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Foams and emulsions are collections of different kinds of bubbles or drops with particular properties. They provide

exceptional sensitive bases for measuring low concentrations of molecules down to the level of traces using spectroscopy

techniques, thus opening new horizons in microfluidics. The optical and spectral properties of foams and emulsions

provide information about their micro-/nanostructures, chemical and time stability, and molecular data of their

components. 
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1. Foams

Foam formation is a highly hydrodynamic process that necessitates the presence of surface-active agents which can

adsorb at foam interfaces, lowering their free energy and, as a result, decreasing the overall free energy of such an

interface-dominated system. Immiscible fluids (like liquids and gases, considered as such since gases, in general, may be

dissolved in liquids in given proportions) can be formulated into a product only by stabilizing the interface surrounding the

dispersed bubbles against coalescing or fusing . Foams’ stability is, therefore, a critical subject in a variety of

applications in environment and meteorology, foods, geology, agriculture, materials science, biology, medicine and

pharmacy, petroleum production, mineral processing, and home and personal care products .

The collapse of the foam is associated with three major destabilization mechanisms: (i) liquid drainage through thin films

separating gas bubbles, mainly due to gravity and/or capillarity forces, resulting in thinner films; (ii) bubble coarsening (or

Ostwald ripening) resulting from gas diffusion from smaller bubbles to larger ones, causing growth of the larger bubbles

and a decrease in the overall number of bubbles; (iii) bubble coalescence occurring due to rupturing of thin films caused

by insufficient elasticity, leading to a decrease in the number of bubbles and increase in their volumes .

The lifetime control of liquid foams, which presents significant interest in various research fields, including physical

chemistry, materials chemistry, colloid science, nanotechnology, biochemistry, or medical applications is possible by

adjusting the rate at which the three main mechanisms of foam destabilization work. Adjusting the foam lasting can be

made by several methods, like changing solution conditions (pH, temperature, and ionic strength), using surfactants or

application of an external field (light, magnetic and/or electric) .

From molecular point of view, the surfactant’s characteristics like chemical repeating unit, end functional groups,

molecular weight, and molecular weight distribution have distinct effects on a foam’s parameters .

Solubility is critical in many surfactant systems, especially for a homogenous series of straight chain aliphatic surfactants.

Surface activity increases with chain length in the short alkyl chain length regimes, but above a critical value, solubility

decreases with increasing chain lengths, resulting in a maximum or optimum value in surface activity arising from a

balance between the two opposing effects. This is known as the Ferguson effect, a theory that sustains that a balance

between lyophilic and lyophobic nature maximizes surface activity . It was used to explain why an increase in the

molecular weight of the linear alkyl chain of a homogeneous series of surfactants causes an increase in surface activity

(foaming) until a decrease occurs at a critical chain length. This fact is important, not only for foaming, but also in

processes such as detergency and emulsification .

1.1. Surfactants

Surfactants are important “molecular ingredients” used in foams. They may have a significant influence on optical and

spectral properties associated with microfluidic behavior (such as stability) and the entry will shortly present some of the

most common compound classes used in this respect.
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The surface-active agents are usually low molecular weight surfactants , but they can also be amphiphilic polymers

, proteins , as well as their mixtures . Their main role is to reduce the surface energy of the phase

boundary. To be efficient, the foam stabilizer has to produce an irreversibly adsorbed elastic layer at that interface

preventing film breaking between bubbles (coalescence), gas diffusion (coarsening), and gravity driven liquid flow

(drainage) . Surfactants have a very long history, the first records dating back almost three millennia BC . They have

even been the subject of investigation into the origins of life; meteorites containing lipid-like compounds have been found

to assemble into boundary membranes and may be an interstellar prebiotic earth source of cell-membrane material .

Surface active agents are classified as amphiphilic compounds due to the presence of both hydrophilic and hydrophobic

groups in their chemical structure . The dual nature of the surfactants controls their assembly in the bulk. As shown in

Figure 1, surfactant molecules can form aggregates including micelles, in which the hydrophobic tails compose the core

of the aggregates and the hydrophilic headgroups are in contact with the aqueous phase.

Figure 1. Surfactant molecular aggregates.

Various types of aggregates including spherical or cylindrical micelles and bilayers can be found according to the

spontaneous curvature of the surfactant monolayer . Apart from micelles, surfactant molecules can also form other

types of organized assemblies in solutions, for example, reverse micelles .

Low molecular mass surfactants are small molecules (with hydrodynamic radii of approx. 0.5–2 nm) containing a

hydrophilic and a hydrophobic part. Typically, they are differentiated based on the polar group of the hydrophilic part. This

part can be non-ionic  (uncharged) ionic  (cationic—positively charged, and anionic—negatively charged) or

amphoteric  (zwitterionic—both positively and negatively charged). The charges of the amphoteric surfactants can be

permanent or can be influenced by the pH of the medium to which they are exposed .

The effect of some non-ionic surfactants on the stability of polidocanol (POL) foams used in venous sclerotherapy (for

instance) revealed that glycerin concentrations of up to 10% v/v and Tween80 concentrations of up to 20% could be of

interest in terms of POL foam stability and its use in such medical applications .

Polymeric surfactants have far higher structural complexity than low-molecular-weight surfactants, which can lead to

substantially different behavior of foams. For example, the number and distribution of hydrophilic and hydrophobic

moieties along the chain may influence the polymeric agent’s surface activity . Most of the polymeric surfactants

reported in the literature are synthetic because it is very difficult to isolate this kind of compound from natural sources.

