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Introduction 

In the contemporary era the general wellness and the improving lifestyle of the population are driving 

a steady increase of the consumption of chemical products. In this stream, fine chemical industry is 

booming, based on the production of specialties such as intermediates, actives, additives, elastomers, 

flavors, fragrances, lubricants, catalysts, just to report a few examples. This is essential for the 

manufacturing of chemical formulations, including pharmaceuticals, cosmetics, detergents, inks and 

paints, agrochemicals, which allow, in turn, the technological progress of e.g., drug delivery, surface 

coating, oil recovery, and herbicide applications [1]. In all these categories, scientific and 

technological knowledge steers to design and production of chemicals and chemical formulation with 

enhanced effectiveness. 

The ability of a chemical substance or complex formulation to wet and cover a surface, the so-called 

spreading phenomenon, is a key factor in most of the fields listed above [2]. Specifically, the 

capability to promote a rapid and spontaneous spreading on surfaces with low energy is called 

‘superwetting’ or ‘superspreading’ and is maximally appealing for a variety of applications [3]. 

Despite the earliest reports of superspreading dating back to over 50 years ago, the precise physico-

chemical mechanisms and the molecular determinants underlying this phenomenon remain unclear 

[4]. As regards aqueous solutions, an enhanced spreading is commonly obtained by the use of 

specialties named wetting agents. Surfactants are the most common wetting agents, which field a 

large variety of applications [5,6] spanning from detergent formulations (household [7], personal care 

[8], industrial processes [9-15]), agriculture [16], oil recovery [11] and remediation processes [17]; 

food [18], cosmetic [19] and pharmacological fields [19-24]. The large use of surfactants explain their 

production of about 17 million tons per year [25]. The great part of surfactants are produced from 

non-renewable resources with a sequential increasing of environmental pollution during the industrial 

processes [26-28]. Surfactants accumulate in the different environmental spheres increasing their 

pollution. About 60 wt% of produced surfactants, at the end of their lifecycle, enter the aquatic 

environment [29,30]. Surfactants or their by-products are also present in sediment and soils [31]. 

Because of their scarce biodegradability and toxicity, synthetic surfactants constitute an 

environmental issue worldwide [29,32]. Indeed, the social concern on the environmental issue has 

increased in recent years. This has an effect on the global market and, as consequence, on the scientific 

and technological research too. The study towards the discovery and development of new sustainable 

molecules characterized by high biocompatibility and biodegradability is prompted by the need to 

protect environmental and public health. It is proved that they can show some toxic effect to different 
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organisms [25,33-35] when dispersed in the environment, furthermore they can cause allergic 

reactions and skin irritation [36-38]. 

For these reasons, the research on environmentally friendly surfactants with a low toxicity and good 

biodegradability is an expanding sector [39]. Some interesting and promising alternative to 

commercial synthetic used surfactants is represented by eco-friendly surfactant and biosurfactants: 

[19,26,40-45] the first is a class of new surfactants designed in order to mimic natural amphiphilic 

and the second is a class naturally produced by plants, fungi and microorganisms, such as bacteria 

and yeasts [19,26,28,42,46-49]. 

In this framework, the present PhD thesis focuses on the physico-chemical characterization of 

sustainable eco-friendly surfactants and their use as spreading agents with the aim to exploit the 

acquired scientific and technological expertise for the rational design of eco-friendly wetting 

formulations. 

The first part of the thesis summarizes the consolidated knowledge about the spreading phenomenon 

(Chapter 1) and eco-friendly surfactants (Chapter 2). Special attention is paid to a complete literature 

survey of the physico-chemical characterization of rhamnolipids, which are biosurfactants already 

available on the market on a large scale, thus being suitable candidates for applicative purposes. This 

literature review has been published (Paper I, [50]). 

The original research carried out during the PhD project is reported in structured in three main topics 

which are discussed in Chapter 3, Chapter 4, Chapter 5, respectively. 

At first, we explored the ability of two bio-inspired surfactants, the glycosurfactants Tween80 and 

Span80, to effectively stabilize W/O and O/W emulsions, as detailed in Chapter 3. This part of the 

work was performed in collaboration with the partner company Soltar s.r.l., in the framework of the 

Industrial PhD Program financed by the European Union (FSE, POC Ricerca e Innovazione 2014–

2020, Azione I.1 “Dottorati Innovativi con caratterizzazione Industriale”). During various periods 

spent at the Company site (from September 2020 to September 2021, not continuously, for a total of 

six months) the relationship between the emulsion stability and the glycosurfactant supramolecular 

organization at the oil-water interface was analyzed. The results of this study were published in Paper 

II, [51]. 

Chapter 4 reports the results of a deep and wide characterization of the micellization process of 

rhamnolipids, in aqueous solution in presence of conventional synthetic surfactants (SLES or CTAC). 

The surfactant mixture behavior at the interface and in bulk solution is analyzed based on the 
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surfactant molecular features and intermolecular interactions. Part of this investigation was carried 

out from October 2021 to April 2022 at Institut Laue-Langevin (ILL) Grenoble, France, in the 

partnership for Soft Condensed Matter (PSCM) laboratories. The first part of the results of this study 

were published in Paper III, [52]. 

In Chapter 5, rhamnolipid micellization in the presence of a “green” co-solvent, bioglycerol (obtained 

as a side-product of biodiesel production), was investigated. This activity was carried out in 

collaboration with the NICL (Naples Industrial Chemistry Laboratory) group of the University 

Federico II. 

The scientific strategy of the entire research relies on a physico-chemical approach in which surface 

tension measurements are used to investigate the concentration at which surfactant aggregation 

occurs, dynamic light scattering (DLS) measurements to estimate the size and distribution of the 

aggregates, electron paramagnetic resonance (EPR) measurements to analyze their microstructure 

and contact angle measurements to quantify the spreading ability. The theoretical principles for 

surface tension, DLS, EPR and contact angle measurements are described in the Appendix.  

Overall, the present PhD research clearly points to bio-derived surfactants, and specifically to 

rhamnolipids, as suitable components of eco-sustainable surfactant formulations. The knowledge of 

their physico-chemical properties will constitute a reliable basis for the rational design of chemical 

formulations easily optimizable for each specific task. 
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Chapter I 

1. Spreading and wetting agents 

The spreading phenomenon is the ability of a liquid to wet a solid surface. Depending on the 

properties of the spreading liquid and the covered surface, the phenomenon can be more or less 

efficient. In order to enhance this process, specific molecules are used in formulations. Wetting agents 

are surface-active compounds able to reduce the surface tension of a liquid, commonly water. They 

are applied in several fields such detergency, [1], cosmetics [2], agrochemicals [3], pharmaceuticals 

[4], foods [5] and many others. The main purpose of a spreader is to enhance the area of a liquid film 

on a solid surface by reducing interfacial tension. Particularly, many problems occur in industrial 

processes involving water-based formulations, given the high value of water surface tension (72.8 

mN/m at 20 °C); these problems mainly arise from the inability of these formulations to wet the 

surface onto which they are applied. For this reason, spreading or wetting agents are largely used. As 

an example, in coating industry they help the fluid phase to spread pigment particles during the 

wetting process [6]. In pesticide application, wetting agents increase the efficiency of the formulation 

spreading them on the leaf surface [3]. Spreading agents continuously find new fields of application, 

and the current scientific and technological research is studying new and more effective types of 

agents and developing new technologies for their exploitation. 

 

1.1. Basic theoretical principles of spreading phenomena 

Spreading is a ubiquitous phenomenon in nature, which is also exploited in industry field [7,8]. It 

consists of the coverage of a solid substrate exposed to the environment by a layer of liquid or fluid 

material. Different situations are possible by considering the nature of the surface forces involved for 

wetting behavior. Indeed, one can modify the properties of the solid surface with a plasma treatment 

[9] or silanization process [10] which reflect on a different contact energy of the surface. In this case, 

the interactions are on the molecular scale, so one can refer to them as “short-ranged interactions”. 

On the other hand, van der Waals forces and electrostatic forces also have to be taken in consideration; 

since they act on a distance larger than the single molecule, one can call them “long-ranged 

interactions” [11]. The surface science plays a key role in industry, and is a field where chemistry, 

https://www.mdpi.com/2079-4991/11/2/331#B8-nanomaterials-11-00331
https://www.mdpi.com/2079-4991/11/2/331#B9-nanomaterials-11-00331
https://www.mdpi.com/2079-4991/11/2/331#B6-nanomaterials-11-00331
https://www.mdpi.com/2079-4991/11/2/331#B7-nanomaterials-11-00331
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physics and engineering converge. Below, the theoretical principles of the spreading phenomenon are 

summarized, and the main factors which affect it are analyzed. 

The spreading process is generally treated in thermodynamics as a wetting phenomenon. It 

fundamentally depends on the interfacial tension between contacting phases. The exact differential 

of the Gibbs free energy, G, of a two-phase system composed by k components is: 𝑑𝐺 = 𝑉𝑑𝑝 − 𝑆𝑑𝑇 + ∑ 𝜇𝑘𝑘 𝑑𝑛𝑘 + 𝛾𝑑𝐴        Equation 1 

Where V is the volume, p is the pressure, S is the entropy, T the temperature, µk the chemical potential 

of component k, n the amount of substance (in mol), g the interfacial tension and A the area of the 

interface between the two phases. The interfacial tension is defined as the work needed to increase 

the size of the interface between two adjacent phases. For a closed system at constant temperature, 

volume and amount of substance, the interfacial energy is the partial derivative of the Gibbs free 

energy with the respect of the interfacial area: 𝛾 = (𝜕𝐺𝜕𝐴)𝑃,𝑇,𝑛           Equation 2 

We can distinguish various types of wetting, involving two or three phases at equilibrium. In all cases, 

each contact interface involves only two phases, and can considered separately from the other 

interfaces in the system. The balance between the interface tension values of all the interfaces present 

in a given system determines its behavior. 

 

The immersional wetting is the process in which a solid b, in contact with a gas or vacuum phase d, 

comes in contact with a liquid a with no change of the interface area; thus, the solid-gas interface is 

replaced by a solid-liquid interface of the same area. The work of immersional wetting per unit area 

for a reversible process is given by:  𝑤𝑖𝑤𝛼𝛽𝛿 = 𝛾𝛽𝛿 − 𝛾𝛼𝛽           Equation 3 

where 𝛾𝛽𝛿 and 𝛾𝛼𝛽 are the values of interfacial tension between the  and  phases and the  and 

 phases, respectively. 
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The adhesional wetting is the process in which two initial interfaces, e.g., the solid-gas and liquid-

gas interfaces, are replaced by a single one, e.g., the solid-liquid interface. The work required by a 

system in which two condensed phases a and b form reversibly a unit area substituting  and  

interfaces, is given by: 𝑤𝑎𝑤𝛼𝛽𝛿 = 𝛾𝛼𝛿 + 𝛾𝛽𝛿 − 𝛾𝛼𝛽          Equation 4 

where 𝛾𝛼𝛿 is the interfacial tension between the  and  phases. 

It is worth mentioning here that the work of cohesion per unit area for a condensed phase  (either 

solid or liquid) is defined as the work exerted on a system when a column of that phase, whose cross 

section has a unit area, is reversibly split in two, with creation of two surfaces, which are in 

equilibrium with the gas phase   𝑤𝑐𝛼𝛿 = 2𝛾𝛼𝛿           Equation 5 

 

The spreading wetting is a process in which a drop of liquid  at equilibrium with the gas phase  

spreads over a solid  or another liquid substrate   in equilibrium with the gas phase. A liquid droplet, 

when placed onto a solid surface, spreads on it if the value of the spreading tension or the work of 

spreading per unit area,  given by: 𝜎𝛼𝛽𝛿 = 𝛾𝛽𝛿 − 𝛾𝛼𝛿 − 𝛾𝛼𝛽         Equation 6 

is positive. The equilibrium usually is not reached instantly, so we can distinguish between an initial 

and a final spread tension, 𝜎𝑖𝛼𝛽𝛿
and 𝜎𝑓𝛼𝛽𝛿

. This is important, because if 𝜎𝑖𝛼𝛽𝛿
 is positive and 𝜎𝑓𝛼𝛽𝛿

 is 

negative, the system shows autophobicity, which means that no spreading is observed over time.  

In general, if a liquid does not spread on a solid (𝜎𝑓𝛼𝛽𝛿
 is negative) a contact angle, , is observed; it 

is defined as the angle between two solid-liquid and liquid-gas interfaces. If a liquid spontaneously 

spreads on a solid the contact angle is zero. 

When a spreading substance is poured onto a liquid substrate, with the covered and uncovered surface 

portions separated by a sliding mechanical barrier, the force exerted by the covered surface on the 

barrier is the surface pressure,  which can be calculated as: 
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 𝜋𝑠 = 𝛾0 − 𝛾           Equation 7 

Where  is the surface tension of the covered surface and  is the surface tension of the clean surface. 

 

Finally, the condensational wetting is a process similar to spreading wetting, where in the first case 

the liquid phase is formed by vapour condensation and in the second case by a drop spreading. During 

the condensation, a solid surface is covered by a vapour until the formation of a continuous liquid 

film. Thus, the solid-liquid and solid-vapour interfaces replace the solid-vacuum interface.  

Summarizing, independently of the type of wetting phenomena, the main thermodynamic properties 

involved are the different energies per wetted area, i.e., the interfacial tension between the fluids as 

well as between each fluid and the solid, and the three-phase contact angle θ. In a three-phase system, 

three different interfacial energies exist from the pairwise combination between the phases (Fig. 1): 

 

Figure 1. Schematic drawing of a solid-liquid-liquid arrangement of a droplet of a secondary fluid “A” residing on a flat surface of 

the solid “S” surrounded by a bulk liquid “B”. 

The contact angle θ is determined from these quantities by the Young equation (Eq. 8): 𝛾𝑆𝐵 − 𝛾𝑆𝐴 − 𝛾𝐴𝐵 𝑐𝑜𝑠 𝜃𝑌 = 0         Equation 8 

Converting this balance leads to:  𝑐𝑜𝑠 𝜃𝑌 = 𝛾𝑆𝐵−𝛾𝑆𝐴𝛾𝐴𝐵           Equation 9 

The Young equation is only valid for an ideal solid surface that is defined as rigid, smooth, chemically 

homogenous, insoluble and non-reactive [12]; if this is the case, the contact angle 𝜃𝑌 is observed. For 

a rough solid surface, a correction to the Young equation must be applied. Wenzel’s model takes 



 

14 

 

account of the actual surface Aactual, that is increased compared to its projection (i.e., the ideal flat 

surface Aflat). In this case, the contact angles became (Eq.10): 𝑐𝑜𝑠 𝜃𝑊 = 𝐴𝑎𝑐𝑡𝑢𝑎𝑙𝐴𝑓𝑙𝑎𝑡 𝑐𝑜𝑠 𝜃𝑌         Equation 10 

where Wenzel contact angle θw is the apparent contact angle that forms on the rough surface [13]. 

The Wenzel equation assumes homogenous wetting, i.e. full wetting on the entire surface area and 

all asperities of the rough surface. 

In case of heterogenous wetting (i.e., fluid B being trapped in some solid asperities, which are not 

wet by the main wetting fluid A) the equation of Cassie-Baxter has to be used instead [14]. The same 

equation also has to be used for wetting on chemically inhomogeneous surfaces. For the case of the 

surface showing two different chemical properties with a partial areas A1 and A2 , respectively, the 

Cassie-Baxter equation is: 𝑐𝑜𝑠 𝜃𝐶𝐵 = 𝐴1𝐴𝑎𝑐𝑡𝑢𝑎𝑙 𝑐𝑜𝑠 𝜃1 + 𝐴2𝐴𝑎𝑐𝑡𝑢𝑎𝑙 𝑐𝑜𝑠 𝜃2       Equation 11 

where θCB is the apparent angle θ1 and θ2 are the Young contact angles of the wetting liquid on 

homogeneous surfaces of chemical type 1 and 2, respectively [15]. 

While θY, θW and θCB denote thermodynamic equilibrium angles at rest, different contact angles will 

appear during the process of wetting or de-wetting of a solid [16], which also strongly depend on the 

local surface geometry [17]. The angle during wetting, termed the advancing contact angle θadv, is 

higher than the equilibrium angle θeq, while the angle during de-wetting, termed the receding contact 

angle θrec, is lower than the equilibrium angle. 

The most stable apparent contact angle may be calculated as the mean angle between advancing and 

receding angles, (θadv + θrec)/2 [12], but this approach is not valid in all cases [18]. 

While the most stable apparent contact angle is the equilibrium angle θeq, there also exist some other 

energetically metastable contact angle where the Gibbs energy exibits a local, but not a global 

minimum. These local minima, however, will lead to the appearance of a variety of such metastable 

contact angles ≠ θeq in the range of the hysteresis for real system even when the system is at rest [12]. 

The angles θY, θW and θCB are not directly affected by the contact angle hysteresis, but without 

information in the hysteresis, they alone will not be sufficient to explain the whole appearance of a 
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wetted structure [12]. The range of the hysteresis can be large. Hysteresis in the range of θeq ± 20° 

are easily found in literature. 

 

1.2. Technological applications of spreading 

Spreading has been the subject of many scientific research, driven by the plethora of industrial 

applications. Two strategies can be followed to control the spreading: the former is  the 

functionalization of the wetted surface in order to tune the interfacial tension between the solid and 

the two fluid phases. This approach is preferred when the properties of the spreading liquid cannot be 

changed. The latter approach relies on the modification of the properties of the spreading liquid, by 

using specific wetting agents able to modify the interfacial tension between the liquid and the solid 

as well as that between the preading liquid and the second fluid (a gas or a second immiscible liquid). 

It has to be noted that the second approach is based on the design of a liquid formulation with 

controlled wettability. 

The wetting or dewetting phenomena are exploited in different fields. The large majority of 

applications concern water-based formulation [19].  

In agriculture one of the issues is to effectively spread the fertilizer or the pesticide on the leaves, 

which present a hydrophobic surface. In this case the use of wetting agents is necessary to minimize 

the amount of formulation, with a subsequent reduction of the environmental impact [20,21]. 

The treatment of some illnesses, in particular lungs disease, needs the spreading of solutions with 

formation of a thin layer to give benefits [22]. 

In cosmetics the spreading is necessary to improve the capability to cover the skin and to enhance the 

absorption of the actives by increasing the contact area of the formulation [23-26]. 

In food industry the concept of spreading is applied as the basis of new coating technologies 

employing edible formulations [27,28], with the aim of reducing plastic packaging. 

Spreading is exploited also in oil recovery, since the adhesion of oil to the rock/sand surface is 

minimized by the presence of wetting agents and enhanced for the increased wetted area [39,30], as 

well as in firefighting [31], and in inkjet printing [32]. 
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In all these different fields the need of reducing the environmental impact has prompted the research 

to focus on new ecosustainable solutions. In particular, the new scientific trends point to natural, or 

at least bio-inspired, wetting agents. 

 

1.3. Wetting agents 

Wetting agents are an important and versatile class of fine chemicals with a variety of technological 

applications [33]. They can be produced through synthetic chemical processes, which are usually 

crude-based, or can be produced naturally from some organisms. Both synthetic and natural wetting 

agents show in common the main molecular architecture which consists in a hydrophilic moiety, or 

head, and a lipophilic moiety, or tail, allowing their adsorbing at polar/apolar interfaces [34]. 

 

1.3.1. Surfactants 

Surfactant is a contraction of the terms SURFace ACTive AgeNTS. Surfactants are organic molecules 

that, when dissolved in a solvent at low concentration, have the ability to adsorb or locate at the 

interfaces, thereby altering significantly their physico-chemical properties (specifically, the surface 

and interfacial tension). Here, the term interface is employed to define the boundary in liquid-liquid, 

gas-liquid and solid-liquid systems. The chemical structure of a typical surfactant is sketched in Fig. 

2. 

 

Figure 2. Typical representation of a surfactant 

  

Numerous variations are possible within the structure of both the head and tail groups of surfactants. 

The simplest classification is based on the head group charge: according to it, we distinguish:  

• anionic surfactants, in Fig. 3, which present a negatively charged head group (e.g., a 

sulfate, sulfonate, phosphate or carboxylate group): 

Polar head Hydrocarbon tail
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Figure 3. Example of anionic surfactant: Sodium bis(2-ethylhexyl)sulfosuccina ethylhexyl) sulfosuccinate (Aerosol-OT ot AOT). 

 

• cationic surfactants, in Fig. 4, which present a positively charged head group (e.g., a 

quaternary ammonium group); 

 

Figure 4.. Example of cationic surfactant: didodecyldim ethylammonium bromide (DDAB) 

 

• non-ionic surfactants, in Fig. 5, which present a polar but uncharged head group (e.g., 

an ethoxylic chain, a saccharide): 

 

Figure 5. Example of non-ionic surfactant: di(hexyl)glucamide (di-(C6-Glu)) 
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• zwitterionic surfactants, in Fig. 6, whose head group presents both positive and 

negative charges (e.g., a phosphocholine, a betaine). 

 

Figure 6. Example of zwitterionic surfactant: Dihexylphosphatidylcholine ((diC6)PC) 

 

• amphoteric surfactants, in Fig. 7, whose head group charge varies with the solution pH 

(e.g., an amine oxide). 

•  

 

Figure 7. Example of amphoteric surfactant: N,N-dimethyl-2-propylheptan-1-amine oxide (C10DAO-branched) 

 

Another possible classification is based on the molecular structure of the hydrophobic tail, which can 

be linear or branched, single or double. Chemical structure of typical double-chain surfactants are 

reported in Fig. 2-5, while Fig. 6 shows a branched surfactant. 

Besides these classifications, because of the continuous research to improve surfactant properties, 

new interesting structure have recently emerged. These novel surfactants have attracted much interest, 

and include catanionics, bolaforms, gemini (or dimeric), polymeric and polymerisable surfactants. 

Another important driving force for this research is the need for enhanced surfactant biodegradability. 

For personal care products and household detergents, regulations require high biodegradability and 

non-toxicity of each component present in the formulation. 

 

1.3.2. Critical packing parameter 

Surfactants are distinguished by the ability to form oriented monolayers at the interfaces (e.g., 

air/water or oil/water) and to self-assemble in bulk phases forming well-defined nanostructures. The 
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particular concentration above which supramolecular aggregates, as micelles, form is called the 

critical micellar concentration (cmc) and will be analysed in a following section. The shape and 

dimension of the supramolecular aggregates formed by surfactants in water are extremely responsive 

to the variations of the mixture conditions, in terms of concentration, pH and presence of co-solvents. 

In dilute solutions, surfactants tend to form spherical micelle. An increase in surfactant concentration 

leads to a transition from spherical to rod-like or disk-like micelles. A further increment of 

concentration may induce the formation of mesophases such as lyotropic crystalline liquid phases 

(LLC), including cubic, hexagonal and lamellar phases. In Fig. 8 are shown the different aggregate 

morphologies. The variation of the aggregates shape can be primarily ascribed to the increase of the 

surfactant concentration. It causes an increase in the number and dimension of the micelle, thus 

decreasing the distance between the aggregates and enhancing the intermicellar interactions. 

 

 

Figure 8.  Shape and structure of the mesophases of surfactant aggregates 

 

The micelle shape depends on the geometry of the surfactant molecules. To quantitatively take into 

account this aspect, an important parameter called critical packing parameter (cpp) is defined [35]: 𝑐𝑝𝑝 = 𝑉 𝑙𝑐 𝑎𝑜           Equation 12 

where 𝑉 and 𝑙𝑐 are the volume and the length of the hydrocarbon tail, while 𝑎𝑜 is the effective area 

occupied by the polar head at the interface, see Fig. 9. 
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Figure 9. Molecular parameters defining the critical packing parameter. 𝑎𝑜 is obtained through experimental measurements and represents the tendency of polar heads to stay 

close each other; this could be influenced by solution conditions, i.e., the surfactant concentration, 

the temperature, and the ionic strength. An estimation of this term has been derived from the following 

model: 

𝑎0 =  √𝛼𝜎            Equation 13 

where 𝛼 represents a repulsion parameter between the surfactant heads, and σ is the interfacial energy 

per unit area. 

 

 

Figure 3. The aggregation structures of surfactants in aqueous solutions. 

v lc

a0
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Different surfactants present distinct cpp values, depending on the dimension of the hydrophilic and 

hydrophobic moieties. Since the self-aggregation occurs to maximize the thermodynamic stability of 

the aggregate, the optimal micelle shape depends on the cpp, as shown in Fig. 10 [36]. 

 

1.3.3. Hydrophilic-Lipophilic Balance  

The Hydrophilic-Lipophilic Balance (HLB) is a practical parameter which could help to understand 

the surfactant aggregation behavior. This parameter measures the degree of hydrophilia and lipophilia 

of the surfactant. The model to calculate this value was introduced by Griffin in 1949 and later revised 

by Davies in 1957 [37,38]. 

The HLB parameter is valuated from the quantitative ratio between the “effectiveness” of polar and 

non-polar moieties, based on their molecular weights, and its value is comprised between 0 and 20 

[36], where: 

⎯ HLB = 0 refers to a totally lipophilic surfactant. 

⎯ HLB = 20 refers to a totally hydrophilic surfactant.  

In particular, this parameter is fundamental for the choice of emulsifying agents. Surfactants with low 

HLB value (3 < 𝐻𝐿𝐵 < 6) stabilize W/O emulsions, while for those with high HLB value (8 <𝐻𝐿𝐵 < 18) stabilize O/W emulsions. By a similar approach, it is possible to define the appropriate 

surfactant for a specific application based on its HLB value, as shown in Table 1: 

Table 1 Different range of HLB for several application. 

HLB value Application 

3.5-6 W/O emulsifier 

7-9 Wetting agent 

8-18 O/W emulsifier 

13-15 Detergent 

15-18 Solubilization 

 

According to the Griffin model, the HLB value can be calculated as: 𝐻𝐿𝐵 = 𝑀𝐻𝑀  20           Equation 14 
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Where MH is the molar mass of the hydrophilic moiety and M is the total molar mass of the surfactant. 

This equation holds for non-ionic surfactants with small hydrophilic head, while for ionic and 

ethoxylated surfactants a corrective factor, C1, must be introduced [36]:  𝐻𝐿𝐵 = 𝑀𝐻𝑀 ∗ 20 +  𝐶1         Equation 15 

The Davies revision to this model decomposes the HLB value considering the chemical formulae of 

the surfactants in terms of group numbers, according to the equation [39]:   𝐻𝐿𝐵 = 7 + ∑(ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑖𝑙𝑖𝑐 𝑔𝑟𝑜𝑢𝑝 ) × 𝑖𝑡𝑠 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 − ∑(𝑙𝑦𝑝𝑜𝑝ℎ𝑜𝑏𝑖𝑐 𝑔𝑟𝑜𝑢𝑝 ) ×  𝑖𝑡𝑠 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 

            Equation 16  

The cpp parameter is probably more adherent to the molecular features of a surfactant. However, its 

value depends on the chemical environment (because of the 𝑎𝑜 variation) and is hardly predictable. 

The HLB parameter is somehow a coarser parameter, but its value can be easily obtained and is often 

used for practical application. 

 

1.4. Micellization  

One of the most interesting properties of the surfactants in aqueous solution is their ability to self-

assembly to form supramolecular aggregates, generating an overall lowering of the free energy of the 

system. 

At low concentrations, the surfactant molecules preferably occupy the air-water interface, with the 

tails facing upwards, lowering the surface tension. 

When the surfactant concentration increases, a monolayer is formed at the interface, known as a Gibbs 

monolayer and any additional surfactant molecule added remains in the aqueous phase. 

When the concentration of the surfactant molecules in the bulk of the solution exceeds a limit value, 

the surfactant molecules self-aggregate. This entails a clear change in the physical-chemical 

properties. Fig. 11 shows a scheme of the behavior of a surfactant in solution. 
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Figure 11. Scheme of the behavior of a surfactant in solution. 

The particular concentration above which supramolecular aggregates are formed is called the critical 

micellar concentration (cmc). 

The geometric shape of these aggregates is often similar to a sphere, or an ellipsoid of rotation, whose 

surface is made up of the heads of the surfactant molecules: in this way, the only hydrophilic groups 

interact with the water while the tails assemble inside the micelle [34] 

In order to a surfactant to form micelles, it has to possess a polar group sufficiently active to promote 

the solubilization of the molecule until the cmc is reached; at the same time, it must present an apolar 

chain long enough to significantly reduce the solubilization in water, providing the driving force for 

the micellization process. 

The physico-chemical description of the phenomenon of micellization is essentially based on two 

models [35]. The simplest one is that of the pseudo-phase separation in which the micelles are 

considered as a second phase microdispersed in the aquoeus phase. The chemical potential of a “free” 

(not micellized) surfactant monomer in the aqueous phase is defined as follows: 𝜇𝐹 = 𝜇𝐹0 + 𝑅𝑇𝑙𝑛𝑎𝐹          Equation 17 

 Where, μ0
F is the standard chemical potential, defined as that of infinite dilution; aF is the activity of 

the surfactant in water. In the micellar phase, the activity is unitary and therefore: 𝜇𝑀 = 𝜇𝑀0            Equation 18 

where μ0
M is the standard chemical potential in the micellar phase. In conditions of equilibrium 

between the two phases, we have: 

cmc
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𝜇𝑀 = 𝜇𝐹           Equation 19 

thus, obtaining the following expression: 

𝑎𝐹 = 𝐾 = 𝑒𝑥𝑝(𝜇𝑀0 −𝜇𝐹0𝑅𝑇 )         Equation 20 

Thus, in the presence of micelles, if the cmc is low enough to consider ideal the aqueous phase, the 

concentration of the free surfactant must be a constant. This results in the formation of micelles only 

if the total surfactant concentration is greater the critical concentration (cmc), derived from the 

previous thermodynamic relationship. The micelles are completely absent below the cmc, while 

above the cmc their concentration, CM, in the case of monodisperse aggregates with aggregation 

number s is given by: 𝐶𝑀 = 𝑐−𝑐𝑚𝑐𝑠            Equation 21 

Where c is the total concentration of surfactant present in solution and s is the aggregation number. 

The phase separation model is sufficient to describe the most important aspects of the phenomenon 

of micellization; it predicts, at the cmc, a sudden change in the slope of the trend of the thermodynamic 

and dynamic properties of the system, in a manner similar to the phase transitions of the second order. 

The short-chain hydrophobic surfactants, with a high cmc value, show trends in the physico-chemical 

properties without any angular point and often the phenomenon of micellization is barely evident. 

Under these conditions, a model is preferred that predicts continuous variations in the concentrations 

of the species in solution: the mass action model. In this model it is assumed that micellization can 

be represented as a simple chemical reaction. 

For non-ionic surfactants: 𝑠𝑇 = 𝑇𝑠            Equation 22 

where with T we indicate a surfactant molecule and with Ts the micelle. For this reaction it is possible 

to estimate an equilibrium constant: 𝐾 = 𝑎𝑇𝑠𝑎𝑇𝑠            Equation 23  
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For ionic surfactants, partially or totally dissociated in solution, a certain number q of counter ions, 

C, will condense around the micellar surface to reduce the electrostatic repulsions between the heads. 

The reaction must then be rewritten as follows: 𝑠𝑇 + 𝑞𝐶 = 𝑇𝑠𝐶𝑞(𝑠−𝑞)         Equation 24 

the equilibrium constant is changed as follows: 𝐾 = 𝑎𝑇𝑠𝐶𝑞𝑎𝑇𝑆𝑎𝐶𝑞            Equation 25 

The two models can appear very different; however, it should be emphasized that the results that 

allow to obtain coincide for aggregates with an aggregation number greater than 10 [35]. 

