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Abstract 

This Ph.D. Thesis has been carried out in the frame of the research project 

“Evaluación de la homogeneización por microcanales para la preparación 

y caracterización de emulsiones submicrónicas de aceites esenciales” 

(CTQ2015-70700-P) funded by the Spanish Ministerio de Economía y 

Competitividad (MINECO) and by the European Commission (FEDER 

program). 

Essential oils are gaining increasing interest due to the strong consumers’ 

demand for more biodegradable, biocompatible and natural products. 

Essential oils (EOs) fulfil these requirements and exhibit antibacterial, 

antifungal, antiviral and antioxidant properties, which made them very 

attractive to be used in some food, pharmaceutical or cosmetic products. 

Nevertheless, their high hydrophobicity and volatility hinder their 

incorporation in many products. In addition, EOs are very sensitive to 

external factors, so they need further protective measures to enhance or 

preserve their properties for a longer time. Emulsification is one of the 

most efficient techniques for the incorporation and preservation of 

essential oils. Emulsions help to preserve the essential oil properties and 

dampen the strong taste and smell typical of these oils. Oil in water (O/W) 

emulsions can be used to either avoid or reduce the evaporation of volatile 

components and to incorporate essential oils into an aqueous phase, 

despite of their marked hydrophobic properties, which result in a very low 

solubility in water. In order to obtain stable emulsions it is required a third 

component, an emulsifier. Moreover, the evolution of droplet sizes and 

droplet size distribution (DSD) among other parameters must been 

controlled to check the shelf life of emulsions. A high proportion of fine 

droplets and narrow distributions enhance the physical stability of 
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emulsions. High-pressure homogenization is one of the mechanical 

methods used to achieve the desired droplet size distribution. Thus, this 

Ph.D. Thesis is focused on the evaluation of the microchannel 

homogenization, based on the microfluidization (Microfluidizer) 

technique, to prepare oil-in-water emulsions of essential oils. The 

essential oils selected for this research were thyme and rosemary oils. 

Alkyl polypentoside nonionic surfactant derived from wheat biomass, 

which possess ECCOCERT label, was used as emulsifier.  

This Ph.D. Thesis is divided in seven chapters published in scientific 

journals. Firstly, a brief introduction of essential oils is given, including 

composition, properties, applications and drawbacks, focused on thyme 

and rosemary oils. Furthermore, the introduction includes the key 

concepts of emulsion science as well as of stabilizer and main 

emulsification methods, focused on microfluidization. 

Chapter 1 is a preliminary study, which shows the physical stability and 

droplet size distribution of emulsions formulated with thyme EO using 

commercial non-ionic surfactants of different families (ethoxylated 

sorbitan esters, alkyl polypentosides and sucroesters) and different HLB 

values (from 9 to 16.5). The alkyl polypentoside surfactant, Appyclean 

6548 formed the most stable emulsions. This surfactant is solid at room 

temperature and immiscible in water. Appyclean 6548 was used for the 

rest of studies included in this Ph.D. Thesis. 

Chapter 2 illustrates the influence of heating temperature (from 55⁰C to 

75⁰C) of a mixture of thyme essential oil and Appyclean 6548 in a ratio of 

10:1, on its physical stability. In a second step, two emulsions were 

homogenised using the abovementioned mixture of thyme oil and 

Appyclean 6548 as the dispersed phase at 55⁰C and 70⁰C. Similar values of 
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droplet sizes, viscosity and physical stability were obtained, regardless of 

the heating temperature of the dispersed phase. 

Chapter 3 deals with the influence of the pressure applied and the number 

of passes through the Microfluidizer high pressure homogenizer for 

40wt% thyme oil and 4wt% Appyclean. Slightly differences were found for 

DSD but emulsions passed through the Microfluidizer at 5000 psi (34.5 

MPa) and 1 pass exhibit the best physical stability as indicated by the 

minimum value of the so-called, Turbiscan stability index, TSI. 

Chapter 4 shows the effect of welan gum concentration on the rheological 

properties, droplet size distribution and physical stability of thyme oil/W 

emulsions. This work demonstrated that it is possible to control the 

rheology with welan gum due since it is an excellent rheological modifier. 

However, this gum was not able to increase the physical stability of these 

emulsions.  

Chapters 5, 6 and 7 focus on the assessment of rosemary essential oil 

emulsions. Chapter 5 investigated the processing conditions and 

formulation variables of rosemary oil emulsions formulated with 

Appyclean 6548. The optimal emulsion was achieved at 20 wt% rosemary 

oil and 4 wt% Appyclean 6548 processed at 2500 psi (17.2 MPa) after 3 

passes. Stable nanoemulsions exhibiting a high stability and with a 

volumetric mean diameter of 149 nm were obtained. These formulation 

and processing conditions were fixed for the following studies. 

The target of Chapter 6 is to investigate the addition of welan gum (WG) 

and advanced performance xanthan gum (APXG) at the optimal 

formulation and processing conditions of rosemary oil and Appyclean 

6548 emulsions. For this purpose, small amplitude oscillatory shear (SAOS) 
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measurements, creep tests, and flow curves were carried out. 

Furthermore, laser diffraction and multiple light scattering techniques 

were used to determine the droplet size distribution and the physical 

stability for all emulsions studied. Slightly differences were observed 

between nanoemulsions formulated with APXG or WG. 

Chapter 7 presents the influence of evaporation time on rheological 

properties, DSD, microstructure and physical stability of biodegradable 

emulsions formulated with rosemary oil and Appyclean 6548. Thanks to 

vacuum evaporation it is possible to control the rheological properties and 

obtain long-term physical stability and greater resistance against creaming 

for the nanoemulsions studied. 

Finally, the main conclusions of this Ph.D. Thesis are presented. 
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Resumen  

Esta tesis doctoral forma parte del proyecto de investigación “Evaluación 

de la homogeneización por microcanales para la preparación y 

caracterización de emulsiones submicrónicas de aceites esenciales” 

(CTQ2015-70700-P) financiado por el Ministerio de Economía y 

Competitividad (MINECO) y la Comisión Europea (Programa FEDER).  

Los aceites esenciales suscitan gran interés debido a la fuerte demanda de 

los consumidores por productos más biodegradables, biocompatibles y 

naturales. Los aceites esenciales (AEs) cumplen estos requisitos y, además, 

presentan propiedades antibacterianas, antifúngicas, antivirales y 

antioxidantes, lo que los hace muy interesantes para ser utilizados en 

productos alimentarios, farmacéuticos o cosméticos. Sin embargo, su 

elevada hidrofobicidad y volatilidad dificultan su incorporación en muchos 

productos. Asimismo, los AEs son muy sensibles a factores externos, por 

lo que necesitan otras medidas de protección para mejorar o conservar 

sus propiedades durante más tiempo. La emulsificación es una de las 

técnicas más eficaces para la incorporación y conservación de los aceites 

esenciales. Las emulsiones ayudan a preservar las propiedades de los 

aceites esenciales y a suavizar el fuerte sabor y olor típicos de estos 

aceites. Las emulsiones de aceite en agua (O/W) pueden utilizarse para 

evitar o reducir la evaporación de los componentes volátiles e incorporar 

los aceites esenciales en una fase acuosa, a pesar de que presentan muy 

baja solubilidad en agua. Para obtener emulsiones estables se requiere un 

tercer componente, un emulsionante. Además, es necesario controlar la 

evolución del tamaño de la gota y la distribución de tamaño de gota (DTG), 

entre otros parámetros, para comprobar la vida útil de las emulsiones. Una 

alta proporción de gotas pequeñas y distribuciones estrechas mejoran la 
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estabilidad física de las emulsiones. La homogeneización a alta presión es 

uno de los métodos mecánicos utilizados para conseguir la distribución de 

tamaño de gota deseada. Así, esta tesis doctoral se centra en la evaluación 

de la homogeneización por microcanales, basada en la técnica de 

microfluidización (Microfluidizer), para preparar emulsiones de aceite-en-

agua de aceites esenciales. Los aceites esenciales seleccionados para este 

proyecto fueron los de tomillo y romero. Como emulsionante se utilizó el 

tensioactivo no iónico alquil-polipentósido derivado de la biomasa de 

trigo, que posee certificado ECCOCERT. 

Esta tesis doctoral se divide en siete capítulos publicados en revistas 

científicas. En primer lugar, se hace una breve introducción sobre los 

aceites esenciales, incluyendo su composición, propiedades, aplicaciones 

e inconvenientes, centrada en los aceites de tomillo y romero. Además, la 

introducción incluye los conceptos clave de la ciencia de las emulsiones, 

así como de los estabilizadores y los principales métodos de 

emulsificación, centrados en la microfluidización. 

El capítulo 1 es un estudio preliminar, que muestra la estabilidad física y la 

distribución del tamaño de gota de emulsiones formuladas con aceite 

esencial de tomillo utilizando tensioactivos no iónicos comerciales de 

diferentes familias (ésteres de sorbitán etoxilados, alquil polipentósidos y 

sucroésteres) y diferentes valores de HLB (de 9 a 16,5). El tensioactivo del 

tipo alquil polipentósido, Appyclean 6548, formó las emulsiones más 

estables. Este tensioactivo es sólido a temperatura ambiente e inmiscible 

en agua. Appyclean 6548 se utilizó para el resto de los estudios incluidos 

en esta tesis doctoral. 

El capítulo 2 muestra la influencia de la temperatura de calentamiento (de 

55⁰C a 75⁰C) de una mezcla de aceite esencial de tomillo y Appyclean 6548 
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en una proporción de 10:1, sobre su estabilidad física. En un segundo paso, 

se prepararon dos emulsiones utilizando la mezcla de aceite de tomillo y 

Appyclean 6548 como fase dispersa a 55⁰C y a 70⁰C. Se obtuvieron valores 

similares de tamaño de gota, de viscosidad y de estabilidad física, 

independientemente de la temperatura de calentamiento de la fase 

dispersa. 

El capítulo 3 investiga la influencia de la presión aplicada (de 5000 a 15000 

psi) y del número de pasadas (1 y 2) a través del homogeneizador de alta 

presión Microfluidizer para un 40 m/m% de aceite de tomillo y un 4 m/m% 

de Appyclean. Se encontraron ligeras diferencias en las DTGs, pero las 

emulsiones pasadas por el Microfluidizer a 5000 psi (34,5 MPa) y 1 pasada 

presentaron la mejor estabilidad física, obteniéndose el valor mínimo del 

llamado índice de estabilidad Turbiscan, TSI. 

El capítulo 4 muestra el efecto de la concentración de goma welan (de 0 a 

0,2 m/m%) sobre las propiedades reológicas, la distribución del tamaño de 

gota y la estabilidad física de las emulsiones aceite de tomillo/agua. Este 

trabajo demostró que es posible controlar la reología de las emulsiones 

con goma welan debido a que es un excelente modificador reológico. Sin 

embargo, esta goma no fue capaz de aumentar la estabilidad física de las 

emulsiones estudiadas. 

Los capítulos 5, 6 y 7 se centran en la evaluación de las emulsiones de 

aceite esencial de romero. El capítulo 5 investiga las variables de 

procesado (presión de 2500 a 15000 psi y número de ciclos de 

recirculación de 1 a 10) y de formulación (concentración de fase dispersa 

de 10 a 50 m/m%) de las emulsiones de aceite de romero formuladas con 

Appyclean 6548. La emulsión más estable se consiguió con un 20 m/m% 

de aceite de romero y un 4 m/m% de Appyclean 6548 procesado a 2500 
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psi (17,2 MPa) y 3 pasadas. Se obtuvieron nanoemulsiones estables que 

mostraban una gran estabilidad y con un diámetro medio volumétrico de 

149 nm. Estas condiciones de formulación y procesado se fijaron para los 

siguientes estudios. 

