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Mixing bubbles and drops to make foamed emulsions

Foamed emulsions are mixtures of oil, water and gas. Bubbles are surrounded by a continuous phase made of oil and water. The numerous interfaces can be stabilised using a single surfactant or mixtures of stabilisers. These systems are used to make a multitude of materials, which can be found in many products and processes from oil recovery to whipped creams. In this paper the different types of foamed emulsions encountered and the specific difficulties in their stabilisation are presented. Foamed emulsions with an aqueous continuous phase are the most commonly studied, and a more detailed description of their stability and mechanical properties is given.

Introduction

Mixing two immiscible fluids leads to a whole host of new materials. This gives enormous possibilities to vary, for example the mechanical properties of the material, as the relative volume fractions of the two phases change. The addition of a third immiscible phase, such as oil into an aqueous foam or gas into an emulsion, gives further possibilities to material design. The presence of a structured continuous phase gives another length-scale to the system, and allows a finer texture control as both length-scales can be modified. The use of a third phase facilitates the inclusion of different active materials, both oil and water soluble, and leads to further possible uses. The richness in the properties of three phase mixtures makes mixtures of oil, gas and aqueous phases widely used, and they are found in numerous applications including food, cosmetics, construction, pharmaceutics, fuel, etc.

In most of the applications foamed emulsions are made with an aqueous continuous phase. They can be broadly classified depending on how the foam and oil interact into systems where (i) foams come into contact with bulk oil and (ii) foams and oils/emulsions are mixed to create foamy materials. In the first case, foam is made and during its use it comes into contact with oil. This is the case for example when foams are used in petroleum recovery. Foams are injected into ground, where they come into contact with petrol. The foams should remain stable as they are pushed through pores in widely varying chemical environments. This led to a number of studies on foam stability in the context of petroleum engineering in the late 80s and early 90s [START_REF]Foams: Fundamentals and Applications in the Petroleum Industry[END_REF] , where criteria for foam stability in terms of surface energies of the three phases were formulated [START_REF] Lobo | STABILITY IN THE PRESENCE OF OIL -ON THE IMPORTANCE OF THE 2ND VIRIAL-COEFFICIENT[END_REF][START_REF] Lobo | MECHANISMS OF AQUEOUS FOAM STABILITY IN THE PRESENCE OF EMULSIFIED NON-AQUEOUS-PHASE LIQUIDS -STRUCTURE AND STABILITY OF THE PSEUDOEMULSION FILM[END_REF][START_REF] Aveyard | Entry and Spreading of Alkane Drops at the AirlSurfactant Solution Interface in Relation to Foam and Soap Film Stability[END_REF][START_REF] Dalland | Oil Interaction with Foams under Static and Flowing Conditions in Porous Media[END_REF][START_REF] Schramm | Micro-Visualization of Foam Interactions with a Crude Oil[END_REF] . Other cases where foams come into contact with oil occur during cleaning, such as when removing oily makeup from skin or sebum from hair. Foam stability is also important when they are used to fight fuel fires, where foam can be used to efficiently cover a burning surface [START_REF] Giles | Modulation of Fluorocarbon Surfactant Diffusion with Diethylene Glycol Butyl Ether for Improved Foam Characteristics and Fire Suppression[END_REF] . All of these applications have motivated much work on understanding oil uptake by foam structures [START_REF] Mensire | Stable Oil-Laden Foams : Formation and Evolution[END_REF]9 .

The second case, where materials are created from bubbles and drops, requires stabilisation of the mixture formed of oil, water and gas phases. Bubbles are added into emulsions to change their mechanical properties and the sensory experience for example in ice creams and whipped creams [START_REF] Dalgleish | Food Emulsions -Their Structures and Structure-Forming Properties[END_REF][START_REF] Goffk | Review Colloidal Aspects of Ice Cream-A[END_REF] .

2 Pharmaceutical or cosmetic applications can have both water-soluble and oil-soluble active species making the use of emulsions widespread. The foaming of these emulsions can be used to ease application. The use of foams and foamed emulsions in pharmacy was recently reviewed by Parsa et al. [START_REF] Parsa | Foam in Pharmaceutical and Medical Applications[END_REF] . In the past few years Kichatov et al. have published a series of papers studying the combustion of foamed emulsions 13,[START_REF] Kichatov | Combustion of Heptanein-Water Emulsion Foamed with Hydrogen-Oxygen Mixture[END_REF] . The burning of water containing fuels has been shown to decrease emissions and it is possible to make combined fuels when mixtures of hydrogen-oxygen gases are added into an aqueous emulsion of heptane, where the rate at which the fuel burns varies with system composition [START_REF] Kichatov | Combustion of Heptanein-Water Emulsion Foamed with Hydrogen-Oxygen Mixture[END_REF] . The most common uses of these three-phase systems are thus to modify the mechanical properties of the continuous phase or to allow the incorporation of active ingredients into the material.