However, proteins, which act as foams/emulsions stabilizers in natural systems are the most well-known examples of

natural surfactants. Among them, caseins are a fast-developing family of natively unstructured proteins .

Recently, new surfactant molecules have emerged, and there is still room for novel compounds built for specific purposes

and applications (such as nanoparticle synthesis and more diverse and environmentally friendly consumer products). The

kind and positioning of extra functional groups are crucial for new functionalized surfactants. Slight changes in the

molecular structure of traditional surfactants result in a rich morphology of foams that are investigated using increasingly

advanced techniques, hence improving our understanding of their capabilities at the molecular level.

Surfactants are widely distributed in the environment. As organic pollutants, their toxicities have drawn extensive attention.

The effects of anionic (sodium dodecyl sulphate (SDS)), cationic (dodecyl dimethyl benzyl ammonium chloride (1227))
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and non-ionic (fatty alcohol polyoxyethylene ether (AEO)) surfactants on zebrafish larval behavior were evaluated by

Wang et al. . Their results revealed that 1227 and AEO at 1 μg/mL were toxic to larval locomotor activity and that SDS

had no significant effects. All three surfactants incurred concentration-dependent response.

The skin toxicity of four ionic surfactants and fourteen non-ionic surfactants was investigated by Lémery et al. in

connection to their structure/toxicity relationship. There was a clear difference between ionic and non-ionic surfactants.

Ionic surfactants are the most toxic if they are soluble in water. Crystalline ionic surfactants of low solubility show low

toxicity. Since the molecular parameters of ionic, non-ionic, water-soluble, and crystalline surfactants are different, a

universal parameter was introduced, the order parameter, describing the orientation ordering of surfactant molecules at

interfaces .

1.2. Particles as Emulsion and Foam Stabilizers

The study of nanometric particles and their interaction with fluid interfaces is an interesting and topical research subject in

the field of their applicability in colloids domain . Nanoparticles (NPs) are employed frequently in association with

surfactants, as stabilizing agents of disperse systems like foams and emulsions . Many experimental and theoretical

papers are available in the literature about the nanostructure of foam systems, however, the basic mechanisms underlying

the stabilizing effect of NPs is still a topical issue .

The use of NPs may offer an alternative to surfactants used for foam and emulsion stabilization, especially in the

presence of oil. The NPs can strongly adsorb at the interface and stabilize foams at high temperature and salinity 

. A new generation of NPs has been manufactured using affordable and low-cost raw materials such as fly ash or silica

. The critical parameter for SiO  NPs in the elaboration and stabilization of liquid foams is their hydrophilic or

hydrophobic character (property related to wettability) and the three-phase contact angle (measured with respect to

water). It was found that the maximum diameter of particles able to stabilize liquid foams is below 3 µm .

Shojaei et al. have investigated the effects of surfactants with different charges (anionic, cationic, and non-ionic) on foam

stability in the presence of charge-stabilized silica (SiO ) NPs. Their results show that the nature and magnitude of the

stabilization strongly depend on the nature of the surfactant, its concentration, and the concentration of NPs. Both results

from the bubble-scale and the bulk-scale experiments suggest that compatibility tests between surfactants and NPs are a

pre-requisite to obtain stable foams .

The synergistic effect of a surfactant and NPs or the modification of the surface of solid NPs through physicochemical

interactions with surfactants may enhance foam stability and generate stronger foams than the use of surfactants alone.

Several studies reported the ability of mixtures of surfactant and NPs to enhance foam stability .

A promising drug delivery approach to deal with conventional cancer therapy drawbacks includes the application of

multifunctional nanotechnology-driven drug delivery systems, where micelles, drug conjugates, NPs and nanomaterials

have shown important advances. In this regard, the development of a novel nanoscale drug delivery system-based

nanotherapeutic that combines chemotherapy and photodynamic therapy using 660 nm light irradiation into one single

platform to achieve synergistic anticancer properties to overcome cisplatin resistance was reported. Mesoporous silica

NPs (MSNs) with diameters of about 100 nm and slightly positive surface charge were used as drug delivery vector to

conjugate cisplatin prodrug and to load the photosensitizer chlorin e6 (Ce6) to enable a dual drug-loaded delivery system

MSNs/Ce6/Pt . Kumar et al. report the development of a 100 nm MSNs-based enzyme-responsive material for

colon-specific drug delivery. Guar gum, a natural carbohydrate polymer was used as a cover layer to contain a model

drug, such as 5-flurouracil (5FU) within the mesoporous channels of MSN. It was shown that MSNs maintained their

discrete nanoparticle identity after guar gum capping through non-covalent interaction. The release of 5FU from guar gum

capped MSN was specifically triggered via enzymatic biodegradation of guar gum by colonic enzymes in the simulated

colonic microenvironment .

Surfactants have an impact on the physicochemical characteristics of NPs that goes beyond stability. Surface phenomena

induced by surfactants have a significant impact on their interactions at the cellular level . As a result, depending on the

type of surfactant, the interaction with cells can be increased or decreased. Voigt et al. conducted a blood–retina barrier

passage study as a blood–brain barrier (BBB) model of fluorescent polybutylcyanoacrylate NPs with different types of

surfactants (non-ionic, anionic and cationic), size (67–464 nm) and zeta-potential. NPs’ size and charge had no influence

on BBB passage and cell labelling. Moreover, in the context of NPs with reduced size (down to 87 nm) no BBB crossing

was observed, even adding SDS to the non-ionic surfactant .