The formation of micelles is an important phenomenon not only because many interfacial phenomena, 

such as detergency, depend on the existence of the micelles in solution but also because their presence 

influences, for example, the decrease in surface tension, which does not directly involve the micelles. 

These aggregates have become of great interest in the catalysis of organic reactions and because of 

their similarity to biological membranes and globular proteins 1,5. 

 

1.4.1. Mixed micellization 

In many practical applications, blends of surfactants are used rather than pure surfactants. This is 

sometimes due to industrial syntheses that directly produce mixtures of surfactants of a similar nature, 

which would be difficult to separate. In other cases, surfactant mixtures ae purposely designed and 

produced. They are widely used in the detergent, food and pharmaceutical industries since, their 

composition and concentration can be easily optimized and adapted to different tasks [36]. 

The physico-chemical properties of surfactant mixtures are essentially driven by the nature of the 

different hydrophilic heads and their interactions. There is considerable interest in the development 

of an adequate model to represent the formation of mixed micelles, however, the principles that 

govern this phenomenon are far from having fully understood. In the literature there are only models 

that describe some aspects of mixed micellization. It is also difficult to identify an experimental 

technique that allows information on systems of this type to be obtained, in fact, very often “average” 

data are obtained, affected by all the different species involved, and it is difficult to separate the 

individual contributions. 
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1.4.2. Thermodynamics of mixed micellization 

Several thermodynamic treatments have been developed to describe the process of formation of 

mixed micelles in solution. Similarly to what discussed above for the micellization of a single 

surfactant, the two most used models to interpret the experimental data are the pseudo-phase 

separation model and the mass action model [40]. 

The pseudo-phase separation model assumes that micelles are a separate phase whose existence 

begins at the critical micellar concentration (cmc), which represents the saturation concentration for 

surfactants. This model has the advantage of being simple and of adequately interpreting the 

composition of the micellar phase as a function of the composition of the aqueous phase. 

The mass action model, on the other hand, considers that the monomeric surfactants and micellar 

aggregates are in association-dissociation equilibrium, so that the law of mass action can be applied. 

This model, which describes in a more satisfactory way the behavior of the system around the cmc, 

has the disadvantage of requiring a greater number of parameters which, due to the formation of a 

micelle formed by two surfactants, become difficult to determine. 

In the hypothesis of pseudo-phase separation, the formation of mixed micelles can be described by 

means of a rather simple thermodynamic treatment. In a micellar solution, the chemical potential of 

the micellized surfactants is given by: 𝜇𝑖𝑀 = 𝜇𝑖0𝑀 + 𝑅𝑇 𝑙𝑛 𝑌𝑖𝛾𝑖         Equation 26 

 where γ𝑖 is the activity coefficient of the i-th surfactant in the micellar phase, μ𝑖0𝑀 is the standard 

chemical potential, defined as that of the surfactant in its pure micelle, and Y𝑖 is the mole fraction of 

the surfactant with respect to the total surfactant in the micellar phase. 

The chemical potential of surfactants in the aqueous phase, on the other hand, is determined by the 

following relation: 𝜇𝑖𝐹 = 𝜇𝑖0𝐹 + 𝑅𝑇 𝑙𝑛 𝑐𝑖          Equation 27 μi0F is the standard chemical potential, defined as that at infinite dilution of the surfactant, there is the 

concentration of the surfactant in the aqueous phase. It is assumed that the aqueous phase is 

sufficiently diluted to be considered ideal. 
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By equating the two chemical potentials, according to the theory of phase transitions, the following 

relationship is obtained: 𝑌𝑖𝛾𝑖 × 𝑐𝑚𝑐𝑖  = 𝑋𝑖 × 𝑐𝑚𝑐         Equation 28 

Where 𝑐𝑚𝑐𝑖 is the critical micellar concentration of the i-th pure surfactant and X𝑖 instead is its molar 

fraction with respect to the total surfactant present in the aqueous phase; cmc is the critical micellar 

concentration of the mixed system. 

For mixtures of non-ionic surfactants, Clint has shown that the activity coefficient can be often 

considered as unitary, i.e. mixed micelles can be compared to ideal solutions [41]. In these conditions 

the following relationship applies: 

𝑐𝑚𝑐 = 1∑ ( 𝑋𝑖𝑐𝑚𝑐𝑖)𝑖            Equation 29 

The stability of micelles in which at least one surfactant is ionic strongly depends on the condensation 

of counterions onto the micellar surface and consequently on the charges of the non-neutralized heads. 

This effect, which the mass action model cannot take into account in a simple way, in the phase 

pseudo-treatment model is simply included in the activity coefficients of the ionic component in the 

micellar phase. However, it is necessary to consider sufficiently diluted solutions in order to neglect 

the electrostatic interactions between the monomers in solution and between the micelles. 

For mixtures in which at least one surfactant is ionic, it is necessary to evaluate the activity coefficient γ𝑖. Scamehorn, Rubingh and Holland used the theory of regular solutions to calculate the activity 

coefficients [42,43]. In this case, the following relationship applies: 𝑙𝑛(𝛾𝑖) = 𝛽(1 − 𝑌𝑖)2          Equation 30 

The parameter β is an interaction factor and can be expressed in terms of molecular interactions 

between the different surfactants that form the mixed micelles: 

𝛽 = 𝑁𝐴(𝑊11+𝑊22−2𝑊12)𝑅𝑇          Equation 31 

where Wij is the interaction energy between surfactants i and j in the micelle. It has been shown that, 

if the β value is large and negative, the interactions between the two surfactants in mixed micelles are 
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favorable and such aggregates are more stable than pure aggregates. The value of β varies with the 

temperature and also, very mildly, with the total micelle concentration.  

The model of regular solutions is used due to its simplicity and ease of application. It links very well 

the cmc trend of the mixtures to the composition of the two phases in equilibrium. 
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Chapter II 

2. Green chemistry principles in chemical formulations  

In the era of industrial globalization, the increasing demand for performing surfactant-based 

formulations and the concerns about environmental issues, the exploitation of bio-based, 

biodegradable, and non-toxic raw materials continue to grow with the aim to develop environmentally 

friendly products. 

The increasing and evolving consciousness of the eco-sustainability relevance has led to the set up of 

operative strategies that has significantly changed over time. At the beginning, the eco-friendly 

management of materials and chemicals was based on the reduction of the environmental dispersion 

to materials representing a hazard to health and the environment, confining them in monitored sites. 

Later on, the approach to reduce or eliminate the hazard at the root was accepted and implemented in 

the everyday practice, steering a more responsible use of chemicals. At the end of XX century the 

term ‘Green Chemistry’ was coined to meet the needs of the present and future generation in terms 

of environmental sustainability [1] and later this concept was enlarged to economic and social 

dimensions in order to establish a global system able to be sustained by the planet [2]. This is a 

dynamic and multidisciplinary approach where politics, industry, and academia converge and its aim 

is to eliminate the intrinsic risk, rather than focusing on reducing it by minimizing the exposure. The 

new approach, initially thought for chemical productions involving synthetic processes, has indeed 

expanded over the entire industrial chemistry, including chemical formulations. 

Indeed, the twelve principles of green chemistry [3], originally focused on waste and hazard 

minimization in synthetic strategies, can easily be applied in formulation design and production, with 

minimal re-definitions, as specified below: 

1. Waste prevention instead of remediation: it is better to reduce, or hopefully eliminate, the waste 

instead of finding a way to dispose of waste. In formulation chemistry, this means that all formulation 

could be safely dispersed in the environment, with no need of waste management. 

2. Atom efficiency: during a process of synthetic chemistry the final product should incorporate as 

much as the materials used for its production. In this way there is the minimization of waste and a 

maximization of production. In formulation chemistry, this would translate in the strict use of 

components required to fulfill the real task, without any additional chemical for “esthetic benefits”. 
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Moreover, this also means that concentrated formulations, with a low amount of solvent, should be 

prefereed. 

3. Less hazardous/toxic chemicals: the chemicals and the methologies used in synthetic chemistry 

should present the minimal or absence toxicity to the environment and the human health. This directly 

applies also to formulations. 

4. Safer products by design: the final product should be designed in order to have the proper 

effectiveness and at same time a low toxicity. This applies also to formulations. 

5. Innocuous solvents and auxiliaries: it is preferable the restrict use of solvent or dispersing agents 

where it is no necessary and if they are used, it is better to choose the innocuous ones. This is a 

relevant point in formulation chemistry, driving the preference for water and to bio-compatible 

dispersing agents. 

6. Energy efficient by design: the production process should be conducted at ambient temperature 

and pressure in order to be economically and environmentally sustainable. This also applies to 

formulation production. 

7. Preferably renewable raw materials: raw materials used in the processes should be renewable itself, 

in other words crude is not renewable. This directly applies to formulations, pointing to the relevance 

of bio-derived or even natural components. 

8. Shorter syntheses: derivatization processes should be avoided when it is possible. Formulations 

with a lower number of components and production steps should be preferred. 

9. Catalytic rather than stoichiometric reagents: it is better to prefer a catalytic reagent as selective as 

possible. To a certain extent, this applies also to formulations: components active at lower 

concentration (which would reduce the amount of formulation needed to fulfill a given task) should 

be preferred. 

10. Design products for degradation: the product at the end of its life should not persist in the 

environment and do not produce in toxic products. This applies also to formulations. 

11. Analytical methodologies for pollution prevention: a continuous and in real-time monitoring of 

hazardous contaminants reduce the risk of accumulation and exposition. This also applies to 

formulations. 
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12. Inherently safer processes: it is favorable to choose chemicals with the lowest risk for workers of 

fire, explosion and toxicity. This also applies to formulations, and is not limited to workers, but also 

to consumers who use the formulated products. 

 

2.1. Eco-friendly Surfactants 

The increasing ecological awareness has led the preference for surfactants which, besides the 

functional efficiency, present additional properties such as biodegradability and biocompatibility [4]. 

For conventional synthetic surfactants, it is reported that biodegradability is generally associated with 

linear tail, while the toxicity decreases with reducing the tail length [1]. However, the principles of 

“Green Chemistry”, steer the scientists’ and technologists’ interest for even more-eco-compatible 

alternatives, which are inspired by natural substances or directly extracted from natural sources. 

 

2.1.1. Bioinspired and bioderived synthetic surfactants 

A possible approach to apply the “Green Chemistry” guidelines is the so-called bio-inspiration: new 

surfactants are designed in order to mimic natural amphiphilic molecules such as phospholipids and 

biopolymers as peptides, proteins and nucleic acids [4]. These bio-based surfactants are generally 

synthesized from natural raw materials and are considered potential alternatives to currently used 

surfactants synthesized typically from fossil raw materials [5]. 

It is possible to divide bio-inspired surfactants into: 

I. amino acid-based surfactants, arising from the combination of hydrophilic amino acids or 

peptides (acting as polar headgroups) with long chain compounds (non-polar tails). 

II. glycerolipid-like structures, in which a single polar head and one or two non-polar tails are 

linked through a glycerol backbone. 

III. carbohydrate-based surfactants in which a sugar moiety is linked to a hydrophobic tails.  

In these bio-inspired surfactants, the headgroup could be charged differently depending on the 

specific functional groups. The presence of one or more charged groups causes an increase in the 

electrostatic repulsions, enlarging the space they occupy at the micelle interface [4]. 
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The food industry is interested to amino-acid based surfactants, and in particular to the arginine-based 

ones, because of their high antimicrobial activity against typical pathogens as Escherichia coli and 

Salmonella. Considering all these promising features, these surfactants can be proposed as substitutes 

for commercially available glycerides [6,7]. 

An example of the second class of bioinspired compounds is represented by diacyl glycerol arginine-

based surfactants, which can be considered analogues to diglycerides. They consist in a glycerol 

skeleton connecting one positively charged arginine residue as polar head, and two fatty acid chains 

as hydrophobic tails. With respect to the conventional cationic surfactants, as the quaternary 

ammonium derivatives, diacyl glycerol arginine-based surfactants present a much lower cytotoxicity 

[8,9]. Another industrially relevant derivative of glycerol is Cremophor EL, which presents a very 

low cmc and can reduce the water surface tension to about 26 mN m-1. 

Carbohydrate-based amphiphiles, such as sugar esters and alkyl glycosides (AG), have long been 

used for their surfactant properties [10,11] and a new interest is rising for these molecules given the 

great available saccharidic biomass [12]. The APGs, alkyl polyglycosides, are nonionic surfactants 

synthesized on large scale from renewable raw materials such as glucose and xylose hydrolyzed from 

agricultural and food waste [13,14]. The high polar density of the carbohydrates is well suited as the 

polar head. The apolar moiety presents variation in chain length and degree of substitution [11]. 

Compared with traditional surfactants, APGs, or more in general AGs, have excellent industrial 

applications and medicine since they have high performing surface activity, good biodegradability, 

antifungal activity, low cytotoxicity/irritancy and biocompatibility [15,16]. 

Glycolipids present interesting physicochemical properties. Indeed, they often exhibit liquid 

crystalline phases. Significant differences are observed in the thermo- tropic properties depending on 

chain length (number of carbons between 8 and 14) [17] the presence of unsaturations, and to the 

position of the fatty residue on the sugar backbone [11]. Thus, several applications are founded on 

the use of glycosurfactant for their peculiar characteristics. They are applied in microemulsion, 

detergent and cleaner, personal care products, cosmetics and flooding processes. [17,10]. 

Other carbohydrates are used to synthetize surfactants and among them the sorbitan and sorbide esters 

are finding large applications. Examples of sorbitan fatty acid esters (SFEs) are Span® and Tween®. 

They are nonionic surfactants in which a sorbitan unit, eventually bearing polyoxyethylene chains, 

represents the hydrophilic moiety, while the hydrophobic moiety usually consists of fatty acids, alkyl-

alcohols and alkyl-phenols. In general, the sugar-based nonionic surfactants tend to self-associate at 
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a lower concentration than the other surfactants. The main polysorbate used in the formulation 

industry is Tween 80. It is produced using polyethoxylated sorbitan and oleic acid and contains 20 

ethylene oxide units. Since the ester bonds of fatty acids are subjected to hydrolysis at acid and basic 

condition, it is possible to carry out a hydrogenolysis of sorbitan acetals, in order to develop sorbitan 

ethers. The polysorbates present many important properties as high surface activity and low cmc, and 

consequently they can be employed as wetting, solubilizing and emulsifying agents. Specifically, they 

have been tested in ocular formulations [13,14]. Tween 80 can also be applied for soil recovery. 

Indeed, the presence of hydrophobic organic compounds (HOCs) makes the land toxic. Non-ionic 

surfactants have shown a higher efficiency than the cationic or anionic ones. In particular, Tween 80 

represents a low-cost and low-toxicity compound for the degradation of the HOCs. At premicellar 

concentration, in the soil-water system, the surfactant is arranged at the solid-liquid interphase. The 

interactions between the pollutants and the surfactant hydrophilic heads favor the exclusion of the 

HOCs from the soil particle. Above the cmc, the Tween 80 micelles compete for the contaminant 

molecules with the soil particle [18]. 

Going beyond the limits of synthetic surfactants, although bio-inspired, a new kind of amphiphiles is 

gaining a large interest. They are molecules naturally produced by living organisms such as bacteria, 

plants yeasts and fungi; thus, they are called biosurfactants [19]. 

 

2.2. Biosurfactants  

Biosurfactants are amphiphilic compounds naturally produced by bacteria, yeasts or fungi, whose 

structure is composed of hydrophilic and hydrophobic parts [20]. In general, the first moiety can be 

ionic, non-ionic or amphoteric, while the second one consists of one or more hydrocarbon chains. 

Due to their molecular architecture, they tend to position themselves at the interfaces (e.g., oil/water 

interface) reducing the interfacial tension. Above a certain value of the critical micelle concentration 

(cmc), biosurfactant molecules form spherical or spheroidal aggregates (micelles) and surface tension 

reaches a plateau value [21].   

The first important classification among the numerous types of biosurfactants is based on the 

molecular weight: low molecular weight biosurfactants, which are more efficient in lowering surface 
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and interface tension, and high molecular weight biosurfactants, which are better stabilizers of oil-in-

water emulsions [22]. 

A second and more accurate classification can be achieved considering their chemical structure, 

according to which biosurfactants can be divided in several categories [23]. The main ones are 

glycolipids, whose structure is characterized by a tail made of long-chain aliphatic or 

hydroxyaliphatic acids and a polysaccharide as headgroup; lipopeptides, composed of a lipid moiety 

and a polypeptide chain [24]; fatty acids and phospholipids [24]; polymeric biosurfactants (proteins 

or polysaccharides) [20]. 

The processes of biosynthesis of biosurfactants are complex and very different from each other. Only 

a few have been studied in depth [24]. To allow the formation of biosurfactants, it is necessary for 

the microorganisms to grow on an organic substrate, which represents a source of carbon and energy 

[25]. In this respect, one of the advantages of biosurfactants, over chemical/conventional surfactants, 

lies in the used raw materials: the source of carbon can be chosen among by-products and industrial 

wastes. An example is given by vegetable oils, which are by-products of food industries, such as corn, 

sunflower and olive oil; being made of saturated and unsaturated fatty acids, they present 16-18 

carbon atoms chains, so they are ideal for the purpose [26].  

In addition to carbon, another essential presence is the nitrogen: low quantities of nitrogen promote 

cell metabolism and consequently biosurfactant production. On the contrary, high quantities of 

nitrogen give low C/N ratios, which reduce biosurfactant production [21]. 

Regarding variables like temperature and pH, it has been found that conducting the synthesis at 

neutral pH and temperatures between 35-40 °C leads to the maximum production of biosurfactants 

[27].  

The functional properties of each biosurfactant are related to the physical and chemical characteristics 

of the molecule; nevertheless, it is possible to identify a common behavior which determines 

biosurfactant performances and applications.  

The fundamental property of a biosurfactant in aqueous solution is to reduce surface tension. As 

already hinted, because of the hydrophilic-hydrophobic duality of their structure, biosurfactant 

molecules replace those of the solvent at the solution surface, decreasing the intermolecular forces 

among them [20]. In the solution bulk, above the cmc, biosurfactants micellize. In this respect, they 

are more efficient than their industrial counterparts, since their cmc is 10-40 times lower [28]. The 

cmc and the morphology of the micelles depends on the structure and length of the hydrocarbon 
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chains and it can change with temperature, pressure, pH variations, presence of co-solvent, such as 

ethanol and glycerol [20]. 

The capability to micellize makes biosurfactants solubilizing agents for hydrophobic compounds. 

They increase solubility not degrading molecules but favoring mass transfer of the hydrophobic 

compounds to the solution [29]: they incorporate hydrophobic molecules inside the micelles, in 

contact with the hydrocarbon chains [20]. 

Moving to the qualities which make biosurfactants environmentally friendly, biodegradability is 

another significant property, which means that a biodegradable compound can be decomposed by 

microorganisms, through enzymatic processes.  It has been studied that, also thanks to their origin, 

biosurfactants are biodegradable [30] and they result more efficient compared to synthetic surfactants 

[18]. 

Biodegradability and bio-derivation are not synonymous of non-toxicity, but even if only few studies 

have been conducted about biosurfactant toxicity, they are considered low or non-toxic, so they can 

be employed in various fields [31]. Although non-toxic, it should be recalled that some of them are 

produced by pathogens (i.e., Pseudomonas aeruginosa), hence they are considered scarcely suitable 

for applications which involve food consumption [32]. 

Thanks to their characteristics and properties, biosurfactants are a valid option and are increasingly 

proposed as substitutes for synthetic ones. Their applications are countless, but one of the most 

studied is bioremediation, which relies on the combination of good surface activity and solubilization 

power: lowering interfacial tension of water, biosurfactants allow the transfer of hydrophobic 

pollutants in the mobile phase and with micelles, they increase the solubility of undesirable molecules 

[31]. To remedy to the big quantity of chemical used in these processes, biosurfactants are the ideal 

compounds, because they combine sustainability and good functionality. Indeed, their bioremediation 

efficiency is far greater than that of industrial surfactants [33].  

Being good emulsifiers, biosurfactants can be used is cosmetic formulation. In this field, they are 

preferred to industrial surfactants because they are healthier and reduce the incidence of skin 

irritations and allergies [34]. 

Biosurfactants have been proposed considered even for biomedical applications. Surfactin has 

antibiotic, anti-inflammatory and anti-tumor functions [32]; specifically, it has been found to have 
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immunosuppressive activity, so it can be used in therapies for transplantations and autoimmune 

diseases [35].  

Despite all these possible applications and their evident benefits, massive use of biosurfactants is 

slowed down so far by high costs of raw materials and production process. Low yields from already 

expensive process make biosurfactants uncompetitive compared to synthetic surfactants costs [27]. 

Current scientific research is focusing on development of more efficient bioprocesses, overproducing 

strains, and use of cheap raw material, paying attention to the preliminary purification costs, so as not 

to further charge the expenses [36]. 

 

2.3. Rhamnolipids  

Rhamnolipids are the most important class of biosurfactants. They are arising an increasing 

technological and applicative interest, because of the promising detergent, emulsifying, wetting and 

solubilizing properties. 

They are produced by the opportunistic pathogen Pseudomonas Aeruginosa and have a glycolipid-

type structure composed of two parts: 

I. the glycon part, constituted by one or more rhamnose units, 

II. the aglycon part, constituted by one or more fatty acids [13]. 

 

2.3.1. Natural origin, biological functions, and molecular structure 

Pseudomonas aeruginosa is a voracious organism, which feeds almost on anything. As an example, 

if placed in an oil-affluent environment, without other sources of carbon, it produces rhamnolipids to 

emulsify the oil, then ingest and consume them. 

Therefore, the production of rhamnolipids is possible from several carbon sources that support 

bacterial growth. Highest productivity is achieved by using original oils such as soybean, canola and 

olive. Instead, among the water-soluble substrates, mannitol is the most effective. [37] 

Furthermore, the biosynthesis of rhamnolipids can be also regulated at the transcriptional level by the 

quorum-sensing (QS) which is a cell-to-cell communications mechanism based on the exchange of 

lipidic intercellular signals between different bacteria or same bacterial strains. [37] 
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Among the biological functions of rhamnolipids is the reduction of surface and interfacial tension, in 

fact they are able to solubilize the adsorption of hydrophobic substrates. 

In addition, given their low toxicity, high biodegradability and compatibility, they exhibit 

antibacterial, antiviral and antifungal activities. [37,38] 

The discovery of rhamnolipids dates back to 1946 when Bergstrӧm et al. reported a glycolipid oil, 

called pyolipic acid, composed of L-rhamnose and β-hydroxydecanoic acid, produced by 

Pseudomonas pyocyaneus (today Pseudomonas aeruginosa), when cultivated on glucose [39]. In 

1949 Jarvis and Johnson isolated the compound and defined the rhamnolipids structure as normal l-

β-hydroxydecanoic acid connected through a 1,3-glycosidic bond to two molecules of L-rhamnose 

[40]. In 1965 Edwards and Hayashi discovered that the bond between the two L-rhamnose molecules 

is the α-1,2-glycosidic bond, as deduced through oxidation and methylation of the periodate; thus, 

they conclusively demonstrated the structure of rhamnolipids to be 2-O-α-L-rhamnopyranosyl-β-

hydroxy-decanoyl-β-hydroxydecanoate [40]. 

From 1972 to 2000, through the use of various analytical instrumental techniques, various 

rhamnolipids, produced by Pseudomonas Aeruginosa strains growing on different carbon sources, 

were isolated and characterized; the identified structures included a large number of homologues, 

about 60. The main molecular features that can vary are the number of rhamnose units and the number 

of hydroxyalkanoic acids. Fig. 1 shows the most representative rhamnolipid structures. 

The molecular features influence the rhamnolipid solubility in water and their capability to solubilize 

hydrophobic compounds. Specifically, the additional molecule of rhamnose gives greater 

hydrophilicity to the di-rhamnolipids, while additional or longer fatty acid chains increase their 

hydrophobicity [41,42]. Minor variable features include the fatty acid length, chain unsaturation, and 

the possible presence of further functional groups. In all cases, rhamnolipids present a single free 

carboxylic group and this gives the rhamnolipids an amphoteric behavior in water (protonated/neutral 

in acidic and deprotonated/anionic in alkaline conditions) [43]. 

The great part of surfactants usually shows a net distinction between polar head and hydrophobic 

tails. Rhamnolipids expose the carboxylic group at the end of the aliphatic chains which contributes 

to the hydrophilic region but the electric contribution is the surfactant head. and should be considered 

as part of the head [44].  

As consequence, the presence of the carboxylic group makes rhamnolipids pH sensitive surfactants. 

The pKa of the carboxylic group is around 5.5 [45-47] so they behave as anionic surfactant at neutral 
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and basic pHs and as non-ionic surfactants at acid pH below 5.5. and thus the physico-chemical and 

aggregation properties are related on both the pH and the presence of ions. 

 

 

 

 

Figure 1. Common structures of rhamnolipids homologues: in panel a) and b) the structure of mono-rhamnolipid; in panel c) and d) 

the structure of di-rhamnolipid. 

 

Pseudomonas Aeruginosa bacteria produce rhamnolipid mixtures, whose composition depends on 

the strain, its origin, the type of carbonaceous substrate, the culture conditions [40]. The enzymatic 

synthesis Pseudomonas Aeruginosa uses to produce di-rhamno-di-lipids, chosen as an example, can 

be summarized in three main reactions: 

1. 2β-hydroxydecanoyl-CoA
+H2O→    β-hydroxydecanoyl-β-hydroxydecanoate + 2 CoA 

2. TDP-L-rhamnose + β-hydroxydecanoyl-β-hydroxydecanoate → TDP + L-rhamnosyl- β-

hydroxydecanoyl-β-hydroxydecanoate 

3. TDP-L-rhamnose + L-rhamnosyl- β-hydroxydecanoyl-β-hydroxydecanoate → TDP + L-

rhamnosyl-L-rhamnosyl- β-hydroxydecanoyl-β-hydroxydecanoate 
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The double chain β-hydroxydecanoyl-β-hydroxydecanoate is obtained first, and then we have a 

sequence of two rhamnosyl-transfer reaction (2 and 3), catalyzed by two rhamnosyl-transferases, 

where the source of rhamnose is Thymidine Di- p-Phosphate-L-rhamnose. Thus, the mono-

rhamnolipids are initially obtained, and eventually converted to di-rhamnolipids [41]. 

 

2.3.2. Physico-chemical properties 

Probably the main property of biosurfactants is their ability to lower surface/interface tension. This 

ability allowed the presence of such molecules to be identified in bacterial media [48-53] and is at 

the basis of biosurfactant use in many different fields, being the surface tension a parameter of 

crucial importance in different phenomena, such as adsorption, wetting, catalysis and so on [21,54]. 

Moreover, self-aggregation of biosurfactants, with formation of aggregate/solvent interfaces, results 

in the micellization phenomenon, on which other fundamental applications, such as detergency or 

contaminant removal, depend [55-57]. 

When surfactants are added to water, given the amphiphilic nature, they adsorb at the water–air 

interface with the hydrophilic headgroups towards water and the hydrophobic tails towards air. The 

result of this preferential adsorption is the reduction of solution surface tension γ [54,57]. In 

thermodynamics terms, the presence of surfactants at the air/water interface reduces the surface free 

energy per unit area required to create new surface. Surface tension of surfactant solutions can be 

determined as a function of surfactant concentration by means of tensiometric titration experiments 

[58].  

These experiments allow to determine 𝛾𝑚𝑖𝑛, the maximum lowering of surface tension, and also the 

cmc. Moreover, from the slope of the plot of 𝛾 versus the logarithm of surfactant molar concentration 

c it is possible to calculate the surface concentrations Γ by means of the Gibbs equation [59-61]:  𝛤 = − 1𝑛𝑅𝑇 𝑑𝛾𝑑 𝑙𝑛 𝑐          Equation 1 

where R is the gas constant, T is the absolute temperature and n is a coefficient that takes into account 

the dissociation of ionic surfactants, and, in turn, the area occupied by a molecule at the surface Amin: 𝐴𝑚𝑖𝑛 = 1𝛤𝑁𝐴           Equation 2 

where NA is the Avogadro number. The area occupied at the surface by single surfactant gives a 

good idea on the packing of molecules and on their structure and interactions. 
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Surface properties, including 𝛾𝑚𝑖𝑛 and A𝑚𝑖𝑛, as well as self-aggregation features, such as the cmc, have 

been determined for a great variety of rhamnolipids, mixtures of congeners as well as purified forms, 

natural rhamnolipids as well as synthetic ones, and in conditions differing for pH, ionic strength and 

presence of additives. 

Mixtures of rhamnolipids show the value of 𝛾𝑚𝑖𝑛 is 26-39 mN/m and value of cmc in the range 10-

600 mg/L. These wide range are due to the different producing bacterium, and the different growth 

conditions. Indeed, cmc depends on the growth medium employed for rhamnolipid production: when 

sources of long carbon chains are used, lower cmc values are obtained, with respect to cases where 

glucose or other carbon sources are employed.  

For pure rhamnolipids, the cmc values of monorhamnolipids range from 0.01 to 0.40 mM, while for 

dirhamnolipids they range from 0.01 to 0.46 mM, indicating that the presence of one or two sugar 

units has a limited effect on the aggregation of rhamnolipids in micelles. In acid conditions, pH ~ 4-

5 < 5.6 = pKa, monorhamnolipids and dirhamnolipids show a smaller value which corresponds to 

conditions where rhamnolipids are expected to be fully protonated, with no net charge and with 

minimal electrostatic repulsions. Thus at acid pH, cmc values for monorhamnolipids and 

dirhamnolipids are perfectly coincident when highly pure (>96%) and the pH is kept constant by the 

use of buffers [62]. At intermediate conditions, with pH=6.8, the value of cmc are very similar each 

other.  

In alkaline conditions, pH = 9, the carboxylic groups is expected to be deprotonated, the 

monorhamnolipid show a net negative charge and electrostatic repulsion with other molecules which 

correspond to a cmc value that is twice that of dirhamnolipid [63], suggesting that for rhamnolipids 

in anionic form a slight effect of the number of rhamnose moieties in the head could exist.  

The effect of ionic strength was investigated for both monorhamnolipids and dirhamnolipids at acid 

[45,64] and neutral [45,64-66] pHs when they are supposed to be respectively non-ionic and anionic. 

It was observed that addition of increasing quantities of NaCl has near no effect when both 

rhamnolipids are protonated, while it causes a decrease of cmc values at pH around 7, with cmc 

decreasing of a factor of 2-4 for monorhamnolipids and of 4-5 for dirhamnolipids with increasing 

NaCl concentration [45,64-66].  

The average γmin values are 25-36 mN/m for monorhamnolipids and 28-37 mN/m for dirhamnolipids, 

respectively, indicate that the more hydrophobic monorhamnolipid appears more surface active 

compared to the more hydrophilic dirhamnolipid. The highest values are found for both rhamnolipids 
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at highly basic pHs when significant dissociation might occur [49,67]. As for the smallest values, 

they are generally found for acid pHs when rhamnolipids fully behave as non-ionic surfactants [62].  

For what concerns Amin values, they crucially depend on the choice of the prefactor n employed in the 

Gibbs equation (Equation 1) [59,61,66,67].  