El objetivo del capítulo 6 es investigar la adición de goma welan (WG) y 

goma xantana “advanced performance” (APXG) (de 0 a 0,5 m/m%) en las 

condiciones óptimas de formulación y procesado de las emulsiones de 

aceite de romero y Appyclean 6548. Para ello, se llevaron a cabo 

mediciones de cizalla oscilatoria de pequeña amplitud (SAOS), pruebas de 

fluencia y curvas de flujo. Además, se utilizaron técnicas de difracción láser 

y de retrodispersión múltiple de luz para determinar la distribución del 

tamaño de gota y la estabilidad física de todas las emulsiones estudiadas. 

Se obtuvieron nanoemulsiones estables a una concentración de goma de 

0,4 m/m%. Sin embargo, se encontraron ligeras diferencias entre las 

nanoemulsiones formuladas con APXG y WG. 

El capítulo 7 presenta la influencia del tiempo de evaporación a vacío (de 

10 a 60 min) en las propiedades reológicas, la DTG, la microestructura y la 

estabilidad física de las emulsiones formuladas con aceite de romero y 

Appyclean 6548. Gracias a la evaporación a vacío es posible controlar las 

propiedades reológicas y obtener una estabilidad física a largo plazo y una 

mayor resistencia al cremado para las nanoemulsiones estudiadas. 

Finalmente, se presentan las principales conclusiones de esta tesis 

doctoral. 
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1. Introduction 

1.1. Essential oils  

In the last few decades, a growing social concern about environment is 

reflected in the strong demand for ecological ingredients. The 

development of sustainable products has risen because of the growing 

consumer interest in natural products. Scientifics are looking for new 

formulations, which fulfil environmental requirements and consumer 

needs. Essential oils (EOs) may satisfactorily contribute to this demand be 

a good choice due to the fact that they are considered natural 

components, environmentally friendly and easily degradable [1]. 

EOs are complex mixtures of volatile compounds derived from aromatics 

plants and secondary metabolites[2]. As defined by the International 

Organization for Standardization (ISO), the term essential oil is reserved 

for a “product obtained from vegetable raw material, either by distillation 

with water or steam, or from the epicarp of citrus fruits by a mechanical 

process, or by dry distillation” (ISO 9235, 1997); that is, by physical means 

only. The extraction methods of essential oils may be classified into two 

categories: classical and innovating methods. Hydro distillation, solvent 

extraction, and cold pressing are some examples of classical extraction 

techniques. However, these methods usually can undergo chemical 

alterations, which lead to loss quality of extracted EOs. New extraction 

techniques have demonstrated that reduce extraction times, energy 

consumption, solvent use, CO2 emissions and exhibit high efficiency [3,4]. 

Supercritical fluid extraction, ultrasound and microwave assisted 

extractions are innovating techniques for EOs isolation which show the 

abovementioned advantages over traditional ones [5–7]. 
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In general, EOs are volatile, immiscible in aqueous liquids and 

characterized by a strong odour. They contain bioactive compounds, 

mainly terpenoids, especially mono- and sesquiterpenoids and its 

derivatives in the form of aldehydes, alcohols, esters, phenolic ethers, and 

ketones [8,9]. Some of them also contain non-terpenoid products like 

phenylpropanoids, and, more rarely, nitrogen- and sulphur molecules [10]. 

Terpenoids are, by far, the most significant group of natural compounds 

as far as essential oils are concerned. Around 90% of bioactive essential 

oils are constituted of monoterpenes [11]. Some of the major compounds 

of EOs are monoterpene hydrocarbons (myrcene citronellene, p-cymene, 

limonene, 𝛼-pinene, and 𝛾-terpinene), monoterpene alcohols and 

aldehydes (geraniol, linalool, nerol and citral, cuminal), sesquiterpene 

hydrocarbons (β-caryophyllene, germacrene D, and humulene), 

sesquiterpene alcohols and acids (spathulenol, caryophyl, patchoulol and 

geranic acid, benzoic acid) sesquiterpenes lactones (costunolide), phenol 

compounds (eugenol, thymol, carvacrol, and catechol), esters (bornyl 

acetate, ethyl acetate), and coumarins (fumarin, benzofuran) [2,12–16]. 

Figure 1 shows the structure of some of the main components of EOs. 
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Figure 1. Chemical structures of the major compounds of EOs. 

Internal and external factors vary the chemical composition of EOs. Type 

of plant part, which EOs are extracted from, species types, plant origin, 

stage of maturity and state of the whole plant have been included as 

internal factors. For example, a recent study has demonstrated that 

oregano essential oil showed variation in the chemical composition and 

biological properties at different growth stages [17]. External conditions 

include environmental factors, cultivation conditions or and extraction 

methods [18–21]. It is known that genetic and environmental factors play 

an important role in the biosynthesis, accumulation and distribution of 

secondary metabolites [22]. Thus, differences in chemical composition is 

directly related to differences in the functional properties of essential oils.  

EOs may contain about 20-60 compounds at different concentrations. 

However, each essential oil is always characterized by two or three main 
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components (around the 20-70% of total mass) that determined the 

chemo type of the oil [11,23]. Thanks to their chemical composition, EOs 

exhibit functional properties like antioxidant, antimicrobial, antifungal, 

anti-inflammatory, anticancer, antiviral, sedative and analgesic properties 

[24–31]. In addition, many EOs are also used as flavouring and fragrance 

agents [32,33]. All these properties justify why EOs are widely used in the 

food and cosmetic industries, as well as in the pharmaceutical and medical 

fields, among others. 

Within the food industry, essential oils can be used as natural 

antimicrobial, antioxidant, antibacterial and antifungal agents [34,35]. 

These properties extend food shelf life, reducing or eliminating the 

presence of food borne microorganisms. In addition, new food packaging 

are being used to protect food from external factors that can provoke their 

degradation [36,37]. Some essential oils have been tested as natural food 

preservatives in several investigations. For example, thyme and oregano 

EOs can be applied to protect goat cheese against eight spoilage and 

pathogenic bacteria [38,39]; Clove and thyme EOs can be used in 

functional packaging in deboned chicken meat film since they possess 

antimicrobial activity against B. subtilis, S. aureus, and E. coli. oil and L. 

monocytogenes, respectively [40,41], 

Essential oils are widely used in cosmetic and personal care products. Skin 

care and maintenance, repairing, dentifrices and toothpastes, odour 

improvement, hair removal ,skin softeners, shower gels and body lotions, 

are some examples of products containing EOs [42]. As mentioned above, 

essential oils possess antioxidant and antimicrobial properties, which 

increase the shelf life of products. The antimicrobial activity protects them 

against a wide range of bacterial strain[43,44]. Thyme, oregano, 
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eucalyptus and mint plants have demonstrated antimicrobial activity 

against Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, 

Enterococcus faecalis, Aspergillus fumigatus and Candida albicans [45]. 

Moreover, mint and eucalyptus oils give cooling and refreshing sensations 

to the skin and mouth. On the other hand, the so-called cosmeceuticals 

are cosmetic products with pharmacological effects [46]. For instance, 

topical applications of chamomile, geranium and rosemary essential oils 

products have shown to be effective in the treatment of acne and eczema 

due to their antibacterial and anti-inflammatory properties [47]. Essential 

oils can be used as natural preservative ingredients because of their 

antimicrobial properties, replacing some synthetic chemicals in cosmetic 

products. They also play a relevant role in the perfume and cosmetic 

industries, mainly due to their well‐known fragrance compounds [48]. 

Furthermore, they are widely used in a more specialized area 

(aromatherapy) [49]. Aromatherapy EOs inhalation has demonstrated that 

relieve the perception of stress, anxiety and depression and also, that 

improves the sleep quality [50,51]. Lavender oil is one of the most used EO 

in massage or inhalation aromatherapy [31,52,53].  

Furthermore, EOs are used in many branches of medicine such as in 

pharmacy, balneology and massage [2]. In medicine, EOs are used against 

drug-resistant microbial pathogens, reducing the growth of bacteria or 

destroy the bacterial cells [16,54,55]. Additionally, several chemical 

ingredients of EOs have demonstrated to act on inflammatory and other 

processes associated with cardiovascular diseases [56]. In addition, recent 

research have shown the potential value of EOs as new sources of 

anticancer therapeutic strategies [29,30,57]. 
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In the field of agriculture, the importance of EOs as eco-friendly natural 

biocides and insect repellents are gaining more interest due to their 

antimicrobial and repellent activities against insects and other kinds of 

arthropods [58]. They are natural resources that can replace synthetic 

pesticides and herbicides.  

After an overview of essential oils, composition, extraction methods, 

properties and applications, the following parts have been focused on 

thyme and rosemary essential oils.  

1.1. Thyme and rosemary essential oils  

Thyme and rosemary EOs belong to the Lamiaceae family, which is 

characterised by a strong antioxidant power. Both are classified by the 

United States Food and Drug Administration (FDA) as generally recognized 

as safe (GRAS) [59].  

Thyme essential oil (TEO) is extracted by steam distillation from leaves of 

the plant Thymus vulgaris. Thyme EO is characterised by a high antioxidant 

activity due to their main compounds: thymol, carvacrol, ρ-cymene, γ-

terpinene, limonene, 1,8-cineole, and α-pinene [60]. TEO not only has 

shown important antioxidant activity but also antibacterial, antimicrobial, 

and antifungal. These properties make it suitable for use as natural food 

preservative in meat, cheese, milk or bakery products among others 

[38,60–62].  

Rosemary essential oil (REO) is steam distilled from flowers or leaves of 

Rosmarinus officinalis. As thyme, rosemary EO is characterized by a strong 

antioxidant activity. Among their main components are 1,8-cineole, α-

pinene, limonene and camphorer camphene, borneol, bornyl acetate and 

α-terpineo [63].  
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The European Food Safety Authority (EFSA) considered rosemary oil for its 

use as a natural food preservative (EFSA, 2008). It can be found in the EFSA 

list with the number EFSA-Q-2003-140 [64]. Thus, rosemary is the only 

spice commercially available for use as an antioxidant in the United States 

and Europe [65]. Numerous publications have shown the use of REO as 

food preservative agent because it prevents against oxidation and 

microbial contamination. In addition, recent studies have reported that 

REO extracts can be used in the treatment of different diseases, due to its 

hepatoprotective potential as well as therapeutic potential for Alzheimer’s 

disease and stress-related psychiatric disorders [66,67]. Components of 

REO such as carnosol and carnosic acid have demonstrated chemo 

preventive, antitumoral and antimetastatic activities. This is an important 

advance in the treatment of angiogenesis diseases [68].   

1.2. Drawbacks of essential oils  

Despite the abovementioned beneficial properties of EOs, they present 

several disadvantages that must be noted.  

Essential oils are formed by an array of many hydrophobic and highly 

volatile compounds, which are known to be susceptible to oxidation and 

polymerization processes. These degradation processes depend on 

external factors such as oxidation, light or temperature. In addition, the 

chemical composition and the presence of impurities may also cause 

destabilization of EOs [69].  

The autoxidation processes are accelerated by the ultraviolet (UV) light 

and visible (Vis) light, causing the hydrogen abstraction that results in the 

formation of alkyl radicals. REO is very sensitive to daylight that change 

the chemical composition while TEO compounds are not usually altered to 

the same extent [70].  

https://www.sciencedirect.com/topics/food-science/food-preservative
https://www.sciencedirect.com/science/article/pii/S0963996918305428?casa_token=CUxnhIxDeDkAAAAA:FlLYpY32Xn7GROlo5Du4rcSSwaNB5qVTtgqdthEP9aEj93kDFdGkMDBaKXIeWjVy6_5q2Fzm#bb0130
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Controlling the storage temperature is also essential to minimise the risk 

of destabilization. High temperature accelerates chemical reactions that 

lead to a changing chemical composition. REO has demonstrated higher 

physical stability at lower temperature and oxidation reactions could be 

hindered during storing time at refrigerator temperature [71]. 