1.3. Spectral Studies of Foams
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The optical processes, like absorption and scattering, jointly govern the light propagation in turbid environments. In this

respect, the study of optical properties of surface-active agents might be useful in order to elucidate the mechanisms

involved in foam generation and its behavior in connection with different external parameters that may affect foam

characteristics. To further understand their function in foam formation, Xiang and al.   investigated the release of non-

cellulosic components from swollen wood fibers in the presence of an anionic surfactant (SDS) at submicellar

concentrations. Between SDS and the leached, non-cellulosic components, highly surface-active aggregates develop,

which do not form in the presence of cationic or nonionic surfactants. Using analytical techniques at the interface as well

as optical approaches such as UV-Vis Spectroscopy and Attenuated Total Reflection Fourier Transform Infrared

Spectroscopy (ATR-FTIR), the in situ and efficient formation of liquid foams in the presence of the leached species was

proven. By comparing the respective ATR-FTIR spectra with those obtained from SDS and referenced hemicelluloses ,

the characteristic peaks of hemicellulose are identified at 3355 (O–H bond stretching), 1040 (C–O bond stretching of the

ether groups), and 897 cm  (β-1,4 glycosidic bond stretching). Additionally, the peak at 1215 cm  was assigned to the

stretching of skeletal vibration of S–O in SDS. The presence of lignin in hemicellulose was confirmed by the UV-Vis

absorbance analysis with a maximum intensity at 205 nm. The foaming capacity, foam stability, and structure were all

determined as a function of the aqueous suspension’s composition. The results suggest that only aqueous solutions of the

anionic surfactant can remove naturally occurring components attached to wood fibers. They can also generate high-

foaming surface-active aggregates .

In an attempt to develop multifunctional microwave absorbers that worked in complex environments, He et al. proposed a

hybrid foam with a high light adsorption capacity that is promising for use in photo-thermal conversion or as a

photoresponsive material. The photo-thermal conversion properties of the hybrid foam were investigated based on the

transmittance and diffuse reflectance spectra .

The effects of different surfactants (polyvinyl alcohol-PVOH, SDS, cetyl-trimethyl ammonium bromide-CTAB) and gases

(N  and CO ) on the ability of foams to coalesce and remain stable in the context of their applications in the pulp and

paper industry was studied using high-speed camera observations and FTIR spectroscopy. Based on the FTIR spectra

analysis, the results showed that when the liquid film was newly formed, the corresponding peak of O–H group vibration at

3400 cm  for SDS was the strongest, followed in order by those for CTAB and PVOH. The evolution in time of FTIR

spectra indicates a quick liquid drainage process for both samples based on SDS and CTAB surfactants while the

absorption peak of O–H decreased slowly when PVOH was used, which indicates good stability foam in this case. These

results are further linked with the gas diffusion rate of the foam with impact on its stability .

The stability of decontamination foams that contain a chemical reagent is a necessity for their usage in nuclear power

plant decontamination. The effects of adding silica NPs modified with various functional groups, such as propyl (–CH ),

amine (–NH ) and thiol (–SH) on decontamination foam stability was recently reported . The surface properties of these

silica NPs were characterized using ATR-FTIR analyses. Because of their extensive dispersion in the liquid layer, the

amine-modified silica NPs’ agglomeration in such foams is weaker than that of the other modified silica NPs. Furthermore,

at pH = 2, the foam containing amine-modified silica NPs was shown to be stable for 60 min, indicating that it might be

used for decontamination. The study found that the decontamination foam with amine-modified silica NPs has the best

foam structure of the three investigated foams. The foam stability is improved by the well-dispersed and smaller amine-

modified silica NPs, which act as a barrier between the gas bubbles and prevent their coalescence. The thiol and propyl-

modified silica NPs create large-diameter aggregates that diminish the maximal capillary pressure of coalescence and

hence reduce foam stability  .

It has been reported that polyurethane foams functionalized with sulfonic acid groups have been utilized to remove lead

(Pb ) ions from aqueous solutions . The functionalized polyurethane foam characterized by FTIR spectroscopy

indicated that the sulfonic acid functional groups were successfully integrated into the polyurethane backbone.

Sclerosant medicines that have been foamed are frequently used in biological applications . The most

popular medicines used worldwide for varicose vein foam sclerotherapy are detergent-like sclerosants. By displacing

intravascular blood, the injection of foamed medications maximizes the interaction of the active substance with the vessel

wall. As a result, the medicine is diluted and deactivated as little as possible by blood components. In addition, a lower

concentration of active ingredient is required for therapy. Results regarding the elements that may influence the foam

stability of the sclerosing agent are discussed in  with the aim to better understand the physical processes involved in

the evolution of foaming polidocanol (POL) for further biomedical applications. Foam stability improves with an

enhancement of sclerosant concentration and an increase in air percentage.
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In both fresh and laser irradiated samples, the FTIR spectra reveal molecular structural changes of foam when compared

to liquid POL. It is interesting to observe that when POL is foamed, C–H out-of-plane bending vibrations occur, and C–O–

H bending vibrations are also influenced (Figure 3a). The optical characterization of POL based on the absorption

spectrum registered in UV/Vis/NIR spectral ranges highlights absorption peaks centered in NIR, while it totally transmits in

UV/Vis. Previous research has yielded similar results for commercially available Aetoxisclerol (Kreussler Pharma), which

contains POL as an active ingredient, owing to the superimposed absorption properties of all the compounds present in

the drug solution (Figure 3b) .

