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Figure 4.1.7. (a) Stability of the foamulsion. Pictures of the foam produced with the W/W
emulsion (LG 12 mM, decanol: LG ratio 3:1) with the addition of SDS at 18mM and its
evolution over time. (b) Epifluorescence microscopy image of the foamulsion at t=0. Droplets
are labeled with FITC-dextran dye. The scale bar represents 30 (M. .......ccccvevvereeresiieseeene. 192
Figure 5.1.1. (a) Escheria coli at the interface surrounding the droplets of a dextran-in-PEG

emulsion. (b) Bacillus subtilis encapsulated inside the droplets of dextran-in-PEG emulsion.
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Abstract

In the food industry, surfaces contaminated with microorganisms are a major cause of cross-
contamination, resulting in foodborne illness and food waste. Despite thorough cleaning efforts,
foodborne illness rates are rising, suggesting current practices are insufficient. Traditional
cleaning methods also consume large amounts of water, energy, and chemicals, raising
sustainability and environmental concerns. The industry is exploring more sustainable
alternatives, such as dry-cleaning methods, eco-friendly products, and advanced control
systems, to reduce resource consumption while maintaining hygiene standards. One promising
alternative for cleaning closed surfaces is the use of foam, a method already used for open
surfaces. Foam cleaning can potentiallyreduce water, energy, and chemical consumption. The
aim of this thesis is to study the links between foam properties and removal of microorganisms
from both open and closed surfaces, and explores innovative cleaning techniques to develop

more sustainable and efficient methods for the food industry.

The first part is dedicated to the cleaning of open surfaces, i.e., static foam cleaning. Here we
study the removal of hydrophilic and hydrophobic Bacillus subtilis spores from stainless steel
surfaces by using foams. The model foams are formulated with bio-based surfactants (10-
hydroxystearic acid and sodium cocoyl isethionate). The relationship between bubbles size and
foam liquid fraction and the decontamination efficiency is investigated to determine the
mechanisms of foam action. Foams themselves can decontaminate surface soiled with spores,
most probably by wiping and imbibition mechanisms. Foams with smaller bubbles size have
the highestdecontamination efficiency. Under the conditions studied, the liquid fraction is not

the main parameter governing the decontamination efficiency.

The second part is dedicated to the cleaning of closed surfaces, i.e., foam flow cleaning. Here
we study the efficiency of foam flow formulated with a model surfactant (Sodium dodecyl
sulfate) in comparison with foam flow formulated with bio-based surfactants (alkyl

polyglucosides) to remove hydrophilic spores from pipes. We demonstrate similar efficiency
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for short cleaning times). In addition, through a life cycle assessment we demonstrate the
reduction of several environmental impacts with the use of bio-based surfactant compared to

the model surfactant.

The third part is dedicated to the stabilization of water-in-water emulsions and the production
of a foamulsion based ont these emulsions. We study the stabilization of PEG-in-Dextran
emulsions with lamellar gel networks based on alkyl polyglucosides and fatty alcohols. We
show that highly stable emulsions are obtained over a long period of time for specific
formulation conditions. We also demonstrate for the first time the production of a foamulsion

based on water-in-water emulsions.
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Résumé

Dans l'industrie alimentaire, les surfaces contaminées par des micro-organismes sont une cause
majeure de contamination croisée, entrainant des maladies d'origine alimentaire et du gaspillage
alimentaire. Malgré des efforts de nettoyage rigoureux, les taux de maladies d'origine
alimentaire augmentent, ce qui suggere que les pratiques actuelles sont insuffisantes. Les
méthodes de nettoyage traditionnelles consomment également de grandes quantités d'eau,
d'énergie et de produits chimiques, soulevant des préoccupations en matiere de durabilité et
d'environnement. L'industrie explore des alternatives plus durables, telles que les méthodes de
nettoyage a sec, les produits écologiques et les systémes de contrble avancés, pour réduire la
consommation de ressources tout en maintenant les normes dhygiéne. Une alternative
prometteuse pour le nettoyage des surfaces fermees est l'utilisation de la mousse, une méthode
déja utilisée pour les surfaces ouvertes. Le nettoyage avec de la mousse peut potentiellement
réduire la consommation d'eau, d'énergie et de produits chimiques. L'objectif de cette thése est
d'étudier les liens entre les propriétés de la mousse et I’élimination de micro-organismes sur des
surfaces ouvertes et fermées, et d'explorer des techniques de nettoyage innovantes afin de

développer des méthodes plus durables et efficaces pour I'industrie alimentaire.

La premiere partie est consacrée au nettoyage des surfaces ouvertes, c'est-a-dire au nettoyage
par de la mousse en condition statique. Nous étudions ici I'élimination des spores hydrophiles
et hydrophobes de Bacillus subtilis des surfaces en acier inoxydable en utilisant des mousses.
Les mousses modeéles sont formulées avec des tensioactifs biosourcés (acide 10-
hydroxysteéarique et cocoyl isethionate de sodium). La relation entre la taille des bulles et la
fraction liquide de la mousse et I'efficacité de la décontamination est étudiée pour déterminer
les mécanismes d'action de la mousse. Les mousses elles-mémes peuvent décontaminer les
surfaces souillées par des spores, trés probablement par des mécanismes de frottement/balayage

et d'imbibition. Les mousses avec des bulles plus petites ont la plus grande efficacité de
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décontamination. Dans les conditions étudiées, la fraction liquide n'est pas le principal

parametre gouvernant I'efficacité de la décontamination.

La deuxiéme partie est consacrée au nettoyage des surfaces fermees, c'est-a-dire au nettoyage
par écoulement de mousse. Nous étudions ici l'efficacité de I'écoulement de mousse formulée
avec un tensioactif modéle (dodecyl sulfate de sodium) en comparaison avec I'écoulement de
mousse formulée avec des tensioactifs biosourcés (alkyl polyglycosides) pour éliminer les
spores hydrophiles des tuyaux. Nous démontrons une efficacité similaire pour des temps de
nettoyage courts. De plus, grace a une évaluation du cycle de vie, nous démontrons la réduction
de plusieurs impacts environnementaux avec l'utilisation de surfactants biosourcés par rapport

au surfactant modeéle.

La troisieme partie est consacrée a la stabilisation des émulsions eau-dans-eau et a la production
d'une mousse basée sur ces emulsions. Nous étudions la stabilisation des émulsions PEG-dans-
Dextran avec des réseaux de gel lamellaire basés sur des alkylpolyglycosides et des alcools
gras. Nous montrons que des émulsions tres stables sont obtenues sur une longue période pour
des conditions de formulation spécifiques. Nous démontrons egalement pour la premiere fois

la production d'une mousse basée sur des émulsions eau-dans-eau.
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General Introduction

While systematic cleaning processes are typically implemented in agri-food industries, they
may fall short of optimal effectiveness, leaving surfaces inadequately sanitized. Consequently,
residual dirt can persist, providing an environment conducive to bacterial growth (Midelet et
al., 2024). If these surfaces remain dirty and they get in contact with food, cross-contamination
can occur, which in turn can lead to food-borne illness for the consumer. Foodborne diseases
are of great concern, affecting 600 million people a year and causing 420,000 deaths worldwide
(WHO, 2022). Bacteria constitute the most prevalent cause of food-borne illnesses existing in
a diverse array of forms, e.g. in their vegetative cellular form, or by forming biofilms. In
addition, some bacteria can produce spores, a resilient form that exhibits high resistance to heat,
desiccation and disinfectants. Once these bacterial forms develop on surfaces, they adhere to

them, making them more difficult to remove through cleaning processes.

On one hand, Cleaning in Place (CIP) stands out as the predominant method for cleaning
enclosed surfaces such as pipes in food industries (Pant et al., 2023). CIP is an automated
process that involves circulating chemical solutions at elevated temperatures. However, it
incurs significant resource consumption, including water, chemicals, and energy. On the other
hand, one of the most prevalent approaches for cleaning open surfaces such as equipment
exteriors and walls in food industries is the use of foams (EHEDG, 2021). Foams serve as the

vehicle for delivering active chemicals to these surfaces.

Foams are a dispersion of gas in the form of bubbles within a continuous phase which can be
liquid, solid or semi-solid (Cantat et al., 2013). Foams have a particular behavior which is given
by the combination of gas properties and continuous phase properties. They find applications
in several fields, like, in foodstuffs, in construction materials, personal care products, etc.
Foams are thermodynamically unstable systems. Therefore, at least one foam stabilizer is
always included in the formulation (Malysa and Lunkenheimer, 2008). One of the most

common foam stabilizers are surfactants, which are amphiphilic molecules, i.e. they have an
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affinity for both phases (Cantat et al., 2013). In liquid foams, where the continuous phase is a
liquid, the surfactants are solubilized in a liquid and then the foam is produced introducing gas
to the system. Depending on the conditions of the solution (concentration, pH, temperature,
tec.) the surfactants can adopt different self-assembled structures which can completely change

the properties of the foams (Fameau and Salonen, 2014).

Despite the scientific consensus that foams play no role in cleaning procedures and that they
are used mainly as carriers, Schad et al. conducted a study on static foam cleaning of oil
contaminated surfaces and elucidated three different mechanisms demonstrating that foams
have cleaning power (Jones et al., 2016; Schad et al., 2021). However, to our knowledge there
is only one study that shows that static foam cleaning can remove bacteria and nothing is
discussed about the mechanisms involved (Le Toquin, 2018). Moreover, it has recently been
shown that foam flow can remove bacterial spores and biofilms from closed surfaces (pipes)
(Dallagi, 2022). Foams present a promising eco-friendly cleaning solution for the food industry.
Composed mainly of air, they offer a substantial reduction in the resources needed for cleaning.
In fact, Dallagi et al. have shown that foam flow allows to reduce the environmental impacts

compared to the traditional CIP (Dallagi et al., 2022c).

The general objective of this thesis is to use various liquid foams systems as an innovative eco-
friendly cleaning method for the food industry, and to understand the foam properties governing

the decontamination process.

This work was carried out at Institut National de Recherche pour I’ Agriculture, 1’ Alimentation,
et I’Environnement (INRAE) at Unité Matériaux et Transformations (UMET) within the group
of Processus aux Interfaces et Hygiene des Matériaux (PIHM). The thesis was co-financed by

INRAE and the region of Haut-de-France.

This thesis is structured into three main parts. The first one concerns the investigation of static
foam cleaning, the second one explores foam flow cleaning, and the final one focuses on the
design of possible new foam systems for cleaning applications.
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The thesis is divided into 4 chapters:

Chapter_1: corresponds to the literature survey on the importance of cross-
contamination of food by contaminated surfaces. It comprehensively reviews the
existing cleaning processes employed in the food industry, explores potential
environmentally friendly alternatives, and elucidates the key properties of foams.
Additionally, it investigates the diverse applications of foams in cleaning both open and
closed surfaces.

Chapter 2: gathers the results of this thesis regarding foam cleaning in static condition
and is divided in two subchapters:

o Subchapter 2.1: concerns the study of the self-assembly and foaming properties

of 10-hydroxystearic acid (10-HSA) soap in an aqueous solution and the use of
foams based on 10-HSA for foam cleaning in static condition of stainless-steel
surfaces soiled with bacterial spores. We studied the influence of the bubble size
and liquid fraction on cleaning efficiency. The results were published in
Molecules journal (Dari et al., 2023a);

Subchapter 2.2: concerns the study of the self-assembly and foaming properties

of Sodium Cocoyl Isethionate (SCI), and the use of foams based on SCI for foam
cleaning in static condition of stainless-steel surfaces soiled with two different
types of bacterial spores. We studied the influence of different liquid fractions,
foams with and without drainage, as well as, different levels of attachment of
the spores to the surface, in order to elucidate the static foam cleaning
mechanisms. The results are gathered in one paper to be submitted to Colloids

and Surfaces A: Physicochemical and Engineering Aspects journal.

Chapter 3: gathers the results of this thesis regarding foam cleaning in dynamic
condition (foam flow). Here we studied the foam flow cleaning of pipes contaminated
with spores using foams based on alkyl polyglucosides and compared to foams bases

on SDS as model surfactant. We also carried a Life Cycle Assessment (LCA) comparing

22



the foam flow cleaning using both surfactants and we evaluated the destruction of the
foam and the reutilization of the surfactant solution. The results were published in
Molecules journal (Dari et al., 2023b).

Chapter 4: we chose to study ‘water-in water’ emulsions as a new possible soft material
system for cleaning purposes. We studied the stabilization of emulsions based on
dextran in poly(ethylene glycol) with Lamellar gel Network (LGNSs) based on Alkyl
polyglucosides (APGs) and fatty alcohol. Then, we tried for the first time to produce
foams based on W/W emulsions. The results were published in Frontiers in Soft Matter

journal (Dari et al., 2023c).
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1.1 Cross-contamination of food by contaminated surfaces

As the global population continues to grow, the scale of food production expands in tandem,
thereby amplifying the risk of foodborne illnesses (DeFlorio et al., 2021). Foodborne diseases
can be infectious or toxic. They are caused by bacteria, viruses, parasites or chemicals
transmitted through contaminated foods. According to the World Health Organization (WHO,
2022) there are 600 million cases of food-borne illnesses and 42,0000 deaths worldwide each
year due to the consumption of contaminated food. In 2019 in Europe, there were 5175
foodborne outbreaks, with 49,463 cases of illnesses, 3859 hospitalizations and 60 deaths, which
was higher than the previous year (Sarno et al., 2021). The main causes of these foodborne
outbreaks were pathogenic bacteria such as: Salmonella, Campylobacter, Escherichia coli (E.
coli) and Listeria (Sarno et al., 2021; WHO, 2022). The resulting effects on public health
systems and the financial losses incurred by companies can be notably substantial. (DeFlorio et

al., 2021; Midelet et al., 2024).

Food contamination can occur at any stage of food production chain between the farm and the
consumer (Midelet et al., 2024). Cross-contamination is defined as the transfer of
microorganisms from a contaminated source to a non-contaminated product (Pérez-Rodriguez
et al., 2008). There are three types of cross contaminations: between different foods, between
equipment surfaces and food, and between individuals and food (Midelet et al., 2024). In the
food industry, food contact surfaces are considered to be one of the main sources of cross-

contamination leading to foodborne illness (DeFlorio et al., 2021; Midelet et al., 2024).

As described above, bacteria constitute the most prevalent cause of food-borne illnesses
existing in a diverse array of forms, e.g in their vegetative cellular form, or by forming biofilms.
Biofilms are a community of bacteria that colonize a living or inert surface (Figure 1.1.1). They
are usually embedded in a matrix of cellular exopolymers that make them resistant to adverse

circumstances (Midelet et al., 2024). In food industries, bacterial biofilms are often formed by
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pathogenic and non-pathogenic bacteria. Biofilms are of increasing concern in the food industry
because they sometimes have the ability to persist despite cleaning and disinfection operations
(Midelet et al., 2024). In addition, some bacteria have the ability to produce spores, a resilient
form that exhibits high resistance to heat, desiccation and disinfectants (e.g. Clostridium
botulinum, Clostridium perfringens, Bacillus subtilis, Bacillus cereus) and therefore they tend
to adhere to the equipment and survive the cleaning process (Figure 1.1.2) (Lucking et al.,
2013; Bintsis and Department of International Trade, TEI of West Macedonia, Kastoria,

Greece, 2017)

Figure 1.1.1: Scheme showing the different stages of biofilm formation. First some bacteria

attach to the surface, and the cellular exopolymer matrix is formed, then more bacteria attach
(potentially from other species) and finally, there is a dispersal of the bacteria to the

environment.

In the dairy industry, numerous authors have documented the existence of pathogenic bacteria
biofilms in milk processing lines and pasteurization tanks of different commercial dairy
products (Sharma and Anand, 2002; Gunduz and Tuncel, 2006; D’ Amico, 2008). Moreover,
the presence of different bacteria such as E. coli and Bacillus cereus was identified on stainless-
steel pipes of milk-processing lines (Cherif-Antar et al., 2016). Regarding spores, they pose
significant concerns within the dairy industry, primarily because raw materials frequently serve
as a major source of contamination. Spore-formers of Bacillus strain are the most common in
the dairy industry. Bacillus cereus is therefore well known to cause foodborne illnesses due to
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the production of toxins. Moreover, Bacillus strains can also be the cause of food spoilage
(Licking et al., 2013). Therefore, cleaning and disinfection operations are essential to control

food contamination related to surfaces to eliminate: bacteria, biofilms and spores.

Chromosome
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Inner forespore
membrane

Cortex

Outer forespore
membrane
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Inner coat
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Figure 1.1.2: Scheme of a spore of Bacillus subtilis. The presence of the coat is what makes
them more resistant to heat and to chemicals, compared to vegetative cells. The figure was

reproduced from (McKenney et al., 2013).

1.2 Cleaning of surfaces in food industries

Cleaning is defined as a series of operations carried out to remove organic and inorganic dirt
from surfaces by chemical and physical methods (Sansebastiano et al., 2007). It also should
remove any unwanted material. Dirt on surfaces in the food industry generally includes residues
of food, chemicals, micro-organisms, dust from the environment, etc. Cleaning is the previous
step of disinfection, whose main objective is to eliminate and/or reduce the viability of
microorganisms to a level that does not pose a significant risk (Lelieveld et al., 2003). In some
cases, cleaning and disinfection are combined, when a cleaning solution with both detergent
and sanitizer properties is used (Lelieveld et al., 2003). It should be noted that cleaning should

also reduce the number of microorganisms, even if there might be a significant number of of
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viable microorganisms remaining, therefore disinfection appeared to be mandatory to mitigate

the risk of food cross contamination by pathogenic microorganisms.

Cleaning and disinfection protocols usually include several steps, where the first step is aimed
at removing the gross dirt, then comes the actual cleaning step and finally the disinfection step
(EHEDG, 2021). In most cases, the cleaning step involves a wet operation, where detergents
are typically applied and then rinsed off with water (Wirtanen and Salo, 2003). When working
with product lines featuring low humidity content, the cleaning step is executed using methods

that involve minimal moisture or directly employing dry methods.

According to Sinner’s circle, there are four parameters that can be tuned in cleaning and

disinfection operations (Figure 1.2.1) (Basso et al., 2017):

. The chemicals used are chosen according to the reactions to be
promoted in order to dissolve the different types of soiling.

e [Mechanical action: the mechanical action is usually given by the manual cleaning or
by the flow rate which allows to induce different shear forces in relation to the pressure
variations.

. - it favors the interaction of the surfactant with the dirt and accelerates its
removal. Itis also involved in the performance of surfactants, since important surfactant
parameters, such as surface tension and Krafft temperature are temperature-dependent
(see section 4).

e Time: The duration must allow for the reactions to take place effectively, but it should
not be excessively long, as this could result in the re-adherence of dirt. Moreover,

exceeding the allotted time may lead to unnecessary consumption of resources.

According to the Sinner’s circle, these four parameters can be tuned in a way that the reduction
of one factor can be compensate by any of the other factors. Although this may not always be

the case, it is really useful (Basso et al., 2017).
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.

Figure 1.2.1: Illustration of the Sinner circle. The figure was reproduced from (Basso et al.,
2017).

The choice of cleaning method will depend mainly on the type of contamination, e.g., food
fouling, biological fouling, corrosion fouling, etc., and also on the type of surface, i.e., whether
the surfaces are accessible for cleaning by an operator or not. Taking this last criterion into
account, we will classify the cleaning processes in two categories: cleaning of open surfaces

and cleaning of closed surfaces.

1.2.1 Cleaning of open surfaces

As mentioned above, cleaning is usually carried out mainly with chemicals that react to dissolve
the type of dirt to be removed from the surfaces. On open surfaces, foams are the most
commonly method used for applying the chemicals. Chemicals are often applied in the form of
foam mainly because of their rheological properties they can adhere to surfaces, even vertical
surfaces, allowing the chemicals to act for as long as necessary (Le Toquin, 2018). The cleaning
efficiency occurs when the bubbles are broken and the drained solution with the chemical comes

into contact with the surface (EHEDG, 2021).
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To generate foam, various systems can be employed, including centralized pressure systems,
decentralized foam stations, and mobile foam systems. These systems have in common that
foam is generated by injecting a concentrated solution of detergent, water and air through a
nozzle. Foam is generally applied at low to medium pressure, as this reduces the production of
aerosols, avoids damage to sensitive equipment and ensures a safe working environment for
operators (EHEDG, 2021). Foams with varying liquid fractions can be produced depending on
the foaming device and foaming solution. Sometimes so-called “gel foams” are also used. From
the four parameters important to take into account in a cleaning process as described above, in
the case of foams, time and chemicals are the most important ones. The foam application time
is generally 20 minutes, as shorter times may not be sufficient to remove the dirt, and longer
times may reorganize and re-solidify the residues (EHEDG, 2021). The detergent formula may
also be combined with other active compounds (acids, complexing agents, enzymes etc.) to
improve the removal of soiling. Optimally, the cleaning foams should be stable, well visible,
adhere strongly to the surfaces and not dry out during the application time (EHEDG, 2021).
After the application time the foams are rinsed with water jets. It is important to mention that
the use of chemicals can be combined with physical methods. for example, walls and floors are
cleaned with scrubbers and formula containing detergents at the same time (Lelieveld et al.,

2003).

When low water content methods are required, wet wipes or steam dry can be used. In cases
where completely dry methods are required, the following methods can be used: scrapers,

brushes, compressed air, vacuum cleaning, dry ice (Lelieveld et al., 2003; EHEDG, 2021).

1.2.2 Cleaning of closed surfaces

Cleaning in Place (CIP) is the most widely used method for cleaning closed surfaces in the food
industry (Figure 1.2.2) (Pantetal., 2023). It consists of different steps involving the circulation
of solutions with chemical agents and rinses with water. It's an automated process with the

primary advantage of cleaning without the need for disassembling enclosed machinery and
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pipes. This efficiency saves time and renders the process cost-effective (Moerman et al., 2014;

Dallagi, 2022).

CIP usually involves five steps (Pant et al., 2023):

1. A pre-rinse with water
2. An alkaline wash

3. A post-rinse with water
4. An acidic wash

5. A post-rinse with water, this step may include a disinfectant solution.

Alkaline solutions are typically used to remove organic residues, whereas acid solutions are
used to remove mineral deposits and remaining alkaline chemicals (Moerman et al., 2014).
Since temperature increases the efficiency of cleaning, alkaline solutions are usually circulated
at around 80 °C and acidic solutions at around 55 °C (Moerman et al., 2014). The flow
conditions are generally turbulent, which ensures the mechanical action given by the shear

forces (EHEDG, 2021).

The duration of CIPs is variable as each step can take between 5 to 60 minutes, depending
mainly on the type of soiling, the type of cleaning solutions and the temperatures (Moerman et

al., 2014). In general, longer durations result in higher efficiency.
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Figure 1.2.2: Scheme of a typical CIP system, which mainly consists of four tanks: a water
recovery tank (recovers the water from the last rinse of the last cycle, which is then reused as
pre-wash water in the next cycle), a tank for the alkaline solution, a tank for the acid solution

and a tank for the final rinse water. The figure was reproduced from (Moerman et al., 2014).

Cleaning operations consume huge amounts of water, energy, chemicals and time (Tomas and
Tiwari, 2013; Dallagi, 2022). In addition, it can negatively affect the environment due to the

large quantities of polluted wastewater they generate (Tomas and Tiwari, 2013; Dallagi, 2022)

The amount of water consumed for cleaning in food industries can be up to 70 % of the total
water consumed by the whole process (Dallagi, 2022). For example, the dairy industry
consumes 25-40 % of the total water for sanitization processes; for the fishing industry, the
amount can range from 10-50 % (Timmerman, 2022). These values may vary mainly according

to the type of product and the level of automation of the process (Garnier et al., 2023).

One of the positive points of the CIP is that it is possible to recycle the water, as the wash water
from the last cycle is generally used for pre-washing the next one (Garnier et al., 2023). This
can reduce water consumption by up to 50%. Pingulini et al., (2017) conducted a study at a

brewery where the highest amount of wastewater (42 %) was from cleaning (Pinguli et al.,
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2017). They demonstrated that CIP modification with recirculation can reduce water, energy

and chemical consumption by 35, 15 and 15 % respectively.

1.2.3 New eco-friendly cleaning methods in food industries

The environmental and economic impacts resulting from the extensive use of resources in
cleaning processes, together with the production of wastewater, underline the imperative need
to advance research and development of new cleaning methods. These methods are crucial not
only to mitigate environmental pollution, but also to improve the efficiency of cleaning
practices. Moreover, in line with UNESCO's ambitious 2030 target to reduce water
consumption in industry by 20 %, the development of innovative cleaning technologies is even
more pertinent (Garnier et al., 2023). In this regard, Dallagi et al (2023) have highlighted
various methods that are currently implemented primarily on a pilot scale or to a limited extent
in industrial operations for removing biocontamination in food industries (Dallagi et al., 2023).

Some of these methods are mentioned below.

Ice pigging consists of pieces of ice suspended in a liquid containing a substance that lowers
the freezing point. The cleaning is achieved through the mechanical action of the ice impacting
the surfaces. This method has been mainly used to clean drinking water pipes lines and heat
exchangers (Ainslie et al., 2009; Ramsay et al., 2018). Ice pigging proved to be more effective
in removing biofilms than traditional hydraulic flushing (Fann et al., 2019). Although it lacks
life cycle analysis (LCA) data, it is an environmentally friendly method, as it does not require
a lot of resources (Dallagi et al., 2023). However, mechanical action of the ice may cause
damage to the surfaces, and the melting time of ice at high temperatures must be taken into

account.

Another method is the bubbles flow, which consists of the introduction of bubbles in liquid
flow. This cleaning method relies on the mechanical action generated by the movement of
bubbles and the properties of the interfaces between air and liquid. It has been mainly used for

removing fouling from membranes with a better cleaning performance than traditional CIP (Lee
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et al., 2016). An advantage of this method is its chemical free-nature. The main drawback of
this method is to be able to control the size of the bubbles and scale up (Dallagi et al., 2023).

Moreover, the laboratory results need to be verified at industrial scale.

Pulsed flow is the use of a fluid (water or air) in an oscillating form, which improves shear
stresses imposed on a surface (Augustin et al., 2010; Dallagi et al., 2023). It has been used for
cleaning pipes and tanks. Silva et al., (2021) have shown that the use of pulsed flow in the CIP
for removing biofilms allows to save 67 % of energy compared to the traditional CIP where
stationary flow is used (Silva et al., 2021). However, this method requires specific equipment
for its application and there is still a lack of information on its use on closed surfaces in the

presence of sensors.

Foam flow is the use of foam in dynamic condition to clean closed surfaces. Foam flow has
demonstrated a higher cleaning efficiency in removing spores from pipes than traditional CIP
(Dallagi et al., 2022Db). In addition, foam flow allows to reduce the amounts of water and energy
and the LCA has shown that it reduces the environmental impacts up to 80% (non-renewable
energy and ionizing radiation) compared to the traditional CIP (Dallagi et al., 2022c). The
primary limitations of this method include potential instability of the foam with complex
geometries and the necessity of an additional step to destroy the foam at the end of the process

and recycle the liquid (Dallagi et al., 2024).

1.3 Foams

As described previously, foams have shown both great interest for cleaning in food industries
for close and open surfaces. In this section, we outline the key information necessary to
understand the key parameters utilized in this thesis for adjusting foam properties based on the
desired cleaning outcomes, whether in static (open surfaces) or dynamic conditions (closed

surfaces).
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1.3.1 Foam structure

Foam is a dispersion of gas within a liquid, where the liquid phase remains continuous,
contrasting with the gaseous phase, which forms bubbles (Langevin, 2023). Foams are
thermodynamically unstable, i.e., they tend to separate into the two phases over time (Malysa
and Lunkenheimer, 2008). That is why its formulation includes the presence of foam stabilizers.
The most common foam-stabilizers are surfactants, proteins, polymers and /or particles (Cantat
et al., 2013; Langevin, 2023). Foams exhibit varying levels of organization across different
scales (Figure 1.3.1). On a macroscopic level (102 — 1 m), foams behave as fluid-like
substances with a solid appearance. At a smaller scale (10* — 102 m), we observe the
arrangement of bubbles and the network of liquid channels that separates them (Lamolinairie,
2023). Zooming in further to the micrometer scale, we can identify Plateau borders, which are
the liquid channels of the foams; and the films, which constitute the walls of the bubbles.
Finally, at the nanoscale, the presence of foam stabilizer such as surfactant molecules at the

water/air interface becomes discernible (Cantat et al., 2013; Fameau and Salonen, 2014).
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Figure 1.3.1: Representation of the successive levels of organization of a foam stabilized by

o\

surfactants according to their spatial scales from the macroscopic scale to the nanoscale.
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One of the parameters that characterize foams is their liquid fraction ®, which is calculated as

follows:

Equation 1:
& = Viig
Vfoam

where Viig, corresponds to the volume of liquid in the foam, and Viam corresponds to the total

volume of the foam (Cantat et al., 2013).

Different types of structures can be found according to the liquid fraction (Figure 1.3.2):

e For @ <5 % the bubbles are in contact with each other, and deform into polyhedrons,
which faces are the thin films of liquid. The edges joining these films are the liquid
channels, called Plateau borders, and the points where the Plateau borders meet are

called vertices. This system is called a dry foam (Figure 1.3.2.a).

e For 5%< @ < @ the shape of the bubbles is almost round, since they are deformed by
being in contact with each other. The vertices touch, and the plateau borders occupy

more volume. This system is called a wet foam (Figure 1.3.2.b).

e For ® > @ the bubbles are no longer in contact with each other and are perfectly round.

There are no more vertices or Plateau borders. This system is called bubbly liquid

(Figure 1.3.2.c).
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(a) (b)

Figure 1.3.2: Different structures according to liquid fractions. (a) Dry foam. (b) Wet foam. (c)

Bubbly liquid.

1.3.2 Foam production methods

The physical properties of the foam depend on its structure. The structure, i.e., liquid fraction
and bubble size, can be controlled mainly by the foam production method. The choice of
foaming method can be a difficult task, especially as each method allows working in a narrow

range of liquid fractions and bubble sizes (Drenckhan and Saint-Jalmes, 2015).

Regardless of the method, foams can be produced in one step, when the foaming technique
results in the final foam, or in two steps, when the foaming technique generates bubbles that in
a second step must be compacted or divided to produce the final foam (Drenckhan and Saint-

Jalmes, 2015).

