoemulsions and the digestive fluids were placed in a shaking 

incubator at 100 rpm and 37°C for 15 min.  

Mouth phase: a preheated simulated saliva fluid (SSF) (1 mL) was mixed with the preheated O/W 

nanoemulsion (1 mL) at 1:1 mass ratio. The mixture was then adjusted to pH 6.8 and placed in a 

shaking incubator at 100 rpm and 37°C for 10 minutes to mimic oral conditions.  
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Stomach phase: a preheated simulated gastric fluid (SGF) (2 mL) was mixed with the bolus sample 

from the mouth phase (2 mL) at 1:1 mass ratio. The mixture was then adjusted to pH 2-3 and 

placed in a shaking incubator at 100 rpm and 37°C for 2 h to mimic stomach digestion.  

Small intestine phase: finally a mixture (4 mL) of duodenal and bile fluids was mixed with the chyme 

sample from the stomach phase (4 mL) at 1:1 mass ratio. The mixture was then adjusted to pH 7 

and placed in a shaking incubator at 100 rpm and 37°C for 2 h [34].  
 

Curcumin concentration, bioaccessibility and bioavailability after digestion 

After in vitro digestion, 3 mL of “raw digesta” of each mixture were collected for the following 

extraction in chloroform and 5 mL were centrifuged at 10.000 rpm at 5°C for 1 h. The clear 

supernatant was collected and assumed to be the “micelle fraction” in which the curcumin was 

solubilized. Aliquots of 2 mL of “raw digesta” or “micelle fraction” were mixed with 2 mL of 

chloroform, vortexed for 2 min and centrifuged at 2000 rpm at 25°C for 10 min. The bottom 

layer, containing the solubilized curcumin, was collected while the top layer was mixed with other 

chloroform (2 mL) and the same procedure was repeated again until all the curcumin was 

extracted. The collected chloroform layers were mixed together and analyzed by a UV-VIS 

spectrophotometer at 419 nm. Anhydrous sodium sulphate was added to chloroform when it was 

opalescent to remove chloroform-solubilized water. The curcumin concentrations in the overall 

“raw digesta” and in the “mixed micelle phase” were calculated from the absorbance 

measurements using a standard curve and the known dilution factor [4].  

The bioavailability (BA) of nutraceuticals is a function of other parameters such as 

Transformation (T) and Bioaccessibility (B) within the gastro-intestinal tract, for these reasons B 

and T were determined. T was calculated as the ratio of the curcumin concentration in raw 

digesta to that of the initial curcumin concentration as reported in Eq. V.1: 

T=
Cdigesta

Cinitial
 x 100 (V.1) 

The bioaccessibilily is the amount of active compound accessible for absorption. B is calculated 

as the ratio between curcumin in the micellar phase to the curcumin concentration in raw digesta 

(Eq. V.2): 

B=
Cmicelle

Cdigesta
 x 100 (V.2) 

The bioavailability, BA, is given by B x T, so it is the ratio between the curcumin in micellar 

phase to the initial curcumin concentration.  
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V.3 Results and discussion  
 

V.3.1. Curcumin solubility in O/W nanoemulsions 

In this study, 5 % O/W nanoemulsion have been considered, stabilized by protein (Sodium 

Caseinate) or a 1:1 w/w blend of protein and non ionic surfactant (Sodium Caseinate and Tween 

20). In the following discussion the former nanoemulsion will be indicated with the code Cas-

O/W and the latter with Mix-O/W. In the first stages curcumin solubility was determined in oil 

and in nanoemulsions. Spectrophotometric measurements reveals that by dispersing an access of 

curcumin powder at 25 °C in rice bran oil, the maximal amount of about 190 μg/mL of the drug 

can be solubilized. However, for a 5% O/W nanoemulsion, an amount of about 8 μg/mL of 

curcumin was found. With the purpose of increasing the amount of curcumin delivered with the 

nanoemulsions, an excess of powder was added to the nanoemulsion during the homogenization 

phase and successively the dispersed systems were incubated at 25 and 30 °C for 30 minutes and 

at 100 °C for 15 minutes. After incubation the nanoemulsions were left cooling at room 

temperature and subjected to centrifugation in order to remove the non-solubilized curcumin on 

the bottom of the test tubes. An example of the sample appearance is shown in Fig. V.5. Visual 

inspection of the samples in Fig. V.5A showed that the nanoemulsion delivery systems had a 

uniform yellow appearance with a more intense yellow color at high incubation temperature 

(from left to right the incubation temperature are 25, 30 and 100 °C). Fig. V.5B showed the 

samples after centrifugation; for all the samples curcumin crystals were deposited at the bottom 

of the test tubes.  

 
Fig. V.5. O/W nanoemulsion before (A) and after (B) centrifugation. From left to right in both panels O/W 
nanoemulsion containing excess of curcumin incubated at 25 and 30°C for 30 min and at 100°C. 
 

The curcumin solubility in nanoemulsions at different emulsifier concentration determined after 

the treatment (temperature and time) as function of the incubation temperature is reported in 

Fig. V.6. 

As can be seen in Fig. V.6, the solubility of the hydrophobic bioactive compound for Mix-O/W 

nanoemulsions increased with the increase of temperature and emulsifier content. Moreover, a 

small increase of temperature (from 25 to 30 °C) influenced the solubility of curcumin 

significantly for both protein and mixed protein/surfactant stabilized nanoemulsions. 
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Fig. V.6. Curcumin concentration as function of incubation temperature according to different emulsifier type 
(sodium caseinte is represented with full dots, and mix emulsifier with empty dots) and concentration for Cas-O/W 
and Mix-O/W naoemulsions. 
 

On the other side, Cas-O/W nanoemulsions increased the concentration of solubilized curcumin 

with the temperature, regardless the amount of protein used as interface stabilizer. Finally, the 

amount of curcumin solubilized through Mix-O/W nanoemulsion was always higher than that 

solubilized by Cas-O/W nanoemulsion. One possible explanation for this evidence would be that 

curcumin interacts with caseinate at the oil-water interface. At this juncture, if the surface of the 

oil droplets is already saturated of protein (concentration of 0.5%), the fact that curcumin 

concentration does not increase when increasing caseinate concentration will be explained. In 

order to corroborate this hypothesis curcumin solubility was also evaluated for emulsion with 

different oil concentrations than the 5% used (2.5 and 10%). Experiments were performed on 

samples with oil concentrations of 2.5 (lower) and 10% (higher) and with caseinate 

concentrations of 0.5, 1 and 1.5%. For nanoemulsion prepared with 2.5% oil content, the 

concentration of curcumin solubilized was around 11 μg/mL for all the caseinate concentrations 

considered. On the other side, in nanoemulsions prepared with 10% oil content, an excess of oil 

(stratified on top of nanoemulsion) was observed for 0.5% caseinate and the amount of curcumin 

solubilized was of about 15 μg/mL. No oil separation was observed in nanoemulsion stabilized 

by 1.0 and 1.5% of caseinate where curcumin concentration was of about 22 μg/mL for both the 

nanoemulsions. The present data confirmed that curcumin solubility in nanoemulsions stabilized 

by caseinate was dependent on the oil solubilized that varied according to the amount of 

caseinate.  

 

V.3.2 In-vitro digestion of curcumin loaded nanoemulsions 

With the purpose of having information on curcumin bioadsorption, Mix-O/W and Cas-O/W 

nanoemulsions, containing the bioactive component, were passed through a simulated 

gastrointestinal tract. The in-vitro digestion model here applied simulated the digestion in the 

human gastrointestinal tract in a simplified manner mimicking a three-phase process. In detail, 
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mouth, stomach and small intestine are simulated since it is in the latter that the absorption of 

many food components occurs. After the intestinal phase, curcumin concentration was 

determined both in raw digesta and in the micellar phase.  

 

 

Fig. V.7. Curcumin concentration in raw digesta (full dots) and in bile micelle (empty dots) from nanoemulsions 
stabilized by Mix emulsifier (panels on the left, from top to bottom at increasing emulsifier concentration) or by 
sodium caseinate (panels on the right, from top to bottom at increasing emulsifier concentration) as function of 
initial curcumin concentration. 
 

Raw digesta is the whole sample coming from the complete digestion (after the intestinal phase) 

while the micellar phase is obtained after centrifugation of the raw digesta at high speed and 

represents the micelle fraction where curcumin as well as lipophilic compounds are solubilized. 

Fat digestion starts in the stomach and continues in the small intestine where fat absorption also 

occurs. In the stomach, lipids are emulsified because of the shearing actions of mouth and 

stomach. When the emulsified lipids move to the intestine they are digested by pancreatic lipases 

and bile salt. Protein digestion starts with the gastric fluid as well, where the action of pepsin 

hydrolyzes the proteins to small peptides and follows in the small intestine by the action of the 

enzyme trypsin. The digestion route of proteins and fats will influence the fate of curcumin 

delivered by systems made of those ingredients. 

In determining the amount of curcumin in raw digesta and bile micelle a linear correlation with 

the amount of solubilized curcumin was detected, as in Fig. V.7. Moreover, it was evident that 
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the difference in curcumin concentration in the two fractions was higher for the Mix-O/W 

nanoemulsions, while, the two concentrations were very similar for curcumin delivered with Cas-

O/W nanoemulsions. 

Samples passed through a simulated GIT and after exposure to each GIT stage bioaccessibility, 

transformation and bioavailability of curcumin were calculated. The overall bioavailability (BA) of 

a nutraceutical depends on its bioaccessibility (B) and transformation (T) within the GIT, and 

therefore the comprehension of the factors that impact these different contributions to the 

overall BA is important. Curcumin transformation and bioaccessibility were calculated according 

to eq.V.1 and V.2 respectively.  
 

Curcumin Transformation 

The transformation of a compound is referred to the amount of compound that remains in a 

bioactive form in the intestinal phase.  

The amount of curcumin that is determined in the raw digesta has resisted to a series of 

variations in the route from the mouth to the intestine like ionic strenght changes, enzymatic 

activity and pH variations (from 7.0 in the mouth to 1.5–3.0 in the stomach and 6.0–7.5 in the 

intestine). Considering that curcumin is practically water insoluble at acidic or neutral pH, but it is 

relatively soluble at alkaline pH [36] where it rapidly undergoes hydrolytic degradation, generating 

feruloyl methane, ferulic acid and other minor components as degradation products [37], it would 

be difficult to find it in the bioactive form after its passage through GIT without a protection, 

such as the one offered by encapsulation strategies. The concentration of curcumin in the raw 

digesta to the initial curcumin concentration for all the nanoemulsions considered is illustrated by 

Fig. V.8 where a bar chart representing the parameter T is shown as function of the emulsifier 

percentage and according to variation of incubation temperature.  

From the Fig. V.8, it appears that a trend can be defined for Cas-O/W nanoemulsions where the 

overall amount of curcumin seems decreasing with the emulsifier content, but increasing with the 

temperature of incubation. It is noteworthy that nanoemulsions where kept at 25, 30 and 100°C 

only for a limited time (30 or 15 min) and then cooled at room temperature that was close to 

25°C. Accordingly, it seems that the incubation temperature affected the nanoemulsion structure 

and the curcumin transformation especially in the presence of caseinate as emulsifier. 