In both types of interaction (bulk contact or material generation), the question of foam stability is crucial. Oils are known to be effective antifoams [START_REF] Denkov | Mechanisms of Foam Destruction by Oil-Based Antifoams[END_REF] and their potential destabilising effect on foams depends on the interactions between the oil drops and the gas/liquid interfaces through entry barriers, and the equilibrium spreading, entry and bridging coefficients, as described in detail in the review of Denkov more than 15 years ago [START_REF] Denkov | Mechanisms of Foam Destruction by Oil-Based Antifoams[END_REF] . Even when the role of the oil drops is not as active antifoam the timescales of foam ageing are in general much shorter than those of the emulsions so that in foamed emulsions destabilisation occurs through the collapse of the foam before the emulsion has collapsed [START_REF] Koczo | OIL ON FOAM STABILITY -AQUEOUS FOAMS STABILIZED BY EMULSIONS[END_REF]17 . Although the prediction of antifoam activity from entry barrier experiments works rather well, a complete understanding of the destabilisation process is still lacking. However, coalescence in both foams and emulsions is still an actively researched topic, which will also help understand the stability of the mixed systems [START_REF] Langevin | Coalescence in Foams and Emulsions: Similarities and Differences[END_REF] . We will not discuss the microscopic origins of the coalescence of foams further, but will concentrate on foamed emulsions in material design.

Families of foamed emulsions

We limit ourselves to systems where emulsions and foams co-exist. We can now start to imagine the variety of foamed emulsions that exist by thinking of the types of emulsions that can form the continuous phase around the bubbles. We will not consider systems where the gas phase is a continuous phase, such as when emulsions are made into liquid marbles. Therefore, the different types of foams are illustrated in Figure 1 and range from aqueous foams with water-based continuous phases to oleo foams, which have no water present. Foamed emulsions are everything in between, where the continuous phase includes both water and oil. In the schematic drawings of Figure 1 the gas bubbles have been drawn larger than the oil droplets, which is the case in most of the papers discussed. However, it is also possible to mix bubbles and drops of varying size ratios to imagine other textures.

Figure 1 Illustration of different types of foamed emulsions depending on the continuous phase including bubbles in a) aqueous foams with no oil, b) water-in-oil emulsion, c) bicontinuous oil and water phase, d) water-in-oil emulsion, e) oleo foam.

Foams with aqueous continuous phases. Our understanding and control of aqueous foams (Figure 1a) is well established [START_REF] Cantat | Structure et Dynamique[END_REF] . In order to stabilise a foam we need a molecule which has a hydrophilic and a hydrophobic part so that it can adsorb onto the gas/water interface, lower the surface tension and sustain surface tension gradients [START_REF] Cantat | Structure et Dynamique[END_REF] . Surfactants that stabilise gas/water interfaces are in general also able to stabilise oil/water interfaces. Therefore, a single surfactant able to stabilise an aqueous foam can be used to stabilise a foamed emulsion with an aqueous continuous phase (Figure 1b) [START_REF] Koczo | OIL ON FOAM STABILITY -AQUEOUS FOAMS STABILIZED BY EMULSIONS[END_REF]17 , even if it does not mean that all surfactants that stabilise foams also stabilise foamed emulsions. This gives one of the advantages of working with foamed emulsions, we can combine the well-developed waterbased surfactant chemistry with oily materials as already noted by Friberg in his article in 2010 [START_REF] Friberg | Foams from Non-Aqueous Systems[END_REF] . A photograph of a foam made from an oil-in-water emulsion is shown in Figure 2a squeezed under a cover slip. The oil drops are agglomerated in the Plateau borders as they have been chased from the surface films between the bubbles and the glass cover slip. Foams with aqueous continuous phases are the most commonly studied and we will come back to their stability and mechanical properties in the next sections. [START_REF] Goff | Instability and Partial Coalescence in Whippable Dairy Emulsions[END_REF] the scale bar is 30 µm, the image is reproduced with permission from Elsevier.