The oxidation reactions are one of key causes for spoilage of EOs. Half-

filled containers showed more marked changes in composition and 

physicochemical properties of EOs than when only little or no headspace 

was present. 

Metal impurities such as copper or ferrous ions can promote autoxidation. 

These impurities can come from distillation in primitive stills or during 

storage in metallic containers.  

Furthermore, EOs have a strong odour and flavour. Many terpenes are 

bitter in taste and many, specially the terpenic hydrocarbons are poorly 

soluble in water and seem not to have strong contribution to the 

antifungal activity [72].  

Moreover, EOs are under regulatory limitations [73]. The FDA establishes 

that fragrances and flavours may be listed under the word “fragrance” or 

“flavour” (FDA, Code of Federal Regulations, Title 21)[74]. In 1992, the 

SCCNFP (Scientific Committee on Cosmetic Products and Non-food 

products) identified 26 fragrance allergens (SCCNFP/0017/98), 18 of which 

can be found as single compounds of EOs. These 26 ingredients are 

declared as potentially allergenic substances (PASs) by the EU Regulation 

on Cosmetic Products and they are listed into the Annex II and Annex III of 

regulation (EC) 1223/2009 of the European parliament and of the council 



23 
 

of 30 November 2009 on cosmetic products (Regulation EC 1223/2009) 

[75,76] 

In spite of the high volatility and the susceptibility against environmental 

effects, legal limitations and their high prices, EOs are getting more and 

more interest.  

1.3. Emulsions  

Due to the main drawbacks of EOs (highly volatility, hydrophobicity and 

very sensitive to external factors), they need further protective measures, 

not only to improve or preserve their properties for a longer time and to 

increase their uptake and bioavailability but also to mask the strong taste 

and the typical smell. For this purpose, oil-in-water (O/W) emulsions are 

one of the chosen formulations for EOs. Emulsions are colloidal 

thermodynamically unstable dispersions in which a liquid is dispersed in a 

continuous liquid phase in the form of droplet [77]. They are formed by 

two immiscible liquids (oil and water) and an emulsifier.  

1.4. Stabilizers  

Despite emulsions are thermodynamically unstable systems; the stability 

of emulsions can be enhanced by adding substances known as stabilizers: 

such as emulsifiers, texture modifiers or weighting agents. 

1.4.1. Surfactants  

Surfactants play an essential role to form emulsions. They enhance the 

formation of droplets during homogenization due to the ability to 

decrease the interfacial tension [78]. In addition, surfactants provide 

certain physical stability because of the viscoelastic and physicochemical 

properties of the interfacial film they form surrounding the droplet 
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interface. This avoids, hinders or delays flocculation and coalescence 

among droplets. 

The HLB (hydrophilic–lipophilic balance) value is the main property to 

characterize surfactants. This concept was introduced by Griffin as an 

empirical scale from 0 to 20 for non-ionic surfactants. Generally, 

emulsifiers with HLB values in the range of 3-8 form W/O emulsions 

whereas emulsifiers which are acceptable for O/W emulsions have HLB 

values of about 8-18 [79]. 

In a preliminary study of this Thesis, different families of surfactants were 

used such as ethoxylated sorbitan esters and sucroesters. However, a 

sucroester surfactant called Applyclean showed the best results to achieve 

the objectives for this Ph.D. project. For this purpose, Appyclean 

surfactant was used for the rest of studies. Appyclean is the trade name of 

alkyl polypentoside (APP) surfactants. They are non-ionic new surfactants 

derived from wheat straw that possess the ECOCERT label. The APPs are 

synthesized by Fisher-type glycosylation of fatty alcohols and pentoses 

(xylose and arabinose) derived from cereal products [80]. The reactivity of 

the transglycosylation reaction depends on the nature of pentose’s origin, 

being higher for wheat straw (Fig. 2). The use of dimethyl sulfoxide (DMSO) 

also improve the solubility and increase the yield of alkyl pentosides [81]. 

Alkyl polypentosides (APP) and alkyl polyglycosides (APG) are sugar-based 

surfactants derived from carbohydrate, which show several advantages in 

comparison with others surfactants such as pH neutrality, excellent 

stability, biocompatibility, biological degradability, low toxicity and are 

characteristically non-irritating [8]. Furthermore, these surfactants tend to 

present a low critical micellar concentration (CMC) [9]. However, APPs and 

APGs show different properties that can be observed in figure 3. In this 
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Thesis project, Appyclean 6548 (D- pentose, oligomeric C14/18 alkyl 

glycosides) was used as surfactant. It possesses an HLB value of 9.25. It is 

solid at room temperature since it contains C16-C18 hydrocarbons and 

does not dissolve in water, but in oil. It is 100% natural or from natural 

origin and 100% active matter. 

 

Figure 2. Example of xylofuranose glycosylation. (Martel et. al., 2010) 

[80] 
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Figure 3. Main property differences between APG from glucose and 

xylose (Martel et al., 2010)[80]. 

1.4.2. Texture modifiers 

Texture modifiers are substances that increase the viscosity (thickening 

agent) or gel (gelling agent) the aqueous phase. They may be used to 

provide desirable textural characteristics, or to stop gravitational 

separations. Biopolymers are the most used texture modifiers. They are 

incorporated to the aqueous phase in O/W emulsions. Thickening agents 

or gelling agents are usually an individual type of biopolymer or a mixture 

of different types of biopolymers. Sugars (e.g., sucrose, high fructose corn 

syrup (HFCS)), polyols (e.g., glycerol, sorbitol), polysaccharides (e.g., 

xanthan, pectin, carrageenan, alginate) and proteins (e.g., gelatin, whey 

protein isolate (WPI), serum protein isolate (SPI)) are some examples of 

the most commonly biopolymers used as thickening agents or gelling 

agents. In this Thesis project, different biopolymers have been used. 

Welan gum (WG), advanced performance xanthan gum (APXG), diutan 
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gum (DG) and rhamsan gum (RG). However, WG and APXG demonstrated 

the best results for the purpose of this research.  

WG is an anionic extracellular polysaccharide produced by the 

microorganism Sphingomonas sp., namely from Alcaligenes sp., ATCC 

31555. WG is mainly used for building materials and chemical industrial 

applications, although may be used in some countries as additive in food 

products, in which it can act as a thickening, suspending, binding, 

emulsifying, stabilizing and viscosifying agent [82]. On the other hand, XG 

is widely used as additive (European code: E415) for a great variety of food 

products and also for others markets, such as those of the cosmetic, 

pharmacy, agrochemistry or chemical industries. XG is a natural high 

molecular weight anionic polysaccharide produced by aerobic 

fermentation of sugars by the microorganism Xanthomonas campestris.  

Specifically, APXG is suitable for sauces, milk and cream products or 

beverages [83]. This APXG yields faster hydration, it is able to hydrate in 

higher levels of salts and acids and increase the viscosity of aqueous 

solutions in comparison with standard xanthan gum (private 

communication from the manufacturer). 
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Figure 4. a) Chemical structure of welan gum and b) xanthan gum (Xu et 

al.,)[84]. 

1.5. Emulsion formation. High-energy methods  

Emulsion formation requires energy to form droplets of the dispersed 

phase due to the fact that it is a non-spontaneous process. Mechanical 

energy is applied to the system to break up the oil droplets and to disperse 

them into the water phase. Different high-energy devices can be to 

prepare emulsions. Namely, colloid mills, rotor-stators, high-pressure 

homogenizers, ultrasonic homogenizers and membranes. Rotor stator 

devices such as Ultra-Turrax or Silverson provide enough energy to 

produce macroemulsions. On the other hand, the formation of submicron 

and nanoemulsions needs a greater amount of energy [77]. The most 

common emulsification devices to obtain fine droplets are high-pressure 

valve homogenizers (HPvH) and Microfluidizers. In this section, only is the 

microfluidization technique reviewed. 
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1.5.1. Microfluidization 

In Microfluidizers, the coarse emulsion feeds the inlet reservoir. Due to a 

pneumatic pressure, the gross emulsion is forced to flow through 

microchannels (see figure 5). These microchannels are the so-called 

interaction chambers. While in some interaction chambers two streams of 

the feeding emulsions are forced to impinge over each other at very high 

velocities producing intense forces, in others the feeding stream is forced 

to hit several times the microchannels walls. Interaction chambers play an 

important role due to the fact that they are microchannels designed with 

specifical both geometrical designs and minimum diameter values [85]. 

There are two different types of interaction chambers: Z-type and Y-type 

(figure 6). In this project, the F12Y and H30Z chambers, which have a 

minimum diameter of 75 µm and 200 µm, respectively, have been used 

[86]. They not only have different geometries and minimum diameters but 

also can reach different maximum shear rates. Namely, these chambers 

can reach up to 8x106 s−1 (F12Y) and 2x106 s−1 (H30Z), respectively[87] . 
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Figure 5. Scheme of the Microfluidizer 

 

Figure 6. Scheme of a) Y-type and b) Z-type interaction chambers. 
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Thus, nanoemulsions can be achieved by the combination of processing 

variables such as premixing, number of cycles, homogenization pressure 

and type of interaction chambers [88]. The inlet and outlet temperatures 

are also production variables to be considered. Microfluidization can also 

be used as an encapsulation technique. Encapsulation not only increases 

the antimicrobial potency of essential oils by controlled release and 

facilitating close interaction with the microorganisms but also enhances 

emulsion appearance and stability [89,90]. In addition, the use of this 

technique is very important to obtain fine droplets between 50 and 

500nm. It is known that droplet sizes under 500 nm lead to enhanced 

absorption and bioavailability of active ingredients [91]. The preparation 

of essential oil nanoemusions has been reported in several articles [92,93], 

although the use of biobased surfactants derived from wheat biomass or 

comprehensive studies on physical stability had not been considered 

before this Ph.D. Thesis 

Thus, the overall objective of this Ph. D. Thesis is to contribute to gain a 

deeper insight into the formulation and processing conditions for essential 

oil emulsions using a novel bio-based surfactant. Thyme and rosemary 

essential oil emulsions are added value products, which can be useful for 

replacing or decreasing synthetic antioxidants used in many fields. More 

extensive information is provided in each chapter of this thesis.  
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Objectives  

The aim of this Ph.D. Thesis is to master the formulation tools and the so-

called microfluidization technique to prepare submicron oil in water 

emulsions of rosemary and thyme essentials oils with enhanced physical 

stability, using a novel bio-based surfactant. 

In the first study, the objective was to select the best surfactant to be used 

in the following stages of this Ph.D. Thesis research project. For this 

purpose a sweep of emulsifiers, representing various HLBs, involving 

ethoxylated sorbitan esters (Tween 20, Tween 60 and Tween 80) and 

sucroesters (SP 70, Appyclean 6548 and Appyclean 6552), were tested in 

terms of droplet size, size distribution and physical stability. This study 

reached the following targets: 

1. The required HLB for the oil surfactant used as emulsifier. 

2. Emulsions of thyme essential oil showing a good physical stability 

could be prepared. 

The second work package dealt with the influence of temperature at which 

the mixture thyme oil/Appyclean 6548 (App.6548) had to be heated 

before emulsification and its effects on the properties and stability of final 

emulsions. The following goals were achieved: 

1. The physicochemical properties of thyme essential oil and 

Appyclean 6548 were analysed. 

2. The effect of the heating temperature of the mixture 

TEO/App.6548 was determined  

3. A relationship between the heating temperature of the 

TEO/App.6548 system and the properties of final emulsions. 
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4. The influence of energy applied during the primary emulsification 

on the properties of emulsion has been determined.  