(a) (b)

Figure 2. Optical characterization of POL: FTIR spectra of both solution and foam sample showing the vibrational

changes of molecules induced by foam generation procedure (Tessari’s double syringe method) (a), and UV-Vis-NIR

absorption spectra, with the spectrum of commercially available Aetoxisclerol (Kreussler Pharma) (b).

Raman spectroscopy is a powerful noninvasive technique to assess the structure and dynamics of a system at molecular

level. Despite its powerful characterization capabilities, Raman spectroscopy has not been widely used in the study of

foams. Because surfactant molecules are so important in the formation and stabilization of foam, Raman spectroscopy,

with its ability to monitor molecular vibrations, can provide critical information on their packing, mobility, and conformation

.

Raman scattering is caused by deformation/stretching of different vibrational bonds of molecules. If the macroscopic and

microscopic properties of a foam are linked, the analysis of Raman line profiles is able to indirectly assess its elastic

properties by investigating its molecular inner activity.

The work of Zhao et al. presents the graphene foam characteristics obtained by using Raman spectroscopy . The

Raman spectrum of 3D graphene foam displays two characteristic peaks: at 1583 cm  (G band), due to the doubly

degenerate zone center E  mode, and 2710 cm  (2D band). No obvious graphene D band at ~1350 cm  was observed,

thus indicating that the graphene foam is of high quality. The D band is used for the characterization of defects or the

disorder of the graphene, its density being proportional to the amount of disorder in the sample .

Different studies on wet foam have explained the gross properties of wet foam in the light of its characteristic molecular

structure using Raman measurements. Their results highlighted the observed shift in the low frequency Raman peak

position of the methylene rocking mode with the variation in internal stress in the foam. Wet foam exhibits a steady

structural shift from an all-trans conformation to a crystalline structure as it ages, according to Raman measurements in

the 1000 cm  to 1450 cm  region . Drainage of water from wet foam is discussed and, in addition to free water

molecules which drain out with aging of foam, water clusters of only a few water molecules are also present in foam. The

correlation between the internal stress and the characteristics of a vibrational mode in wet foam is also shown. The

fundamental challenge in utilizing Raman spectroscopy to examine wet foam is due to multiple light scattering within the

bubbles. This affects the Raman signal from the bubbly structure, impacting the signal to noise ratio in the spectrum. To

overcome this difficulty and provide an optimum Raman signal collection, the spectrometer slit width should be adjusted to

match the mean bubble size of foam . The investigations carried out by Goutev and Nickolov demonstrate the

capabilities of Raman spectroscopy to study the microstructure of three-dimensional foams and their dynamics. The

Raman experiment set-ups were performed in backscattering, the laser beam making an angle of 50° with the cell. The

foam was placed in a closed glass rectangular cell to prevent changes due to evaporation or was probed directly in the
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case of dry or semidry residue. The liquid that drained off the foam was studied in 2 mm internal diameter capillaries in the

conventional 90° geometry with the laser beam parallel to the long axis of the capillaries. The scattered signal was

collected by a lens (F = 40 cm), passed through a Raman notch filter and imaged on the entrance slit of a single 60 cm

focal length polychromator. Detection of spectra was accomplished by an intensified vidicon and computer controlled

multichannel system. An argon ion laser emitting at 488 nm was used as excitation source. The beam with typically 120

mW was focused on the sample using a lens (f = 100 mm). The detection system was calibrated by Ne emission lines. It

is seen from the Raman spectra of ‘‘wet’’ foam in the C–H region (2800–3000 cm ) that the band shape changes weakly

with aging. Its subcomponents are comparatively well expressed in all stages of foam evolution and only their relative

intensities change .

Aetoxisclerol solution and foam samples were analyzed by Raman spectroscopy in an attempt to improve the efficacy of

the laser sclerotherapy for small varicose veins if the sclerosing agent is used as foam. The Raman vibrational lines

associated with foam samples are more organized and powerful than those associated with liquid specimens . When a

laser beam interacts with a 3D foam, the movement of light through this scattering medium is essentially a random

process with a mean free path, l*, which is referred to as diffusive propagation. This causes so-called diffusive excitation,

which results in a distribution of elementary Raman scattering centers in the bulk of the foam. In turn, the Raman signal

will diffuse in all directions, reaching in the end the foam cell boundaries and allowing the Raman signal from the bulk

foam to be detected. According to the relationship l* = 3.5 × d [110], the specific dimension of the Raman intensity

distribution at the scattering focal plane (usually the surface of the foam) is proportional to the transport mean free path l*,
which has been linked with the size of the foam bubble (d)  .

Raman spectra were also recorded at various times after foam samples were prepared. The Raman spectra (Figure 3)

appears to shift very quickly, with Raman lines 10 times less strong than initial values after 5 min of foam generation.

Figure 3. The influence of foam stability on the Raman spectra of Aetoxisclerol sclerosant drug.

The findings suggest that various aspects, such as bubble diameters related to foam cohesiveness, must be taken into

account when considering the temporal moment of exposure of the varicose vein injected with foamed medication and

exposed in the tissue to laser radiation .

The multiple scattering of light by aqueous foams was systematically studied as a function of wavelength, bubble size,

and liquid fraction. Results are analyzed in terms of the transport mean free path of the photons and an extrapolation

length ratio for the diffuse photon concentration field. An experimental study of the dependence of these parameters on

structure and composition of foams was detailed in Ref. . The transport mean free path was found to be proportional to

the bubble diameter and the reciprocal of the square root of liquid fraction. The extrapolation length ratio varies almost

linearly with liquid fraction between the values for water–glass–air and air–glass–air interfaces.