On the contrary, Mix-O/W nanoemulsions did not present a marked trend with the emulsifier 

content and all in all offered a better protection to loaded curcumin, maybe because the presence 

of non-ionic surfactant and proteins at the oil droplet interface minimized the effect of the GIT 

route and of the temperature treatment which leads to a relatively high amount of curcumin 

remaining in an active form in the small intestine. 
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Fig. V.8. Transformation of curcumin as function of emulsifier percentage from Mix-O/W nanoemulsions (left 
panel) and Cas-O/W nanoemulsions (right panel) incubated at 25, 30 and 100°C. 

 

These data showed that curcumin was well protected in this investigation and they were in 

agreement with previous studies where it was demonstrated that both lipids and proteins may 

shield curcumin from hydrolysis [38]. The fact that we observed a small difference between 

samples containing only sodium caseinate as emulsifier and samples containing both the 

stabilizers, caseinate and Tween 20, suggests that the curcumin was protected to a similar degree.  
 

Curcumin Bioaccessibility 

The Bioaccessibility of a compound is given by the amount of compound that is transferred to 

the micellar phase from the raw digesta. The content of curcumin in the bile salt micelle is 

influenced by the process of bile micelle formation from the nanoemulsions coming from the 

gastric phase. Because bile salts have strong surface-active properties, they partially or completely 

displace original emulsifiers from the oil/water interface [39, 40] thus forming bile salt micelle or 

mixed micelles containing oil and curcumin that will be further available for being adsorbed. Fig. 

V.9 shows the bioaccessibility of curcumin (i.e., the fraction of curcumin in the small intestine 

that was solubilized in the mixed micelle phase) for the systems, Mix-O/W and Cas-O/W, at 

different emulsifier percentages and after incubation at different temperatures.  

As can be seen, Cas-O/W nanoemulsion showed higher bioaccessibility values than those 

obtained with the Mix-O/W systems. This would suggest that the micelle formation was eased by 

the presence of protein only. 

Nevertheless, the calculated bioaccessibility was high enough for both the systems with values 

ranging from 60 to about 85 % for Mix-O/W nanoemulsions and from 80 (exception is 0.5% 

incubated at 30°C) to 100% for Cas-O/W nanoemulsions. In this case, a trend in decreasing with 

the increasing of incubation temperature was detected, in particular, for Mix-O/W 

nanoemulsions. In reasoning on the Transformation parameter, the effect of temperature were 

seen influencing the caseinate stabilized nanoemulsions more than the Mix-O/W nanoemulsions. 
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Fig. V.9. Bioaccessibility of curcumin as function of emulsifier percentage from Mix-O/W nanoemulsions (left 
panel) and Cas-O/W nanoemulsions (right panel) incubated at 25, 30 and 100°C. 

 
 

For this reason, the trend observed for the latter regarding the Bioaccessibility should be 

correlated with the very high curcumin concentration solubilized as consequence of the 

temperature treatment, maybe too high for being completely adsorbed according to the 

conditions imposed in the present study. 
 

Curcumin Bioavailability 

The most interesting parameter obtained from an in-vitro digestion study is the Bioavailability i.e. 

the fraction of ingested curcumin present in the mixed micellar phase respect to the initial 

curcumin concentration. The compound concentration found in micellar phase is the part that 

eventually ends up in the systemic circulation. The Bioavailability values calculated for Mix-O/W 

and Cas-O/W nanoemulsion are illustrated in Fig. V.10. Mix-O/W nanoemulsions made the 

curcumin Bioavailability almost constant with values varying from about 42 to about 60% with 

the higher values given by the nanoemulsion stabilized by 1% of emulsifier. Cas-O/W 

nanoemulsions, in turn, gave similar values of Bioavailability, but for the 1.5% characterized by 

lower curcumin availability, as if a high concentration of caseinate reduced bioavailability, with an 

increasing trend depending on the incubation temperature and therefore on the initial 

concentration.  

In a recent study, it was reported that curcumin powder was dissolved in the lipid phase of 10% 

oil in water nanoemulsion delivery system or directly mixed with an excipient nanoemulsion 

(nanoemulsion stabilized by surfactant without curcumin). The influence of thermal treatment 

and caseinate addition on curcumin bioavailability was evaluated and the obtained values were 

lower than 40% [38]. In another study [28], it was evaluated the impact of oil type (coconut, 

sunflower, corn, flax seed, or fish oils) on curcumin loaded in o/w emulsions. The best outcomes 

were obtained by fish oil that allowed curcumin bioavailability of about 38 %. Compared to those 
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references, the values of curcumin Bioavailability here detected represent a step forward in the 

formulation of curcumin rich food supplement, or pharmaceutical applications. 

 

 
Fig. V.10. Bioavailability of curcumin as function of emulsifier percentage from Mix-O/W nanoemulsions (left 
panel) and Cas-O/W nanoemulsions (right panel) incubated at 25, 30 and 100°C. 

 
Finally, representing the Bioavailability of curcumin as function of the initial concentration of 

compound loaded in the nanoemulsion, as shown in Fig. V.11, some consideration should be 

made.  

 

Fig. V.11. Bioavailability (C) of curcumin as function of initial curcumin concentration for Cas-O/W nanoemulsions 
(black bars) and Mix-O/W nanoemulsions (crossed fill pattern bars). 

 

Although the bioavailability values are quite similar for the nanoemulsions stabilized with only 

caseinate or with the protein and surfactant blend, the different concentration of initial curcumin 

can not be ignored. Considering this aspect, in fact, some calculations can be made.  
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Regardless the incubation temperature taking into account, for example, the nanoemulsions with 

1.0% of emulsifier, caseinate or emulsifiers blend, the amounts of curcumin solubilized were 55 

and 165 μg/mL, respectively. Consequently, 10 mL of nanoemulsion (5% oil) will provide about 

380 μg of curcumin bioavailable for adsorption from Cas-O/W nanoemulsion and about 825 μg 

from Mix-O/W nanoemulsion (values obtained multiplying the initially solubilized curcumin 

concentration by the bioavailability percentage and by the volume - 10 mL - of nanoemulsion 

considered). This result indicated that the blend stabilized nanoemulsions provided more than 

twice the curcumin provided by the former nanoemulsion.  

 

V.4 Conclusions 

Based on the previous investigation [40, 41] made on the nanoemulsion stability at acidic pH, the 

nanoemulsions stabilized by caseinate and non ionic surfactant (Tween 20) were selected for their 

stability characteristics, and used in the present study to load and deliver curcumin through the 

gastrointestinal tract. The results carried out on Mix-O/W nanoemulsions were compared to 

those obtained on Cas-O/W nanoemulsions. Starting from the load ability the two systems 

showed a noticeable difference with the Mix-O/W nanoemulsions able to solubilize more 

curcumin than Cas-O/W nanoemulsions. In particular, Cas-O/W nanoemulsions, at their best, 

solubilized about 55 μg of curcumin per mL of nanoemulsion and Mix-O/W nanoemulsions 

reached a curcumin concentration around 180 μg/mL.  

After the simulated digestion both the nanoemulsion types gave high values of curcumin 

bioavailability compared to those reported in recent literature [28, 38] and this represented a 

meaningful outcome. Nevertheless the best solution to adsorb curcumin seems to be through 

Mix-O/W nanoemulsion because it allows the introduction of a significant amount of curcumin 

together with a low fat content. 
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Chapter VI 
 
 

Environmental pollution by organic chemical compounds 

 
 

The intensive development of civilization, together with evolution of industry, has caused 

profound changes in the quality of the environment in which human beings live. Our world is full 

of synthetic chemicals which pollute air, water, soil and food. In urban areas, large concentrations 

of chemical compounds are emitted into the atmosphere by industries, vehicles and other human 

activities [1]. Since the late 1800s the range of synthesized chemicals, such as  pesticides, plastics, 

hydrocarbons fuels, soaps, detergents and other useful substances, has increased dramatically. 

Importantly there were no reliable techniques available to chemically analyze environmental 

samples and to evaluate the occurrence of these substances. Improvements in techniques for 

chemical analysis have had a major effect on the development of environmental chemistry [2]. 

Prior to 1952 no reliable methods for analysis of organic compounds in environmental samples 

existed. Only in the 1952 gas-liquid chromatography, an analytical technique for the separation of 

organic chemicals on a small scale, was developed. Between 1957 and 1958 detectors, like flame 

ionization and electron capture, able to detect trace amount of organic chemicals, were 

discovered. These detectors, coupled with gas-liquid chromatography, resulted in a powerful 

technique for the analysis of chemicals present in trace in environmental samples. Finally, in 1960 

gas chromatography, coupled to more performing sensitive detectors and to mass spectrometers, 

provided a powerful tool to detect and identify trace chemicals in environmental samples at very 

low levels. The various types of organic pollutant can be placed into three general classes: 1) 

hydrocarbons, 2) oxygen, nitrogen and phosphorus compounds and 3) organometallic 

compounds. Probably the major category is represented by the hydrocarbons and related 

compounds, which contains such compounds as Dichlorodiphenyltrichloroethane (DDT), the 

dioxins and the polycyclic aromatic hydrocarbons (PAHs) [2]. These compounds are mainly 

made of carbon and hydrogen but often containing chlorine and oxygen as well. Due to presence 

of mostly apolar chemical bonds (C-H, C-C, C-Cl, C=C and aromatic C=C), the resulting 

chemical species are extremely stable and poorly soluble in water. These characteristics are due to 

the presence of bonds with relatively high levels of polarity, represented by carbon and other 
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atoms being attached to oxygen, nitrogen or phosphorus conferring a high level of polarity onto 

the related compounds. Due to their low persistence, low accumulation in sediments and low 

bioaccumulation capacity in organisms, the substances in this group only rarely form residues in 

the environment and are mainly found in ground and open water. Finally, the organometallic 

group is probably the least important from an environmental perspective and includes 

compounds made of metals, such as lead and tin, in combination with carbon based molecules 

[2]. On the other hand, particular environmental problems are caused by chemical substances 

having fat solubility, potential bioaccumulation and environmental persistence as well as usage 

patterns. These are referred to as Persistent Organic Pollutants (POPs) and these substances are 

often distributed over long distances up to a global scale. POPs are commonly members of the 

hydrocarbon and related compounds group. There is a growing concern about POPs including 

Polycyclic Aromatic Hydrocarbons (PAHs) [3].  PAHs are one of the typical POPs featured in 

regional and global cycling and they are the most toxic among the hydrocarbon families [4]. The 

last century of industrial development caused a significant increase of PAHs concentrations in the 

natural environment [5, 6]. Investigation in the content of these compounds in ice cores from 

Greenland showed that the current level of these compounds is about 50 times higher than in 

preindustrial periods; these results suggest that the sources of PAHs shifted from biomass 

burning to fossil fuel combustion in the last 200 years . The general trends in PAHs 

concentration in the ice core were in agreement with the historical record of world Petroleum 

production [7]. PAHs are widespread environmental contaminants that have been studied due to 

their carcinogenicity, mutagenicity and teratogenicity. For this reasons, the PAHs levels 

monitoring in the environment is of paramount importance [8, 9].  

 

VI.1 Polycyclic Aromatic Hydrocarbons (PAHs) 

In recent years PAHs have become one of the most widely investigated compounds in medical 

sciences, biology, organic chemistry, physics and material sciences [10-12]. PAHs are the first 

chemical carcinogens discovered, they were found around the 19 century in coal tar. Before 

1950s, these compounds were considered as the main carcinogens. Nowadays, PAHs are still one 

of the most important classes of carcinogens owing to their ubiquity in the environment [13]. 