The third work package investigated the influence of pressure and number 

of passes through the high-pressure Microfluidizer homogenizer of 

emulsions formulated with thyme essential oil and Appyclean 6548. The 

milestone achieved was 

1. To determine the optimum both pressure and number of passes 

through the Microfluidizer for thyme essential oil emulsions.  

To apply the knowledge acquired from the previous investigations to 

obtain stable concentrated emulsions of thyme oil and Applyclean 6548, 

the fourth work package  investigated the rheological properties, DSD and 

physical stability of thyme oil emulsions as a function of welan gum 

concentrations. The objective achieved was: 

1. To study of the role of biopolymer on the properties of emulsions.  

The fifth, sixth and seventh work packages focussed on the assessment of 

rosemary essential oil emulsions. The fifth work package investigated the 

processing conditions and formulation variables of rosemary oil emulsions 

formulated with Appyclean 6548. This study reached the targets described 

below: 

1. Determination of the optimum oil/surfactant mass ratio 

2. Pressure and number of passes through the Microfluidizer which 

yield the smallest droplet sizes and the best physical stability. 

The sixth work package investigated the addition of two different 

biopolymers at the optimum formulation and processing conditions of 
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rosemary oil and Appyclean 6548 emulsions. The objective of this study 

was: 

1. Comparison of xanthan and welan gums on the rheological 

properties, DSD and physical stability. 

The seventh work package combine the microfluidization technique and 

vacuum evaporation in order to enhance the rheological properties of 

rosemary oil emulsions. The objective of this work was: 

1. To stablish a relationship between the processing time under 

vacuum evaporation and the rheological properties and physical 

stability of rosemary emulsion. 
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Chapter 1 

Effect of emulsifier HLB and stabilizer addition on the 

physical stability of thyme essential oil emulsions 
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ABSTRACT 
The objective of this work was to formulate and to further improve the stability of emulsions based on 
thyme essential oil. Several nonionic surfactants of different nature and with different hydrophilic−lipophilic 
balance (HLB) values were investigated. The surfactant with optimal HLB found for the thyme essential oil 
was Appyclean 6548 (HLB: 9-9.5). Afterwards, stabilizing biopolymers were added in order to improve 
emulsion stability. Properties of emulsions were evaluated in terms of droplet size and physical stability. 
Thyme essential oil/W emulsions formulated with a new biodegradable emulsifier (alkyl polypentoside) and 
welan gum as stabilizer were obtained with high shelf-life.   
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Introduction 

Essential oils are natural hydrophobic compounds which 
contain a complex mixture of non-volatile and volatile 
compounds.[1] They are used in a wide variety of applications 
as functional ingredients in the food, pharmaceutical, 
agrochemical, sanitary and cosmetics industries[2,3] thanks to 
the fact that, apart from giving aroma, they also act as 
antibacterial, antifungical, antiviral and antioxidant 
agents,[2,4–7] and are classified by the United States Food 
and Drug Administration as generally recognized as safe 
(GRAS).[8] Nevertheless, several factors limit the incorporation 
of essential oil. These include a high hydrophobicity[1] and 
high volatility.[9] For many applications, oil-in-water (O/W) 
emulsions can be used to enhance solubilization and reduce 
the evaporation problem.[1] 

In this work, emulsions containing thyme essential oil as oil 
phase were prepared. It is known that the main component in 
Thymus Vulgaris essential oil is thymol[10] (Nguefack et al., 
2012), among other lipophilic terpenoids, phenylpropanoids 
and short-chain aliphatic hydrocarbon derivates.[11] Thyme 
essential oil has been shown to have inhibitory activities 
against various bacteria and yeasts.[12] 

Emulsions are thermodynamically unstable colloidal 
dispersions in which a liquid is dispersed in a continuous 
liquid phase in the form of droplets. Smaller droplet size 
and narrow distributions confer advantages on emulsions, 
such as high physical stability or consistency. However, it is 
difficult to produce stable emulsions of thyme essential oil 
since these emulsions undergo one or several destabilization 
mechanisms, such as flocculation, coalescence, Ostwald 
ripening or gravitational separation. It should be noted that 
the use of emulsifiers whose hydrophilic lipophilic balance 
(HLB) value is close to the required HLB for oil can enable 
the formulation of stable emulsions. For this purpose, 
different surfactants, representing various HLBs, composed 
of ethoxylated sorbitan esters (Tween 20, Tween 60 and Tween 
80) and sucroesters (SP 70, Appyclean 6548 and Appyclean 
6552), were tested. The main novelty of this study was to 
use new surfactants derived from renewable raw materials 
such as wheat biomass (Appyclean series). This is a contri-
bution to development of natural surfactants and to a rational 
and sustainable solution to agricultural wastes, like wheat 
straw. To the authors knowledge there are not available 
scientific articles dealing with this type of wheat-biomass 

CONTACT M. Carmen Alfaro alfaro@us.es Departamento de Ingeniería Química, Facultad de Química, Universidad de Sevilla, C/Profesor Garcia González, n° 1, 
41012 Sevilla, España, Spain. 
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/ldis.  
© 2018 Taylor & Francis 
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Chapter 2 

Effect of heating temperature of a novel wheat-derived 

surfactant on a mixture of thyme essential oil/surfactant and 

on the final emulsions 
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A B S T R A C T

Emulsions formulated with natural compounds are increasingly interesting in fields such as food, cosmetics or
pharmaceutics. Surfactants play a significant role in the stability of emulsions. In this work, the influence of the
temperature at which a mixture of thyme essential oil and surfactant is heated, on its physical stability and on
properties and physical stability of emulsions formulated with this mixture as the dispersed phase, were in-
vestigated. A new bio-surfactant derived from wheat straw was employed as an emulsifier. It is an alkyl poly
pentoside which is poorly soluble in water and solid at room temperature, thus, it is necessary to melt it prior to
being used with the oil. As a previous step, both a physical characterization of thyme essential oil used in this
work and a thermal study of surfactant were carried out. DSC technique applied to the surfactant showed that
this was completely melted at 50 °C. From this information, several temperatures of heating (from 55 °C to 75 °C)
for an oil and surfactant mixture in a ratio of 10:1, were applied in order to know the effect on the physical
stability of the dispersion. Multiple light scattering technique was used for this purpose. It was found that slightly
lower stability for the dispersion heated was at 55 °C and an optimum value at about 70 °C. For this reason, two
thyme essential oil/water emulsions were prepared. One of them, from a dispersed phase previously heated at
55 °C and another one, from a dispersed phase previously heated at a higher temperature (70 °C). Then, their
influence on the droplet size distribution, flow behaviour and physical stability was studied. No significant
differences were observed between properties of both emulsions exhibiting similar values of mean droplet sizes,
viscosity and stability.
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Chapter 3 

Processing variables with high pressure homogenizer as 

Microfluidizer® influencing on droplet size distribution and 

physical stability of thyme essential oil/W emulsions 
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Variables de procesado en 
homogeneizador de alta presión, 

Microfluidizer®, que influyen en la distribución 
de tamaños de gota y estabilidad física de 
emulsiones aceite esencial de tomillo/agua
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Processing variables with high pressure homogenizer as Microfluidizer® influencing on droplet 
size distribution and physical stability of thyme essential oil/W emulsions

RECEIVED: 6 JANUARY 2018; REVISED: 15 MARCH 2018; ACCEPTED: 5 APRIL 2018

SUMMARY

The aim of this work consisted of to investigate the 
influence of the pressure applied with high pressure 
homogenizer with Microfluidizer® technology (2500, 
5000, 7500, 10000, 12500 y 15000 psi) on the droplet 
size distribution and physical stability of O/W emul-
sions formulated with thyme essential oil and an al-
kyl poly pentoside as an emulsifier. In addition, the 
number of passes (1 or 2 cycles) through the homog-
enizer is also studied. In order to study the quality 
of emulsions, techniques such as laser diffraction and 
multiple light scattering have been used together. It 
has been shown that, in general, for thyme essential 
oil emulsions stored at 4ºC, the lower the pressure ap-
plied and the number of passes through the homog-
enizer the better the physical stability being the main 
mechanisms of destabilization the creaming and the 
so-called oiling off. This work contributes to the de-
velopment of ecological emulsions with the added val-
ue of that they have antimicrobial properties which is 
very interesting in industries such as food, cosmetics 
or agrochemical.

Keywords: Laser diffraction, Multiple light scatter-
ing, Green solvent, Emulsion, Surfactant.

RESUMEN

El objetivo de este trabajo ha consistido en investigar 
cómo influye la presión aplicada en homogeneizador 
de alta presión con tecnología Microfluidizer® (2500, 

5000, 7500, 10000, 12500 y 15000 psi) sobre la dis-
tribución de tamaños de gota y estabilidad física de 
una emulsión O/W formulada con aceite esencial de 
tomillo y un alquilpolipentósido como emulsionante.  
Adicionalmente se estudia la influencia del número 
de pasadas (1 y 2) a través del homogeneizador. Para 
estudiar la calidad de las emulsiones se han utilizado 
conjuntamente técnicas como la difracción láser y el 
multiple light scattering.  Se ha demostrado que, en 
general, para las emulsiones de aceite esencial de to-
millo almacenadas en frío, a una temperatura de 4ºC, 
cuanto menor es la presión aplicada y el número de 
pasadas a través del homogeneizador mejor es la es-
tabilidad física de las mismas siendo los principales 
mecanismos de desestabilización el cremado y el co-
nocido como oiling off. Este trabajo contribuye al de-
sarrollo de emulsiones ecológicas que tienen además 
el valor añadido de poseer propiedades antimicrobia-
nas, propiedades de gran interés en industrias como la 
alimentaria, la cosmética o la agroquímica. 

Palabras clave: Difracción láser, Retrodispersión 
múltiple de luz, Disolvente verde, Emulsión, Tensio-
activo. 
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1. INTRODUCTION

El desarrollo sostenible aplicado a la industria quí-
mica justifica hoy día el uso de disolventes verdes y 
tensioactivos ecológicos en el desarrollo de nuevas 
formulaciones. 

Los aceites esenciales son compuestos aromáticos 
derivados de productos naturales que poseen activi-
dad biológica de amplio espectro1. Precisamente gra-
cias a sus propiedades antioxidantes, antifúngicas y 
antivirales, tienen numerosas aplicaciones como in-
gredientes funcionales en alimentación, cosmética, 
farmacia o medicina2-4. Por ejemplo, se ha demostra-
do que el aceite esencial de tomillo es capaz de inhi-
bir algunos tipos de bacterias y levaduras5. Estas pro-
piedades se atribuyen a sus componentes fenólicos y 
la interacción que ejercen con las membranas de las 
células de los microorganismos. El aceite esencial de 
tomillo, como todos los aceites esenciales, es hidrófo-
bo por lo que para mejorar su dispersabilidad se in-
troduce en forma de emulsión. Ahora bien, para que 
una emulsión pueda formarse es necesaria la incor-
poración de agentes emulsionantes. En este trabajo se 
ha utilizado un alquil polipentósido obtenido a partir 
de una materia prima renovable (trigo) y con escasa o 
nula toxicidad, por lo que puede ser considerado un 
tensioactivo ecológico. 

Numerosos son los factores que determinan las pro-
piedades finales y estabilidad física de la emulsión. 
Entre ellos se encuentra el procesado. Este puede lle-
varse a cabo con equipos rotor-estator, membranas u 
homogeneizadores de alta presión (de válvulas o con 
tecnología Microfluidizer®).  

El objetivo de este trabajo ha sido evaluar la influen-
cia de la presión y del número de pasadas a través de 
un homogeneizador de alta presión con tecnología 
Microfluidizer® sobre la distribución de tamaños de 
gota, diámetros medios y estabilidad física de emul-
siones O/W formuladas con aceite esencial de tomillo 
como fase dispersa y un tensioactivo ecológico deri-
vado de trigo como emulsionante. Para conseguir este 
objetivo se han combinado técnicas como la difrac-
ción láser y multiple light scattering. 