At pH < pKa as well as at pH > pKa and high ionic strength a Gibbs prefactor n =1 is used. In these 

conditions, Amin values for monorhamnolipid range between 52 [63] and 84 [68] Å2, a  significant 

variation that cannot be related to the different experimental conditions, since the lowest value is 

found for pure monorhamnolipid in water at neutral pH and in the presence of 0.5 M NaCl [63] and 

the highest value in very similar conditions, i.e. in pure water, where the pH should be around 7, and 

in the presence of 1 M NaCl [68]. The main difference is the purity of the rhamnolipid employed, in 

the former case around 96%, in the latter significantly lower, even if not specified. When only highly 

pure monorhamnolipid samples are taken into account, the smallest Amin value, about 60 Å2, is found 

at acid pH, when electrostatic repulsion among the headgroups should be null [65].  

In the case of dirhamnolipid, Amin values range between 65 [65] and 84 [71] Å2 when a Gibbs prefactor 

of 1 is used. Surprisingly the highest value, found in pure water and in the absence of salts, is the 

same found for monorhamnolipid, and, overall, Amin values for dirhamnolipid are not so different nor 

always larger than those found for monorhamnolipid, despite the presence of two rhamnose units in 

the headgroup rather than one.  

At pH > pKa and at low ionic strength, a Gibbs prefactor of 2 should be used to take into account 

surfactant dissociation [59,61,66,67]. In these conditions Amin for dirhamnolipid is about 130 Å2 

[62,65,68,69], while for monorhamnolipid ranges between 86 [74] and 135 [73] Å2, a great variability 

that cannot be easily justified on the bases of the pH or the ionic strength, as, for example, Amin varies 

from 86 to 109 Å2 by decreasing the pH from 8 to 7 and increasing the phosphate buffer concentration 

from 10 mM to about 100 mM [70]. Molecular dynamic simulations of anionic Rha-C10-C10 at the 

air/water interface indicated an energetically preferred Amin value of ∼80 Å2 [71]. However, values 

ranging from 60 to 140 Å2 were all found to be energetically accessible at room temperature. The 

highest surface concentrations, corresponding to the smallest surface areas, were found in the 

simulations when the monolayer began to exhibit significant undulations, which depended, in turn, 

on the balance of possible headgroup−headgroup and tail−tail interactions, which are difficult to 

predict [71]. This may justify variations of Amin values that cannot be easily linked to molecular 

structure or solution conditions. 
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When pure monorhamnolipid and dirhamnolipid are analysed in the same conditions, for example in 

pure water at pH = 6.8 [62,68,69], monorhamnolipid is characterized by a slightly larger area per 

molecule at interface, 135 vs 131 Å2. This counterintuitive finding was explained invoking the 

screening effect of the double rhamnosyl group of dirhamnolipid molecules on the carboxylate group, 

allowing dirhamnolipid molecules to pack more densely than monorhamnolipid ones at the interface 

[62]. However, such a difference is indeed small and mostly suggests a very similar packing for 

monorhamnolipid and dirhamnolipid, irrespective of the supposed bulkiness of the polar head. 

Belonging to glycolipids class which self-assemble into spherical, disk-like (oblate) and rod-like 

(prolate) spheroid micelles in dilute conditions [72,73], while at higher concentrations, they show a 

complex phase behaviour of a range of liquid crystalline states [72,74]. Rhamnolipids are able to form 

various structures, such as micelles, vesicles, bilayers and various mesophases. In principle, the 

presence of the carboxylic acid group further complicates this scenario conferring a pH dependence 

to rhamnolipid aggregation properties, in addition to the dependence on concentration, temperature, 

presence of additives, salts or impurities, as well as sample heterogeneity due to the presence of 

different congeners. Rhamnolipids are indeed able to form aggregates with very different dimensions, 

depending on the concentration, the pH and the temperature. However, a clear identification of the 

kind of aggregates formed is often not possible as many studies employed Dynamic Light Scattering 

, DLS, as the only technique to analyse aggregate features, providing only the hydrodynamic radius 

(Rh) or diameter. In this respect, rhamnolipids are shown to form mainly smaller aggregates with 

hydrodynamic radii of the order of tenth of nanometres (10-60 nm) and larger aggregates with 

hydrodynamic radii of the order of hundreds of nanometres. A first source of confusion arises because 

the former kind of aggregates are considered as micelles by some research groups and as vesicles by 

others. Actually, species with Rh ~ 10/30 nm are likely to be micelles, but because of their large 

dimensions they cannot be identified as simple spherical micelles and are likely to be elongated 

micelles, ellipsoidal or even cylindrical ones. Aggregates with Rh ~ 50/60 nm could be identified as 

vesicles, but a clear distinction between very large micelles and vesicles requires the use of additional 

experimental techniques in conjugation with DLS, such as Small Angle Neutron Scattering (SANS) 

or Polarized Optical Microscopy (POM). Nonetheless, it is worth to note that neither of these two 

techniques gives a clear-cut definition of the aggregate nature on its own. When SANS or POM are 

employed, the presence of a lamellar arrangement of rhamnolipids is assessed by a q-2 trend of the 

SANS profiles at small q or by the presence of maltese crosses in POM images, but whether we are 

in the presence of flat lamellae or spherical vesicles (and if the latter are uni- or multi-lamellar) cannot 
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be established without the combination of complementary techniques. Therefore, the actual nature of 

lamellar aggregates is also elusive. Finally, some ambiguous or wrong classifications could be the 

result of misinterpretation of the experimental data.  

The aggregation behaviour of monorhamnolipids and dirhamnolipids have been also rationalized in 

some cases through the calculation of the critical packing parameter (cpp) [74,75], but very different 

values are reported in different papers, with cpp values ranging from 0.24 [68] and 1 [76] for 

monorhamnolipids and from 0.27 [68] and 0.73 for dirhamnolipids.  

cpp is in the previous Chapter I in paragraph 1.3.2. (Eq. 12). 

Within the simplicity of the above formula, calculating the cpp of surfactants, in particular complex 

surfactants like biosurfactants in general and rhamnolipids in particular, is not trivial [54]. Focusing 

only on the main issues, one has to consider not only the possibility of tail deformation when defining 𝑣0  and 𝑙0, but also, in the case of rhamnolipids, the presence of two tails and their actual lengths, 

since delimitation of hydrophobic and hydrophilic regions is much more blurred than in canonical 

surfactants. The most difficult geometrical parameter to calculate among those present in the cpp 

definition is 𝑎𝑒. Often it is regarded as an index of the steric hindrance of the headgroups, and, also 

considering this oversimplification, the conformational flexibility of the rhamnolipid headgroup, 

particularly for di-rhamnolipids, significantly complicates 𝑎𝑒 evaluation. In addition, 𝑎𝑒 strictly 

represents an equilibrium area per molecule, obtained from the minimization of the free energy of 

micellization. Therefore, it includes effects deriving from electrostatic interaction, hydration of the 

headgroup, binding and hydration of counterions and hydrophobicity of the headgroup [54,77], all of 

them are effects difficult to evaluate and more significant for rhamnolipids than for canonical 

surfactants. Finally, the influence of the hydrophobic region usually is not accounted in 𝑎𝑒 calculation 

[75,78], but is likely to play a crucial role in determining headgroup conformation in the case of 

rhamnolipids. For all these reasons the observed variability of cpp values is not surprising; moreover, 

great caution is required when assessing a specific morphology to rhamnolipid aggregates based on 

cpp values. 

 

2.3.3. Technological application 

Rhamnolipids are of great interest for industrial applications, such as enhanced oil recovery, 

agriculture (control of zoosporic plant pathogen by affecting motility), food (multipurpose 

ingredients), cosmetic (health care formulations), biomedicine (cellular immunosuppression) and a 

bioremediation (metal flushing agents, biodegradation of organics) [40-48]. Interestingly, an 
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extensive characterization of rhamnolipid mixture obtained from different strains of P. aeruginosa 

(NCIM 5514 [79], BS20 [80], SG [81]) and from Pseudomonas stutzeri Rhl [82] subjected to 

different, extreme, conditions of temperature (from 4 to 120°C), pH (from 2 to 13) and ionic strength 

(from 0 to 20 % w/v NaCl) well highlighted the incredible resistance of biosurfactants and the 

possibility to employ them also in industrial applications where canonical surfactants undergo 

degradation and inactivation [79,80,82]. Thus, these findings prove the rhamnolipids advantages.  

Furthermore, rhamnolipids are excellent candidates for bioremediation, because of their excellent 

tension surface and emulsifying activity as well as high stability at elevated temperatures, high 

salinities, and over a wide pH range [83]. 

The main issues for industrial applications of rhamnolipids are safety, performance and costs. 

Concerning safety, it has to be reminded that Pseudomonas Aeruginosa is a well-known pathogen. 

This has driven:  

• the heterologous production of rhamnolipid in non-pathogenic bacteria. 

• the identification of non-pathogenic bacteria naturally producing rhamnolipid [84]. 

In the second direction, some researchers have shown that Pseudonomas chlororaphis is able to 

produce rhamnolipids using glucose as a carbon source, and a strain of Thermus thermophilus HB8 

produces both polyhydroxyalkanates and rhamnolipids using glucose or sodium gluconate as a carbon 

source. However, in both cases the produced amounts are much lower lower than those of 

Pseudomonas Aeruginosa [85]. 

Regarding performances, the main problem is that they change with the rhamnolipid mixture 

composition. Different carbon source, such as soybean oil or glycerol, cause Pseudomonas 

Aeruginosa to produce rhamnolipids mixtures with different applicative potentials [86]. 

About the costs, the biotechnological production of rhamnolipids is much more expensive if 

compared to synthetic surfactants [87]. To reduce this drawback, the use of waste as a carbon source, 

the identification of low-cost purification strategies, and the direct application of unrefined products 

appears as suitable strategies [85]. 
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Chapter III 

3. Molecular structure of glycosurfactants interfacial layers 

Emulsions are kinetically stable dispersions of droplets in another nonmiscible continuous liquid 

phase. They can be distinguished among water-in-oil, W/O, oil-in-water, O/W, and a more complex 

emulsion of water-oil-water, W/O/W. The interfacial tension between the two liquids is usually 

lowered by adding an emulsifying agent. Surfactants represent the most used emulsifiers in industrial 

formulations [1,2,3] given their peculiar characteristics. They form a monolayer at the droplet surface, 

pointing their polar head groups to water, while the apolar tails point towards the oil phase [1].  

When the diameter of the droplets is low around 50–200 nm, the system is called nanoemulsion [4,5]. 

It is a kinetically stable system, since Brownian motion overcomes the gravity forces that drive the 

system separation, avoiding creaming and sedimentation. The application of nanoemulsion in 

different field stands due to the ability to solubilize a wide range of substances. Therefore, these 

systems have found numerous applications over a wide range of areas such as pharmaceuticals [6], 

foods [7], cosmetics [8], agrochemicals [9] and fuels [10], and new applications are continuously 

being reported [5,11]. In the recent year the trend of a formulation with high performance and low 

environmental impact is arising. Thus, the physico-chemical characterization remains a fundamental 

challenge for many research groups. Indeed, the stability of emulsions and nanoemulsions depends 

on the combination of a large number of factors, including temperature, oil type, oil and water relative 

amounts, surfactant(s) type and concentration [12]. New classes of surfactants, such as the 

glycolipids, have been studied to accomplish the requirement of green chemistry principles, which 

should present a low environmental impact and to ensure no risk for human health. Sorbitan esters 

(commercially known as Span surfactants) are among the most employed emulsifiers [13,14]. The 

properties of these surfactants can be finely tuned by changing the length and saturation of the acyl 

chain [15]. Moreover, their hydrophilicity can be increased by decorating the sugar ring with poly 

(ethylene glycol) chains (resulting in the Tween surfactant series). These sugar-based nonionic 

surfactants are recognized as safe and biocompatible products; they are affected neither by pH 

changes of the mixture nor by the presence of other components [16,17]. In order to increase the 

emulsion stabilization, a mixture of surfactants is preferred with respect to single surfactants [7,18] 

since their composition can be finely tuned depending on conditions and requirements. In this part of 

the present PhD thesis, a mixture of Span80 and Tween80, two sugar-based surfactants belonging to 

https://www.mdpi.com/2079-4991/11/2/331#B1-nanomaterials-11-00331
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glycolipid class, have been used to formulate Oil-in-Water (O/W) and Water-in-Oil (W/O) emulsions 

by using alternatively a linear or a branched oil [15,19]. In particular, mixtures of these surfactants 

have been recently demonstrated to effectively stabilize nanoemulsions [20-24].  

Firstly, the pseudo-phase diagrams is determined, delimiting composition regions in which samples 

showed a uniform milky appearance with no evidence of demixing, as a function of time. Then a fine 

analysis on the surfactant microscopic organization and dynamics has been investigated through 

electron paramagnetic resonance (EPR). Specifically, the Span80/Tween80 layer interposing between 

water and oil domains is characterized by using two amphiphilic spin-labeled probes, 5- and 16-doxyl 

stearic acids (abbreviated as 5- and 16-DSA, respectively) which provide information on the 

microenvironment polarity, the surfactant orientation, mobility and segmental ordering of the acyl 

chains. 

 

3.1 Materials and samples preparation 

In Fig. 1 are presented the molecular formulae of both used surfactants. Span80 and Tween80 were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Span and Tween are registered trademarks of 

Croda Inc. (New Castle, DE, USA).  

 

 

Figure 1 Molecular formulae of (a) Span80, (b) Tween80 

 

Span80 (sorbitan monooleate) is a biodegradable surfactant synthetized from the natural fatty acid 

oleic acid and the sugar alcohol sorbitol; the appearance is a viscous, brown, liquid, lipophilic 

surfactant with low hydrophilic–lipophilic balance (HLBSpan80 = 4.3). Tween80 (polyethylene glycol 



 

61 

 

sorbitan monooleate) is a hydrophilic derivative of Span80, obtained from polyethoxylated sorbitan 

and oleic acid, with an amber, sticky liquid aspect and HLBTween80 = 15. The emulsion were obtained 

by using Millipore water Millipore Milli-Q system with an electrical conductivity less than 1 × 10−6 

S cm−1 at 25 °C and two types of oil with linear alkanes for the first and a large fraction of branched 

alkanes for the second. Both oils present a negligible content of aromatics and unsaturated chains and 

are polydisperse samples with an average number of carbon atoms per molecule equal to ~12. The 

former one, commercially called Alboles 2701 (from Lubra S.p.A., Cornaredo, MI, Italy), is a mixture 

of linear aliphatic hydrocarbons with a distillation range between 180 and 240 °C. Its kinematic 

viscosity at 40 °C is 1.8 mm2 s−1 and the density at 15 °C is 0.78 kg dm−3. The latter one, commercially 

called Isopar G (from Exxon Mobil Chemicals, Parkway Spring, TX, USA), is mainly composed of 

isoalkanes with a distillation range comprised between 165 and 177 °C. The kinematic viscosity at 

40 °C is 1.19 mm2 s−1 and the density at 15 °C is 0.75 kg dm−3. 

The spin-labeled fatty acids 5-doxyl stearic acid (5-(1-oxyl-2,2-dimethyl-oxazolidin) stearic acid, 5-

DSA) and 16-doxyl stearic acid (16-(1-oxyl-2,2-dimethyloxazolidin) stearic acid, 16-DSA), used for 

EPR measurements, were also purchased from Sigma-Aldrich and stored at −20 °C and showed in 

Fig. 2. 

 

Figure 2 Molecular formulae of (a) 5-doxyl stearic acid (5-DSA) and (b) 16-doxyl stearic acid (16-DSA). 

 

The samples were prepared as described: 

i) Proper amounts of linear oil, L.O., or branched oil, B.O., with and Span80 were weighted in 

a vial and thoroughly mixed by using a bench-type vortex (ArgoLab Mix, Carpi, Italy). 

ii) Proper amounts of water and Tween80 were weighted in another vial and thoroughly mixed 

by vortexing. The pH of this solution was checked to be from neutral to weakly acid (pH = 6–

7). 
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iii) The contents of the two vials were combined, briefly vortexed and then sonicated using a 

Sonics Vibracell VCX 130 PB ultrasonic processor (Sonics&Materials, Newtown, CT, USA) 

equipped with a 3 mm titanium probe running at an amplitude of 40% for 20 min in an ice 

bath. 

Systems of water/L.O./(Tween80+Span80) and water/B.O./(Tween80 + Span80) have been analyzed. 

The relative amount of water and oil in each sample was quantified as the oil weight percent with 

respect to the total solvent, denoted by L.O.% and B.O.%, respectively. In all the samples the total 

amount of the surfactant mixture (Tween80+Span80) was fixed to 4% in weight with respect to the 

total sample amount. On the contrary, the fraction of the two surfactants was varied as the Span80 

content increases with respect to the total surfactant weight and it is indicated with αSpan80. The entire 

αSpan80 range was analyzed. The thermodynamic equilibrium is waited and thus the emulsions were 

monitored by the ocular inspection after 3, 24 and 96 h from preparation stored at 25 ± 1 °C as showed 

in Fig. 3. 

 

 

 

Figure 3 Water/L.O./(Tween80 + Span80) emulsion samples. The total surfactant amount was fixed to 4% in weight with respect to 

the total sample amount, surfactant composition and the oil content were αSpan80 = 0.4 and L.O.% = 40 in all the samples. Time 

from preparation is indicated in the labels 
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3.2. Measurements 

 

3.2.1. Pseudo-Phase diagram determination 

Systems of water/L.O./(Tween80+Span80) and water/B.O./(Tween80 + Span80) have been analyzed. 

The relative amount of water and oil in each sample was quantified as the oil weight percent with 

respect to the total solvent, denoted by L.O.% and B.O.%, respectively. In all the samples the total 

amount of the surfactant mixture (Tween80+Span80) was fixed to 4% in weight with respect to the 

total sample amount. At contrary, the fraction of the two surfactants was varied as the Span80 content 

increases with respect to the total surfactant weight and it is indicated with αSpan80. The entire αSpan80 

range was analyzed. The thermodynamic equilibrium is waited and thus the emulsions were 

monitored by the ocular inspection after 3, 24 and 96 h from preparation stored at 25 ± 1 °C. 

 

3.2.2 Conductometric measurements 

Specific conductivity measurements were performed on water/L.O./(Tween80 + Span80) samples 

using a CDM 210 conductometer (Radiometer Analytical, Villeurbanne, France) with a conductivity 

cell having a constant of 0.1 cm−1. The cell was calibrated by determining the cell constant K before 

the measure. The cell constant was determined by measuring the conductivity of a KCl standard 

solution with a specific conductivity known with great accuracy at several concentrations and 

temperatures. The specific conductivity, χ (μS cm−1), was then obtained as the product of the cell 

constant and the conductivity of the solution. The conductometric measurements were performed in 

a thermostated room (25 ± 1 °C) using samples which present the same temperature. Specific 

conductivity were repeated thrice on independently prepared samples with the same nominal 

composition. The results are reported as mean value ± standard deviation. 

 

3.2.3. Electron Paramagnetic Resonance characterization 

Local polarity, tail order and mobility of the surfactant layer were performed through EPR 

measurements by using two spin-labelled saturated fatty acids as probes: 5-DSA and 16-DSA. The 

first presents a nitroxide group reporter in position 5 of the backbone which is relatively close to 
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surfactant polar head and so the second probe shows the nitroxide group reporter on the acyl chain 

terminus. The spin-labelled stearic acid are pH dependent (pKa = 7.45) [25,26]. The measurements 

were carried out at pH value below the pKa so the the carboxylic group was in the un-dissociated 

form. A probe thin film had been obtained by drying under nitrogen the proper amount of a 1 mg 

mL−1 probe solution in ethanol placed in a round-bottom glass vial in order to have a concentration 

of 2% by mass with respect to the surfactants in the samples. The probes were incorporated after the 

sonication step, shaken for 15 min and finally left at rest for another 15 min. The same procedure was 

repeated for the two spin probes. The probe-containing nanoemulsions were purged with nitrogen (10 

min) before being transferred to a 25 μL glass capillary and flame sealed to avoid Oxygen-induced 

line broadening in EPR spectra that occur when oily samples are analyzed [27]. 

EPR spectrometer is an X-band (9 GHz) Bruker Elexsys E-500 (Rheinstetten, Germany). The 

capillaries with the samples were placed in a standard 4 mm quartz sample tube to record 

measurements at room temperature (25 ± 1 °C). The settings for spectra record were:: frequency 9.87 

GHz; non-saturating incident power, 6.40 mW; sweep width, 140 G; center magnetic field 3510 G; 

resolution, 1024 points; time constant, 10.24 ms; conversion time, 20.48 ms; modulation frequency, 

100 kHz; modulation amplitude, 1.0 G. Several scans, typically 128, were accumulated to improve 

the signal-to-noise ratio. The error in the determination of the distance between the peaks in EPR 

spectra depended on their width; the highest possible error was ±0.3%. Thus, EPR measurements 

were repeated thrice on independently prepared samples with the same nominal composition. The 

results are reported as mean value ± standard deviation. 

 

3.3 Results and discussions 

 

3.3.1 Pseudo-Phase diagram and specific conductometry 

Fig. 4 panel a and b, show the pseudo-phase diagrams of the systems water/L.O./(Tween80 + Span80) 

and water/B.O./(Tween80 + Span80), respectively. As mentioned above, the total amount of the 

surfactant mixture (Tween80 + Span80) is constant and equal to 4% in weight with respect to the total 

sample amount. The horizontal axes report the αSpan80 value, which its increasing leads to the increase 

of the the HLB of the surfactant mixture from 15 (αSpan80 = 0.0) to 4.3 (αSpan80 is 1.0). The vertical 
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axes report the oil weight percent on the total solvent (water + oil) weight (L.O.% and B.O.%, 

respectively). The macroscopic observed demixing of the emulsion is reported in the pseudo-phase 

diagram as a different colored area depending on the time (3, 24 or 96 h from sample preparation). 

 

Figure 4 Pseudo-phase diagrams of the systems: (a) water/L.O. (linear oil)/(Tween80 + Span80) and (b) water/B.O. (branched 

oil)/(Tween80 + Span80) at 25 °C. Shadowed areas represent composition domains in which samples show macroscopic demixing 

when inspected after 3, 24 and 96 h from preparation, according to the reported legend. Black markers indicate the compositions of 

the samples analyzed by electron paramagnetic resonance (EPR). The red dashed line indicates the composition at which the inversion 

from O/W to W/O emulsions occurs, as detected by specific conductivity measurements. 

The shaded in deep blue in Fig. 4(a) stands for the water/L.O./(Tween80 + Span80) system where 

two different regions of instability were detected after 3 h. The first region is on the left-hand-side of 

the diagram (αSpan80 < 0.3) that extends from L.O.% equal to 35 up to 100. This evidence indicates 

that the Tween80-rich system is not able to stabilize oil-rich emulsions. The second region of 

instability, on the right-hand-side of the diagram (αSpan80 > 0.5), cover an area from L.O.% = 25 up to 

65. This behavior is due to the ability of Span80-rich systems to stabilize emulsions rich in one of the 

two solvents. 

After 3h, the pseudo-phase diagram shows a large double-T shaped stability area, where at bottom 

water-rich stable emulsions are present for the entire αSpan80 range, with a presumable O/W structure. 

At the top of the diagram, oil-rich stable emulsions are present from αSpan80 > 0.1 with a presumable 

W/O structure. The central vertical part of the diagram is interesting because for 0.3 < αSpan80 < 0.5 

(11.8 < HLB < 9.7), the emulsions are stable at all the composition solvent range. This area was 

subsequentially investigated through conductometric investigations on samples at αSpan80 = 0.4 to 
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observe the change in structure of the emulsion. In Fig. 5 the specific conductivity trend shows 

detectable values at low L.O.%. When the content of oil increases, in particular above L.O.% = 40, 

null values are detected. 

 

Figure 5 Specific conductivity of water/L.O./(Tween80 + Span80) emulsions as a function of the oil content L.O.% at  αSpan80 = 0.4 at 

25 °C.  

 These results clearly highlight a sudden inversion of the emulsion from a O/W to a W/O structure, 

with no evidence of an intermediate bicontinuous organization. In the pseudo-phase diagram, the oil 

content at which the inversion occurs is indicated by a red dashed line. 

After 24 h from the sample preparations, (middle blue areas in Fig. 4(a)), there are not particular 

changes in the instability area, only a slight enlargement of the instability regions is observed  

Finally after 96 h, the instability regions merge into a single zone as reported in Fig. 4(a), shaded in 

light blue. At the bottom of the figure, nothing has changed: the emulsion stability is observed for all 

αSpan80 range, as the first inspection. At the top part, the W/O stability is diminished for low αSpan80 

and it is guaranteed for αSpan80  up to around 0.5.  

The panel b of Fig. 4 shows the emulsion stability of the system water/B.O./(Tween80 + Span80). 

Here it is notable a large instability region after 3 h from sample preparation. 

The stability is reached in two separated areas of the diagram occupying the top and the bottom of 

the graph. The first area is where the O/W emulsions are stable in the entire αSpan80 investigated range 

and the amount of B.O.% increases from 5% up to 45% when Span80 fraction is increased.  In the 
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second area, the W/O emulsions are stable only for αSpan80 ≥ 0.5. The amount of water increases, 

reaching 25% in samples where only Span80 is present as surfactant. 

After 24 h, the instability zone tends to expand on the right-hand-side side; see the middle blue zone 

in Fig. 4(b).  

A four-day aging leads to a notable widening of the instability region, shaded in light blue. Only a 

very narrow range of W/O emulsion stability remains for B.O.% > 95. In the bottom of the O/W, 

structures are stable for B.O.% < 15 at αSpan80 > 10%. 

 

3.3.2 Electron Paramagnetic Resonance results 

The local polarity, the order parameter and microviscosity of the interfacial surfactant layer in 

water/L.O./(Tween80+Span80) and water/B.O./(Tween80+ Span80) emulsions were performed by 

EPR spectroscopy. The black squares in Fig. 4(a) and Fig. 4(b) are the considered samples in this 

measurement.  

Two spin labelled stearic acids were employed as probes: 5-DSA and 16-DSA [5]. These probes are 

able to intercalate into the surfactant layer given their amphiphilic behavior and their spectroscopic 

features furnish detailed information on the microenvironment where the paramagnetic label resides. 

Since the position of the reporter group, 5-DSA monitors the surfactant structuring and dynamics at 

the oil-water interface next to the head moieties. 16-DSA allows the exposure in the core of the droplet 

next to the surfactant tails. 

Fig. 6(a) and Fig. 6(b) show the EPR spectra of 5-DSA and 16-DSA in water/L.O./(Tween80 

+Span80) emulsions at constant surfactant mixture composition (αSpan80 = 0.4) at increasing relative 

amount of the oil phase (10 ≤ L.O.% ≤ 90).  
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Figure 6. Electron paramagnetic resonance (EPR) spectra of 5-DSA (a) and 16-DSA (b) in water/L.O./ (Tween80+Span80) 

emulsions at 25 °C, recorded within 3 h from sample preparation. The total surfactant amount was fixed to 4% in weight with respect 

to the total sample amount and surfactant compositions was αSpan80 = 0.4 in all samples. The oil content was progressively increased 

as indicated by the labels in the figures. 

The spectra are constituted by the three hyperfine lines due to the coupling between the unpaired 

electron spin, with spin equal to 1/2, and the nitrogen 14N with nuclear spin equal to 1. 

5-DSA the low- and high-field lines are further broadened and partially split in two components: these 

results demonstrate that the spin probes are inserted in the surfactant layer at the oil-water interface 

and preferentially rotate around the long molecular axis [28]. In the case of 16-DSA spectra are 

characterized by the presence of three lines of unequal heights and widths. The different rotation rate 

implies a different lineshape: for 16-DSA, the anisotropic motion of the nitroxide moiety is 

sufficiently rapid to average the hyperfine interaction, while for 5-DSA the motion is much slower 

[25]. Indeed, the label mobility is significantly more hindered close to the surfactant heads for 5-

DSA. Furthermore, Inspection of the figures shows, for both spin probes, no dramatic changes are 

observed for both probes with the increasing oil content in the systems, suggesting that structural 

reorganization occours upon emulsion phase inversion and thus, the interfacial surfactant layer is only 

slightly perturbed. 

The EPR spectra can furnish several information con the microenvironment of the samples by a 

Quantitative analysis. The 5-DSA spectra allow the evaluation of the hyperfine coupling constant, 𝐴𝑁, and the order parameter, S. 𝐴𝑁 is an index of the micropolarity experienced by the nitroxide label. 

S, which measures the label wobbling mobility, depends on the spatial ordering of the labeled segment 

of the probe tail with respect to the normal to the surfactant monolayer surface. These parameters can 
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be evaluated from the distance (in G) between maxima and minima of the spectra, (see Fig.6 (a)) 

according to [29]:  𝐴𝑁 = 13 (𝐴∥ + 2𝐴⏊)          Equation 1 

𝑆 = 𝐴∥−𝐴⏊𝐴𝑧𝑧−12(𝐴𝑥𝑥+𝐴𝑦𝑦) 𝐴𝑁0𝐴𝑁          Equation 2 

𝐴xx, 𝐴yy and 𝐴zz are the principal elements of the real hyperfine splitting tensor in the spin 

Hamiltonian of the spin-label and 𝐴𝑁0  is the isotropic hyperfine coupling constant in crystal state. The 

values of these parameters are reported in the literature [30]. 

As mentioned before, no dramatic changes are observed when the oil content increases as reported 

by the 𝐴𝑁 and S values (Fig. 7(a)). The S value is typical of 5-DSA probe inserted in quite ordered 

surfactant layers [5,27,31] and weakly increases with L.O.%, indicating an increase of the order of 

the surfactant tails close to the headgroups. These data confirm again the absence of a bicontinuous 

mesophase form in the investigated system: if a phase inversion had occurred, the S parameter passes 

through a maximum [25], which is not observed here. 

 

Figure 7. Dependence on oil content, L.O.%, of the EPR spectroscopic parameters of 5-DSA (a) and 16-DSA (b) in water/L.O./ 

(Tween80+Span80) emulsions at 25 °C. For both spin-probes the hyperfine coupling constant AN is reported (on the left-hand side 

ordinate). The right-hand side ordinate reports the order parameter, S, and the correlation time, 𝜏𝑐 , for 5-DSA and 16-DSA, 

respectively. The total surfactant amount was fixed to 4% in weight with respect to the total sample amount and surfactant 

compositions was αSpan80 = 0.4 in all samples. 
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The 𝐴𝑁 value do not show an abrupt change, but a slight increase, indicating that the nitroxide label 

is progressively more exposed to the aqueous medium. 

The 16-DSA spectra are characterized by three well-defined lines and so the 𝐴𝑁 values can be directly 

derived as the distance among them. In addition, the tumbling correlation time of the spin-probe, 𝜏𝑐, 

can be derived, which reflects the label rotational mobility, as determined by the microenvironment 

viscosity. 𝜏𝑐 is obtainable by the relation [32]: 

𝜏𝑐 = 6 × 10−10∆𝐻0 [( ℎ0ℎ+1)1/2 + ( ℎ0ℎ−1)1/2 − 2]      Equation 3 

ℎ+1, ℎ0 and ℎ−1 are the intensities of the low-field, central and high-field lines of the EPR spectrum, 

respectively, and ∆𝐻0 is the width of the central line (see Fig. 6(b)). This equation is applicable for 

rotational correlation times in the range 10-11 < 𝜏𝑐 < 3 × 10-9 s. 

The 𝜏𝑐 values decrease (Fig. 7(b)) indicating that the rotational mobility of the terminal part of the 

tails increases, this result suggests that the tail termini, linked to the nitroxide probe, are in a less 

viscous environment. 

The interpretation of the order, polarity and rotational parameters derived from EPR spectra suggests 

that during the emulsion transition from an O/W to a W/O structure the surfactant layer undergoes a 

slow structural re-arrangement where the polar heads position themselves at the interface in both the 

emulsions. 