Figure 2 a) Photograph of a foamed emulsion made from a oil-in-water emulsion of sodium dodecyl sulphate and rapeseed oil taken under the microscope taken by Maxime Schneider. The large concentric circles are the bubbles which have been squeezed against the cover glass and the granular texture around is from the oil drops, which have a size of around 10µm and cannot be individually distinguished in the image. b) A scanning electron microscopy image of whipped cream from

Foams with bicontinuous continuous phases. Aqueous and oleo foams with structured continuous phases, such as lamellar or sponge like structures, have been prepared [START_REF] Briceño-Ahumada | On the Stability of Foams Made with Surfactant Bilayer Phases[END_REF][START_REF] Friberg | A Nonaqueous Foam with Excellent Stability[END_REF] . Single films from various lyotropic liquid crystalline phases have also been studied [START_REF] Pieranski | Physics of Free-Standing Lyotropic Films[END_REF][START_REF] Jordanova | Formation of Monolayers and Bilayer Foam Films from Lamellar, Inverted Hexagonal and Cubic Lipid Phases[END_REF] . However, it seems that foamed emulsions with bicontinuous oil-water phases (Figure 1c) have not been reported. This is possibly because bicontinous oil in water phases are relatively unstable, although there seems to be no reason why more viscous or even viscoelastic bicontinuous phases would not stabilise a dispersion of bubbles.

Foams with oily continuous phases. Literature on foams with oily continuous phases (Figure 1 d ande), or oleo foams, is more scarce than on aqueous foams, although interest in oily foams (with no water) has risen in recent years [START_REF] Friberg | Foams from Non-Aqueous Systems[END_REF][START_REF] Blazquez | Non-Aqueous and Crude Oil Foams[END_REF][START_REF] Fameau | Non-Aqueous Foams: Current Understanding on the Formation and Stability Mechanisms[END_REF] . The difficulty to stabilise oily foams is well described by Blazquez et al. [START_REF] Blazquez | Non-Aqueous and Crude Oil Foams[END_REF] and arises from the low surface tension of oil/gas interfaces. This means that finding surfactants which adsorb onto the interfaces to stabilise them is not easy. The stabilisation of oleo foams tends to be done through the creation of mechanically resistant surface assemblies formed of solid surfactants, particles or polymers [START_REF] Blazquez | Non-Aqueous and Crude Oil Foams[END_REF] . It is interesting to note that in the cited works from the recent review of Fameau and Saint-Jalmes 27 the foams have gas volume fractions below random close packing (64% for monodisperse disordered bubbles). This means that there are no thin films between the bubbles. It is not clear if this is because once films form the foams destabilise, or because the stable systems found result in such rigid bubbles that they do not deform to make films and hence remain wet or because dry oleofoams are of less practical interest.

Stabilising oil-continuous phase foamed emulsions is not easy. This requires the stabilisation of both the oil/gas interfaces and the oil/water interfaces, and as most common surfactants are not able to do this two stabilisers would be needed. Indeed, works with foamed emulsions from water-in-oil emulsions are rare. In the example of Turner and co-workers, they used a separate emulsifier and bubble stabiliser in their foams, and again the foams remained very wet at minimal liquid fractions of around 40% [START_REF] Turner | Factors Affecting the Stability of Foamed Concentrated Emulsions[END_REF] .

An early work from Lachaise et al. in 1990 29 explored the link between emulsion phase behaviour, emulsion stability and foam stability. They studied a range of systems composed of surfactant (SDS or ethoxylated oxyl phenols or a commercial mix), water or brine and oil (iso-octane or kerosene), which allowed them to change the solubility of the surfactant from the aqueous phase to the non-polar phase and thus change the type of emulsion from oil-in-water to water-in-oil. They could make stable foams when oil-in-water emulsions were formed, however foam stability decreased as the emulsion inversion point was approached (so-called optimal formulation) and water-in-oil emulsions could not be foamed at all. The ability of oil/water emulsions to stabilise foam and inability of inverted emulsions to do so was exploited to externally control foam destabilisation. UV-light or heating were used to trigger emulsion phase inversion, which resulted in the arrest of foaming 30 . Foams from microemulsions. There is little work on foams made from microemulsions (equilibrium emulsion phases) and the stability of foams with microemulsions can be very low 29,31 . However more recent work on pharmaceutical [START_REF] Hajjar | Gelled and Foamed Microemulsion-Based Systems for Cutaneous Drug Delivery of Diclofenac Sodium[END_REF] and cosmetic [START_REF] Watanabe | Hybrid Bicontinuous-Microemulsion-Type Foamy Makeup Remover[END_REF] formulations have been successful in stabilising foams from microemulsion phases. The underlying physical mechanisms behind the stability or instability of foams from microemulsions are still open.