Due to their carcinogenicity as well as their persistence in the environment, they have been 

placed on the list of priority pollutants by the United States Environmental Protection Agency 

(US-EPA) and also the European Environment Agency [14]. It is therefore important that their 

concentrations in the environment have to be monitored [15]. In Fig. VI.1 are reported the 

structures of the 16 priority PAHs according to US-EPA.  
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Fig. VI.1. Structures of the 16 priority PAHs according to US-EPA. 

 

VI.1.1 PAHs physico-chemical characteristics  

Chemically these compounds represent a large group with two or more aromatic (benzene) rings 

bonded in linear, cluster or angular arrangements [16]. PAHs, consisting of two or three rings 

(low-molecular weight), occur in the atmosphere principally in the vapor phase, while PAHs with  

five or more rings (high molecular weight), because of their low vapor pressure, tend rapidly to 

condense and to be adsorbed on the particle surfaces. Finally, PAHs with four rings 

(intermediate-molecular-weight) are partitioned between the vapor and particulate phases, 

depending on the atmospheric temperature [17]. The physical properties of PAHs vary with 

molecular weight and chemical structure. PAHs have high melting and boiling points (therefore 

they are solid), low vapor pressure, and very low aqueous solubility. These last two properties 

decrease increasing the molecular weight. They are soluble in most organic solvents and they are 

very lipophilic, thus they are subject to bioaccumulation [18].  

 

VI.1.2 Toxicology 

Many PAHs are classified as “probably carcinogenic to humans” or as “possibly carcinogenic to 

humans” [19] according to the International Agency for Research on Cancer (IARC) [20]. 

Typically, the PAHs show low acute toxicity, with No Observed Adverse Effect Level (NOAEL) 

for oral administration up to 100 mg/kg of body weight. They are a group of hydrocarbons that 

are mainly formed by the incomplete combustion of organic materials. There are several hundred 

PAHs, which usually occur as complex mixtures rather than as individual compounds. 
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Benzo(a)pyrene (B(a)P) is the most widely studied compound from a toxicological point of view  

and the most frequently determined in the various environmental and food matrices. It is often 

used as a biomarker of the PAHs class, for both the contamination levels and the carcinogenic 

risk [21]. B(a)P and all the PAHs with a molecular weight higher than one of fluoranthene, for 

their ability to accumulate in soils and sediments and their bio-concentration properties, are also 

classified as PBTs (Persistent, Bioaccumulable, and Toxic) according to EPA20-22 [22].  

 

VI.1.3 Sources and pathways of exposure 

Global human exposure to PAH occurs through several routes: these compounds can be released 

into the environment from both natural and anthropogenic sources (forest and bush fires) or 

man-made combustion sources (automobile emissions and cigarette smoke). PAHs are 

considered ubiquitous in the environment, therefore they are commonly detected in air, soil, and 

water [23, 24]. For lower-molecular-weight PAHs, the impact of indoor activities tends to be 

greater than the influence of the penetrating outdoor air. Indoor air is contaminated by PAHs, 

either from infiltration or intrusion of outdoor air or from indoor emission sources such as 

smoking, cooking, domestic heating with fuel stoves and open fireplaces, as well as from incense 

and candle emissions [25, 26]. On the other hand, for high molecular weight PAHs, the impact of 

outdoor activities predominates on the indoor one, especially for the compounds with four or 

more rings [27]. In conclusion the most relevant source contributing to the inhalation route 

would be indoor air since people spend 80-93% of their time indoor [28].  
 

Air 

PAHs are mainly adsorbed to airborne particulate matter. In the atmosphere, the PAHs pollution 

is mainly due to vehicle traffic, in the absence of other industrial sources of pollution. The levels 

of individual substances span several orders of magnitude and are generally in the range between 

0.1 and 100 ng/m3 [29]. The potential doses of carcinogenic PAHs were estimated using the 

standard EPA recommendation for an individual’s respiration rate [30]. The daily intake dose due 

to inhalation  was evaluated lying in the range of 0.15–32 ng/day. However, higher daily levels of 

inhaled B[a]P can be registered during exposure to specific indoor sources such as cooking with 

different fuels (91–2523 ng/day) or using stoves for heating (30–7448 ng/day) [31].  
 

Food 

PAHs have been detected in fresh vegetables, fruits, and cereals as a result of the deposition of 

airborne PAHs, particularly near industrial sources or in areas with high traffic [32-34]. They have 

also been found in mussels, snails, and fish from contaminated waters [35, 36] and, at high levels, 

in some vegetable oils and margarine [34, 37], probably formed during processing. PAHs are also 
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formed during some methods of food preparation, such as grilling, roasting, frying or baking. 

The highest levels were detected in smoked and grilled meat and fish samples (up to about 200 

μg/kg) [29].  
 

Soil  

Carcinogenic PAHs are found in all surface soils [38]. Typical concentrations in forest soil range 

from 5 to 100 μg/kg. Considerable amounts of these compounds are transferred from vegetative 

litter to forest soil because the compounds are adsorbed from air onto organic matter such as 

leaves and pine needles. Rural soil contains carcinogenic PAHs at levels of 10–100 μg/kg, mainly 

originate from atmospheric fallout. For both forest and rural soil, values as high as 1000 μg/kg 

may occasionally be found [38-40]. Metropolitan areas have higher PAHs concentrations than 

forest and agricultural areas because of the many sources of fossil fuel combustion. The majority 

of urban soil concentrations fall in the 600–3000 μg/kg range [38, 41, 42]. Higher values near 

areas of heavy transportation and industrialization range from 8 to 336 mg/kg [38, 43]. Values in 

the order of 1000–3000 μg/kg are regarded as being in the upper range. Incidental ingestion of 

soil by adult males was estimated to be of the order of a few milligrams per day. Soil ingestion 

rates of the order of 100 mg/day are more typical for small children [44]. Therefore, the potential 

dose of carcinogenic PAHs for urban populations ranged from 0.2 to 96 ng/day (median 7 

ng/day).  

 

VI.1.4 Sources and occurrence of PAHs in natural waters 

Contamination of aquatic ecosystems by PAHs has been known as a major public health risk 

[45]. Due to their low solubility and high affinity for particulate matter, PAHs are not usually 

found in water at high concentrations. Their presence in surface water or groundwater is an 

indication of a source of pollution.  
 

Surface waters 

PAHs, being semi-volatile organic compounds, exist in both the gaseous and the particulate 

phase in the air. Atmospheric deposition represents an important input of these compounds to 

surface waters. It has been estimated that 10-80% of PAHs contributions to the world's oceans is 

from atmospheric sources [46]. Sewers have also contributed to high levels of PAHs pollution in 

surface water through urban run-off. As a consequence, urban run-off contains these 

carcinogenic compounds deposited on surfaces, as well as mobile-related PAHs from gasoline 

and oil drips or spills, exhaust products, tyre particles, and road surfaces. Higher concentrations 

of PAHs in urban run-off were found during autumn and winter, due to the high incidence of 

vehicles in the streets, coupled with the use of heating systems [47]. Another source of PAHs to 
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surface waters is represented by industrial effluents. In general, industries that use oil or coal as 

raw material or fuel produce effluents with high concentration of PAHs [48]. Among 35 kinds of 

industrial effluents examined, a higher frequency of PAH occurrence was observed in the 

effluents of industries producing organic compounds and plastics, and the effluents of iron and 

steel manufactures [49]. Municipal wastewaters is another source of PAHs in surface waters. 

Concentrations of total PAHs in raw municipal wastewaters have been found in a number 

significantly variable, it depends on the amount of industrial effluents possibly co-treated with 

domestic wastewaters. Treated wastewaters usually contain these compounds at much lower 

concentrations due to their removal by adsorption on particles, biodegradation or volatilization 

[50]. Due to their hydrophobic nature, the solubility of PAHs in water is low and decreases with 

increasing molecular weight. Most surface waters contain individual PAHs at levels above 0.05 pg 

μL−1, but highly polluted rivers can have concentrations of up to 6 pg μL−1 [51, 52].  
 

Drinking water 

The presence of PAHs in drinking water may be due to the surface or groundwater used as raw 

water sources, or to the use of coal tar-coated pipes in public water supply systems, as is 

permitted in certain countries [53]. It has been reported that higher PAHs levels must be 

expected in potable water from sources such as water treatment plants and rainwater collecting 

basins [54]. Regarding the chlorination of drinking water, it has been found that this disinfection 

technique may lead to formation of oxygenated and chlorinated PAHs, i.e. compounds that are 

more toxic than the parent PAHs. The main source of PAHs contamination in drinking-water is 

usually not the raw water sources but the coating of the drinking-water distribution pipes. In the 

past, coal tar was a common coating material for water pipes, used to give effective protection 

against corrosion. After the passage of drinking-water through those pipes or after repair work, 

significantly increased PAHs levels have been detected in the water [55, 56]. Even if WHO has 

ruled out the ban on using this practice, many countries still have a large amount of pipes lined 

with coal tar coating. PAHs levels in groundwater and drinking water range between 0.0002 and 

0.0018 pg μL−1, in rainwater from 0.01 to 0.2 pg μL−1 whereas, in highly urban areas, levels of up 

to 1 pg μL−1 were determined in snow and fog [51, 52]. This is probably a result of the adsorption 

of the compounds to air particulate matter, which is finely dispersed into the water during wet 

deposition. Assuming an average drinking-water consumption of 2 L/day, USEPA has developed 

ambient water quality criteria to protect human health from the carcinogenic effects of PAH 

exposure: the recommended maximum contaminant level (MCL) is 0.2 pg μL−1 in drinking water.  
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Chapter VII 

 
 

Analytical methods for organic compounds determination 

 
 

The available literature indicates that, although there are excellent techniques for separation and 

detection of toxic and carcinogenic contaminants, e.g. Gas Chromatography (GC) and High 

Performance Liquid Chromatography (HPLC), a number of difficulties has been encountered in 

their determination [1]. Direct analysis of these compounds in different environmental matrices, 

such as water, soil, food and sediments, is difficult because they occur at a parts per billion or 

trillion level compared to the detection capabilities in chromatographic techniques. In order to be 

able to determine very low concentrations of chemicals in the environment, a sample preparation 

step has to precede the final determination. This phase plays a crucial role in environmental 

monitoring and consists of a series of operations: 1) isolation (extraction and separation) of the 

target chemicals from sample matrix, 2) separation and purification of the target chemical from 

co-extracted, non-target chemicals (sample clean-up), and 3) sample concentration. The aim of 

this phase of analysis is to provide a sample aliquot that (a) is relatively free of interferences, (b) 

will not damage the column or instrument and (c) is compatible with the intended analytical 

method. For this reason, a number of significant applications in the pollutant determination and 

removal field stress the importance of optimizing treatments by utilizing strategies that meet 

reliability, sensitivity and cost effectiveness [2-4].  