In the O/W emulsion, the lipophilic are in the oil droplet interior experiencing steric repulsion and 

entangling with each other and experiencing steric repulsion. This results in a relatively disordered 

and blocked surfactant molecule meso-structuring (see the 5-DSA S value the 16-DSA 𝜏𝑐 value, 

respectively). Thus, surfactants arrange to form a compact layer distancing the water phase, as 

confirmed by the 5-DSA 𝐴𝑁 value which indicate a quite apolar environments experienced by the 

first segments of the acyl tails. This evidence is confirmed by literature which highlights a more 

generally disordered conformations of surfactants in O/W aggregates [33]. At contrary, in W/O 

systems the chains point towards the external medium, experiencing less steric constraints resulting 

a more ordered and dynamic surfactant organization, due to also by an enhanced water penetration 

among the surfactant headgroups and closer tail segments. 



 

71 

 

The “hedgehog” model can figuratively clarify this behavior [32]: by curving its back, the hedgehog 

can modify the relative position of its spines, increasing or decreasing the space between the edges 

of the spines. 

The EPR spectral parameters significantly change from a O/W to a W/O structure (see Fig. 6) when 

the L.O.% increases and they do not show an appreciable spectral change variation when αSpan80 

increases.  

This result highlights that the microstructure of the hydrophobic domain formed by the surfactant 

tails is poorly affected by changes of the headgroup layer composition, provided that the surface 

curvature, mainly determined by the solvent ratio, remains unvaried in emulsions stabilized by 

Tween80+Span80 mixtures. Average values of 𝐴𝑁, S and 𝜏𝑐 determined in 

water/L.O./(Tween80+Span80) emulsions with L.O.% equal to 10 (O/W) and 90 (W/O), and αSpan80 

varying in the range in which samples present a uniform appearance, are collected in Table 1. 

In Table 1 are collected the average values of 𝐴𝑁, S and 𝜏𝑐 for water/L.O./(Tween80+Span80) 

systems in which L.O.% amount is fixed at 10 (O/W) and 90 (W/O) and αSpan80 varies in the range in 

which samples present a uniform appearance. The assumptions given above on αSpan80 = 0.4 on the 

two different emulsions structures (O/W and W/O) can be extended to the other investigated αSpan80 

values. Indeed, in 5-DSA O/W emulsions the difference of the 𝐴𝑁 values are much lower than in 16-

DSA W/O ones due to a less extended conformation of the acyl chains in the former systems than in 

the latter ones. 

The 𝐴𝑁, S and 𝜏𝑐 values for water/B.O./(Tween80+Span80) systems are also reported in Table 1. The 

EPR spectral parameters are significantly affected by the oil content. Indeed, at same oil content, L.O. 

and B.O., the 𝐴𝑁 values are almost the same. At contrary, the S value is lower in systems with the 

branched oil indicating a more disordered environment compared to linear oil and it is in O/W 

emulsions than in W/O ones. This evidence could be ascribed to the bulkiness of the branched oil 

which is not able to insert among surfactant tails forcing them to assume twisted conformations 

leading to a less ordered surfactant layer. 

Even the 𝜏𝑐 values obtained for 16-DSA are lower for the systems in which the branched oil was 

used. Due to a lower viscosity of the branched oil with respect to the linear one, the lower compactness 

of the surfactant tails and the increased droplet mobility destabilize the 
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water/B.O./(Tween80+Span80) emulsions (particularly the W/O ones), whose stability domains are 

much narrower with respect to those of the water/L.O./(Tween80+Span80) ones (see Fig. 4). 

Table 1.  EPR spectral parameters of 5-DSA and 16-DSA in water/L.O./(Tween80+Span80) and water/B.O./(Tween80+Span80) 

emulsions at 25 °C. 

System 
Spin-

probe 

𝑨𝑵 

(G) 

S 𝝉𝒄 1010 

(s) 

water/L.O./(Tween80+Span80)     

L.O.% = 10  αSpan80 = 0.0–1.0  (O/W) 

5-DSA 14.7 ± 0.2 0.35 ± 0.02  

16-DSA 14.29 ± 0.05  4.5 ± 0.4 

L.O.% = 90  αSpan80 = 0.2–1.0  (W/O) 

5-DSA 14.8 ± 0.2 0.45 ± 0.03  

16-DSA 14.13 ± 0.03  2.3 ± 0.6 

     

water/B.O./(Tween80+Span80)     

B.O.% = 10  αSpan80 = 0.2–1.0  (O/W) 

5-DSA 14.6 ± 0.2 0.16 ± 0.04  

16-DSA 14.3 ± 0.1  2.7 ± 0.6 

B.O.% = 97  αSpan80 = 0.8–1.0  (W/O) 

5-DSA 15.0 ± 0.1 0.07 ± 0.02  

16-DSA 14.20 ± 0.02  0.7 ± 0.1 

 

 

3.4 Conclusions 

Emulsions are unstable complex systems which need the presence of emulsifying agents, adsorbed at 

interface between the dispersed droplets and the continuous medium, to guarantee their stability. In 

the first part of this PhD thesis the pseudo-phase diagrams of emulsions formed by water and, 

alternatively, a linear or a branched mineral oil, stabilized by mixtures of Span80 and Tween80 

glycosurfactants, is studied. In particular, the investigation is carried out on these systems by optical 

measurements for the rationalization of the pseudo-phase diagrams and by EPR spectroscopy the 

surfactant microscopic organization at the droplet interface is investigated.  
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The results from pseudo-phase diagrams show that Span80+Tween80 mixtures are able to stabilize 

O/W emulsions in whole range of αSpan80 (surfactant mixture composition). This evidence is 

confirmed by the EPR measurements in which the microstructure of the surfactant layer at the 

interface oil-water is almost unaffected by the ratio between the two glycosylated surfactants. Indeed, 

Span80 and Tween80 show the same hydrophobic tail with a sugar-based head which is bulkier for 

the latter. The surface of O/W droplets, which presents a positive curvature, are able to accommodate 

both type of headgroups with negligible effects of the surfactant tail arrangement. At contrary, W/O 

emulsions appear less stable than O/W ones. In this case, the negative curvature of the droplets 

reduces the space available to the headgroups and, consequently, surfactants with smaller head, 

Span80, are favored; the hydrophobic layer formed by the surfactant tail is scarcely affected by the 

surfactant mixture composition. Emulsions containing similar amounts of oil and water generally 

show a good stability when the linear oil is used. Indeed, samples are stable in the intermediate αSpan80 

range, going from αSpan80 = 0.3 to 0.5. 

Overall, these results confirm that glycosurfactants are good emulsifier, flexibly able to adapt to 

different types of mesostructures. Particularly, if rationally used, they are able to stabilize also W/O 

emulsions, whose industrial and commercial interest is continuously growing. Thus, they are effective 

green alternatives to conventional surfactants currently in use in formulative practice. 

The microstructure of the surfactant layer is mainly determined by αSpan80 value and the presence of 

linear or branched oil, alternatively. In the emulsions formulated with the linear oil, the change of 

microstructure occurs as the L.O.% value increases when αSpan80 is constant at 0.4 value. When a 

stable O/W emulsion is reached, the tails of the surfactants adsorb at the droplet interface forming a 

disordered layer in which the mobility of the entangled chains is hindered. In W/O emulsions the tails 

point to the external apolar environment forming an ordered array of extended chains. The linear oil 

molecules are able to intercalate among the tails increasing the hydrophobicity of environment which 

is poorly permeable to water molecules. The surfactant layer microstructure shows a gradual variation 

which can be pictorially figured according to the “hedgehog” model during the phase inversion form 

O/W to W/O structures even thought this change in structure is definitely abrupt above L.O.% =40 as 

demonstrated by specific conductivity measurements. 

When the emulsions are prepared with the branched oil, their instability increases in whole explored 

composition range, except for a small domain of the phase diagram at very low or very high B.O.%. 

Given its low viscosity, the Ostwald ripening rate is likely to play a role in this instability which 
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favors droplet impact . Furthermore, the emulsion instability can derive from the inability of the bulky 

branched oil to intercalate among the surfactant tail termini, hindering their extension towards the oil 

phase increasing the disorder and dynamics of the microscopic surfactant self-organization. 

These results show a clear relation between the emulsion macroscopic stability and the surfactant 

layer microstructure. In particular, glycosurfactants are good emulsifier, flexibly able to adapt to 

different types of mesostructures. The surfactant tail ordering and dynamics are key parameters, 

which have to be finally tuned on a rational basis in order to achieve emulsions designed to 

accomplish the requirements in the various application fields. Thus, if rationally used, glycosurfactant 

are able to stabilize also W/O emulsions, whose industrial and commercial interest is continuously 

growing. Thus, they are effective green alternatives to conventional surfactants currently in use in 

formulative practice. 
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Chapter IV 

4. Rhamnolipids and their mixtures with conventional surfactants  

Biosurfactants, amphiphilic molecules naturally produced by bacteria, yeast and plants, represent a 

valid alternative to synthetic ones, allowing a reduction of environmental and potential health 

problems [1]. A large variety of biosurfactants are found in nature, presenting very different 

biochemical structures still keeping the hydrophilic/lipophilic duality [2]. They are coarsely classified 

in high- (lipoproteins, lipopolysaccharides, proteins, polysaccharides and biopolymer complexes) and 

low-molecular weight molecules (glycolipids, lipopeptides, phospholipids) [3]. Biosurfactants 

present interfacial activity comparable to, or even better than, conventional synthetic surfactants, and 

show several advantages, such as tolerance to temperature, pH and ionic strength changes, low 

toxicity and biodegradability. 

Nowadays, industrial application of several biosurfactants is becoming possible thanks to the 

optimization of their massive biotechnological production using renewable raw materials [4]. 

Rhamnolipids are among the most promising ones under this viewpoint. These glycolipids are 

electively produced by Pseudomonas aeruginosa as secondary metabolites [5,6], and are generally 

found as a mixture of homologues, sharing the general amphiphilic molecular architecture given by 

a polar head composed by one or two L-rhamnose residues and an apolar tail composed by one or 

two fatty acid residues, generally 3-hydroxyalkanoic acid [7]; all the homologues also present a 

carboxylic moiety, which is deprotonated at neutral pH, imparting an anionic or non-ionic character 

to the molecules [8]. Rhamnolipids are available on a large scale thanks to fermentation bioreactors 

[9]. Besides the great interfacial and ecological features, they are endowed with a good antibacterial 

activity [10] and have been considered as multipurpose ingredients in food processing [10], emulsion, 

bioremediation, cosmetic and nanotechnologies [11].  

Recent studies address the mixed micellization of Rha with anionic [12-14], nonionic surfactants [15-

17], and both [18]; however, mixtures with conventional synthetic surfactants have remained poorly 

investigated so far [19]. At neutral pH, the deprotonation of the carboxylic group is reported to impart 

a negative charge to the Rha headgroup [20]; consequently, Rha mixtures with charged surfactants 

are expected to behave as anionic-anionic and catanionic systems, respectively. Catanionic surfactant 

mixture self-aggregate in a variety of supramolecular aggregates [21-23]. Because of this versatility, 

their application has been proposed in many different fields, including oil recovery [24], purification 
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processes [25], biomedicine and pharmaceutics [26–28]. Biocompatibility and ecosustainability 

concerns have driven the design of catanionic aggregates based on natural and bio-derived 

components [29], e.g., bile salts [30], fatty acids [31], and modified amminoacids [32]. A few studies 

have addressed the inclusion of sugar-based surfactants in catanionic mixtures [33-35]. 

 

4.1. Rhamnolipid and sodium lauryl ether sulfate  

In the framework of the eco-sustainable product design, rhamnolipids can be proposed as suitable 

candidates to totally or, at least, partially replace conventional surfactants in several industrial 

formulations. For this reason, the investigation of their mixtures with largely employed synthetic 

surfactants is strategic. In the present thesis, we compare the physico-chemical and functional 

properties of a commercial rhamnolipid sample (Rha) in aqueous solution with those of sodium lauryl 

ether sulfate (SLES), an anionic surfactant massively used in laundry and household cleaning 

detergents as well as in personal care and consumer products [36], see Fig.1 for the molecular 

structures.  

 

Figure 1. Molecular structures of the surfactants used in this study: rhamnolipids (Rha) and sodium lauryl ether sulfate (SLES). 

The study is conducted at neutral pH, so that both surfactants are negatively charged. The mixtures 

of these two anionic surfactants are also investigated, analyzing whether, and to what extent, 

synergistic/antagonistic interactions alter the system behavior with respect to that of the single 

components. In the first part of our study, we analyze the self-aggregation behavior of Rha–SLES 

mixtures in aqueous solutions. Specifically, the critical micelle concentrations (cmc) are determined 

by surface tension measurements. The dimension of the micellar aggregates is measured by Dynamic 
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Light Scattering (DLS). The surfactant organization and dynamics within the micelles is investigated 

by Electron Paramagnetic Resonance (EPR). The experimental results are discussed in terms of 

molecular interactions and quantitatively analyzed in order to estimate the partitioning of each 

surfactant between the aqueous medium and the micellar aggregate. In the second part of this work, 

we investigate the wetting, emulsifying, and foaming ability of Rha–SLES aqueous mixtures. The 

comprehension of the relationships between the physico chemical properties of this system and its 

functional behavior is strategic to drive the rational exploitation of rhamnolipids in chemical 

formulations. Last, to support these biosurfactants as “green” alternatives to conventional anionic 

surfactants, we present the results of ecotoxicological tests. 

 

4.1.1. Materials and samples preparation 

The rhamnolipid sample employed in the present work (hereafter named Rha) was purchased from 

AGAE Technologies (Corvallis, OR, USA). It appears as a light-brown powder containing 90% w/w 

rhamnolipids and is a biotechnological product obtained by P. aeruginosa culture using vegetable 

oils as carbon source. Rhamnolipid samples obtained under these production conditions contain more 

mono- than di-saccharides (60 wt%) and more di- than single-tailed tailed species (80 wt%). Fatty 

acids are generally saturated, even though the presence of mono-unsatured chains is non-negligible 

(30 wt%). The tail length is polydisperse, ranging from C6 to C16, with a dominant presence of C10. 

The average molar mass is 𝑀𝑤 ≈ 530 g mol-1 and the dispersity is 1.05 [37]. The Hydrophilic-

Lipophilic Balance (HLB) is about 10 [38] and the average packing parameter (pp) is 0.66 [39]. 

Sodium lauryl ether sulfate (SLES) was provided by Procter and Gamble (Bruxelles, Belgium) as a 

70 wt% aqueous mixture. It is a polydisperse substance, with a C12 to C16 tail conjugated to a short 

chain of 1–4 ethylene oxide units terminated by the sulfate group. The HLB is above 20 [40] and the 

pp is < 1/3 [18]. 

All water-Rha-SLES mixtures were prepared using ultrapure deionized water from a Millipore Milli-

Q system with an electrical conductivity less than 1 × 10−6 S cm−1 at 25 °C. The pH was buffered at 

7.1±0.2 using sodium dihydrogen phosphate hydrate (NaH2PO4∙H2O, purity >99%) and disodium 

hydrogen phosphate anhydrous (Na2HPO4, purity >99%), both purchased from Sigma-Aldrich 

(Milan, Italy). Buffer concentration was maintained as low as possible to minimize the effect the 

increased ionic strength on the measured physico-chemical parameter. For this reason, added ion 
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concentration was fixed at ten times the total surfactant concentration (the maximum total 

concentration in the case of tensiometric titrations). 

For EPR measurements two spin-probes were alternatively added to the water-Rha-SLES mixtures. 

The spin-labeled fatty acids 5-doxyl stearic acid (5-(1-oxyl-2,2-dimethyl-oxazolidin)stearic acid, 5-

DSA) and 16-doxyl stearic acid (16-(1-oxyl-2,2-dimethyloxazolidin) stearic acid, 16-DSA) were 

purchased from Sigma-Aldrich. The probe concentration was fixed at 2 wt% with respect to the 

surfactants, and was obtained by pouring a proper amount of each surfactant mixture onto a thin probe 

film deposited at the round-bottom of a glass vial, which was then shaked for 10 min and finally left 

at rest for other 10 min. The probe thin film had been previously obtained by drying under nitrogen 

the proper amount of a 1 mg mL-1 probe solution in ethanol. 

Single-side polished silicon wafer substrates (3-inch diameter, 375μm thickness), used for contact 

angle measurements, were purchased from Sigma-Aldrich. They were washed with chloroform 

(HPLC-grade), acetone (≥99.5% purity) and ethanol (GC-grade ≥99.8% purity), all from Sigma-

Aldrich, and Milli-Q water. Hydrogen peroxide (30 wt%) and ammonium hydroxide (≥25 v%) 

aqueous solutions were used for hydrophilic functionalization of the silicon wafer, while toluene (GC-

grade ≥99.7% purity) and octadecyltrichlorosilane (OTS, ≥90% purity) were used for its hydrophobic 

functionalization; all chemicals used for these surface treatments were purchased from Sigma-

Aldrich. 

 

4.1.2. Measurements  

 

4.1.2.1. Tensiometry 

The surface tension, γ, of water-Rha-SLES mixtures was determined with a Sigma 70 tensiometer 

(KSV, Stockholm, Sweden) by the Du Noüy ring method as reported in a previous work [41]. 

Successive aliquots of a concentrated surfactant solution at a given surfactant composition, defined 

as: 𝑥Rha = 𝑚Rha𝑚Rha+𝑚SLES          Equation 1 

were added to the instrument vessel with a known volume of the same buffer used to prepare the 

surfactant solution. In Eq. 1 mRha and mSLES are the molalities of Rha and SLES, respectively. By 
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using this procedure, the surfactant concentration (msurf = mRha and mSLES) was progressively increased 

while the surfactant composition xRha and the buffer ion concentration were kept constant. After each 

aliquot addition, the sample was mixed using a magnetic stirrer and allowed to equilibrate 3 min prior 

to measuring the surface tension. 

 

4.1.2.2. Dynamic Light Scattering  

Micelle dimensions were determined by DLS. After some preliminary test performed to assess the 

effect of surfactant concentration, a set of samples spanning the whole xRha range at constant msurf = 

0.045 mol kg-1 was analysed. The total surfactant concentration was optimized in order to obtain 

reliable measurements for all the considered mixture composition. Measurements were carried out 

with a home-assembled apparatus constituted by a SMD 6000 50 mW light source (Laser Quantum, 

Fremont, CA, USA) operating at 5325 Å, a compact goniometer (Photocor Ltd., Moscow, Russia), a 

photomultiplier (PMT-120-OP/B) and a correlator Flex02-01D (Correlator.com, Shenzhen, China). 

The experiments were run at (25.0 ± 0.1) °C, at a scattering angle q = 90°. A regularization algorithm 

was used to analyze the scattered intensity correlation function [42]. The diffusion coefficient of each 

population of diffusing particles was calculated as the z-average of the coefficients of the 

corresponding distributions [43]. Considering that the mixtures are diluted, the Stokes–Einstein 

equation was used to evaluate the hydrodynamic radius of the aggregates, RH, from their translational 

diffusion coefficient, D: 

𝑅H =  𝑘𝐵𝑇6𝜋𝜂𝐷           Equation 2 

where kB is the Boltzmann constant, T is the absolute temperature, and h is the medium viscosity 

whose value was assumed to be that of the buffer solution [44]. 

 

4.1.2.3. Electron Paramagnetic Resonance 

The local polarity and microviscosity experienced by the surfactant molecules in the micellar 

aggregates was investigated by EPR measurements, using the spin-labelled fatty acids 5-DSA and 

16-DSA as molecular probes. ESR spectra were recorded with a 9 GHz Bruker Elexys E-500 

spectrometer (Bruker, Rheinstetten, Germany). Samples were loaded in capillaries and flame sealed. 

The capillaries were placed in a standard 4 mm quartz sample tube containing light silicone oil for 
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thermal stability. All the measurements were performed at (25 ± 1) °C. The instrumental settings were 

as follows: sweep width, 120 G; resolution, 1024 points; time constant, 20.48 ms; modulation 

frequency, 100 kHz; modulation amplitude, 1.0 G; incident power, 6.37 mW. Several scans, typically 

16, were accumulated to improve the signal-to-noise ratio. 

Spectra simulations were performed using the program of Budil and Freed [45]. The main parameters 

of computation, which changed in function of Rha content, were the correlation time for the 

diffusional rotational motion of the radical, τC, and the Azz component of the hyperfine coupling tensor 

between the electron spin and the nuclear spin (taking constant Axx = Ayy = 6 G). 

 

4.1.2.4 Emulsification Index and foaming test  

The ability of Rha-SLES mixtures to emulsify two immiscible liquids was quantified by determining 

the emulsification index, E. Each measurement was carried out by pouring 2 mL of the aqueous 

surfactant solution and 3 mL of sunflower in a round-bottom, cylindric glass test tube (1 cm i.d.). The 

sample was then vortexed for 1 min and left to stand for a pre-fixed resting time. The emulsification 

index EX was then calculated as the percentage of the height of milky emulsified layer with respect 

to the total height of test tube content [46]. X (= 2 or 24) is the resting time expressed in hours. All 

tests were run in triplicate. 

The foaming ability of the Rha-SLES mixtures was also determined. The experiments were conducted 

by transferring 5 mL of each surfactant solution in a screwcap tube (1 cm i.d.), adding 2 mL of 

phosphate buffer (0.004 M) and vigorously handshaking for 2 minutes. The samples were left at rest 

for 10 minutes and then the foaming ability was calculated as the percentual height of the foam with 

respect to the liquid layer [47]. All tests were run in triplicate. 

 

4.1.2.5. Contact angle 

In order to verify the wetting ability of the surfactant mixtures, contact angle measurements were 

carried out using the OCA 15EC system (DataPhysics, Filderstadt, Germany), and the drop shape 

was analysed with the SCA20 software (DataPhysics). For each measurement, a sample droplet of 3 

µL was placed on a solid support. Silicon wafers {1.1.1} in three different states of surface activation 

(native, hydrophilic and hydrophobic) were employed as supports. The wafers were cut 



 

85 

 

approximately into 1×1 cm2 and then washed in chloroform, acetone, ethanol, deionized water (15 

min for each solvent) in ultrasonic bath at room temperature to remove all the organic residues and 

the impurity from the surface. The obtained supports were dried with nitrogen (native surface). Some 

of these supports were treated in a beaker with a mixture of hydrogen peroxide, ammonium hydroxide 

solutions and deionized water H2O (1:1:2 v/v/v) for 15 min at 60 °C and then washed with deionized 

water (hydrophilic surface) [48]. In turn, some of the hydrophilic wafers were carefully dried with 

nitrogen and dipped in toluene. After the addition of OTS, the beaker was sonicated for 1 h; the wafers 

were then rinsed with chloroform, ethanol, deionized water for 10 min for each solvent in ultrasonic 

bath at room temperature (hydrophobic surface) [49].  

 

4.1.2.6. Ecotoxicity tests 

The eco-toxicity of Rha and SLES was assessed towards three organisms, Aliivibrio fischeri, 

Raphidocelis subcapitata and Daphnia magna. The acute luminescence assay was detected with the 

A. fischeri (NRRLB-11177, supplied by MicroBioTest, Gent, Belgium) according to ISO 11348-

3:2007 [50] and was carried out with a luminometer Microtox (Model 500 analyzer, New Castle, DE, 

USA). To provide the required osmotic pressure for the test organism, the assay was conducted using 

a saline water solution (2% sodium chloride, NaCl). After activation of A. fischeri by rehydration 

with a reconstitution solution, the luminescence intensity of bacteria was measured after 30 min at 

490 nm of exposition to the test solutions at 15 °C. The test was performed in triplicate with a control, 

and pharmaceutical and toxic effects were quantified as the ratio of the decrease in bacterial light 

production to the remaining light. The algal growth inhibition assay was carried out according to ISO 

8692:2012 using R. subcapitata [51]. Algal inoculum (104 cell/mL) was added to the test solutions 

for 72 h. Algal toxicity was assessed in three replicates. The samples were maintained under 

continuous illumination (white fluorescent light) at 22 ± 4 °C for incubation and were mixed twice a 

day by hand. The algal growth was measured at 670 nm (HachLange DR 5000, Loveland, CO, USA). 

The difference between the growth rate in the control group and the solutions provided inhibition rate 

in each sample. The immobilization test with D. magna was performed according to ISO 6341:2012 

[52]. Daphnids (less than 24 h old) obtained from a laboratory culture were used (20 organisms for 

each test solution and control). Four replicates were carried out, and the number of immobilized 

organisms was determined under stereomicroscopy (Leica EZ4-HD, Wetzlar, Germany) after 48 h of 

exposure. 
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4.1.3. Results and discussions 

 

4.1.3.1. Rha-SLES mixed micellization: surface tension and DLS data 

The ternary system water-Rha-SLES (pH = 7.1) was investigated by tensiometric titrations conducted 

increasing the total surfactant molality, msurf, at constant composition of the surfactant mixture, xRha. 

The whole composition range was considered (0.0 ≤ xRha ≤ 1.0). Surface tension data collected at 

selected xRha values are reported in Fig. 2(a) as a function of msurf. 

 

Figure 2. Physico-chemical characterization of the ternary system water-Rha-SLES at pH = 7.1 and 25 °C. (a) Surface tension vs. 

total surfactant concentration  at the surfactant mixture compositions indicated in the legend. (b) Critical micelle concentration vs. 

surfactant mixture composition; the experimental data (black circles) are compared with the predictions of mixed micellization 

models as indicated in the legend. For the regular solution model, the trend obtained with β = 5 is shown. (c) Intensity-weighed 

(continuous line) and number-weighed (dotted line) hydrodynamic radius distributions of Rha-SLES micelles at total surfactant 

concentration equal to 0.045 mol kg-1 and surfactant mixture composition indicated in the legend. 

Qualitatively, all the curves present the same trend: with increasing msurf, the surface tension 

decreases; as micellization starts, the curves change the slope and approach to constant values, γcmc. 

In each titration a single, abrupt slope change was observed, indicating that the two surfactants co-

micellize. The cmc value for each curve can be evaluated as the concentration corresponding to the 

intersection between two straight lines fitting the data in the premicellar and micellar concentration 

range, respectively, as shown in the figure. The cmc and γcmc values determined at the various xRha are 

collected in Table 1. The average area at the air–solution interface per surfactant molecule at the cmc, 

A, was estimated through the Gibbs isotherm: 
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𝐴 = − 1𝑁𝐴 [ 1𝑛𝑅𝑇 ( 𝜕𝛾𝜕 ln 𝑚surf)𝑇,𝑝]−1
        Equation 3 

where NA is the Avogadro constant, R is the gas constant and p is the pressure. 
𝜕𝛾𝜕 ln 𝑚surf is the slope 

of the γ trend in the premicellar concentration range, evaluated close to the cmc. n is a coefficient 

taking into account the dissociation of ionic surfactants; its value is 2 for completely dissociated 

species, as anionic surfactants at low ionic strength. The A values obtained from the curves at constant 

xRha are collected in Table 1. 

Table 1. cmc, surface tension parameters and micelle dimension for the system water-Rha-SLES at pH = 7.1 and 25 °C. 

  

xRha 
cmc × 104 

(mol kg-1) 

γcmc 

(mN m-1) 

A 

(Å2) 

RH1 

(nm) 

RH2 

(nm) 

0.0 9.0±0.9 33.2±0.5 60±4 2.9±0.4 - 

0.2 7.5±0.4 30.1±0.3 90±3 2.4±0.6 67.0±1.0 

0.4 4.9±0.5 31.3±0.6 98±4 2.6±0.3 60.0±0.5 

0.6 3.1±0.2 31.7±0.4 117±7 2.7±0.3 63.3±0.3 

0.8 1.6±0.2 31.2±0.4 97±7 3.0±0.4 65.5±0.7 

1.0 1.5±0.3 32.8±0.6 67±3 3.8±0.4 67.2±0.8 

 

The cmc values determined for the binary systems water-SLES (xRha = 0.0, cmcSLES = 9.0 × 10-4 mol 

kg-1) and water-Rha (xRha = 1.0 cmcRha = 1.5 × 10-4 mol kg-1) are in good agreement with the values 

reported in the literature [53, 37]. Rha self-aggregates at a concentration lower by almost one order 

of magnitude compared to SLES. This is connected to the lower HLB value (10 vs. 20 for Rha and 

SLES, respectively) and can be ascribed to the bulkier hydrophobic moiety (an average of 16 carbon 

atoms prevalently distributed in two tails for Rha vs. an average of 14 carbon atoms in a single tail 

for SLES). The cmc value of the ternary mixtures water-Rha-SLES monotonically decreases when 

reported as a function of xRha, Fig. 2(b), indicating a gradual increase of the self-aggregation driving 

force the Rha content in the mixture is increased. 

The γcmc values of the two binary systems are similar both being in good agreement with literature 

data [54,39], see Table 1. Concerning the ternary systems, this parameter is scarcely affected by the 

surfactant mixture composition, the average value (31.0±0.7 mN m-1) being slightly lower than that 

observed for the binary systems. The A values of the two surfactants, taken individually, are also quite 
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similar [54,39]. However, as they are mixed, the average area per molecule significantly increases, 

passing through a maximum at xRha ≈ 0.6, see Fig. 2(b). This suggests antagonistic interactions among 

the surfactant molecules at the interface, an opposite trend being expected for mixtures presenting a 

synergistic behavior [55]. 

The dimensions of the micellar aggregates formed in Rha-SLES aqueous mixtures was investigated 

by DLS measurements. Samples with xRha spanning the entire composition range were analysed. After 

having checked that msurf value scarcely affected the results, a constant msurf = 0.045 mol kg-1 was 

chosen for all the considered systems. The intensity-weighted plots show a single population of small 

micellar aggregates for the water-SLES binary system, see Fig. 2(c). Concerning the water-Rha 

binary system, two populations are present, indicating the co-presence of small and large aggregates. 

This finding confirms previous literature data reporting the co-existence of micelles and vesicles 

[56,57], due to the prevalent di-chained structure of Rha which favours aggregates with lower surface 

curvature such as vesicles, as expected from the surfactant pp. Two populations are also present in 

all the ternary systems water-Rha-SLES. The average hydrodynamic radii of the populations observed 

at the various xRha values are collected in Table 1. RH1 and RH2 refer to the small and large aggregates, 

respectively. It must by recalled that the intensity weighted plots enhance the presence of larger 

aggregates; the same results, reported in the number-weighted form clearly demonstrate the 

prevalence of small micelles. 

For the water-SLES binary system, the RH1 value, close to the length of the surfactant molecule in the 

extended conformation (~28 Å [58]), is compatible with the formation of small spherical aggregates 

[59], as expected from the surfactant pp. On the other hand, the larger value observed for the water-

Rha binary system is not compatible with spherical micelles and should only be taken as an indication 

that bulky aggregates with different shape are formed. This result is in agreement with literature data 

reporting the formation of cylindrical micelles at concentrations well above the cmc [60]. Concerning 

the Rha-SLES mixtures, the relatively low RH1 values, similar to that observed for the pure SLES 

micelles, indicate the formation of spherical aggregates. 