Stability and ageing of foamed emulsions

Particle-stabilised foamed emulsions. The interfacial stability criteria for foam oil interactions have been reviewed several times for surfactant systems 8,15 and we will not come back to them. Both foams and emulsions are routinely stabilised using colloidal particles adsorbed at their interfaces, but their mixtures less so. Wege et al showed that cellulose nanoparticles could be formed in situ to very effectively stabilise foams, emulsions and foamed emulsions 34 . The foaming of the emulsions is poorer than the solutions without oil, but the stability of the resulting foamed emulsions higher. Tchuenbou-Magaia et al. made stable food-grade foamed emulsions using hydrophobins without creating a partially coalesced structure [START_REF] Tchuenbou-Magaia | Hydrophobins Stabilised Air-Filled Emulsions for the Food Industry[END_REF] . Other food grade particles which successfully stabilised foamed emulsions were made of methyl-cellulose and tannic acid by Patel et al. [START_REF] Patel | Stable and Temperature-Responsive Surfactant-Free Foamulsions with High Oil-Volume Fraction[END_REF] . Stable gelled emulsion foams were recently made with networks of saponin [START_REF] Wan | Long-Lived and Thermoresponsive Emulsion Foams Stabilized by Self-Assembled Saponin Nanofibrils and Fibrillar Network[END_REF] . Although discrete particles adsorbed at intefaces have not been used much, networks of partially crystalline fat particles are crucial in stabilising whipped creams and ice creams [START_REF] Dalgleish | Food Emulsions -Their Structures and Structure-Forming Properties[END_REF][START_REF] Goffk | Review Colloidal Aspects of Ice Cream-A[END_REF][START_REF] Petrut | Assessment of Partial Coalescence in Whippable Oil-in-Water Food Emulsions[END_REF] . A SEM image of ice cream where the crystal network can be seen is shown in Figure 2b.

Particle-stabilised aqueous foams (with no oil) are made in a wide range of liquid fractions from a few dispersed bubbles to dry foams [39][START_REF] Gonzenbach | Ultrastable Particle-Stabilized Foams[END_REF][START_REF] Horozov | Foams and Foam Films Stabilised by Solid Particles[END_REF][START_REF] Binks | Colloidal Particles at a Range of Fluid-Fluid Interfaces[END_REF] . However, the few examples of particle stabilised foamed emulsions have high liquid fractions at around 50% 34-37 and never lower. This is possibly again indication of the difficulties in stabilising thin films in these three-phase systems.

Ageing of foamed emulsions. The ageing of surfactant-stabilised aqueous continuous phase foamed emulsion has been studied in some detail [START_REF] Koczo | OIL ON FOAM STABILITY -AQUEOUS FOAMS STABILIZED BY EMULSIONS[END_REF]17,[START_REF] Aveyard | Aspects of Aqueous Foam Stability in the Presence of Hydrocarbon Oils and Solid Particles[END_REF][START_REF] Goyon | Shear Induced Drainage in Foamy Yield-Stress Fluids[END_REF][45][START_REF] Schneider | Foamed Emulsion Drainage: Flow and Trapping of Drops[END_REF][START_REF] Koursari | Modelling of Foamed Emulsion Drainage[END_REF] . Once the foamed emulsions can be made (so when there is no immediate antifoam activity), both the emulsion and the foam will start to evolve through drainage/creaming, coarsening/ripening and coalescence. Emulsion can also aggregate or flocculate to change their organisation within the foam network (as seen in the example of Figure 2a). In foams gravitational forces are dominant, and unless drainage is blocked by a yield stress of the continuous phase [START_REF] Goyon | Shear Induced Drainage in Foamy Yield-Stress Fluids[END_REF][START_REF] Guillermic | Surfactant Foams Doped with Laponite: Unusual Behaviors Induced by Aging and Confinement[END_REF] , foams drain and thin films form between the bubbles before spatial redistribution or aggregation of the bubbles is seen.