Diffusing Wave Spectroscopy (DWS) can be employed as an optical rheology tool with numerous applications for studying

the structure, dynamics and linear viscoelastic properties of complex fluid systems like foams and emulsions. Improved

DWS based on the automatized determination of the optical transport and absorption mean free path was reported in  
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by simply measuring the photon count rate of both the light scattered in transmission and backscattering geometry.

The gas–liquid or liquid–liquid interfaces substantially scatter light propagating in foams or emulsions. This property

makes it difficult to directl y detect the structure and dynamics deep within the bulk of such samples. Multiple light

scattering, on the other hand, can be used to develop non-invasive experimental approaches for measuring average

bubble size, droplet size, and dispersed volume fraction. When a laser is used to illuminate a sample, the transmitted or

backscattered light generates a speckled interference pattern, revealing the dynamics of intrinsic structural changes

(coarsening, flocculation or external stress) through temporal variations .

Diffuse Transmission Spectroscopy (DTS) was introduced by Kaplan et al. to investigate the structure of opaque colloidal

suspensions . This technique is suitable for determining the temporal dynamics of average bubble dimensions during

foams’ coarsening or of the liquid fraction of a foam during drainage  .

For investigation of foams, DWS gives information about stationary dynamics of bubbles reconfigurations in time, as an

average of the whole sample through the transmitted light or just near the surface of the foam, through backscattered

light  .

Thus, DWS was employed to probe the reorganization of bubbles after an aqueous foam is subject to transient shear

deformation, determining that the bubble dynamics returns to the behavior of a stationary foam via a nonlinear relaxation

depending on the age of the foam and amplitude of shear . In earlier studies, when shear stress was applied to shaving

cream foam, DWS showed that the decay of the correlation functions is associated with intrinsic rearrangements of

bubbles  .

In DWS was employed to investigate the elastic response of an aqueous foam (shaving cream) when it was subjected

to oscillating shear strain. It was observed that for small amplitudes of the strain, the response in bubble rearrangement is

linear, but if the strain amplitude is larger than 0.05% the response is nonlinear.

Also, DWS provided insights about the bubble dynamics when shear stress is applied continuously to an aqueous foam. It

was discovered that the bubble dynamics depend on the relationship between the strain rates and the macroscopic

deformation. For slow shear, the deformation is due only to localized rearrangements of bubbles occurring because of

foam aging and applied shear; for intermediate shear, the deformation appears because of bubble reorganization induced

by nonaffine and directed shear; and for fast shear, the foam bubbles are moving constantly, leading to “melting” of the

foam .

DWS analysis of the coarsening of an aqueous foam loaded with monodisperse latex beads revealed that the temporal

autocorrelation function of the scattering intensity presents two decays decoupled and separated in time. These distinct

decays are due to two different processes: bubble rearrangements during foam aging, which is responsible for the longer

decay, and Brownian motion of the colloidal particles in the liquid fraction, giving rise to the shorter decay .

Marze et al. showed that DWS helps distinguish between foams subjected to slip and foams subjected to shear. The slip

velocity was determined to be maximum at the yield stress .

Multispeckle DWS was employed to study the bubble dynamics during coarsening of levitated foams. Different liquid

fractions were analyzed, showing that local bubble reorganization dominates the dynamics of dry foams, but the bubbles

have a ballistic motion for high-liquid-fraction foams. Multispeckle DWS enabled studying the non-local dynamics at

different times, showing that during aging of dry foams, a substantial reorganization of bubbles is responsible for

intermittent bursts observed in the bubble dynamics. Opposite to this, for wet foams, the large-scale dynamics of bubbles

undergo ballistic and convection motions .

2. Emulsions

Emulsions are defined as dispersed systems, constituted of two immiscible liquids, one being the dispersed phase and

the other the continuous phase. In other words, emulsions are colloids with both phases being liquids, usually stabilized

by an emulsifier .

A classification of emulsions can be made taking into consideration several factors. First, regarding the dispersed and

continuous phases, emulsions can be classified into three types: a) oil-in-water (O/W), also called water-based or direct

emulsions; b) water-in-oil (W/O), also called oil-based or inverse emulsions; and c) multiple emulsions, which can be

water-in-oil-in-water (W/O/W) or oil-in-water-in-oil (O/W/O) .
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An important criterium for classification is the size of emulsions’ droplets. With respect to the size, there are three types of

emulsions: macroemulsions (classical emulsions), nanoemulsions (miniemulsions), and microemulsions. For a period of

time, in the case of self-emulsifying systems proposed for drug delivery many studies confused nanoemulsions with

microemulsions . The terms “nanoemulsions” and “microemulsions” might be misleading, considering the dimensions of

their droplets, but this is due to the fact that “microemulsion” appeared first in the timeline of colloids scientific articles. The

term “nanoemulsion” was introduced after approximately 35 years .

For a better differentiation, are summarized further the characteristics of each category.

Macroemulsions are thermodynamically unstable and weakly stable from the kinetical point of view. The droplets of the

emulsions are spherical, they present high polydispersity (usually >40%), with sizes between 1 and 100 µm .