Foam production methods may be physical, when mechanical force is used or phase transitions
occur; they may be chemical, when gas is released in a chemical reaction; or they may be
biological, when some micro-organism produces gas (Drenckhan and Saint-Jalmes, 2015). Here

we will discuss only physical methods based on mechanical force.

Drenckhan and Saint-Jalmes (2015) describe the physics behind foam formation and then list
different techniques to produce them (Drenckhan and Saint-Jalmes, 2015). A summary of these

methods is given below:
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Bubbling into a stationary liquid

This technique consists of bubbling the gas in a stationary liquid through an orifice, several
orifices, a perforated plate or through a porous disc (Figure 1.3.3.a). Characteristic bubble sizes
range from around 100 micrometers to 1 centimeter (Drenckhan and Saint-Jalmes, 2015). The
foam may be monodispersed if similar orifices and good flow conditions are used, otherwise it
is polydisperse (Drenckhan and Saint-Jalmes, 2015). With this technique, foams with very high

liquid fractions are usually obtained, as the foam is produced in the liquid.

Foaming via co-injection of gas in and liquid:

This group includes all the techniques where the foam is produced by flowing both the gas and
the foaming solution. This allows better control over the liquid fractions in the foam, as the

bubbles are moved away from the bubbling site (Drenckhan and Saint-Jalmes, 2015).

One way to perform it is by making pass the two fluids through complex pore geometries. The
resulting bubbles size will be of the order of the pore’s sizes, i.e. micrometric (Drenckhan and
Saint-Jalmes, 2015). On the same principle, but to increase the foam production rate, static
mixers and mixers including a fine grid have been developed (Drenckhan and Saint-Jalmes,
2015). These devices allow high gas and liquid flow rates but still have good control over bubble

formation (Drenckhan and Saint-Jalmes, 2015).

To reproduce this principle but in small quantities, one of the most used techniques is the double
syringe. This technique consists of connecting two syringes, one of which contains the gas and
the other the foaming solution; the syringes are then pushed together a couple of times to
produce the foam (Figure 1.3.3.b) (Drenckhan and Saint-Jalmes, 2015). This technique
produces foams with very small bubble size (around 10-20 pm) and controlled liquid fractions
(Drenckhan and Saint-Jalmes, 2015; Gaillard et al., 2017). In addition, Gaillard et al, (2017)
have studied this technique in detail and they highlighted that this is the only technique that
allows to obtain foams with liquid fractions that are independent of the foam bubbles size

(Gaillard et al., 2017).
40



It is also possible to produce foams by passing both fluids through a tube of millimetric
dimensions. The length of the tube has to be larger than its diameter (Drenckhan and Saint-
Jalmes, 2015). Foams with bubble sizes in the order of 10 um and various ranges of liquid

fractions can also be obtained (Drenckhan and Saint-Jalmes, 2015).

Gas entrainment at free surfaces and bubble break-up under shear:

This group includes the use of a kitchen blender, where the gas and the foaming solution are
sheared (Figure 1.3.3.c). In this equipment, large bubbles are first formed by the entrainment
of the gas into the liquid; these bubbles are then broken by the shear produced by the blender
to obtain smaller bubbles (Drenckhan and Saint-Jalmes, 2015). This technique allows the liquid
fraction and the size of the bubbles, which can range from 10 um to a few millimeters, to

decrease over time (Drenckhan and Saint-Jalmes, 2015).

Another way to implement this principle is by using rotor-stator mixers. These devices allow a
more explicit determination of the amount of air incorporated (Drenckhan and Saint-Jalmes,
2015). The bubbles size obtained can be up to a few micrometers (Drenckhan and Saint-Jalmes,

2015).

Another device is based on the narrow annular gap unit (Drenckhan and Saint-Jalmes, 2015).
In these devices, a pre-foam is first formed by mixing the gas and the liquid, usually using a
porous plate, which is then injected into the impellers (Drenckhan and Saint-Jalmes, 2015). The
bubble size is around 10 um (Drenckhan and Saint-Jalmes, 2015). The main advantage of this

equipment is that it requires lower rotational speeds.

In addition, there is a standardized method, called the Ross-Miles test, which is based on air
entrainment and bubble break-up (Ross and Miles, 1941). This method consists of dropping a
foaming solution from a certain height into a certain volume of the same foaming solution, and
then measuring the foam height reached (Drenckhan and Saint-Jalmes, 2015). Monodisperse or

polydisperse foams can be obtained by increasing the jet velocity (Drenckhan and Saint-Jalmes,
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2015). The average size of the bubbles is usually in the order of a few hundred micrometers to

a few millimeters; and the liquid fractions are usually high (Drenckhan and Saint-Jalmes, 2015).

This category also included the shaking foaming technique. This technique consists of shaking
closed containers which are partially filled with the foaming solution (Drenckhan and Saint-
Jalmes, 2015). This technique can be done by hand, or it can be done with a device in a more
controlled manner (Drenckhan and Saint-Jalmes, 2015) (Figure 7d). The average bubble size
depends on the amount of liquid (Drenckhan and Saint-Jalmes, 2015). A test, which is called
the “Bartsch test”, based on this technique is used as a quick method to measure the foamability

of surfactant solutions (Petkova et al., 2021) (Figure 1.3.3.d).

Another technique based on air entrainment is the use of foam hoses. The air entrainment is
achieved by passing the foaming solution through a nozzle or through venturi nozzle
sections(Drenckhan and Saint-Jalmes, 2015). The size of the bubbles is usually in the order of
a millimeter and liquid fractions are high (Drenckhan and Saint-Jalmes, 2015). If the liquid

fraction is to be reduced, air can be injected (Drenckhan and Saint-Jalmes, 2015).
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Figure 1.3.3: Foam production methods: (a) Bubbling the gas in a stationary liquid through a
porous disc. The figure was repruced from (Denkov, 2004) (b) Double syringe technique. The
image was reproduced from (Schad et al., 2021). (c) Gas entrainment and bubble break-up using
a kitchen blender. The image was reproduced from (Politova et al., 2018). (d) Different ways
to carry out the shaking technique: handshaking, automated shaking using a typical laboratory
shaker, automated shaking machine employed for the Bartsch test (from left to right). The third

image was reproduced from (Petkova et al., 2021).

1.3.3 Foam destabilization mechanisms

Foams are thermodynamically unstable systems, i.e. over time the two phases separate
(Langevin, 2023). There are three different destabilization mechanisms that can occur in foams:
drainage, coalescence and coarsening (Figure 1.3.4). Drainage is the flow of liquid through the
foam due to the effect of gravity (Figure 1.3.4.a) (Cantat et al., 2013). The extent of drainage
is given by the difference in density between the liquid and the gas (Cantat et al., 2013).
Coalescence is the fusion of bubbles due to the collapse of liquid films between two or more
bubbles (Figure 1.3.4.b) (Cantat et al., 2013). The more unstable the films are, the faster the

coalescence occurs. In addition, the bubbles in contact with the outside are more fragile to
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coalescence. Therefore, this mechanism is responsible for the collapse of the foam (Fameau
and Salonen, 2014). Coarsening is the diffusion of gas from a small bubble into a bigger bubble
due to the difference in the Laplace pressure (Figure 1.3.4.c) (Fameau and Salonen, 2014). The
smaller bubbles withstand a higher pressure and then the gas diffuses into the neighboring
bigger bubbles. Coalescence and coarsening lead to an increase in the mean bubbles size over
time (Fameau and Salonen, 2014). The drainage causes the bubbles to be closer and thus
accelerates coalescence and coarsening. The three mechanisms are connected, and one

mechanism can accelerate another one.

(a) DRAINAGE (b) COARSENING‘ (©) COALESCENCE
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Figure 1.3.4: Schematic showing the three main mechanisms of destabilization of foams. (a)

Drainage. (b) Coalescence. (c) Coarsening.

1.4 Surfactants as key foaming agent

1.4.1 Surfactant definition and classification

The energy needed to create an interface between two fluids is determined by the surface
tension. Given the high surface tension of the air/water surface (72.7 mN-m-t at 20 °C), a bubble
film formed exclusively with water is highly unstable (Cantat et al., 2013; Beattie et al., 2014).

It is therefore necessary to introduce stabilizing agents, such as surfactants. Surfactants are
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amphiphilic molecules composed of a hydrophilic head and of and hydrophobic tail (Figure

1.4.1.a). When dissolved in water, surfactants adsorb at the liquid-air interface, with their polar

head oriented towards the liquid phase, and the non-polar tail oriented towards the gas phase.

The addition of surfactants allows to reduce surface tension. As the surfactant concentration

increases, the surface tension decreases, until the entire interface is saturated with the surfactant,

and the surface tension remains constant (Figure 1.4.1.b). This specific concentration at which

the surface tension reaches its minimum is referred to as the critical micellar concentration

(CMC) (Figure 1.4.1.b) (Cantat et al., 2013). Once the interface is saturated in surfactant, if

more surfactant molecules continue to be added, they self-assemble to form different structures,

such as micelles (Figure 1.4.1.b).
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Figure 1.4.1: (a) Surfactant structure. (b) Evolution of the surface tension with surfactant

concentration. The CMC indicates the point at which the surface tension reaches the minimum

value.
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The CMC is also related to the Krafft temperature, which is the minimum temperature at which
surfactants change from the solid to the soluble state, allowing the formation of micelles
(Arellano et al., 2023). Note that if the surface tension is measured at a temperature lower than
the Krafft temperature, one can no longer speak of CMC, as micelle formation is not guaranteed,

so CMC will be redefined as critical aggregation concentration (CAC).

According to the charge of the hydrophilic head, surfactant can be classified in non-ionic (with
no charge), in anionic (negatively charged), in cationic (positively charged) or in amphoteric

(positively or negatively charged depending on the pH) (Figure 1.4.2) (Cantat et al., 2013).

Non-ionic .

Anionic .

Cationic .

Amphoteric .\ . Acidic pH

Figure 1.4.2: Classification of surfactants according to the charge of the polar head.

Most conventional surfactants are synthesized from petrochemical sources or combining
renewable and petrochemical sources (Bhadani et al., 2020). For example, sodium dodecyl
sulfate (SDS) is an anionic surfactant synthesized by sulfonation of petrochemical or oleo
chemical based lauryl alcohols (Rebello et al., 2014) (Figure 1.4.3.a). However, growing

concern for the environment is leading to the replacement of these surfactants for others
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biobased surfactants. Among this group we can find chemically synthesized surfactants from
renewable sources, such as alkyl polyglucosides (non-ionic) (Figure 1.4.3.b) or fatty acid soaps
(anionic); or surfactants that come straightly from plants, like saponins, or from
microorganisms, like glycolipids (Rebello et al., 2014; Farias et al., 2021). In the literature, the
terminology used to refer to surfactants of biological origin is quite controversial. These
surfactants are often categorized as either green surfactants or biosurfactants. Generally, the
term green surfactants cover all those that come from renewable sources, no matter if they are
chemically synthetized or not, and the term biosurfactants encompasses only those that are

naturally produced by plants or, mostly, by microorganisms (Rebello et al., 2014; Farias et al.,

2021).
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Figure 1.4.3: (a) Structure of sodium dodecyl sulfate (SDS) (Bruce et al., 2002) (b) Example

of the typical structure of an alkyl polyglucoside (Drakontis and Amin, 2020).
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1.4.2 Surfactant self-assembly

As mentioned previously, above the CMC, the surfactant molecules in solution assemble into
different self-assembled structures. The type of self-assemblies can be predicted by the packing

parameter (p), which is defined as:

Equation 2:
4
p= ag * I,

where V is the volume occupied by the hydrophobic tail, a, is the area occupied by the

hydrophilic head, and [, is the length of the hydrophobic tail (Figure 1.4.4).

Forp < % the self-assemblies are micelles (Figure 1.4.5.a). For% <p< %the self-assemblies

are vesicles (Figure 1.4.5.b). For p = 1 the surfactant self- assembled into bilayers (Figure
1.4.5.c). For p > 1 the self-assembled structure are inverse micelles (Figure 1.4.5.d) (Mittal

and Bothorel, 1986).

Figure 1.4.4: Scheme of the values to be considered when calculating the packing parameter

(»).
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Figure 1.4.5: scheme of the different self-assembly that can be formed according to packing

parameter (p). (&) Micelles. (b) Vesicles. (c) Bilayers. (d) Inverse micelles.

All these different self-assemblies depend not only on the molecular structure of the surfactants,
but also on the medium conditions (pH, temperature, ionic strength, etc.) (Fameau and Salonen,

2014).

To determine the self-assembly structure of surfactants scattered techniques are used. Small-
angle Neutron Scattering (SANS) and Small-angle X-ray Scattering provide information of the
size, shaepe, distribution and interaction of particles at nanometre scale (Schnablegger and
Singh, 2013). In these techniques, the neutron bean or the X-ray, depending on whether SANS
or SAXS, are scattered by the sample, and the scattered intensity is tracked as a fuction of the

wave vector Q, as illustrated in

Figure 1.4.6. If information is required at atomic or molecular scale, the scattered angle can

be increased, to explore lowers Q, in this case the scattered technique is called Wide-ray Angle
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Scatering (WAXS). On the contrary, to explore scales from a hundreds of nanometers to a few

micrometers Ultra-Small-Angle X-ray Scattering (USAXS) can be used.

Incident wave I(q) I(q)
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> <9 —
»
4 A =
Sample \ q =41/l sin (q/2)

Figure 1.4.6 : Scheme of the scatered techniques.

1.4.3 Role of the surfactants on foam production and stability

Surfactants, in addition to lowering the surface tension and enabling the creation of the foam,
play an important role in the stability of the foam. This role is related to their presence in the

Plateau borders, in the thin films and at the air/water interface (Fameau and Salonen, 2014).

When foam is generated, the initial action of the surfactants is to adsorb at the interface, creating
a monolayer. Specific surfactants (alone or in mixture) can form a monolayer with high
compression rigidity and elasticity which might prevent coalescence and coarsening (Fameau
and Salonen, 2014). However, in surfactant monolayers, an exchange of free monomers from
the continuous phase and the interface can occur due to the affinity of the surfactant for both
phases (Fameau and Salonen, 2014). This would lead to a layer less resistant to the foam

destabilization processes.

The hydrophobic tail of the surfactant molecules allows other molecules to be solubilized in
the solution that would otherwise be poorly soluble (Cantat et al., 2013). This is the case of the
so-called co-surfactants, which can be added to the solution and intercalate with the surfactant

molecules (Cantat et al., 2013). These molecules interact with the surfactants via electrostatic
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or steric interactions. Their ability to enhance stability stems from their lower solubility,
effectively inhibiting the exchange of molecules between the continuous phase and the interface
(Cantat et al., 2013). Once the surfactants have covered the interface with their monolayer, they
begin to self-assemble. The self-assembled structures can adsorb underneath the monolayer,
forming a layer at the interface that confers high compression rigidity, slowing down coarsening

and coalescence (Fameau and Salonen, 2014).

The various self-assembled structures in the Plateau borders of the foam increase the viscosity
of the continuous phase slowing down or arresting drainage (Fameau and Salonen, 2014). In
addition, these structures can be trapped in the foam films, pushing the bubbles away from each

other by steric repulsion, preventing coalescence and coarsening (Fameau and Salonen, 2014).

1.5 Foam cleaning

In section 2.1 it was explained that foams are already used to clean open surfaces in the food
industry. However, they are used as a means to apply chemicals, and not only for their cleaning
power. The studies showing that foams have an effect on cleaning solid surfaces due to their
physicochemical properties are fairly recent. Static foam cleaning is the process of cleaning a
surface by simply putting in contact a foam with a surface for a certain amount of time (Schad
etal., 2021, 2022a, 2022b; Guzman Garcia Lascurain et al., 2023). With this technique, foams
have been used to clean lipids, oil and solid particles (dust) from solid surfaces, such as, wafers,
glass plates and historical objects. Moreover, preliminary studies has recently been carried out
to use foams for cleaning closed surfaces as a replacement for traditional CIP. Foam cleaning
in closed surfaces refers to the foam flow inside of pipes for decontamination purposes (Fournel
et al., 2003; Al Saabi et al., 2021; Dallagi et al., 2022b). It is a continuous process, in which
foam is produced at the inlet of the pipe and circulated as long as the decontamination process

requires.

The upcoming sections will explore in greater detail the current understanding regarding the

utilization of foams in cleaning processes.
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1.5.1 Mechanisms involve in foam cleaning

According to Schad et al., there are three mechanisms taking place when cleaning with foams

in static conditions (Figure 1.5.1) (Schad et al., 2021):

e Imbibition: when a liquid is sucked up into the Plateau borders of the foam by capillary
forces. This mechanism becomes stronger with small bubbles and small liquid fractions.

e Wiping: this mechanism occurs by re-arrangements of the bubbles, that leads to wiping
motions between the foam and the surface. These wiping motions exert strong shear
stress because of the movements of the thin wetting films and bubble meniscus along
the surface. This mechanism is promoted in unstable foams where re-arrangements of
the bubbles occur.

e Drainage: the liquid drained from a foam can flow under the soiled of the surface and
lift the contaminant. When this happens, the contaminant is pushed together on the
surface. This occurs in foams where the capillary forces are not enough to retain the

liquid of the foam and so it drains.

These mechanisms are not isolated and usually occur more than one at a time. Imbibition and
wiping are stronger with low liquid fractions. Wiping and drainage are stronger with unstable

foams.
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Figure 1.5.1: Scheme of three mechanisms involve in foam cleaning in static condition, using
foams with different liquid fractions and sunflower oil as model contaminant. The figure was

reproduced from (Schad et al., 2021).

In foam flow cleaning, the critical factor at play is the viscous stress within the foam. When a
foam is subjected to a shear stress that exceeds the elastic limit of the foam, it flows (Denkov
etal., 2009a). As the bubbles flow, they slide against each other and friction is generated within
the foam, which causes energy dissipation, resulting in the appearance of foam viscous stress
against the solid wall over which it is flowing (Denkov et al., 2009b). Thus, this mechanism
hinges not only on the velocity of foam flow but also on the inherent characteristics of the foam,
particularly regarding the composition of its films and interfaces. The friction within the foam

significantly affects its interaction with the solid surface.
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1.5.2 Wide range of applications of foams for cleaning purposes

1.5.2.1 Foam cleaning in open surfaces (static condition)

Despite the scientific consensus that foam generated in washing processes, such as for cleaning
hair and skin (shampoo, shower gel, facial ceanser, etc.), has no effect on cleaning, Jones et al.
carried out a study on the role of interfaces in the cleaning of silicon wafers coated with a
mixture of model lipids, representing human sebum (Jones et al., 2020). The study primarily
focused on surfactant solutions; however, as a final step, some initial investigations were
conducted using foams. The static foam cleaning test was carried out by putting a foam in
contact with the surface. As a result, they found some patterns in the foam that could suggest a
role of foam in sebum removal (Figure 1.5.2). According to the authors, the role of foam can
only occur if there is no liquid film between the surface and the foam. However, the authors are
not sure whether a liquid film is present, so the role of foam and the mechanism of action are

not clear.
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Figure 1.5.2: (a) microscopic image of a wafer after a static foam test, at x5 magnification,
showing distinct patterns in the sebum. (b) Scheme of the possible cleaning
mechanism associated with a non-wetting and wetting situations. The figure was reproduced

from (Jones et al., 2016).

Schad et al. have studied in detail the mechanisms involved in the cleaning of oil-soiled surfaces
using the static foam cleaning technique (Schad et al., 2021). They produced foams based on
alkyl polyglucosides (Glucopon 215 up) at a very high concentration (~90 times the CMC)
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using the double syringe technique to obtain small bubbles and tested different liquid fractions.
In addition, they produced the same foams with the addition of perfluorohexane (PFH). The
addition of PFH allows to obtain highly stable foams, as it has a very low solubility in water
and so slows down coarsening. The cleaning efficiency was tested on glass plates, and the
contact time with the foam was 15 min. The best cleaning result was obtained with the smaller
liquid fraction and the foam without PFH (Figure 16). In this way, the authors demonstrated
that the best way to clean oil from solid surfaces using static foam is promoting imbibition and
wiping. The small bubbles size (radius *50-70 um) obtained thanks to the double syringe
technique and the smaller liquid fraction (< 5%) promoted the imbibition mechanism. Despite
of this mechanism being promoted in both foams, with and without PFH, the foam without PFH
cleaned better than the one with PFH, showing the importance of the wiping mechanism, since
this mechanism is promoted in less stable foams (Figure 1.5.3). Schad et al. also showed that
the same formulation can be used for cleaning glass surfaces soiled with oil containing soots
(Schad et al., 2022a). In this case, the same cleaning mechanisms were involved. However, the
authors also demonstrated that it is important that the liquid foam channels are big enough to
let the particles pass through them. At the same time, it is important to note that it is thanks to
the oil that particles can be sucked through the imbibition mechanism. In another study, Shad
et al. demonstrated how static foam based on the formulation described previously can be used
for cleaning historical objects (Figure 1.5.4) (Schad et al., 2022b). Once more, they attributed
the effectiveness of the cleaning to the promotion of the mechanisms of imbibition and wiping;
although attributing this effect to imbibition is not entirely correct as the soiling of historical
objects was not related to liquid substances. It remains to be further discussed what cleaning

mechanisms are involved in this case.
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Figure 1.5.3: Pictures showing the effect of foams on cleaning oil from glass surfaces. In the
foams with a liquid fraction of 5% with and without PFH the imbibition mechanism is
promoted, but in the foam without PFH (less stable) the wiping mechanism is also promoting

resulting in a better cleaning efficiency. The figure was reproduced from (Schad et al., 2021).
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Figure 1.5.4: Historical object (left) before cleaning, (center) during cleaning with foam, and

(right) after cleaning The figure was reproduced from (Schad et al., 2022Db).

Notice that foams for cleaning purposes can also be applied in the form of a “gel-foam” i.e.,
foams whose continuous phase is a gel. Guzman Garcia Lascurain et al. studied the cleaning
effect of agar foams on gypsum surfaces (Guzman Garcia Lascurain et al., 2023). However,

such foams are mainly used because they allow a controlled release of water on the surface.

Le Toquin et al. worked with foams to decontaminate surfaces soiled with bacterial spores and
biofilms(Le Toquin, 2018; Le Toquin et al., 2018). The study focused on foams containing
bactericides and not on studying the effect of the foam itself. However, some tests were carried
out with a a foam without bactericides and composed of alkyl polyglucosides (Glucopon 215)
and xanthan gum (Le Toquin, 2018). The foam was produced in a tube containing glass beads
by injecting the foaming solution and air (Figure 17). The liquid fraction of the foam was
between 5 and 6 %. The foam was placed on the surface to clean in a horizontal position for 30
minutes. The cleaning efficiency was tested on different surfaces (aluminium, polystyrene,

palience tile, glass, stainless steel and mortar), which were soiled with Bacillus thuringiensis
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spores. Le Toquin showed that the foam itself reduced the percentage of spores on the surface

by 15 to 33 % depending on the surface (28 % for stainless steel).

1.5.2.2 Foam cleaning in closed surfaces (dynamic condition)

To the best of our knowledge, foam flow cleaning on high scale level have only been used for
nuclear decontamination. The use of foam flows in nuclear decontamination started to be used
because it requires less chemicals and produces less radioactive waste than other processes,
while obtaining the same cleaning efficiency (Gossard et al., 2022). At the French Alternative
Energies and Atomic Energy Commission (CEA), the behavior of foam flow for nuclear
decontamination at a pilot scale was studied (Figure 1.5.5) (Fournel et al., 2003). The foam
was based on two surfactants: alkyl polyglucoside (non-ionic) and sulfobetaine (amphoteric).
The liquid fraction was set at 10 wt.%. The formulation was designed so that other chemicals
could be incorporated to allow the dissolution of the radioactive contaminants in the foam,
taking advantage of the mechanism of destabilization by drainage. According to the authors,
sulfobetaine adsorbs faster at the interface than APG, but does not produce a stable film; thus
APG provides stability to the foam over time. In the meantime, liquid is released from the films,
which upon contact with the surface, facilitates decontamination. The foam was produced with
a static generator filled with glass spheres; at the end of the pipe, a vacuum pump maintained
the depression. This system allows the decontamination of pipes up to 130 m in length. Another
foam production system implemented by authors but developed by Turchet et al, allowed to
increase the decontamination length to 130 m (Turchet et al., 2002). This system called “foam-
chain circulation” consists of altering injections of foam and air at different times (Figure

1.5.6).
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Figure 1.5.5. Pictures of the pilot set up used for the study of foam flow for nuclear

decontamination. The figure was adapted from (Gossard et al., 2022).
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Figure 1.5.6: Schematic diagram of the system called “foam-chain circulation” developped by

(Turchet et al., 2002) which consists of altering injections of foam and air at different times.

The figure was adapted from (Gossard et al., 2022).

Al Saabi et al, conducted the first study on the removal of biocontamination in pipelines using
foam flows (Al Saabi et al., 2021). The foam was based on SDS at a concentration slightly
below to the CMC. The foam was produced by bubbling air through a porous disc into the
surfactant solution, the foam continuously flowed through a square pipe (Figure 20). The
authors tested three foam liquid fractions (0.5, 0.4 and 0.3) and three air and liquid flow rates
for each liquid fraction, giving as result different foam flow velocities and different shear stress.
First, they studied the kinetics removal of B. subtilis 98/7 spores (hydrophilic) from stainless

steel surfaces (2B finish) at the bottom of the pipe. The cleaning efficiency was evaluated by
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swabbing the surfaces and enumeration on tryptone soy agar of serial dilutions. They found two
distinct removal phases for all conditions: one lasting less than 1 min and the other one lasting
at least 20 min. The best cleaning efficiency was found with the foam with the liquid fraction
of 0.5 with a mean velocity of 4 cm.s™* and a shear stress of 4.2 Pa. With these conditions the
spores log reduction was 1.8 and 2 for 1 min and 20 of foam flow cleaning, respectively. In
addition, the cleaning efficiency was 0.5 log higher than CIP at a shear stress of 5 Pa with much
more water consumption for CIP (650 I.h") than foam flow (9 I.h'1). Then, the authors carried
out experiments using B. cereus spores (hydrophobic), and they observed the same kinetics

removal, although the cleaning efficiency was less for these spores.

Dallagi et al, continued working on the biodecontamination of pipelines by foam flow based on
the work of Al Saabi et al (Al Saabi et al., 2021; Dallagi et al., 2022b). First, they studied the
decontamination of pipes soiled with spores of two different strains, which differ only in their
hydrophilicity/hydrophobicity properties: Bacillus subtilis PY79 (hydrophilic) and Bacillus
subtilis PY79 spsA (hydrophobic). The foam was produced in the same set up as the works of
Al Saabi et al, and was also based on SDS at the same concentration (below CMC) (Al Saabi

etal., 2021) (

Figure 1.5.7). In this case, the authors worked at a fixed liquid fraction (0.5), which was the
one that resulted in better cleaning efficiency in the previous work. In this work, they studied
the effect of different foam flow velocities (1.5, 3, 4.5, 9 and 13.5 cm.s™) on spores detachment.
The foams were characterized in terms of bubble size distribution, taking photos of the foam
that passed through a transparent duct and using a software for image analysis. Moreover, the
thin film thickness and the wall shear stress were measured by conductimetry and polarography
respectively. The results showed that the cleaning efficiency was dependent on the foam flow
velocity and on the spore hydrophobicity. The cleaning efficiency improved with increasing
velocity, up to 9 cm.s™t, but for the highest speed (13.5 cm.s) the efficiency was lower than for
9 cm.sL. The authors explain this result by relating the variations in bubble size to the shear

stress in the wall. The bubble size distribution decreased with increasing velocity up to 9 cm.s
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1. However, when the velocity was increased further (13.5 cm.s™t) a slight increase of the bubble
size distribution was observed. At the same time, the wall shear stress increased with increasing
velocity (for 1.5, 3 and 4.5 cm.st) and the fluctuations in the wall shear stress decreased with
increasing velocity. When extrapolating the results to the higher velocities (9 and 13.5 cm.s™?),
the authors found smaller fluctuations for 9 cm.s than for 13.5 cm.s. According to the
authors, this was related to the presence of smaller bubbles for the 9 cm.s* velocity and this
would explain its higher cleaning efficiency. The mean value of the film increased with
increasing speed, which was 11, 12 and 13 um for 1.5, 3 and 4.5 cm.s* respectively; and the
variations in film thickness were smaller with increasing speed. The foam flow cleaning Kinetics
followed the same tendency as for the work of Al Saabi. In addition, the spore removal was
better for hydrophilic spores than for hydrophobic ones, reaching around 4 log of spore
reduction and 2 log of spore reduction respectively, for 20 min of foam flow with the best

condition.
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Figure 1.5.7: Diagram of the foam flow set up used in the works of Al Saabi et al. et Dallgi et
al. (Al Saabi et al., 2021; Dallagi et al., 2022c, 2022b). The figure was adapted from (Dallagi

etal., 2022a).

In a further step, Heni et al, investigated the effect of different foam flow velocities on the
removal of biofilms of three different bacterial strains (Escherichia coli SS2, Bacillus cereus
98/4 and Pseudomonas fluorescens Pf1), meaning three different types of biofilms (Dallagi et
al., 2022c). The Escherichia coli SS2 biofilm presented little resistance to foam flow, since a
the lowest velocity (1.5 cm.s™t) led to a strong removal (4-5 log reduction). As for the other two
strains, the log reduction increased with the increasing in velocity (increasing in the shear
stress). The highest log reduction was obtained with a velocity of 13.5 cm.s™%, and it reached 2
log for Bacillus cereus 98/4 biofilm, and 1.4 log for Pseudomonas fluorescens, for 20 min of

foam flow cleaning. In all cases the cleaning efficiency was better with foam flow in
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comparison to CIP using SDS at the same concentration, and with a shear stress equal to the
average of all those tested in the foam flow. Furthermore, the authors conducted a LCA
comparing the impacts produced when cleaning with CIP using NaOH, CIP using SDS and
foam flow cleaning (Dallagi et al., 2022c). The LCA showed that CIP with NaOH was the most
harmful process, followed by the CIP with SDS. The main difference between these two-
cleaning processes is the use of NaOH and the energy for heating the NaOH solution contributes
to increase the impacts. The foam flow proved to be the least harmful process, as it significantly

reduces the usage of chemicals (SDS) and water.

1.6 Generalities of Water-in-Water emulsions

Since the last chapter of this thesis focuses on the stabilisation of water-in-water (W/W)
emulsions, with the aim of their subsequent use as an innovative cleaning method, an

introduction to this topic is given in this section.