A thorough study of foamed emulsion stability was carried out by Koczo et al. [START_REF] Koczo | OIL ON FOAM STABILITY -AQUEOUS FOAMS STABILIZED BY EMULSIONS[END_REF] . They used dodecylbenzene sulphonate and a commercial ethoxylated alcohol with different oils (octane, decane, dodecane and benzene). The emulsion concentration increased inside the foams during the ageing through both creaming of the drops (which are less dense than water) and through blocking of the drops in the foam network. The concentration of oil trapped in the foam increased with increased drop size as seen in Figure 3a, the larger emulsion drops both cream faster and get more easily blocked inside the channels. They also showed that once the drops are sufficiently small they do not slow drainage through blocking or creaming, but simply through increasing the continuous phase viscosity. We later showed that if foam coarsening is strongly slowed down, a stop-start drainage is observed as emulsion blocks in fine channels, until the channels grow through coarsening to unblock the emulsion flow again 17 . The trapping of particles was further studied by Pitois and co-workers, where criteria for trapping in terms of their size and concentration were developed using solid particles [START_REF] Khidas | Capture-Induced Transition in Foamy Suspensions[END_REF][START_REF] Haffner | Flow and Jamming of Granular Suspensions in Foams[END_REF][START_REF] Rouyer | Foam Clogging[END_REF] .

We recently combined conductivity with surface image analysis to measure the three fluid fractions in time in a foam made with flocculated emulsions [START_REF] Schneider | Foamed Emulsion Drainage: Flow and Trapping of Drops[END_REF] . In the studied foams, which were made with 15% liquid fraction, the initial drainage was sufficiently fast, so that the emulsions drained homogeneously. It was only once drainage slowed down that a variation in the local oil fraction was observed. The local oil fraction could increase to very high values, similarly to what is shown in Figure 3a from the work of Koczo et al. [START_REF] Koczo | OIL ON FOAM STABILITY -AQUEOUS FOAMS STABILIZED BY EMULSIONS[END_REF] .

Variation of the composition of the foams at different heights could be at the origin of the inhomogeneous destabilisation process observed by Osei-Bonsu et al. [START_REF] Osei-Bonsu | Foam Stability in the Presence and Absence of Hydrocarbons: From Bubble-to Bulk-Scale[END_REF] as seen in Figure 3 b. They studied the stability of foamed emulsion and saw several times coalescence that did not start from the top but at different parts of the foam resulting in a foam with holes in the middle. However, criteria for the onset of collapse remains to be developed.

If the emulsions are very concentrated they have a yield stress. This can be higher than the gravitational stress on the bubbles in which case drainage is stopped [START_REF] Goyon | Shear Induced Drainage in Foamy Yield-Stress Fluids[END_REF][START_REF] Guillermic | Surfactant Foams Doped with Laponite: Unusual Behaviors Induced by Aging and Confinement[END_REF] . Concentrated emulsions are shear thinning and Goyon et al. showed that blocked drainage could be restarted with shear [START_REF] Goyon | Shear Induced Drainage in Foamy Yield-Stress Fluids[END_REF] . Indeed this is a rare study of the ageing of a foamed emulsion under shear. In many applications foams are not used at rest and their evolution and stability might be very different even under moderate agitation.

The bubble size increases through coarsening, as gas diffuses through the films and the Plateau borders from smaller bubbles to larger ones. Coarsening of foamed emulsions has not been the object of dedicated studies. However, as the presence of oil could change the permeability of the interfaces, or the gas solubility in the continuous phase the rate of coarsening might be influenced. At high volume fractions of oil the emulsions become viscoelastic and develop a yield stress. High viscosity of the continuous phase has been predicted to change the rate of coarsening (although with viscosities higher than found with emulsions in general) [START_REF] Webster | Osmotic Stabilization of Concentrated Emulsions and Foams[END_REF] , while a large elasticity can arrest coarsening completely as shown with gelled polymer foam [START_REF] Kloek | Effect of Bulk and Interfacial Rheological Properties on Bubble Dissolution[END_REF][START_REF] Bey | Stabilization of Foams by the Combined Effects of an Insoluble Gas Species and Gelation[END_REF] . [START_REF] Koczo | OIL ON FOAM STABILITY -AQUEOUS FOAMS STABILIZED BY EMULSIONS[END_REF] with permission from Elsevier and b) the inhomogeneous collapse of a foamed emulsion reprinted from Osei-Bonsu et al. [START_REF] Osei-Bonsu | Foam Stability in the Presence and Absence of Hydrocarbons: From Bubble-to Bulk-Scale[END_REF] .