2. MATERIALES Y MÉTODOS

2.1 Materiales
La fase dispersa de las emulsiones constituida por el 

aceite esencial de tomillo (Thymus Vulgaris) (938g/L 
a 25ºC) fue suministrada por Bordas Chinchurreta 
S.A. Como emulsionante se ha utilizado un alcohol 
C14/C18-poliglucósido (HLB de 9-9,5) proporciona-
do por Wheatoleo y conocido comercialmente como 
Appyclean 6548. Como fase continua se ha utilizado 
agua ultrapura de calidad Milli-Q®.

2.2 Métodos
2.2.1. Preparación de las emulsiones

Emulsiones concentradas con un 40% en peso de 
aceite de tomillo y 4% en peso de tensioactivo, han 
sido preparadas en un homogeneizador de alta pre-

sión con tecnología Microfluidizer® (Microfluidizer® 
M110P) que utiliza una cámara de cizalla en forma de 
Y, modelo F12Y. Este homogeneizador es alimentado 
con emulsiones groseras o pre-emulsiones obtenidas 
haciendo uso de un equipo rotor estator Silverson 
L5M con una malla de homogeneización. Destacar 
que el tensioactivo Appyclean 6548 es soluble en la 
fase oleosa y se presenta en forma sólida por lo que, 
antes de ser usado se calienta en estufa junto con el 
disolvente a una temperatura de 60ºC durante 1 hora. 
A continuación se procede a preparar la pre-emulsión 
siguiendo dos etapas. Una primera etapa en semicon-
tinuo, en la que la fase dispersa es añadida lentamente 
a la fase continua mientras se agita a 2000 rpm duran-
te 180s. Una segunda etapa en discontinuo en la que 
se agita la mezcla a la misma velocidad hasta alcanzar 
los 210 s. Una vez preparada la emulsión grosera, se 
alimenta el homogeneizador M110P y se procesa utili-
zando como variables la presión: 2500 psi (17,2 MPa), 
5000 psi (34,5 MPa), 7500 psi (51,7  MPa), 10000 psi 
(68,9 MPa), 12500 psi (82,7 MPa) y 15000 psi (103,5  
MPa) y el número de pasadas (1 y 2 pasadas). Durante 
la preparación se utilizó un baño termostático para 
mantener la temperatura constante a 20°C. Posterior-
mente se almacenaron en frío a 4ºC. Se prepararon 
dos lotes de cada una de las muestras.
2.2.2. Distribución de tamaños de gota

La distribución de tamaños de gota se determinó 
mediante difracción láser con un equipo Mastersizer 
X (Malvern). Las medidas se realizaron por duplicado 
a lo largo del tiempo de envejecimiento presentándose 
los resultados como la media de los mismos. A partir 
de la distribución de tamaños de gota (DTG) se han 
obtenido los diámetros medios (diámetro medio de 
Sauter, D

3,2
 y diámetro medio volumétrico, D

4,3
) así 

como el parámetro span el cual ha sido utilizado para 
evaluar la polidispersidad de los tamaños de gota. Es-
tos parámetros se calculan mediante las ecuaciones 
que a continuación se indican:

                                                                                            
                                                 (1)

                                              (2)

donde d
i
 es el diámetro de la gota, N es el número 

total de gotas y n
i
 es el número de gotas que tienen el 

diámetro d
i
.

  span = D(v, 0.9) - D(v, 0.1)
D(v, 0.5)

                        (3)

donde D(v,0.9), D(v,0.5) y D(v,0.1) son los diámetros 
acumulativos al 90%, 50% y 10% respectivamente. 
2.2.3. Estabilidad física

La estabilidad física de las muestras se ha monitori-
zado mediante el equipo Turbiscan Lab Expert (For-
mulaction) el cual utiliza la técnica de retrodispersión 
múltiple de luz (multiple light scattering). Los resul-
tados se presentan como porcentaje de variación de 
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luz retrodispersada o modo referencia ( BS%), de tal 
forma que a cada barrido se le sustrae el resultado del 
primero. De esta forma se aprecian mejor los cambios 
que tienen lugar en los perfiles de luz retrodispersada. 
Para su análisis se ha utilizado el Índice de estabilidad 
de Turbiscan, aplicado a toda la altura de la muestra, 
de tal forma que tiene en cuenta todos los procesos 
de desestabilización que tienen lugar en ella6. Cuanto 
más elevado es su valor, menos estable es la muestra. 
Se obtiene mediante la ecuación:

 
( ) ( )ref j i j

j
TSI scan h scan h                      (4)

3. RESULTADOS Y DISCUSIÓN

En la figura 1 se muestra, a modo de ejemplo, la dis-
tribución de tamaños de gota de la emulsión prepa-
rada a 10000 psi en función del número de pasadas a 
través del homogeneizador M110P, para un tiempo de 
envejecimiento de 24 h. Como puede observarse, las 
distribuciones son bimodales caracterizándose por 
presentar un primer máximo de población de gotas 
por debajo de 1 micra y un segundo pico a valores 
de aproximadamente 2 ó 3 μm. La existencia de esta 
segunda población de gotas está causada por un fe-
nómeno de re-coalescencia, inducido por un exceso 
de energía mecánica durante el proceso de emulsifi-
cación7,8. En general, se encuentra que, a este tiempo 
de envejecimiento, al aumentar el número de pasadas 
la distribución se desplaza hacia tamaños menores de 
gota pero, al mismo tiempo, se produce un aumento 
del número de gotas de mayor tamaño, es decir, au-
menta la recoalescencia de gotas. 

Figura 1. Distribución de tamaños de gota de la emulsión 

aceite esencial de tomillo/W procesada en homogeneiza-

dor de alta presión M110P a 10000 psi como una función 

del número de pasadas. Tiempo de envejecimiento: 24 h

El efecto de la presión sobre la distribución de ta-
maños de gota a las 24 horas de envejecimiento se 
ilustra en la figura 2, donde a modo de ejemplo se re-
presentan las distribuciones para 1 pasada a través del 
M110P. La presión influye de forma similar al número 
de pasadas, es decir, las distribuciones de tamaños de 
gota se desplazan  ligeramente hacia la izquierda y al 
mismo tiempo el segundo máximo de población de 
gotas se incrementa. 

Figura 2. Distribución de tamaños de gota de emulsiones 

aceite esencial de tomillo/W procesadas en homogeneiza-

dor de alta presión M110P, 1 pasada, como una función 

de la presión aplicada. Tiempo de envejecimiento: 24 h

El tiempo de envejecimiento desplaza la distribución 
hacia mayores tamaños y provoca un aumento de la 
población de gotas correspondiente a tamaños del or-
den de 2-3 micras. Este comportamiento se ilustra en 
la figura 3 donde, a modo de ejemplo, se representa 
la DTG para emulsiones aceite esencial de tomillo/W 
procesadas en M110P, 1 pasada a 5000 psi.

Figura 3. Distribución de tamaños de gota de la emulsión 

aceite esencial de tomillo/W procesada en homogeneiza-

dor de alta presión M110P, 1 pasada a 5000 psi como una 

función del tiempo de envejecimiento. 

Los diámetros medios de Sauter y volumétricos así 
como el span en función de la presión ejercida en 
M110P y del número de pasadas están recogidos en 
la tabla 1. En primer lugar, destacar los bajos valores 
que presentan los diámetros medios; todas las emul-
siones estudiadas presentan valores muy por debajo 
de la micra. Se puede hablar, pues, de emulsiones sub-
micrónicas. Un análisis de dicha tabla revela que: a)  
en general D3,2 no varía significativamente ni con el 
número de pasadas ni con el tiempo de envejecimien-
to aunque sí se observa que a altas presiones o mayor 
número de ciclos tiende a ser menor y b) a diferencia 
de lo que le ocurre al diámetro medio de Sauter, el diá-
metro medio volumétrico, más sensible a la agregación 
de gotas, sí muestras variaciones significativas tanto 
con el tiempo de envejecimiento como con el núme-
ro de pasadas. Respecto a la presión, D4,3 alcanza un 
valor máximo a 12500 psi. Con respecto al número de 
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pasadas, D4,3 se mantiene prácticamente invariable a 
presiones bajas, mientras que a partir de 10000 psi las 
diferencias de este parámetro entre una y dos pasa-
das son más significativas. El parámetro span, el cual 
determina la polidispersidad de la emulsión, también 
muestra, en general, un aumento de su valor tanto con 
el número de pasadas como con el tiempo de envejeci-
miento. Está claro que al aumentar la energía aplicada 
(mayor presión o mayor número de pasadas) el efecto 
de la recoalescencia de gotas se incrementa. 

Tabla 1. Diámetro medio de Sauter, diámetro medio 

volumétrico y span en función de la presión, número de 

ciclos y tiempo de envejecimiento de emulsiones aceite 

esencial de tomillo/W procesadas en homogeneizador de 

alta presión M110P

En la figura 4 se muestran los perfiles de luz retro-
dispersada frente a la altura de la célula de medida que 
contiene la muestra como una función del tiempo de 
envejecimiento para emulsiones procesadas a 5000 psi 
y 15000 psi a 1 pasada (figuras 4a y 4b, respectivamente) 
y procesada a 5000 psi 2 pasadas (figura 4c). En la figura 
4a se observa un descenso del %delta-backscattering en 
la zona baja y alta del vial mientras que en la zona cen-
tral del mismo los perfiles permanecen prácticamente 
constantes. De acuerdo con la teoría de multiple light 
scattering este comportamiento se asocia a un proceso 
de cremado de gotas como consecuencia de la diferen-
cia de densidades entre las fases continua y dispersa. 
Además, las gotas al migrar hacia la parte superior de 
la célula de medida, chocan unas con otras, se fusionan 
y, finalmente provoca coalescencia de gotas en la fase 
cremada de ahí el descenso observado en la parte supe-

rior del vial. Este último proceso se conoce como oiling 
off. Si comparamos los resultados con los mostrados 
por la emulsión sometida a mayor presión (figura 4b), se 
encuentra que el proceso de desestabilización por cre-
mado ha disminuido considerablemente mientras que 
el proceso de oiling off aumenta. Lo mismo ocurre con 
la emulsión sometida a dos pasadas, figura 4c, donde 
se observa una menor disminución del %delta-backs-
cattering en la zona baja de la célula de medida y una 
mayor disminución de éste en la zona alta de la célula 
de medida.  Este resultado puede atribuirse al hecho de 
que a altas presiones o al aumentar el número de pasa-
das, como se ha comentado anteriormente, el tamaño 
medio de Sauter, aunque no de forma significativa, es 
ligeramente menor. Se sabe que cuando el tamaño es 
pequeño el proceso de cremado está más desfavoreci-
do9-10. No obstante, sigue existiendo un ligero proceso 
de desestabilización por cremado. A este hecho se suma 
que bajo estas condiciones, más energía, el segundo pico 
de las distribuciones de tamaños de gota aumenta de-
bido a un exceso de energía mecánica (recoalescencia) 
lo cual implica la existencia de gotas de mayor tamaño 
que, una vez en la fase cremada se fusionan provocando 
una mayor desestabilización por coalescencia. 

Con el objetivo de cuantificar la cinética de desesta-
bilización por expulsión de aceite, se determinó el % 
oiling off (Oiloff) en función del tiempo de envejeciendo 
haciendo uso de la siguiente ecuación:

                          (5)

donde  es la altura del aceite libre y  es la altura total 
de la emulsión. 
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Figura 4. Delta-backscattering frente a la altura de la 

célula de medida que contiene a la muestra como una 

función del tiempo de envejecimiento de la emulsión aceite 

esencial de tomillo/W procesada en a) homogeneizador de 

alta presión M110P, 1 pasada a 5000 psi, b) homogeneiza-

dor de alta presión M110P, 1 pasada a 15000 psi y c) homo-

geneizador de alta presión M110P, 2 pasadas a 5000 psi.