Agueous Two-Phase Systems (ATPS) are aqueous mixtures that separate into two immiscible
phases. Water-in-water emulsions can form in these systems and are therefore sometimes
referred to as ‘ATPS emulsions’, although the more common term is ‘water-in-water

emulsions’.

Phase separation in aqueous systems can occur in two ways: by segregative phase separation or
by associative phase separation. Here we will focus on the former. Segregative phase separation
occurs when two hydrophilic polymers in solution above minimum concentrations separate into
two immiscible phases in thermodynamic equilibrium (Esquena, 2016). Each phase is enriched
in one of the polymers and saturated in the other (Esquena, 2016). By applying mechanical
agitation to segregative phase separation systems, W/W emulsions can be produced (Figure

1.6.1).
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Figure 1.6.1 : Scheme of the general procedure to obtain a water-in-water emulsion.

In contrast to common oil-in-water emulsions, W/W emulsions are much more difficult to
stabilize since the surface tension is very low (around 0.1-100 uN/m) and the interface thickness
is large (10 to 100 nm) (Antonov et al., 2004; Esquena, 2016). For these physical reasons, W/W
emulsions cannot be stabilized by the common surfactants (typical size ~1 nm) usually used for
the stabilization of the oil-in-water or water-in-oil emulsions. Thus, the unstabilized W/W
emulsion droplets coalesce with time, more or less quickly depending on the system

investigated, resulting in macroscopic phase separation.

Given the fully aqueous composition, several potential applications of W/W emulsions have

been reported, such as in foods, cosmetics, and biomedical applications (Esquena, 2016, 2023).

1.7 Conclusions and objective of the thesis project

As described in the state-of-art section, foams could be a promising eco-friendly cleaning
method for the food industry as they reduce the consumption of water, energy and chemicals
required for cleaning (Dallagi et al., 2022c). However, so far, they have only been used on an
industrial scale for cleaning open surfaces and as a means of applying cleaning chemicals.
Moreover, they are not yet used on an industrial scale for the cleaning of closed surfaces. It has

already been shown that foams themselves can clean by different mechanisms (Schad et al.,
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2021; Dallagi et al., 2022b). Static foam cleaning has proven effective in removing various
types of contaminants (Jones et al., 2016; Schad et al., 2021, 2022a). However, as far as our
understanding extends, only one study has investigated the static foam cleaning of surfaces
contaminated with bio-contamination, yet it does not address the foam properties pertinent to
the cleaning process. (Le Toquin, 2018). In addition, foam flow cleaning has successfully been
used for removal of biocontamination from pipes at a pilot scale (Al Saabi et al., 2021; Dallagi
etal., 2022c, 2022b). However, the surfactant used for this proof of concept was the SDS, which
contributes to several environmental impacts and it was used at a concentration below to the

CMC.

The general objective of this thesis is to use various liquid foams systems as an innovative eco-
friendly cleaning method for the food industry, and to understand the foam properties governing

the decontamination process.

This thesis is structured into three main parts: the first one concerns the investigation of static
foam cleaning, the second one explores foam flow cleaning, and the final one focuses on the
design of possible new foam systems for cleaning applications. The first part is divided in two

chapters:

In the first chapter, we used the 10-hydroxystearic acid (10-HSA), a new hydroxylated fatty
acid that can be easily obtained from oleic acid by using microorganisms to produce foams. We
studied for the first time the self-assembly and the foaming properties of 10-HSA soap. Then,
we used these foams for static foam cleaning of stainless-steel surfaces soiled with hydrophilic
bacteria spores. Employing two distinct foam production methods, we generated foams to
assess the influence of bubble size and liquid fraction on cleaning efficacy. Our findings

revealed a difference in the power of cleaning depending on the size of the foam bubbles.

In the second chapter, we used a widely recognized commercial surfactant: Sodium Cocoyl
Isethionate (SCI), a bio-derived surfactant extensively employed in the cosmetics industry. We
studied for the first time in deep the bulk and the foaming properties of SCI. Then, we used the
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foams produced with SCI for static foam cleaning of stainless-steel surfaces soiled with two
types of bacteria spores, which differ in their hydrophobicity/ hydrophilicity character. We
produced foams with the double-syringe technique to maintain the foam bubbles size but
varying the liquid fraction. Different experimental conditions were carried out, such as different
liquid fractions, foams with and without drainage, different levels of attachment of the spores

to the surface. In this way the foam cleaning mechanisms were elucidated.

In the second part, we focused on the study of foam flow for the cleaning of bio-contamination
in pipelines. The objective was to see what level of cleaning is achieved with micelle-stabilized
foams with a model surfactant (SDS) and to compare it with micelle-stabilized foams with bio-
based surfactants. For this purpose, we decide to choose alkyl polyglucosides to produce the
foam, which are commercially available bio-based surfactants. Two different alkyl
polyglucosides were used: decyl glucoside (DG) and lauryl glucoside (LG). We also carried a
Life Cycle Analysis comparing both processes (with SDS and with alkyl polyglucosides). In
addition, we evaluated the destruction of the foam by filtration and the reutilization of the
surfactant solution. No effect on alkyl chain length between DG and LG was observed. We
demonstrated that APGs are a good choice to replace SDS in foam flow cleaning, as they allow

to further decrease the environmental impacts.

In the last part of this thesis, we aimed to identify and investigate a novel type of soft material
system for cleaning purposes. We chose to study ‘water-in-water emulsions’ (W/W emulsions)
where an aqueous solution forms droplets inside another aqueous solution (Esquena, 2016,
2023; Dickinson, 2019). One of the most interesting applications of W/W emulsions is their
possible use for the design of novel encapsulation and delivery systems for labile molecules
such as antibacterial agent but also for possible encapsulation and separation of spores/bacteria
(Esquena, 2016). The lack of stability of W/W emulsions is the main drawback that limits their
use for practical applications (Esquena, 2016). Here, we first study how W/W emulsions can
be stabilized by mixture of surfactant (alkylpolyglucosides, APGs) and medium chain fatty

alcohols. The mixture of surfactant and fatty alcohols are widely used in the field of cosmetic
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and pharmaceutical industries to form Lamellar gel Network (LGNs) (Eccleston, 1997).
Lamellar gel networks (LGNs), which are also termed “a-gels” in literature, are used to give
creamy texture to the products (Eccleston, 1997; Iwata, 2017). Then, we tried for the first time

to produce foams based on W/W emulsions.
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Introduction to chapter 2

As explained in the bibliography section, foams have long been employed to clean open
surfaces in the food industry, primarily serving as a method for applying various chemicals.
Traditionally, the scientific community believed that foams had no inherent cleaning properties.
However, recent research has challenged this notion, demonstrating that foams can, in fact,
provide superior cleaning efficacy compared to their non-foaming counterparts. The first
objective of this thesis was to study the cleaning effect of foams on static conditions on model
surfaces. In addition, we aimed to produce foams using bio-based surfactants to further
minimize environmental impact of foam formulation and provide valuable insights to the

scientific community on the properties of previously poorly studied or unstudied surfactants.

In our first work, we studied in depth the properties of 10-hydroxystearic acid (10-HSA) soap
and conducted the first study on static foam cleaning to remove hydrophilic spores from
stainless steel surfaces. The interest in using 10-HSA soap was based on the fact that 10-HSA
can be easily obtained from oleic acid using microorganisms, and, to the best of our knowledge,

there was no previous study on the surfactant properties of 10-HSA soap.

We showed that the cleaning efficiency of these foams depended on the size of the bubbles.
Foams with bubble radius of around 100 um demonstrated cleaning efficiency comparable to
that of the non-foamed solution and water. However, foams with bubble radius of around 20
pum exhibited significantly better cleaning efficiency, achieving up to a 2 logs of spore
reduction. In addition, we demonstrated that these foams are thermoresponsive, which could be
an advantage for their industrial use, both for destruction and reutilisation, These results were
gathered in one publication and were published in Molecules journal. However, with this
foaming system it was difficult to tune and control the liquid fraction and keep in the same time
a similar bubbles size. That is why, we studied in a second step another foaming system: sodium
cocoyl isethionate (SCI), a bio-based surfactant widely employed in personal care products for

its foaming and detergency properties.
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Our focus was on the understanding of the influence of the liquid fraction on foam cleaning
efficiency and elucidating the mechanisms behind spore decontamination. We chose SCI for
two main reasons: despite its widespread use, there is limited data on its foaming properties,
and it enabled us to create foams with varying liquid fractions while maintaining a consistent
bubble size. To prevent the potential displacement of spores by draining liquid, we produced
foams that exhibited no drainage during the cleaning process. We showed that when spores
(hydrophilic or hydrophobic) are strongly attached to the surface, they can be removed by the
foam, presumably by the wiping mechanism, with an efficiency of about 2 logs for hydrophilic
spores and 1 log for hydrophobic spores. We showed that, in this condition the liquid fraction
would have no influence on the cleaning efficiency. Then, we demonstrated that when the
spores are suspended in a liquid the cleaning efficiency increased up to 4 logs of reduction for
both types of spores presumably by the imbibition mechanism. These results were gathered in
one publication to be submitted to Colloids and Surfaces A: Physicochemical and Engineering

Aspects journal.
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Abstract: Currently, there is a renewed interest for using fatty acid soaps as surfactants.
Hydroxylated fatty acids are specific fatty acids with a hydroxyl group in the alkyl chain giving
rise to chirality and specific surfactant properties. The most famous hydroxylated fatty acid is
the 12-hydroxystearic acid (12-HSA), widely used in the industry and coming from castor oil.
A very similar new hydroxylated fatty acid, the 10-hydroxystearic acid (10-HSA) can be easily
obtained from oleic acid by using microorganisms. Here, we studied for the first time the self-
assembly and foaming properties of R-10-HSA soap in aqueous solution. A multiscale approach
was used by combining microscopy techniques, small angle neutron scattering, wide angle X-
ray scattering, rheology experiments, and surface tension measurements as a function of the

temperature. The behavior of R-10-HSA was systematically compared with those of 12-HSA
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soap. Although multilamellar mi-cron-size tubes were observed for both R-10-HSA and 12-
HSA, the structure of the self-assemblies at the nanoscale was different, which is probably due
to the fact that 12-HSA solutions were racemic mixtures while 10-HSA solutions were obtained
from a pure R enantiomer. We also demonstrated that stable foams based on R-10-HSA soap
can be used for cleaning applications by studying spores removal on model surfaces in static

conditions by foam imbibition.

Keywords: hydroxy fatty acid; self-assembly; foam; spore; cleaning; imbibition

2.1.1 Introduction

Surfactants are extensively used in a wide range of industrial applications due to their ability to
adsorb at interfaces, and to reduce interfacial tensions. For example, they are used in food,
agricultural, paint, cosmetic and pharmaceutical applications. Surfactants can be of synthetic or
biological origin; however, most of the ones used in industries are of synthetic origin, and
potentially bring out environmental and toxicology problems [1]. So, currently, the trend is to
replace synthetic surfactants by more environmentally friendly surfactants of different types
[1]. This search for so-called green surfactants gives rise to a renewed interest in using fatty
acid soaps in industrial applications instead of petrochemical derived surfactants [2]. Fatty acid
soaps can be considered as one of the oldest surfactants and perhaps most natural surfactants
since they were discovered than as early as in 2800 BC [3]. The rise of the soap industry was
at the beginning of the 19th century due to the work of Le Blanc and Chevreul, which led to the
well-known sapon-ification process of oil or fat by appropriate caustic substances [4]. In the
last century, due to the modern petrochemical industry and the progress in chemical processes,
specific “synthetic” surfactants were developed to replace soaps in many areas. Currently, the
renew interest in fatty acid soaps come from their advantages: low price, present excellent
biodegradability under both anaerobic and aerobic conditions and low toxicity [2]. The most
important advantage is that they are produced from renewable oils. Indeed, fatty acids are

obtained by hydrolysis of oils from various oleochemical sources. Moreover, large amount of
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fatty acids can be extracted and transformed in value-added-new ma-terials from by-products
from agriculture and the food industry [5]. Fatty acids have an aliphatic hydrophobic tail, which
is either saturated or unsaturated, and can have some additional groups such as hydroxyl groups
[6]. One of the most famous hydroxylated fatty acids is the 12-hydroxystearic acid (12-HSA)
[7]. The presence of the —OH group (chiral center) confers to the 12-HSA its unique properties,
since it can self-assemble into fibers and tubular structures leading to both organogel and
hydrogel, and it is widely used in industrial applications for its lubricating and thickening

properties [7]. 12-HSA is pro-duced only from ricinoleic acid coming from castor oil [7].

Recently, a hydroxylated fatty acid with a very similar structure emerged in the literature: the
10-hydroxy stearic acid (10-HSA) that differs from the 12-HSA only by the position on the —
OH group on the alkyl chain. 10-HSA is produced from oleic acid by using microorganisms
producing enzyme (oleate hydratase) with high enantioselectivity leading to R-10-HSA [8-13].
Oleic acid is a very cheap starting material in comparison to ricinoleic acid as it is the most
common and abundant mono-unsaturated fatty acids present in vegetable oils. Thus, it is much
easier, cheaper and better for the environ-mental point of view to produce 10-HSA in
comparison to 12-HSA. Many studies in the literature describe and compare the different ways
to produce 10-HSA from microor-ganisms, but to the best of our knowledge there is no study
on the surfactant properties of 10-HSA soap. Only few data are available on the morphology of

the self-assembled structures and gelling properties in non-aqueous solvents [14].

Our aim here was to study the self-assembled properties of a model 10-HSA soap system in
bulk aqueous solution, and the resulting foaming properties in order to compare with 12-HSA
soap for which there exists a large corpus of knowledge in liter-ature. Therefore, to disperse the
10-HSA in water and to compare with 12-HSA, we used the same strategy based on the use of
monoethanolamine (MEA), a model organic counter-ion, to produce the fatty acid soap with a
stoichiometric molar ratio between 10-HSA and MEA [15-17]. We used a multiscale approach
to determine the self-assembled and surface properties of 10-HSA by combining microscopy

techniques, small angle neutron scattering (SANS), wide angle X-ray scattering (SAXS),
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rheology experiments, and surface tension measurements as a function of the temperature. We
compared the respective behaviors of 10-HSA and 12-HSA at the different length scales. We
also demonstrated how foams produced by 10-HSA soap can be used for cleaning and de-
contamination applications by taking advantages of their stability to remove model

contaminants (spores) from model surfaces.

2.1.2 Results and Discussion

2.1.2.1 Critical Aggregation Concentration (CAC) of 10-HSA dispersion

First, we studied the CAC of 10-HSA dispersion. Surface tensions of the aqueous 10-
HSA/MEA solutions were determined as a function of 10-HSA concentrationat T =20 + 1 °C.
The CAC was determined at around 10 mM (3.3 mg.mL1) associated to a plateau of surface
tension at 45 N.m-1 £+ 0.2 (Figure 2.1.1). The CAC was higher for 10-HSA than the values
reported for 12-HSA [15,18]. Moreover, the surface tension reached above the CAC was much
lower for 12-HSA than for 10-HSA. For example, at 10 mg.mL%, the surface tension value was
around 23 mN.m-1 for 12-HSA [19]. We hypothesize that the difference in CAC and surface
tension values between 12-HSA and 10-HSA may originate from either the position of the —
OH group on the alkyl chain or/and the chirality, since the 12-HSA was studied in racemic
mixture. The chirality of 12-HSA on the molecular scale is known to have a strong effect at
much larger scales and controlled the self-assembled structures properties and interfacial
properties [7]. Indeed, it was shown in the literature that the presence of a racemic mixture for
12-HSA has a stronger effect on the surface property than the difference of two carbons for the

—OH position between 12-HSA and 10-HSA [20-22].
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Figure 2.1.1. Surface tension of aqueous solutions of 10-HSA/MEA as a function of the

concentrationat T =20 £ 1 °C.

2.1.2.2 Self-assembled structure and rheological properties at 25°C

The concentration of 10-HSA was fixed at 10 mg.mL™ to be above the CAC (around 3 times
the CAC) and to compare with previous studies done with 12-HSA at this concentration
[16,19,23]. At room temperature, a homogenous turbid phase with birefringence was observed.
By using phase contrast microscopy, the presence of micron-size rods was observed (Figure
2.1.2.a). These rods were very similar in shape and in length size to the ones obtained by using
12-HSA [17]. In order to gain insight into the local structure of these rods at the nanometric
scale, SANS experiments were performed. This technique does not provide information on the
total size of the tubes observed by microscopy, but it allows us to understand the self-association
of fatty acids on a scale of up to a hundred nanometers. Figure 2.1.2.b displays the scattering
profile. In the low Q region, four sharp peaks were observed. Their positions were in a ratio 1:
2: 3. 4 (Q0, 2Q0, 3Q0, 4Q0). The presence of a first strong correlation peak followed by its
harmonics showed that the inner of rods were formed by periodically stacked bilayers separated
by water layers. Above Q=0.02 A, the slope in Q= showed the presence of large objects
observed previously: the rods. The 10-HSA bilayers arrange themselves as multilamellar tubes,

as the 12-HSA bilayers do. The interlamellar spacing corresponding to one lipid bilayer plus
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one water layer in the stack of bilayers was determined by using the position of the first
correlation peak at 0.0237 AL, It was equal to 2/Q0 = 263 A. which was lower than for 12-
HSA self-assemblies for which a value of around 320 A was obtained in the same experimental
conditions of ethano-lamine/fatty acids ratio and concentrations [16]. The swelling of the
bilayer was lower for 10-HSA than for 12-HSA. From the SANS fitting (see Supporting
information for details), we determined both the number of stacked bilayers and the Caillé
parameter, accounting for the thermal fluctuations of the bilayers [24]. From the fit, we found
that the Caillé parameter was around 0.06 with 5 bilayers. In the case of 12-HSA, the Caillé
parameter was around 0.1 with 4 bilayers [15]. For the 10-HSA, the bilayers were more rigid
than the 12-HSA, most probably coming from the fact that the molecules are more organized

when they are not in a racemic mixture.

In the high Q region, the bilayer thickness was determined from the oscillation of the form
factor (Figure S1.a) at around 20.5 A. This thickness is lower than twice the 10-HSA molecule
in its extended conformation suggesting (21 A) that the bilayers could be either in Lp gel state
with its alkyl chain interdigitated or in a Lo fluid state [17]. To determine the 10-HSA alkyl
chain state of crystallinity, we performed then wide-angle X-ray scat-tering experiment
(WAXS). Four diffraction peaks were observed in the WAXS diffrac-togram (Figure S1.b)
located respectively at 1.37, 1.47, 1.55 and 1.59 AL, We deduce that 10-HSA were mostly in
triclinic conformations, and that the alkyl chains were under gel state. This result was different
from the 12-HSA in the same experimental conditions since the bilayer was under a gel state,
but with a bilayer thickness around 42 A, twice the length of the 12-HSA molecule and therefore
not interdigitated, and with an orthorhombic conformation [6]. This difference between the two
systems can again originate from the chirality, since the 12-HSA studied was a racemic mixture
and not the 10-HSA (R-10-HSA). The chirality has already been shown to have a strong effect

on alkyl chain packing in alkane system [25].
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Oscillatory tests were performed to determine the rheological behaviors of the 10-HSA aqueous
dispersion of multilamellar tubes at 25 °C. In Figure 2.1.2.c, results of amplitude sweeps (at a
fixed frequency f = 1 Hz) is shown. The dispersion was viscoelastic, with the viscous and elastic
moduli (G’ and G””) depending on the applied amplitude. At low amplitude y (below 3 %), G’
was higher than G”’, but at the highest amplitude G’ was higher than G’. At low v, there was
gel-like behavior of the multilamellar tubes. As the amplitude was increased, there was a yield
point, and the dispersion started to flow above a typical yield strain of y = 1% (values for which
G’ started to rapidly decrease). This behavior is fully reminiscent to the one of the 12-HSA
dispersions, only the values of G” and G’ were slightly higher, and the yield strain was at 0.5
% [19]. We suppose that this difference could come from the length or/and or the diameter of

the tubes [19].
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Figure 2.1.2. (a) Phase contrast microscopy picture of 10-HSA at 25 °C. (b) SANS intensity
profile of 10-HSA at 25 °C. The black line corresponds to the best fit of the data described in

the Supporting Information. (c) Oscillatory measurements of 10-HSA, elastic G’ (®) and

viscous G”* (©) moduli plotted as a function of the strain amplitude, y at constant f = 1 Hz at 25

°C.

2.1.2.3 Evolution of the self-assembled structure and rheological properties by increasing
temperature

By increasing the temperature, we observed that around 65 °C the turbid sample turned into a

limpid sample. By phase contrast microscopy, no rods were any longer observed (Figure

2.1.3.a). In order to determine precisely the temperature transition threshold, we studied the
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evolution of the elastic and viscous moduli, G’ and G’’, respectively, monitored as a function
of the amplitude of deformation and at a fixed frequency for various temperatures (Figure S2).
In Figure 2.1.3.b, the quantitative dependence on temperature for G” and G’ found in the low
amplitude plateau below vyielding (low amplitude of 0.1 % and frequency of 1 Hz) is
represented. Below 60 °C, when multilamellar tubes were present in solution, we observed that
both the viscous and elastic moduli, remained almost contant around 20-40 Pa for G’, and
around 6-10 Pa for G’’. At 60 °C, a sharp decrease of both G* and G” was observed down to
very low values at 65 °C even below the limit of resolution for G’. This strong variation of the
moduli over only few degrees confirm that the temperature transition was at around 65 °C from
rheological point of view. Due to the experimental limit of the rheometer, we did not observe
the cross over between G’ and G’ during the transition. The SANS spectrum was recorded
above this transition at 75 °C (Figure 2.1.3.c). It does no longer shows the typical features of a
lamellar phase but displays the characteritic features of spheres interacting through repulsive
interactions. At large Q, the spectrum was fitted with a form factor of a sphere and a structure
factor with a radius of 21 A, that correponds to the length of the fatty chain (Figure S1.c).
Therefore, spherical micelles were present inside the limpid solution. At low Q, in the SANS
spectrum, a decrease in the scattered intensity was observed when going towards low Q. This
decrease comes from the low isothermal compressibility of the system, since the 10-HSA
micelles were mainly composed by the ionized 10-HSA molecules which were negatively
charged. Therefore, the spherical micelles repelled each other due to electrostatic repulsions
over large distances, which gave rise to the presence of a broad correlation peak. In the direct
space, the position of the broad correlation peak corresponds to the average distance between
spherical micelles. The position of the broad correlation peak at Q = 0.058 A, corresponds to a
mean distance between micelles of around 108 A. The 10-HSA multilamellar tubes exhibits a

transition into spherical micelles above 65 °C.

By decreasing the temperature from 70 °C to 25 °C, the rods appeared back by optical phase

contrast microscopy showing that the self-assembled transition was reversible. The 10-HSA
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multilamellar tubes transit into spherical micelles in the same way than for 12-HSA
multilamellar tubes as depicted in reference [17], but at a lower temperature (65 °C for 10-HSA
and 70 °C for 12-HSA). The size of the spherical micelles was similar, as well as the mean
average distance given that the fatty acid concentration was the same. At high temperatures, the
size of the self-assembled structures in solution are mainly linked to the size of the molecules
wich is similar between 12-HSA and 10-HSA, and the presence of racemic mixture does not

play anymore a role.
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Figure 2.1.3. (a) Phase contrast microscopy picture of 10-HSA at 65 °C. (b) Variations of
elastic G’ (@) and viscous G”’ (©) moduli upon heating. The moduli were measured at y = 0.1
% and f = 1 Hz. (c) SANS intensity profile of 10-HSA at 75 °C. The line corresponds to the

best fit of the spectrum de-scribed in the Supporting Information.

2.1.2.4 Foaming properties with time and temperature

The foaming properties of 10-HSA dispersion was evaluated for two different ways of
producing foams: hand-shaking and gas bubbling through the tubes dispersion. A large volume
of foam can be produced from the 10-HSA multilamellar tubes dispersion by hand-shaking,
demonstrating the high foamability of the dispersion (Figure S3). This foam was shown to be
very stable with time when kept at room temperature during one month (Figure S3). To quantify
the foaming properties in terms of foamability, stability with temperature and evolution of
liquid fraction, we produced foams by bubbling gas into the 10-HSA aqueous dispersion at 25
°C (Figure 2.1.4). The fixed foam volume to reach was 45 cm3 with a gas flow rate fixed at 35

mL.min-1. It was reached in around 75 s, showing that all the gas was incorporated inside the
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foam. The foamability was thus optimal, and the gas bubbles were quickly and efficiently
stabilized (Figure 2.1.4.a). Then, the foam volume remained constant with time during all the
experiment confirming the ultrastable character of the foam. In terms of liquid fraction, at the
end of bubbling, the average liquid fraction was around 24 %, corresponding to a so-called wet
foam. The liquid drained quickly out of the foam in the first minutes, and then the liquid fraction
stabilized at around 7.5 %. This foaming behaviour was very similar to the one obtained for 12-
HSA multilamellar tubes dispersions [23]. Microscopically, we expect that the foams were first
stabilized by the 10-HSA monomers released from the tubes at the gas-solution interfaces, and
that these monomers protect the bubbles and provide some stability to the films separating the
bubbles. In parallel, the crowding of the multilamellar tubes within the liquid foam channels
stabilize this liquid skeleton and prevent further destabilization. At this stage, foams based on
10-HSA and 12-HSA appeared very similar in terms of foaming properties, since the foaming
properties are mainly linked to the presence of tubes at the micron scale and to their quantity,

which was similar.

Then, we studied the foam stability behaviour as a function of temperature below and above
the temperature theshold transition between tubes and spherical micelles (Figure 4.b and Figure
S4). At 25 °C, when multilamellar tubes were present within the foams, the foam volume
remained stable with time (Figure 2.1.4.b). However, when the foam temperature was
increased at 65 °C, the transition of tubes into micelles inside the foam liquid channels led to a
rapid foam volume decrease from 40 cm3 to 25 cm3. By switching back the temperature quickly
to 25 °C, the decrease of the the foam volume was stopped and such foam volume remained
constant with time because the micelles transit back to tubes inside the foam (Figure 2.1.4.b).
10-HSA dispersion led to thermoresponsive foams in the same way than previously described
fro 12-HSA dispersion [23]. Only the temperature at which the foam stability could be switched
between stable to usntable state was different, since it was driven by the temperature transition

threshold between multilamellar tubes and spherical micelles.

86



(a) 50 . - 7 . 12 (b)so~

;

Foam volume (ch)
8
p
o
(;wo) awnjoA pinbi

[
[=]
®

=y

Wy
%aﬁm,,,‘ -
T ——

n
=]
N
=]

IS

=)
N

1 1
1 1

i [

1 [l 4
| 1

1 1

1 [l

! 1

+

¥ T F T 0 T T
0 2000 4000 9000 9500 10000 0 500 1000 1500 2000 2500
Time (s) Time (s)

-
o

0

Figure 2.1.4. (a) Evolution of the foam volume (purple), and of the liquid volume in the foam
(green) with time with time at 25 °C. (b) Evolution of the foam stability by measuring the
evolution of foam volume with time at different temperatures: 25 °C when multilamellar tubes

were present and at 65 °C when spherical micelles were present.

2.1.2.5 Cleaning of spores contamination on surface by foam imbibition

Then, we took advantages of the 10-HSA foam stability to study the potential of these foams to
decontamination applications [26]. We used stainless-steel plates as model sur-faces and spores
from Bacillus subtilis (size around 400-700 nm) as the model contaminant to study the
absorption process due to imbibition inside the foam [27]. The model surfaces were kept in
horizontal position, and the foams were put directly in contact with the contaminated surface
(see section 2.1.3.2). To favor foam imbibition, to avoid the detachment of the spores from the
surface induced by drainage and ensure that plates remain un-derneath the foam together with
a lot of liquid, we decided to first let dry the foam during 10 min, and then to put the foam on
the contaminated surfaces with spores. We produced foams with two different foaming
techniques to vary the bubbles size and the liquid fraction, which are the main parameters
governing the imbibition. Thus, we produced foams by the hand-shaking (HS) method and the
double syringes (DS) method [28]. Before cleaning, the average bubbles radius was 103 + 69
pm and 19 + 8 um for HS foam and DS foam, respectively. The remaining average liquid

fraction of the foams after 10 min was around 10 + 0.4 % and 19 + 0.8 % for HS foam and DS
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foam, respectively. It is important to note that the liquid fraction was most probably not uniform
trough the foam, with drier foams at the top than at the bottom. The foams remained in contact
with the contaminated surfaces in horizontal position during 30 min. First, we checked the
bubbles size evo-lution after 30 min of cleaning. The bubbles size slightly increased to reach
129 + 88 pm and 19 £ 8 um for HS foam and DS foam, respectively. Multilamellar tubes were
clearly observed inside the foam before and after cleaning (Figure S5). Then, the stainless-steel
plates were removed, and the effect of the contact with a foam was quantified by measuring the
spore log reduction after 30 min as shown Figure 2.1.5.a. The spores log reduction was around
1.13 + 0.14 for the water, due to the hydrophilicity of the spores as already observed previously,
which could be removed by water [29]. The spores log reduction for the pure 10-HSA
dispersion was 0.92 + 0.20, and thus similar to water. It is important to point out that the 10-
HSA dispersion did not have an effect on spore’s via-bility, it was similar between water and
10-HSA dispersion. The spores log reduction for the 10-HSA foams was 0.98 + 0.10, and 2.40
* 0.10, respectively, for HS and DS. The HS foam had a similar effect than just water or the
10-HSA dispersion on spore’s removal. However, the spores’ log reduction value was much
higher for 10-HSA DS foam, showing that foam could efficiently remove spores’ from the
plate. The spores due to their small sizes compared to the foam liquid channels and Plateau
borders could be efficiently remove by the foam. The effect of foam cleaning on spore’s
removal was also followed by epifluorescence microscopy before and after foam cleaning
(Figure 2.1.5.b). Before foam cleaning, the fluorescent spores could be easily detected on the
model surfaces. After foam cleaning with DS foam, almost no more spores could be observed

confirming the results of spore log reduction quantification.
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Figure 2.1.5. (a) Spores log reduction on the model surface after 30 min for water, 10-HSA
disper-sion, hand-shaking (HS) foam, and double syringe (DS) foam. The small letters a-b
indicate groups of statistical differences according to Tukey’s test (p < 0.05). (b)
Epifluorescence micros-copy pictures of the model surface contaminated by fluorescent spores
before cleaning, and (c) af-ter 30 min of cleaning with DS foam. The scale bar represents 50

pum for all the pictures.