Until recently, sample preparation was carried out using traditional techniques, such as liquid–

liquid extraction (LLE), that uses large volumes of organic solvents and solid-phase extraction 

(SPE) that uses much less solvent than LLE, although the volume can still be significant. These 

preparation methods are expensive, time-consuming and environmental unfriendly. Recently, a 

great effort has been made to develop new analytical methodologies, based on the use of 

microextraction techniques, able to perform direct analyses using miniaturised equipment, 

thereby achieving high enrichment factors, minimising solvent consumption and production 

waste. These techniques are designed to improve the performance during sample preparation, 

particularly in complex water environmental samples, such as wastewaters, surface and ground 
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waters, tap waters, sea and river waters. Among the microextraction techniques, dispersive 

liquid–liquid microextraction (DLLME) has become a very popular environmental friendly 

sample-preparation technique, because it is fast, inexpensive, easy to operate with a high 

enrichment factor while using low volumes of organic solvents [5]. Environmental water samples 

have been the matrix field in which DLLME has found its major applications due to the basic 

configuration of DLLME, as well as the weak purification ability. The waters (mainly tap, river, 

well, lake, sea and even wastewater) could be directly performed by the DLLME procedure or 

just after simple pretreatment (like a centrifugation step). DLLME has been successfully and 

conveniently applied to the extraction and pre-concentration of a wide variety of organic 

compounds and metal ions from various water samples. DLLME was applied for the pesticides 

analysis from water [6-11]. In addition, several environmental pollutants, typically including 

PAHs [12-17] in various waters, were analysed using different DLLME procedures throughout 

almost the entire evaluation of the DLLME technique. Apart from waters, the DLLME 

applications have also been extended to other environmental samples, mainly soils [15, 18-24].  

 

VII.1 Dispersive Liquid-Liquid Microextraction (DLLME) 

The dispersive liquid–liquid microextraction (DLLME) method was proposed by Assadi and co-

workers in 2006 [25] and immediately has gained considerable attention from researchers. As the 

name suggests, DLLME is equivalent to a miniaturised type of liquid-liquid extraction (LLE) that 

is generally established on a ternary component solvent systems made of an aqueous sample and 

a blend of an organic extractant and disperser solvent. An appropriate disperser solvent is 

introduced to help the dispersion of an organic extraction solvent into an aqueous sample and 

further achieve a highly efficient extraction. Briefly, a DLLME procedure is shown in Fig. VII.1 

and can be outlined as follows: (a) a mixture of extraction and disperser solvents is rapidly 

injected into the samples by syringe; (b) the rapid injection produces a high turbulence and small 

droplets forming a cloudy solution (c) due to infinitely large surface area between extraction 

solvent and aqueous phase (sample), transition of analyte from aqueous to extraction phases is 

fast, subsequently equilibrium state is achieved quickly, resulting in a very short extraction time, 

(d) after extraction, phase separation is performed by centrifugation and the enriched analyte in 

the bottom layer is determined by analytical techniques (e.g. chromatography or spectrometry 

methods). Therefore, in the extraction technique, there are substantially two phases at different 

densities: usually a phase consists of the aqueous phase, while the other one, consisting of the 

extraction solvent, may have higher water density. Obviously, the advantages of DLLME are 

mainly the following: (a) the negligible consumption of extraction solvents (only microliter 
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volumes); (b) the short extraction time due to the rapid achievement of an equilibrium state; (c) 

the high enrichment factor (EF) due to the high phase ratio of the donor (aqueous sample) and 

the acceptor (extraction solvent). Accordingly, the DLLME technique is simple, quick, efficient, 

and simultaneously meets the development requirement of green chemistry.  

 

 

Figure VII.1. DLLME procedure 

 

VII.1.2 Principles of DLLME 

The applicability of dispersive liquid–liquid microextraction is mainly based upon the distribution 

coefficient (K) defined as the ratio between the analyte concentration in extraction solvent and 

sample solution, in other words, K should be greater than 500 to achieve suitable application of 

DLLME [26]. However, for the acidic or alkaline analytes, distribution coefficient could be 

increased by controlling the pH value of sample solution, making the analytes existing in 

nonionic state. Enrichment factor (EF) is defined as the ratio of analyte concentration in the 

sedimented phase to the initial concentration in the aqueous phase as shown in equation: 

EF=
Csed

C0
 (VII.1) 

 

where Csed and C0 are the analyte concentration in sedimented phase obtained from a suitable 

calibration graph and the initial concentration in aqueous phase, respectively. The extraction 

recovery (R%) can be calculated as follows:  

R%=
Vsed

Vaq
 x EF x 100 (VII.2) 

 

where Vsed and Vaq are the volumes of sedimented phase and sample solution, respectively. On 

the other hand, the relative recovery (RR%) is obtained calculatedly from the following equation: 

RR%=(Cfound)-(Creal) x Cadded x 100 (VII.3) 

where Cfound, Creal and Cadded are the concentration of analyte after the addition of known amount of 

standard into the sample, the real concentration of analyte found in sample, and the 

concentration of known amount of standard that is spiked to the sample, respectively [27]. 
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VII.1.3 Parameters affecting the extraction efficiency of DLLME 

The extraction efficiency for the target analyte by DLLME is influenced by many factors, such as 

the kind of extraction, disperser solvent and their volume, the extraction time and salt addition. 
 

Selection of the extraction solvent 

The distribution coefficient and selectivity are the most important parameters that govern 

extraction solvent selection. The extraction solvent, to be suitable as extractant, 1) must have the 

ability to extract the target analyte, 2) must have low solubility in the aqueous phase, and 3) must 

be compatible with the analytical instrumentation being used. In addition, it has also to satisfy 

some special requirements of the DLLME procedure, namely 1) to have a density greater than 

that of water for simple separation of the extraction phase after centrifugation, and 2) to form a 

cloudy solution in the presence of the disperser solvent. For this purpose, the number of 

extraction solvents available is limited, and the choice of the extraction solvent thus becomes the 

method's primary drawback. Of all the requirements listed, the most restrictive is the necessity of 

using an extraction solvent having a density greater than that of water, since the number of 

organic solvents meeting this requirement is relatively small. Halogenated hydrocarbon, such as 

chlorobenzene, chloroform, carbon tetrachloride, and tetrachloroethylene (tetrachloroethane), are 

usually selected as extraction solvents because of their high density. To overcome these various 

drawbacks, researchers have recently attempted to use solvents with a density lower than that of 

water (see paragraph VII.1.4). The volume of the extraction solvent should also be considered as 

well as the solvent type [25]. DLLME uses about 1.000.000 less solvent in comparison with 

conventional liquid-liquid extraction, so its volume has to be carefully optimized. The extraction 

solvent volume has great effects on the enrichment factor. With the increase of the extraction 

solvent volume, the final organic phase obtained by centrifugation is increased, resulting in a 

decrease of the target analyte concentration in organic phase. Although the extraction recovery 

keeps almost constant, the enrichment factor will be decreased, leading to a decrease of the 

determination sensitivity for the target compounds. Therefore, the optimal extraction solvent 

volume should ensure both the high enrichment factors and the enough volume for the 

subsequent determination after centrifugation. However, removing the sedimented phase without 

also transferring some of the aqueous phase can be difficult if the volume of the injected 

extraction solvent is very small [28]. The volume of sedimented phase is also dependent by the 

sample and the disperser solvent volumes, and by the water solubility of the extractant [5, 29]. In 

general, 5–100 μl of extraction solvent is selected.  
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Selection of disperser solvent 

The disperser solvent has to be highly miscible with both water and the extraction solvent. The 

miscibility of disperser in both organic and water is the main point of selection for the extraction 

solvent emulsification. The extraction solvents with high interfacial tension make the formation 

of tiny droplets by shaking more difficult and the extraction efficiency would not be uniform 

[30]. Therefore, disperser solvent plays an important role in decreasing the interfacial tension 

between water and extracting solvent leading to the formation of smaller droplet size which 

facilitate the extraction. Acetone, methanol, acetonitrile, tetrahydrofuran, and ethanol are 

normally used as disperser solvents. The disperser solvent volume directly affects the formation 

of the cloudy solution, the dispersion degree of the extraction solvent in aqueous phase, and 

subsequently, the extraction efficiency. Low volumes of disperser solvent could not disperse the 

extraction solvent properly, and therefore, cloudy solution cannot be formed completely. 

Reversely, at high volumes, the solubility of analytes in water increases by increasing the volume 

of disperser solvent, thus, the extraction process is incomplete [31].  
 

Effect of the extraction time 

In contrast to most liquid extractions, DLLME is not particularly affected by the extraction time 

[28, 32-34] and it is therefore not always optimized [29, 35]. The extraction time is defined as the 

time between the injection and centrifugation phases [5]. A sufficient centrifugation time is 

important for the formation of phase separation and it is also the most time consuming step in 

DLLME. The centrifugation time is usually 5-10 minutes. An unnecessarily long centrifugation 

should be avoided because the centrifugation motion generates heat, which can cause the phase 

separation to dissolve [36, 37]. The sample volume is usually 5-10 mL which is easily handled in 

the laboratory. 
 

Effect of ionic strength 

The solubility of the target analyte and organic extraction solvent in aqueous phase is usually 

decreased with the increase of ionic strength due to the salting out effect [38]. On the other hand, 

the volume of obtained organic phase increases with increasing the salt concentration and 

therefore, both the target analyte concentration and the enrichment factor decrease. In some 

investigations, the electrolyte addition does not have effective influence on the efficiency of 

extraction.  
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VII.1.4 Evolution of DLLME 

Since the invention of DLLME technology in 2006, many modifications have been proposed, 

aiming at making it faster, enable the extraction of more polar compounds, generate less toxic 

residue, decrease the analyst exposure to solvents and the solvent consumption. 
 

Low density solvent dispersive liquid-liquid microextraction (LDS-DLLME) 

Even though Rezaee et al. [25] limited DLLME to high density solvents, recently, low-density 

solvents have been used as extraction solvents in DLLME in order to increase the range of 

solvents compatible with the method. This mode is called low-density solvent based DLLME 

(LDS-DLLME) [39] and the extraction solvents, such as toluene, xylene, hexane, and heptane, 

are used. One possible way of enabling the application of low-density solvents in liquid–liquid 

based microextraction procedures is the use of special extraction devices. Farajzadeh et al. [40] 

designed a special vessel in which extraction is carried out in the usual way by rapid injection of 

the extraction and disperser solvent mixture and the formation of the cloudy state. After 

centrifugation, however, the extraction phase, which is lighter than water, is collected at the top 

of the aqueous phase, removed by a microsyringe and exposed to subsequent analysis. An 

advantage of LDS-DLLME is that, after centrifugation, any matrix components will be 

sedimented at the bottom of the extraction vessel while the extraction solvent will be floating on 

top. This will lead to a cleaner extract and potentially cleaner chromatography [41].  
 

Ultrasound-assisted dispersive liquid-liquid microextraction (USA-DLLME) 

Alternative methods have also been developed to enhance the dispersion of the extraction 

solvent throughout the aqueous sample. The use of ultrasound increases the number of 

microdroplets of extraction solvent resulting in an even larger surface area [45]. Thus, the 

dispersion of the extraction solvent in ultrasound-assisted dispersive liquid-liquid microextraction 

(USA-DLLME) is induced by ultrasound [42]. After injection of the extraction and disperser 

solvent, the samples are sonicated and thereafter left to stand for a suitable time, so that the 

analytes are extracted by the dispersed extractant droplets. Due to the effective dispersion by the 

sonication, a smaller amount of both extraction and disperser solvent can be used. Compared to 

the conventional DLLME, USA-DLLME requires also the optimisation of the ultrasound energy 

and sonication time [43].  
 