Nanoemulsions, similar to classical emulsions, are unstable in thermodynamic terms, but due to the very small droplet

dimensions, their destabilization is so slow that one may say that nanoemulsions are kinetically stable. Spherical shaped

droplets of nanoemulsions have sizes between 20 and 500 nm , although scientific reports propose different size

intervals, e.g., 20–200 nm , 100 nm–1 µm , 10–300 nm , etc. Nanoemulsions can be found in colloid literature

also as submicron emulsions, miniemulsions or ultrafine emulsions . They have typically low polydispersity, usually

<10–20% .

Microemulsions are stable from the thermodynamic point of view and have structures ranging between 10 and 100 nm in

size, with a variety of shapes, e.g., spherical micelles or reverse micelles, cylindric worm-like rod-micelles, lamellar

structures, bicontinuous sponge-like, hexagonal, etc . The polydispersity of the microemulsions is very low, usually

<10%, demonstrating a uniformity in the sizes of constituent structures . Further, microemulsions are classified as

follows: a) Winsor I—lower swollen micelles in water and upper excess oil phase (biphasic); b) Winsor II—lower excess

water phase and upper W/O emulsion (biphasic); c) Winsor III—lower excess aqueous phase, middle bicontinuous

emulsion, upper excess oil phase (triphasic); and d) Winsor IV—microemulsion phase (monophasic) .

Microemulsions are formed spontaneously, and depending on the emulsifier, temperature and salinity, they can transit

from one Winsor type to another .

2.1. Emulsifiers

Emulsifiers stabilize the emulsions by decreasing the interfacial tension and the strength of the interfacial film. Their role is

to assemble at the interface between oil and water phases, forming a barrier that keeps the droplets from coalescing 

. Emulsifying agents can be surfactants, proteins, lipids, polymers or solid particles. In the particular case when

emulsions are stabilized only by solid particles, they are called Pickering emulsions .

Surface active agents are molecules that can self-assemble in micelles in a liquid and adsorb to the interface between oil

and water phases, in the case of emulsions. In order to do that, surfactants have two functional groups, one hydrophobic,

or lipophilic, that orients towards oil phase, and another hydrophilic, with affinity to water .

Ionic surfactants are typically hydrophilic, whereas the solubility of the non-ionic surfactants depends on hydrophilic–

lipophilic balance (HLB) .

The solubility of the surfactant will influence the type of emulsion, in the case of almost equal volumes of water and oil

phase. According to Bancroft’s rule, the continuous phase of an emulsion will be the one in which the surfactant is most

soluble .

Non-ionic surfactants are preferred in formulating microemulsions due to their uncharged head groups and their better

resistance to changes of pH or salinity. In addition, non-ionic surfactants are considered safer than the ionic ones for

ingestion . For a greater effect, a co-surfactant can be utilized in formulating emulsions .

In case of Pickering emulsions, the adsorption of solid particles at the surface of the droplets stabilizes the emulsions,

preventing coalescence and Ostwald ripening. Solid particles employed in stabilization of Pickering emulsions include

hydroxyapatite NPs, silica, clay, magnetic Fe O  NPs, carbon nanotubes and chitosan NPs . Besides inorganic

particles, biological particles such as derivatives of polysaccharides or proteins have also been used as emulsifiers 

. The effect of surfactants on Pickering emulsions was presented in several studies. For example, low concentrations

of Tween 80 and high concentrations of soybean lecithin enhanced the stability of cyclodextrin Pickering emulsions, but

soybean lecithin at low concentrations inhibits the formulation of these emulsions . Moreover, addition of Tween 20 to

a Pickering emulsion stabilized by zein NPs improves the stability of the emulsion .

2.2. Techniques of Emulsification
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There are mainly two categories of emulsification techniques: high-energy and low-energy emulsification methods. High-

energy techniques include high pressure homogenization (HPH), microfluidization, high-energy stirring, ultrasonication,

membrane emulsification and laser-assisted emulsification. In some cases, two methods are combined, e.g., stirring and

high-pressure homogenization. The most used low-energy methods are emulsion inversion point (EIP) and phase

inversion temperature (PIT) . If a combination of two methods, high-energy and low-energy emulsification is

employed, it is possible to generate reverse nanoemulsions .

High-energy emulsification methods achieve size reduction of emulsion droplets by employing disruptive forces. For the

HPH method, first, an emulsion is generated with an ultraturrax and afterwards it is pushed through a very narrow gap

(dimension < 10 µm), causing a decrease in the droplets’ size due to extreme elongation and shear stress. The advantage

of this method is that it can be repeated an unlimited number of times .

Microfluidization method is similar to HPH. Nanoemulsions are generated with a microfluidizer, where macroemulsions are

pumped through microchannels. The generated emulsion is finally filtered to remove larger droplets. This method can be

also repeated several times, until droplets reach the desired dimensions .

Ultrasonication employs sound waves with frequencies higher than 20 kHz to rupture the droplets in a macroemulsion.

This happens due to the pressure created by the shock waves produced in the implosion of the cavitation bubbles

originating from the ultrasonic waves .

The membrane emulsification method involves drop-by-drop passing through a microporous membrane. This way, the

dispersed phase is pushed through the pores of a membrane in the continuous phase, formulating an emulsion with

droplets sizes determined by the size of the pores. Membrane emulsification can be divided in two categories: moving

continuous phase and moving membrane .