To visualize and to confirm how spores could be soaked up by the DS foam, we followed with
fluorescence microscopy the spores’ penetration dynamic into 10-HSA DS foam as already
done in the literature for oil imbibition in foams (Figure 2.1.6) [30-32]. Immediately after the
initial contact of spores’ suspension with the foam, we observed the penetration of the
fluorescent spores inside the foam without destroying the foam. Therefore, the high spores log
reduction for DS foam came from the foam imbibition phenomenon resulting in a very quick
detachment of the adhering spores and the penetration inside the foam. The difference between
HS and DS foam could be explained by the bubbles size difference (factor of ten between HS
and DS foam bubbles size), since it is known that the smaller the bubble size, the smaller the
liquid channel section, the larger is the capillary pressure and the imbibition phenomenon
[26,33]. In our case, we suppose that even if the average liquid fraction were different, they

were still in the range of wet foams, and we suppose that only the bubbles size had an effect on
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foam imbibition [32]. Moreover, by comparing the log reduction obtained for DS foam to the
ones obtained for foam flow in dynamic conditions on the same spore’s model and same
surface, we observed that the values are similar, showing that foams in static conditions are

very good to remove efficiently spores contamination thanks to the imbibition process [29].

t=0 t =1 min 30 sec

t =30 sec

Time
Figure 2.1.6. Epifluorescence microscopy pictures of the penetration of aqueous dispersion of
spores into a double syringe foam with time. t = 0, corresponds to the image taken just after

contact with the foam. The scale bar represents 1 mm for all the pictures.

2.1.3 Materials and Methods

2.1.3.1 Materials

2.1.3.1.1 Preparation of 10-hydroxystearic acid dispersion

Monoethanolamine was purchased from Sigma Aldrich and used as received. 10-HSA was
obtained from the following method [34]. 10-HSA was weighted exactly in a tube and ultrapure
water was added so that the concentration was 10 mg.mL"* (1 wt.% in water). Next, the desired
volume of a 1 mol.L"* monoethalolamine solution prepared in MilliQ water was incorporated
to reach the equivalence (molar ratio=nmonoethanolamine/n10-HSA=1, with n the molar
concentration in mol.L™). The mixture was heated at 80°C during 15 minutes until all the 10-
HSA powder was fully dispersed, and then vortexed. Samples were further stored at 4 °C and
prior to be used, they were heated again around 80 °C during 5 minutes and cooled to room

temperature.
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2.1.3.1.2 Preparation of Solid Model Surfaces

All the cleaning experiments were carried out on rectangular (45 mm x 15 mm) AISI 316
stainless-steel plates (APERAM, Isbergues, France) with a 2R factory finish. In order to have
similar surface properties to those found in the food industry, the surfaces were subjected to a
conditioning process described previously [29]. In brief, the plates were immersed in milk at
room temperature for 30 min and then they were rinsed under osmosis water for 5 min by
overflow. The plates were immersed in a 0.5 wt.% sodium hydroxide solution at 70 °C for 30
min and then they were rinsed in osmosis water for 5 min. This cycle was repeated 15 times.
Then, they were fouled with Escherichia coli strains previously shown to produce biofilms on
stainless-steel surfaces. Afterward, the plates were submitted to cleaning and disinfection steps.

24 hours before each experiment, the plates were sterilized in a dry heat oven at 180 °C for 1 h,

2.1.3.1.3 Preparation of hydrophilic spore’s Suspension
Bacillus subtilis PY79 is a laboratory strain known to produce hydrophilic spores. The Bacillus
subtilis PY79 strain was tagged with green fluorescent proteins to make the spores fluorescent.

The method to produce the spores was described previously [27].

2.1.3.2 Methods

2.1.3.2.1 Determination of the Critical Aggregation Concentration by Surface Tension
Measurements
The measurements of the air-solution surface tension as a function of the concentration of 10-
HSA/monoethanolamine dispersion were performed by using the automatized surface tension
plate reader Kibron Delta-8 (Kibron, Finland). A volume of 50 pL of aqueous dispersion was
placed on the 96-hole platform. Measurements were performed at 20 °C after a waiting time of
10 minutes to ensure equilibrium at the air-water interface. A calibration was performed by
using ultrapure water at 20 °C. Measurements were per-formed three times for each

concentration.
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2.1.3.2.2 Microscopic Observation of 10-HSA dispersion
Phase contrast microcopy observations were performed at different temperatures (25°C-75°C)
at 40x magnification using an optical microscope in the phase contrast mode (Nikon Eclipse E-

400) equipped with a STC-CM202 USB color camera (Sentech).

2.1.3.2.3 Rheological measurements

An Anton Paar MCR301 rheometer was used to study the viscoelastic properties of the
dispersions. Experiments were performed with a cone-plate cell setup. The walls of the tools in
contact with the samples are rough to avoid wall slips. The rheometer was equipped with a

Peltier system to control the temperature.

2.1.3.2.4 Small Angle Neutron Scattering (SANS) and Wide Angle X-ray Scattering (WAXS)
SANS experiments were performed at Laboratoire Léon Brillouin (Saclay, France). Samples
were prepared with deuterated water and were held in flat quartz cells with a 2 mm optical path
length for the sample with a concentration of 10 mg.mL™ (1 wt.%). The PAXY diffractometer
was used for the SANS experiments. Four configurations were chosen to get a Q-range lying
between 2.10-3 and 5.10-1 A-1 (respectively A.=5A, D=1m;A=5A D=35m;L=8A,D
=5m; A =15 A, D = 7 m)) with a significant overlap between the three configurations. The
temperature was controlled by a circulating fluid to within £ 0.2°C. The neutron wavelength
was set to the desired value with a mechanical velocity selector (AAMA=<0.1). The azimuthally
averaged spectra were corrected for solvent, empty cell, as well as background noise, and were
normalized to the incoherent H20 signal by using PASINET software package provided at the
beamline. Fitting software used was SasView 5.0.4 (http://www.sasview.org/.). Fitting models

are detailed in the supple-mentary information.

WAXS experiments were carried out with an Xeuss 2.0 instrument from Xenocs (Gre-noble,
France) using a micro-focused sealed tube Cu K-alpha source with a wavelength of 1.54 A. The

temperature was fixed at 25°C. The dispersion was held in a 1.5 mm glass capillary.
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2.1.3.2.5 Foam characterization with temperature and time

Foams were produced with the FoamScan apparatus (IT CONCEPT, Longessaigne, France).
Foam was generated in a round glass column (21 mm in diameter) by sparging N2 gas through
a fixed volume (12 mL) of the 10-HSA dispersion via a porous disk (pore size 10-14 pm)
located at the bottom of the glass column. The flow rate was fixed at 35 mL.min-1. The
FoamScan uses image analysis to monitor the foam formation and stability with a CCD camera
(Sony Hexwave HAD). In all our measurements, a foam volume of 45 mL was generated. The
temperature of the glass column was controlled by a water bath. The liquid volume in the foam

was assessed by mean of conductivity measurements.

2.1.3.2.6 Production and characterization of foams for spore’s detachment

The foams were produced at room temperature by two techniques to change the liquid fraction
and the bubbles size: hand-shaking and double-syringe. For the hand-shaking foam method, we
put 15 ml of the 10-HSA dispersion in a 50 ml cylindrical graduated plastic containers (falcon
tube 50 mL, internal diameter 2.5 cm, 11.5 cm height). Then, the dispersion was agitated for 15
seconds to produce the foam and always produced by the same operator. For the double-syringe
foam method, two 12-mL syringed were connected with a luer-lock connector. One syringe was
filled with 3.6 ml of cleaning solution and 8.4 ml of air. The second one was kept with the
piston in the fully closed position. The foam was then produced by pushing the plungers of the
connected syringes by hand for 30 times. Then, the foam produced was placed in a 50 ml falcon
tube. In order to have enough foam to cover the plates, it was necessary for the double-syringe
technique to produce the foam with the double syringe technique more than once (three times),
and mixed all together in the 50 mL tube. Once the foams were produced, we waited 10 minutes
for the liquid of the foams to drain, and stabilized the liquid fraction. Then, we removed the
drained liquid by drilling a small hole in the falcon tube with a thumbtack. The final liquid

fraction was determined with Equation 1:
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Q) = (Vinitial liquid — Vdrained liquid)/ Vfoam (1)

With Vinitial liquid corresponding to the initial amount of liquid; Vdrained liquid COrresponding to the
amount of liquid drained after 10 min, and Vream corresponding to the volume of foam after 10

min.

The bubbles size of the foams produced before and after the cleaning tests were deter-mined by
optical microscopy (Zeiss Axioskop 2 Plus, Oberkochen, Germany) by fol-lowing the method
introduce in Gaillard et al. by using ImageJ software [35]. We used the fluorescence mode of
the same microscope to follow the imbibition of fluorescent spores in the foam. A volume of
100 pL of spore’s suspension was carefully injected between the microscopic slides containing

the foam. All experiments were carried out in triplicate.

2.1.3.3 Viability of spores

We carried out serial dilutions of the spore suspension in sterile Milli-Q water and in 10-HSA
dispersion. The dilutions were then plated in Tryptic Soy Agar (TSA; Biokar Diagnostics,
Allonne, France) and the plates were incubated for 24 h at 30 °C. The number of colonies

forming units (CFU) was counted manually and the results were expressed as CFU.mL ™.

2.1.3.3.1 Spores Detachment Analysis

The spores detachment analysis protocol was adapted from the literature and summarized in the
Figure 7 [29,36]. The spore suspension was diluted in sterile Milli-Q water to obtain a
concentration of 108 CFU.mL—1. In order to avoid the presence of spore aggregates, the spore
suspension was sonicated for 2 min 30 s in an ultrasonic bath (Bransonic 2510E-MT, Branson
Ultrasonics Corporation, Danbury, CT, USA) before use. Five drops of 1 pl of the spore
suspension were placed on the surface of each plate with a micropipette (Figure 2.1.7). The
plates were then dried in an oven for 1 h at 30 °C. The soiled plates were then placed in the

tubes containing the foam (one plate per tube) or in 15 mL of the cleaning solution, or in 15 mL
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of pure water, and they were kept in horizontally position for 30 minutes. A soiled plate was

used as a control for the quantification of the initial spore concentration in each experiment.

To isolate the adhered spores, each plate was sampled with a dry cotton swab (Copan, Brescia,
Italy), which was then placed in a tube containing 5 mL of sterile Milli-Q water. Each tube was
vortexed for 1 minute at 2400 rpm and then the swabs were removed from the tubes. For the
quantification of the spores, serial dilutions were made in sterile Milli-Q water for each tube
and then were plated in Tryptic Soy Agar (TSA; Biokar Diagnostics, Allonne, France). The
plates were incubated for 24 h at 30 °C and the number of colony forming units (CFU) was
counted manually. The results were expressed as CFU.platet. The foam cleaning efficiency
was calculated by dividing the number of viable spores after the cleaning tests by the number
of spores on plates used as a control for the initial spore concentration. The cleaning efficiency

was expressed in terms of log reduction using Equation (2):
Log reduction = log (CFU.plate™ omin—CFU.plate~'v)

with CFU.plate—1 t: the number of the colony-forming units per plate after cleaning (t = 30
min); CFU.plate—1t0: the initial number of the colony-forming units per plate. All the

experiments were carried out in triplicate.

The spore drops placed on the plate surfaces were observed also before and after cleaning by
using the same epifluorescence microscope as described previously. For each plate, 4 pictures

were taken. The experiments were carried out in duplicate.
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Figure 2.1.7. Schematic showing the methodology for spores removal on stainless steel
surfaces by using foam: (1) Five drops (1 ul) of the spore suspension were placed on the surface
of the model plate with a micropipette; (2) the plates were dried in a oven for 1 h at 30 °C; (3)
the soiled plates were then placed in the tubes containing the foams and they were kept in
horizontally position for 30 min; (4) each plate was sampled with a dry cotton swab; (5) the
swab was put in a tube with 5 mL of sterile Mill-Q water and vortexed for 1 min at 2400 rpm;
(6) serial dilutions were made in sterile Milli-Q water for each tube and there were plated in
Tryptic Soy Agar and incubated for 24 h at 30 °C; (7) the number of colony forming units

(CFU) was counted manually.

2.1.3.3.2 Statistical Analysis

All the experiments were carried out in triplicate and the results were expressed as the mean *
standard deviation. The results were compared by one-way analysis of variance and Tukey’s
test to analyze statistical differences (p < 0.05). The analysis was performed using SAS V8.0

software (SAS Institute, Gary, NC, USA).

2.1.4 Conclusions

We provide for the first time results concerning the behavior of 10-HSA as a soap in aqueous
dispersion. Our study showed that 10-HSA in presence of monoethanolamine with a molar
stochiometric ratio led to the formation of micron-size multilamellar tubes in agqueous
dispersion, which transit into spherical micelles at high temperature above a temperature
threshold. This behavior is similar to those of 12-HSA molecules solubilized in water in the
same experimental conditions with the same protocol [15,16,23]. However, the structure at the
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nanoscale, the thermal behavior, and the interfacial properties are different from 10-HSA to 12-
HSA [19,37]. Such a difference likely comes from the use of a racemic mixture for 12-HSA in
the previous studies whereas the 10-HSA molecules under scrutiny here was just based of the
R-enantiomer [7,15]. Our results confirm thus the outmost importance of the chirality on the
self-assembled structures and their thermal behavior, as already observed in case of 12-HSA
organogels [7]. The position of the -OH group on the alkyl chain plays also a role. In the future,
it would be interesting to compare R-12-HSA with the results obtained here with 10-HSA.
Anyway, given that 10-HSA produced micron-size multilamellar tubes as 12-HSA do, their
aqueous dispersions can be used to design ul-tra-stable foams with a threshold temperature of
destabilization triggered by the tubes/micelles transition [23,38,39]. These stable foams are
good candidates for cleaning or decontamination processes as shown here for spores removal.
The efficiency of the de-contamination could be improved by decreasing further the bubbles
size and the liquid fraction, or by adding a biocide agents inside [40]. We hope that our study
will open the route for various applications where 10-HSA fatty acids could replace 12-HSA
ones. In-deed, contrary to 12-HSA that it difficult to get as it comes only from the ricinoleic
acid of the castor oil, 10-HSA can be easily obtained from oleic acid and commercially available
baker’s yeast, or from the action of fatty-acid hydratase found in many common probiotic

microorganisms [7,11,41].
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Supporting Information: Ultrastable and responsive foams based on 10-hydroxystearic

acid soap for spores’ decontamination
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Figure S1. (a) SANS intensity profile of 10-HSA aqueous dispersion at 25 °C displayed in the
Porod representation. The lines correspond to the best fit of the data using the model described
in the literature [1]. (b) WAXS intensity spectrum of 10-HSA aqueous dispersion at 25 °C. (c)
SANS intensity profile of 10-HSA aqueous dispersion at 75 °C displayed in the Porod

representation. The lines correspond to the best fit of the data using the model described in the

literature.
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Figure S2. Oscillatory measurements of 10-HSA aqueous dispersion as a function of the strain
amplitude, y at constant f = 1 Hz at different temperatures: (a) elastic G’ (®) and (b) viscous

G’ moduli.
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Figure S3. Pictures of 10-HSA foam produced by hand-shaking and kept at room temperature,

just after foam formation (10 min) and after one month of conservation.

25 °C 65 °C

Figure S4. Pictures of the foam produced by bubbling gas using the Foamscan apparatus. Stable
foam was obtained at 25°C, but by increasing the foam temperature at 65 °C, the foam was

destroyed quickly in few minutes.
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(a) DS Foam before cleaning  (b) DS Foam after cleaning

100 pm

Figure S5. Pictures obtained by phase contrast microscopy of the double syringe (DS) foam:
(a) before cleaning and (b) after cleaning. The arrows are pointing at some of the 10-HSA

multilamellar tubes.

SANS data fitting:

The intensity scattered by objects in solution can be described as a product of structure factor
S(Q), characteristic of the correlations between objects, by a form factor P(Q), that describes
the shape of the objects. At large Q, the scattering curves scatters like Q-4 that is characteristic
of a Porod behavior corresponding to the surface scattering of 3-D objects. The main equations
used to fit the data of our system and consequently get further information on the objects in
solution are those for lipids embedded in flat lamellar structures or micelles. For lamellar
structure, the spectrum was fitted with a lamellar stack Caillé model used in SasView 5.0.4
(http://www.sasview.org/.), that is a random lamellar sheet with a Caillé structure factor. In this
model of Caille S(Q) is used for the lamellar stacks. Through the form factor it is possible to
describe some specific characteristics of the spectrum, namely the thickness of the membrane

0, with the function.

We fixed the scattering length density of the solvent and the membranes (i.e. the fatty acids)
and the total concentration, the others parameters were fitted. The line in the main text
corresponds to the best fit of the data [1].
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The form factor of a completely filled spherical object of radius R like micelles is given by:

Psphere(Q)=9[(sin(QR)-QRcos(QR))/(QR)3]

For centrosymetrical objects like spheres, it is often considered that the structure factor S(Q) ~
1 at large Q. Consequently, the radius of the micelle can be estimated from the form factor. The
structure factor, S(qg), which quantifies the intermicellar interactions/correlations, is included in
our fitting process using the “Hayter-MSA-Structure” model displayed in the SASview
software. This accounts for a repulsive screened Coulombic intermicellar interaction potential.
The broad interaction peak observed in small angle neutron scattering spectra comes from the
deprotonation of the COOH which introduces negative charges at the micellar/solvent interface.
Six parameters are needed to compute the Hayter and Penfold structure factor: the dielectric
constant, the volume fraction, the effective radius of interacting objects, the temperature, the
surface charge of the micelle, and the salt concentration. We fixed the dielectric constant, the
volume fraction, the temperature, the scattering length density of the solvent and the sphere (in
our case we took only the scattering length density of the fatty acid and not the MEA: Nb = -
0.28*10-6 A2), and the salt concentration. Thus, the micelle charge is the only fitting parameter
for the calculation of S(qg), and we found a value of -251. In the main text, the line corresponds
to the best fit of the data according to the form and structure factor model. We observed the

presence of negatively charged spherical micelles for all systems.
References:
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Process of the Hydrogen Bonds, Langmuir. 33 (2017).
https://doi.org/10.1021/acs.langmuir.7b02651.
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Abstract: Surface contamination with microorganisms is a significant concern in the food
industry as it can lead to cross-contamination of food products. Foams are the most common
method to clean open surfaces in the food industry. In this context, foams serve primarily as
carriers for disinfectants rather than for their inherent cleaning properties. The formulation of
cleaning foams involves the use of surfactants. Increasing concern for the environment is
leading to the replacement of petrochemical surfactants by bio-based surfactants. Sodium
cocoyl isethionate (SCI) is a bio-based surfactant widely used in personal care products.
However, little is known about its foaming properties. Here, we studied the self-assembly,
interfacial and foaming properties of SCI. A multiscale approach was used combing optical
microscopy, small-angle neutron scattering and surface tension measurements. Then, we

produced foams based on SCI to elucidate the cleaning mechanisms of of foams for cleaning
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solid surfaces contaminated with spores in static conditions. We studied both the effect of
different liquid fractions and different levels of contamination attachment to the surfaces on the
foam cleaning efficiency. We showed that foams can remove spores from solid surfaces when

whipping and imbibition mechanisms are promoted.

2.2.1 Introduction

Contamination of surfaces with micro-organisms is a major concern in the food industry as it
can cause cross-contamination of foodstuffs, leading to two main problems: food spoilage and
consumer illness (Lucking et al., 2013; DeFlorio et al., 2021; Midelet et al., 2024). Food
spoilage is a major contributor to food waste and therefore has a negative effect on the
environmental sustainability of the food industry (Snyder et al., 2024). According to World
Health Organisation, every year in the world, there are 600 million cases of food-borne illnesses
of which 420.000 result in death (WHO, 2022). This clearly brings with it a negative impact on
public health as well as financial losses to the industries (DeFlorio et al., 2021; Midelet et al.,

2024).

Cleaning and disinfection operations are essential to control food contamination related to
surfaces to eliminate: bacteria, biofilms and spores. Foams are the most commonly used method
for cleaning open surfaces, such as the exterior of equipment, floors and walls, in the food
industries (EHEDG, 2021). In this context, foams are applied as carriers for disinfectants or
other chemicals that will have an effect on cleaning. Note that foams are often considered to
have no effect on cleaning, however, recent studies have shown otherwise (Jones et al., 2020;
Schad et al., 2021, 2022b, 2022a). In fact, Schad et al., conducted a study on foam cleaning of
solid surfaces soiled with oil, in which they proposed three main foam cleaning mechanisms

(Schad et al., 2021):

. Imbibition: when a liquid is sucked up into the Plateau borders of the foam by capillary

forces. This mechanism becomes stronger with small bubbles and small liquid fractions.
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. Wiping: this mechanism occurs by re-arrangements of the bubbles, that leads to wiping
motions between the foam and the surface. This mechanism is promoted in unstable foams

where re-arrangements of the bubbles occur.

. Drainage: the liquid drained of a foam can flow under the soiled of the surface and lift
the contaminant. This occurs in foams where the capillary forces are not enough to retain the

liquid of the foam and so it drains.

In addition, we have recently demonstrated that foams based on 10-HSA soap can remove
spores from stainless-steel surfaces. In this study we showed the influence of the bubbles size

on the cleaning efficiency of foams (Dari et al., 2023a).

Foams for cleaning are based on surfactant as foam stabilizer. However, due to the increasing
concern for the environment is causing petrochemical surfactants to be replaced by bio-based
surfactants in order to obtain more sustainable cleaning formulations (Drakontis, 2020). Sodium
cocoyl isethionate (SCI) is a bio-based surfactant composed of fatty acid derived from coconut
oil and an ester of isethionic acid. SCI is used on an industrial scale in personal care products
such as soap bars, shampoos and skin cleansers, mainly because of its low toxicity and good
foaming properties (Petter, 1984; Burnett et al., 2017; Jeraal et al., 2018). Its utilization dates
back more than 40 years, which makes it a cost-effective surfactant. Despite its widespread
use, only few data are available regarding its self-assembly, interfacial and foaming properties

(Petter, 1984; Jeraal et al., 2018; Ananthapadmanabhan, 2019).

The aim of this study was to use SCI as foaming agent to produce foams with controlled
structure (liquid fraction and bubbles size) to determine the main parameters governing the
removal of Bacillus subtilis spores from solid surfaces in static conditions. First, we studied
the self-assembled properties of SCI in bulk aqueous solution, the air/water surface properties
and the resulting foaming properties. We used a multiscale approach by combining microscopy
techniques, small-angle neutron scattering (SANS), wide-angle X-ray scattering (SAXS),
Differential Scanning Calorimetry and surface tension measurements. Then, we produced
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foams with different liquid fractions but keeping similar bubbles size to understand the role of
liquid fractions in foam cleaning for spores’ removal. For this purpose, we carried out the
cleaning tests of stainless-steel surfaces soiled with bacteria spores. We carried out tests with
two types of different spores: hydrophilic and hydrophobic. We studied the influence of
different levels of attachment of the spores to the surface by varying the drying time, in order

to elucidate the static foam cleaning mechanisms.

2.2.2 Materials and methods

2.2.2.1 Materials

2.2.2.1.1 Preparation of the stock solutions

Sodium Cocoyl Isethionate (SCI) was provided by BASF (Ludwigshafen, Germany) and used
as received. The required amount of SCI was weighed and MilliQ water was added to obtain
solutions with 1, 5 and 10 wt.%. Then, the mixture was stirred magnetically at 80 °C until the
surfactant was completely dissolved and the solutions were clear. The stock solutions were

stored at around 4 °C in a fridge.

2.2.2.1.2 Methods

2.2.2.1.3 Determination of the Krafft temperature by Differential Scanning Calorimetry (DSC)
and by optical microscopy
The Krafft temperature of the SCI solutions was determined by two different methods. First,
the Krafft temperature of SCI solutions was determined for two different concentrations of SCI
(5wt.% and 10 wt.%) using a Differential Scanning Calorimeter (Q100 TA Instrument, France).
A mass of approximately 20 mg of the SCI solutions was placed in aluminum hermetic pans.
To ensure the validity of the results samples underwent two successive cycles of heating and
cooling from 5 °C to 75 °C at a rate of 2 °C/min with 2 min intervals at 80 °C. The
thermodynamic equilibrium of the samples was assessed by the unchanged response between

the first and second cycles.
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To determine the Krafft temperature for a wider range of concentration, we used then optical
microscopy. An aliquot of the SCI solution was placed on a slide and the slide was placed on a
temperature-controlled plate (Linkam, model LTS120) connected to a water circulation pump.
Observations of the sample were made using an optical microscope (Zeiss) at 40x
magnification. The Krafft temperature was determined as the temperature at which the crystals
began to melt. The measurements were carried out in triplicate for SCI solutions of different

concentrations (0.5 wt.%, 1 wt.%, 2 wt.%, 3 wt.%, 4 wt.%, 5 wt.%, and 10 wt.%).

2.2.2.1.4 Determination of Critical Aggregation Concentration (CAC) via Surface Tension
Measurements
The CAC value of the SCI was determined by measuring the air-solution surface tension as a
function of the concentration of the SCI solutions using the Kibron Delta-8 automated surface
tension plate reader (Kibron, Finland). The SCI solutions were first pre-heated at around 40°C.
A volume of 50 uL of each solution was placed on the 96-hole platform. Measurements were
performed at 20 °C £ 1 °C after a waiting time of 10 min to ensure equilibrium at the air-water
interface. Measurements were performed in triplicate. Calibration was performed with MilliQ

water at 20 °C = 1 °C.

2.2.2.1.5 Small-angle neutron scattering (SANS)

SANS patterns were recorded at D22 beamline at the Institut Laue—Langevin — The European
Neutron Source (ILL, Grenoble, France), with a wavelength A of 0.60 nm (relative full width at
half maximum 10%) and two 3He multi-PSD tube detectors, one at 1.4 m sample-to-detector
distance and the second at 17.6 m, covering a total g-range of 0.023 to 6.4 nm™*, where q is the
magnitude of the wavevector (Q= 4nsin(6/2)/A, with 0 the scattering angle). For this experiment
the samples were prepared in D20 instead of ultrapure water to increase contrast and reduce
background. Solutions were kept in quartz cuvettes of 1 mm pathway (type 110-QS, Hellma
GmbH, Mullheim, Germany), placed on a sample-changer thermalized at 20 °C or 50 °C. Data
reduction was  performed with the program GRASP V.10.17i (DOI:

10.1107/S1600576723007379) to correct for flat field, parallax, transmission, scattering by the
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empty cell, detector background as measured with an absorber (sintered 10B4C) at the sample
position, using the monitor to normalize data, and with a measure of the direct beam attenuated
with a calibrated chopper leading to corrected data in absolute units (cm-1), which were radially
averaged and binned according to resolution. Data are available at DOI: 10.5291/ILL-DATA.9-
11-2107. Contributions from solvent and incoherent scattering were then subtracted. All spectra

were fitted by using SasView 5.0.4 (http://www.sasview.org/).

The intensity scattered by surfactant self-assembly in solution can be described as a product of
structure factor S(Q), characteristic of the correlations between the self-assembled structure, by
a form factor P(Q), that describes the shape of the self-assembly. At large Q, the scattering
curves scatters like Q-4 that is characteristic of a Porod behavior corresponding to the surface
scattering of 3-D objects. The form factor of a completely filled spherical object of radius R

like micelles is given by:
Equation 1 :

Psphere(Q)zg [(SII’](Q R)-QRCOS(Q R))/(Q R)a]

For centrosymetrical objects like spheres, it is often considered that the structure factor S(Q) ~
1 at large Q. Consequently, the radius of the micelle can be estimated from the form factor. The
structure factor, S(Q), which quantifies the intermicellar interactions/correlations, is included
in our fitting process using the “Hayter-MSA-Structure” model displayed in the SASview
software. This accounts for a repulsive screened Coulombic intermicellar interaction potential.
The broad interaction peak observed in small angle neutron scattering spectra comes from the
the negative charge of the SCI at the micellar/solvent interface. Six parameters are needed to
compute the Hayter and Penfold structure factor: the dielectric constant, the volume fraction,
the effective radius of interacting objects, the temperature, the surface charge of the micelle,
and the salt concentration. We fixed the dielectric constant, the volume fraction, the
temperature, the scattering length density of the solvent and the sphere (in our case we took the

scattering length density of the SCI: Nb = -0.28*10-6 A-2), and the salt concentration. Thus, the
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micelle charge is the only fitting parameter for the calculation of S(Q) and we found a value of
-20. In the main text, the line corresponds to the best fit of the data according to the form and

structure factor model.

2.2.2.1.6 Preparation of the solid model surfaces for spores’ decontamination

To carry out the tests for spores’ decontamination, we used rectangular AISI stainless-steel
plates (45mm x 15mm) (APERAM, Isbergues, France) with a 2R factory finish. These surfaces
were subjected to a conditioning process that was previously described (mention papaer 1) in
order to have similar properties to the surfaces found in the dairy industry. In brief, the surfaces
were immersed in milk at 30 degrees for 30 minutes, then washed with osmosis water for 5
minutes, and then immersed in sodium hydroxide (0.5 wt.%) at 70 °C for 15 minutes. This cycle
was repeated 15 times. Afterward, the surfaces were soiled with an E. coli biofilm. Then, they
were clean and disinfected with an alkaline detergent RBS T105 (Chemical products, Brussels,
Belgium) following a protocol that was previously described (Dari et al., 2023b) 24 hours

before each experiment the surfaces were sterilized in a dry-heat oven at 180 °C for 1h.

2.2.2.1.7 Preparation of the spores suspensions

Two Bacillus subtilis strains were used in study : Bacillus subtilis PY79 (subsequently named
Bs PY79), a laboratory strain producing hydrophilic spores, and a recombinant strain Bs PY79
deletion in spsl (Dubois et al., 2020)(subsequently named Bs PY79 spsl), producing
hydrophobic spores. Both Bacillus strains were tagged with green fluorescent proteins to make
the spores fluoresce. Both spores’ suspensions were produced with a methodology that was

previously described (Faille et al., 2019; Dari et al., 2023b).

The concentration of the spore’s suspension used for each experiment was around 108. Before
each experiment the suspensions were sonicated for 2 min and 30 s in an ultrasonic bath
(Bransonic 2510E-MT, Branson Ultrasonics Corporation, Danbury, CT, USA) to avoid the

presence of spore aggregates.