Other DLLME techniques 

In addition to USA-DLLME, ultrasound-vortex assisted dispersive liquid–liquid microextraction 

(USVADLLME) has also been developed to enhance the dispersion of the extraction solvent 

and, consequently reduce its amount in the extraction process. This technique is successfully 
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applied for the determination of phthalates esters (PAEs) in hydroalcoholic beverages. For such 

method, the small amount of extraction solvent makes the extraction and pre-concentration 

difficult despite the amount of energy supplied from vortex and ultrasound [44]. In another 

study, a microextraction based on a revised USVADLLME, supported by a double vortex 

treatment, is proposed for the determination of Bisphenol A (BPA) in hydroalcoholic solution 

and red wine. In particular, emphasis is given on the delicate parameters related to the 

preconcentration process such as the amount of the supplied extraction solvent.  

Additional modifications to DLLME methods include the elimination of time-consuming 

centrifugation steps by the use of a de-emulsification solvent which causes phase separation of 

the emulsion upon its addition [41]. The solvent based de-emulsification dispersive liquid–liquid 

microextraction (SD-DLLME) [45] or solvent-terminated dispersive liquid-liquid microextraction 

(ST-DLLME) [8] are two examples. Solidified floating organic drop DLLME (SFO-DLLME) 

was developed by Melwanki et al. [39, 46] and involves the use of low-density extraction solvents 

having a melting point close to room temperature (typically 1-undecanol or 1-dodecanol). After 

phase separation, the floating extraction solvent is frozen and the formed frozen drop is easily 

collected into a separate vessel where it is usually diluted with a chromatographically suitable 

solvent prior to analysis [47]. While the use of a less toxic extraction solvent is advantageous, the 

choice of extraction solvent is limited to those that have a melting point at approximately room 

temperature [48]. Effervescence assisted DLLME involves the in situ generation of bubbles of 

CO2 to assist the dispersion of the extraction solvent, removing the use of the dispersive solvent. 

The CO2 is produced by adding a mixture of sodium carbonate and a weak acid (citric acid), 

usually in the form of a pressed tablet [49, 50]. This technique allows for the reduction in the use 

of organic solvents, potentially lowering the cost of the overall analysis. Air assisted dispersive 

liquid-liquid microextraction (AA-DLLME) removes the use of a dispersive solvent by repeatedly 

aspirating the aqueous phase and the extraction solvent into a glass syringe until a cloudy solution 

is formed [51]. Methods to allow easier recovery of the extraction solvent have also been 

developed. Hydrophobic magnetic nanoparticles interact with the extraction phase and can be 

sedimented by applying a magnet removing the centrifugation step [16]. The use of magnetic 

nanoparticles has also been combined with effervescence assisted dispersion, mentioned above 

[50]. Surfactant assisted DLLME (SA-DLLME) uses surfactants as dispersive solvents [52] 

whereas cloud point DLLME (CP-DLLME) uses surfactants as an extraction solvent to produce 

a surfactant rich sedimented phase after centrifugation [53]. Specifically, it involves heating the 

sample solution, containing the appropriate surfactant, past its cloud point. The cloud point is 

defined as the temperature at which phase separation occurs and the analytes are extracted into 
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the surfactant rich phase. Ionic liquids have been used as an alternative to traditional organic 

extraction solvents in ionic liquid DLLME (IL-DLLME) because they have tunable 

physicochemical properties. For example, ionic liquid miscibility in either water or organic 

solvents can be controlled by selecting the appropriate anion/cation combination and by 

incorporating the proper functional group within the IL. In addition, they exhibit lower toxicity 

than organic extraction solvents [54]. Ionic liquids have also been used as both dispersive and 

extraction solvents in combination with ultrasound assisted dispersion, referred to as ultrasound 

assisted ionic liquid/ionic liquid DLLME (UA-IL/IL-DLLME) [55]. In an effort to improve 

selectivity for polar or acidic/basic analytes, pH-controlled DLLME (pH-DLLME) has also been 

developed [56]. By performing two DLLME procedures it is possible to remove matrix 

interferences in the first extraction step, followed by a back extraction after appropriate pH 

adjustment. 

 

VII.1.5 Applications of DLLME  
 

DLLME combined with Gas-Chromatography (GC) 

Since water-immiscible solvents are generally used in DLLME, the preferred technique for the 

analysis of extracts is gas-chromatography (GC). The versatility of DLLME-GC is seen in 

relation to the variety of applications in many areas. The application of DLLME was developed 

for extraction and determination of polycyclic aromatic hydrocarbons (PAHs) in water samples 

by Rezaee et al. [25]. Kozani et al. [34] described DLLME combined with GC-ECD for 

determining chlorobenzenes (CBs) in water samples. The results indicated that DLLME is a 

sensitive, rapid and reproducible technique that can be used for pre-concentration of CBs from 

water samples. DLLME-GC-ECD has also been used for determination of trihalomethanes 

(THMs) in drinking water [57]. Huang and co-worker [58] used DLLME in combination with gas 

chromatography–ion trap mass spectrometric detection (GC–MS) to pre-concentrate triazine 

herbicides in water and the LODs in the range of 0.021–0.12 μL−1 were obtained. For the strong 

polar and nonvolatile samples, which are unsuitable for analysis by GC, derivatization is 

necessary to increase the analytes volatility. Application of DLLME coupled with derivatization 

reaction provides a one-step derivatization and extraction technique, greatly simplifying the 

operation steps and shortening the analysis time. Huang et al. have also combined GC–MS with 

DLLME to determine the anilines in wastewater samples [59]. Besides, DLLME-GC combined 

with various detectors was applied to determine volatile phenols in red wines (MS) [60], and 

different compounds in water samples, such as phthalate esters (MS) [61], organophosphorus 

flame retardants and plasticizers (NPD) [6], amide herbicides (MS) [62], polychlorinated 
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biphenyls (ECD) [63], fatty acids after derivatization with ethyl chloroformate (FID) [64], 

pyrethroid pesticide (ECD) [65], nitroaromatic compounds (FID) [66], personal care products 

(MS) [67], organochlorine pesticides (MS) [68] and Polycyclic Aromatic Hydrocarbons (MS) [69, 

70].  

 

VII.2 Gas-Chromatography (GC) 

Gas chromatography (GC) is a widely applied technique in many branches of science and 

technology. The development of GC as an analytical technique was originated by Martin and 

Synge in 1941; they suggested the use of gas-liquid partition chromatograms for analytical 

purposes [71]. GC describes the group of analytical separation techniques used to analyze volatile 

substances in the gas phase. In gas chromatography, the components of a sample are dissolved in 

a solvent and vaporized in order to separate the analytes by distributing the sample between two 

phases: a stationary phase and a mobile phase. The mobile phase is a chemically inert gas that 

serves to carry the analyte molecules through the heated column, while the stationary phase is 

either a solid adsorbent, named gas-solid chromatography (GSC), or a liquid on an inert support, 

called gas-liquid chromatography (GLC). The instrument used in Gas Chromatography is the 

Gas Chromatograph characterized by four principal sections: 1) introduction (injector), 2) 

separation (chromatographic column), 3) detection, and 4) data handling units. Each section has 

its own function and its responsibility for the quality of the analysis and the obtained results.  
 

Sample injection  

In a gas chromatographic system, the sample injection represents a critical step, especially for 

quantitative analysis. The main objective of this first phase is to transfer the sample to the 

chromatographic column in a rapid and quantitatively reproducible manner. Sample injection 

must be precise, accurate, reproducible, predictable and quantitative. During the transfer into the 

GC, the sample is volatilized by rapid exposure to a zone kept at relatively high temperature (200-

300 °C) and mixed with a stream of carrier gas (Ar, He, N2, H2). The resulting gaseous mixture is 

swept toward the column by the carrier gas. For correct GC operation, among other conditions, 

this gateway to the column should remain unpolluted, clean, inert, and leak-free. The main 

requirement for an analyte in GC is that it should be volatile enough to be present in detectable 

amounts in the mobile phase. Substances with low vapor pressure will not enter the 

chromatographic column but will accumulate at the injection system, and may eventually clog its 

conduits. Among the different injection systems, Programmed Temperature Vaporized (PTV) 

injection is generally considered to be the most universal injection technique available. PTV inlet 

offers a mixture of injection possibilities, including cool sample introduction, split or splitless 
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modes, pyrolysis, thermal desorbtion, sample concentration (solvent elimination mode) and it is 

column protecting. Due to this flexibility, PTV inlets are good inlets for both general analysis and 

trace analysis [72].  
 

Separation procedure 

The separation mechanisms of the mixture components occur in the chromatographic column; it 

represents the heart of the GC. The chromatographic column, containing the stationary phase, is 

placed inside a thermostatic oven. The controlled variation of the oven temperature is proposed 

to improve the separation process of the analytes. One of the most important characteristics of 

the chromatographic column is its resolution, or the ability to separate components with very 

similar distribution constant between the mobile and stationary phases (KD). Chromatographic 

resolution is a function of many operational parameters. Among them, the nature of the 

stationary phase, mobile phase, temperature, the size of the column, such as its length (L), inner 

diameter (ID) and the thickness of the stationary phase (df). The resolution, R, defines the degree 

of separation of two components according to the following expression: 

R=
ΔtR

((WA+WB)/2)
 (VII.4) 

where ΔtR is the difference of retention time between two peaks (A and B), and WA and WB are 

the bases of the peaks A and B, respectively. They are specified in Fig. VII.2.  

 

 

Fig. VII.2. Chromatogram resolution. 

 

As can be seen in Fig. VII.2. the chromatographic peaks are perfectly solved if the parameter R is 

a large number. However, it is not convenient to have an R value too large otherwise the analysis 

times will prolong. The components that are more restrained, through their high chemical and 

physical interaction of solutes with the stationary phase, are moving more slowly with mobile 

phase flow. On the other hand, components that are weakly held by the stationary phase, they 

move faster. Columns vary in length and internal diameter depending on the application type and 

can be either packed or capillary. Packed columns (typical dimension 1.5 m x 4 mm) are packed 
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with a solid support coated with immobilized liquid stationary phase material (GLC). Capillary 

columns (typical dimension 30 m x 0.32 mm x 0.1 mm film thickness) are long hollow silica tubes 

with the inside wall of the column coated with immobilized liquid stationary phase material of 

various film thickness. Obviously, increasing the length of the column markedly increases the 

analysis time. The efficiency of a chromatographic column in the separation of a mixture 

components depends on the number of equilibrium between the stationary solid and the mobile 

gas phases. Efficiency is generally cited in terms of the Height Equivalent Theoretical Plate 

(HETP), which can be assumed as the minimum length required to establish the sample 

breakdown equilibrium between the stationary solid and the mobile gas phases. The number N of 

these plates depends either by the length of the column or by the flow rate of the carrier gas. The 

higher is the number of N and lower the value of HETP, the higher the resolution (efficiency) of 

the column. The number N is calculated from the observed retention time and peak width in a 

chromatogram (Eq. VII.5): 

N=16 (t
R
/W)2 (VII.5) 

 

where t
R
 represents the retention time  and W represents the basis of the triangle built on the 

chromatographic peak. These two values are also specified in Fig. VII.3.  

 

 

Fig. VII.3. Characteristic parameters of a chromatographic peak. 

 

The final result of the elution of a substance is called chromatographic peak.  