En la figura 5 se representa el proceso de desestabili-
zación que ocurre en la zona alta de la célula de medi-
da, es decir, la expulsión de aceite debido a un proceso 
localizado de coalescencia11. Hay una primera etapa 
de retraso en la expulsión de aceite que da paso a la 
misma y a la separación visual de fases. Independien-
temente del número de pasadas se ha de destacar que 
la emulsión que más tarde comienza a expulsar aceite 
es la procesada a 5000 psi. Del resto de emulsiones 
destacar que aquella procesada a 10000 psi es la que 
expulsa aceite a una velocidad menor. 

Figura 5. Porcentaje de expulsión de aceite frente al 

tiempo de envejecimiento en función de la presión 

aplicada a emulsiones aceite esencial de tomillo/W 

procesadas en homogeneizador de alta presión M110P a) 

1 pasada y b) 2 pasadas. 

Figura 6. TSI global frente a la presión aplicada en 

homogeneizador de alta presión M110P a los 7 días de 

envejecimiento de emulsiones aceite esencial de tomillo/W 

como una función del número de pasadas.

Un análisis del parámetro TSI global a los 7 días de 
envejecimiento (figura 6) nos permite analizar la es-
tabilidad de las diferentes emulsiones investigadas 
considerando todos los procesos de desestabilización 
que en ellas tienen lugar. Cuanto más elevado es el 
valor de este parámetro más inestable es la emulsión. 
De acuerdo con este criterio, se puede afirmar que, 
independientemente del número de pasadas, la emul-
sión menos estable es aquella procesada a 12500 psi. 
Este resultado es coherente con los obtenidos por di-
fracción láser donde, debe recordarse, que eran estas 
emulsiones las que presentaban un diámetro medio 
volumétrico más elevado. Respecto al número de pa-
sadas, en general 1 pasada produce emulsiones más 
estables que si el número de veces que la emulsión 
pasa a través del homogeneizador M110P se dupli-
ca. Analizando simultáneamente ambas variables se 
puede concluir que la emulsión más estable es aquella 
procesada a 5000 psi y 1 pasada. 

CONCLUSIONES

En este estudio se han podido obtener emulsiones 
concentradas de aceite esencial de tomillo y agua em-
pleando un homogeneizador de alta presión con tec-
nología Microfluidizer®. Estas emulsiones satisfacen la 
necesidad actual de desarrollar productos sostenibles 
ya que están formuladas con productos verdes. Todas 
las emulsiones procesadas se desestabilizan por cre-
mado y oiling off si bien al aumentar la energía aplicada 
durante su procesado la desestabilización por cremado 
disminuye mientras que la coalescencia en la fase cre-
mada aumenta. La consideración de todos los procesos 
de desestabilización permite concluir que la emulsión 
aceite esencial de tomillo/W con mayor estabilidad fí-
sica es la procesada a 5000 psi y 1 sola pasada. 
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The objective of this work is to obtain a stable and natural antimicrobial delivery system. Thus, the effect of the
addition of a natural polysaccharide such as welan gum on the linear viscoelastic properties, flow behaviour,
droplet size distribution and physical stability of thyme oil/W emulsions formulated with a wheat-derived sur-
factant was studied. All emulsions obtained show submicron diameters regardless of the concentration of
welan. Emulsion without gum shows Newtonian behaviour under steady shear. Meanwhile, emulsions contain-
ing welan gum show aweak gel-like behaviour with higher G′ and G″ values on increasing the content of gum in
the emulsion. Theirflowcurves illustrate a shear thinning behaviourwithmuch greater viscosity than that exhib-
ited by emulsions without gum. This behaviour fits well to the Cross model. The main destabilization process of
thyme oil/W emulsion without gum is creaming versus flocculation and coalescence in emulsions containing
welan. Rheology, diffraction laser andmultiple light scattering techniques have proved that welan gum is an im-
portant rheological modifier for thyme oil/W ecological emulsions, it being possible to control the rheological
properties of these emulsions by adjusting the concentration of gum. However, welan gum does not improve
the physical stability of these emulsions.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Nowadays, many industries are looking for new ecofriendly and sus-
tainable products, which can be used in different applications. Ecologi-
cal emulsions are one of these products. Finding the right formulation
which fulfils environmental and non-toxicity requirements is essential
for researchers within both the research and industrial fields.

As far as formulations are concerned, one of the most important in-
gredients in emulsions is the surfactant. Surfactants are amphiphilic
molecules formed by a polar head and a lipophilic tail which can be
grouped by the charge of their polar head groups: cationic, anionic, am-
photeric (zwitterionic) or non-ionic. In addition, surfactants can also be
classified by their hydrophilic lipophilic balance (HLB) value. The range
of HLB values is from 0 to 20. HLB b9 refers to lipophilic surfactants and
HLB N11 to hydrophilic. Therefore, generally for emulsions of type O/W
the emulsifiers have anHLB between8 and 18 and forW/O emulsions of
3–8 [1]. It should be noted that the use of emulsifiers whose hydrophilic
lipophilic balance (HLB) value is close to the required HLB for oil could
enable the formulation of stable emulsions. In this work, a non-ionic
surfactant, specifically the alkyl poly pentoside commercially known

as Appyclean 6548 (D-xylofuranose, oligomeric tetradecyl and
octodecyl glycoside, C14, C18 alcohol) is used. This surfactant possesses
an HLB value of 9.25 which has been shown to be the optimum HLB
value necessary to obtain stable thyme essential oil emulsions [2].
Appyclean 6548 is a newly-developed surfactant derived from renew-
able rawmaterials such aswheat biomass. The alkyl poly pentoside sur-
factants aremade of pentosides derived fromhemicellulose [3],which is
not digestible by human intestinal digestive enzymes. However, this
kind of food fiber could be utilized by members of the intestinal micro-
bial microbiota like a prebiotic product [4]. In addition, this surfactant
fulfils the requirements to be used in ecolabel formulations.

In thiswork, thyme essential oil is used as oil phase. This essential oil
is classified as a GRAS product by the United States Food and Drug Ad-
ministration [5]. Thyme Vulgaris, has very high antioxidant activity
due to its main components: thymol, carvacrol, γ-terpinene, myrcene,
linalool, p- cymene, limonene, 1,8-cineole, and α-pinene. Among
other essential oils, thyme oil has relatively strong antimicrobial activity
which it makes it suitable for use in the food field [6,7], Thyme oil is
found to be effective against Salmonella typhimurium L. monocytogenes,
A. hydrophila and autochthonous flora spoilage in meat products [8].
Nevertheless, thyme essential oil emulsions might undergo one or sev-
eral destabilization mechanisms, such as flocculation, coalescence, Ost-
wald ripening or creaming. The incorporation of biopolymers into the
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A B S T R A C T

In the present work aqueous-based emulsions formulated with bio-based solvents and surfactants were studied.
The droplet size distribution, rheology and physical stability of rosemary essential oil/water emulsions for-
mulated with an emulsifier derived from wheat waste (alkyl polypentoside) were investigated as a function of
the dispersed phase concentration (10–50wt%) by means of laser diffraction, multiple light scattering and
rheology measurements. Subsequently, processing variables, such as the pressure and the number of micro-
fluidization passes, were studied to the best formulation (20 wt% rosemary oil). The laser diffraction technique
revealed that monodispersed submicron emulsions were obtained for oil phase concentrations below 20wt%. All
emulsions showed Newtonian behavior, except for the emulsion containing 50wt% oil, which exhibited shear-
thinning properties. Moreover, the main destabilization mechanism of all the emulsions was creaming. The
combination of techniques used demonstrated that the emulsion containing 20 wt% rosemary essential oil (REO)
and prepared by microfluidization at 2500 psi (17.2 MPa) exhibited the longest physical stability and the
smallest droplet size after 3passes. This research is a contribution to sustainable development not only by using
chemicals derived from renewable raw materials but also by achieving stable emulsions with a low surfactant/oil
mass ratio.

1. Introduction

In recent years, the utilization of renewable resources/raw materials
is gaining increased significance. The development of sustainable pro-
ducts has increased due to the strong demand for ecological ingredients
as a result of social concern about the environmental impact of in-
dustrial products in many fields [1]. Essential oils (EOs) are very in-
teresting products derived from natural plants which contain complex
mixtures of non-volatile and volatile compounds [2]. Among other
qualities they exhibit various biochemical characteristics such as anti-
bacterial, antifungal, antiviral and antioxidant properties [3–7]. Thanks
to their biochemical compounds,essential oils are widely used in many
fields, such as the food, pharmaceutical and cosmetics industries [6].
Rosemary essential oil (Rosmarinus officinalis L.) belongs to the Lamia-
ceae family and it mainly contains monoterpenes and monoterpene
derivates, the major chemical constituents being α- pinene, 1,8-cineole,
camphor, myrcene, camphene, borneol and verbenone [8–11]. Due to
this composition, rosemary essential oil (REO) has been reported to
exhibit antioxidant [10], antimicrobial [12], aromatherapeutical [13]
and anticancerproperties [4,14]. REO is sensitive to light, temperature

and oxidative reactions. These processes may result in a loss of quality
and pharmacological properties [15]. Due to its high volatility [16] and
its sensitivity to environmental effects [11], REO needs further pro-
tective measures to enhance or preserve its properties for a longer time.

Emulsification is one of the most efficient techniques for the pre-
servation of essential oils. An emulsion is a thermodynamically unstable
dispersion of two immiscible liquids of different polarity and of dif-
ferent hydrophobicity and hydrophilicity. One of the liquids forms
small droplets, which are dispersed in the continuous phase formed by
the other liquid. The liquid that forms the droplets is known as the
dispersed phase (internal phase) and the liquid containing these dro-
plets is the continuous phase (external phase) [17]. Emulsions not only
help to preserve the essential oil properties, but also help to mask the
strong taste and smell typical of these oils. Oil in water (O/W) emul-
sions can be used to prevent the evaporation of the volatile components
and enhance their solubility, reducing the hydrophobic problem [2]. An
emulsion must also contain an emulsifier. Bio-based surfactants have
attracted increasing attention within the research and industrial sector
due to their performance, cost and environmentally friendly char-
acteristics. Alkyl poly pentosides (APPs) are non-ionic and renewable

https://doi.org/10.1016/j.colsurfb.2018.10.024
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Characterization of novel nanoemulsions,
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Abstract

BACKGROUND: Nowadays, it is of great interest to develop stable and sustainable formulations that act as nanocarriers of
active ingredients. In this work, the droplet size distribution, rheology and physical stability of nanoemulsions with improved
properties containing rosemary essential oil and biopolymers as a function of the concentration of these polysaccharides were
investigated.

RESULTS: Mean diameters below 150 nm were achieved, indicating nanostructures were obtained. Regardless of gum type, a
gel-like structure and a shear thinning behaviour was achieved. In addition, an increase of G0, G00 and viscosity and a decrease
of J0, J1, J2, ⊗1 and ⊗2 with increasing gum concentration were observed, due to the formation of a three-dimensional network in
the aqueous phase. Slight differences between nanoemulsions containing welan or xanthan were found. Creaming, depletion
flocculation and gel aggregation were the main destabilization processes at low, intermediate and high gum concentration,
respectively. A 0.4 wt% gum nanoemulsion exhibited the best physical stability.