2.2.6 Production of the foams for spores’ decontamination
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For the production of the foams, the 1 wt.% and 10 wt.% solutions were used. Before producing
the foams, the solutions were heated to 80 °C until they were clear. The foams were then
produced with the solutions at 40 °C. To produce the foams, we used the double-syringe method
(Figure 1) (Gaillard et al., 2017). Two 50 mL syringes were connected with a luer-lock
connector. In one syringe the necessary amount of liquid was added and then the piston was
moved to the maximum capacity of the syringe, to have the necessary amount of air; the other
syringe was left with the piston closed; then both syringes were connected and the pistons were
moved 20 times to produce the foam. With the 10 wt.% solution, to produce foams with
different liquid fractions, the volumes of liquid in the syringe were changed. The same was
done with the 1 wt.% solution, but the foams were also left to stand for 15 minutes and the

drained liquid was removed.

2.2.2.1.8 Characterization of the foams for spores’ decontamination
The foams produced were characterized in terms of bubbles size, foam height, and liquid

fraction. The liquid fraction was calculated with the following equation:

Equation 2 :
Q) = (Vliquid initial — Vliquid drained)/ Vfoam

With Viiquid initial corresponding to the initial amount of liquid; Viiquid drained COrresponding to the
amount of liquid drained after 15 min (only for foams produced with the 1 wt.% solution), and

Vioam corresponding to the total volume of foam.

The foams bubbles size and the foam height were simultaneously measured using a dynamic
foam analyzer-DFA100 (KRUSS, Hamburg, Germany) as previously described (Dari et al.,
2023Db). In brief, the foams were put in a glass column with a prism incorporated in the whole
length of the column. The foams height was tracked for 1800 seconds, using an LED panel at

the front- and a-line sensor at the back of the column, which detected changes in light
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transmission. The foams bubbles size was monitored using a camera positioned in the column.
The prism in the column facilitated the capture of 2D images of the foam structure, which were
analyzed with KRUSS foam analysis software to record the average bubble area at each time

step over the same 1800 second period. The experiments were carried out in triplicate.

2.2.2.1.9 Foam spores decontamination analysis

The methodology for evaluating the efficiency of foams to decontaminate surfaces
contaminated with spores was adapted from the literature (Dari et al., 2023b, 2023a). The plates
were soiled with 5 drops of 1uL of the spore suspension using a micropipette. Experiments
were then carried out without drying the plates or drying them at two different times: 30 min
and 60 min, in an oven at 30 °C. The plates were then placed in petri dishes and 20mL of foam
or the solution without foaming were placed on the top of each plate (Figure 2.2.1). After 30
min, the foam was removed with osmosis water. Three soiled plates were used in each
experiment, and an additional plate was used as a control for quantification of the initial spore

concentration in each experiment.

To remove the adherent spores, each plate was swabbed with a dry cotton swab (Copan, Brescia,
Italy) and placed in a tube containing 5 mL of sterile Milli-Q water. Each tube was vortexed for
1 min at 2400 rpm, and then each swab was removed from the tubes. The detached spores were
serially diluted in MilliQ water and then plated on tryptic soy agar (TSA; Biokar Diagnostics,
Allonne, France). After 24h of incubation at 30°C the colonies were counted manually and the
number of forming units (CFU) was calculated for each plate. The foam decontamination
efficiency was calculated in terms of log reduction with the equation previously described in

the literature (Dari et al., 2023a). The experiments were carried out in duplicate.
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Figure 2.2.1. Methodology for spores’ removal on stainless steel surfaces by using static foam
cleaning: (1) The foams were produced by the double syringe method; (2) the soiled plates were
placed in petri dishes and the foam was placed on the top of each plate. They were kept in
horizontally position for 30 minutes; (4) each plate was sampled with a dry cotton swab (5) the
swab was put in a tube with 5SmL of sterile Mill-Q water and vortexed for 1 minute at 2400 rpm
(6) serial dilutions were made in sterile Milli-Q water for each tube and there were plated in
Tryptic Soy Agar and incubated for 24 h at 30 °C (7) the number of colony forming units (CFU)

was counted manually

2.2.2.1.10 Statistical Analysis
The results were expressed as the mean + standard deviation. The results were compared by

one-way analysis of variance and Tukey’s test to analyze statistical differences (p < 0.05). The

analysis was performed using SAS V8.0 software (SAS Institute, Gary, NC, USA).

2.2.3 Results

2.2.3.1 Krafft temperature and Critical Aggregation Concentration of the SCI dispersion

First, we determined the Krafft temperature, i.e. the temperature of transition of the SCI from a
crystal state to soluble state (Figure 2.2.2). The Kraft temperature was determined by two
different methods: DSC and optical microscopy. The Kraft temperature determined by DSC
was 28.1°C and 30.4°C for 5 wt.% and 10 wt.% SCI, respectively (Figure S1). The Kraft
temperature determined by optical microscopy was 34.5 £ 1.2°C, 34.7 £ 1°C and 32.8 £ 1°C

for SCl at 1 wt.%, 5 wt.% and 10 wt.%, respectively (Figure S2).
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1 wt.% 5 wt.% 10 wt.% 1 wt.% Swt.% 10 wt.%

Figure 2.2.2. Solutions of SCI at 1, 5 and 10 wt.%, from left to right (a) in the form of crystals
(room temperature) below the Kraftt temperature (b) in the soluble micellar state leaving to

limpid solution above the Krafft temperature.

Then, we determined the CAC by tensiometry experiments. The SCI solutions were heated
above its kraft temperature (~ 40 °C) and the surface tensions were determined as a function of
the SCI concentration. The CAC was determined to be around 0.7 wt.%, associated with a
plateau surface tension at 28.2 mN.m-1 + 0.3 (Figure 2.2.3). In the literature, the surface
tension of the SCI was reported to be 27 mN.m-1 for a concentration of 0.1 wt.% (Burnett et
al., 2017). Although this surface tension is close to the one obtained in this study, in this case it
was obtained for a higher concentration. The differences obtained may be due to differences in
purity and it should also be noted that the method by which it was measured in that study is
unknown (Jeraal et al., 2018). Furthermore, Jeraal et al, studied the CMC of Sodium Lauroyl
Isethionate, which is one of the most abundant isethionates present in the SCI blend (Jeraal et
al., 2018). They reported a CMC of 0.1 wt.% with a plateau surface tension of 37.9 mN.m™.,
The surface tension obtained in our study for the same concentration (34.3 £ 0.3 for 0.1 wt.%)
is close to the one reported by Jeraal et al, (Jeraal et al., 2018). It should be noted that the surface
tension was measured by another method (pendant drop). However, the differences may be due

to the fact that in our case we used SCI, which contains a mixture of different chain lengths of
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isethionates, unlike Jaraal et al, who used only sodium lauroyl isethionate, 12 carbons chain

lengths (Jeraal et al., 2018).
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Figure 2.2.3. Evolution of the surface tension of aqueous solutions of SCI as a function of the

concentration at T=20 °C £ 1 °C.

2.2.3.2 Characterization of the self-assembled structure at 20 °C and at 50 °C by optical
microscopy and SANS
The concentration of SCI was fixed above the CAC at 1, 5 and 10 wt.%. At 20 °C, a
homogenous turbid phase with birefringence was observed for all the concentrations. By using
phase contrast microscopy, we observed entangled fibrillar aggregates with no long-range
ordering at 1 wt.% (Figure S3). The length of these fibers could not be probed by optical
microscopy, as the fibers were longer, on average, than the field of view. The fiber morphology
was a mixture of either straight or curved, indicative of flexible fibrillar aggregates. The same
fibrillar aggregates were observed at 5 and 10 wt.% but in higher quantity. In order to gain

insight into the structure of these fibrillar aggregates at the nanometric scale, SANS experiments

117



were performed. This technique does not provide information on the total size of the fibrillar

aggregates observed by microscopy, but it allows us to determine the structure at the nanoscale.

Figure 3a displays the scattering profile for the three concentrations studied at 20 °C. SANS
measurements revealed a lamellar mesophase evident from the emergence of the equally spaced
Bragg peaks at Q= 0.138, and 0.275 A—1, attributed to na = 1 and 2 lamellar peak order, for the
three concentrations (Figure 2.2.4.a). The Bragg peaks were more pronounced by increasing
the concentration from 1 to 10 wt.%. The lamellar d-spacing calculated from the Bragg peak
positions is d ~ 45.5 A. SANS results indicate that lamellar stacks were the building units which
bundle into fibrillar aggregates observed microscopically. At 50 °C, we observed the
characteristic features of micellar phase for all concentrations (Figure 2.2.4.b). At large q, we
fitted the scattering curve with a form factor of a sphere of radius 2.2 nm at 1 wt.%. The
scattering intensity decreased when going toward medium-qg, demonstrating that the micellar
phase showed the presence of a structure factor, indicative of interactions between micellar
aggregates in solution. Then, we fitted all the other scattering curves with the same model used
for 1 wt.% by including the structure factor described in the materials and methods section and
with a charge of - 20. In all concentrations, we observed negative charged spherical micelles
with the same diameter. It is important to notice that we observed at low Q, a Q2 decay. We
suppose that it could come from the presence of a small amount of swollen bilayer structure

present in mixture with micelles.
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Figure 2.2.4. SANS profiles for SCI at three concentrations at: (a) 20 °C and (b) 50 °C. The
profiles are offset on the vertical scale for clarity. The line corresponds to the best fit described

in the main text.

2.2.3.3 Characterization of the foams for spores’ decontamination

As the main objective of this work was to study the influence of liquid fractions on the foams
cleaning efficiency, it was important to produce foams with different liquid fractions but similar
bubble size. That is to say stable foams with no drainage. Our strategy was to produce the foam
in the micellar state above the Krafft temperature to have high quantity of foam, and then the
formation of crystals at room temperature inside the foam could stabilize the foam and limit the
drainage as already demonstrated for foams stabilized by surfactant crystals (Zhang et al.,
2015). First, it was important to study the properties of the foams. The foams were produced
with the double syringe technique and then they were analyzed in vertical conditions using a
glass column for the same time as the cleaning tests (30 min). The foams were characterized in

terms of foam stability by measuring the drainage, the foam height and the mean bubbles radius.

The normalized foam height was followed as a function of time (Figure 2.2.5). The foam height
after 30 min was 98% + 2, 98% + 1 and 95% + 2 for the foams with a liquid fraction of 13%,

22% and 27% respectively, showing that very stable foams were obtained. In addition, we
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followed the evolution of the liquid drained over time. No drainage was observed in any of the

foams after 30 minutes, further confirming their stability.
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Figure 2.2.5. Evolution of the foam height for foams with different liquid fractions (13%, 22%

and 27%).

Figure 2.2.6 shows the initial mean bubbles radius for the foams with the three different liquid
fractions. The initial mean bubbles radius was 50 £ 5 um, 39 + 4 um and 35 £ 1 um for the
foams with a liquid fraction of 13%, 22% and 27%, respectively. As shown also in the bubble’s
pictures of the Figure 2.2.6.a, the initial mean bubble size was similar for the foams with a
liquid fraction of 22% and 27% and slightly higher for foam with a liquid fraction of 13%. After
30 min, the mean bubbles radius was 68 £ 16 um, 76 + 10 um and 93 + 3 um for the foams
with a liquid fraction of 13%, 22% and 27%, respectively (Figure 2.2.6.b). As we can also see
in the bubble’s pictures the mean bubbles size increased by approximately a factor of 2 for the
three foams (Figure 2.2.6.b). This increase in the bubbles size is due to coalescence and
coarsening (Schad et al., 2021). The mean bubble size trend after 30 minutes was similar to the
initial time, i.e., the foams with liquid fractions of 22% and 27% had similar bubble sizes and

the one with 13% presented a slightly larger bubble size. Note that in the bubble’s pictures after

120



30 min the bubbles do not look perfectly round, this may be due to the presence of high amount
of SCI crystals (Figure 2.2.6.b). In addition, the difficulty to see the bubbles at the initial time
of the foams with liquid fractions of 22% and 27% may be due to the fact that they are so small

that it is difficult for the camera to distinguish them from the turbid continuous phase.
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Figure 2.2.6. Mean bubbles area of foams with different liquid fractions (13%, 22% and 27%)
and their bubbles corresponding pictures: (a) at t=0 (b) at t=30 min. The small letters a-b

indicate groups of statistical differences according to Tukey’s test (p < 0.05).

The surfactant solution (SCI 10 wt.%) used for these experiments and the foam production
technique (double syringe) to produce the foams, allowed us to obtain foams with 3 different
liquid fractions (13%, 22% and 27%) which are the ones presented here so far. Therefore, in
order to test other liquid fractions, we decided to do experiments with a solution of SCI at
1wt.%. This solution allowed us to obtain two foams with two different liquid fractions: 7%
and 16%. The foam height after 30 min was 93% + 4 and 95% = 3 for the foams with a liquid
fraction of 7% and 16 %, respectively (Figure S4). These results were similar to those obtained

with the other foams based on 10 wt.%. In addition, no drainage was observed after 30 min,
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meaning that foams with similar stability were obtained. The initial mean bubbles size was 82
+5 pumand 48 + 9 um for the foams with a liquid fraction of 7% and 16% respectively (Figure
S5a). The foam with a liquid fraction of 16% showed a similar bubble size to the previous
foams based on 10 wt.% SCI, however this was not the case for the foam with 7% liquid
fraction, whose initial bubble size was bigger than the other foams based on 10 wt.% SCI. After
30 min, the mean bubbles radius was 124 + 18 um and 77 = 9 um for the foams with a liquid
fraction of 7% and 16%, respectively (Figure S5b). Both foams exhibited an increase of their
bubbles size with time, meaning that coalescence and coarsening also occurred in these foams.
The two foams with the liquid fractions of 7% and 16% after 30 min had a similar bubbles size,
which was also similar to the bubbles size of the other foams based on 10 wt.% SCI. In the case
of the foam with a liquid fraction of 7%, coalescence and coarsening occur faster; and that is
why we observed bigger bubble size both at the beginning and after 30 minutes. This foam is
the most dry (liquid fraction of 7 %), the bubbles are compressed and the films are thinner,
which facilitates the transfer of gas and also the rupture of the films (Denkov et al., 2020).

However, it should be noted that all foams are within a small bubble size range.

2.2.3.4 Foam spores decontamination analysis

Then, we took the advantage of the possibility of SCI surfactant to produce foams with different
liquid fractions that were stable over time to carry out cleaning tests. We carried out two
different types of cleaning tests. First, we evaluated the effect of liquid fractions on the foam
cleaning efficiency. Then, we evaluated the ability of the foam to clean against different levels

of soil attachment by varying the drying times of the soil on the solid surface.

To evaluate the effect of the liquid fraction, the tests were carried out on stainless-steel plates
soiled with a suspension of spores from the strain Bs PY79, which is known to produce
hydrophilic spores. The contaminated plates were left to dry for 1 hour at 30 °C. First, we found
that the log reduction of spores for the pure SCI dispersion was 0.9 + 0.6 , which was similar to
the values reported for pure water and for other surfactants already studied (Dari et al., 2023a).

Thus, pure SCI dispersion had no effect on spore removal compared to water. We produced
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foams with different liquid fractions (13%, 22% and 27%) using the double-syringe technique.
The contaminated plates were left in a horizontal position and then the foams were placed in
direct contact with them and left to act for 30 minutes. Figure 2.2.7 shows the spore log
reduction as a function of the different foam liquid fractions. The spores log reduction was 1.8
+0.3,1.8 £ 0.4 and 1.9 + 0.6 for SCI foams with a liquid fraction of 13%, 22% and 27%
respectively. These results show that there is an effect of foams under static conditions on spore
removal: spores were removed by the presence of the foam only, since SCI had no effect on the
spore’s removal. Statistical analysis indicates that no differences were observed between the
foams with different liquid fractions in cleaning efficiency. Furthermore, these results are
similar to those previously reported on similar surfaces soiled with the same type of spores but
using a foam based on 10-HSA soap with a liquid fraction of 19% (Dari et al., 2023a). In
addition, foams based on alkyl polyglucosides (Glucopon 215 UP) and xanthan gum with foams
having a liquid fraction of 5 % have already been used to clean stainless-steel surfaces in
horizontal position contaminated with spores of Bacillus thuringiensis (Le Toquin, 2018). In
this work, the authors reported that the initial contamination was 108 and that the percentage of
spores recovered by the foam was 27%, meaning that the spores log reduction was around 2.2,

which is also similar to the results presented here.
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Figure 2.2.7. Spore log reduction on the stainless-steel plates after 30 min of static foam
cleaning with foams with different liquid fractions (13%, 22% and 27%). The small letters, a,

indicate groups of statistical differences according to Tukey’s test (p < 0.05).

As explained in the section 2.2.3.3, in order to produce foams with other liquid fractions, we
used a solution of the same surfactant (SCI) but a different concentration (1 wt. %). With this
solution we are able to obtain foams with two different liquid fractions: 7% and 16%. We
carried out same cleaning test with these two foams in order to further study the influence of
the liquid fraction on foam cleaning efficiency. The spores log reduction was 1.1 £ 0.3 and 1.7
+ 0.4 for the foams with a liquid fraction of 7% and 16% respectively (Figure S6). The spore
log reduction for the foam with a liquid fraction of 16% was similar to the value obtained with
the other foams. However, the spores log reduction for the foam with liquid fraction of 7% was
lower and similar to that of the pure solution without foaming, i.e., there was no effect of the
foam in this case. We explain these results in relation to the properties of the foams. In fact,
when characterizing the foams (section 2.2.3.3), the foams with liquid fractions of 13%, 22%,

27% and 16% all presented similar initial bubble sizes and also similar foam stability. In
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contrast, the foam with a liquid fraction of 7% exhibited bigger bubbles than the previous ones
and also a higher decay of the foam height in the first 200 seconds. In addition, in our previous
work on 10-HSA foams, we showed that a foam with an initial bubble size of approximately
103 um had the same cleaning effect as the pure surfactant solution, and with no effect of the
foam (Dari et al., 2023a). We believe that in the foam with a 7% of liquid fraction, the bubbles
are too big to achieve effective decontamination. For all the foams studied here, we suppose
that the cleaning mechanism that took place was wiping; as this mechanism occurs with the
rearrangement of the bubbles, and we previously demonstrated a change in bubble size over
time (section 2.2.3.3). In addition, imbibition could not occur, as the soiled surfaces were
previously dried, and therefore there was no liquid to support this mechanism. Furthermore, as
mentioned in 2.2.3.3, no drainage was observed in the foams, so this mechanism was not

promoted either (Schad et al., 2021).

Then, we evaluate the cleaning efficiency of the foam against different levels of fouling
adhesion. For this purpose, we used the same stainless-steel plates as before, which were soiled
with the same hydrophilic spores. To obtain different levels of adhesion of the spores to the
surfaces, the surfaces soiled with the spore suspension were dried for different times: 0, 30 and
60 min. The foam used to carry out the test was the one with a liquid fraction of 27 %. Figure
2.2.8 shows the spores log reduction for different drying times of the spore’s suspension on the
stainless-steel plates. The spores log reduction was 3.9 £ 0.3, 3.7 £ 0.5, and 1.8 + 0.6 for 0 min,
30 min and 60 min of drying time respectively. The spores log reduction using the SCI solution
(without foaming) was 0.6 + 0.6 for 0 min of spores drying (data no shown). This confirms the
cleaning effect of the foam. Comparing the cleaning efficiency with respect to drying time, it
is observed that longer drying times (60 minutes) make it more difficult to remove the spores.
In contrast, a shorter drying time (0 or 30 minutes) results in higher cleaning efficiency. This
can be explained by the fact that the shorter the drying time, the more liquid remains on the
surface and therefore an additional cleaning mechanism of foams can be promoted: the

imbibition mechanism (Stubenrauch and Drenckhan, 2024). Indeed, Schad et al, in their study
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showed a similar effect, where soot particles could be sucked up by the foam, thanks to being
suspended in a liquid, which in their case was oil (Schad et al., 2022a). When comparing 30
minutes of drying with 0 minutes of drying, no significant differences were observed. In this
case, it appears that the liquid remaining after 30 minutes of drying is already sufficient to
promote the imbibition mechanism, resulting in the same outcome as with 0 minutes of drying.
Note that we unequivocally demonstrated that this foam exhibited the imbibition mechanism

by adding a water soluble colorant on liquid below the foam (Figure S7).
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Figure 2.2.8. Spore log reduction for different drying times of the Bs PY79 spore’s suspension
(hydrophilic spores) on the stainless-steel plates after 30 min of static foam cleaning with the
foam of 27% liquid fraction. The small letters, a, indicate groups of statistical differences

according to Tukey’s test (p < 0.05).

Finally, we studied the cleaning efficiency of this foam based on SCI by changing the properties
of the spores used as model contaminant. For these experiments, we used spores from the strain
Bs PY79 spsl. This strain is known to produce hydrophobic spores in contrast to the previously
used strain which produces hydrophilic spores, which are more adherent to the surface. The

model surfaces were soiled with the hydrophobic spore suspension and, as in the previous
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experiment, different drying times of the suspension were used: 0, 30 and 60 min. The foam
used to test the cleaning efficiency was the same than previously with a liquid fraction of 27%.
Figure 2.2.9 shows the spores log reduction for different drying times of the spore suspension
Bs PY79 spsl on the stainless-steel plates. The spores log reduction was 3.1 + 0,6, 1.9 + 0.3,
and 0.8 £ 0.1 for 0 min, 30 min and 60 min of drying time respectively. The spores log reduction
for Bs PY79 spsl using the SCI solution (without foaming) was 1.1 + 0.2 and 0.1 + 0.1 for O
min and 60 min of spores drying respectively (data no shown). These results show that the foam
can also remove hydrophobic spores from solid surfaces. Furthermore, both hydrophilic and
hydrophobic spores exhibit improved cleaning efficiency when suspended in liquid due to the
imbibition mechanism. The cleaning efficiency at 0 min drying was similar for the hydrophilic
and for the hydrophobic spores. Nevertheless, for the other drying times (0 min and 30 min) the
efficiency achieved was lower with hydrophobic spores than with hydrophilic spores. This
difference between hydrophobic and hydrophilic spores can be explained mainly by the
formation of clusters and aggregates in hydrophobic spores (Deleplace et al., 2022). When a
drop of the spore suspension is deposited on a surface, in the case of hydrophilic spores, they
migrate easily to the surface of the drop; in contrast, the formation of clusters makes it more
difficult for hydrophobic spores to migrate to the surface of the drop and makes it easier for
them to interact with the material (Deleplace et al., 2022). In addition, in the case of hydrophilic
spores, the fact that the spores migrate to the surface of the droplet means that, once the droplet
is dry, a ring of spores forms on the surface which is then easier to remove than the removal of
isolated or grouped spores on the surface (in the case of hydrophobic spores) (Deleplace et al.,
2022). Note, that in other studies evaluating the efficiency of cleaning processes to remove
spores with different hydrophilicity/hydrophobicity, they achieved a better cleaning efficiency
with hydrophilic spores than with hydrophobic spores (Faille et al., 2002; Dallagi et al., 2022;

Deleplace et al., 2022).
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Figure 2.2.9. Spore log reduction for different drying times of the Bs PY79 spsl spore’s
suspension (hydrophobic spores) on the stainless-steel plates after 30 min of static foam
cleaning with the foam of 27% liquid fraction. The small letters, a, indicate groups of statistical

differences according to Tukey’s test (p < 0.05).

To show the robustness of our results we decided to carried out the experiment with different
levels of fouling adhesion with another foam. For this purpose, we used the foam with 16% of
liquid fraction produced with the solution of 1 wt.% SCI. Experiments were carried out in the
same way as for the other foam (27% liquid fraction produced with the solution of 10 wt%).
We did one experiment with hydrophilic spores and another with hydrophobic spores. The
results show the same tendency; that is, the efficiency of foam cleaning increases as the drying
time of the foam on the surface decreases. (Figure S8 and S9). This confirms that when the

imbibition mechanism is promoted, the cleaning efficiency is improved.

2.2.4 Conclusions

In this study, we conducted different experiments to elucidate the role of foams in the cleaning
of solid surfaces contaminated with spores. First, we characterized the physical-chemistry

properties of SCI, the surfactant used to produce the foams. SCI below the Krafft temperature
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formed fibrillar crystals, and above the Krafft temperature negatively charged spherical

micelles.

We demonstrate that SCI foams are capable of removing both hydrophilic and hydrophobic
spores when these are strongly attached to solid surfaces, likely through the wiping mechanism.
The cleaning efficiency is higher for hydrophilic spores, consistent with findings from other
studies using different cleaning methods (Faille et al., 2002; Dallagi et al., 2022; Deleplace et
al., 2022). Under these conditions, the liquid fraction does not affect cleaning efficiency. The
most critical property of the foam appears to be bubble size, with smaller bubbles (between 20
and 50 pm) achieving higher cleaning efficiency. Additionally, we show that cleaning
efficiency can be improved if the spores are suspended in a liquid and less attached to the
surface, promoting the imbibition mechanism of the foam. Under these conditions, similar

cleaning efficiency can be achieved for both hydrophilic and hydrophobic spores.

Future studies could investigate cleaning efficiency on surfaces with varying roughness and
hydrophobicity compared to stainless steel, such as glass or polypropylene (Deleplace et al.,
2022). Additionally, further research should examine the efficacy of cleaning different types of

microbial contamination, including biofilms.

This study focused on static foam cleaning on horizontal surfaces. Future research could explore
the effectiveness of cleaning on vertical surfaces, where foam behavior might differ, potentially
impacting cleaning efficiency (Le Toquin, 2018). In our experiments, we used foams without
drainage to eliminate this variable. However, other studies have demonstrated that drainage
affects cleaning performance. Therefore, future experiments could include foams with varying

drainage rates to study the impact of drained liquid on the removal of spores and biofilms.
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Supporting Information: Static foam cleaning with foams based on Sodium Cocoyl

Isethionate for the removal of spores from solid surfaces
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Figure S1: Heat flux curves as a function of SCI concentration. After heating, a single

endothermic peak, typical of a melting process, was observed.
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Figure S2 : The Kraft temperatures of the aqueous solutions of SCI as a function of the

concentration, determined by optical microscopy. The temperature corresponds to the point at

which the crystals began to melt.
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Figure S3 : Phase contrast microscopy image of SCI suspension at 1wt.% at room temperature.
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Figure S4 : Evolution of the foam height for the foams with a liquid fraction of 7%, and 16%

produced with SCI at 1 wt.%.
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Figure S7: Photographs of the imbibition test at different times. The aqueous phase containing
a blue dye is entering inside the foam with time showing the imbibition process of the foam.

The foam corresponds to the one of 27% of liquid fraction.
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Figure S8: Spore log reduction for different drying times of the Bs PY79 spore’s suspension
(hydrophilic spores) on the stainless-steel plates after 30 min of static foam cleaning with the
foam of 16% liquid fraction. The small letters, a, indicate groups of statistical differences

according to Tukey’s test (p < 0.05).
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Figure S9: Spore log reduction for different drying times of the Bs PY79 spsl spore’s
suspension (hydrophobic spores) on the stainless-steel plates after 30 min of static foam
cleaning with the foam of 16% liquid fraction. The small letters, a, indicate groups of statistical

differences according to Tukey’s test (p < 0.05).
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Chapter 3: Foam cleaning in dynamic condition
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Introduction to chapter 3

As detailed in the first chapter of the thesis, which covers the literature review, CIP is the most
commonly used method for cleaning closed surfaces in the food industry. However, CIP
consumes significant amounts of water, energy, and chemicals, leading to negative
environmental impacts. Consequently, research is being conducted to explore alternative
methods that are more environmentally friendly while maintaining effective cleaning
efficiency. Recent studies have shown that foam flow can efficiently remove bacterial spores
and biofilms from pipes. Furthermore, in one of these studies, through a life cycle analysis, it
was shown that foam flow allows the reduction of several environmental impacts. However, in
these studies, the foam was generated using SDS, a surfactant typically derived from petroleum.
Additionally, the concentration of SDS used was below its critical micellar concentration
(CMCQC). Thus, the quantity of surfactants was not enough to stabilize the foam during the foam
flow. That is why the second objective of this thesis was to investigate the cleaning efficacy of
foam flow formulated with SDS, but also two different APGs, commercially available bio-
based surfactants at their respective CMCs. We evaluated and compared their efficiency in
removing hydrophilic spores from stainless steel pipes. We demonstrated the same cleaning
efficiency between APGS based foams and SDS based foams for short cleaning times (1 min).
However, at longer cleaning times (30 min) the efficiency of the SDS-based foam improved.
The APG-based foams were more stable, which could be an advantage for cleaning more
complex installations. Furthermore, through a life cycle analysis, we demonstrated how the use

of APGs allows the reduction of several environmental impacts with respect to the use of SDS.

In addition, with the aim of further improving environmental printing, in this work we
demonstrate how, once the foam has been destroyed, the surfactant solution contaminated with
spores can be filtered to remove spores below the limits of detection. This filtered solution can
then be reused to generate new foam flows. These results were gathered in one publication and

were published in Molecules journal.
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3.1 Decontamination of Spores on Model Stainless-Steel Surface by

Using Foams Based on Alkyl Polyglucosides
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Abstract: In the food industry, the surfaces of processing equipment are considered to be major
factors in the risk of food contamination. The cleaning process of solid surfaces is essential, but
it requires a significant amount of water and chemicals. Herein, we report the use of foam flows
based on alkyl polyglucosides (APGs) to remove spores of Bacillus subtilis on stainless-steel
sur-faces as the model-contaminated surface. Sodium dodecyl sulfate (SDS) was also studied
as an anionic surfactant. Foams were characterized during flows by measuring the foam stability
and the bubble size. The efficiency of spores’ removal was assessed by enumerations. We
showed that foams based on APGs could remove efficiently the spores from the surfaces, but
slightly less than foams based on SDS due to an effect of SDS itself on spores removal. The
destabilization of the foams at the end of the process and the recovery of surfactant solutions
were also evaluated by using filtration. Following a life cycle assessment (LCA) approach, we
evaluated the impact of the foam flow on the global environmental footprint of the process. We
showed significant environ-mental impact benefits with a reduction in water and energy
consumption for foam cleaning. APGs are a good choice as surfactants as they decrease further

the environmental impacts.