 

4.1.3.2 Microstructure and local dynamics in Rha-SLES mixed micelles: EPR 

data 

Information about the structure and dynamics of the surfactants within the aggregate was gained by 

analysing the EPR spectra of two spin-labelled fatty acids inserted in the micelles as molecular 
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probes. 5-DSA presents the cyclic nitroxide label close to the carboxylic group and provides 

information on the more external layer of the micelles, while in 16-DSA the reporter group is 

positioned at the chain terminus. Examples of EPR spectra of 5-DSA and 16-DSA in water-Rha-

SLES mixtures are shown in Fig. 3(a) and Fig. 3(b), respectively. They show the typical nitroxide 

signal in micellar systems: a triplet due to the hyperfine coupling between the unpaired electron and 

the nitrogen nucleus, with the high- and low-field lines broadened by the slow tumbling of the label 

[61]. Interestingly, perusal of the 5-DSA spectrum relative to the water-Rha binary system (xRha = 

1.0) reveals two clear features belonging to a different signal with respect to the usual 5-DSA 

spectrum; they are highlighted by the arrows in the figure. This signal was extracted by spectra 

subtraction and is shown in the insert of Fig. 3(a). It is constituted by a triplet of triplets with A1 = 

15.5 G and A2 = 4.5 G. A1 is strictly related to a nitrogen nucleus. Since the only nitrogen present in 

the system is in 5-DSA, we hypothesize that the Rha micelles act as a micro-reactor, in which radicals 

could form and subsequently be trapped by the nitroxide. 

 

Figure 3. EPR characterization of the ternary system water-Rha-SLES using spin-labelled fatty acids at pH = 7.1 and 25 °C. (a) 5-

DSA spectra in surfactant mixtures at the compositions indicated in the legend. (b) 16-DSA spectra in surfactant mixtures at the 

compositions indicated in the legend. The insert of panel (a) shows the spectrum of the radical detected in the 5-DSA spectrum at 

xRha = 1.0 and ontained by subtraction. 
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The ability of Rha to participate to electron exchange processes is supported by its antioxidant activity 

which has been recently demonstrated [62]. The A2 value of the second triplet may come from two 

almost equivalent protons. The same superimposed spectrum is detected for all the water-Rha-SLES 

mixtures, while it is absent in the water-SLES system (xRha = 1.0). In agreement with the hypothesis 

of Rha as responsible of the radical formation with the involvement of the nitroxide moiety, two 

collateral effects were found by increasing the Rha content: (a) a decrease in the intensity of the 

nitroxide spectrum (by almost 30% between xRha = 0.0 and xRha = 1.0); (b) an increase in the relative 

percentage of the radical signal (up to 15% at xRha = 1.0, see Fig. 3). Last, inspection of Fig. 3(b) 

reveals that no superimposed signal is observed in the 16-DSA spectra. This indicates that the 

rhamnose moieties positioned at the aggregate interface are the main responsible for the radical 

generation, while the micellar core is not involved. This is consistent with the electron trapping ability 

reported for rhamnose [63]. This interesting point, which could potentially open new perspectives in 

the practical applications of rhamnolipids in chemical formulations, has to be deepened in future 

investigations. 

The 5-DSA and 16-DSA EPR spectra allow important information on the molecular organization of 

surfactant aggregates to be gained [64-68]. Comparison between the spectra reported in Fig. 3(a) and 

in Fig. 3(b) shows that, for all the investigated systems, the signals of the nitroxide triplet appear 

broader for 5-DSA than for 16-DSA, as particularly evident for the low- and high-field lines, 

suggesting the motion of the nitroxide label to be more hindered by the local environment, i.e., by the 

interactions with the neighbouring molecules. 

The values of the optimized parameters are reported in Fig. 4(a) and Fig. 4(b) for 5-DSA and 16-

DSA, respectively. The correlation time for the diffusional rotational motion of the radical, τC, 

measures the microviscosity experienced by the label in its rotation, while the Azz component of the 

hyperfine coupling tensor measures the micropolarity at the nitroxide site. For all the water-Rha-

SLES mixtures, τC and Azz values are higher for 5-DSA than for 16-DSA. This evidence confirms that 

the reporter group of 5-DSA is embedded just below the surfactant headgroups, where it experiences 

a more viscous and polar microenvironment compared to the reporter group of 16-DSA, which is 

positioned in the micelle interior where the surfactant tails form a disordered fluid core. 
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Figure 4. Dependence on Rha content of the EPR spectroscopic parameters of 5-DSA (a) and 16-DSA (b) in water-Rha-SLES 

mixtures at pH = 7.1 and 25 °C. For both spin-probes, the correlation time, tC, is reported on the left-hand side ordinate, and the 

hyperfine coupling tensor component Azz is reported on the right-hand side ordinate. 

 

For both 5-DSA and 16-DSA, τC increases with increasing increasing the Rha content, showing a 

steeper variation up to xRha = 0.6. This evidence indicates that the di-chained biosurfactant induces a 

higher microviscosity within the aggregates, most likely connected with a more compact surfactant 

tail packing. This hypothesis is supported by the Azz trend observed for 16-DSA, showing a marked 

decrease with xRha, indicating that the Rha chains form a more hydrophobic microenvironment around 

the doxyl group. Interestingly, for 5-DSA the Azz variation is smaller than for 16-DSA, and the effect 

of increasing amount of Rha is the opposite, causing an increase up to xRha = 0.6. Thus, the presence 

of the Rha headgroups increases the polarity of micelle more external layer, suggesting that Rha 

disturbs the packing of the SLES headgroups. At higher Rha content the trend reverses, possibly 

because of the micellar aggregate increased size, as indicated by DLS results. 

 

4.1.3.3 Rha-SLES mixed micellization: models and molecular interactions 

Analysis of the experimental findings in terms of theoretical models of mixed micellization provides important 

information on the molecular determinants of the observed behavior. In the pseudo-phase separation model 

[69], the cmc of Rha-SLES mixtures is considered as a saturation value of surfactants solubility, above which 

both Rha and SLES partition between the co-existing aqueous monomer solution and the mixed micelles. 
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The compositions of the two pseudo-phases can be described in terms of the surfactant mole fractions, 

defined as: 

𝑋Rha =  𝑚Rhamon𝑚Rhamon + 𝑚SLESmon           Equation 4 

and 

𝑌Rha =  𝑚Rhamic𝑚Rhamic  + 𝑚SLESmic           Equation 5 

where 𝑚Rhamon and 𝑚SLESmon  are the molalities of Rha and SLES in monomeric form while 𝑚Rhamic  and 𝑚SLESmic  are those in micellized form (𝑚Rhamon + 𝑚Rhamic  = mRha and 𝑚SLESmon  + 𝑚SLESmic  = mSLES). At the cmc, 

most of the surfactants are in aqueous pseudo-phase, and consequently XRha ≈ xRha. 

By imposing the chemical potentials of each surfactant to be equal in the two pseudo phases at 

equilibrium, the following relation between the cmc of Rha-SLES mixtures and those of the pure 

components is obtained: 

1𝑐𝑚𝑐 =  𝑋Rha𝛾Rha𝑐𝑚𝑐Rha + (1−𝑋Rha)𝛾SLES𝑐𝑚𝑐SLES        Equation 6 

where γRha and γSLES are the activity coefficient of Rha and SLES in the mixed micelles, respectively, 

whereas the monomer solution is assumed to behave ideally. As a first attempt, one could assume an 

ideal behavior also for the micellar pseudo-phase (γRha = γSLES = 1, [70]). Fig. 2(b) shows that the 

experimental cmc values for the Rha-SLES mixtures are systematically higher than those predicted 

by the ideal mixed micellization, suggesting that Rha-SLES interactions disfavour self-aggregation. 

Holland and Rubingh introduced the regular solution model to interpret the micellar pseudo-phase 

behavior, assuming ideal entropy variation for the surfactants mixing within the aggregates [71]. In 

this model, the activity coefficients can be expressed as a function of the micelle composition by 

introducing a single interaction parameter, β: 𝛾Rha =  exp[𝛽(1 − 𝑌Rha)2]         Equation 7 

and 𝛾SLES =  exp[𝛽𝑌Rha2]         Equation 8 

β corresponds to the energy interaction difference between equal and nonequal surfactant molecules, 

and can be estimated by using the equation: 
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𝛽 =  ln[𝑋Rha 𝑐𝑚𝑐 / (𝑌Rha 𝑐𝑚𝑐Rha)](1−𝑌Rha)2         Equation 9 

A negative value of β indicates that there is some synergism between the two surfactants, i.e., 

micellization is promoted by their mixing. On the other hand, a positive value denotes antagonism 

between the surfactants. 

YRha can be evaluated from the equation: 

𝑌Rha2  ln[𝑋Rha 𝑐𝑚𝑐 / (𝑌Rha 𝑐𝑚𝑐Rha)](1−𝑌Rha)2 ln{(1−𝑋Rha) 𝑐𝑚𝑐 / [(1−𝑌Rha) 𝑐𝑚𝑐Rha]} = 1      Equation 10 

Solution of Eqs. 6-10 by an iterative minimization routine using the experimental cmc and XRha as 

input values allows the simultaneous estimation of YRha and β [72,73]. The cmc trend predicted by 

this approach with the value β = 5 ± 1, shown in Fig. 2b, satisfactorily interpolates the experimental 

values. The positive β value clearly points to unfavorable interactions between Rha and SLES. The 

corresponding YRha values are reported as a function of XRha in Fig. 5(a), where the values predicted 

by the ideal solution model, computed by the equation: 𝑌Rha = 𝑋Rha 𝑐𝑚𝑐SLES𝑋Rha 𝑐𝑚𝑐SLES + (1−𝑋Rha) 𝑐𝑚𝑐Rha        Equation 11 

are also reported. The figure clearly shows that micelle composition obtained by fitting the 

experimental data deviates from ideality. For XRha < 0.3 (i.e., in SLES-rich mixtures), YRha values are 

higher than those predicted by ideal mixing, indicating that Rha molecules tend to crowd in the 

micellar aggregates. This means that, once a Rha molecule enter the micelle, it attracts other Rha 

molecules to reduce interactions with SLES. In contrast, for XRha > 0.3 (i.e., in Rha-rich mixtures), 

YRha values are lower than those predicted by ideal mixing, indicating that SLES molecules tend to 

crowd in the aggregates.  
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Figure 5. Parameters describing the mixed micellization for the ternary system water-Rha-SLES at pH = 7.1 and 25 °C. (a) Micellar 

pseudo-phase composition vs. aqueous pseudo-phase composition obtained by the models reported in the legend. For the regular 

solution model, the trend obtained with β = 5 is shown. (b) variation of the micellization Gibbs energy (regular solution model in 

respect to ideal mixing, dashed-dotted line) and surfactant aggregation number (continuous line) vs. surfactant mixture composition. 

Once XRha and YRha are known, it is possible to calculate the Gibbs energy of micellization, ΔGmic, as 

defined by Maeda [74]: ∆𝐺mic = ln(𝑐𝑚𝑐) + (1 − 𝑌Rha) 𝑙𝑛 (1−𝑋Rha)(1−𝑌Rha) + 𝑌Rha 𝑙𝑛 𝑋Rha𝑌Rha     Equation 12 

The ΔGmic computed from the YRha values obtained from the regular solution model is less negative 

than that computed from the ideal solution model, ∆𝐺micideal. The difference between these two 

quantities, reported in Fig. 5(b), is positive in the entire composition range becoming negligible only 

at high xRha. This confirms that, because of antagonistic Rha-SLES interactions, the formation of 

mixed micelles is less favoured than expected from ideal surfactant mixing. 

The knowledge of the micelle composition allows the aggregation number, n, to be estimated from 

the ratio between the volume of the micellar aggregate, V, and the average value of the surfactant 

volumes. 𝑛 = 𝑉𝑌Rha 𝑉Rha + (1−𝑌Rha) 𝑉SLES         Equation 13 

V can be computed starting from the RH1 values obtained by DLS measurements, assuming a spherical 

shape of the aggregates. As discussed in the previous subsection, this assumption is reliable for all 
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considered samples, with the exception of the water-Rha binary mixture in which case Eq. 12 

furnishes only a qualitative indication. The molar volumes of micellized Rha (470 cm3 mol-1 [75]), 

SLES (412 cm3 mol-1 [76,77]) and the hydration numbers of rhamnose (4 [78]), carboxylate group (5 

[79]), ethoxylic unit (4 [80]), sulfate group (6 [81]), were taken from the literature. The trend of the 

n values estimated by Eq. 12 is shown in Fig. 5(b). The aggregation number of the mixed aggregates 

is lower than those of the micelles formed by the single surfactants. 

Summarizing, the cmc values, the maximum in the A trend [55], the positive β value, the ΔGmic values, 

and the minimum in the n trend agree in showing that, although Rha and SLES form mixed 

aggregates, micellization is less favored than expected for ideal mixtures, pointing to antagonistic 

interactions between the two surfactants. This point deserves further comments in light of previous 

studies assessing the ability of these surfactants to co-micellize with other amphiphiles. 

Despite the large exploitation for SLES in complex industrial formulations, its mixtures with other 

surfactants have been poorly investigated. In a few works in which mixed micellization with nonionic 

ethoxylated surfactants have been considered, SLES show synergistic interactions leading to a cmc 

lowering and aggregate enlargement [53,82-84]. This behavior has been ascribed to the strong ion–

dipole attractive interactions occurring between the sulfate moiety and the ether oxygens of adjacent 

nonionic headgroups, favored by the ethoxylic chains flexibility [53]. Our results indicate that such 

interactions are not occurring between the SLES and Rha headgroups, because these last are rigid and 

sterically hindered. Indeed, we note that favorable interactions between the sulfate group and the 

ethoxylic chain could set up in single-component SLES micelles between neighboring headgroups 

[85]. Favorable interactions among the SLES headgroups could also arise from the H-bonding 

between hydrated ethoxylic chains [86,87]. The result is a rather compact micelle hydrophilic 

interface, which is disturbed by the Rha insertion, as suggested by EPR results.  

Mixed micellization of Rha with other surfactants has been investigated in some recent studies. Rha 

shows a strong synergism with anionic surfactants such as sodium dodecyl sulfate (SDS) [13] or 

sodium dodecyl 6-benzene sulfonate (LAS) [14]; this is mainly ascribed to the reduction of the 

electrostatic repulsion between the densely charged sulfate groups due to the interposition of the 

weakly charged Rha headgroups. Our results show that a similar effect is not occurring for SLES, 

further supporting the hypothesis that the electrostatic repulsion among the sulfate groups is partially 

masked by their interaction with ethoxylic linkers [88]. 
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Other studies converge in showing an important role played by the molecular packing in determining 

the effects of surfactant mixing in the aggregates [18]. A synergistic effect has been observed between 

Rha and nonionic surfactants with a bulky hydrophobic moiety (i.e., a highly branched single chain 

[89,15] or a double chain [16]). Thus, we can hypothesize that the mismatch between the size and 

shape of the hydrophobic moieties of Rha (which presents two short tails) and SLES (which bears a 

single linear long chain) could disfavor their mixed aggregation. 

Importantly, Rha shows a strong synergism in forming mixed micelles with other glycosidic 

biosurfactants such as sophorolipids [90,91], pointing to the setup of attractive interactions among 

the carbohydrate moieties at the micelle interface [92,93]. 

Overall, our results could be reasonably interpreted as follows: Rha and SLES form mixed micelles 

in aqueous solution; however, because of the unfavorable interactions between the headgroups and 

the mismatch of the tails each surfactant molecule prefer to be surrounded by other molecules of the 

same type, as highlighted by the YRha vs. XRha trend, thus reducing the Gibbs energy gain deriving 

from surfactant mixing. 

 

4.1.3.4 Rha-SLES aqueous mixtures: functional behavior 

Anionic surfactants are largely exploited in modern cleaning liquid formulations, being regarded as 

effective emulsifiers as well as good foaming and wetting agents. Currently, SLES is preferred to 

previously used anionic surfactants (e.g., alkyl sulfates and alkyl benzene sulfonates) since it is milder 

for the skin [94,95]. The present study aims at evaluating the opportunity to gradually move from 

SLES to anionic biosurfactants in the direction of even more sustainable formulations. The functional 

performances of detergent formulations critically depend on their interfacing with oils, air, and solid 

surfaces. For this reason, we analyzed the emulsifying, foaming and wetting ability of Rha-SLES 

mixtures. 

Both SLES and Rha are hydrophilic surfactants able to stabilize W/O emulsions [55,96,97]. Below, 

we investigate the ability of Rha-SLES mixtures to emulsify sunflower oil in water (pH = 7.1). In 

Fig. 6(a) the emulsification index evaluated after two hours (E2) is reported. The values show a dose-

dependent behavior at all mixture composition. Particularly, E2 is lower at 200 mg L-1 while for 500 

and 1000 mg L-1 similar higher values are observed, suggesting a sort of saturation of the trend. The 

value observed for Rha is close to that relative to SLES. Moreover, the Rha-SLES mixtures present 
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almost the same value for all molar ratios, so that above 500 mg L-1 data do not display significant 

variations with both composition and concentration. On the other side, the E24 values are dose 

dependent at all the surfactant mixture compositions, see Fig. 6(b), and show a lower emulsification 

activity as the content of rhamnolipid increases. These results confirm that both SLES and Rha are 

able to emulsify sunflower oil in water. However, oil droplets are longer-lasting when coated by 

SLES molecules than by Rha ones. This could be due to a combination of factors: the higher surface 

charge of SLES layers hinders more efficiently the droplets coalescence; moreover, the attractive 

interactions occurring between adjacent SLES headgroups enhances the compactness of the surfactant 

layer; last, the emulsions stability increases with the length of the apolar tail and is rather limited for 

the short-tailed Rha [98]. Surfactant layers formed by Rha-SLES mixtures show a durability 

intermediate between that of the pure surfactants. 

The foaming tests were carried out at two total surfactant concentration, 500 mg L-1 and 1000 mg L-

1, respectively, and at different surfactant mixture compositions. Fig. 6(c) shows a good foamability 

for all the investigated samples. However, the Foam% value is higher for SLES than for Rha, as is 

particularly evident at 1000 mgL-1. The values obtained for the surfactant mixtures are similar to the 

SLES one and are scarcely affected by the total surfactant concentration. 

 

Figure 6. Parameters describing the functional features of the Rha-SLES surfactant mixtures at pH = 7.1 and 25 °C. Emulsification 

index after 2 h (a) and 24 h (b) from shaking vs. surfactant mixture composition at the total surfactant concentration reported in the 

legend. (c) Foaming ability vs. surfactant mixture composition. 

The foamability is governed by a delicate equilibrium between different factors, including 

equilibrium surface tension and adsorption kinetics [99]. Micellar aqueous solutions of SLES and 

Rha have almost the same surface tension, see Section 3.1; on the other hand, the adsorption of Rha 

at the air/water interface is much slower for Rha than for SLES [55,100], due to the overall higher 
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bulkiness of the molecule and the steric or packing constraints of the larger headgroup [101,102]. For 

the surfactant mixtures the foamability is independent of the composition, being almost equal to that 

of SLES alone. This evidence suggests that the fast adsorption of SLES at the interface rules the foam 

formation also in these mixtures. 

In Fig. 7 the values of the contact angle (θ) between Rha-SLES aqueous mixtures and selected solid 

surfaces are reported as a function of the surfactant mixture composition. In all cases, the measured 

values were found to be negligibly affected by the total surfactant concentration. Fig. 7(a) shows the 

data obtained using a native silicon wafer as support. This support, when exposed to atmospheric 

oxygen, presents a thin layer of SiO2. The contact angle with the aqueous phosphate buffer (pH = 7.1, 

dashed line in the figure) is relatively low (58°), which confirms the surface to be quite hydrophilic. 

The presence of surfactants significantly reduces θ: an average value of about 20° is observed, 

independent of the surfactant mixture composition and concentration. The θ decrease points to the 

positioning of surfactant molecules (with the possible formation of a bilayer) at the solid-liquid 

interface [103]. Exposure of the silicon wafer to an oxidizing solution leads to the formation of silanol 

groups on its surface, which increases its hydrophilicity, see Fig. 7(b). On this surface the extremely 

low contact angle of the aqueous buffer (16°) is unaffected by the presence of surfactants. 

Hydrophobic derivatization of the wafer surface with OTS results in an extremely high contact angle 

with the aqueous buffer (109°). Surfactants significantly lower this value, indicating the formation of 

a monolayer at the solid-liquid interface. Rha is more effective than SLES (50° vs. 65°), and their 

mixtures present θ values decreasing with the Rha content. The dependence of the contact angle with 

the hydrophobic surface on the mixture composition deserves some further comment. The Young 

equation: 

γSV − γSL = γLV cosθ          Equation 14 

correlates the contact angle and the solid-vapor, solid-liquid, and liquid-vapor interface tensions (γSV, 

γSL and γLV, respectively). γSV remains constant for all the data shown in Fig. 7(c), as the same solid 

surface is considered. γLV coincides with the γcmc reported in Table 1 and is almost independent of the 

surfactant mixture composition. As a consequence, the significant decrease of θ as the Rha content 

increases is ascribable to a γSL decrease. The higher wettability of Rha compared to SLES is related 

to the lower hydrophilic-lipophilic balance of the di-tailed surfactant [104,105]. 
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Figure 7. Parameters describing the functional features of the Rha-SLES surfactant mixtures at pH = 7.1 and 25 °C. Contact angle 

between the Rha-SLES surfactant mixtures and a native (a), oxidized hydrophilic (b) and hydrophobically modified (c) silicon wafer 

surface. The dashed line represents the value determined for the aqueous phosphate buffer (pH = 7.1). 

 

4.1.3.5. Ecotoxicity assay 

In regard to ecotoxicity, both SLES and Rha are generally considered non-harmful for the 

environment. However, the available scientific literature does not allow a direct comparison between 

them. Given the different applications, assays have been conducted in different conditions and on 

different indicators. SLES is a suitable foaming agent in mechanized tunneling and some studies 

focused on its ecotoxicity in excavated soils [106-108 

]. On the other hand, Rha has been proposed for environmental remediation and its toxicity has been 

tested on plants, algae, soil microbes and yeast [109,110]. The ecotoxicological studies of Rha on 

aquatic and terrestrial organisms are scarce [111]. 

In this scenario, in order to align the results obtained for SLES and Rha, we decided to perform a 

rational comparative ecotoxicological assay, using the same organisms at the same conditions. 

According to the environmental guidelines, three different tests were carried out: i) luminescence 

inhibition test on the bacterium Aliivibrio fischeri, ii) growth inhibition test on the alga Raphidocelis 

subcapitata, iii) immobility test on the crustacean Daphnia magna. The chosen organisms belong to 

different trophic levels, being classified as decomposer, primary producer and primary consumer, 

respectively.  
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Table 2. Ecotoxicity of the Rha and SLES as EC50 values, expressed as luminescence inhibition (%) of the bacterium A. fischeri, 

growth inhibition of alga R. subcapitata and immobility (%) of the crustacean D. magna. CI 95%= 95% of confidence intervals. 

Tested species EC50 (g L-1)  (CI 95%) 

SLES Rha 

A. fischeri 0.003 (0.002-0.003) 0.007 (0.007-0.008) 

R. subcapitata 0.009 (0.007-0.012) 0.033 (0.028-0.038) 

D. magna 0.015 (0.010-0.020) 0.030 (0.022-0.040) 

 

A dose–response relationship was found, where the 100% effect was caused only by high surfactant 

concentrations. The EC50 values estimated for SLES are in line with the values reported in the 

literature for other anionic surfactants [112], while those obtained for Rha are in all cases higher, the 

more relevant difference being observed for the alga. Particularly, SLES can be classified as toxic, 

while Rha is only harmful, definitely demonstrating the lower ecotoxicity of Rha [109]. 

 

4.2 monorhamnolipid and CTAC 

Catanionic surfactant mixture self-aggregate in a variety of supramolecular aggregates [21-23]. 

Because of this versatility, their application has been proposed in many different fields, including oil 

recovery [24], purification processes [25], biomedicine and pharmaceutics [26-28]. Biocompatibility 

and ecosustainability concerns have driven the design of catanionic aggregates based on natural and 

bio-derived components [29], e.g., bile salts [30], fatty acids [31], and modified amminoacids [32]. 

A few studies have addressed the inclusion of sugar-based surfactants in catanionic mixtures [33-35]. 

In this part of the research, we study the mixed micellization of mono-rhamnolipids (mRha) and 

cetyltrimethylammonium chloride (CTAC, IUPAC name hexadecyltrimethylammonium chloride) in 

aqueous solution at neutral and acidic pH, see Fig. 8 for the molecular structures. 
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Figure 8. Molecular structures of the surfactants used in this study. 

mRha is one of the rhamnolipid congeners produced by Pseudomonas aeruginosa as secondary 

metabolites. Its molecular architecture presents one L-rhamnose unit linked as polar headgroup to 

and two 3-hydroxyalkanoic acids as apolar tails. For the present investigsation, mRha was preferred 

to the rhamnolipid mixture with the aim to avoid possible ambiguity in data interpretation arising 

from the sample polydispersity [113]. 

CTAC is a cationic surfactant largely used in personal care products as hair conditioners [114], whose 

mixtures with other (co)surfactants are actively investigated to improve the formulation functionality 

and safety [115,116]. 

Hereafter, the self-aggregation behavior of the ternary system water-mRha-CTAC is investigated by 

combining different experimental techniques: the critical micelle concentration (cmc) is estimated by 

surface tension measurements at two pH (pH = 7.1 and pH = 3.4); the dimension and the morphology 

of the micellar aggregates is analysed by Dynamic Light Scattering (DLS) in acidic and neutral pH, 

and Small Angle Neutron Scattering (SANS) at neutral pH; the condensation of counterions at the 

aggregate interface is investigated by conductimetry. Finally, the results are analysed and rationalized 

in the framework of the regular solution model of mixed micellization. 

 

 

 

mRha

CTAC
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4.2.1 Materials and samples preparation 

The mono-rhamnolipid C10-C10 sample (a colourless gel-like solid with a purity grade of > 95%, 

hereafter named mRha) was purchased by AGAE Technologies (Corvallis, OR, USA). 1-Hexadecyl 

trimethylammonium chloride (CTAC, purity 96%,) was provided by ALFA AESAR (Kandel 

Germany). The molar masses of mRha and CTAC are 504 g mol-1 and 320 g mol-1, respectively. 

Ultrapure deionized water from a Millipore Milli-Q system was used as solvent for all sample 

preparation, except for those prepared for SANS measurements for which deuterium oxide (99.8 atom 

% D, obtained from Sigma Aldrich, Milan, Italy) was used. All water-mRha-CTAC mixtures was 

buffered at pH 7.1 ± 0.2 using phosphate buffer at concentration 0.04 M (ionic strength around 0.1 

mol kg-1). The phosphate buffer was prepared by using Na2HPO4 and NaH2PO4, both obtained from 

Sigma-Aldrich with a purity > 99%. The citrate buffer at 3.4±0.2 was prepared using Sodium Citrate 

dihydrate (Na3C6H5O7∙2H2O, purity >99%) and citric acid (C₆H₈O₇ purity >99%), both purchased 

from Sigma-Aldrich (Milan, Italy).  

The ternary system water-mRha-CTAC (pH = 7.1 and pH = 3.4) was investigated by varying both 

the surfactant mixture composition, calculated as 𝑥mRha = 𝑚mRha𝑚mRha+𝑚CTAC         Equation 15 

and the total surfactant concentration, which is  𝑚surf = 𝑚mRha + 𝑚CTAC         Equation 16 

where 𝑚mRha and 𝑚CTAC are the molalities of mRha and CTAC, respectively. Specifically, surface 

tension and conductivity measurements were performed by adding successive aliquots of a 

concentrated surfactant solution at a given surfactant composition to a known volume of the same 

buffer used to prepare the surfactant solution; in such a way, 𝑚surf was progressively increased (from 

0 to maximum 2 × 10-3 mol kg-1), while 𝑥mRha was kept constant at a chosen value (𝑥mRha = 0.0, 0.1, 

0.2, 0.4, 0.5, 0.6, 0.7, 1.0 for surface tension and 𝑥mRha = 0.0, 0.2, 0.4, 1.0 for conductivity). DLS 

measurements were performed at the same 𝑥mRha investigated by surface tension and at constant 𝑚surf = 1 × 10-3 mol kg-1. This 𝑚surf was previously checked to allow reliable measurements at all 

the considered 𝑥mRha. All experiments were performed at 25 °C. 
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4.2.2. Measurements  

Surface tension and Dynamic light scattering measurements were carried out as described previously 

in 4.1.2.1 and 4.1.2.2 paragraphs of this chapter. 

Specific conductivity, c, was measured using a CDM 210 conductometer (Radiometer Analytical, 

Villeurbanne, France) which was calibrated as previously reported in chapter 3 (3.3.2). Contact angle 

measurements are carried out as described in 4.1.2.5 paragraph. 

 

4.2.2.1 Small Angle Neutron Scattering (SANS) 

SANS measurements were carried out on the Sans2d beamline at the ISIS Pulsed Neutron Source 

(STFC Rutherford Appleton Laboratory, Didcot, UK). A simultaneous Q-range of 0.004-1 Å-1 was 

achieved utilizing an incident wavelength range of 1.75-16.5 Å in time of light mode and employing 

an instrument set up of L1 = L2 = 4m and two detectors to measure small and wide angles, with the 

front detector at 2.4 m from the sample. Each raw data set was corrected for detector efficiencies, 

sample transmission, and background scattering and converted to scattering intensity I(q) versus the 

scattering vector q=4π/λsin(θ/2), where λ and θ represented the wavelength of the neutron beam and 

scattering angle, respectively [117]. The structural information can be extrapolated by choosing the 

appropriate model to fit the experimental data. In this case, the core-shell ellipsoidal model was used 

to fit the data of 𝑥mRha = 0.0. Using this model, the scattering intensity is calculated in the following 

way: 𝑃(𝑞) = 𝑠𝑐𝑎𝑙𝑒𝑉 𝐹2(𝑞) + 𝑏𝑘𝑔         Equation 17 

Where 

𝐹(𝑞) = 3𝛥𝜌𝑉(𝑠𝑖𝑛[𝑞(𝑅𝑒2+𝑅𝑝2)1 2⁄ ]−𝑐𝑜𝑠[𝑞(𝑅𝑒2+𝑅𝑝2)1 2⁄ ])(𝑞[𝑅𝑒2+𝑅𝑝2]1 2⁄ )3 + 𝑓(𝑞, 𝑅𝑒 + 𝑡𝑠ℎ𝑒𝑙𝑙 , 𝑅𝑒𝑥𝑐𝑜𝑟𝑒 + 𝑡𝑠ℎ𝑒𝑙𝑙 , 𝑥𝑠ℎ𝑒𝑙𝑙)  

            Equation 18 

where 𝑉 = 43 𝜋𝑅𝑝𝑅𝑒2 is the volume of the ellipsoid, 𝑅𝑝 is the polar radius, 𝑅𝑒 is the equatorial radius, 

and 𝑡𝑠ℎ𝑒𝑙𝑙 is the thickness of the shell. In addition, for the  𝑥mRha = 0.0 sample the Hayter-Penfold 
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Rescaled Mean Spherical Approximation factor for the charged sample was considered. On the other 

hand, the 𝑥mRha = 0.6 sample was fitted using the vesicle model, for which the scattering intensity is: 

 

𝑃(𝑞) = 𝜙𝑉𝑠 [3𝑉𝑐(𝜌𝑠𝑜𝑙𝑣−𝜌𝑠)𝑗𝑙(𝑞𝑟𝑐)𝑞𝑟𝑐 + 3𝑉𝑡𝑜𝑡(𝜌𝑠−𝜌𝑠𝑜𝑙𝑣)𝑗𝑙(𝑞𝑟𝑐)𝑞𝑟𝑐 ]2 + 𝑏𝑘𝑔    Equation 19 

where 𝜙 is the volume fraction of shell, 𝑉𝑠 is the volume of the shell, 𝑉𝑡𝑜𝑡 is the total volume. Finally, 

the 𝑥mRha = 1 was fitted using the core-shell-sphere model: 𝑃(𝑞) = 𝑠𝑐𝑎𝑙𝑒𝑉 𝐹2(𝑞) + 𝑏𝑘𝑔         Equation 20 

Where 𝐹(𝑞) = 3𝑉𝑠 [𝑉𝑐(𝜌𝑐 − 𝜌𝑠) sin(𝑞𝑟𝑐)−𝑞𝑟𝑐 cos(𝑞𝑟𝑐)(𝑞𝑟𝑐)3 + 𝑉𝑆(𝜌𝑐 − 𝜌𝑠𝑜𝑙𝑣) sin(𝑞𝑟𝑠)−𝑞𝑟𝑠 cos(𝑞𝑟𝑠)(𝑞𝑟𝑠)3 ]  Equation 21 

where  𝑉𝑠 is the volume of the whole particle, 𝑉𝑐 is the volume of the core, 𝑟𝑠 is the radius of the 

particle, 𝑟𝑐 is the radius of the core, 𝜌𝑐 is the scattering length density of the core, 𝜌𝑠 is the scattering 

length density of the shell, and 𝜌𝑠𝑜𝑙𝑣 is the scattering length density of the solvent. 