Each peak is characterized by: 

 height peak: distance between the maximum point and the tangent to the baseline 

 base width peak (W): segment length interpolated at intersection between Gaussian flange 

tangents and baseline 

 mid-height width: width measured to half-height of the peak (W05) 
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 distance between the inflection points: segment interpolated between the two inflection 

points 

 total area subtended: total area of the chromatographic peak, proportional to the 

concentration 

In Fig. VII.4 are reported all the parts that characterize a chromatographic peak. 

 

 

Fig. VII.4. Chromatographic peak. 

 

Detector 

At the end of the separation section, the molecules reach a detection system that differentiates 

the analyte molecules from the mobile phase, which is transparent to the detector. Detector 

response (signal) is based on measuring a physical property of the flow of analyte molecules 

(ionic current, thermal conductivity, fluorescence, refractive index, photon emission, electron 

capture, etc.). The signal should be proportional to the amount of analyte that exits from the 

column, thus carrying out a quantitative analysis, which is an essential part of a chromatographic 

determination. All detectors are distinguished by their sensitivity, minimum detection and 

quantitation levels, linearity, sensitivity to changes in gas flow, temperature or pressure. Detector 

choices include: 1) Flame Ionization (FID), 2) Electron Capture (ECD), 3) Flame Photometric 

(FPD), 4) Nitrogen Phosphorous (NPD), 5) Thermal Conductivity (TCD) and 6) Mass 

Spectrometer (MS). The latter is described in the paragraph VII.3.  
 

Data system 

The data system receives the analogue signal from the detector and digitizes it to form the record 

of the chromatographic separation known as the ‘Chromatogram’. The data system can also be 

used to perform various quantitative and qualitative operations on the chromatogram – assisting 

with sample identification and quantitation. 
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VII.3 Gas Chromatography-Mass Spectrometry (GC-MS) 

The need to unequivocally identify the components of complex mixtures was the motivation for 

the development of different instrumental coupling techniques (tandem). Gas chromatography-

mass spectrometry (GC-MS) is an extremely favorable synergistic union of two different 

analytical techniques, Gas Chromatography (GC) and Mass Spectrometry (MS), to identify 

different substances within a test sample. GC can separate volatile and semi-volatile compounds 

with great resolution, but it cannot identify them. MS can provide detailed structural information 

on most compounds such that they can be exactly identified, but it cannot readily separate them. 

As the sample exits the end of the GC column, it is fragmented by ionization and the fragments 

are sorted by mass to form a fragmentation pattern. Like the retention time (tR), the 

fragmentation pattern for a given component of sample is unique and therefore is an identifying 

characteristic of that component. It is so specific that it is often referred to as the molecular  

fingerprint. Spectra of compounds are collected as they exit a chromatographic column by the 

mass spectrometer, which identifies and quantifies the chemicals according their mass-to-charge 

ratio (m/z). These spectra can be then stored on the computer and analyzed [73]. The Fig. VII.5 

shows a schematic representation of GC-MS. Its different parts and their functions are discussed 

below.  

 

Fig. VII.5. Schematic representation of GC-MS. 

The MS function is described as follows. When the individual analytes exit the GC column they 

enter the ionization area (ion source) of the MS [74] constituted by: 1) Ion source that ionizes the 

products prior to analysis in the mass spectrometer and 2) Mass analyzer that separates species on 

a mass-to-charge basis (Fig. VII.5). Mass analyzers require high levels of vacuum in order to 

operate in a predictable and efficient way. Finally, the ion beam that emerges from the mass 

analyzer, have to be detected and transformed into a usable signal. The detector is an important 

element of the mass spectrometer that generates a signal from incident ions either by generating 

secondary electrons, which are further amplified, or by inducing a current (generated by moving 
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charges). This data is then sent to a computer to be displayed and analyzed. The computer linked 

to the GC-MS has a library of samples to help in analyzing this data [73]. Data for the GC-MS is 

displayed in several ways. One is Full Scan mode that will monitor a range of masses know as 

mass to charge ratio (abbreviated m/z). A typical mass scan range will cover from 35-500 m/z 

four times per second and will detect compound fragments within that range over a set time 

period. Laboratories have extensive computer libraries containing mass-spectra of many different 

compounds to compare to the unknown analyte spectrum. The Full Scan mode is quite useful 

when identifying unknown compounds in a sample and providing confirmation of results from 

GC using other types of detectors. Another data acquisition way is SIM mode that allows for 

detection of specific analytes with increased sensitivity relative to full scan mode. In SIM mode 

the MS gathers data for masses of interest rather than looking for all masses over a wide range. 

Because the instrument is set to look for only masses of interest, it can be specific for a particular 

analyte of interest. Typically two to four ions are monitored per compound and the ratios of 

those ions will be unique to the analyte of interest. When properly setup and calibrated, GC/MS-

SIM can increase sensitivity by a factor of 10 to 100 times that of GC/MS-Full Scan. Because 

unwanted ions are being filtered, the selectivity is greatly enhanced providing an additional tool to 

eliminate difficult matrix interferences. The ability of the mass spectrometer to identify 

unknowns in the full scan mode and quantitate know target analytes in the SIM mode, makes it 

one of the most powerful tools available for trace level quantitative analysis in the lab today [73].  
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Chapter VIII 

 
 

New protocol based on DLLME-GC-IT/MS for determining 

low-trace levels of PAHs in high volume of surface water 

 
 

VIII.1 Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous pollutants found throughout the 

environment in soils, sediments and surface waters, as cited in Chapter VI. Atmospheric 

deposition of these compounds occurs from natural and anthropogenic sources, such as forest 

fires and burning of fossil fuels [1]. Sixteen PAHs are listed as priority pollutants (Fig. VI.1 

Chapter VI) by the United States Environmental Protection Agency (US-EPA) and by the 

European Environment Agency [2]. The monitoring of PAHs concentrations in surface water of 

oil sand regions has become a critical part of water quality surveillance programs implemented by 

government agencies. PAH analysis is also an important tool in cases of environmental 

contamination or accidental oil spills, where the ability to rapidly characterize and determine the 

concentration of PAHs in surface water is vital to identify sources, ecological effects, and 

appropriate remediation efforts. During surface oil spill clean-up responses, surfactant containing 

dispersants may be used to enhance the formation of small oil droplets, allowing oil to be 

dispersed into the water column. Dispersants may also affect the bioavailability of chemicals 

from the oil, including toxic PAHs [3]. Presently, the two most common techniques used to 

determine PAHs are High Performance Liquid Chromatography (HPLC) with fluorescence, 

ultra-violet, or diode array detection and capillary Gas Chromatography coupled with Mass 

Spectrometry (GC/MS) detection in electron impact mode (EI+) with selected ion monitored 

(SIM) [1, 4-6]. Although HPLC methods can be rapid, detection is less specific and sensitive and 

more subject to interference than a GC/MS procedure. Typical GC/MS methods, however, 

require extensive sample clean-up to remove matrix contaminants, large sample and solvent 

volume (such as humic acids in water) and a concentration step in order to detect the trace level 

of PAHs found in surface waters [7]. As already cited in Chapter VI, most surface waters contain 

individual PAHs at levels above 0.05 pg μL−1, but highly polluted rivers can have concentrations 
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of up to 6 pg μL−1. On the other hand PAHs levels in groundwater and drinking water range 

between 0.0002 and 0.0018 pg μL−1, in rainwater from 0.01 to 0.2 pg μL−1 whereas, in highly 

urban areas, levels of up to 1 pg μL−1 were determined in snow and fog [8, 9].  United States 

Environmental Protection Agency (USEPA) has developed ambient water quality criteria to 

protect human health from the carcinogenic effects of PAHs exposure: the recommended 

maximum contaminant level (MCL) is 0.2 pg μL−1 in drinking water.  

Therefore, it became necessary to have an analytical method for determining PAHs at very low 

concentrations. The larger aromatic ring of PAHs has very low water solubility and therefore 

extraction of large volumes of water is typically required to achieve trace level detection and 

quantitation with single quadrupole GC/MS instruments. Basically, liquid-liquid extraction (LLE) 

[10] and solid phase extraction (SPE) [11] are used as pre-concentration step for concentrating 

PAHs in aqueous environmental samples [12] using large volumes of organic solvents. A 

published example of liquid/liquid extraction (LLE) employed 1 liter of water with 200 mL of 

methylene chloride (EPA method 610) [13]. Another publication utilizing LLE required 800 mL 

of water with three extractions using a total of 200 mL of binary n-hexane and Dichloromethane 

DCM (1:1 v/v) [14]. The clean-up further required column separation and nitrogen blow down, 

all with the potential for loss of PAHs together with higher material costs and waste solvent 

disposal requirements [13, 14]. Furthermore, the traditional LLE process is labour intensive and 

can suffer from emulsion formation [15]. New techniques that have been introduced in an 

attempt to reduce these problems include Solid Phase Extraction (SPE) and Solid Phase Micro- 

Extraction (SPME). Despite being relatively efficient, rapid and selective, SPE and SPME can 

suffer from relatively low recoveries of PAHs, in addition to lengthy method development time, 

costly sorbents, variation in results from cross contamination and incomplete removal of 

interfering matrix compounds [16-18]. Liquid phase microextraction (LPME) [19] and its variants 

(single-drop microextraction SDME [20], hollow-fiber-protected liquid phase microextraction 

(HF-LPME) [21, 22] and solvent bar microextraction (SBME) [23]) require long extraction times 

for reaching good Limit of Detections (LOD) [12] or, at least, LODs able to detect these 

compounds in such matrices. Ten years ago Rezaee et al. [24] introduced the dispersive liquid-

liquid microextraction (DLLME) and it has become a very popular environment friendly sample-

preparation technique, because it is fast, inexpensive, easy to operate with a high enrichment 

factor and consumes low volume of organic solvent. Thus, DLLME has been frequently used for 

determination of organic contaminants in liquid samples, including of PAHs in water samples 

[24, 25]. In this procedure a suitable combination of dispersive and extraction solvents is rapidly 

injected with a microsyringe into an aqueous sample. After the formation of a cloudy solution 
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and the subsequent centrifugation step (as detailed described in Chapter VII), the content of the 

lower phase can be analyzed by an appropriate analytical method [24]. All the details about this 

techniques are described in chapter VII. The methodology described in the following paragraph 

(VIII.2.2) offers different advantages whereas some drawbacks are connected to the use of toxic 

halogenated compounds for the extraction procedure or to the large amount of dispersive solvent 

[12]. However, this study represents an important innovation in the DLLME method because the 

emulsification occurred without disperser solvent but by means of external mechanical energy. 

So, dispersive solvent has not been added whereas ultrasounds have been used for providing the 

sufficient energy for obtaining the finely dispersed phase required to extract quantitatively the 

solutes. The other important novelty in this work is the use of large volume sample of water: the 

analytical parameters have been studied for sampling till 1 L of water. Further, an interesting use 

of the large volume sampling is the improvement of detection limits in trace analysis and the time 

analysis reduction (e.g., avoiding laborious solvent evaporation step). This study aims to develop 

a simple, cost-effective, sensitive and reproducible analytical method for the PAHs determination 

in large volume of surface water. In particular, the goal is to introduce a new extraction 

procedure based on Dispersive Liquid Liquid Micro-extraction (DLLME) followed by GC-MS 

for minimizing the sample preparation time and simultaneously obtaining high levels of 

sensitivity, reproducibility and selectivity.  