Keywords: foam; spore; cleaning; surface hygiene; life cycle analysis
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3.1.1 Introduction

Reducing food waste is one of the prominent goals set by the United Nations to achieve a more
sustainable world by 2030. Indeed, food waste is responsible for un-necessary greenhouse
emissions and waste of resources [1]. Therefore, limiting food waste is of major interest to limit
climate change and ensure sustainability. An important contributor to food waste is microbial
spoilage. Nearly one-third of all food produced worldwide is estimated to be lost mostly due to
microbial spoilage after postharvest [1]. In the food industry, it is well known that surfaces in
processing equipment can be con-taminated by microorganisms despite cleaning and
disinfection procedures [2]. Once present, a large portion of these bacteria persists on surfaces
depending on the envi-ronmental conditions and often produces biofilms. Thus, food contact
surfaces in pro-cessing equipment are considered a major risk factor for food cross-
contamination. The formation of bacterial biofilms on food-processing equipment and food-
contact surfaces can act as a persistent source of contamination of food, threatening the safety
of food products, which can result in foodborne diseases, financial losses, and a loss of
credibility for the company [3]. In addition, bacteria spores are of major concern to the food
industry because a number of species are pathogenic, whereas others are associated with
spoilage. Spores also have the capacity to adhere to materials of importance in the processing
industries, such as stainless steel widely used in food equipment manufacturing [4]. The
cleaning phase is the most important stage for minimizing microbial colonization and removing
attached micro-organisms. For example, the efficiency of cleaning and sanitation of milk
contact surfaces are widely influenced by many factors such as the nature of contamination, the
mi-crotopography of surfaces, the design of the equipment, and the cleaning conditions [5].
Cleaning-in-place (CIP) is the ubiquitous process used to maintain the hygienic state of the
processing lines by cleaning their interior surfaces (pipelines and equipment) without
dismantling the facilities. In the CIP process, cleaning solutions used include various types of
detergents. CIP usually involves the circulation of cleaning solutions at high temper-atures
through the plant under conditions of increased turbulence and flow speed. Therefore, the
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effectiveness of cleaning is preconditioned by four main factors: chemical agent, mechanical
power, temperature, and time of the procedure, which together form the Sinner circle [6].
However, the environmental impact of the CIP process is significant, as frequent cleaning is
required and water is used intensively along with chemicals. For example, in the dairy industry,
most of the water consumption is directly linked to a CIP between 0.6 and 6 L of water per liter
of treated milk [2]. In addition, CIP generates large quantities of wastewater, with an additional
economic burden on the industry, and an environmental burden on the community [7]. Hence,
the food industry is currently looking for new cleaning processes to decrease the environmental

impact.

Almost twenty years ago, foam circulation through pipes was described in the lit-erature to be
very efficient for radioactive surface decontamination of solid surfaces, because the amounts of
chemicals involved and the volume of radioactive waste produced were much lower than with
other processes [8]. Thus, one strategy described recently in the literature is the use of foam
flows for cleaning in the food industry [9-11]. Due to foam wall friction and specific foam
rheology properties in terms of viscous stress, foam bubbles could remove efficiently spores
and biofilms [12-14]. In addition, foams enable the drastic reduction in the amount of water
used because foams are mainly composed of air bubbles [15]. Therefore, the use of foams could
have a direct positive impact on the environmental footprint of the cleaning process [9-11].
These first studies were based on the use of sodium dodecyl sulfate (SDS) as a surfactant at a
concentration well below the CMC, leading to unstable foam [9-11]. The aim of this study was
to show that a decrease in the envi-ronmental footprint of foam flow cleaning was possible
through the use of alkyl poly-glucosides surfactants (APGs). Indeed, APGs are biosurfactants
produced from vegetable oils and starch (plant-derived feedstock chemicals) suitable for
cleaning applications in food industries, but also already widely used for various applications
in personal care products. Moreover, APG foams have been shown to be very efficient for
spores de-contamination under static conditions on vertical surfaces [16]. We studied two

different APGs known to be good cleansing and foaming agents: decyl glucoside (DG) and
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lauryl glucoside (LG) [17,18]. Foams were characterized in terms of foamability, liquid
fraction, and bubbles size. The efficiency of spores’ removal by foam flows was studied on
stainless-steel surfaces and assessed by enumeration. The impact of the foam flow process on
the global environmental footprint was determined by the life cycle assessment (LCA)
approach, and we compared foams based on APGs with foam based on SDS. We also evaluated
the destabilization of the foams by ultrasound and the removal of spores and the recovery of
clean surfactant solution in order to regenerate the foam at the end of the process and to limit

the waste water.

3.1.2 Results and Discussion

3.1.2.1 Model Surfaces, Spores, and Surfactant Solutions Characterization

In this study, we used stainless-steel plates as model surfaces and spores from Bacillus subtilis
as the model contaminant to study the cleaning process by the foam flow. To mimic the surfaces
encountered in the dairy industry, we followed a protocol described and shown in section 3.1.2
to prepare the surfaces with different steps of soiling and cleaning [9]. The water contact angle
was 45.1 = 1.5, showing that the surfaces were hydrophilic. We also determined the
hydrophobic/hydrophilic characteristic of the spores used by the MATH procedure. The
aqueous affinity for the spores used in this study was higher than 90%, so they were considered
as highly hydrophilic as it was also shown before [19]. To produce the foam, we used three
different surfactants. Two alkyl poly-glucosides: decyl glucoside (DG) and lauryl glucoside
(LG), were used to study the effect of the alkyl chain length on the foam flow cleaning
efficiency. The SDS was used as a reference as it was the surfactant used for the first study on
spores’ decontamination by the foam flow [9]. The CMC of the three surfactants was
determined in order to produce foam at a concentration close to the CMC. The CMC was
estimated at 0.03 wt.% for DG, 0.03 wt.% for LG, and 0.23 wt.% SDS. These values are in

accordance with the literature [17,20].
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3.1.2.2 Effect of Surfactants on Spore Detachment under Static Conditions

Before studying the effect of foam flow cleaning, it was necessary first to study the effect of
each surfactant solution on spore detachment under static conditions, that is to say, the chemical
action. In this aim, the stainless-steel plates contaminated by the spores were directly dipped in
the surfactant solution or in osmosis water for 30 min. Then, the re-maining spores on the plates
were enumerated (Figure 3.1.1.). The spore log reduction was around 1.13 + 0.14 for water,
showing that dipping the contaminated plates in water results in more than one log removal of
spores. This result suggested that some of the hydrophilic spores deposited on the surface of
the plates were not strongly adherent [4]. For the two APGs, the spores log reduction was
similar with a spores log reduction of 1.33 + 0.01 and 1.37 + 0.05 for DG and LG, respectively.
These values were slightly higher than those for water alone, showing a slight effect on APGs
on the spores’ removal under static conditions. For SDS, the highest value was obtained, with
a spores log reduction of 1.57 £ 0.10. Thus, SDS had the strongest effect on spores’ removal
under static conditions. We suppose that a chemical action of SDS is possible due to its anionic
nature in comparison to APGs, which are non-ionic surfactants. In the literature, SDS is known
to denature pro-teins even at room temperature and at sub-CMC concentrations [21]. Therefore,
it is possible that in our experimental conditions, SDS could denature the spore surface pro-

teins, thus facilitating the spores’ detachment from surfaces.
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Figure 3.1.1. Spores log reduction on the plate under static dipping conditions as a function of

the surfactant in comparison to water. The small letters a—b indicate groups of statistical

differences according to Tukey’s test (p < 0.05).

3.1.2.3 Effect of Foams on the Detachment of Spores

The effect of foam flow cleaning on spores’ removal from the stainless-Steel plate was
investigated by introducing the plate in a duct. Then, the effect of the foam flow was quantified
by measuring the spore log reduction after one minute and 30 min of foam flow (Figure 3.1.2).
After one minute of foam flow, the spore log reduction was around 0.41 + 0.09 for the water,
due to the hydrophilicity of the spores. The spore log reduction was 1.92 + 0.16, 2.15 £ 0.15,
and 2.24 + 0.15, respectively, for DG, LG, and SDS after 1 min of foam flow. These values
were much higher than for water alone, showing that foam flows efficiently removed spores
from the plate. The foam flow resulted in a very quick de-tachment of the adhering spores, due
to a mechanical effect. In addition, there was no effect of the surfactant used. After 30 min of
water flow, the spores log reduction increased to 0.95 + 0.09, confirming the effect of water on
the spores’ removal as already shown under static conditions after 30 min of dipping in water.

The two APGs had similar values of 2.11 + 0.09 and 2.36 + 0.06, for DG and LG, respectively,
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after 30 min. These values show that for APGs, the foam flow cleaning was efficient in the first
minute, and it could not be improved by increasing the time of cleaning. For SDS, the spore log
reduction slightly increased with the increase in time and reached 2.87 = 0.17 after 30 min of
foam flow. Thus, after 30 min of cleaning, the foam based on SDS was the most efficient to
spores removal. Based on the effect shown of SDS on spore removal under static conditions,
we suppose that the effect of the SDS foam flow could be a combination of foam flow and/or
SDS chemical action on spore surface proteins. It is important to point out also that in our
previous studies, the foams based on SDS always had a stronger effect on the spores’ removal
than the surfactant solution whatever the foam properties in terms of bubbles size and foam

flow velocity [9-11].
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Figure 3.1.2. Spores log reduction on the plate in dynamic condition during foam flow cleaning
after 1 and 30 min of foam flow as a function of the surfactant in comparison to water. The
small let-ters a—d indicate groups of statistical differences according to Tukey’s test (p < 0.05)
between the water and the surfactants for 1 min of foam flow cleaning and for 30 min of foam

flow cleaning.
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The effect of foam flow cleaning on spore removal was also followed by epifluo-rescence
microscopy before and after foam flow cleaning using the three surfactants. For all the foams,
an efficient removal of spores was observed just after one minute of flow (Figure 3.1.3.). No
differences could be observed between the three surfactant foams, confirming the results of
spore log reduction quantification. Moreover, in all cases, there was no visible difference

between the pictures after 1 or 30 min of foam flow.

Before cleaning 1 min cleaning 30 min cleaning

Figure 3.1.3. Epifluorescence microscopy pictures of a stainless-steel plate contaminated by
spores and stained with acridine orange: (a) before cleaning by foam flow, (b) after one minute
of foam flow cleaning based on DG, and (c) after 30 min of foam flow cleaning based on DG.

The scale bar represents 1 mm for all the pictures.

3.1.2.4 Foam Characterizations before and After Flowing Inside the Duct

The characterization of foams during the flow inside the duct was very difficult to achieve in
situ. That is why the foams based on SDS, DG, and LG were characterized in terms of foam
stability under vertical conditions by measuring the drainage, the foam height, the mean bubbles
area, and the bubbles size before and after the foam passed through the cleaning duct. Thus, we
compared the foam before and after passing through the duct to obtain information on what
happened to the foam during the flow in terms of foam stability (change in bubbles size and
liquid fraction). It was important to determine if the foam properties changed during the flow
and if it could explain the differences between the surfactants. The foams were sampled and

immediately analyzed in vertical conditions using a glass column. The evolution of the
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normalized foam height was fol-lowed as a function of time to obtain insight into the foam
stability (Figure 3.1.4.). For the three surfactants before the foam flowed through the duct, a
fast decrease in the foam height until 200—400 s was observed with around a decrease of 10%
of the initial foam height (Figure 3.1.4.a). Then, the foam height was stabilized around 1800 s
and was 86.9% + 3.1, 93.6% * 2.8, and 84.0% + 2.2 for SDS, DG, and LG, respectively. After
the foam flowed through the duct, SDS and LG showed the same evolution for the normalized
foam height (Figure 3.1.4.b). However, the foam based on DG was slightly more stable. The
foam height was stabilized around 1800 s and was 90.3% + 3.3, 96.1% + 0.5, and 88.8% + 2.2
for SDS, DG, and LG, respectively. Before and after the duct, a relatively similar evolution was
observed for the normalized foam height for the three surfactants. Before and after the duct, a
very fast drainage was also observed until 200—300 s, for all the surfactants. The liquid fraction
was measured directly for the three surfactants by sampling the foam before and after the duct,

and in all cases, the three foams were considered wet foams with a liquid fraction above 5%.
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Figure 3.1.4. Evolution of the foam height for SDS, DG, and LG: (a) before the foam passed
through the duct containing the plate contaminated with spores and (b) after the foam passed

through the duct.

We compared the mean bubble area after 600 s for the three surfactants when the decrease in
the foam height was almost stopped (Figure 3.1.5.). Before the duct, the mean bubble area was
0.19 mm2 £ 0.08, 0.06 mm2 £ 0.01, and 0.08 mm2 + 0.01 for SDS, DG, and LG, respectively
(Figure 3.1.5.a). As shown also in the bubble pictures in Figure 3.1.5.a, the bubble size was
bigger for SDS than for DG and LG, which both showed similar bubble sizes. After the duct,
the mean bubble area was 0.42 mm2 + 0.07, 0.12 mm2 + 0.04, and 0.10 mm2 + 0.01 for SDS,
DG, and LG, respectively (Figure 3.1.5.b). The bubbles size was bigger for SDS than for DG
and LG, which both showed similar bubble sizes (Figure 5b). The statistical analysis showed
that there was a difference in the mean bubble area before and after the foams passed through
the duct for the SDS but not for the APGs. Foams based on APGs were much more stable during
the flow than foams with SDS. Based on previous results described in the literature on the foam
wall friction, for the three surfactants, the foams were similar in terms of foam-wall friction as
they were wet foams with quite similar air volume fraction. Moreover, the three surfactants
used are known to produce mobile surfaces at the air/water surface [12-14]. Therefore, our
results show that the efficiency of the SDS foams in spore removal from the flow in comparison
to APGs foams came from the chemical action of SDS as demonstrated under static conditions

(Section 2.2).
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Figure 3.1.5. Mean bubbles area of the foams produced with SDS, DG, and LG with the
correspond-ing microscopic pictures: (a) before the foam passed through the duct containing
the plate con-taminated with spores and (b) after the foam passed through the duct. The scale
bar represents 1 mm for all the foam pictures. The small letters a—b indicate groups of statistical

differences ac-cording to Tukey’s test (p < 0.05).

3.1.2.5 Foam Destruction and Recycling of Surfactant Solutions by Filtration

As already described for foams circulating through pipes for radioactive decon-tamination, the
foam destruction at the end of the cleaning process and its regeneration is crucial [8]. Indeed,
the aim of our foam cleaning process for the food industry is to generate foam, which then
circulates through the ducts until the level of suitable cleaning is achieved. In order to efficiently
destroy the foam on demand at the end of the process, the ultrasound technique seemed to be
well adapted [22]. The ultrasound could be used at the end of the ducts as already described in
the nuclear decontamination [8]. To regenerate the foam based on the same surfactant solution,
perfect control of the decontamination of spores present inside the water was required. For this
step, a filtration technique was used to illustrate how the spores could be removed. Filtration is
widely used in the food in-dustry and for the treatment of effluents and wastewater [23]. It has
competitive ad-vantages over other separation processes because it is easy to implement,

flexible, compact, and automatic [24]. To determine the efficiency of the filtration step to
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decon-taminate the spores from the surfactant solution, we quantified the number of spores
present before and after the filtration. The results showed that for all surfactants solutions, the
spore removal by filtration was very efficient as the number of spores after filtration was zero
(below detection limit). Then, we compared the foaming properties of the surfactant solution
before and after filtration by producing again the foam (Figure 3.1.6). As shown in Figure
3.1.6, the foam volume, stability, and appearance were the same for the three surfactants before
and after filtration, showing that the filtration step was a good method to recycle the foaming
surfactant solution without altering surfactant concentration and foaming ability. Thus, it would
be possible after recovering the foam to destroy it by ultrasound, and the spores present inside
the surfactants solution could be efficiently removed by filtration. The foam could then be
regenerated based on the same surfactant solution during many filtration cycles (at least 10
cycles). In principle, the surfactant solution could be recyclable many times until the
concentration of the surfactant solution would be too low due to the loss of surfactant during

the cleaning and filtration steps.

Before filtration

After filtration
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Figure 3.1.6. Pictures of the foams produced from the surfactants solution (SDS, DG, and LG)
before and after filtration to remove the spores, showing a similar foamability and foam stability

around 5 min after producing the foam. The scale bar represents 2 cm for all the pictures.

2.6. Life Cycle Assessment of the Foam Flow Process: Comparison between SDS and APGs

The results of the LCA modeling obtained by the ReCiPe method are shown in Figure 3.1.7
and in Table S1 (in supplementary file). We compared the foams studied pre-viously with SDS
(reference system) with foams produced with APGs [9,11]. It is important to notice that for the
LCA analysis, we chose the fatty alcohol sulfate from renewable resources and not from
petrochemical sources to reduce the possible impact of SDS [25]. In this study, for foams
produced by both surfactants (SDS and APG), the contribution of the process parameters (water
consumption for surfactant solution preparation, pump energy consumption, and compressed
air consumption) contributed mainly to the impact of the process in the same way. The pump
energy consumption seemed to be the major con-tributor to most of the impacts studied. By
comparing the processes of cleaning with foam formulated with SDS and with APG, we
observed that the most important impact of using APG instead of SDS was for natural land
transformation (15% of reduction). For terrestrial ecotoxicity, the use of APG reduced the
impact by around 9%. The negative impact of SDS for these two parameters came from the
fatty alcohol sulfate used to produce SDS. This result was not surprising, as the fatty alcohol
sulfate was reported to be a harmful con-tributor to most environmental impact indicators in
previous LCA studies comparing different surfactants formulations for cleaning [25]. For
marine ecotoxicity, human toxicity, fossil depletion, and climate change, the use of APG
reduced them by around 11, 10, 8, and 5%, respectively. For these parameters, the fatty alcohol
sulfate was the second most important contributor, after the pump energy consumption (present
in both surfactant foam processes). For water depletion, the impact of using APG instead of
SDS was very low, around 2%. For this parameter, the fatty alcohol sulfate was the third most

important factor, after the pump energy consumption and the water consumption, which were
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present in both foam processes. For marine eutrophication, the use of APG increased the impact
in a negative way in comparison to SDS (around 6% of increase). Although the main contributor
to marine eutrophication was the energy consumption of the pump, which was found in both
processes, the potato starch used to produce the APG had a negative impact. We can conclude
that the most harmful process was the one formulated with SDS, as it had a major contribution
to all impacts except marine eutrophication. From the LCA study, the foams based on APGs
helped to further decrease the environmental impacts of the cleaning process in comparison to
the foams based on SDS used in the previous studies, even when SDS synthesis is not entirely

coming from petrochemical resources [9,11].
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Figure 3.1.7. Environmental comparison between foam cleaning process with APG and foam

clean-ing process with SDS (reference system) by impact category (ReCiPe midpoint H).
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3.1.3 Materials and Methods

3.1.3.1 Materials

3.1.3.1.1 Preparation of Surfactant Solution

Lauryl glucoside (Plantacare 1200) with 51.3 wt.% of active matter and decyl glu-coside
(Plantacare 2000) with 53.0 wt.% of active matter were provided by Ludwigshafen, BASF,
Germany. Lauryl glucoside and decyl glucoside were used at a concentration of 0.1 wt.% of the
active matter. Sodium Dodecyl Sulfate with 98.5% purity was purchased from Sigma Aldrich,

Saint Quentin Fallavier , France. SDS was used at a concentration of 0.23 wt.%.

3.1.3.1.2 Preparation of Solid Model Surfaces

All the cleaning experiments were carried out on rectangular (45 mm x 15 mm) AISI 316
stainless-steel plates (APERAM, Isbergues, France) with a 2R factory finish. In order to have
similar surface properties to those found in the food industry, the surfaces were subjected to a
conditioning process shown in Figure 3.1.8 [9]. The plates were immersed in milk at room
temperature for 30 min and then they were rinsed under osmosis water for 5 min by overflow.
The plates were immersed in a 0.5 wt.% sodium hydroxide solution at 70 °C for 30 min and
then they were rinsed in osmosis water for 5 min. This cycle was repeated 15 times. Then, they
were fouled with Escherichia coli strains previously shown to produce biofilms on stainless-
steel surfaces [11]. For the biofilm formation, the plates were placed in a petri dish, and covered
with 50 mL of a bacterial suspension consisting of 1/10 Tryptone Soy Broth (TSB, Biokar
Diagnostics, Allonne, France) inoculated with 24 h of culture of Escherichia coli (final
concentration around 107 CFU.mL—1), and they were incubated at 30 °C for 24 h. Afterward,
the plates were submitted to cleaning and dis-infection steps. They were cleaned by rubbing the
surfaces with an alkaline detergent RBS T105 (Chemical products, Brussels, Belgium) used
usually for cleaning in the food industry [9]. They were immersed in a 5 wt.% RBS T105
solution at 60 °C for 10 min, followed by a rinse under running tap water for 5 min and then
under osmosis water for 5 min. A period of 24 h before each experiment, the surfaces were

sterilized in a dry heat oven at 180 °C for 1 h.
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Figure 3.1.8. Different steps of stainless-steel plate surface preparation methodology: (1) 15
cycles of immersion of the plate in milk at room temperature for 30 min and in sodium
hydroxide at 70 °C for 30 min; (2) biofilm formation on the plate; (3) rubbing of the plate with
commercial undiluted surfactant (RBS) followed by immersion of the plate in surfactant
aqueous solution at 5 wt.% at 60 °C for 10 min; (4) the plate sterilization in a hot air oven at
180 °C for 1 h; (5) soiling of the plate with 5 drops of 1 uL of the spore suspension at a

concentration of 108 CFU.mL—1.

3.1.3.1.3 Preparation of Spore’s Suspension

Bacillus subtilis PY79 is a laboratory strain known to produce hydrophilic spores. The Bacillus
subtilis PY79 strain was tagged with green fluorescent proteins to make the spores fluorescent
[19]. Frozen Bs PY79 was plated on nutrient broth agar (nutrient broth 13 g.L—1; agar 15 g.L—1)
with an antibiotic (5 g.mL—1 of chloramphenicol) to promote the production of the green
fluorescent protein, and incubated at 30 °C for 24 h. After 24 h, another plating was performed
in the same conditions. The following day, some colonies were picked with a loop and
inoculated in 50 mL of nutrient broth (Biokar Diagnostics, Beauvais, France) at 30 °C with
continuous agitation for about 5 h until the absorbance at 600 nm was 1.2. Then, the suspension
was centrifugated at 20 °C for 15 min at 1500x g. The amount of supernatant necessary was
drained in order to leave a volume slightly greater than 200 pL per Petri dish to be seeded. The
cell pellet was resuspended by shaking with a vortex and immediately used to inoculate the
sporulation medium. The suspension was spread on Spo8-agar [26] and incubated at 30 °C for
10 days, when sporulation reached at least 95%. The spores were harvested by scraping the
surface from the plates using sterile milli-Q water and washed five times in sterile milli-Q water

by centrifugation (4 °C for 15 min at 3500% g) and resuspension.
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To determine the spores’ hydrophilic character, we used the microbial adhesion to
hydrocarbons method (MATH), which is based on the affinity of the spores for hexadecane
[26]. The hydrophilic characteristic corresponds to a high percentage of affinity for the aqueous
phase, while a high percentage of affinity for the hexadecane corresponds to a hydrophobic
characteristic. The spore suspension (108—109 spores.mL—1) was re-suspended in 8.5 g. L—1
of NaCl agueous solution to obtain an absorbance value of 0.5 to 0.6 at 600 nm (A0). Three
milliliters of the spore suspension were put in glass tubes with 500 uL of hexadecane each and
the tubes were vortexed at 2400 rpm for times ranging from 5 to 900 s. Then, each tube was
left to settle for 30 min and then the absorbance of the aqueous phase of each tube was measured
at 600 nm (At). The percentage of affinity for the aqueous phase was calculated as follows (At

/AQ) x 100 for each vortex time [26].

3.1.3.1.4 Soiling of Surfaces with the Spores Suspension

The concentration of the spore suspension to soil the plates was set at 108 CFU.mL—1. In order
to avoid the presence of spore aggregates, the spore suspension was sonicated in an ultrasonic
bath (Bransonic 2510E-MT, Branson Ultrasonics Corporation, Danbury, CT, USA) before each
experiment for 2 min and 30 s. A total of 5 drops of 1 puL of the spore suspension were placed

in each plate. Then, the plates were dried for 1 h at 30 °C.

3.1.3.2 Methods

3.1.3.2.1 Determination of the Critical Micelle Concentration by Surface Tension Meas-
urements

The critical micelle concentration (CMC) of APGs and SDS was estimated by surface tension

measurements performed with a DSA100S drop shape analyzer (KRUSS, Hamburg, Germany)

using the pendant drop method. The measurements were carried out at room temperature (23

°C £ 1.3 °C) with a stainless-steel needle 1 mm in diameter.

3.2.2. Contact Angle Measurements of the Model Surface
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The surface wettability was determined by measuring the contact angle of a water droplet (1
uL) deposited directly into the surface with the DSA100S Drop shape analyzer (KRUSS,
Hamburg, Germany). The temperature during the analysis was 20 + 2 °C. All measurements

were performed in triplicate and for two different plates.

3.1.3.2.2 Spores Detachment Analysis

For the quantification of the adhered spores, each plate was sampled with a dry cotton swab
(Copan, Brescia, Italy), which was then put in a tube containing 5 mL of sterile Milli-Q water.
Each tube was vortexed for 1 min at 2400 rpm. Then, the swabs were removed from the tubes.
Serial dilutions of the suspensions in the tubes were performed in sterile Milli-Q water and 100
uL of each dilution were plated in Tryptic Soy Agar (TSA; Biokar Diagnostics, Allonne,
France). The plates were incubated for 24 h at 30 °C. The number of bacterial colonies was
counted, and the results were expressed as the mean of the colony forming units plate—1
(CFU.plate—1). The cleaning efficiency was calculated by dividing the number of viable spores
after the cleaning tests (whether static conditions or foam cleaning) by the number of spores on
plates used as a control for the initial spore concentration. The cleaning efficiency was

expressed in terms of log reduction using Equation (1):
Log reduction = log (CFU.plate! —CFU.plate )

where CFU.plate—1 t: the mean number of the colony-forming units per plate after cleaning (t
=1 min or 30 min); CFU.plate—1t0 : the mean initial number of the colony-forming units per

plate.

3.1.3.2.3 Spores Detachment under Static Conditions
Three soiled plates were dipped vertically in 1 L of each surfactant solution or only in osmosis
water for 30 min at room temperature. Three soiled plates were used as a control for the

enumeration of the initial spore concentration. The experiments were carried out in triplicate.
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3.1.3.2.4 Production of Foams

The foam production device used in this study was the same as those used in previous works
[9,10]. In brief, first, the surfactants were dissolved in osmotic water in the inlet tank of the
foam production device. Before they were used for foam production, they were recirculated
using a pump for five minutes, to ensure proper mixing. The surfactant solution was pumped
into a tank, which was located at a 3 m height to ensure a constant flow due to gravity. The
surfactant solution flowed at a flow rate of 4.5 L.h—1 into the foam generator, where the foam
was produced by bubbling compressed air at a flow rate of 4.5 L.h—1 into the surfactant solution
through a porous disc (pore size: 1-1.6 um, DURAN, France). Then, the foam flowed through
a horizontally placed square duct (1.5 cm high x 1.1 cm width x 23 cm in length) where the

cleaning process was carried out.

The mean velocity of the foam (v) was around 1.5 cm.s—1 and it was calculated according to

Equation (2):

v=(0Qs +Qa)/S 1

where Qs : the surfactant solution flow rate in L.h—1; Qa: the air flow rate in L.h—1; S: the duct

cross-section in cm.

The foam production parameters were chosen based on our previous studies on SDS foams in
order to have an efficient spore’s removal effect by producing foams with an adequate bubbles

size and foam flow velocity [9-11].

3.1.3.2.5 Effect of Foams on the Detachment of Spores

The foam flow cleaning efficiency was evaluated after 1 and 30 min of foam flow. For each
time, four soiled plates (one for microscopy and three for the spore quantification) were
introduced in a rectangular stainless-steel duct, which was then connected to the foam flow

cleaning setup. Three extra soiled plates were used as a control of the initial spore concentration.
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3.1.3.2.6 Microscopic Observation of the Detachment of Spores

The microstructure of the spore drops placed on the plate surfaces was observed before and
after cleaning. The spores deposited on the plates were stained with orange acridine at 0.01
wt.% and left for 15 min under dark conditions. Then, they were softly rinsed with osmosis
water. Once they were dried, they were observed using an epifluorescence microscope at 50x

magnification (Zeiss Axioskop 2 Plus, Oberkochen , Germany).

3.1.3.2.7 Foams Characterization

The foams produced in the foam flow cleaning setup were characterized in terms of bubble size,
foam height, and drainage. For the liquid fraction, we took a known volume of foam after the
foam passed through the cleaning duct. Then, we measured the volume of liquid remaining
when the foam was destroyed after a few hours. From the volume of liquid and the liquid of
foam, we calculated the liquid fraction corresponding to the ratio between the two values. The
height of the foams and the bubble size over time were measured using a dynamic foam
analyzer-DFA100 (KRUSS, Hamburg, Germany). The foams samples were collected directly
in the glass column (40 mm inner diameter) with a prism incorporated in the whole length of
the column. For each foam, a sample was taken before and after the foam passed through the
cleaning duct. The foams’ height and the bubbles’ size were simultaneously measured. The
foams’ height was measured by using an LED panel and a line sensor located at the front and
the back of the column, respectively. The foam height was monitored continuously for 1800 s
by detecting the differences in light transmission through the glass column. For measuring the
bubble size, a camera with a scanning area of 10.5 x 7.5 mm was positioned at a column height
of 110 mm. The prism in the column allowed for obtaining images of the 2D foam structure.
The resulting images were analyzed by the KRUSS Foam Analysis Software and the mean
bubble area was recorded at every time step for 1800 s. The foams were characterized in

triplicates.
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3.1.3.2.8 Surfactant Solution Cleaning by Filtration

After the foam cleaning process, the cleaning of the foaming surfactant solution was evaluated
by the filtration technique. An amount of 50 mL of each surfactant solution was placed in sterile
glass containers with lids. Each of the surfactant solutions was inoculated with 50 microliters
of spore suspension at a concentration of 108 CFU.mL—1 to mimic the contamination of the
liquid phase of the foam after cleaning. Three samples of 5 mL from each surfactant solution
were taken using a plastic syringe (Terumo, Leuven, Belgium) and they were filtered through
a syringe filter (pore size: 0.2 um, Sartorius, Goettingen, Germany). In order to control the
spore concentration in the surfactant solutions, three samples of 100 puL each were taken from
each of the surfactant solutions and serial dilu-tions were made in sterile Milli-Q water.
Amounts of 100 pL of the filtered solutions and 100 pL of the serial dilutions were plated in
Tryptic Soy Agar (TSA, Biokar Diagnostics, Allonne, France) and then incubated for 24 h at
30 °C. The number of bacterial colonies was counted, and the results were expressed as colony-

forming units.mL—1 (CFU.mL-1).