All fittings were performed with SasView software (version 5.0). 

 

4.2.3 Results and discussions 

 

4.2.3.1. mRha-CTAC mixed micellization: surface tension 

In Fig. 9 are reported the parameters obtained by surface tension tritation. In Fig. 9 (a) the cmc values 

at both pH are reported for the mixed system water-mRha-CTAC. In general, both systems at different 

pH show quite the same trend.  

In particular, the CTAC cmc is not affected by the pH (𝑥mRha = 0.0, 𝑐𝑚𝑐CTAC = 7.2 × 10-4 mol kg-1) 

which is higher than that of the binary system water-mRha (𝑥mRha = 1.0 𝑐𝑚𝑐mRha = 1.4 × 10-4 mol 

kg-1 at neutral pH and 𝑥mRha = 1.0 𝑐𝑚𝑐mRha = 0.5 × 10-4 mol kg-1 at acidic pH ), indicating that the 

glycolipid has a stronger tendency to micellize than the cationic surfactant. 
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Figure 9. Physico-chemical characterization of the ternary system water-mRha-CTAC at pH = 7.1(black line) and at pH=3.4 (red 

line) and 25 °C. (a) Critical micelle concentration vs. surfactant mixture composition;(b) surface tension at micellization vs. 

surfactant mixture composition; (c) value of A vs. surfactant mixture composition. The pH = 7.1 is black-colored and pH=3.4 is red 

colored. 

At low 𝑥mRha value, the cmc of the ternary mixtures water-mRha-CTAC steeply decreases with 

increasing the mRha content in the mixture, reaching a shallow minimum at 𝑥mRha = 0.5–0.7 

suugesting a kind of synergistic behavior in the mixed micellization process. With further increasing 

the mRha content, the cmc increases, finally reaching 𝑐𝑚𝑐mRha. 

The constant surface tension value, 𝛾𝑐𝑚𝑐, found in each data set collected at constant 𝑥mRha for 𝑚surf ≥ 𝑐𝑚𝑐 Fig. 9(b). The general, the trends seem to not be affected by pH where mRha alone is 

more effective than CTAC in lowering the surface tension of micellar solutions (𝛾𝑐𝑚𝑐 =34.1 mN m−1 vs. 38.5 mN m−1 at neutral pH and 𝛾𝑐𝑚𝑐 = 30.7 mN m−1 at acidic pH). As the two 

surfactants are mixed, even lower 𝛾𝑐𝑚𝑐 values are reached, and a shallow minimum is observed for 𝑥mRha~0.5 − 0.7. The third parameter, Fig. 9(c), is the average area at the air–solution interface per 

surfactant molecule at the cmc, A, calculated by the Gibbs isotherm. At neutral pH the experimental 

data do not seem to be affected by the composition of the system being quite constant. At acidic pH, 

since the mRha is uncharged and thus, the electrostatic repulsion do not occur, present an abrupt 

decrease of its value from 89 Å2 to 45 Å2. 

 

4.2.3.2 mRha-CTAC mixed micellization: thermodynamic models 

In Fig. 10 the experimental cmc trend at both pH are compared with that predicted by ideal mixing 

and regular solution model as described previously in 4.1.3.3 paragraph [70,71] 

The cmc trends obtained by applying the model of regular solution are shown in Fig. 9(a).  
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Figure 10. Critical micelle concentration vs. surfactant mixture composition; the experimental data (circles) are compared with the 

predictions of mixed micellization models as indicated in the legend. For the regular solution model, the trend obtained with β = -

7.1(a) and β = -8.8(b), respectively. The pH = 7.1 is black-coloured and pH=3.4 is red coloured. 

The 𝛽 value was optimized considering simultaneously all the experimental cmc data; the result (𝛽 =−7.1 ± 0.5 at neutral pH and 𝛽 = −8.8 ± 0.7 at acidic pH) confirms very favorable interactions 

between mRha and CTAC in the micellar aggregates. Inspection of Fig. 10(a) reveals that the 

predicted cmc trend satisfactorily fits the experimental values for 𝑥mRha ≥ 0.5. On this basis, in this 

composition range the mRha-CTAC mixtures can be proposed to follow the 𝑌mRha trend predicted 

by the Holland and Rubingh model (solid line). It is interesting to observe that the values are lower 

than those predicted by the Clint model. Thus, in mRha-rich mixtures, micelles are enriched by CTAC 

with respect to the ideal mixing, further confirming that mRha is able to bring along CTAC in the 

mixed micelles. At acidic pH there is a good agreement between the experimental data and the 

computed model of regular solutions. Thus, the processes are synergistic and energetically favored at 

both pH, as confirmed by the negative values of 𝛽 and interegstingly they are quite similar suggesting 

a weak affection of the electrostatic interaction at different pH during the mixed micellization process.  

 

4.2.3.3 mRha-CTAC mixed micellization: specific conductometry 

mRha-CTAC mixed micellization in aqueous solutions buffered at pH = 7.1 was further investigated 

by electrical conductivity measurements. The experimental results are shown in Fig. 11. mRha-CTAC 

mixed micellization in aqueous solutions buffered at pH = 7.1 was further investigated by electrical 

conductivity measurements. The experimental results are shown in Fig. 11. The solution specific 
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conductivity increases with the surfactant concentration at all considered 𝑥mRha values. For the single 

CTAC (𝑥mRha = 0.0) a clear slope change is observed at the cmc, due to the condensation of a fraction 

of added counterions at the micellar interface to reduce the electrostatic repulsion among the 

positively charged headgroups. 

 

 

Figure 11. Specific conductivity of water-CTAC (a), water-mRha (d), and water-CTAC-mRha mixtures at 𝑥mRha = 0.2 (b) and 𝑥mRha= 

0.4 (c) at pH=7.1 and 25 °C. 

The cmc value determined by conductometry is in close agreement with that determined by 

tensiometry. The degree of micellar ionization was calculated as the ratio of the slopes of the 

conductivity in the micellar and premicellar concentration range, obtaining 𝛼 = 0.50 ± 0.02. This 

value is slightly higher than that reported in the literature for CTAC in neat water [118], due to the 

presence of the buffering ions. With increasing 𝑥mRha the slope change becomes less marked, and the 

micelle ionization increases (𝛼 = 0.75 ± 0.03 at 𝑥mRha = 0.2 and  𝛼 = 0.87 ± 0.05 at 𝑥mRha = 0.4), 

indicating that the interposition of the mRha headgroups among the CTAC ones reduces the need of 

counterion condensation. At higher mRha content in the surfactant mixture no slope change was 
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observed in the conductivity trends. Particularly, no break point was observed for the pure mRha 

(𝑥mRha = 1.0). The absence of counterion condensation onto the mRha aggregates, in line with 

literature results [113], suggests a low charge density of their surface. 

 

4.2.3.4 mRha-CTAC mixed micellization: Dynamic Light Scattering 

The dimensions of the aggregates formed in water-mRha-CTAC systems were investigated by DLS 

measurements. The intensity-weighted plots (Fig. 12) show three populations of different size at pH 

= 7.1 and two populations at pH = 3.4. 

 

Figure 12. Intensity-weighted hydrodynamic radius distributions of mRha-CTAC aggregates at (a) pH = 7.1 and (b) pH = 3.4. The 

total surfactant concentration is equal to 0.045 mol kg−1 and surfactant mixture composition are xmRha = 0.0, 0.6, 1.0. 

The average hydrodynamic radii of the populations observed at the various compositions are collected 

in Table 3. RH1, RH2 and RH3 refer to the small and large aggregates, respectively.  

Table 3. Aggregate dimension for the system water-mRha-CTAC at pH = 7.1 and 25 °C, and at pH = 3.4 and 25 °C as obtained by 

DLS measurements. 

xmRha 

pH = 7.1 pH = 3.4 

RH1 

(nm) 

RH2 

(nm) 

RH3 

(nm) 

RH1 

(nm) 

RH2 

(nm) 

0.0 5.6±0.3 50±2 440±120 2.6±0.3 54±15 

0.6 13.2±1.5 50±20 600±200 2.5±0.3 16±1 

1.0 9±1 44±1 410±140 3.30±0.13 200±70 

https://www.sciencedirect.com/topics/chemistry/hydrodynamic-radius
https://www.sciencedirect.com/topics/physics-and-astronomy/micelle
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Particles with RH1 radius can confidently assumed to be micelles, which are smaller at pH = 3.4 than 

at pH 7.1, indicating uncharged mRha molecules to pack in the aggregates more tightly. In all the 

cases, these micelles co-exist with one or two populations of larger aggregates, possibly vesicles 

[56,57,101]. 

 

4.2.3.3 mRha-CTAC mixed micellization: SANS 

SANS data, shown in Fig. 13, shows that the morphology of the aggregates in the systems are quite 

different. 
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Figure 13. SANS data (cirles) and best fit curve (solid blue line) of xmRha=0.0 (pink), xmRha=0.6 (green), and xmRha=1.0 (black) 

in D2O. 

 

The intensity scattering profile for the samples 𝑥𝑚𝑅ℎ𝑎= 0.0 and 1.0 suggest the presence of micelles. 

In the absence of monorhamnolipid (𝑥𝑚𝑅ℎ𝑎=0.0) the micelle is characterized by a charge density on 

surface. This is expected as the micelle is formed by a charged CTAC surfactant [136]. On the other 

hand, for sample (𝑥𝑚𝑅ℎ𝑎=1.0) no presence of shoulder or peak in the intermediate q value suggest the 

presence of charge on the surface of micelle. Furthermore, at low values of q, the decreasing profile 

of I(q) as a power law with q ~-3) suggests the presence of large aggregates. Sample 𝑥𝑚𝑅ℎ𝑎=0.6 

shows a slope at intermediate q of about 2, that is typical of bilayer scattering object [101]. According 
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to those considerations Samples 𝑥𝑚𝑅ℎ𝑎= 0.0 has been fitted with a core-shell-ellipsoid model, adding 

a structure factor, while the sample 𝑥𝑚𝑅ℎ𝑎= 0.6 with a lamellar model, finally 𝑥𝑚𝑅ℎ𝑎= 1.0 has been 

fitted with a core-shell-sphere model. The fitted curves and the obtained data are shown in Fig. 13 

and Table 4.  

Table 4. Experimental data obtained from SANS data fitting. 

 xmRha=0.0 xmRha=0.6 xmRha=1.0 

Semiminor axis / Å 29 ± 2   

Semimajor axis / Å 36 ± 1   

Charge / e 27   

Thickness / Å  27 ± 3  

Core / Å   10 ± 1 

Shell / Å   11 ± 1 

slope   -3.38 ± 0.05 

 

From the values obtained from the fitting of the SANS data it can be assert that the micelle of the 

only CTAC is prolate with an aggregation number of 150 [119]. While the only mRha is spherical, 

typical shape of mRha micelle in dilute solution [101], with an aggregation number of 45. The 

thickness value obtained from the fitted SANS data of CTAC-mRha system is slightly lower than the 

sum of the length of the alkyl chains of the two surfactants calculated with the Tanford equation 

[120], lCTAC= 21.8 Å and lmRha=10.4Å. This last value agrees with the experimental core value [120].  

 

4.2.3.4 mRha-CTAC mixed micellization: contact angle 

The wettability of these surfactant mixtures was investigated. Fig. 14 shows the values of the contact 

angle (θ) between water-CTAC-mRha mixtures and selected solid surfaces as a function of the 

surfactant mixture composition at both the investigated pH. Samples at concentration 10, 50 and 100 

times the cmc of mRha were tested; inspection of the figure shows that the concentration does not 

affect the ability of the mixture to decrease the contact angle. The data obtained using a native silicon 

wafer as support are shown in Fig. 14(a) (pH = 7.1) and Fig. 14(d) (pH = 3.4). This support exposes 
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a thin layer of SiO2; the contact angle with the aqueous buffers (pH = 7.1 and pH = 3.4, dashed line 

in the figure) is relatively low (55°), which confirms the surface to be quite hydrophilic. 

The presence of surfactants reduces θ, the effect becoming stronger with increasing the mRha content, 

independently of the pH. The θ decrease points to the positioning of surfactant molecules (with the 

possible formation of a bilayer) at the solid-liquid interface [103]. 

 

 

Figure 1. The CTAC-mRha surfactant mixtures contact angle on a native (a,d), oxidized hydrophilic (b,e) and hydrophobically 

modified (c,f) silicon wafer surface, at pH = 7.1 (a,b,c) and pH = 3.4 (d,e,f), at 25 °C. Data are reported as a function of the 

surfactant mixture composition; the total surfactant concentration is indicated in the legend. The dashed line srepresent the values 

determined for the aqueous phosphate (pH = 7.1) and citrate buffer (pH = 3.4). 

Exposure of the silicon wafer to an oxidizing solution leads to the formation of silanol groups on its 

surface, which increases its hydrophilicity, as confirmed by the extremely low contact angle with the 

aqueous buffers (15° at pH = 7.1 and 20° at pH = 3.4, see Fig.14(b) and Fig. 14(c), respectively. For 

both neutral and acidic surfactant mixtures, θ value is higher than that determined with the buffer 

when 0.0 < 𝑥mRha < 0.6, probably due to the long CTAC hydrophobic tails. As the content of mRha 

increases, the contact angles decrease, becoming lower than those observed for the buffers. 

Hydrophobic derivatization of the wafer surface with OTS results in an extremely high contact angle 

with the aqueous buffers (about 110° for both investigated pH). Surfactants significantly lower these 
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values, indicating the formation of a monolayer at the solid-liquid interface. mRha is twice effective 

than CTAC (40° vs. 80°, independently of the pH), and their mixtures present θ values decreasing 

with increasing 𝑥mRha. The dependence of the contact angle on the mixture composition deserves some 

further comment. The Young equation: 

γSV − γSL = γLV cosθ           Equation 22 

correlates the contact angle and the solid-vapor, solid-liquid, and liquid-vapor interface tensions (γSV, 

γSL and γLV, respectively). γSV remains constant for a given solid support. γLV coincides with the γcmc 

and is only weakly dependent on the surfactant mixture composition, see Fig. 10(b). Therefore, the 

significant decrease of θ as the mRha content increases is ascribable to a γSL decrease. The higher 

wettability of mRha compared to CTAC could be related to the attitude of the di-tailed surfactant to 

form interfacial monolayer [105]. 

 

4.3 Conclusions 

Rhamnolipids are biosurfactants whose good functional properties could be fruitfully exploited in 

detergency. They are still more expensive than synthetic surfactants, but the genetic engineering 

efforts to obtain bacterial strain with higher productivity and the identification of energy-efficient unit 

operations make us confident that the costs will significantly decrease in the near feature. This will 

open new perspective in the design of eco-sustainable industrial formulations. 

For most practical applications surfactant mixtures are preferred to the single components, because 

their composition can be optimized for each specific task. The evaluation of the physico-chemical 

properties of rhamnolipid as mixtures or single pure homologues with conventional surfactants is thus 

fundamental for the rational design of formulations conjugating functionality and eco-friendliness. 

SLES is an anionic surfactant massively used in laundry, household cleaning and personal care 

detergents and CTAC is a cationic surfactant largely used in personal care products as hair 

conditioners. 

In this chapter, we have deeply investigated the physico-chemical properties of rhamnolipid with 

SLES and CTAC, alternatively, aqueous mixtures at neutral and acidic pH in the bulk solution and at 

the interface with air, oil and solids with various polarity. Our results can be interpreted on the basis 

of the different molecular features of the different surfactants.  
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SLES presents a rather long single tail connected to the sulfate group by a flexible polar ethoxylic 

linker. Rha is a mixture of rhamnolipids, being the double-tailed mono-rhamnolipid the prevalent 

species. Thus, it prevalently presents two rather short tails linked to a bulky and sterically hindered 

headgroup including the saccharide moiety and one carboxylic group. Compared to SLES, the HLB 

indicates that Rha is much more hydrophobic than SLES and the pp predicts that Rha will for 

supramolecular aggregates with lower curvature. In agreement with these molecular features, our data 

on the two binary systems confirm that Rha self-aggregates at a concentration lower by almost one 

order of magnitude compared to SLES and that SLES forms small spherical aggregates while in the 

case of Rha large cylindrical micelles co-exist with vesicles. Rha micelles are characterized by a 

viscous inner core, as expected for double-tailed surfactants. In contrast, the packing of the bulky 

headgroups at the micelle interface is sterically hindered. On the other hand, SLES micelles present 

a compact external layer, likely due to the ion-dipole interaction between the sulfates and the 

neighboring ethoxylic chains. 

For what concerns the ternary system, our results show that Rha and SLES form mixed micelles in 

the whole composition range. Significant deviations from the ideal mixing are found, pointing to 

antagonistic Rha-SLES interactions within the aggregates. Being both negatively charged, this 

evidence cannot be ascribed to electrostatic interactions. Rather, they could be determined by the 

mismatch between the molecular architecture of the two surfactants, concerning both headgroups and 

tails. Particularly, Rha headgroups disturb the SLES organization at the micelle interface. 

The balance between the different molecular features of SLES and Rha determines the functional 

behavior of their mixtures in terms of wetting, foamability and emulsion stability. The wettability of 

planar hydrophobic surfaces increases with the Rha content, due to its low HLB and high pp. On the 

other hand, emulsion stability increases with the SLES content, due to the close packing among the 

neighboring SLES headgroups and the long hydrophobic tail. Even the foamability improves with 

increasing the SLES content, due to its fast adsorption at the air/water interface, while decreases with 

the Rha content, due to the steric and packing constraints of the large headgroup. Thus, the properties 

of SLES-Rha mixtures can be optimized for each specific task by tuning the mixture composition. 

Furthermore, these results also indicate that, as an added value of the biosurfactant application in 

industrial formulations, these molecules exhibit specific properties which derive from their 

evolutionary fine tuning. Particularly, Rha shows an unexpected ability to participate to radical 

processes involving electron exchange, thus suggesting its possible anti- or pro-oxidant activity, 
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which could be of interest in many fields. To complete the study, we analyzed to what extent Rha can 

be considered eco-sustainable with respect to conventional surfactants, such as SLES. The 

ecotoxicological profile of Rha is significantly better than that of SLES, even though differences are 

not dramatic. This result, along with the greener production and the faster biodegradability, fully 

confirms the biosurfactant eco-sustainability. 

Concerning the system composed by monorhamnolipid and CTAC, an in-depth investigation of the 

physico-chemical properties of mRha-CTAC aqueous mixtures at neutral and acid pH in the bulk 

solution and at the interface with air and solids with various polarity was performed. Overall, the 

results were interpreted in a unifying framework based on of the molecular features of the two 

surfactants. mRha and CTAC mixed micellization is energetically favored at all mixture composition 

and at both investigated pHs. It is worth noting that CTAC, which bears a positively charged 

headgroup, could be expected to interact much more favorably with mRha at neutral pH, at which the 

latter is in anionic form, than at acidic pH, at which mRha is uncharged. However, our results show 

a comparable synergism in the two conditions, suggesting that electrostatic interactions play a minor 

role. mRha presents a bulky headgroup which screens and somehow hides the negative charge. 

Therefore, mixed micellization is rather favored by the better molecular packing in the aggregates 

upon surfactant mixing, this effect being more evident at acidic pH, at which mRha molecules are 

tightly packed. This interpretation is supported by DLS data showing larger aggregates in neutral than 

in acid solution. 

The peculiar mRha molecular structure, presenting two alkyl chains and a relatively bulky headgroup, 

is also responsible for its good wettability. The contact angle between mRha-CTAC solutions and 

planar surfaces with different hydrophobicity can be reduced by more than 35° by increasing the 𝑥mRha, independently of the pH. 
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Chapter V 

5. Micellization of rhamnolipids in water/bioglycerol co-solvent mixtures 

Co-solvents are compounds of various kinds, which, added to the solvent, generally water, modify its 

properties [1]. The reasons why co-solvents are used are several, but the main one is linked to the 

solubility of hydrophobic solutes in aqueous solution, just as an example. It has been seen in different 

studies that a co-solvent (usually termed hydrotrope) can enhance this solubility, in order to adapt the 

system to the conditions required for a specific chemical process [2] or application [3,4]. 

Moreover, a co-solvent can also be used to regulate the aggregation of solutes: always acting on 

solubility, they can promote aggregation of compounds, which could influence the mixture 

functionality [1,5]. 

 

5.1. Bio-Glycerol 

Given the urgent need for new technologies and green alternatives in the cosmetic field to reduce or 

eliminate the use of substances obtained starting from fossil sources as raw materials, the interest of 

scientists and technologists is increasingly directed towards chemicals obtained from renewable 

sources, able to conjugate environmental and human health benefits [6].  

In the present work of thesis, the behavior of rhamnolipids, natural products of bacterial metabolism, 

is evaluated in the presence of different contents of bio-glycerol, a by-product of different industrials 

processes conducted by NICL (Naples Industrial Chemistry Laboratory) group of the University of 

Naples Federico II on pilot plants. 

Bio-glycerol is obtained during the production of biodiesel fuel, based on a transesterification reaction 

in which there is an interchange between the glycerides and an alcohol. The traditional process 

comprises a transesterification reaction between methanol and vegetable oil catalyzed by KOH. The 

reaction product is a mixture of biodiesel and a glycerol-methanol solution. Through centrifugation, 

glycerol traces are eliminated from the oil. The mixture of glycerol, methanol, water, catalyst 

residues, free fatty acids, unreacted mono-, di- and triglycerides, methyl esters and other MONG 

(Matter Organic Non-Glycerol) obtained as side product can be distilled to lead glycerol which meets 
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the standards for cosmetic applications [7]. The prefix bio- means that glycerol has been obtained by 

natural sources as glycerides. 

The use of bio-glycerol reduces the costs of production and it represents an economic gain. Therefore, 

this can be considered as an example of circular economy where a by-product of a process can be the 

raw material for a new process. Circular economy represents a new industrial strategy, which is based 

on sharing and recycle of materials. The development of this economic model is necessary because 

of the increased demand of raw materials and, on the other hand, to the shortage of them. So, eco-

design and materials re-use are the principles on which the fine industry will have to be based in the 

future [8]. 

In this scenario, the combined use of rhamnolipids and bio-glycerol in formulations could lead to 

environmental, economic and human benefits. 

 

5.1.1. Glycerol in formulations and its effect on surfactant micellization  

Glycerol is an organic molecule, the polyol 1,2,3-propanetriol, which is stabilized in aqueous phase 

by the intramolecular hydrogen bonds and intermolecular solvation of the hydroxyl groups. It was 

discovered in 1779 by the Swedish chemist Carl W. Scheele and it is one of the most commonly used 

compounds in fine chemistry. The main advantage of the use of glycerol in formulations is its non-

toxicity, non-irritability, stability, miscibility, and high compatibility. The latter property is very 

important in the formulations field and, in particular, for pharmaceutical and cosmetic applications. 

Indeed, glycerol can be used as solvent or co-solvent, humectant, emollient and it can also control 

water activity [7]. 

Its surface tension is 63.4 dyn cm-1 at 20 °C, lower than that of water, which is 72.5 dyn cm-1. When 

glycerol is added in aqueous solution at increasing concentrations, it causes a reduction of water 

chemical potential. By using the Gibbs’s isotherm adsorption equation, it appears that glycerol surface 

excess is independent of alcohol content [9]. 

The wide use of glycerol in fine industry is due to its environmental friendliness. Indeed, because of 

its low vapor pressure and the lack of odor, it is considered not dangerous for wastewater. It is 

employed as a solvent in food industry to prepare flavor extracts, i.e., vanillin and spices; it is, also, 

applied as preservative for fruits and vegetables. In pharmaceutical industry it is used in ointments, 



 

131 

 

parental solutions and also in capsules and suppositories. Another application of glycerol is as solvent 

for tobacco, hydraulic fluid formulations and it also applied in paper industry [10]. 

In cosmetic industry glycerol is present in the personal care products as shaving creams, soaps, skin 

and hair care formulations. The 28% of the glycerol market is represented by cosmetic, 

pharmaceutical and toothpaste products [7]. 

Since surfactants and glycerol are both used in large scale in aqueous formulations, the behavior of 

the surfactants in the presence of glycerol as co-solvent is of great interest. In different studies the 

effect of glycerol on the micellization of various surfactants is investigated.  

The work conducted by Ruiz et al. in 2007 underlines that the micellization of cationic surfactants 

such as alkyl trimethyl ammonium bromides is not affected by the presence of glycerol up to 20 wt%: 

apparently the systems seem to contain only water as solvent. A further increase in glycerol content 

leads to a slight increase of the critical micelle concentration (cmc) and a decrease of the aggregation 

number. According to the authors, this effect is controlled by the increasing of the surface area per 

surfactant headgroup due to the participation of the co-solvent in the solvation of the micellized 

surfactant. To understand this effect, the thermodynamics parameters should be considered. In 

particular, the micellization is influenced by the enthalpic and entropic contributions through the 

following equation: ΔG𝑚𝑖𝑐0 =  ΔH𝑚𝑖𝑐0 −  𝑇ΔS𝑚𝑖𝑐0          Equation 1 ΔH𝑚𝑖𝑐0  is ascribed to the variation of hydrogen bond number and electrostatic interaction strength. 

According to these authors, the negative value of enthalpy variation is given by the prevalence of the 

London-force dispersion in the micellar process. The analysis of 𝑇ΔS𝑚𝑖𝑐0  value provides more 

information given that its value is positive and larger than ΔH𝑚𝑖𝑐0  both in water and in the presence 

of 20 wt% glycerol. The results suggest that the hydrophobic effect is predominant in glycerol-poor 

formulations. Indeed, the solubility of the hydrophobic tail is unfavored because of the ordered 

disposition of water molecules around the surfactant tails, which leads to consequentially ΔS𝑚𝑖𝑐0  > 0. 

So, ΔG𝑚𝑖𝑐0 <  0 and the micellar process is favored. When glycerol content increases, the 

micellization is controlled by enthalpic term because the hydrophobic effect decreases, the solubility 

of hydrophobic moiety is favored due to reduction of polarity of the solvent. In this way, ΔG𝑚𝑖𝑐0 <  0 

even if it is less negative than in aqueous solution, as shown by the cmc increase [11]. 
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D’Errico and coworkers highlighted the glycerol effects on the water structure. They assume that 

there are structure-breakers compounds which allow a reduction of the number of hydrogen bonds, 

and structure-makers compounds which promote the hydrogen bonds in aqueous phase. In this 

scenario, glycerol presents a structure-makers behavior. Thus, the addition of the alcohol in aqueous 

phase causes the increase of the cmc because the micellization driving force decreases. The glycerol 

effect on the micellization of ionic surfactants can be interpreted as due to a modulation of the 

electrostatic repulsion due to the reduction of the dielectric constant, while for nonionic ethoxylated 

surfactants the water structuring effect of glycerol prevails [12]. 

A similar effect is also confirmed by Ruiz et.al 2008. In their work these authors affirm that the cmc 

increase is due to a reduction of cohesive energy density which increases the solubility of the 

surfactant. Glycerol increases the electrostatic repulsion of the headgroups, and improves the 

solvation of the hydrophobic tails, opposing to micellization. Moreover, the presence of alcohol 

causes the formation of smaller micelles [13]. 

Carmes et al. analyzed the effect of glycerol in the presence of the nonionic biosurfactant Plantcare 

2000. They showed that the addition of the alcohol from 0 to 70 wt% in aqueous formulation causes 

a slight increase of the cmc value, from 3 × 10-3 M to 8 × 10-3 M, while the surface tension of micellar 

solutions presents a fixed value around 29 mN/m independently of the glycerol concentration. The 

almost constant value of surface tension is justified due to the salting-out effect, which causes the 

competition between glycerol and surfactant for water molecules. This effect is the responsible of the 

dehydration of the ethoxylic surfactant head groups [14]. 

Considering that the biosurfactants used in this project, rhamnolipids, present a negative charge at 

neutral pH, it is interesting to consider the work of Khan et al. in which they analyze glycerol effect 

on SDS micellization. This work reports a minimum of the cmc value when glycerol content is around 

20 wt%, while above 40 wt% the cmc value increases exponentially. The initial decrease depends on 

a reduction of water hydrogen bonds favored by the interactions with glycerol molecules. Above 30 

wt% alcohol the cohesive energy, the dielectric constant and the polarity of the solvent decrease. In 

this condition the solubility of the hydrophobic moieties and the electrostatic repulsion between the 

headgroups increase [15]. 
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5.2. Materials and samples preparation 

The rhamnolipid sample employed in the present work was purchased from AGAE Technologies 

(Corvallis, OR, USA) and it is the same used in Chapter 4, described in 4.1.1 subsection. The 

bioglycerol was kindly provided by the NICL (Naples Industrial Chemistry Laboratory) group of the 

University of Naples Federico II. All sample mixtures were prepared using ultrapure deionized water 

from a Millipore Milli-Q system with an electrical conductivity less than 1 × 10−6 S cm−1 at 25 °C. 

The pH was buffered at 7.1±0.2 using sodium dihydrogen phosphate hydrate (NaH2PO4∙H2O, purity 

>99%) and disodium hydrogen phosphate anhydrous (Na2HPO4, purity >99%), both purchased from 

Sigma-Aldrich (Milan, Italy). Buffer concentration was maintained as low as possible to minimize 

the effect the increased ionic strength on the measured physico-chemical parameter. For this reason, 

added ion concentration was fixed at ten times the total surfactant concentration (the maximum total 

concentration in the case of tensiometric titrations). 

 

5.3. Measurements 

 

5.3.1. Tensiometry 

The surface tension, γ, of water-Rha and water-Rha-Gly mixtures was determined with a Sigma 70 

tensiometer (KSV, Stockholm, Sweden) by the Du Noüy ring method as reported in a previous work 

[16]. Successive aliquots of ten times the rhamnolipid cmc solution were added to the instrument 

vessel with a known volume of the same buffer used to prepare the surfactant solution. Alternatively, 

the measurements were carried out at increasing amount of bio-glycerol in the titrating and titrated 

solutions as fixed percentage in weight (5, 10, 15, 20, 30, 40, 50, 60, 70, 80 wt%) of total liquid. After 

each aliquot addition, the sample was mixed using a magnetic stirrer and allowed to equilibrate 3 min 

prior to measuring the surface tension. 