CONCLUSION: These stable and sustainable nanoemulsions with improved rheological properties contribute to the develop-
ment of biodegradable and non-toxic food or agrochemical products.
© 2020 Society of Chemical Industry

Keywords: nanoemulsion; rosemary essential oil; biopolymer; rheology; physical stability

INTRODUCTION
In recent years, numerous studies about nanoemulsions have
been developed due to the interest of these formulations as deliv-
ery systems for lipophilic active compounds. However, nanoemul-
sions are Newtonian and lack the desired rheological properties
for some applications. Thus, for example in the case of an
emulsion-based agrochemical or food product, this product
should possess a non-Newtonian behaviour with high viscosity
at rest in order to prevent its destabilization during lifetime, but
at the same time, with low viscosity under an applied stress in
order to facilitate the handling. In addition, a gel-like structure is
also interesting due to the fact that is correlated with a higher sta-
bility of emulsions against creaming. This rheological behaviour
can be obtained with these structured nanoemulsions which
can be used not only in agrochemical or food applications but
also in pharmaceutic, medical or cosmetic applications. Currently,
another aspect to consider when formulating a product is the
growing interest of consumers in the use of natural products
and sustainable raw materials.
Natural polymers, that are strongly demanded due not only

to their thickening, stabilizing or emulsifying properties, but
also their biocompatibility, biodegradability and non-toxicity,
can be used to enhance the rheological properties and improve
the shelf life of nanoemulsions. Specifically, xanthan gum

(XG) advanced performance and welan gum (WG) were used
in this study.
XG is a natural high molecular weight anionic polysaccharide

produced by aerobic fermentation of sugars by the microorgan-
ism Xanthomonas campestris.1 There are numerous products in
different fields which use XG. Cleaners, coatings, polishes and
products in the agricultural and food industry also use XG.2 Specif-
ically, advanced performance food grade XGis suitable for sauces,
milk and cream products or beverages.
WG is an anionic extracellular polysaccharide produced by the

micro-organism Sphingomonas sp., namely from Alcaligenes sp.,
ATCC 31555.3 Although WG is rarely used in emulsions, in the last
few years, there have been a number of studies concerning its use
in this type of formulations. For example, WG may be used as an
ingredient in food products in which it can act as a thickening,
suspending, binding, emulsifying, stabilizing and viscosifying
agent.3

* Correspondence to: MC Alfaro-Rodriguez, Departamento de Ingeniería Quí-
mica, Facultad de Química, Universidad de Sevilla, Sevilla, Spain.
E-mail: alfaro@us.es
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A B S T R A C T

Commercial products with specific textures and rheological properties can be made by controlling the
processing variables by evaporation. In this research, we investigate the effect of evaporation time on
rheological properties, DSD, microstructure and physical stability of biodegradable emulsions formulated
with rosemary oil and Appyclean 6548, an alkyl polypentoside surfactant derived from wheat straw.
Results showed that the rheological properties of emulsions depend greatly on time of evaporation and
aging time. This method makes it possible to improve the viscosity and viscoelasticity compared with
emulsions without evaporation. The main destabilization process was flocculation. Emulsions
undergoing higher evaporation time also exhibited coalescence. In conclusion, rosemary nanoemulsions
obtained by vacuum evaporation showed high stability and great resistance against creaming, making
these appropriate for use in functional foods or cosmetic products.
© 2020 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction

Droplet sizes play an important role in the stability of emulsions
and the release capacity of bioactive compounds into the human
body. A decrease in droplet size below 500 nm leads to an
enhancement in the absorption and bioavailability of active
ingredients [1].

To achieve nanoemulsions, the most common emulsification
methods consist of applying mechanical energy to the system in
order to break up the oil droplets and disperse these into the water
phase. Typically, high-pressure valve homogenizers (HPvH) or
Microfluidizers are effective in reducing the droplet size to the
nanoscale. Small droplet sizes could be achieved by the combina-
tion of processing variables such as premixing, the number of
cycles and homogenization pressure which affect the final
nanoemulsion properties [2]. However, nanoemulsions are usually
Newtonian and lack the desired rheological properties for some
applications.

Evaporation could be a new method to develop nanoemulsions
with specific rheological properties. The evaporation technique
increases the temperature and breaks up the emulsion, which
leads to the evaporation of water [3]. It has been shown that the
droplet size distributions of evaporated emulsions are not affected

[4,5]. The properties of emulsions prepared by the evaporation
technique are influenced by variables such as oil concentration,
type of surfactant and operating conditions [6]. Insoluble water
surfactants and small oil droplet sizes decrease the evaporation
rate and the quality of the condensate liquid [7]. Temperature and
working pressure are important operating conditions in emulsion
evaporation. These variables has been previously studied by
different authors [3–6]. In addition, the time that emulsions
undergo vacuum evaporation is also an important variable.
Increasing evaporation time increases the mass of water which
is vaporized. The ratio surfactant/oil (S/O) of nanoemulsion
increases as a function of time during vacuum evaporation. The
S/O ratio of the final emulsion affects the microstructure (level of
flocculation), the physical stability (creaming and coalescence) [8]
and the rheological properties (viscosity and viscoelasticity). A 3-D
network of flocculated oil droplets is formed, which results in an
improvement in the rheological properties and the stability of
nanoemulsions due to the aggregation of the droplets and their
interactions.

In this study, rosemary essential oil (REO) was used as dispersed
phase. It belongs to the Lamiaceae family, which has been
demonstrated to show high antioxidant activity [9]. In particular,
REO exhibits high antioxidant and antibacterial activity against L.
monoctytogenes bacteria, Escherichia coli, Salmonella indiana and
Listeria innocua [10,11] due to the presence of its major compounds
such as α- pinene, 1,8-cineole, camphor, myrcene, camphene,
borneol and verbenone. [12] These REO properties are potentially
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E-mail address: alfaro@us.es (M.-C. Alfaro-Rodriguez).
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Conclusions 

This Ph.D. Thesis is a contribution to gain a deeper insight into the 

formulation and processing conditions for essential oil emulsions, using a 

novel bio-based surfactant derived from wheat biomass. The next 

paragraphs summarize the most relevant results for thyme and rosemary 

oil emulsions: 

1. Identification of the best HLB value for thyme essential oil. 

Only the emulsifiers with HLB < 12 (Appyclean 6548 and Appyclean 6552) 

were able to form emulsions containing 40 wt% thyme oil. Laser diffraction 

and multiple light scattering techniques showed creaming for both 

emulsions and, additionally coalescence for emulsion with Appyclean 

6552. The most stable emulsion was that formulated with Appyclean 6548 

(HLB = 9.25), the most hydrophobic emulsifier investigated. Emulsions 

containing 40 wt% thyme oil and 4 wt% Appyclean 6548 exhibited a Sauter 

mean diameter around 1 µm, using a Silverson L5M rotor-stator 

homogenizer equipped with an emulsor screen at 7000 rpm. 

Subsequently, several biopolymers were used as stabilisers, the most 

stable emulsions being formulated with welan gum. 

2. Investigation of the influence of temperature at which the mixture 

thyme oil/Appyclean 6548 is heated and its effects on the 

properties and stability of final emulsions. 

Differential scanning calorimetry (DSC) analysis showed that Appyclean 

6548 was completely melted at 50⁰C. Multiple light scattering was used to 

determine the stability of the mixture thyme oil/Appyclean 6548, in a ratio 

of 10:1 at temperatures from 55⁰C to 75⁰C. The highest TSI value was 

achieved at 55⁰C. Subsequently, emulsions formulated with 40 wt% thyme 
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oil and 4 wt% Appyclean 6548 (heated at 55⁰C and 70⁰C) were prepared 

by Silverson L5M at 7000rpm. Both emulsions showed similar properties: 

monomodal droplet size distribution, Sauter mean droplet size around 1 

µm, Newtonian behaviour and creaming followed by oiling off as 

destabilization mechanisms, regardless of the heating temperature. 

Nevertheless, dispersed phase prepared at 70⁰C resulted in slightly better 

stability. 

3. Determination of the optimal processing conditions of emulsions 

formulated with 40 wt% thyme essential oil and 4 wt% Appyclean 

6548. 

The combination of laser diffraction and multiple light scattering 

techniques demonstrated that the lower the pressure applied and the 

number of passes through the homogenizer the better the physical 

stability. The main destabilization mechanisms were creaming and oiling 

off. All emulsions showed bimodal distributions and submicron droplet 

Sauter mean diameter. Thus, the difference among droplet sizes were not 

significant although the multiple light scattering technique showed slightly 

better stability for emulsions prepared at 5000 psi (34.47 MPa) after one 

pass through the high-pressure homogeniser. 

4. Study of the role of biopolymer on the properties of thyme oil 

emulsions.  

O/W emulsions of submicron Sauter mean droplet size range were 

obtained with a Microfluidizer M100P at 2500 psi (17.23 MPa) one pass 

formulated with 6 wt% Appyclean 6548 and 40 wt% thyme essential oil. 

The addition of welan gum biopolymer enhanced the rheological 

properties of emulsions. Emulsion without gum showed Newtonian 
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behaviour and did not exhibit linear viscoelastic region whereas all 

emulsions with gum presented and a weak gel like behaviour that became 

stronger with welan concentration. Steady shear flow properties of 

emulsions containing gums fitted fairly well the Cross model equation, 

exhibiting shear thinning behaviour. Multiple light scattering 

demonstrated that creaming was the main destabilization mechanism for 

emulsions without gum, which decreased with increasing gum 

concentration. Conversely, flocculation was the most important 

destabilization process for emulsions with gum, the faster kinetics 

destabilization being  observed at 0.2 wt% welan gum. This gum does not 

make possible to increase the physical stability but improve the 

rheological properties. 

5. Investigation of the processing conditions and formulation 

variables of rosemary oil emulsions formulated with Appyclean 

6548. 

Regardless of the oil concentration used, the use of microfluidization and 

Appyclean 6548 surfactant enabled nanoemulsions to be formed. 

However, the oil concentration did influence the DSD, rheological 

properties and physical stability of all emulsions studied. Laser diffraction 

technique showed bimodal distribution after one pass. Three passes at 

2500 psi (17.23 MPa) were required to obtain reproducible DSDs. 

Monodispersed nanoemulsions (span = 0.75 and D4,3 = 149 nm) were 

obtained at 4 wt% Appyclean 6548 and 20 wt% rosemary oil. The main 

destabilization process was creaming for all emulsions. However, 30-50 

wt% rosemary oil emulsions showed some coalescence which is more 

significant at the highest concentration. All emulsions exhibited 

Newtonian behaviour, except for the 50 wt% of rosemary oil which 
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exhibited shear thinning behaviour. In addition, laser diffraction results 

demonstrated that either an increase in the number of passes or in 

pressure did not improve either the droplet size distribution or the mean 

droplet sizes. 

6. Comparison of xanthan and welan gums on the rheological 

properties, DSD and physical stability. 

The influence of welan gum (WG) and of an advanced performance 

xanthan gum (APXG) concentrations on the rheological properties, DSD, 

and physical stability of emulsions was investigated. Emulsions containing 

WG exhibited G´ and G´´ higher than those containing APXG but, at the 

same time, they were more dependent on the concentration. Regarding 

the droplet sizes, nanoemulsions were obtained and remained stable 

except for emulsions that underwent coalescence (0.3 wt% APXG and 0.3 

wt% WG and 0.5 wt% WG). The main destabilization process depended on 

the concentration of biopolymer: 

 At low gum concentration, emulsions showed creaming as a 

predominant mechanism.  

  At intermediate gum concentration, emulsions exhibited 

depletion flocculation, which sometimes yielded coalescence, 

subsequently. 

 At 0.4 wt% WG or APXG, emulsions showed the greatest 

stability. 

 At 0.5 wt%, emulsions underwent coalescence according to the 

results obtained by laser diffraction. Coalescence became more 

pronounced in emulsions formulated with WG.  
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7. Stablishing a relationship between time under vacuum 

evaporation and rheological properties and physical stability of 

rosemary emulsion. 