3.1.3.2.9 Life Cycle Assessment
The environmental impacts of the foam cleaning process using SDS and APGs were compared
based on Life cycle assessment (LCA). The LCA methodology is standardized by 1SO 14040

(2006) [27] and ISO 14044 (2006)[28]. The LCA consists of four phases:

. The objective and scope definition;

. The inventory analysis;

. The environmental impact assessment;
. The interpretation of the results.

The modeling of the LCA was performed using the Ecoinvent v3.0 database.

. The objective and scope definition
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The objective of the LCA was to compare the environmental impacts of the foam cleaning
process using SDS and the foam cleaning process using APGs. The functional unit (FU) is a
unit of reference that allows for comparing different systems. In this study, the FU was defined
as a cleaning of 0.05 m2 of the stainless-steel surface with at least 2 log CFU/cm2 of spores

removal after 30 min of cleaning.

. The life cycle inventory

The process flowchart for foam cleaning with SDS and with APG is given in Figure 3.1.9. In
both processes, the water consumption for foam production was 6 L.h—1 as the flow rate was
4.5 L.h—1, but an extra consumption was considered until the foam flow was stabilized. The
consumption of compressed air to produce the foam was 6 L.h—1, and also an extra consumption
was considered until the foam flow was stabilized. The electricity consumed by the pump to
transport the surfactant solutions was 0.31 kW.h—1. The electricity con-sumption to compress
the air was already taken into account in the compressed air data supplied by the Ecoinvent v3.0
database. Given the lack of data (in Ecoinvent) concerning the SDS and the APG, these
substances were modeled (created) by using 40% sodium carbonate and 60% fatty alcohol
sulfate for the SDS [11,25], and 59.7% potato starch and 40.3% fatty alcohol for the APG [29].
This study did not take into account transportation and electricity consumption for surfactant

production.

. The impact assessment

In this study, the ReCiPe (v1.09) method was chosen for the impact assessment as it includes
categories of relevance that are not included in other methods [30]. We chose the hierarchical
perspective (H), as it considers the impacts in a more balanced way with respect to the temporal
framework [31]. In order to focus on relevant data, a selection of environmental impacts was
performed, based on their importance in other LCA studies that involve CIP in the food industry
[11,30]. Eight environmental impacts were selected: climate change (kg.CO2 eq), marine
eutrophication (kg.Neq), human toxicity (kg.1,4-DB eq), terrestrial ecotoxicity (kg 1,4-DB),

162



marine ecotoxicity (kg.1,4-DB eq), natural land transformation (m2), water depletion (m3), and

fossil resource depletion (kg.oil eq).
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Figure 3.1.9. The process flowchart for the foam cleaning process formulated with: (a) SDS

and (b) APG.

3.1.3.2.10 Statistical Analysis

All the experiments were carried out in triplicate and the results were expressed as the mean +
standard deviation. The results were compared by one-way analysis of variance and Tukey’s
test to analyze statistical differences (p < 0.05). The analysis was performed using SAS V8.0

software (SAS Institute, Gary, NC, USA).

3.1.4 Conclusions

This study showed that foams based on SDS and APGs could remove the spores deposited on
model stainless-steel surfaces due to the foam wall friction mechanism. No effect on the APGs
alkyl chain length between decyl glucoside and lauryl glucoside was observed. The foam
properties were similar given the same effect on the foam flow removal of spores. After the
foam cleaning process, the foams could be destabilized by ultrasound, and the spores be
removed from the surfactant solutions by filtration, leading to a regeneration of the foam based
on the same surfactant solutions. The LCA has shown that foam cleaning had significant

environmental impact benefits with a reduction in water and energy consumption. The use of
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APGs helped to further decrease the envi-ronmental impacts in comparison to SDS in terms of
natural land transformation, ter-restrial ecotoxicity, marine ecotoxicity, human toxicity, fossil
depletion, and climate change. Foams based on APGs were also more stable during the foam
flow in comparison to foams based on SDS, which is an advantage to clean long ducts in the
industry. In the future, it would be interesting to improve the foam stability by adding co-
surfactants or polymers as already studied for foam flows in nuclear decontamination to try to
improve further the spores’ removal action of the foam by increasing the foam friction
mechanism and higher foam viscous stress [32]. Moreover, foams are already used to
decontaminate static vertical surfaces from spores by using disinfecting formulations [16]. The
next step in this study would be in the same way to combine the mechanical action of the foam

flows with a chemical action to clean and decontaminate in the same time.
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Supporting Information: Decontamination of Spores on Model Stainless-Steel Surface by

Using Foams Based on Alkyl Polyglucosides

Table S1: Contribution of the foam cleaning process with APG and the foam cleaning process

with SDS to the environmental impact categories selected according to the ReCiPe midpoint

(H) impact assessment method.

Impact category

Unit

Foam Cleaning process with

Foam Cleaning process with

APG SDS
Natural land transformation m?2 1,30E-03 1,53E-03
Terrestrial ecotoxicity Kg.1,4-DB eq 1,46E-03 1,62E-03
Climate change kg CO2eq 2,58E+00 2,72E+14
Marine ecotoxicity kg 1,4-DB eq 1,31E-02 1,48E-02
Human toxicity kg 1,4-DB eq 5,59E-01 6,23E-01
Fossil depletion kg oil eq 8,59E-01 9,31E-01
Water depletion m3 2,24E+01 2,27E+01
Marine eutrophication kg N eq 7,25E-04 6,79E-04
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Chapter 4: Water-in-water emulsion formulation as

possible innovative cleaning method.
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Introduction to chapter 4

As mentioned in the general introduction, the objective of this thesis is not only to use foams
as a cleaning method but also to explore innovative soft materials for cleaning purposes. To this
end, we chose to work with water-in-water (W/W) emulsions, where one aqueous phase is
dispersed within another aqueous phase. One of the most interesting applications of W/W
emulsions is their potential use in designing innovative encapsulation and delivery systems for
labile molecules, such as antibacterial agents. Additionally, they offer possibilities for the

encapsulation and separation of bacteria.

However, a significant drawback of W/W emulsions is their difficulty in stabilization due to
their very low surface tensions (around 0.1-100 uN/m) and large interface thickness (10 to 100
nm). For these physical reasons, W/W emulsions cannot be stabilized by the common
surfactants and are generally stabilized by particles. A recent study has shown that it is possible
to stabilize W/W emulsion with sodium oleate (anionic surfactant) in combination with decanol.
The combination of surfactant with fatty alcohols is well-known in the literature and industries
to lead to the formation of lamellar gel networks (LGNs), which are also already used for
stabilizing oil-in-water emulsions. The objective of this chapter was to develop a new method
to stabilize W/W emulsions based on LGNs and to give rise to a novel soft material based on a

combination of foams and W/W emulsions.

In this chapter, we demonstrated that W/W emulsions can be effectively stabilized using
lamellar gel networks (LGNs) composed of alkyl polyglucosides (APGs) and fatty alcohols.
Moreover, we established the robustness of this system by showing that various types of APGs
and fatty alcohols can be employed to create these LGNSs. To our knowledge, this is the first
example where a non-ionic surfactant has been utilized to stabilize W/W emulsions. Depending
on the properties of the APGs, we achieved the production of emulsions with high stability over
an extended period. Furthermore, we successfully developed a foamulsion based on W/W

emulsions.

170



4.1 Mixture of fatty alcohols and alkyl polyglucosides stabilizing

Water-in-water Emulsions

Carolina Dari', Yuchen Si?, Jean-Paul Douliez®, Jean-Francois Tahon® Thierry

Benezech?, Paul S. Clegg?, and Anne-Laure Fameau®”
1 INRAe, University Lille, CNRS, INRAg, Centrale Lille, UMET, 59000 Lille, France.

2 School of Physics and Astronomy, University of Edinburgh, Peter Guthrie Tait Road,

Edinburgh, EH9 3FD, UK.

3 Biologie du Fruit et Pathologie, UMR 1332, INRAE, Université De Bordeaux, Villenave

d'Ornon, F-33140, France.

4 Unité Matériaux Et Transformations (UMET), UMR CNRS 8207, Université de Lille Nord

de France, USTL-ENSCL, Bat C7, BP 90108, 59652, Villeneuve D'Ascq, France.
* Correspondence:

Corresponding Author

Anne-laure.fameau@inrae.fr

Keywords: emulsionl; lamellar phase2; fatty alcohol3; alkylpolyglucoside4.
Abstract

The combination of surfactants and fatty alcohols leads to the formation of lamellar gel network
(LGNs) which are widely used in cosmetic and pharmaceutical industries. Alkyl polyglucosides
(APGs) are known to stabilize oil-in-water emulsions and here, we report their use in
combination with fatty alcohol for the stabilization of all-aqueous Water-in-water (W/W)
emulsions based on dextran-in-poly(ethylene glycol). Two different APGs were used: decyl
glucoside and lauryl glucoside. We systematically studied the influence of the concentrations
of APGs, and the molar ratio between the APGs and decanol as model fatty alcohol on the size

and stability of the aqueous emulsion droplets with time. The self-assembled structure formed
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by decanol/APGs was characterized by using Small Angle X-ray Scattering and confocal
microscopy, and shown to be lamellar in the bulk phase and probably also at the surface of

dextran-rich droplets.

We also demonstrated that the stabilization of W/W emulsions can be extended to other APG
and to other fatty alcohols. In addition, we reported the production of a foam using such W/W
emulsions as the continuous phase. Our results show that it is possible to stabilized W/W
emulsions using LGNs based on different APGs and fatty alcohols, which will undoubtedly

expand the use of W/W emulsions for various fields.

4.1.1 Introduction

Emulsions, which are commonly used in a wide range of applications, are made up of two
thermodynamically incompatible solutions or solvents (Leal-Calderon et al., 2007). The most
conventional ones are oil-in-water or water-in-oil emulsions. However, a more unusual
emulsion system is based on an aqueous solution that forms droplets into another aqueous
solution, the so-called ‘Water-in-water emulsions’ (W/W emulsions) (Esquena, 2016, 2023;
Dickinson, 2019) . The formation of W/W emulsions occurs when a moderately concentrated
solution of incompatible polymers exhibits thermodynamic phase separation (Dickinson, 2019).
In contrast to oil-in-water emulsions, W/W emulsions are much more difficult to stabilize since
the surface tension is very low (around 0.1-100 uN. m-1) and the interface thickness is large (at
least, few tens of nanometers) (Antonov et al., 2004; Esquena, 2016). For these physical
reasons, W/W emulsions cannot be stabilized by the common surfactants usually used for the
stabilization of the oil-in-water or water-in-oil emulsions. Thus, when formed upon mixing,
droplets coalesce with time more or less quickly, depending on the system investigated and
then, macroscopic phase separation occurs. The lack of stability of W/W emulsions is the main
drawback that limits their use for practical applications (Esquena, 2016). Several applications
of W/W emulsions have been reported in various fields: food, biomedical, drug delivery, etc.

(Esquena, 2016, 2023). For example, they can be used to encapsulate active components and
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labile molecules, and then be used as delivery systems. They can also be used as microreactors
for the synthesis of high value-added products (Esquena, 2016, 2023). The field of water-in-
water emulsions is experiencing growth, driven by the discovery of new methods to improve
their stability. Therefore, finding new methods to effectively stabilize W/W emulsions is a

major challenge for scientists to expand their use.

Despite the difficulties in stabilizing them, W/W emulsions have been shown to be efficiently
stabilized by using a wide variety of chemicals and particles as reviewed by several authors
(Nicolai and Murray, 2017; Dickinson, 2019; Chao and Shum, 2020). For example, W/W
emulsions can be stabilized by polymer particles (Poortinga, 2008; Douliez et al., 2018, 2019),
microgels (Merland et al., 2022; You et al., 2023), cellulose nanocrystals (Ben Ayed et al.,
2018; Xie et al., 2023), protein particles (Nguyen et al., 2013), etc. Other stabilization methods
based on the use of amphiphiles are also described in the literature such as: block copolymers,
self-assembly of fatty acids and phospholipids, oligonucleotides, liposomes, etc.(Dewey et al.,
2014; Chao and Shum, 2020). These chemicals or particles are positioned at the interface of the
droplets, which prevents their coalescence and, subsequently, macroscopic phase separation.
The mechanisms by which this occurs remain unclear in most cases and is probably due to an
equal affinity of the particles or chemicals for the droplet-forming polymer and the continuous

aqueous phase enriched in the other polymer.

Recently, stable W/W emulsions have been designed by using sodium oleate (surfactant) and
decanol (fatty alcohol) with a simple addition process of the components to the two aqueous
phase system (Coudon et al., 2022). The mixture of surfactant and fatty alcohols are widely
used forming Lamellar gel Network (LGNS) that are of strong interest in the field of cosmetic
and pharmaceutical industries (Eccleston, 1997). Lamellar gel networks (LGNSs), which are also
called “a-gel” in the literature, are used to give creamy texture to the products (Eccleston, 1997,
Iwata, 2017). LGNSs are based on the mixture of long-chain fatty alcohols with surfactants in
aqueous solution (lwata, 2017; Colafemmina et al., 2020; de Oliveira et al., 2020). By using

appropriate concentrations and molar ratio of these two components, the formation of LGNs
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occurs. It can be described as a multi-phase colloidal structure mainly composed of lamellar
phase and bulk water. When oil droplets are present in the formulation, they are entrapped and
stabilized by the LGNs both present in the bulk aqueous phase and surrounding them
(Junginger, 1984; Eccleston, 1997; Nakarapanich et al., 2001). The study of Coudon et al. was
the first one showing the use of LGNS to stabilize water-in-water (W/W) emulsions (Coudon et

al., 2022).

In the current context of growing concern for the environment, natural-based surfactants
became popular as an alternative to the synthetic ones to produce LGNs and are widely used
for cosmetic and pharmaceutical applications (Savic et al., 2005; Terescenco et al., 2018a,
2018b). Alkylpolyglucoside (APG) is one of the well-known families of natural surfactants,
derived from natural glucose and a fatty alcohol. It is considered as non-toxic, mild and
environmentally friendly emulsifier (Dari et al., 2023). Our aim here was to study the
stabilization of W/W emulsions by using LGNs based on various APGs. Interestingly, these
surfactants (APGs) are non-ionic surfactant whereas most of the chemical components and
particles that have been used in the literature for stabilizing W/W emulsions are either charged
or at least, zwitterionic (Esquena, 2023). This could be an advantage when the systems require
changes in pH or ionic strength that may alter the stability of the emulsion, as is the case when

W/W emulsions are used for bacterial culture (Xie et al., 2023; Zhang et al., 2024).

Here, we used two different APGs: decyl glucoside (DG) and lauryl glucoside (LG). DG and
LG differ in their alkyl chain length composition. DG comprises a mixture of alkyl chains
ranging from 8 to 16 carbon atoms, while LG consists of a mixture ranging from 12 to 16 carbon
atoms (Keck et al., 2014; Wu et al., 2017). In addition, they differ in their degree of
glycosidation: DG has a value of 1.5 and LG, 1.4. These APGs were combined with decanol as
model fatty alcohol. The model W/W emulsions system was based on dextran-in-poly(ethylene
glycol) (PEG) droplets. We systematically investigated the influence of the concentrations of
APG, and the molar ratio between this surfactant and the fatty alcohol on the size and stability

with time of the aqueous emulsion droplets. Then, we gained insight into the structure by
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combining confocal microscopy and Small Angle X-ray Scattering (SAXS). We also
demonstrated the versatility of these surfactants mixtures by extending the approach to another
APG (coco-glucoside, CG) and other fatty alcohols (dodecanol and myristyl alcohol).
Furthermore, we show that a foamulsion could be produced from such stabilized W/W
emulsion. Our results show that it is possible to use the combination of fatty alcohols and APGs
for the formulation of different type of W/W emulsions, which will surely broaden the use of

W/W emulsions for various fields such as cosmetics and pharmaceuticals.

4.1.2 Materials and Methods

4.1.2.1 Materials

The following chemicals were purchased from Sigma-Aldrich (Saint Quentin Fallavier, France)
and used as received: dextran 450-650 kg/mol, poly(ethylene glycol) 20 kg/mol (PEG), Nile
red, fluorescein isothiocyanate-dextran 500 kg/mol (FITC-dextran), 1-decanol, 1-dodecanol,
ethanol, and sodium dodecyl sulfate (SDS) with 98.5% purity. Lauryl glucoside (plantacare
1200 up) (LG) with 51.3 wt.% of active matter, decyl glucoside (plantacare 2000 up) (DG) with
53.0 wt.% of active matter, coco glucoside (plantacare 818 up) with 51.4 wt.% of active matter
and myristyl alcohol (lanette 14) were provided by BASF (Ludwigshafen, Germany) and used

as received. Milli-Q water was used for all experiments.

4.1.2.2 Preparation of the stock solutions

To prepare the all-aqueous emulsion, both the polymers PEG and Dextran were weighed in a
flask and Milli-Q water was added so that the PEG concentration was 7 wt. % and the dextran
concentration was 3.25 wt. %. Then, the mixture was stirred magnetically at 60 °C until
polymers were completely dissolved. It formed a slightly turbid dispersion formed by
polydisperse droplets enriched in Dextran in the continuous PEG phase, which coalesced with
time until macroscopic phase separation occurs as expected for such aqueous emulsion (not

shown).
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A solution of APG (DG, LG or CG) was prepared by weighing into a flask the APG and adding
Milli-Q water so that the final concentration of the APG active matter was 5 wt. %, followed
by stirring magnetically at 60°C until the APG was completely dissolved. Nile red was
dissolved in ethanol to obtain a final concentration of 5 mg-mL—1, then an aliquot of this
solution was added to each of the APGs solutions to obtain a final concentration of 0.1
mg-mL—1. A solution of FITC-dextran was prepared by weighing the dye and adding Milli-Q
water so that the concentration was 20 mg-mL—1. All these stock solutions were stored at

around 4 °C in a fridge.

4.1.2.3 Preparation of the stabilized W/W emulsions

Different protocols were used to prepare W/W emulsions depending on the fatty alcohols used
and its melting point. To produce Dextran-in-PEG W/W emulsion, 5 ml of the PEG-dextran
mixture was taken and placed in a 15 mL tube (Falcon) while stirring the mixture. 50 uL. of the
FITC-dextran stock solution were added to the tube and all was mixed by vortexing; followed
by the addition of a given volume of the stock solution of APG (DG, LG or CG) doped with
nile red. Then the emulsion was vortexed for another 30 seconds. The same protocol was used
to prepare the inverse W/W emulsion (PEG-in-dextran emulsions) but starting with the

preparation of PEG at 2 wt. % and Dextran at 14 wt. %.

To prepare the dextran-in-PEG emulsions in the presence of APG and dodecanol, 5 ml of the
PEG-dextran mixture was taken and placed in a 15mL tube (Falcon) while stirring the mixture
at 40°C. Then, 50 uL of the FITC-dextran stock solution was added to the tube and all were
mixed by vortexing. A given volume of 1-dodecanol at 40 °C was added to the previous mixture
and mixed thoroughly by vortexing, followed by the addition of a given volume of the stock
solution of LG or DG doped with Nile red, then the emulsion was vortexed for another 30

seconds.

To prepare dextran-in-PEG emulsions in the presence of APG and myristyl alcohol, the myristyl

alcohol was first heated to 90°C, until it was completely melted, and then the required amount
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was weighed in a beaker. 5 ml of the PEG-dextran mixture was taken and placed in the same
baker while stirring the mixture, 50 uL of the FITC-dextran stock solution was added, and all
were mixed together under magnetic stirring at 60 °C until the myristyl alcohol was completely
dissolved. The resulting mixture was placed in a 15mL tube (Falcon) and a given volume of
LG or DG doped with Nile red was added while vortexing. Then, the emulsion was vortexed

for another 30 seconds.

4.1.2.4 Preparation of the foamulsion

A dextran-in-PEG emulsion (10 wt.% of dextran and 10 wt.% of PEG) stabilized with LG and
decanol was prepared as previously described. A given volume of the emulsion was transferred
to a beaker and a given volume of surfactant was added. The mixture was slowly mixed with
magnetic stirring for 30 seconds. To prepare the foamulsion, the double-syringe foaming
technique was used (Gaillard et al., 2017). Two 10-mL syringes were connected with a Luer-
lock connector. One syringe was filled with 3.5 mL of the mixture and 6.5 mL of air. The second
syringe was maintained with the piston in the fully closed position. The foam was then produced
by pushing the plungers of the connected syringes 30 times by hand. The stability of the
resulting foams was followed by measuring both the evolution of the foam and the volume of

drained liquid over time with the naked eye.

4.1.2.5 Stability and partial phase diagram of the W/W emulsions

The bulk stability of the W/W emulsions with different molar ratio (R) of decanol:APG was
followed with the naked eye (phase separation), and also by confocal fluorescence microscopy
observations. Experiments were performed immediately after the production of W/W emulsions
(t=0) and after 24 hours (t=24h) of conservation at room temperature. Pictures of the tubes
containing the samples were taken with an iPhone mini 13 (Apple). Microscopy images were
acquired using a fluorescence confocal microscope (LSM 700, Zeiss) with x63 oil immersion
objective. Dyes were excited by using the following excitation (Aex): FITC-dextran, Aex = 488
nm; Nile Red, Aex = 555 nm. The microscopy images were processed using ImageJ software,

following the method introduced by Gaillard et al., (Gaillard et al., 2015) in order to obtain the
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area of 50 droplets for each sample. Long-term evolution of the W/W was also done through
microscopy observations of the samples using an epifluorescence microscope (Zeiss Axioskop

2 Plus, Oberkochen, Germany) with x40 objective.

4.1.2.6 Structural characterization of W/W emulsions by Small Angle X-ray Scattering (SAXS)
SAXS experiments were performed on a XEUSS 2.0 device (XENOCS, Grenoble, France)
operating under vacuum with a GeniX3D microsource (A = 1.54 A) at 0.6 mA and 50 kV and a
2D Pilatus 3 R 200 K detector. The sample was loaded in thin quartz capillaries (optical path
1.5 mm, WIM-Glas/Miller GmbH, Germany) and the signal collected for 3h. The detector was
placed perpendicularly to the direct beam at distance of 2.3m, calibrated in both cases with a
Silver Behenate standard. Peak fit® software was used for diffractogram deconvolution by

using combination of Gaussian and Lorentzian functions.

4.1.2.7 Determination of the critical micellar concentration (CMC) via surface tension

The CMC values of the surfactants were obtained by using the automatized surface tension
plate reader Kibron Delta-8 (Kibron, Finland). A volume of 50 pL of aqueous dispersion was
placed on the 96-hole platform. Measurements were performed in duplicate at 28 + 1 °C after
a waiting time of 10 minutes to ensure equilibrium at the air-water interface. A calibration was

performed by using ultrapure water at 28 £ 1 °C.

4.1.2.8 Evaluation of the W/W stability by centrifugation

The samples were centrifuged in a centrifuge (Sigma 6K15, Thermo Fisher Scientific,
Strasbourg, France) at 1500 x g for 10 minutes. Microscopy images of the samples were taken
before and after centrifugation using an epifluorescence microscope (Zeiss Axioskop 2 Plus,

Oberkochen, Germany) with x40 objective.

4.1.2.9 Statistical Analysis

The radius of 50 droplets was calculated for each sample and the average and standard deviation
were determined. The results were compared by one-way analysis of variance and Tukey’s test
to analyze statistical differences (p < 0.05). The analysis was performed using SAS V8.0
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software (SAS Institute, Gary, NC, USA).

4.1.3 Results and discussion

4.1.3.1 Phase diagram of the W/W emulsions

Dextran-in-PEG emulsions were prepared at 3.25 wt.% (W/W) dextran (450-650 kg/mol) and
at 7 wt.% (W/W) PEG (20 kg/mol), since at this composition the polymers were fully phase-
separated as determined previously in the literature (Diamond and Hsu, 1989). In these
experimental conditions, dextran enriched droplets formed in the continuous enriched PEG
phase. Droplets of ca. 10-50 pum formed upon shaking when observed immediately after
preparation but coalesced with time yielding macroscopic phase separation as already described

in the literature (Coudon et al., 2022).

Then, we added different quantities of decyl glucoside (DG) and decanol varying from 1 to 12
mM as described in the Materials and Methods Section. The concentration of the APGs varied
from 2 to 20 times the CMC (Supplementary Figure.1l and Supplementary Figure.2). The
molar ratio (R) corresponds to the moles number between decanol and DG, and it varied from
1:0 to 0:1. The stability of the W/W emulsions were determined after 24 hours at room
temperature with the naked eye to eventually determine the presence of a phase separation or a
supernatant (Figure 4.1.1). When phase separation occurred, we defined this W/W emulsion as
unstable. When a small supernatant was observed, we classified this emulsion as medium
stability, and when no macroscopic change was observed, we defined these emulsions as stable

(Figure 4.1.1).

The addition of the pure components, either DG or decanol, whatever the concentrations led to
complete phase separation of the aqueous emulsion within 3 hours. Then, the pure components
did not have a significant effect on the behavior of the polymer’s mixtures, and they could not
stabilize dextran-rich droplets. However, the addition of the two components (DG and decanol)

led to stabilization of emulsions for a relatively large domain of concentrations and molar ratios.

179



A minimal concentration of DG (6 mM) and a minimal fraction of decanol (R= 0.5:1) were
required to produce emulsions with medium stability. At the same DG concentration (6 mM),
and with higher decanol fractions (R= 1:1 and R=2:1) emulsions with high stability were
observed. However, when the decanol fraction was further increased (R > 3:1), a supernatant
was observed after 24 h leading to an emulsion with medium stability. When the concentration
of DG was increased to 9 mM, an emulsion with medium stability was only observed for low
R (R = 0.5:1). Then, emulsions with no supernatant were observed after 24 hours for all the
other R studied (1:1 >R >9:1). At a DG concentration of 12 mM, emulsions with high stability

were obtained both at low decanol fraction and at high decanol fractions (from R = 0.5:1to R

=09:1).
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Figure 4.1.1. Partial phase diagram determined by visual observations by varying the decyl
glucoside (DG) concentration as a function of the molar ratio between decanol and decyl
glucoside showing the stable domain of W/W emulsion (dashed black line). Red crosses
correspond to samples where macroscopic phase separation occurred after 24 hours. Orange
circles correspond to samples where a slight macroscopic phase separation occurred after 24
hours. Green circles correspond to stable samples after 24 hours. On the right side, pictures of

samples illustrate the three regimes. The samples are from left to right: unstable W/W emulsion
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for DG =9 mM and R = 0:1, medium stability W/W emulsion for DG =6 mM and R = 3:1, and

high stability W/W emulsion for DG =9 mM and R = 2:1.

We then decided to test the substitution of the DG by another APG with a longer alkyl chain:
lauryl glucoside (LG). Dextran-in-PEG emulsions were then prepared with different
concentrations of LG from 1 to 12 mM and with a molar ratio (R) between decanol and LG, R
varying from 1:0 to 0:1. The stability of the W/W emulsions were determined in the same way
as for the emulsions stabilized with DG described previously (Figure 4.1.2 and Supplementary
table 1.b). The addition of pure LG whatever the concentration led to complete phase separation
within 3 hours, as previously described for pure DG or pure decanol. The addition of decanol
in combination with LG was necessary to stabilize the emulsions. A minimal concentration of
LG (6 mM) and a minimal fraction of decanol (R > 0.5:1) were required to produce emulsions
with medium stability. This result was similar to the one obtained for DG. When the molar ratio
was increased (R > 1:1), emulsions with high stability were obtained for all the concentrations
(6, 9 and 12 mM). The increase of the concentration of LG to 12 mM led to emulsions with
high stability even at a minimal fraction of decanol (R = 0.5:1). Stable emulsions with LG were

produced for a wider range of R in comparison to DG (Figure 4.1.1 and Figure 4.1.2).
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Figure 4.1.2. Partial phase diagram determined by visual observations by varying the lauryl
glucoside (LG) concentration as a function of the molar ratio between decanol and Lauryl
glucoside showing the stable domain of W/W emulsion (dashed black line). Red crosses
correspond to samples where macroscopic phase separation occurred after 24 hours. Orange
circles correspond to samples where a slight macroscopic phase separation occurred after 24

hours. Green circles correspond to stable samples after 24 hours.

Then, we also determined the droplets size evolution between the initial size (t=0, that stands
for observations done immediately after mixing all components) and after 24 hours with
statistical analysis by confocal fluorescence microscopy of the samples doped with FITC-
dextran and Nile red (Figure 4.1.3, Supplementary Figure 3 and Supplementary Table 1.a-
b). First, we compared the initial droplets size between DG and LG for all the R and
concentrations to determine the main parameters leading to the smallest droplets size. For DG
with R = 0.5:1, by varying the concentration from 6 mM to 12 mM, we observed a decrease of
the average radius from 7.3 = 3.6 um to 2.1 = 1 um. The same trend was observed for all the
concentrations and all the R showing that the initial droplet sizes decreased by increasing the

DG concentration (Figure 4.1.3). For LG with R = 0.5:1, by varying the concentration from 6
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mM to 12 mM, we observed a decrease of the average radius from 5.9+ 3.1 umto 3 £ 1.1 pm,
respectively for 6 mM and 9 mM. However, there was no statistical differences from 9 mM to
12 mM, with an average radius of 3 + 1.1 um and of 2 £ 0.5 pm for example for R = 0.5:1. The
concentration of the APG was a key parameter for controlling the initial droplet size. We
hypothesize that by increasing APGs concentration leading also to a concomitant increase of
decanol in the formulation, an increase of viscosity of the bulk phase could occur leading to a
decrease of the droplets size. However, it is important to keep in mind that other parameters
could also explain this phenomenon: quantity and structure of the self-assembly formed,

interaction between APGs and polymers, etc.