5.3.2. Dynamic Light Scattering  

Size and distribution of the aggregates were determined by DLS. The procedure was carried out at 

different percentage content of bio-glycerol (0 wt%, 20 wt%, 40 wt%, 70 wt%) and constant 

concentration of rhamnolipids. It is to be highlighted that at the first two considered bio-glycerol 
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contents (20 and 40 wt%) the rhamnolipid cmc remains more or less unaltered by the presence of co-

solvent, while the third considered bio-glycerol content (70 wt%) refers to a situation in which the 

cmc is significantly increased. In detail, for the binary system at 0 wt% of bio-glycerol, solutions 50, 

75, 100, 150, 200 and 300 times the cmc (1.1 × 10-4 M) were prepared. When the amount of bio-

glycerol was set at 20 wt%, solutions 50, 100, 200 and 300 times the cmc of rhamnolipid (0.7 × 10-4 

M) were prepared. At 40 wt% of bio-glycerol, solutions 50,100, 200 and 300 times the cmc (1.01 × 

10-4 M) were used. Finally, at high content of bio-glycerol, 70 wt%, solutions 100, 200 and 300 times 

the cmc (1.83 × 10-4 M) are analyzed. Measurements were carried out with a home-assembled 

apparatus as described above in Chapter 4. 

 

5.4. Results and discussion 

 

5.4.1. water-Rha-Gly micellization: surface tension 

The surface tension of the systems of biosurfactants in aqueous buffer/co-solvent mixtures was 

investigated as a function of both rhamnolipid and bio-glycerol concentration. Different sets of 

measurements were performed. In each set the bio-glycerol concentration was kept constant at a value 

ranging from 0 to 80 wt%, while the rhamnolipid concentration was progressively increased. Fig. 1 

reports the surface tension of the ternary system water-Rha-Gly (pH =7.1) versus the rhamnolipids 

concentration. 

 



 

135 

 

 

Figure 1. Surface tension versus rhamnolipids concentration for the water-Rha-Gly  (pH=7.1) system at different percentage of bio-

glycerol as reported in legend. 

 

The surface tension value observed in the absence of surfactants (~ 72 mN m-1) is coincident with 

literature values reported for water, thus confirming the reliability of the experimental setup. With 

increasing of bio-glycerol in the solution, the initial surface tension decreases. In Fig. 1 we can 

distinguish an initial region, in which only a slight decrease of the surface tension is observed; an 

intermediate region, in which surface tension sharply decreases; a final plateau, in which the surface 

tension value can be consider substantially constant. Thus, the first two concentrations regions 

comprise the premicellar composition range while the last one corresponds to the micellar 

composition range. From the surface tension we can obtain important experimental parameters which 

are collected in Table 1. 
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Table 1. summary of the surface tension results. 

System 

Glycerol 

percentual 

(%wt) 

𝜸𝑾/𝒈𝒍𝒚 

(mN m-1) 

cmc * 

(𝛍𝐌) 

𝜸𝒎𝒊𝒄 

(mN m-1) 

A 

(Å2) 

Rha-buffer 0 70.5 115 33.7 ± 0.6 66 ± 1 

Rha-buffer-gly 5 71.8 97 32.3 ± 0.7 70 ± 2 

Rha-buffer-gly 10 59.4 98 30.6 ± 0.3 83 ± 2 

Rha-buffer-gly 15 73.0 88 33.7 ± 0.8 75 ± 2 

Rha-buffer-gly 20 66.6 71 32.1 ± 0.3 75 ± 2 

Rha-buffer-gly 30 70.2 69 33.3 ± 0.4 67 ± 2 

Rha-buffer-gly 40 70.0 101 34.6 ± 0.6 76 ± 2 

Rha-buffer-gly 50 62.3 95 32.5 ± 0.5 90 ± 2 

Rha-buffer-gly 60 57.8 216 31.6 ± 0.5 151 ± 6 

Rha-buffer-gly 70 53.9 183 35.8 ± 0.6 132 ± 7 

Rha-buffer-gly 80 53.9 322 35.9 ± 0.8 159 ± 5 

 

(*) Where the error on the determination of the cmc has been estimated to be around 10%. 

For a better understanding, the experimental parameters are reported in Fig. 2.  

 

Figure 2. Surface tension parameter obtained from experimetal curves: (a) cmc value in function of bio-glycerol wt%; (b) mic value 

in function of bio-glycerol wt%;(a) A value in function of bio-glycerol wt. 

In particular, Fig 2(a) figure shows rather limited cmc changes from 0 to 50 wt% of bio-glycerol, 

while an evident increase is observed at higher co-solvent content. Indeed, a perusal of the data reveals 

that the cmc reaches a shallow minimum around 25-30 wt% of bio-glycerol. The  𝛾𝑚𝑖𝑐 data, in Fig. 

A
 (
Å

2 )

a) b) c)
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2(b), are substantially constant, indicating a limited effect of the bio-glycerol on the surface activity 

exerted by the rhamnolipids. The area occupied by a single molecule of solute at the interface, A, is 

reported as a function of the bio-glycerol content in Fig. 2(c). Up to 40 wt% A exhibits rather constant 

values. An evident and pronounced increment of the parameter is observed with increasing the bio-

glycerol percent. 

The increment in the cmc due to bio-glycerol can be explained in terms of an indirect effect on 

micellization deriving from modifications of the aqueous medium due to the co-solvent. As detailed 

in the previous paragraph, the cmc is related to the variation of the Gibbs energy of the system upon 

surfactant micellization. In the glycerol-poor content systems, the solvent mixtures present properties 

similar to neat water. Because of the high medium polarity, the solubility of the hydrophobic tails is 

unfavored because there is a loss of entropy due to the ordered organization of water molecules around 

them. Consequently, the formation of micellar aggregates, in which the surfactant tails are shielded 

from the contact with the solvent, is favored (ΔG𝑚𝑖𝑐0 <  0). As the bio-glycerol content increases, the 

medium polarity decreases favoring solubility of hydrophobic moiety and the hydrophobic effect is 

depressed. Thus, ΔG𝑚𝑖𝑐0 <  0 but its absolute value is lower than in aqueous solution. 

 

5.4.2. water-Rha-Gly micellization: DLS 

Fig. 3, Fig. 4, Fig. 5, and Fig. 6 show the hydrodynamic radius distribution for the samples prepared 

in absence and presence of bio-glycerol. In panel (a) of all following figures, the data are reported in 

an intensity-weighted mode. This representation enhances large aggregates, which efficiently scatter 

the light. The DLS is in principle more sensitive to large objects than to smaller ones, with the 

intensity proportional to the sixth power of radius, so in panel (b) we converted the intensity-weighted 

profiles into number-weighted profiles giving us an indication of the concentration of the different 

aggregates in the sample [17].  
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Figure 3. Hydrodynamics radius distributions of rhamnolipid aggregates in the binary system water (pH=7.1, phosphate 

buffer)/rhamnolipids at 25 °C. Panel (a): intensity-weighed distributions; panel (b): number-weighed distributions. 

Inspection of Fig. 3(a) shows the presence of various aggregates in all the considered samples: small 

aggregates, with an average radius equal to about 3 nm, coexist with two distributions of larger 

aggregates, whose size is about 10 and 50 nm, respectively. Small aggregates can be confidently 

classified as almost spherical micelles, while larger aggregates can presumably to be assumed as 

vesicles or elongated micelles. Fig. 3(b) clearly shows that spherical micelles constitute by far the 

large majority of the aggregates in the sample. 

 

Figure 4. Hydrodynamics radius distributions of rhamnolipid aggregates in the ternary system water (pH=7.1, phosphate 

buffer)/bio-glycerol (20 wt%)/rhamnolipid at 25 °C. Panel (a): intensity-weighed distributions; panel (b): number-weighed 

distributions. 

a) b)

a) b)
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Similarly to what observed in the absence of bio-glycerol, Fig. 4(a) shows the presence of various 

aggregates in all the considered samples at 20wt% bio-glycerol: small micellar aggregates, with an 

average radius equal to about 2.5 nm, coexist with two distributions of larger aggregates, with a size 

of around 10 and 50 nm. Fig. 4(b) clearly shows that micelles constitute by far the large majority of 

the aggregates in the sample even though some larger aggregates are detectable. Indeed, comparison 

between Fig. 4 and Fig. 3 shows that bio-glycerol enhances the populations with large dimension. 

 

 

Figure 5. Hydrodynamics radius distributions of rhamnolipid aggregates in the ternary system water (pH=7.1, phosphate 

buffer)/bio-glycerol(40 wt%)/rhamnolipid at 25 °C. Panel (a): intensity-weighed distributions; panel (b): number-weighed 

distributions. 

Fig. 5(a) highlights the presence of various aggregates in all the considered samples at 40wt% bio-

glycerol: small micellar aggregates, with an average radius equal to about 3 nm, coexist with one 

distribution of larger aggregates, with a size of around 56 nm, respectively, which is likely of vesicular 

nature. Under this viewpoint it is to be noted that at this bio-glycerol content only one type of large 

aggregates is found, corresponding to the larger aggregates found at lower bio-glycerol content. Panel 

B clearly shows that micelles constitute by far the large majority of the aggregates in the sample even 

though vesicles are detectable. The comparison between Fig. 5 and Fig. 2 confirms that bio-glycerol 

enhances the populations with large dimension, while the size of the micellar aggregates remains 

more or less constant. 

 

a) b)
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Figure 6. Hydrodynamics radius distributions of rhamnolipid aggregates in the ternary system water (pH=7.1, phosphate 

buffer)/bio-glycerol(70 wt%)/rhamnolipid at 25 °C. Panel (a): intensity-weighed distributions; panel (b): number-weighed 

distributions. 

 

Fig. 6(a) shows the presence of various aggregates in all the considered samples at 70wt% bio-

glycerol: small micellar aggregates, with an average radius equal to about 3 nm, coexist with one or 

two distributions of larger aggregate, which are likely of vesicular nature. Fig. 6(b) clearly shows that 

micelles constitute by far the large majority of the aggregates. Indeed, comparison between Fig. 4, 

Fig 5 and Fig. 6 shows that at high concentration of bio-glycerol populations with large dimensions 

are unfavoured, while the size of the micellar aggregates remains more or less constant. 

 

5.5. Conclusions 

In the present chapter, the bio-glycerol effect on the rhamnolipid micellization process has been 

evaluated. The study has been carried out by performing surface tension measurement for aqueous 

solutions at co-solvent percentages ranging from 0 to 80 wt%. Furthermore, the effect of bio-glycerol 

at 0 wt%, 20 wt%, 40 wt%, 70 wt% content was investigated by Dynamic Light Scattering 

measurements, focusing on the size and distribution of the aggregates formed during the micellization 

process.  

The experimental data shows that the addiction of bio-glycerol to the rhamnolipid aqueous solution 

does not perturb the aggregation process up to 50 wt%, while an evident effect is observed at higher 

a) b)
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co-solvent content. A perusal of the data reveals that the cmc reaches a shallow minimum around 25-

30 wt% of bio-glycerol content and increases at higher co-solvent concentration. Instead, the γmic 

value can be considered substantially constant, indicating a limited effect of the bio-glycerol on the 

surface activity exerted by the rhamnolipids. The area occupied by a single surfactant molecule, A, 

exhibits rather constant values up to 40 wt%, while an evident and pronounced increment of the 

parameter is observed with increasing the bio-glycerol percent. 

The cmc increment due to bio-glycerol content can be explained in terms of an indirect effect on 

micellization deriving from modifications of the aqueous medium related the co-solvent presence. 

This parameter is related to the variation of the Gibbs energy of the system upon surfactant 

micellization. In the glycerol-poor content systems, the solvent mixtures present properties similar to 

neat water. Because of the high medium polarity, the solubility of the hydrophobic tails is unfavored 

because there is a loss of entropy due to the ordered organization of water molecules around them. 

Consequently, the formation of micellar aggregates, in which the surfactant tails are shielded from 

the contact with the solvent, is favored. As the bio-glycerol content increases, the medium polarity 

decreases favoring solubility of hydrophobic moiety and the hydrophobic effect is depressed. 

However, all these effects are seen only at very high glycerol content. 

DLS data showed a weak dependence of the rhamnolipid micellization process on glycerol 

concentration. At low bio-glycerol content, the prevalence of vesicle-type aggregates with surface 

curvature point to a de-hydration of the surfactant headgroups. This could be related to a salting out 

effect of the co-solvent. In other words, bio-glycerol competes with surfactant molecules for water 

molecule, so that the surfactant has fewer water molecules available. The driving force behind the 

formation of low-curvature aggregates could be identified with the reduced ability of bio-glycerol 

molecules to enter the hydration sphere of the rhamnolipid headgroups. The hydrophilic moieties of 

the surfactants are less hydrated, so they approach each other promoting the formation of vesicle-like 

aggregates. 

At high concentrations of glycerol, DLS data show that micelles become the predominant population. 

Evidently in these samples it is possible, as is already reported in the literature [12], that the presence 

of bio-glycerol decreases the dielectric constant. If the dielectric constant is lower, the electrostatic 

repulsions are greater and since we are in a range where the rhamnolipids are anionic it is possible 

that there is repulsion between the heads. The low dielectric constant enhances this repulsion and 

therefore aggregates with greater surface curvature are favored, that is micelles. 
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In conclusion, the limited effect of bio-glycerol at low-to-intermediate concentration demonstrates 

that this particular co-solvent can be employed to reduce the water content in the formulation, inspired 

by the water-free or water-poor formulation trend. In addition, it is interesting to note that throughout 

the analysed range of bio-glycerol the size of the micellar aggregates remains more or less constant. 

This implies that bio-glycerol is an excellent co-solvent and can be used in formulations. The present 

research contributes to build a reliable scientific platform for the exploitation of rhamnolipids in 

chemical formulations such as detergent, cosmetic, dermatological and pharmaceutical products. 
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Conclusions 

The aim of this PhD thesis was the identification and characterization of new ecofriendly surfactants 

as wetting agents in order to foster their application in industrial chemical formulations. In the last 

decades new concerns are arising on environmental and health issues caused by the massive use of 

chemical products, including liquid formulations. The total or partial replacement of synthetic 

surfactants with “green” alternatives is a fundamental step towards a new generation of water-based 

industrial formulations with an eco-sustainable profile. 

In the various chapters of this thesis, it was shown that bio-inspired glycosurfactants and natural 

glycolipids have physico-chemical features comparable to (or even better than) those of conventional 

surfactants, presenting at the same time a significantly improved ecological footprint. 

A first example, driven by the industrial interests and the collaboration for this thesis with Soltar srl, 

is given by mixtures of bio-inspired surfactants such as sorbitan esters. These mixtures were 

demonstrated to be able to stabilize both W/O and O/W emulsions, a result of relevant applicative 

interest. The emulsion stability was correlated to the glycosurfactant supramolecular organization at 

the oil–water interface, which was finely tuned by optimizing the surfactant mixture composition. 

An even more meaningful example of eco-sustainable alternatives to conventional wetting agents is 

given by biosurfactants, natural molecules produced by bacteria, yeasts, and plants. Here, the 

attention focused on rhamnolipids, amphiphiles produced by Pseudomonas aeruginosa and nowadays 

available at a large scale thanks to optimized biotechnological production processes. The lower eco-

toxicity of rhamnolipids, compared to synthetic surfactants, was confirmed by preliminary biological 

assays. These kinds of analysis need to be expanded on different models in order to define the final 

composition and potential applications of rhamnolipid-containing formulations. Then, a deep and 

wide physico-chemical characterization of rhamnolipid behavior in aqueous solution highlighted on 

the one side features similar to those of conventional surfactants, such as the surface tension lowering 

and the supramolecular aggregation above a well-defined cmc, while on the other side specific 

properties were found, such as the co-existence of small micelles with larger aggregates even close 

to the cmc. More importantly, rhamnolipid were found to be a promising wetting agent, lowering the 

contact angle between aqueous solutions and a variety of solid supports much more effectively than 

synthetic surfactants. This evidence was interpreted in terms of the peculiar rhamnolipid molecular 

structure, which presents a bulky and composite headgroup constituted by one or two sugar units and 
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one carboxylic group whose dissociation depends on the pH, joined to a hydrophobic counterpart 

composed by one or two rather short tails. 

Importantly, rhamnolipids were found to co-micellize with both anionic and cationic surfactants. This 

capability is of great importance for applications in industrial formulations, in which the possibility 

to mix different surfactants offers the opportunity to design mixtures optimized for each specific 

tasks. The mixture of rhamnolipids with the largely diffused anionic surfactant SLES were 

investigated from both structural and functional viewpoints. In this mixture both surfactants present 

a negative charge at neutral pH. The results showed that they are able to co-aggregate in the whole 

composition range with a slight antagonism behavior in the mixed micellization process, as confirmed 

by the comparison with thermodynamic models. Furthermore, this mixed system forms small 

spherical micelles, which is a useful property for some industrial formulations, i.e., detergent 

formulation, with a transition to elongated micelles as the composition becomes rhamnolipid-rich. 

The physico-chemical study on monorhamnolipid-CTAC mixed system highlighted further important 

properties. In this system the surfactants present opposite charges at neutral pH, while in acidic 

solutions a non-ionic-cationic mixture is formed. The mixture shows a synergism in the mixed 

micellization process, as confirmed by comparison with thermodynamic models. Interestingly, the 

synergism seems to be insensitive to the pH, i.e., to scarcely depend on the monorhamnolipid charge. 

This is again due to the peculiar structure of monorhamnolipids where the bulky rhamnose unit is 

able to screen the negative charge of the carboxylic group. This results in a system which is able to 

co-micellize, to form aggregates of different dimensions, and to spread onto solid surface 

independently on pH. This is an important feature which expands the field where rhamnolipids can 

be considered as alternative to conventional surfactants. 

The last part of this PhD thesis is devoted to exploring a more applicative feature of rhamnolipid 

mixture in aqueous solution in presence of a “green” co-solvent, bioglycerol. Glycerol is a largely 

used cosolvent in cosmetic and detergent formulations, in which is used a humectant and hygroscopic 

(anti-dessiccant) agent. Bio-glycerol is the common name of glycerol obtained as side-product of 

processes involving natural triglycerides, such as biodiesel production. Results showed that glycerol 

scarcely affects rhamnolipid micellization. Only at very high glycerol content the decrease of the 

medium polarity results in increased cmc values. 

Overall, the results presented in this thesis contribute to build a robust platform for the rationalization 

of the use of surfactants projected towards the design of a new-generation of “green” chemical 
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formulations. Bio-inspiration could represent a strategy to face the environmental issue, even though 

the production of the bio-inspired surfactants is still nonrenewable resource based. Biosurfactants at 

contrary offer several advantages, such as bio-sustainable production processes, reduced emissions, 

reduced environmental impact, high biodegradability, low toxicity and, particularly, excellent 

physico-chemical properties as wetting agents which definitely point to their implementation in 

chemical formulation industry. 
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Experimental techniques  

The physico-chemical characterization of different systems composed by biosurfactant and 

conventional surfactant is carried out in order to investigate their properties at interface (contact angle 

and surface tension), the self-aggregation in bulk, the dimension and morphology of the aggregates 

(Dynamic Light Scattering) and the molecular features of the amphiphiles within the aggregates 

(Electron Paramagnetic Resonance). Furthermore, a thermodynamic interpretation is given to 

highlight the driving force and the main energies involved when these two surfactants are in the same 

system. Below, we report a summary of the theoretical principles on which all these techniques are 

based. 

 

1. Surface tension  

The analysis of surface tension values allows detailed information on the surfactant aqueous mixture 

to be obtained. Surface tension, dimensionally, is defined as the force per unit length of the surface 

boundary or as the energy per unit area of the surface. Its origin stands in the different energy among 

molecules at liquid-vapor interphase and molecules in the aqueous bulk. In the solution interior, as 

illustrated in Fig. 1, the molecules move with the same probability in all directions; at the liquid-

vapor interphase, the molecular interactions are not balanced, so a force is generated which tends to 

draw them at the surface [1]. 

 

Figure 1. Interactions in solution of liquid molecules. 

A liquid film at the interphase behaves like a stretched membrane. We can consider a U-shaped 

metallic loop closed at the bottom by a sliding wire with a length L, see Fig. 2. When the system is 

leaned on a liquid surface, a liquid film is created inside the loop with a behaviour similar to that of 

an elastic membrane. A force F is required to extend the liquid film moving the sliding wire by a 
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distance dx, until the equilibrium is reached between the applied force and the surface tension of the 

liquid film.  

 

Figure 2. A wire loop with a slide wire upon which a liquid film might be formed and stretched by an applied force F. 

The surface tension, γ, is defined as a force per unit of length: 𝛾 = 𝑓𝑙             Equation 1 

The work associated with the interfacial area expansion is given by the force times the displacement: 𝑑𝑤 = 𝑓𝑑𝑥           Equation 2 

Substitution of Eq. 1 into Eq. 2 leads to: 𝑑𝑤 =  𝛾𝑙𝑑𝑥 =  𝛾𝑑𝐴          Equation 3 

where A is the area of the interphase delimited by the loop. 

Assuming that the expansion process is adiabatic and that T and P are constant, the work for the liquid 

film expansion is the only contribute to its Gibbs energy variation: 𝑑𝐺 = 𝛾𝑑𝐴           Equation 4 

From Eqs. 2 and 4, it is evident that the surface tension can be defined as a force per unit length 

(expressed in Nm-1) and, equivalently, as an energy per unit area (expressed in Jm-2). 

The liquid-vapor interphase is not the only one to generate a surface tension. A similar phenomenon 

also occurs at the solid-vapor and at the solid-liquid interphases. It is possible to connect the surface 

tension values to the energy associated with liquid droplet spreading onto a solid surface. Let’s 
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consider a system constituted by a solid and a vapor interfaced each other. We put a liquid droplet on 

the solid horizontal surface. Two scenarios are possible: 

the liquid remains as a lens drop and does not wet the surface. 

the liquid spreads onto the surface as a uniform film. 

The different behaviour is regulated by the value of the spreading factor, S, defined as: 𝑆 = 𝛾𝑠𝑣 − (𝛾𝑠𝑙 + 𝛾𝑙𝑣)          Equation 5 

Where γsv is the surface tension at solid-vapor interphase, γsl is the surface tension at solid-liquid 

interphase and γlv is the surface tension at liquid-solid interphase. S can assume different values and 

it gives information about the wettability of the liquid solution: 

- if S > 0, the wettability condition is satisfied and the drop spreads on the surface; 

- if S<0, the wettability condition is not satisfied, and a well-defined liquid lens remains.  

In the latter case, we introduce ϑ, the contact angle between the solid-liquid and liquid-vapor 

interphases, see Fig. 3. The Young equation says that the equilibrium is reached when the vector sum 

of the different surface tensions is zero: 𝛾𝑠𝑣 = 𝛾𝑠𝑙 + 𝛾𝑙𝑣 cos 𝜃          Equation 6 

 

Figure 3. Components of interfacial tension needed to derive Young’s equation 

 

1.2. The Gibbs isotherm 

Surfactants are composed by hydrophobic and hydrophilic moieties. In aqueous solutions, surfactants 

are positioned at the liquid-vapor interphase, exposing their hydrophobic tails toward the air. In this 
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way, they reduce the number of water molecules at interphase, where the interactions are not balanced 

in all directions. This involves a reduction of surface tension of the water. In particular it is possible 

to determine the area occupied by a surfactant monomer at the interphase by using the Gibbs equation. 

This equation describes the γ variation as a function of the surfactant concentration in solution on a 

logarithmic scale. We can obtain the Gibbs equation from thermodynamic considerations [2]. 

The differential form of the first law of thermodynamic for a system constituted by one component 

in a single phase is: 𝑑𝑈 = 𝛿𝑞 + 𝛿𝑤          Equation 7 

If only pressure-volume work is considered and the process is reversible, we can write: 𝑑𝑈 = 𝑇𝑑𝑆 − 𝑝𝑑𝑉          Equation 8 

For an open system composed by a single component present in two phases and one interphase (i.e., 

a pure liquid in equilibrium with its vapor), we have to consider the work required to create the 

interphase and the internal energy variation correlated to the matter input or output, dn, so the relation 

becomes: 𝑑𝑈 = 𝑇𝑑𝑆 − 𝑝𝑑𝑉 + 𝛾𝑑𝐴 + µ𝑑𝑛        Equation 9 

Where µ is the chemical potential of the component. 

We remind that the extensive variables are additive, and U is a homogenous first order function of 

the variables S, V, A, n. 𝑈 = 𝑇𝑆 − 𝑝𝑉 + 𝛾𝐴 + µ𝑛         Equation 10 

Differentiating, we obtain: 𝑑𝑈 = 𝑇𝑑𝑆 + 𝑆𝑑𝑇 − 𝑃𝑑𝑉 − 𝑉𝑑𝑃 + 𝛾𝑑𝐴 + 𝐴𝑑𝛾 + µ𝑑𝑛 + 𝑛𝑑µ    Equation 11 

Comparison of Eqs. 11 and 9 leads to: 𝑆𝑑𝑇 − 𝑉𝑑𝑃 + 𝐴𝑑𝛾 + 𝑛𝑑µ = 0        Equation 12 

If the considered system has two components, the previous relation becomes: 𝑆𝑑𝑇 − 𝑉𝑑𝑃 + 𝐴𝑑𝛾 + 𝑛1𝑑µ1 + 𝑛2𝑑µ2 = 0       Equation 13 
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In this expression, which is an extension of the Gibbs-Duhem relation, S is the total entropy of the 

system, including the two phases and the interphase; the same consideration stands for V, A, n1, n2.  

Indicating with α the liquid phase and with β the vapor phase, and assuming each phase to be 

constituted from two components, named 1 and 2, we consider now an arbitrary volume Vα in the α 

phase far enough from the interphase and the same for Vβ in the β phase; the Gibbs-Duhem equation 

for each phase can be written: 𝑆𝛼𝑑𝑇 − 𝑉𝛼𝑑𝑃 + 𝐴𝑑𝛾 + 𝑛1𝛼𝑑µ1 + 𝑛2𝛼𝑑µ2 = 0      Equation 14 𝑆𝛽𝑑𝑇 − 𝑉𝛽𝑑𝑃 + 𝐴𝑑𝛾 + 𝑛1𝛽𝑑µ1 + 𝑛2𝛽𝑑µ2 = 0      Equation 15 

The three equations (13-14) give three relations on five variables (T, P, γ, µ1, µ2) with two degrees of 

freedom of the system, f, defined as the difference between the number of independent variables and 

the number of relations among them. 

Dividing Eqs. 14 and 15 by Vα and Vβ, respectively, we obtain: 𝑆𝛼𝑑𝑇 − 𝑑𝑃 + 𝑐1𝛼𝑑µ1 + 𝑐2𝛼𝑑µ2 = 0       Equation 16 𝑆𝛽𝑑𝑇 − 𝑑𝑃 + 𝑐1𝛽𝑑µ1 + 𝑐2𝛽𝑑µ2 = 0       Equation 17 

where c1 and c2 are the concentrations of the two components in the two phases and S is the entropy 

per unit volume. If T is assumed to be constant, we have only one degree of freedom. 

Subtracting Eq. 16, multiplied by x, and Eq. 17, multiplied by y, from Eq. 13 we obtain: −(𝑉 − 𝑥 − 𝑦)𝑑𝑃 + 𝐴𝑑𝛾 + (𝑛1 − 𝑥𝑐1𝛼 − 𝑦𝑐1𝛽)𝑑µ1 + (𝑛2 − 𝑥𝑐2𝛼 − 𝑦𝑐2𝛽)𝑑µ2 = 0 Equation 18 

This expression must be valid for all x and y values and also for those values which make the 

coefficients of dP and dµ1 null: 𝑥 + 𝑦 = 𝑉           Equation 19 𝑥𝑐1𝛼 + 𝑦𝑐1𝛽 = 𝑛1          Equation 20 

In these conditions it is possible to obtain: 

𝑥 = 𝑐1𝛽𝑉−𝑛1𝑐1𝛽−𝑐1𝛼            Equation 21 

𝑦 = 𝑛1−𝑐1𝛼𝑉𝑐1𝛽−𝑐1𝛼            Equation 22 
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The Gibbs equation is obtained by introducing Eqs. 21 and 22 in Eq. 18: ( 𝛿𝛾𝛿µ2)𝑇,𝑃 = −Γ1          Equation 23 

Where 

Γ2 = 𝐴−1 [𝑛2 − 𝑐1𝛽𝑉−𝑛1𝑐1𝛽−𝑐1𝛼 𝑐2𝛼 − 𝑛1−𝑐1𝛼𝑉𝑐1𝛽−𝑐1𝛼 𝑐2𝛽]       Equation 24 

Following the same procedure, it is possible to obtain: ( 𝛿𝛾𝛿µ1)𝑇,𝑃 = −Γ1          Equation 25 

where: 

Γ1 = 𝐴−1 [𝑛1 − 𝑐1𝛽𝑉−𝑛1𝑐1𝛽−𝑐1𝛼 𝑐1𝛼 − 𝑛1−𝑐1𝛼𝑉𝑐1𝛽−𝑐1𝛼 𝑐1𝛽]       Equation 26 

Considering the denominator of Eqs. 21 and 22, we can hypothesize that if the concentration of 

solvent 1 in the liquid β is much larger than that in the vapor phase α, 𝑐1𝛽 ≫ 𝑐1𝛼, the equations 

become: 𝑥 ≅ 𝑉 − 𝑛1𝑐1𝛽           Equation 27 

𝑦 ≅ 𝑛1𝑐1𝛽           Equation 28 

In order to obtain the relation Eq. 28, we also hypothesize 𝑛1 ≫ 𝑐1𝛼𝑉, meaning that the average 

concentration (
𝑛1V ) of component 1, which is the solvent, is much larger in phase β than in phase α. 

The ratio 
𝑛1𝑐1𝛽 is the hypothetical volume occupied by the solvent if it is all condensed in the liquid 

phase. The increase of the volume of the condensed phase due to the vapor phase condensation is 

certainly slight, therefore y is approximately equal to the volume occupied by the liquid phase and x 

is approximately equal to the volume occupied by the vapor phase. The following relation shows the 

approximate number of moles of component 2 (the solute) in vapor phase: 

𝑥𝑐2𝛼 = 𝑐1𝛽𝑉−𝑛1𝑐1𝛽−𝑐1𝛼 𝑐2𝛼          Equation 29 

Similarly, the following relation shows the number of solute moles in liquid phase: 
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𝑦𝑐2𝛽 = 𝑛1−𝑐1𝛼𝑉𝑐1𝛽−𝑐1𝛼 𝑐2𝛽          Equation 30 

The difference between the sum of these values and the total number of solute moles in the system, 

n2, expresses the number of moles of solute which are neither in the liquid nor in the vapor bulk, so 

it can be assumed that they are positioned at the interphase. We can now calculate the number of 

moles of solute per unit area at the interphase: Γ2 = 𝐴−1[𝑛2 − 𝑥𝑐2𝛼 − 𝑦𝑐2𝛽]        Equation 31 

Eq. 20 implies that n1, the total moles of solvent, equals the sum of the moles in liquid and vapor 

phases, thus the net value at interphase is null. 

For adequately diluted solutions, which behave as ideal, we can assume that: 𝑑µ2 = 𝑅𝑇𝑐2𝛽 𝑑𝑐2𝛽          Equation 32 

So, Eq. 23 becomes: 

−Γ2 = 𝑐2𝛽𝑑𝛾𝑅𝑇𝑑𝑐2𝛽 = 1𝑅𝑇 𝑑𝛾𝑑 ln 𝑐2𝛽         Equation 33 

where Γ2 represent the number of moles of solute per unit area adsorbed at interphase. Consequently, 

in a graph reporting surface tension data as a function of the logarithm of solute concentration in the 

liquid phase, the slope gives –Γ2RT. The area occupied by a single molecule of solute at the interphase 

is: 𝑎 = 1𝑁𝐴Γ2           Equation 34 

where NA is the Avogadro constant. If the solution is sufficiently diluted, we can approximate the 

molar concentration with the molal concentration. 