Vacuum evaporation is a very effective technique to produce 

concentrated nanoemulsions of rosemary oil and Appyclean 6548 with a 

long-term stability and high viscosity without the need of additives. It is 

possible to obtain nanoemulsions with desirable rheological properties 

controlling the vacuum evaporation time. Rheological measurements 

demonstrated that emulsions with an initial oil concentration of 20 wt% 

subjected to 10 min and 20 min showed G” over G´ and Newtonian 

behaviour. In contrast, emulsions subjected to 30 min and 40 min 

exhibited G´ values greater than G” and shear thinning behaviour, which 

shifted to very shear thinning after 50 min and 60 min. The increase of 

both moduli and viscosity are due to the aggregation of droplets, which 

form a 3D network. Rheology, laser diffraction and multiple light scattering 

were important tools to clarify the destabilization mechanisms, which 

were taking place simultaneously in these emulsions: 

 Emulsions treated for 10 min and 20 min showed a main 

destabilization process by creaming, which is justified by the low 

values of viscosity of these systems. These emulsions showed an 

increase in droplet size possibly caused by depletion flocculation.  

 Emulsions treated for 30 min and 40 min underwent a clear 

increase in droplet size by depletion flocculation, that 

subsequently led to coalescence 

 Emulsions treated for 50 min and 60 min were the most 

concentrated emulsions (oil concentrations of 18.6 wt% and 29.3 

wt% were reached, respectively). A network based on packed 
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droplets were formed yielding a weak gel-like structure which 

became stronger with the increase in the interactions among 

droplets. The main destabilization process consisted of an 

increase in droplet size by depletion flocculation, which 

subsequently led to coalescence. 
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Conclusiones 

Esta tesis doctoral contribuye a la idoneidad de la formulación y el 

procesado de emulsiones de aceites esenciales, utilizando un nuevo 

tensioactivo derivado de biomasa de trigo. A continuación, se muestra un 

resumen de los resultados más relevantes para las emulsiones de aceite 

de tomillo y aceite de romero: 

1. Identificación del valor óptimo de HLB requerido para emulsiones 

de aceite esencial de tomillo. 

Solo los tensioactivos con HLB < 12 (Appyclean 6548 y Appyclean 6552) 

pudieron formar emulsiones con un 40 m/m% de aceite de tomillo. Las 

técnicas de difracción láser y retrodispersión múltiple de luz (multiple light 

scattering) mostraron desestabilización por cremado para ambas 

emulsiones y, además, coalescencia para la emulsión con Appyclean 6552. 

La emulsión más estable fue la formulada con Appyclean 6548 (HLB = 

9,25), el tensioactivo más hidrófobo investigado. Las emulsiones 

formuladas con 40 m/m% de aceite de tomillo y 4 m/m% de Appyclean 

6548 mostraron un diámetro medio de Sauter alrededor de 1 µm, usando 

un homogeneizador rotor-estator Silverson L5M equipado con una malla 

de homogeneización a 7000 rpm. Posteriormente, se utilizaron varios 

biopolímeros como estabilizadores, formulándose las emulsiones más 

estables con goma welan. 

2. Investigación de la influencia de la temperatura a la que se 

calienta la mezcla aceite de tomillo/Appyclean 6548 y sus efectos 

sobre las propiedades y estabilidad en las emulsiones finales. 

El análisis de calorimetría diferencial de barrido (DSC) mostró que el 

Appyclean 6548 funde completamente a 50°C. Se utilizó la retrodispersión 

múltiple de luz para determinar la estabilidad física de la mezcla aceite de 
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tomillo/Appyclean 6548, en una proporción de 10:1 a temperaturas de 

55°C a 75°C. El valor de TSI más alto se alcanzó a 55°C. Posteriormente, se 

prepararon emulsiones formuladas con 40 m/m% de aceite de tomillo y     

4 m/m% de Appyclean 6548 (calentado a 55⁰C y 70⁰C) mediante Silverson 

L5M a 7000 rpm. Ambas emulsiones mostraron propiedades similares: 

distribución monomodal del tamaño de gota, diámetro medio de Sauter 

alrededor de 1 µm, comportamiento newtoniano y desestabilización por 

cremado seguido de expulsión de aceite (oiling off), independientemente 

de la temperatura de calentamiento. Sin embargo, la fase dispersa 

preparada a 70°C mostró una estabilidad física ligeramente mejor. 

3. Determinación de las condiciones óptimas de procesado de 

emulsiones formuladas con 40 m/m% de aceite esencial de tomillo 

y 4 m/m% de Appyclean 6548. 

La combinación de las técnicas de difracción láser y retrodispersión 

múltiple de luz demostraron que cuanto menor es la presión aplicada y el 

número de pasadas a través del homogeneizador, mejor es la estabilidad 

física de las emulsiones. Los principales mecanismos de desestabilización 

fueron el cremado y oiling off. Todas las emulsiones mostraron 

distribuciones bimodales y tamaño de gotas submicrónicas (diámetro 

medio de Sauter). Por tanto, la diferencia entre los tamaños de gota no 

fue significativa, aunque la técnica de retrodispersión múltiple de luz 

mostró una estabilidad ligeramente mejor para las emulsiones 

preparadas a 5000 psi (34,47 MPa) una pasada a través del 

homogeneizador de alta presión. 
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4. Estudio de la concentración de un biopolímero en las propiedades 

de las emulsiones de aceite de tomillo. 

Se obtuvieron emulsiones O/W de diámetro medio de Sauter 

submicrónico con Microfluidizer M100P a 2500 psi (17,23 MPa) una 

pasada formulada con 6 m/m% de Appyclean 6548 y 40 m/m% de aceite 

esencial de tomillo. La adición de goma welan mejoró las propiedades 

reológicas de las emulsiones. La emulsión sin goma mostró un 

comportamiento newtoniano y no presentó propiedades viscoelásticas, 

mientras que todas las emulsiones con goma presentaron un 

comportamiento de gel débil que se hizo más fuerte con la concentración. 

Las propiedades de flujo de las emulsiones que contienen goma se ajustan 

bastante bien a la ecuación del modelo de Cross, mostrando un 

comportamiento pseudoplástico. La técnica de retrodispersión múltiple 

de luz demostró que el cremado fue el principal mecanismo de 

desestabilización de las emulsiones sin goma, que disminuía al aumentar 

la concentración de goma. A la inversa, la floculación fue el proceso de 

desestabilización más importante para las emulsiones con goma, 

observándose la desestabilización más rápida al 0,2 m/m% de goma 

welan. Esta goma mejora las propiedades reológicas pero no permite 

incrementar la estabilidad física de estas emulsiones. 

5. Investigación de las condiciones de procesado y variables de 

formulación para emulsiones de aceite de romero formuladas con 

Appyclean 6548. 

Independientemente de la concentración de aceite utilizada, el uso de la 

tecnología de microfluidización y el tensioactivo Appyclean 6548 permitió 

que se formaran nanoemulsiones. Sin embargo, la concentración de aceite 

influyó en la distribución de tamaños de gota (DTG), en las propiedades 

reológicas y en la estabilidad física de todas las emulsiones estudiadas. La 
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técnica de difracción láser mostró una distribución bimodal después de 

una pasada. Se requirieron tres pasadas a 2500 psi (17,23 MPa) para 

obtener DTG reproducibles. Se obtuvieron nanoemulsiones 

monodispersas (span = 0,75 y D4,3 = 149 nm) al 4 m/m% de Appyclean 

6548 y al 20 m/m% de aceite de romero. El cremado fue el principal 

proceso de desestabilización para todas las emulsiones. Sin embargo, las 

emulsiones de aceite de romero al 30-50 m/m% mostraron cierta 

coalescencia que fue más significativa a la concentración más alta. Todas 

las emulsiones exhibieron comportamiento newtoniano, excepto a 50 

m/m% de aceite de romero que mostró un comportamiento 

pseudoplástico. Además, los resultados de difracción láser demostraron 

que un aumento en el número de pasadas o un aumento de la presión no 

mejoraba ni la distribución del tamaño de gota ni sus tamaños medios. 

6. Comparación de goma xantana y goma welan sobre las 

propiedades reológicas, DTG y estabilidad física. 

Se investigó la influencia de la goma welan (WG) y de goma xantana 

“advanced performance” (APXG) sobre las propiedades reológicas, DTG y 

estabilidad física de las emulsiones. Las emulsiones que contienen WG 

mostraron G´ y G´´ más altas que las que contienen APXG pero, al mismo 

tiempo, fueron más dependientes de la concentración. Con respecto al 

tamaño de gota, se obtuvieron nanoemulsiones y se mantuvieron estables 

excepto por las emulsiones que experimentaron coalescencia (0,3 m/m% 

de APXG, 0,3 m/m% de WG y 0,5 m/m% de WG). El principal proceso de 

desestabilización dependió de la concentración de biopolímero: 

 A baja concentración de goma, las emulsiones mostraron cremado 

como mecanismo predominante de desestabilización. 
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 A una concentración intermedia de goma, las emulsiones 

mostraron floculación por agotamiento (depletion flocculation), 

que posteriormente, podría producir coalescencia. 

 Al 0,4 m/m% WG o APXG, las emulsiones mostraron la mayor 

estabilidad. 

 Al 0,5 m/m% las emulsiones mostraron coalescencia según la 

técnica de difracción láser. La coalescencia se hizo más 

pronunciada en emulsiones formuladas con WG. 

 

7. Establecer una relación entre el tiempo de evaporación a vacío, las 

propiedades reológicas y la estabilidad física de la emulsión de 

romero. 

La evaporación a vacío es una técnica muy eficaz para producir 

nanoemulsiones concentradas de aceite de romero y Appyclean 6548 con 

una estabilidad a largo plazo y alta viscosidad sin necesidad de aditivos. Es 

posible obtener nanoemulsiones con propiedades reológicas deseables 

controlando el tiempo de evaporación al vacío. Las mediciones reológicas 

demostraron que las emulsiones con una concentración inicial de aceite 

del 20 m/m% sometidas a 10 min y 20 min mostraron G” sobre G´ y 

comportamiento newtoniano. Por otro lado, las emulsiones sometidas a 

30 min y 40 min mostraron valores de G´ mayores que G” y un 

comportamiento pseudoplástico que, pasa a ser muy pseudoplástico (very 

shear thinning) tras 50 y 60 min en el rotavapor. El aumento tanto de los 

módulos viscoelásticos como de la viscosidad se debe a la agregación de 

gotas, que forman una red 3D. La reología, difracción láser y 

retrodispersión múltiple de luz fueron herramientas importantes para 

aclarar los mecanismos de desestabilización, que tenían lugar 

simultáneamente:  



128 
 

 Las emulsiones sometidas a vacío durante 10 min y 20 min 

mostraron el cremado como proceso principal de 

desestabilización, que se justifica por los bajos valores de 

viscosidad de estos sistemas. Estas emulsiones mostraron un 

aumento del tamaño de las gotas, posiblemente causado por la 

floculación por agotamiento. 

 Las emulsiones tratadas durante 30 min y 40 min experimentaron 

un claro aumento del tamaño de gota por floculación por 

agotamiento, que posteriormente condujo a coalescencia. 

 Las emulsiones tratadas durante 50 min y 60 min fueron las más 

concentradas (se alcanzaron concentraciones de aceite de 18,6 y 

29,3 m/m%, respectivamente). Se formó una red basada en gotas 

empaquetadas que dio lugar a una estructura débil de tipo gel que 

se hizo más fuerte con el aumento de las interacciones entre las 

gotas. El principal proceso de desestabilización consistió en un 

aumento del tamaño de las gotas por floculación de agotamiento, 

que posteriormente condujo a la coalescencia. 
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