Between the two APGs, we observed also statistical differences between the initial droplet
sizes, with bigger droplets for DG than for LG when the concentration was set at 6 mM and 9
mM. However, the initial droplet size was the same at 12 mM for both APGs. The difference
between DG and LG could be explained by the fact that APGs have different CMC values
(Supplementary Figure 1), with LG having a lower CMC than DG. Here, all the samples were
produced above the CMC. However, at the same concentration, LG with a longer alkyl chains
and lower CMC than DG produce more easily rod-like micelles (Platz et al., 1995). Thus, it is
easier to transit from rod-like micelles to lamellar phases by adding a small amount of fatty
alcohol than from spherical micelles. Moreover, the presence of an excess of lauryl glucoside
under rod-like micelles leading to a more viscous bulk continuous phase than for DG under
spherical micelles could also explain the difference of stability at the lowest concentration (6
mM) (Stradner et al., 2000; Chu et al., 2013) . We believe that the presence of rod-like micelles
helps with the formation of the lamellar phases that stabilize the droplets. Then, we studied the
effect of the molar ratio (R) between decanol and the APGs (DG or LG) on the initial droplets
size (Supplementary table 1.a-b). For DG at the three concentrations, we observed that for R
= 0.5:1 the initial droplet size was always higher than for all the others R. The same trend was
observed for LG. For R = 0.5:1, there was an excess of APGs in comparison to the decanol

which could lead to the formation of a low quantity of lamellar structures in a mixture with
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APGs micelles and mixed micelles containing decanol (Moller et al., 1998). The quantity of
lamellar strcutures could be not sufficient to stabilize small droplets during the production of
the W/W emulsion. Then, we observed for both LG and DG that for R with high amount of
decanol in comparison to the APG (R = 6:1 and R =9:1), the droplet size was statistically lower
than for R = 0.5:1 with an excess of APGs, but always higher than for intermediate R: R = 3:1,
R =2:1 and R =1:1 (Figure 4.1.3 and Supplementary Figure 3). The best R to have high
stability with small droplet size were R = 3:1, R =2:1 and R =1:1. These three R lead to the
smallest droplet size. Therefore, R is also a key parameter to take into account to reach small
droplet size. A large excess of APG (R = 0.5:1) or decanol (R > 6:1) is not appropriate for small
droplet size. We compared also the droplet size evolution after 24 hours for all the stable
samples detected by visual observations (Figure 4.1.1 and Figure 4.1.2). No statistical
difference was observed showing that in all cases the droplet size was stable after 24 hours
(Figure 3.1.3, Supplementary Figure 3 and Supplementary Table 1.a-b). Again, the
composition (concentration and molar ratio) had been shown to influence the diameter of

droplets in a similar system (Coudon et al., 2022).

Our results confirm that stabilization of the interface between hydrophilic polymers is not
possible using amphiphilic molecules alone (Esquena, 2016). Instead, changing the self-
assembly of these molecules by adding fatty alcohol proves to be an effective method to
produce stable all-aqueous droplets (Coudon et al., 2022; Esquena, 2023). In addition, our
results highlight that to obtain stable emulsions based on mixture of fatty alcohol and APGs,
whatever the type of oil-in-water or water-in-water emulsion, a minimum molar ratio of 1:1
fatty alcohol:surfactant is required (Terescenco et al., 2018b). As described in the literature for
LGNs formation based on mixture of fatty alcohols and surfactants, a minimum amount of fatty
alcohol is required, and it is reported to be close to a weight ratio 1:1 as found in this study
(Eccleston, 1997). Moreover, comparing our results to those obtained for LGNs based on

sodium oleate and decanol, we observe that whatever the nature of the surfactants (anionic or
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non-ionic surfactants) with fatty alcohol, stable W/W emulsions are only possible for a molar

ratio higher than 1:1 (Coudon et al., 2022).

Figure 4.1.3. Effect of both DG concentration and decanol:DG ratio (R) on W/W emulsions
droplets size. Confocal microscopy images of the W/W emulsions taken at t=0 for two different
DG concentrations: 6 mM (top) and 12 mM (bottom), and three different R: R = 3:1(left), R =
6:1 (middle) and R = 9:1 (right). Droplets are labeled with FITC-dextran dye. The scale bar

represents 15 pm.

4.1.3.2 Long-term stability of W/W emulsions stabilized by LGNs

The long-term stability of the emulsions was studied by microscopy observations during 42
days. Fluorescence microscopy observations of the emulsions stabilized with DG at a
concentration of 12 mM and with R =3:1 showed the presence of uniform droplets that did not
change significantly in size after 7 days compared to t=0 (average radius = 1.4 £ 0.4 um)
(Supplementary Figure 4.a). However, after 7 days a macroscopic phase separation was
observed with the naked eye. Microscopy observations of the emulsions stabilized with LG at
a concentration of 12 mM and with R = 3:1 showed the presence of uniform droplets that did

not change significantly in size after 42 days compared to t=0 (average radius = 1.6 = 0.6 pm)
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(Supplementary Figure 4.b). In addition, we tested the robustness of the emulsions with
centrifugation. After centrifugation at 1500 x g for 10 minutes, we observed neither phase
separation nor supernatant showing that the self-assembled structure formed by decanol and
APGs form a robust layer protecting the droplets against mechanical stress. We also checked
the effect of the centrifugation directly on the droplets by measuring the droplets size before
and after the centrifugation (Figure 4.1.4). The results show that both emulsions could be
centrifuged without significant change in the droplet radius (average radius before
centrifugation: 2.1 £ 0.7 um and 1.7 = 0.5 um, respectively for DG and LG; average radius after
centrifugation= 2.0 = 0.6 pm for DG, and 1.8 £ 0.4 um for LG) confirming that the self-
assembled strcutures formed by APGs and decanol both in bulk and at the interface led to strong

protection of the emulsion against destabilization.

Before After
centrifugation centrifugation

Figure 4.1.4. Effect of centrifugation on the stability of the W/W emulsions. Epifluorescence
microscopy images of W/W emulsions stabilized with DG (top) or LG (bottom) at a
concentration of 12 mM with a molar ratio of R = 3:1, taken before centrifugation (left) and
after centrifugation (right). Droplets are labeled with FITC-dextran dye. The scale bar

represents 60 um.
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4.1.3.3 Structural characterization of W/W emulsions

After establishing the phase diagrams of the W/W emulsions stabilized by the mixture of
decanol and APGs, we tried to characterize the structure formed by the decanol:APGs in bulk
and at the interface leading to the long-term stabilization of the droplets for specific ratios. By
using confocal fluorescence microscopy with Nile red staining, the fatty alcohol, it was possible
to highlight the presence of surfactant assemblies in the bulk phase surrounding the droplets
(Figure 4.1.5.a). We observed the presence of lamellar structures in the bulk phase surrounding

the droplets forming the so-called LGN.

However, with this microscopy technique it is impossible to study the interfacial structure and
the eventual formation of LNGs around the droplets, since only a red layer is observed by
confocal microscopy surrounding the droplets (Figure 4.1.5.a). That is why we used SAXS to
get information at the interface scale. The stable emulsion formulated with LG at 12 mM and
with R = 3:1 was chosen for SAXS analysis due to the long-term stability and high
concentration to optimize the SAXS signal. On the SAXS scattering pattern, only one main
peak could be distinguished at Q = 0.035 A% (Figure 4.1.5.b). By comparing with the literature
and the SAXS results obtained by Coudon et al. (Coudon et al., 2022) on similar water-in-water
emulsion system stabilized by a mixture of fatty alcohol and sodium oleate, we hypothesize that
the peak at 0.035 A-* is the third order peak of a lamellar phase surrounding the dextran-rich
droplets. The lamellar phase would have a lamellar interspacing (d) of around 52 nm (d=
21/Q0). Indeed, in the study from Coudon et al., they determined a lamellar spacing of around
78 nm, corresponding to a third order peak around 0.024 A% close to the peak determined here
(Coudon et al., 2022). In our system, the lamellar spacing was lower than in the case of the
lamellar phase made of sodium oleate and decanol system, which can be explained by the fact
that we are working with non-ionic surfactant and lamellar phases are stabilized by steric
repulsion and not electrostatic repulsion such as in the case of sodium oleate/decanol system. It
is known that steric repulsion produced in lamellar gel network based on fatty alcohol leads to

lower interlamellar spacing than LGNs produced by anionic surfactants (lwata, 2017).
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Therefore, the long-term stabilization and the resistance to centrifugation of the W/W emulsions
could come from the LGNs formed by APGs and decanol both in bulk and at the interface
leading to strong protection of the emulsion against destabilization. However, to confirm the
interfacial structures, further investigations need to perform. For example, the use of freeze-
Fracture transmission electron microscopy could help to better characterize the self-assembled
structures formed at the interface as already demonstrated by Coudon et al. (Coudon et al.,
2022). It is important also to notice that we do not know the quantity of each chemical
components inside the self-assembled structures, and the concentration could be different from
the initial weight ratios used to produce the W/W emulsion. Most probably lamellar phases are

in coexistence with APGs micelles.

(a)

Intensity (a.u.)

10°

10° Q (A'1) 10"

Figure 4.1.5. (a) Confocal microscopy image of dextran-in-PEG emulsion stabilized with LG
at a concentration of 9 mM and with a molar ratio of decanol:LG at 1:1, showing the presence
of lamellar phases (some of them identified with white arrows) in the continuous phase of the
emulsion. Nile red was used to label the surfactant and fatty alcohol. The scale bar represents
15 um. (b) 1D SAXS diffractogram of a water-in-water emulsion stabilized by a mixture of LG
and decanol with a LG concentration of 12 mM and a molar ratio of decanol:LG at 3:1. Only
the third order Bragg peak (3Q0) is identified on the scattering pattern, labeled with a black
arrow. Schematic showing the stabilization of the W/W emulsion by lamellar phase surrounding

the dextran-rich droplets.
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4.1.3.4 Versatility of the W/W emulsion stabilized by mixture of fatty alcohols and APGs

Here, we varied the experimental conditions, either the concentration of polymers or the nature
of LGNs but investigated only few different concentrations of each to demonstrate the
versatility of the systems. First, we studied the effect of LGNS on the stabilization of the inverse
W/W emulsion, that is, when polymer concentrations are adjusted so that PEG-rich droplets
formed in a continuous dextran-rich phase (Supplementary Figure 5). Stable W/W emulsion
were produced from both DG and LG at 12 mM with R = 3:1, since no change in the droplets
size was observed after 24h. This result shows a general mechanism based on APG and fatty
alcohol for stabilizing PEG and dextran interfaces regardless the nature of the droplets, which
is in accordance with the observations of Coudon et al. on the stabilization W/W emulsion with

decanol and sodium oleate (Coudon et al., 2022).

In a second step, we extended the production of W/W emulsions to another well-known and
widely used APG: coco-glucoside (CG), composed of a mixture of alkyl groups with carbon
chain lengths ranging from 8 to 16 atoms and with a higher proportion of longer alkyl chains in
comparison to DG and LG (Aguirre et al., 2014). Self-assembled structures (lamellar phases
and/or micelles) produced with CG 12 mM at different decanol: CG molar ratios, from R=1:1
to R=6:1, effectively stabilized dextran-in-PEG emulsions, since microscopy images showed
that no significant differences in the droplet size were observed after 24h compared to the initial

size (Supplementary Figure 6).

Finally, we extended our approach of stabilizing W/W emulsions produced from DG and LG
to other fatty alcohols with longer alkyl chain length (dodecanol and myristyl alcohol) (Figure
4.1.6 and Supplementary Figure 7). Microscopy images showed that dextran-in-PEG
emulsions with high stability can be produced with DG at a concentration of 12 mM in
combination with dodecanol (dodecanol:DG molar ratio R = 6:1), since no significant
differences in the droplet size were shown after 24h compared to the initial size (average radius
4 + 1.2 pym). The same observations were performed for emulsions stabilized with LG at a

concentration of 12 mM (dodecanol:LG molar ratio R = 6:1) but the droplet size was slightly
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smaller (average radius 2.2 + 0.7 um at t=0). The stabilization of dextran-in-PEG emulsion
with APG and myristyl alcohol was also possible. Emulsions stabilized with DG at a
concentration of 12 mM and myristyl alcohol (R = 6:1), showed high stability without
significant changes in droplet size after 24h compared to the initial size (average radius = 3.2 +
0.7 um). The same emulsion stabilized with LG at a concentration of 12 mM (R =6:1) led to a
decrease in droplet size (average radius 1.6 = 0.3 um at t=0), with no significant change in size
after 24h. These results show that it is possible to formulate W/W emulsions using APGs and
different fatty alcohols. Thus, W/W emulsion stabilization is possible by using APGs and fatty
alcohol when suitable concentration and ratios are used to obtain self-assembled structures such

as lamellar phases.

Dodecanol Mpyristyl alcohol

Figure 4.1.6. W/W emulsions stabilized with DG in combination with two different fatty

=0

t=24h

alcohols: dodecanol and muyristil alcohol. Epifluorescence microscopy images of W/W
emulsions stabilized with DG at 12 mM and Dodecanol: DG ratio equal to 6:1 (left) and DG at
12 mM and myristyl alcohol: DG ratio equal to 6:1 (right), taken at t=0 (top) and at t=24h

(bottom). Droplets are labeled with FITC-dextran dye. The scale bars represent 60 pm.
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For certain applications, bubbles are added into emulsions to change their mechanical properties
and/or sensorial performances (Salonen, 2020). It is the case, for example, for ice creams,
whipped creams and pharmaceutical or cosmetic applications (Parsa et al., 2019; Murray, 2020;
Luengo et al., 2021). These three phase systems are called foamulsions or “foamed emulsions”,
where the gas bubbles are surrounded by a continuous phase, traditionally composed of oil and
water (Salonen, 2020; Zheng et al., 2022). The continuous phase is generally present in the
form of oil-in-water emulsions, although it can also be in the form of water-in-oil emulsions
(Salonen, 2020). However, to the best of our knowledge, a foamulsion where the continuous
phase is composed of W/W emulsions has never been reported. We took the advantage of the
high stability of the W/W emulsions developed here to study the possibility of producing a
foamulsion by using dextran-in-PEG emulsion as the continuous phase of the foam. First, we
prepared a dextran-in-PEG emulsion (10 wt.% of dextran and 10 wt.% of PEG) stabilized with
LG at a concentration of 12 mM and with a molar ratio of decanol: LG equal to 3:1. Then, the
double-syringe technique was used to produce the foams (Gaillard et al., 2017). First, we
measured the foamability, that is to say the quantity of foam produced at the end of the foaming
process. Then, the stability of the foams was followed by measuring both the evolution of the
foam volume and the volume of drained liquid over time with the naked eye (Supplementary

Figure 8).

Production of foam from the W/W emulsion stabilized by lamellar structures formed by APGs
and fatty alcohols without the addition of additional surfactants was not possible
(Supplementary Figure 8.a). Then, we tested the addition of surfactant inside the W/W
emulsion and we studied the resulting foaming properties. With the addition of DG at a
concentration of 18 mM, no foam was produced (Supplementary Figure 8.b). However, in the
presence of SDS at a concentration of 18 mM, a high quantity of foam which was relatively
stable with time was obtained (Figure 4.1.7.a). By fluorescence microscopy, the presence of
droplets surrounding the air bubbles were clearly distinguished similar to the ones observed for

foamulsion based on oil-in-water emulsion (Figure 4.1.7.b) (Salonen, 2020). The initial foam
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volume was around 10.5 mL showing the good foamability of the foamulsion. Then, the foam
volume decreased slightly in the first 4 hours to reach a foam volume around 7 mL associated
with drainage (liquid volume inside the foam around 1 mL after 4 hours). After 24 hours, no
more foam was present only few bubbles remained (Figure 4.1.7.a and Supplementary Figure
9). We performed control experiments by producing foams with only dextran and SDS or only
PEG and SDS at the same concentration (18 mM). The foamulsion stabilized by mixture of
fatty alcohols and APGs with 18 mM of SDS was observed to be much more stable than the
foams produced with only dextran or only PEG since these controlled foams disappeared after
2-3 hours (Supplementary Figure 10.a-b). In the same way, no more foam was present after
3 hours when foam was produced directly from the pure W/W emulsion not stabilized by fatty

alcohols and APGs and with only SDS (Supplementary Figure 10.c).

®) :Drople
¢
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-

Figure 4.1.7. (a) Stability of the foamulsion. Pictures of the foam produced with the W/W
emulsion (LG 12 mM, decanol: LG ratio 3:1) with the addition of SDS at 18mM and its
evolution over time. (b) Epifluorescence microscopy image of the foamulsion at t=0. Droplets

are labeled with FITC-dextran dye. The scale bar represents 30 pm.

4.1.4 Conclusion

In this study, we demonstrated that W/W emulsions can be efficiently stabilized by mixtures of
APGs and fatty alcohol. The stability of the W/W emulsions is linked to the APGs concentration
and the molar ratio between the APG and the fatty alcohol. We demonstrated the robustness of

this system by using various APGs: decyl glucoside, lauryl glucoside and coco-glucoside, and
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also by using fatty alcohols with different alkyl chain lengths (decanol, dodecanol and myristyl
alcohol). An effect of the APGs alkyl chain length between DG and LG was observed, since
the use of LG made it possible to produce emulsions with the same droplet size as with DG but
at a lower concentration. In addition, emulsions prepared with LG were more stable in the long-
term than emulsions prepared with DG. The molar ratio between the fatty alcohol and the APG
is also a key parameter governing the stability. We hypothesized that the mixture of fatty
alcohols and APGs led to the formation of LGNs stabilizing the W/W emulsions due to their
presence both in the bulk phase and surrounding the droplets. The structure of the LGNS seems
to depend on the molar ratio and APG concentration in the same way already described in

aqueous solution (Terescenco et al., 2018a, 2018b).

Altogether, this confirms that stabilization of such aqueous droplets occurs when the chemicals
(and eventually their assemblies) used for this task have an equivalent affinity for both the
polymer within droplets and the polymer in the continuous phase. We believe that adjusting the
concentrations and molar ratio control this affinity and affords chemicals to come and stay at
the droplet interface, further preventing droplet coalescence. Further investigations using
freeze-Fracture transmission electron microscopy and small angle neutron scattering are
planned to better characterize the self-assembled structures formed both in the bulk and at the

interface, and to confirm the formation of LGNs.

With preliminary results, we showed for the first time that the production of a foam based on
W/W emulsion is possible; and that its stability is better than the foam produced with the
polymers alone or with polymers in mixture without being stabilized by self-assembled
structures formed by APGs and fatty alcohols. The inclusion of a third phase to emulsions could
be a promising strategy to expand the use of W/W emulsions in various fields (Luengo et al.,
2021; Zhili, 2022). Our results offer the possibility to formulate W/W emulsions based on
chemical components widely used at industrial scale and at low cost associated with an easy
and simple formulation process. Our approach could be extended to more complicated systems

such as multiple water-in-water emulsion systems, and they could be used for encapsulation,
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drug delivery, as micro reactors, etc. (Solans et al., 2003; Singh et al., 2018; Michaux et al.,

2021).
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Supplementary Material: Mixture of fatty alcohols and alkylpolyglucosides stabilizing

Water-in-water Emulsions
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Supplementary Figure 1. Surface tension of aqueous solutions of (a) DG and (b) LG as a
function of the concentration at T =28 + 1°C. The CMC were 0.6 mM for DG and 0.3mM for

LG.
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Supplementary Figure 2. Surface tension of aqueous solutions of CG as a function of the

concentration at T =23.1 + 0.9°C. The CMC was 0.9 mM.
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Supplementary Figure 3. Effect of the decanol:LG molar ratio on W/W emulsions droplets

size evolution with time. Confocal microscopy images of the W/W emulsions taken at t=0 (left)
and at t=24h (right) for two different decanol: LG molar ratios: R = 2:1 and R = 9:1, at the same
LG concentration (12 mM). Droplets are labeled with FITC-dextran dye. The scale bar

represents 15 um.
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Supplementary Figure 4. Long-term stability of W/W emulsions. (a) Epifluorescence

microscopy images of dextran-in-PEG emulsions stabilized by DG at 12 mM and with a ratio
equal to 3:1 (top) showing that small droplets were observed during 7 days. (b) Epifluorescence
microscopy images of dextran-in-PEG emulsions stabilized by LG at 12 mM and with a ratio
equal to 3:1 (bottom) showing that small droplets were observed during 42 days. Droplets are

labeled with FITC-dextran dye. The scale bar represents 60 pm.
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Supplementary Figure 5. Epifluorescence microscopy images of the inverse emulsion PEG-
in-dextran stabilized with DG at 12mM and with a molar ratio equal to 3:1 (left) and LG at 12

mM and with a molar ratio equal to 3:1 (right), taken at t=0 (top) and at t=24h (bottom). The

continuous phase is labeled with FITC-dextran dye. The scale bar represents 60 pm.
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Supplementary Figure 6. Epifluorescence microscopy images of dextran-in-PEG emulsions
stabilized with CG at 12 mM and decanol, at different decanol: CG molar ratios (R) (R=1:1,
R=3:1 and R= 6:1, from left to right). Droplets are labeled with FITC-dextran dye. The scale

bar represents 60 pum.
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t=24h

Supplementary Figure 7. W/W emulsions stabilized with LG in combination with two
different fatty alcohols: dodecanol and myristyl alcohol. Epifluorescence microscopy images
of W/W emulsions stabilized with LG at 12 mM and dodecanol: LG molar ratio equal to 6:1
(left) and LG atl2 mM and myristyl alcohol: LG ratio equal to 6:1 (right), taken at t=0 (top)

and at t=24h (bottom). Droplets are labeled with FITC-dextran dye. The scale bar represents 60

um.

Supplementary Figure 8. Foam production: (a) without the addition of surfactant and (b) with
addition of DG at 18 mM. The composition of the W/W emulsion used in both samples
correspond to a dextran-in-PEG emulsion (10 wt.% dextran and 10 wt.% PEG) stabilized with

LG at 12 mM and decanol:LG molar ratio equal to 3:1.
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Supplementary Figure 9. Evolution of the foam volume and the liquid drained over time of
the foamulsion (dextran 10 wt.%, PEG 10 wt.%, LG at 12 mM, decanol:LG molar ratio equal

to 3:1 and SDS at 18 mM).
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Supplementary Figure 10. (a) Image of the foam produced with Dextran (10 wt. %) and SDS
at 18 mM, and its evolution over time. (b) Image of the foam produced with PEG (10 wt. %)
and SDS at 18 mM, and its evolution over time. (c) Image of the foam produced with the W/W
emulsion (Dextran at 10 wt.% with PEG at (10 wt. %) and SDS at 18 mM without LGNs, and

its evolution over time.
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5.1 Conclusions

In the food industry, surfaces contaminated with microorganisms are a major source of crosse-
contamination in food products (DeFlorio et al., 2021; Midelet et al., 2024). Contamination of
food with microorganisms can lead to two major problems: foodborne illness and food waste.
Contamination of food with microorganisms can lead to two major problems: foodborne
illnesses and food waste. To mitigate these issues, it is essential to implement thorough cleaning
and disinfection processes to maintain surface hygiene. However, despite these efforts, the
incidence of foodborne illnesses continues to rise each year, indicating that current practices
may not be adequate. This underscores the need for ongoing improvements in sanitation
protocols, enhanced monitoring, and the adoption of innovative technologies to ensure food
safety and reduce waste (Sarno et al., 2021). Furthermore, the cleaning processes used in the
food industry consume substantial resources, including vast amounts of water, energy, and
chemicals. These resource-intensive practices not only have a significant environmental impact
but also contribute to the operational costs of food production. The high consumption of water
and energy raises concerns about sustainability, particularly in regions facing water scarcity
and high energy costs. Additionally, the use of chemicals, while essential for effective
sanitation, can pose risks to both human health and the environment if not managed properly.
To address these challenges, the industry is increasingly exploring more sustainable cleaning
technologies and practices. Innovations such as dry-cleaning methods, the use of
environmentally friendly cleaning agents, and advanced monitoring systems can help reduce
resource usage while maintaining high standards of hygiene. Implementing these practices not
only helps in minimizing the environmental footprint but also promotes a more sustainable and
cost-effective approach to food safety. (Dallagi, 2022). One potential alternative is the use of
foam for cleaning closed surfaces, similar to its application on open surfaces. Foams are widely
utilized in the food industry for applying cleaning chemicals to open surfaces (EHEDG, 2021).
However, the specific mechanisms by which foams clean are not fully understood. Despite this,

foams offer promising environmental benefits, as they can potentially reduce the consumption
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of water, energy, and chemicals required for cleaning (Dallagi et al., 2022). The objective of
this thesis was to investigate the properties of foams that contribute to the removal of
microorganisms on both open and closed surfaces, aiming to utilize foams as an
environmentally friendly cleaning method. Additionally, the research sought to propose
alternative and innovative cleaning techniques. By advancing our understanding of foam
cleaning mechanisms and optimizing their application, this work could pave the way for more

sustainable and efficient cleaning methods in the food industry.

Foams have on their own a cleaning action on open surfaces contaminated with spores under

static conditions.

Based on our results on two different foam systems and comparisons with existing literature,
we estimate that when spores are strongly adhered to surfaces, foams can achieve a maximum
removal rate of about 2 logs for hydrophilic spores. The removal efficiency is lower for
hydrophobic spores due to the presence of clusters, which complicates the cleaning process.
We suppose that the main mechanism of foam-based removal is wiping. Bubble size appears to
play a crucial role, with smaller bubbles (around 20-50 um) providing better cleaning efficiency
compared to larger bubbles (above 100 um). The liquid fraction of the foam does not seem to
significantly influence the cleaning efficiency on its own. The effectiveness of foam cleaning
improves significantly when spores are dispersed in a liquid and not strongly adhered to
surfaces. In such cases, the foam's imbibition mechanism becomes effective, achieving a high

removal efficiency of around 4 logs for both hydrophilic and hydrophobic spores.

Additionally, we demonstrated that foams can be formulated with bio-based surfactants, such
as 10-HSA soap and SCI surfactant. Our research provided valuable insights into the self-
assembly properties of these surfactants, which are crucial for formulation purposes. We
showed that aqueous dispersions of 10-HSA soap can produce foams with a destabilization

threshold temperature triggered by the tube-to-micelle transition. For SCI surfactant, we
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demonstrated that it forms crystals below the Kraft temperature and self-assembles into

negatively charged micelles above this temperature.

Foams flow cleaning can be achieved with various bio-based surfactants, leading to a decrease

of environmental footprint.

We demonstrate that foams based on SDS and APGs at their respective CMC concentrations
can effectively remove hydrophilic spores from pipes. Furthermore, our findings indicate that
foams formulated with alkyl polyglucosides exhibit superior stability when passing through
pipes compared to those produced with SDS. This stability could be advantageous when
cleaning more complex installations. Additionally, through a life cycle assessment (LCA), we
show that foams based on alkyl polyglucosides contribute to a reduction in environmental
impacts during the cleaning process compared to those based on SDS. Finally, we demonstrated
that filtration can effectively remove spores from the surfactant solutions of both SDS and

APGs, allowing for the surfactant to be reused.

Water-in-water emulsions and foamulsion can be stabilized by lamellar gel networks and could

be used as possible alternative and innovative cleaning methods

We demonstrated that W/W emulsions can be stabilized using mixtures of APGs and long-chain
fatty alcohols. These mixtures form lamellar phases both in the bulk and at the interface
surrounding the droplets. By varying the concentration of APGs and the molar ratio between
the fatty alcohol and the APGs, we achieved emulsions with different droplet sizes.
Additionally, we showed that the long-term stability of the emulsions depends on the type of
APG used, maintaining stability for at least 42 days. These findings, supported by centrifugation
tests, highlight the robustness of APG and decanol-based lamellar gel networks (LGNSs) in
stabilizing the droplets. Moreover, our preliminary results demonstrate, for the first time, the
production of a foamulsion with a w/W emulsion as the continuous phase. This foamulsion
exhibits enhanced stability compared to foams of the same composition without the w/W
emulsion stabilized by LGNs. W/W emulsions are an emerging field, with new stabilization
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methods continually leading to novel applications. Singh et al, have demonstrated the
encapsulation of bacteria in W/W emulsions (Singh et al., 2018). In addition, we did some
preliminary tests showing different affinities of bacteria for the W/W emulsion phases (Figure
5.1.1); that is why we believe that using this two phase system could be an innovative way to

remove spores and bacteria.

(a) (b)

Figure 5.1.1. (a) Escheria coli at the interface surrounding the droplets of a dextran-in-PEG

emulsion. (b) Bacillus subtilis encapsulated inside the droplets of dextran-in-PEG emulsion.
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5.2 Perspectives

Effect of the surface and contamination types:

For both static and dynamic cleaning conditions, the influence of surface nature and roughness
on cleaning effectiveness is well-established (Faille et al., 2002; Deleplace et al., 2022). Future
studies could explore the cleaning efficiency on surfaces differing in roughness and
hydrophobicity from stainless steel, such as glass or polypropylene (Deleplace et al., 2022).
Additionally, further research could investigate cleaning efficacy against various types of
microbial contamination, including biofilms. Given the diverse compositions of biofilms, it
would be valuable to assess how cleaning efficiency varies across different biofilm types
(Dallagi et al., 2022). In this thesis, we only focused on static foam cleaning on horizontal
surfaces. Future studies could examine the effectiveness of cleaning on vertically surfaces,
where the foam might behave differently, potentially affecting its cleaning efficiency (Le
Toquin, 2018). In our experiments, we used foams with no drainage to remove this parameter.
However, as demonstrated in other studies, the drainage has an effect on cleaning. Future
experiments could be conducted with foam with different drainage rate to study the effect of

the drained liquid on the removal of spores and biofilms.

Improving the foam cleaning efficacy trough the foam formulation:

In foam flow, friction occurs in the film between the bubbles and the surface (Denkov et al.,
2006). Dame et al, demonstrated that the addition of co-surfactant to the foam formulation
extends the film life and that decontamination is improved in foam flows for nuclear
decontamination (Dame et al., 2005). In our work, it would be interesting to investigate different
formulations that include the addition of co-surfactant to improve cleaning efficiency. The
addition of co-surfactants allows to modify the surface mobility of the bubbles from moving to
immobile surfaces, which results in an increase in the viscous stress. Moreover, the next step
would be to combine the physical action of the foam with a chemical action to improve foam
cleaning by adding disinfectant such as: Sodium hypochlorite (NaOCI) and hydrogen peroxide

210



(H202) (Le Toquin, 2018). Following the line of interface-based cleaning methods, it would
be interesting to investigate the effects of incorporating a water-in-water emulsion into foam,
creating a foamulsion, and to evaluate its efficacy in cleaning surfaces contaminated with

microorganisms.
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