 

VIII.2 Materials and methods 
 

Materials  

Among the list of priority pollutants by USEPA, these are the following PAHs chosen for the 

study: Fluorene (C13H10; 166.222 Da; lethal dose 50% (LD50) not available (N/A); IARC 

classification Group 3), Phenanthrene (C14H10; 178.233 Da; LD50 700 mg kg−1 mouse; Group 3), 

Anthracene (C14H10; 178.233 Da; LD50 3200 mg kg−1 mouse; Group 3), Fluoranthene (C16H10; 

202.255 Da; LD50 2000 mg kg−1 mouse; Group 3), Pyrene (C16H10; 202.255 Da; LD50 16,000 mg 

kg−1 mouse; Group 3), Chrysene (C18H12; 228.2928 Da; LD50 N/A; Group 2A), 

Benzo(b)fluoranthene (C20H12; 252.315 Da; LD50 N/A; Group 2B), Benzo(a)pyrene (or 3,4-

benzopyrene) (C20H12; 252.3148 Da; LD50 50 mg kg−1 mouse; Group 1) and Benzoperylene 

(C22H12; 276.337 Da; LD50 N/A; Group 3). n-Octacosane (C28) has been used as Internal 

Standard (I.S.). All chemicals were from Sigma-Aldrich. Water samples were collected from two 

regions of Southern Italy, Molise and Campania and filtered before analysis. Stock standard 

solutions of PAHs were individually prepared by dissolving 5 mg of each in 1 mL of solvent.  
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Calibration standards 

Individual stock standard solutions (5 mg mL-1) of the PAHs were prepared. Fluorene, 

Anthracene, Fluoranthene, Pyrene were dissolved in methanol, Phenanthrene, Chrysene, 

Benzoperylene in acetone, Benzo(b)fluoranthene and Benzo(a)pyrene in iso-octane. Finally, n-

Octacosane (C28) was dissolved in acetone.  

A mixed standard solution of the PAHs at a concentration of 20 ng μL-1 was prepared by 

appropriate dilution of the stock solutions in acetone. This solution was used as a spiking 

solution for validation experiments.  
 

Development of the extraction process using the DLLME methodology 

The extraction method is based on the use of DLLME and it can be divided into three steps.  

Starting from 100 mL (up to 1000 mL) of water sample, different experiments have been 

performed by adding 25 μL of PAHs mix solution (5 pg μL−1 of each PAHs) and 5 μL of I.S. 

(concentration 25 pg μL−1). The first phase allows determining the best extraction solvent and the 

relative ratio between the aqueous phase and the solvent. Different volumes of three extraction 

solvents were tested, all with a lower density than water in order to carry out a surface extraction: 

n-hexane (0.66 g cm−3), iso-octane (0.69 g cm−3) and toluene (0.87 g cm−3). The tests were 

performed on blank water samples (ultrapure water samples) without the addition of the 

dispersive solvent. After this first step, it has been investigated the best way to obtain an effective 

emulsification with the only presence of the extraction solvent. Among the different methods 

used, the more stable and homogeneous emulsion has been obtained using ultrasounds: the 

solution, kept for 2 min in the ultrasound bath, allows the formation of a perfectly stable and 

homogeneous emulsion. This allows affirming that the DLLME extraction methodology can be 

performed without the use of the dispersive solvent. A second phase, a very sensitive step of the 

procedure, regarded how to break the emulsion, trying simultaneously to keep the short mixing 

times and obtain quantitative and reproducible recovery rates. In order to break the emulsion 

various tests have been carried out adding NaCl at different concentrations, i.e. 2, 5, 10, 15 and 

25 g L−1. After NaCl addition, the solution is kept under agitation for 30 min in order to break 

the emulsion and allow the separation of the two phases. In this way the drop is obtained: 1 μL 

withdrawn by syringe was injected in the GC-MS instrument.  
 

GC-MS instrumentation 

The GC-IT/MS system used for analysis was a Trace gas chromatograph coupled with a Polaris 

Q mass spectrometer (ThermFinnigan, Bremen, Germany). Data acquisition and analysis were 

performed using standard software supplied by the manufacturer (Xcalibur 1.4.1). A gas 

chromatograph Finnigan Trace GC Ultra-equipped with an Ion Trap Mass Spectrometry detector 
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Polaris Q (Thermo Fisher Scientific, Waltham, MA), a Programmed Temperature Vaporizer 

(PTV) injector and a PC with a chromatography station Xcalibur (Thermo Fisher Scientific), was 

used. A fused-silica capillary column with chemically bonded phase (SE-54, 5% phenyl-95% 

dimethylpolisiloxane) was used with the following characteristics: 30 m × 250 μm i.d., N 

(theoretical plate number) 125,000 for n-dodecane at 90 °C; K′ (capacity factor) 6.8; df (film 

thickness) 0.24 μm; uopt (optimum linear velocity of carrier gas, hydrogen) 39.5 cm s−1, and 

UTE% (utilization of theoretical efficiency) 94%. A 1 μL sample was injected into the 

programmable temperature vaporization injector in the splitless mode. Five seconds after the 

injection the vaporizer was heated from 50 to 290 °C at 14.5 °C min−1; the splitter valve was 

opened after 240 s. The temperature of the GC-IT/MS transfer line was 270 °C and the 

temperature of the ion source was 250 °C. Helium (IP 5.5) was used as the carrier gas at a flow 

rate of 1.0 mL min−1. The oven temperature program was as follows: 60 °C, held for 50 s, 20 °C 

min−1 up to 150 °C, held for 2 min and heated to 290 °C at 20 °C min−1 and held for 11 min. The 

IT/MS was operated in the electron ionization mode (70 eV) and the analytes were qualitatively 

identified in full-scan mode (m/z 100–400) and quantified in SIM mode. The retention time (tr) 

and the Selected Ion Monitoring (SIM) are reported for each compounds as following: 1) 

Fluorene (tr 9.75, SIM 166), 2) Phenanthrene (tr 11.24, Se SIM 178) 3) Anthracene (tr 11.32, SIM 

178), 4) Fluoranthene (tr 12.9, SIM 202), 5) Pyrene (tr 13.19, SIM 202), 6) crysene (tr 14.88, SIM 

228), 7) I.S. (tr 16.48, SIM 113), 8) benzo(b)fluoranthene (tr 16.88, SIM 252), 9) 3,4-benzopyrene 

(tr 17.7, SIM 252), 9) benzoperylene (tr 22.66, SIM 276). The quantitative analysis was performed 

by calibration graphs of the ratio Area(PAH)/Area(IS,octosane) plotted vs. each PAH concentration (pg 

μL−1). All the samples were determined in triplicate. 

 

VIII.3 Results and discussion 

Each step of the whole procedure, described in the paragraph VIII.2.2, has been followed and 

investigated and all the analytical parameters have been studied. The preliminary evaluation of the 

methodology was performed using matrices as close as possible to real samples (blank solutions).  

The preliminary tests were carried out on 100 mL of volume sample. Due to large volume 

sample, centrifugation step was discarded and, in order to break the emulsion, NaCl was added to 

the emulsion. Important steps in the development of the analytical methodology regard the NaCl 

amount necessary for breaking the emulsion without affecting the sample and the recoveries as 

well. Table VIII.1 shows the recoveries obtained spiking 100 mL of blank solution with 5 pg μL-1 

of each PAH and adding 5 μL of I.S. (C28 25 pg μL-1) in relation to the different NaCl amount (2, 
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5, 10, 15 and 25 g L-1). As can be seen in Table VIII.1, the addition of 10 g L−1 of NaCl allows to 

obtain the best recoveries.  

 
Table VIII.1. Recoveries (%) obtained on 100 mL of blank solution in relation to the NaCl amount (2, 5, 10, 15 and 
25 g L−1). In brackets are reported the RSDs (%). 

 

 

Another important steps in the development of the analytical methodology regards the choice of 

the extraction solvent. For identifying the more reliable and effective extraction solvent, three 

solvents have been tested, such as n-hexane, iso-octane and toluene. 500 μL of n-hexane or iso-

octane were able to form a cloudy solution and a final drop, after NaCl addition, of about 200 μL 

and 300 μL, respectively whereas for toluene 1000 μL were necessary for having a very small 

drop of about 50 μL. In Table VIII.2 are reported the recoveries (%) obtained spiking 100 mL of 

blank solution with 5 pg μL−1 of each PAH, adding 5 μL of I.S. (C28, 25pg μL−1), 10 g L−1 of NaCl 

and 500 μL volume of n-hexane or iso-octane and 1000 μL of toluene as extraction solvents, 

respectively. Looking at the data in Table VIII.2, n-hexane and iso-octane could be considered 

candidates as extraction solvent whereas toluene was discharged because a large volume was 

necessary for obtaining the emulsion.  

After verifying the possible candidate solvents to be used in the extraction procedure, 

experiments for reducing the solvent extraction volume were carried out. The tests were made 

for verifying the influence of such parameter on the PAHs recoveries and were performed using 

300 μL of n-hexane and 300, 250 and 200 μL of iso-octane. In this case, the two solvents have 

shown a different behavior: the experiments with iso-octane as extraction solvent manage to form 

a stable emulsion and consequently the separation of two phases; on the contrary tests adding 

300 μL of n-hexane to 100 mL of water sample does not manage to make an emulsion. Table 8.3 

shows the recoveries (%) of each PAH in relationship with different volume of iso-octane (300, 

250 and 200 μL) as extraction solvent. 100 mL of blank solution were spiked with 5 pg μL−1 of 

each PAH and added with 5 μL of I.S. (C28, 25 pg μL−1) and 10 g L−1 of NaCl.  
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Table VIII.2. Recoveries (%) obtained on 100 mL of blank solution in relation to three different extraction solvents 
(n-hexane, iso-octane and toluene). In brackets are reported the RSDs (%). 

 
 

As can be seen in Table VIII.3, 300 μL of iso-octane are sufficient for obtaining PAHs recoveries 

ranging between 99 and 103% with a good RSD (˂9.5%) whereas 250 μL allow to obtain good 

PAHs recoveries (84–94%) with a very poor RSD (˂16.1%). 

 

Table VIII.3. Recoveries (%) of each PAH in relationship with different volume of iso-octane as extraction solvent 
(300, 250 and 200 μL). In brackets are reported the RSDs (%). 

 

 

All the experiments have been carried out using 10 g L−1 of NaCl and 300 μL of iso-octane as 

extraction solvent: 100 μL are recovered at the end of the extraction procedure.  

Another parameter investigated has been the temperature of the ultrasound bath: experiments 

were performed at ambient temperature (25 °C) and at other 4 different temperatures slightly 

lower and higher than the ambient temperature, such as 20, 22, 27 and 31 °C. No relevant 

changes has been detected (data not shown), so 25 °C temperature has been chosen for making 

the emulsion in the ultrasound bath. The other important novelty in this study regards the 

sampling volume: basically, in surface (and environmental as well) water samples PAHs are 

present at ultra-trace levels to be significantly below to the detection limit of the analytical 

instruments. So, it is generally necessary to perform long and sensitive clean-up procedures for 
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enriching such compounds, or to sample a more large-volume water samples for having good 

enrichment factors. This second possibility is really interesting for the implications reported in: 

some studies are oriented in this direction but they use complicated methodology for this aim 

[12]. This part of my work investigates the application of the entire procedure with increasing 

water sample volumes from 100 mL to 1000 mL in order to investigate the effect of the sample 

volume on PAH recoveries. In detail, the tests were performed on four different volume samples 

(100, 250, 500 and 1000 mL). Table VIII.4 shows the recoveries obtained spiking different water 

sample volumes with 5 pg μL−1 of each PAH and adding 5 μL of I.S. (C28, 25 pg L−1), 10 g L−1 of 

NaCl and 300 μL of iso-octane as extraction solvent. As can be seen in Table VIII.4, the PAH 

recoveries are higher than 90% with sample volume increasing from 100 to 1000 mL: considering 

the low level of PAH loading (each water sample was spiked with 25 μL of the standard solution 

containing 5 pg μL−1 of each PAH) the effect of the sample volume on the PAH recoveries is 

small. 