Laser-assisted emulsification was recently developed, and is a two-step method (Figure 4). First, the continuous phase

and dispersed phase are mixed together in a double syringe system. This system was modified from a diluter-dispenser

system and the software designed specially allows to control the emulsification process. The system allows the user to

select the needed parameters for emulsification: loading speed for the continuous phase and dispersed phase, the

volumes of the two phases, number of mixing cycles and the expelling speed of the emulsion. The obtained emulsion is

then placed in a narrow cuvette (optical path of 1 mm) and exposed to laser radiation of a pulsed Nd:YAG laser at 10 pps

and 6ns pulse duration. The employed average energy of the laser beam was 35 mJ and the exposure time was 1h. The

beam wavelength was 532 nm, chosen so that the components of the emulsion do not absorb at this wavelength. This

way, the effect of the laser radiation on the emulsions is strictly mechanical, leading to generation of emulsions with

smaller sized droplets (around 150 nm in diameter) .

Figure 4. Principle of a new laser-assisted emulsification method. Step one: mixing of the continuous phase with the

dispersed phase with a double syringe method. Step two: non-resonant interaction of the coarse emulsion with the laser

radiation.

This method has the advantage of using low volumes of solutions, even hundreds of microliters, making it suitable for

biomedical applications. In addition, mixing cycles, speeds, laser energy and irradiation time are customizable, allowing to

obtain emulsions with micrometer and nanometer size droplets .

Opposed to high-energy methods, low-energy methods use the internal energy of the emulsion to generate smaller

droplets. For example, the PIT method depends on the modification of non-ionic surfactants’ affinities for water/oil with

variation of temperature .

2.3. Spectral Properties of Emulsions

It is known that the UV-Vis absorption spectrum of an emulsion can give information about the absorption and scattering

properties of the droplets. UV-Vis spectra of decane/sodium dodecyl benzene sulfonate (SDBS)/water emulsions were

recorded for several oil phase concentrations as function of temperature. The normalized UV-Vis spectra showed that the
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droplet size distribution was the same for emulsions having various oil phase concentrations. However, the average

diameter varies with temperature. UV-Vis absorption spectroscopy was proposed as a useful technique to analyze the

behavior of chromophoric emulsifiers depending on experimental parameters such as concentration and temperature .

UV-Vis spectral measurements of hydrocarbons/SDBS/water emulsions in the range 300–820 nm suggested that the

dimensions of the droplets were between 1 µm and 20 µm. These studies show the importance of the absorption and

scattering properties obtained from the UV-Vis spectra, which give information about droplets’ shape, size distribution and

chemical composition  .

UV-Vis-NIR reflectance spectra of sodium tetradecyl sulfate (STS) in water and oily vitamin A emulsions showed an

increase in reflectance after the sample was exposed to laser radiation, suggesting a decrease in size of the droplets

(Figure 5). This finding was supported by surface tension analyses, optical spectroscopy analyses and dynamic light

scattering measurements of the emulsions before and after laser irradiation .

Figure 5. UV-Vis absorbance spectra of vitamin A and STS 10% emulsion, 1:1 ratio, before and after exposure to laser

radiation. Optical microscopy images (reflected light-DIC mode, 50X magnification) of the same samples.

UV-Vis absorbances recorded at two wavelengths (450 nm and 850 nm) were employed to evaluate the stability of W/O

emulsions, using the turbidity ratio method. For Diesel oil emulsions, these measurements allowed to determine that the

stability of the emulsion was enhanced with concentration increase in the emulsifier and that the necessary HLB of Diesel

oil is around 9 .

UV-Vis spectroscopy and Polarization Modulation Infrared Reflection–Absorption Spectroscopy (PM-IRRAS) helped to

determine the best position of the components (Bovine Serum Albumin—BSA, Tannic Acid—TA, chitosan, and pectin) in

the design of a multilayer O/W emulsion. UV-Vis and PM-IRRAS spectral measurements were employed to evaluate

protein/polysaccharide multilayer arrangement on a solid surface .

UV-Vis transmittance spectra of O/W toluene emulsions showed that their turbidity decreased over time. These

measurements, completed by multiphoton ionization time-of-flight mass spectrometry (MPI-TOFMS) measurements, give

information about the creaming behavior of the analyzed emulsions .

Other powerful tools in emulsion analysis are Fourier transform infrared (FTIR), attenuated total reflection FTIR

spectroscopy (FTIR-ATR) and Raman spectroscopy. FTIR spectroscopy enables the identification of the molecular

vibrations from each component of the emulsion, providing real-time information about the destabilization of the emulsion.

In , FTIR-ATR measurements showed the influence of STS on water molecules. Even if the concentration of STS was

undetectable, its action on water molecules was observed due to O–H stretching vibrations. In the same study, Raman

signals revealed modifications of the C=O band at 1800 cm , allowing to observe the polymerization of STS molecules

.

FTIR and Raman spectroscopies were also employed to study vinyl acetate-based (VAc-based) emulsions usually utilized

in paintings. More exactly, FTIR-ATR and micro-Raman spectroscopy (µ-Raman) successfully identified VAc-based

emulsions from different samples and determined the addition of phthalates/benzoates as plasticizers. µ-Raman

measurements determined spectral markers of VAc copolymers with the monomer vinyl versatate and FTIR-ATR detected

poly(vinyl alcohol) as a stabilizer of the emulsion .
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FTIR-ATR spectroscopy was utilized to study the effect of polyglycerin-polyricinoleat emulsifier concentration on the

molecular stabilization mechanisms of W/O emulsions of anthocyanin-rich bilberry extract water solution dispersed in in a

medium chain triglyceride (MCT) oil phase. The modification of the O–H stretching vibration band was analyzed to

evaluate the molecular interactions at water–oil interface. This study concluded that in this case, the changes in emulsifier

concentration, in the range 1–10%wt, have an insignificant effect on emulsions’ stabilization . For a similar emulsion,

FTIR-ATR measurements showed that the emulsifier increases the intramolecular covalent O–H bonds, leading to a

modification of the hydrogen bond network. This also implies a reduction of intermolecular interactions in the interfacial

water layer .