The Gibbs isotherm allows the exact location of the interphase to be identified, defining a putative 

interface or Gibbs Dividing Surface (GDS). Indeed, while in solid systems the concentration 

variations at the interphases are abruptly evident on an angstrom scale, in liquid systems the 

concentrations vary across an interfacial region on a nanometer scale. Fig. 4(a) shows the variations 

of the concentration of component 1, the solvent, which show no excess at the interphase, as 

quantitatively reported in Eq. 20. If we choose to locate the exact value of the interface position, z0, 
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as shown in the figure, Γ1 is zero. Fig. 4(b) shows the concentration profile for c2. It is evident that 𝑐2𝛼 and 𝑐2𝛽 are both smaller than 𝑐2 at the interface, so the Γ2 assumes positive value. 

 

 

Figure 4. In the Gibbs approach to defining the surface excess concentration, the Gibbs dividing surface (GDS) is defined as the 

plane in which the solvent excess concentration become zero as in (a). the surface excess of c2 will then be the difference in the 

concentrations of that component on either side of the plane (b).[3] 

 

2. Electron Paramagnetic Resonance 

Electron Paramagnetic Resonance (EPR), or Electron Spin Resonance (ESR) spectroscopy is useful 

for studying of paramagnetic species, including organic or inorganic radicals and triples states. The 

basic theoretical principles of EPR spectroscopy are very complex. They are very similar to the NMR 

spectroscopy, but here the spectroscopy focuses on the interaction of the unpaired electrons in a 

molecule when an external field is applied, not on the nuclei of individual atoms [4]. If it is true that 

the almost all pure substances contain magnetic nuclei and are thus accessible to NMR, this is not 

true for EPR because only few pure substances contain unpaired electrons and are thus accessible to 

this type of spectroscopy. This is because chemical binding is based on electron pair formation with 
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spin cancellation. Thus, the compounds that can be seen by EPR have to be paramagnetic and not 

only diamagnetic. 

2.1. Basic theoretical principles 

Molecules present a well-defined state of energy such as the atoms. Spectroscopy is able to detect 

and to measure the energy differences between the atomic or molecular states. Through the 

knowledge of these energy differences, we can obtain information on the identity, structure and 

dynamics of the sample. It is possible to measure the energy differences,  E, and the absorption of 

energy, such as an electroparamagnetic radiation. According to Planck law, electromagnetic radiation 

will be absorbed if: ∆𝐸 = ℎ𝜈           Equation 35 

where h is Plank constant and  is the frequency of the radiation. The absorption of energy causes a 

transition of the energetical state of a molecule, where the electrons are present at the lower energy 

state and then to the higher energy state.  

In the EPR spectroscopy the unpaired electrons in a sample are studied by applying an external 

magnetic field produced by a magnet which produces a change of energy [4]. 

This is called the Zeeman effect. Since the electron has a magnetic moment, it acts like a compass or 

a bar magnet when placed in a magnetic field, B0. If the electron is aligned with the magnetic field, 

the moment of the electron, µ, present a state of lowest energy or a state of highest energy when µ is 

aligned against the magnetic field. These two states can be labeled as the projection of the electron 

spin, Ms, on the direction of the magnetic field. The parallel state is designated as 𝑀𝑠 = −1 2⁄  and 

the antiparallel state is 𝑀𝑠 = +1 2⁄ . From quantum mechanics, the most basic equations of EPR are 

obtained:  𝐸 = 𝑔µ𝐵𝐵0𝑀𝑠 = ± 12𝑔µ𝐵𝐵0         Equation 36 

and ∆𝐸 = ℎ𝜈 = 𝑔µ𝐵𝐵0           Equation 37 

Where g is the g-factor, which is equal to 2.0023 and about constant for the most samples (its variation 

depends on the electronic configuration of the radical or ion); µB is the Bohr magneton, which is the 

natural unit of the electronic magnetic moment. 
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Eq. 36 and Eq. 37 suggest that the two spin states have the same energy in the absence of a magnetic 

field and that the energies of the spin states diverge linearly as the magnetic field increases. 

Furthermore, there is no energy difference to measure if a magnetic field is not applied, thus, the 

measured energy difference depends linearly on the magnetic field. Exploiting this characteristic of 

electron, we can carry on different strategies to obtain spectra, since the energy differences between 

the two spin states is related to the variation of the magnetic field strength. The first option can be to 

apply a constant magnetic field and scan the frequency of the electromagnetic radiation as in 

conventional spectroscopy, or, the second option is to keep the electromagnetic radiation frequency 

constant and scan the magnetic field.  

If the magnetic field tunes the two spin states and their energy difference matched the energy of the 

radiation, a peak in the absorption will occur: this is called the field of resonance, as showed in Fig. 

5. 

 

Figure 5 Variation of the spin state energies as a function of the applied magnetic field. 

 

Unfortunately, the field of resonance do not give specific information of the investigated species 

because spectra can be acquired at several different frequencies, being independent of the microwave 

frequency, the g-factor g=g=h/(µBB0) is much better for that purpose. Indeed, the measurement of 

the g-factor can give us some useful information, but not on the molecular structure of the sample.  
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Fortunately, the unpaired electrons are very sensitive to their local surroundings: the nuclei of the 

atoms in a molecule often present a magnetic moment, which produces a local magnetic field at the 

electron. The interaction between the electron and the nuclei is called the hyperfine interaction. This 

kind of interaction allows to have several information about the sample such as the identity and the 

number of atoms which make up a molecule or complex as well as their distance from the unpaired 

electron. 

 

Figure 6. Local magnetic field at the electron, B1, due to a nearby nucleus [5] 

 

Fig. 6 explains the origin of the hyperfine interaction. The magnetic moment of the nucleus acts like 

a bar magnet and produces a magnetic field at the electron, B1. This magnetic field opposes or adds 

to the magnetic field from the laboratory magnet, depending on the alignment of the moment of the 

nucleus. B0 

When B1 adds to the magnetic field, we need less magnetic field from our laboratory magnet and 

therefore the field for resonance is lowered by B1. The opposite is true when B1 opposes the laboratory 

field. For a spin ½ nucleus such as a hydrogen nucleus, it is possible to observe that the single EPR 

absorption signal splits into two signals which are each B1 away from the original signal, as shown 

in Fig. 7. 
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Figure 7. Splitting in an EPR signal due to the local magnetic field of a nearby nucleus [5] 

If there is a second nucleus, each of the signals in further split into a pair, resulting in four signals. 

For N spin ½ nuclei 2N EPR signals will be generally observed. As the number of nuclei gets larger, 

the number of signals increases exponentially. Sometimes there are so many signals that they overlap 

and we only observe the one broad signal. 

 

2.2. Electron Paramagnetic Resonance instrument 

An EPR spectrometer is composed by four fundamental elements:  

a monochromatic microwave source. 

 A waveguide for guiding the microwave power to the sample 

A cavity designed to ensure a proper coupling between the sample and the incoming wave. 

A detector for microwave power to detect the response of the sample to microwave irradiation.  

A schematic drawing of an EPR spectrometer is represented in Fig. 8. 
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Figure 8. Schematic representation of a EPR spectrometer 

The magnetic field is generated by an electromagnet, usually water-cooled, which is able to provide 

a stable and uniform field in the area where the sample is placed. The microwave source can be a gun 

diode or a klystron; in both cases, a microwave beam is generated at a fixed frequency between 9 and 

19 GHz (X-Band). This generated microwave beam is sent through the waveguide to the sample. The 

cavity, in which the sample is placed, is at the center of the two magnetic field poles and receives the 

microwave through the waveguide. The cavity is designed in order to get inside a regular distribution 

of the magnetic field lines generated by the electromagnetic radiation coming from the source and 

perpendicular the static magnetic field generated by a solenoid. Finally, the “consoles” is the interface 

between the spectrometer and the user from which it is possible to make all the settings and set the 

parameters for the spectra recording. 

Samples for EPR can be gases, single crystals, solution, powders, and frozen solutions. For solutions, 

solvents with high dielectric constant are not advisable, as they will absorb microwaves. For frozen 

solutions, solvents that will form a glass when frozen are preferable. Good glasses are formed from 

solvents with low symmetry and solvents that do not hydrogen bond. A sample is usually placed in a 

quartz tube, which is the material devoisdof paramagnetic impurities, of 3-5 mm in diameter that is 

inserted into the cavity and secured in place by the media. The side walls of the resonant cavity are 
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coils that modulate the amplitude of the signal, usually at a frequency of 100kHz, generating the first 

derivative of the absorption curve, as shown in Fig. 9.  

 

Figure 9. Example of first derivative of the absorption curve in EPR spectrum 

 

 

3. Dynamic Light Scattering 

Dynamic light scatteringis a technique used to determine the size distribution profile of small particles 

in suspension or polymer in solution [6].  

 

3.1. Basic theoretical principles 

A light beam scatters in all directions when hits a polarizable medium due the presence of aggregates 

in the solution. They are the scattering centers, scatters, which give a stronger signal compared to the 

background [7]. This is due to the interaction of light with matter which induces an electronic 

polarization and the resulting oscillating dipoles become a secondary source of light, called scattered 

light. When the light source is constituted by a monochromatic incident laser, the time-depending 

fluctuations of scattering intensity, Is, are observed. Constructive and destructive interference 

phenomena of the scattered light can be caused by the presence of other particles nearby in the 
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solution; thus, these variations can give information on the reciprocal movement of the aggregates in 

solution. A schematic representation of the scattering process is reported in Fig. 10. 

 

 

Figure 10. Schematic representation of scattering process; �⃗⃗� 𝑖is the wave vector of incident light; �⃗⃗� 𝑠is the wave vector of scattered 

light; 𝑞 is the scattering vector;  is the scattering angle; the box is the scattering volume. 

An incident monochromatic laser beam of wavelength i and wave vector �⃗⃗� 𝑖 irradiates the scattering 

volume Vs containing N particles. The scattered light, with wave vector �⃗⃗� sis observed at a scattering 

angle .  

The scattering vector q is defined as the vector difference between the two wave vectors Ki and Ks. 

In elastic scattering, which is predominant in the DLS experiments, the impact of photons occurs 

without changes in energy and then: |𝐾𝑖⃗⃗  ⃗|=|𝐾𝑠⃗⃗⃗⃗ |= 2𝜋𝜆 𝑛⁄            Equation 38 

|𝑞 |=|𝐾𝑖⃗⃗  ⃗ − 𝐾𝑠⃗⃗⃗⃗ |= 4𝜋𝜆 𝑛⁄ (sin(𝜃 2⁄ ))        Equation 39 

Where  is the laser wavelength in vacuum and n is the refractive index of the solution. 

Scattering light intensity 𝐼𝑠 is a complex function that depends on many factors and can be described 

by the following relation: 

𝐼𝑠 ∝ 𝐼0 𝑛02𝜆4 (𝜕𝑛𝜕𝐶)2 𝑅6𝑁 𝑃(𝑞) 𝑆(𝑞;𝐶)        Equation 40 

Where 𝐼0  is the incident light intensity,  its wavelength in vacuum, n0 and n are the refractive indexes 

of the solvent and the solution respectively, ∂n/∂C is the refractive index increment, R is the radius 

of the particles, N is the number of scattering particles in the irradiated volume, 𝑃(𝑞) and 𝑆(𝑞;𝐶) are 

the form factor and structure factor respectively.  
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𝑃(𝑞) gives useful information on the shape of macromolecules in solution while the 𝑆(𝑞;𝐶)take into 

account the effects of interference between the particles, so it depends on concentration (for dilute 

solution S1) and allows for an assessment of the structure of the solution. 

In diluted sample in which aggregates can act as scatterers, the scattered light intensity depends on 

several parameters: 

-The optical contrast factor compared to the solvent (refractive index of the particle). 

-The considered angle measurements. 

-Number, size and shape of particle. 

-Relative position of the particles. 

In particular, a good signal of the suspended particles is detected experimentally only if their 

refractive index is sufficiently different from that of the solvent. 

For this purpose, it is often introduced a relative index of refraction: 𝑚 = 𝑛𝑝𝑛𝑠            Equation 41 

Where subscripts p and s are related to particles and solvent respectively. Particle/solvent systems 

with relative refractive index very close to 1 will be hardly visible in a light scattering experiment, 

since the aggregates will produce a weak signal compared to the background of the scattered light by 

molecules of the solvent. 

Assuming spherical particles, in the case in which factors 𝑆(𝑞;𝐶) and 𝑃(𝑞)are close to 1 (diluted 

solution and particles that are small in comparison to the incident radiation wavelength, the scattered 

light varies with the sixth power of the radius of the involved particles. Within the approximation 

male, in condition of elastic scattering (Reyleigh regime), a particle with a radius of 50 nm diffuse 

light a million times more than a particle having a radius 5 nm. Therefore, the technique is more 

sensitive to the presence of large particles, rather than small ones. Focusing on the dependence of 

scattering light intensity from scattering angle, we have: 𝐼(𝑞) = 𝑃(𝑞)𝑆(𝑞;𝐶)          Equation 42 
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Where 𝑆(𝑞;𝐶) considers interferences between particles, providing information regarding the 

distribution of the aggregates in space, while 𝑃(𝑞) models the effect of the shape of the particles, and 

is important only if the particle size is comparable to the radiation wavelength .  

Particles with sizes much smaller that  can be considered point-like, so that P→1 And the diffused 

radiation is isotropic. In contrast, particles of a size comparable to the radiation wavelength , are 

characterized by an angular dependence of the shape of such particles. 

In a DLS experiment the fluctuation of the scattered light intensity, originated by Brownian motions 

of particles, are measured as a function of time at a constant scattering light angle. 

The temporal variation of the intensity is measured and represented usually through the so-called 

intensity autocorrelation function. 

In practice, temporal fluctuations of the scattered light are recorded and analyzed by estimating the 

time correlation function of the electric field: 𝑔1(𝜏) ∝ 〈𝐸𝑠(𝑡)𝐸𝑠(𝑡 + 𝜏)〉         Equation 43 

Where 𝐸𝑠(𝑡) and 𝐸𝑠(𝑡 + 𝜏)represent the electrical field intensity of the scattered light at time t and (𝑡 + 𝜏) and described the correlation level of a dynamic quantity in a delay time tao. This function is 

obtained by the intensity autocorrelation function: 𝑔2(𝜏) ∝ 〈𝐼𝑠(𝑡)𝐼𝑠(𝑡 + 𝜏)〉         Equation 44 

The two functions are correlated by Siegert relation [8] 𝑔2(𝜏) = 1 +  |𝑔1(𝜏)|2         Equation 45 

Where  is the coherence factor, which accounts for deviation from ideal correlation and depends on 

the experimental geometry.  

For a monodisperse system, 𝑔1(𝜏) will decay as a single exponential function with a characteristic 

relaxation time 𝜏 [9]: 𝑔1(𝑞, 𝜏) = exp(−𝑞2𝐷𝜏)         Equation 46 

Whereas for a polydisperse system g1(t) will be multiexponential: 𝑔1(𝑞, 𝜏) = ∑ 𝑤𝑗𝑗 exp(−𝑞2𝐷𝑗𝜏)        Equation 47 
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Where q is the scattering vector, D is the mutual diffusion coefficient, the subscript j indicates 

particles of different size present in solution and the weights wj are related to particles concentration 

and their molecular weight. 

Measuring the reciprocal of the characteristic decay time Γ = 1 𝜏⁄  from the first moment of the 

relaxation time distribution, it is possible to estimate apparent translational diffusion coefficient D, 

through this relation [10]: 𝐷 =  lim𝑞→0 Γ𝑞2           Equation 48 

D is thus obtained from the slope of Γ as a function of 𝑞2, where Γ is measured at different scattering 

angles. 

Finally, using the Stokes-Einstein equation [6,8] the value of the hydrodynamic radius (Rh) of the 

equivalent sphere can be determined from: 𝐷 = 𝑘𝑏𝑇6𝜋𝜂𝑅ℎ           Equation 49 

Valid for infinite dilute dispersions, where 𝜂 is the solvent viscosity, 𝑘𝑏 is the Boltzmann constant 

and T the absolute temperature. 

 

3.2. Dynamic Light Scattering instrument 

The main components of DLS instrument, as reported in Fig. 11, used in this experimental work are: 

-Laser (SMD 6000 Laser Quantum, 50 mW) that provides a light source to illuminate the sample 

contained in a cell. It enerates a green light beam collimated and coherent with a wavelength of 532.5 

nm. 

-Cell holder is formed by a circular groove that allows the light beam to enter and hit the sample in 

glass cell and then the scattered light to get to the detector. The cell holder is filled with toluene which 

presents the same refractive index of the glass cell, so he laser refraction at interface glass-air is 

avoided. 

-Thermostat that keep the fixed temperature in a narrow range (i.e. 25.0  0.05°C) and allows us to 

set it. 



 

165 

 

-Optical fiber that guides the scattered light to the detector. 

-Detector (PMT-120_OP/B) that is connected to the optical fiber and, by means of a goniometer and 

a rotating arm, can collect the scattered light at different angles. In any case, the detection device and 

the laser source must be aligned toward the geometrical center of the sample cell. The detector 

transforms the light beam that hits the sample into a electric current, whose intensity is proportional 

to the intensity of scattered radiation. The intensity of the 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 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 the scattered light must be increased. 

In this situation the attenuator will allow more laser light through to the sample. On the other hand, 

for samples that scatter more light, such as large particles or samples at higher concentration, the 

intensity of scattered light must be decreased. 

- Correlator (Flex 02-101D) that collects the intensity of scattered light coming from the detector and 

builds the intensity autocorrelation function. This correlator information is then passed to a computer 

where a detailed program for data processing will allow us to obtain diffusion coefficient of particles 

in the analyzed sample. 

 

 

Figure 11. Schematic representation of a DLS instrument 
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4. Contact angle  

The topic of spreading plays an important role in many industrial processes, such as oil recovery, 

lubrication, liquid coating, printing, and spray quenching. The measurement of the contact angle is a 

key point in the determination of important parameters, such as the surface energy of a solid [11]. 

There are two different approaches for contact angle measurements: the static and the dynamic 

contact angles [12]. The former approach consists of placing a droplet on a horizontal surface and the 

three-phase boundary is not moving. The latter approach is used when the three-phase boundary is 

moving and so the dynamic parameters are measured considering a reference. Furthermore, there is 

a classification on the type of contact angle measurement based on the indirect force methods and 

direct optical methods. In the present work, in order to evaluate the wettability of tested solutions, 

static contact angles and direct optical method are employed.  

In three-phase system, three different interfacial energies exist from the pairwise combination 

between the phases, Fig. 6: 

  

Figure 12. Schematic drawing of a solid-liquid-liquid arrangement of a droplet of a secondary fluid “A” residing on a flat surface of 

the solid “S” surrounded by a bulk liquid “B”.  

  

The contact angle θ is determined from these quantities by the Young:  Γ𝑆𝐵 − Γ𝑆𝐴 − Γ𝐴𝐵 cos 𝜃 = 0         Equation 50  

Converting this balance leads to: cos 𝜃 = Γ𝑆𝐵−Γ𝑆𝐴Γ𝐴𝐵           Equation 51 
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The Young equation is only valid for an ideal solid surface that is defined as rigid, smooth, chemically 

homogenous, insoluble and non-reactive [13]. 

 

Drop shape analysis (DSA) is a method to evaluate the contact angle from a side-view image of a 

sessile droplet [14]. As first step, a droplet is placed on a solid surface and an image is acquired. The 

drop will assume a spherical shape. Then, the software recognizes the border of the drop from the 

solid surface base line and thanks to the projection of the ideal sphere, the contact angle can be 

obtained. 

 

4.1. Contact angle instrument 

In order to verify the wetting ability of the surfactant mixtures, contact angle measurements were 

carried out using the OCA 15EC system (DataPhysics, Filderstadt, Germany) and the drop shape was 

analyzed with the SCA20 software (DataPhysics).  

The instrument in Fig. 13 consists in [15]: 

 

Figure131 

. Contact angle instrument OCA 15EC model by DataPhysics. 

-Sample table which can slide freely in X- and Y-direction and the Z-direction is adjusted with a 

handle wheel. 
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- one electronic syringe modules to dose the droplet. 

- optical lens which allow to focus and zoom the interested are. 

-USB 3 camera for the imagines. 

For each measurement, a sample droplet of 3 µL was placed on a solid support. Silicon wafers {1.1.1} 

in three different states of surface activation (native, hydrophilic and hydrophobic) were used as 

supports. 

 

5. Derivation of thermodynamic equations 

In Chapter 4 we consider two mixed systems composed by Rha-SLES and mRha-CTAC. The trends 

of cmc of each system were interpreted with two theoretical models of mixed micellization proposed 

by Clint for ideal mixing and Holland and Rubingh for regular solutions respectively [16,17]. In this 

section we report the detailed derivation of Eq. 6 in 4.1.3.3. paragraph for Rha-SLES mixture which 

is applied also for mRha-CTAC mixture. Firstly, we consider the binary system water-Rha at a 

surfactant concentration exceeding cmcRha. According to the pseudo-phase separation model, the 

chemical potential of Rha monomers in the aqueous pseudo-phase (whose concentration is assumed 

to be equal to cmcRha) is the same as that in the micellar pseudo-phase: 𝜇𝑅ℎ𝑎𝑎𝑞 = 𝜇𝑟ℎ𝑎𝑚𝑖𝑐            Equation 52 𝜇𝑅ℎ𝑎0 + 𝑅𝑇 𝑙𝑛 𝑐𝑚𝑐𝑅ℎ𝑎 = 𝜇𝑅ℎ𝑎∗         Equation 53 

where μ𝑅ℎ𝑎0  is the infinite dilution-chemical potential of Rha in the aqueous medium and μ𝑅ℎ𝑎∗  is the 

surfactant chemical potential in the micelle composed only by Rha. 

Following the same considerations, for the binary system water-SLES one obtains: 𝜇𝑆𝐿𝐸𝑆0 + 𝑅𝑇 𝑙𝑛 𝑐𝑚𝑐𝑆𝐿𝐸𝑆 = 𝜇𝑆𝐿𝐸𝑆∗         Equation 54 

where μSLES0  is the infinite dilution-chemical potential of SLES in the aqueous medium and μSLES∗  is 

the surfactant chemical potential in the micelle composed only by SLES. 

We consider now the ternary system water-Rha-SLES at a total surfactant concentration exceeding 

the cmc. The two surfactants partition between the aqueous and the micellar pseudo-phases. In 

equilibrium conditions the following relations hold: 
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{ 𝜇𝑅ℎ𝑎0 + 𝑅𝑇 𝑙𝑛(𝑋𝑅ℎ𝑎 𝑐𝑚𝑐) = 𝜇𝑅ℎ𝑎∗ + 𝑅𝑇 𝑙𝑛(𝛾𝑅ℎ𝑎 𝑌𝑅ℎ𝑎)𝜇𝑆𝐿𝐸𝑆0 + 𝑅𝑇 𝑙𝑛(𝑋𝑆𝐿𝐸𝑆 𝑐𝑚𝑐) = 𝜇𝑆𝐿𝐸𝑆∗ + 𝑅𝑇 𝑙𝑛(𝛾𝑆𝐿𝐸𝑆 𝑌𝑆𝐿𝐸𝑆)     Equation 55 

In Eq. 55 we has assumed that the aqueous pseudo-phase is dilute enough to be considered ideal; 

moreover, the reference chemical potentials are the same as in Eqs. 53 and 54.  

Eq. 55 can be re-arranged as: 

{ 𝜇𝑅ℎ𝑎0 −𝜇𝑅ℎ𝑎∗𝑅𝑇 = 𝑙𝑛 𝛾𝑅ℎ𝑎𝑌𝑅ℎ𝑎𝑋𝑅ℎ𝑎𝑐𝑚𝑐𝜇𝑆𝐿𝐸𝑆0 −𝜇𝑆𝐿𝐸𝑆∗𝑅𝑇 = 𝑙𝑛 𝛾𝑆𝐿𝐸𝑆𝑌𝑆𝐿𝐸𝑆𝑋𝑆𝐿𝐸𝑆𝑐𝑚𝑐          Equation 56 

In the same way, Eqs. 53 and 54 can be re-arranged as:  

{ 𝜇𝑅ℎ𝑎0 −𝜇𝑅ℎ𝑎∗𝑅𝑇 = 𝑙𝑛 1𝑐𝑚𝑐𝑅ℎ𝑎𝜇𝑆𝐿𝐸𝑆0 −𝜇𝑆𝐿𝐸𝑆∗𝑅𝑇 = 𝑙𝑛 1𝑐𝑚𝑐𝑆𝐿𝐸𝑆         Equation 57 

Comparison between Eqs. 56 and 57 leads to:  

{ 𝑙𝑛 1𝑐𝑚𝑐𝑅ℎ𝑎 = 𝑙𝑛 𝛾𝑅ℎ𝑎𝑌𝑅ℎ𝑎𝑋𝑅ℎ𝑎𝑐𝑚𝑐𝑙𝑛 1𝑐𝑚𝑐𝑆𝐿𝐸𝑆 = 𝑙𝑛 𝛾𝑆𝐿𝐸𝑆𝑌𝑆𝐿𝐸𝑆𝑋𝑆𝐿𝐸𝑆𝑐𝑚𝑐          Equation 58 

{ 𝑌𝑅ℎ𝑎 = 𝑋𝑅ℎ𝑎𝑐𝑚𝑐𝛾𝑅ℎ𝑎𝑐𝑚𝑐𝑅ℎ𝑎𝑌𝑆𝐿𝐸𝑆 = 𝑋𝑆𝐿𝐸𝑆𝑐𝑚𝑐𝛾𝑆𝐿𝐸𝑆𝑐𝑚𝑐𝑆𝐿𝐸𝑆          Equation 59 

Since YRha + YSLES = 1, one obtains: 

𝑋𝑅ℎ𝑎𝑐𝑚𝑐𝛾𝑅ℎ𝑎𝑐𝑚𝑐𝑅ℎ𝑎 + 𝑋𝑆𝐿𝐸𝑆𝑐𝑚𝑐𝛾𝑆𝐿𝐸𝑆𝑐𝑚𝑐𝑆𝐿𝐸𝑆 = 1        Equation 60 

1𝑐𝑚𝑐 = 𝑋𝑅ℎ𝑎𝛾𝑅ℎ𝑎𝑐𝑚𝑐𝑅ℎ𝑎 + 𝑋𝑆𝐿𝐸𝑆𝛾𝑆𝐿𝐸𝑆𝑐𝑚𝑐𝑆𝐿𝐸𝑆        Equation 61 

Eq. 61 is Eq. 6 reported in 4.1.3.3 paragraph. 

Eq. 59 can be rewritten as: 

{ 𝑙𝑛 1𝑐𝑚𝑐𝑅ℎ𝑎 = 𝑙𝑛 𝑌𝑅ℎ𝑎𝑋𝑅ℎ𝑎𝑐𝑚𝑐  + 𝑙𝑛 𝛾𝑅ℎ𝑎𝑙𝑛 1𝑐𝑚𝑐𝑆𝐿𝐸𝑆 = 𝑙𝑛 𝑌𝑆𝐿𝐸𝑆𝑋𝑆𝐿𝐸𝑆𝑐𝑚𝑐  + 𝑙𝑛 𝛾𝑆𝐿𝐸𝑆       Equation 62 
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According to the regular solution model,  

{𝛾𝑅ℎ𝑎 =  𝑒𝑥𝑝[𝛽𝑌𝑆𝐿𝐸𝑆2]𝛾𝑆𝐿𝐸𝑆 =  𝑒𝑥𝑝[𝛽𝑌𝑅ℎ𝑎2]         Equation 63 

and Eq. 62 becomes: 

{ 𝑙𝑛 1𝑐𝑚𝑐𝑅ℎ𝑎 = 𝑙𝑛 𝑌𝑅ℎ𝑎𝑋𝑅ℎ𝑎𝑐𝑚𝑐 + 𝛽𝑌𝑆𝐿𝐸𝑆2𝑙𝑛 1𝑐𝑚𝑐𝑆𝐿𝐸𝑆 = 𝑙𝑛 𝑌𝑆𝐿𝐸𝑆𝑋𝑆𝐿𝐸𝑆𝑐𝑚𝑐 + 𝛽𝑌𝑅ℎ𝑎2        Equation 64 

Deriving the parameter  from Eq. 64 we obtain: 

{  
  𝛽 = 𝑙𝑛 𝑋𝑅ℎ𝑎𝑐𝑚𝑐𝑌𝑅ℎ𝑎𝑐𝑚𝑐𝑅ℎ𝑎𝑌𝑆𝐿𝐸𝑆2𝛽 = 𝑙𝑛 𝑋𝑆𝐿𝐸𝑆𝑐𝑚𝑐𝑌𝑆𝐿𝐸𝑆𝑐𝑚𝑐𝑆𝐿𝐸𝑆𝑌𝑅ℎ𝑎2

          Equation 65 

The first relation of Eq. 65 is Eq. 11 reported in 4.1.3.3. paragraph. By considering that the RHS of 

the equations reported as Eq. 64 must be equal, we obtain: 

ln X𝑅ℎ𝑎cmcY𝑅ℎ𝑎cmc𝑅ℎ𝑎Y𝑆𝐿𝐸𝑆2 = ln X𝑆𝐿𝐸𝑆cmcY𝑆𝐿𝐸𝑆cmc𝑆𝐿𝐸𝑆Y𝑅ℎ𝑎2          Equation 66 

Eq. 64 coincides with Eq. 10 reported in 4.1.3.3. paragraph. 

If the mixed micelles behave as an ideal mixture ( = 0), Eq. 64 becomes: 

{ 1𝑐𝑚𝑐𝑅ℎ𝑎 = 𝑌𝑅ℎ𝑎𝑋𝑅ℎ𝑎𝑐𝑚𝑐1𝑐𝑚𝑐𝑆𝐿𝐸𝑆 = 𝑌𝑆𝐿𝐸𝑆𝑋𝑆𝐿𝐸𝑆𝑐𝑚𝑐          Equation 67 

which can be rearranged as: 

{ 𝑐𝑚𝑐 = 𝑌𝑅ℎ𝑎𝑐𝑚𝑐𝑅ℎ𝑎𝑋𝑅ℎ𝑎𝑐𝑚𝑐 = 𝑌𝑆𝐿𝐸𝑆𝑐𝑚𝑐𝑆𝐿𝐸𝑆𝑋𝑆𝐿𝐸𝑆           Equation 68 

Consequently: 

𝑌𝑅ℎ𝑎𝑐𝑚𝑐𝑅ℎ𝑎𝑋𝑅ℎ𝑎 = 𝑌𝑆𝐿𝐸𝑆𝑐𝑚𝑐𝑆𝐿𝐸𝑆𝑋𝑆𝐿𝐸𝑆          Equation 69 

which, considering that 𝑌𝑆𝐿𝐸𝑆 = 1 − 𝑌𝑅ℎ𝑎, leads to: 
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𝑌𝑅ℎ𝑎 = 𝑋𝑅ℎ𝑎𝑐𝑚𝑐𝑆𝐿𝐸𝑆𝑋𝑆𝐿𝐸𝑆𝑐𝑚𝑐𝑅ℎ𝑎+𝑋𝑅ℎ𝑎𝑐𝑚𝑐𝑆𝐿𝐸𝑆        Equation 70 

Eq. 70 is reported in the main text of 4.1.3.3. paragraph as Eq. 11. 
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