 

Table VIII.4. Recoveries (%) of each PAH in relation to different water sample volumes (100, 250, 500 and 1000 
mL). In brackets are reported the RSDs (%). 

 

 

The effect of the sample volume (i.e. the increase from 100 to 1000 mL) in the size of the 

floating phase after breaking down the emulsion, is unimportant: experiments performed in this 

way have confirmed that the procedure is not affected by the sample volume. In brackets in 

Table 8.4 are reported the RSDs, the values obtained are good in all the cases: RSD ranges 

between 2.2 and 9.5%, 2.7–8.6%, 2.0–8.8% and 1.4–9.5% for sampling volumes of 100 mL, 250 

mL, 500 mL and 1000 mL, respectively. The recoveries remain high also when 1000 mL of water 

is sampled. As the extraction process is not conditioned by the sample volume and because we 

want to achieve a high enrichment factor, the sample volume of 1000 mL has been adopted in 

this work. A main consideration could be drawn: the entire procedure is able to reach high 

extraction ability probably due to the synergic effect of the extraction solvent and the breaking 
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emulsion. So, under the optimized conditions (i.e., sampling volume 1 L; extraction solvent 300 

μL iso-octane; 2 min of ultrasound bath at 25 °C; NaCl 10 g L−1 and 30 min of stirring), the mean 

recoveries of the 9 PAHs investigated in water samples ranges between 99% and 103% with a 

RSD below 9.5 (Table VIII.4): this shows that the optimized extraction conditions are 

appropriate for PAH extraction and analysis from large-volume water samples. The extraction 

process is shown in Fig. VIII.1, where it is possible to see that, starting from 1-L of water 

samples, a very small final volume (100 μL), is obtained and an enrichment factor (EF) of 104 

times is achieved. 

 

Fig. VIII.1. Extraction procedure; picture on the right side shows the starting water sample volume (1 L), the 
picture on the left shows the final volume of extraction solvent at the end of the extraction process (100 μL). 

 

Method validation 

In Table VIII.5 the equations of the calibration curves with relative R2, the Limit of Detections 

(LODs) and Limit of quantifications (LOQs), the reproducibility of the extraction process and 

the intra-day and inter-day precisions have been reported. All the data are obtained spiking 1 L-

water sample with PAH standard solutions at different concentrations and addition of 5 μL of 

I.S. (C28, 25 pg μL−1), 10 g L−1 of NaCl and 300 μL of iso-octane as extraction solvent.  

The results, obtained spiking 1 L water samples with PAHs standard solutions at different 

increasing concentrations, i.e. 0.01, 0.1, 1, 10, 100 e 500 pg μL−1, and adding 50 μL of I.S. in each, 

show R2 always above 0.991 and a good linearity range in the investigated range. Further, the 

Limit of Detections (LODs) and Limit of quantifications (LOQs) ranging between 0.001 and 

0.009 pg μL−1 and 0.003–0.022 pg μL−1, respectively. These values were determined according to 

the Knoll's definition [26], i.e., an analyte concentration that produces a chromatographic peak 

equal to three times (LOD) and ten times (LOQ) the standard deviation of the baseline noise. It 

should be noted that this determination could give cross-contamination problems due to sorption 

of lipophilic PAHs on glass material at such LOQs and linearity range: this issue was deeply 

investigated by authors in previous papers [27, 28] and it is neglected in this procedure. Table 
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VIII.5 also shows the reproducibility obtained spiking 1000 mL of water samples with different 

PAHs standard solution concentrations, i.e. 0.1, 10 and 50 pg μL−1, and 5 μL of I.S.: it ranges 

between 97 and 107% (RSD ˂ 12.1), 99–104% (RSD ˂ 9.5) and 99–105% (RSD ˂ 6.3), 

respectively. As expected, the reproducibility improves as the concentration increases but it is 

also very good at low PAH concentrations. Finally, the inter- and intra-day precisions determined 

on 1-L water sample, at two different concentrations (5 pg μL−1 and 50 pg μL−1) and evaluated as 

RSD, are below 6.0% and 8.2%, respectively.  

 

Table VIII.5. Linear equations and correlation coefficient (R2), LODs (pg μL−1) and LOQs (pg μL−1) of each PAH 
along with recoveries (%), intra-day and inter-day precisions (calculated as RSD, %) at different PAH concentrations. 
In brackets are reported the RSDs (%). 

 

 

With the scope to evidence an eventual presence of matrix effect, a particular attention has been 

devoted to the comparison between the blank standard solution and the real sample. Table VIII.6 

shows the comparison between blank and real (surface) 1 L-water samples spiking with standard 

solution containing 0.05 pg μL−1 (lowest level), 1 pg μL−1 (medium level) and 50 pg μL−1 (high 

level) of each PAH, respectively. First, the recoveries are quite similar for blank and real 

solutions: they range between 96 and 102% and 97–105% for spiking with 0.05 pg μL−1, 99–

104% and 99–106% for spiking with 1 pg μL−1 and between 98 and 104% and 99–105% for 

spiking with 50 pg μL−1, respectively.  

As can be seen in Table VIII.6, the RSDs are below 9.2% and 14.2%, below 6.5% and 13.5% and 

below 6.5% and 7.2% for standard and real solutions spiked with 0.05 pg μL−1, 1 pg μL−1 and 50 

pg μL−1, respectively. In all cases, the matrix effect is not significant but the presence of 

interfering molecules increases the measurement error. These data evidence that the recoveries 

with PAHs spiked at 1 pg μL−1 and 50 pg μL−1 are quantitatively similar and significant: it means 

that the entire extraction procedure set up for standard solutions can also be successfully applied 

to real samples.  
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Table VIII.6. Comparison between blank and real (surface) 1 L-water samples spiking with standard solution 
containing 0.05 pg μL−1 (lowest level), 1 pg μL−1 (medium level) and 50 pg μL−1 (high level) of each PAH, 
respectively. 

 

 

Fig. VIII.2 shows the chromatograms of a surface water sample collected at the city water supply 

and water source PAH-spiked (5 pg μL−1) (A): the peaks result well-separated and well-solved 

(for PAHs levels see sample F in Table VIII.8) and the same sample no spiked (B). 

 

 

Fig. VIII.2. Chromatograms of (A), sample collected at the city water supply and water source spiked (5 pg 
μL−1)and (B) the same sample no spiked. Peaks: 1 Fluorene; 2 Phenanthrene; 3 Anthracene; 4 Fluoranthene; 5 
Pyrene; 6 Chrysene; IS n-Octacosane (C28); 7 Benzo(b)fluoranthene; 8 Benzo(a)pyrene; 9 Benzoperylene. 

 
Finally, Table VIII.7 shows a comparison among different procedures reported in literature for 

determining PAHs in water samples at levels interesting for water quality evaluation (e.g., US-

EPA,WHO) [29,30]: as it can be noted that the methodology developed in this study manages to 

investigate PAHs at levels lower than the other methods with a good linear range. Further, the 

use of iso-octane overcomes the toxicity problems related to using extraction solvents such as 
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toluene and carbon tetrachloride. The entire procedure is very easy and it does not require 

particular technology (e.g., use of hollow-fiber) or disperser solvent.  

  
Table VIII.7. Comparison among different extraction methodologies for determining PAHs in water samples (a: 
solid-phase microextraction; b: headspace solid-phase microextraction; c: hollow-fiber liquid phase microextraction; 
d: dispersive liquid-liquid microextraction; e: dispersive liquid-liquid microextraction based on solidification of 
floating organic drop; f: ultrasound-assisted emulsification microextraction; g: up-and-down shaker-assisted 
dispersive liquid-liquid microextraction; h: water with low concentration of surfactant in dispersed solvent-assisted 
emulsion dispersive liquid-liquid microextraction; i: ultrasound-assisted dispersive liquid-liquid microextraction). 

 

 

Application to real surface water samples 

The entire procedure has been applied to nine surface water samples collected in different areas 

of Molise and Campania regions. Table VIII.8 reports the PAH levels determined in the nine 

samples: five tap water samples, (A-E, Molise and Campania), two spring water samples (F,G, 

Campania), one surface river water sample (H, Campania) and one sample collected at the tap 

water vending machine (I, Campania). 

Table VIII.8. PAH profile (pg μL−1) determined in different real samples. A, B, C, D, E: tap water samples; F, G: 
spring water samples; H: surface river water; I: sample collected at the tap water vending machine (three replicates). 

 

 

As can be seen in Table VIII.8, only the tap water sample (D), shows the entire PAH profile 

(Fluorene, Anthracene, Phenanthrene, Fluoranthene, Pyrene, Chrysene, Benzo(b)fluoranthene, 

Benzo(a)pyrene, Benzoperylene) with levels ranging between 0.02 pg μL−1 (Pyrene) and 0.31 pg 
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μL−1 (Fluorene). As for the compounds Benzo(a)pyrene and Benzoperylene, they are present in 

all the samples at levels ranging between 0.02 and 0.29 pg μL−1 and 0.04–0.58 pg μL−1, 

respectively, whereas Fluoranthene and Pyrene are present only in one sample (D) at 0.06 pg μL−1 

and 0.02 pg μL−1, respectively. The PAH carcinogenicity is expressed as a function of the 

Benzo(a)pyrene level, the more toxic compounds: considering that the Benzo(a)pyrene LD50 is 50 

mg kg−1, the BaP concentrations found in the nine samples are not toxicologically relevant (below 

0.29 pg μL−1).  

 

VIII.4 Conclusions 

The important aspects of the proposed method are: 1) the occurring emulsification, in the 

extraction technique, without the addition of a dispersive solvent but by means of ultrasound, 2) 

the breaking emulsion occurring without the use of centrifuge to separate the two phases but 

with the addition of NaCl and 3) the high sensitivity that we managed to reach. The developed 

method is very sensitive; it allows performing PAHs determinations with a very high pre-

concentration factor, up to 10,000 times. Starting from a 1 L surface water sample and reaching a 

final volume of 100 μL, the method allows the PAHs determination at very low concentrations. 

Further, it should be considered that large volume sampling can be encountered in the on-line 

combination of sample pre-treatment and chromatographic analysis with different and high 

advantages of coupling of sample pre-treatment and chromatographic analysis. Moreover, the 

method is simple, reproducible and cost-effective; therefore it can be proposed as methodological 

analysis protocol for analyzing such compounds in water matrix. As a whole this study permits to 

provides very good correlation coefficients (R2 ˃ 0.99) in the range investigated, LODs and 

LOQs able to analyze such compounds in any water matrix (0.001–0.009 pg μL−1 and 0.003–

0.022 pg μL−1, respectively), recoveries between 97 and 106%, inter- and intra-day precisions 

below 6.0% and 8.2%, respectively, for all PAHs [31]. An important future perspective is to 

extend the proposed approach to other micro-pollutants as well as to other food matrices.  
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