Another study uses FTIR spectroscopy to analyze the destabilization of emulsions used in cosmetics and pharmaceutics.

Reduction of the unsaturation index, increase in the carbonyl index and broadening of the C=O band are indicative of the

aging of emulsions. The modification of the carbonyl band suggested that free fatty acids appear during the aging

process. FTIR measurements allowed to comprehend the chemical mechanisms involved in the oxidation of these

emulsions .

FTIR studies of sodium bis(2-ethylhexyl)sulfosuccinate (Aerosol-OT, AOT)/isooctane/water microemulsions analyzed the

states of water and the conformations of AOT in these microemulsions. Four bands were recorded for O–H stretching

vibrations and they were assigned to the trapped water in the palisade layer (3610 cm ), the water bound to the sulfo

group (3540 cm ), the free water (3440 cm ) and to the water bound to the sodium counterion (3225 cm ). Gauche and

trans conformations of AOT molecules were identified based on the absorption bands at 1739 cm  and 1725 cm ,

originating from carbonyl stretching vibrations .

O–H stretching bands were also studied to determine absorptions of bulk and interfacial water from sodium dioctyl

sulfosuccinate reverse micelles. The study showed that the main absorption on the red side of the O–H band originates in

the bulk water, and the interfacial water is responsible for the absorption on the blue side O–H band .

The modifications of O–H stretching bands were also assessed to study the structure of water in W/O microemulsions

utilized to synthesize oxalate precursor NPs. NPs are obtained through a precipitation reaction in the core of the reverse

micelles formed when two initial microemulsions are mixed. In order to identify the water structure, the O–H stretching

band was decomposed into three components, each corresponding to a different type of hydrogen bonding. The findings

lead to the conclusion that after the synthesis of NPs, the number of bound water molecules was increased .

FTIR spectroscopy was one of the techniques employed to determine the structural changes of proteins incorporated in

W/O emulsions. This method allowed to determine that the secondary structures of BSA and human serum albumin (HSA)

changed after their incorporation in emulsions . ATR-FTIR measurements allowed to determine the heat-induced

modification in the structure of edible coconut protein concentrate (CPC), which is also used as oil-in-water emulsifier .

The effect of temperature on emulsion stabilized by soy lecithin was studied also through FTIR spectroscopy. Analysis of

bands originating in –OH vibration, –CH  stretching, H–O–H bending vibrations, and P=O, C–O–C, and P–O–C vibrations

allowed to determine that the emulsions stabilized by phospholipids remained stable when the temperature was varied, as

opposed to the control emulsion that had no emulsifier added .

FTIR spectroscopy was useful in determining the chemical groups in the crude oils responsible for emulsifications. This

study is important for separation of oil from O/W emulsions, which is a significant problem for the petroleum industry .

As in the case of foams, the internal dynamics and structure of emulsions can be studied with spectroscopy techniques

based on multiple scattering of light, like DWS.

Marze et al. employed DWS in back- and forward-multiple scattering to evaluate the in vitro digestion of eight emulsion

samples, determining that the type of triglyceride in the emulsions is the main parameter to influence the digestion. The

advantage of using DWS is that the emulsions can be analyzed at their normal appearance, without the need to dilute

them. When comparing the particle size distribution (PSD) determined through DLS with the PDS determined from DWS

measurements for multiple scattering, Marze et al. found the results to be in good agreement. In order to determine the

PDS, the statistical analysis of cumulants and moments employed for single scattering was applied to DWS data. This

method could not have been successfully applied to long term digestion. Forward-scattering DWS measurements,

complementary to nuclear magnetic resonance diffusion measurements, permitted to determine the diffusion coefficients.

It was observed that during digestion, the transitions were from a droplet to a vesicle and afterwards to a micelle .

DWS has the potential to monitor the manufacturing process of turbid pharmaceutical emulsions, being able to offer

information about the dynamics and the statics of the emulsions. Continuous DWS analysis during generation of

pharmaceutical emulsions can give data about optimal homogenization conditions, showing when to stop the
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manufacturing process in order to prevent overprocessing of emulsions. Emulsion dynamics correlated with static analysis

were in agreement with the modification of the droplet size distribution, during emulsion generation .

A series of model pharmaceutical emulsions were analyzed through DWS and the results were compared to other stability

analysis methods. Obtained results regarding the stability were similar to those from the other methods. This, along with

the fact that the technique is non-invasive, fast, and needs only small volumes of emulsions, makes DWS suitable for

analyzing the stability of pharmaceutical emulsions .

A new model for fitting DWS measurements of emulsions during their creaming/ sedimentation is presented in . This

model starts from a Monte Carlo simulation of the light that diffuses in the volume of the emulsion in order to determine

the averages and the distributions of the droplet size and dynamics.

DWS proved to be a useful technique not only in pharmaceutics, but also in cosmetics. The stability of cosmetic

formulations was assessed via DWS and it was observed that the instability of the emulsion was higher for larger values

of mean square displacement (MSD) .
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