Figure 3 a) Changing volume fraction of oil inside the foam with two different emulsion drop diameters taken from Koczo et al

Mechanical properties of foamy materials

Here we will only look at the mechanical properties of the foamy materials, although it is not the only interesting property. Once bubbles or drops are concentrated above close packing the resulting foams or emulsions are viscoelastic. The elastic modulus arises from the resistance to deformation of the interfaces, which scales with / , where is surface tension and the bubble or drop radius. Further shear eventually results in yielding and flow [START_REF] Cohen-Addad | Flow in Foams and Flowing Foams[END_REF] . In attractive emulsions viscoelasticity arises at lower volume fractions and is linked to structuration of the emulsion into a stress-bearing network [START_REF] Datta | Rheology of Attractive Emulsions[END_REF] . The description of foamed emulsion rheology requires taking into account both the bubble and drop deformations.

The effect of the addition of capillary inclusions into a continuous elastic medium is described using the Elastocapillary number which is defined as /( ), so the ratio between the linear elastic modulus of the continuous phase and deformability of the capillary inclusions with interfacial tension between the inclusion (gas or liquid) and the continuous phase and the size of the inclusion. When ≪ 1 the inclusions are stiffer than the emulsion and the addition of inclusions should increase the elastic modulus, while when ≫ 1 the inclusions are softer than the continuous phase and with their addition the elastic modulus decreases [START_REF] Ducloué | Coupling of Elasticity to Capillarity in Soft Aerated Materials[END_REF][START_REF] Style | Stiffening Solids with Liquid Inclusions[END_REF] . Concentrated emulsions have been used as a model viscoelastic fluid to explore the effect of bubbles on the mechanical properties of the continuous phase and the effect of a continuous viscoelastic phase on foam mechanical properties 58,60-62 . In this case the elastic modulus of the continuous phase is that of the emulsion.

Ducloué et al studied bubbly emulsions with a continuous phase formed of a concentrated emulsion (70-80% oil volume fraction). The emulsions and foams were prepared separately and mixed after generation. At the smallest the emulsion elasticity could be slightly increased by the addition of bubbles, while at high the emulsion elasticity decreased as bubbles were added. They show that the emulsions behave as continuous viscoelastic fluids described by their bulk properties and the elastic modulus of the resulting material could be modelled using a micromechanical approach [START_REF] Ducloué | Coupling of Elasticity to Capillarity in Soft Aerated Materials[END_REF][START_REF] Ducloué | Rheological Behaviour of Suspensions of Bubbles in Yield Stress Fluids[END_REF] . The description depends only on and the volume fraction of bubbles, and works well over a range of values and upto a bubble volume fraction of around 0.5 [START_REF] Ducloué | Coupling of Elasticity to Capillarity in Soft Aerated Materials[END_REF] .

The study of the elasticity of foamed emulsions was extended to higher gas fractions by Gorlier et al, where again determined the impact of the bubbles on the emulsion elastic modulus [START_REF] Gorlier | Journal of Colloid and Interface Science Coupled Elasticity in Soft Solid Foams[END_REF] . Mechanical models for such materials are missing, but they proposed a description based on the additivity of the response of the elastic continuous phase and the bubbles. The elastic continuous phase is described using the model of Gibson and Ashby for open cell foams 63 so it depends only on the continuous phase elastic modulus and the volume fraction occupied by the continuous phase. The contribution of the bubbles is given by the liquid foam elasticity. The additive model underestimates the material elastic modulus, but with a correction in the form of an added coupling function works well.

Modelling the material mechanical properties is not easy, and can be further complicated if the structure and properties of the continuous phase change once inside the foam. This is the case for example in whipped creams and ice creams, where the emulsion partially crystallises to create a stabilising fat network [START_REF] Petrut | Assessment of Partial Coalescence in Whippable Oil-in-Water Food Emulsions[END_REF] . If the emulsion organisation changes then the elastic modulus measured in bulk would not be correct to describe the elasticity of the struts of the foam structure. This is also true of foams made from other complex fluids such as aggregating proteins [START_REF] Lexis | Relating Foam and Interfacial Rheological Properties of B-Lactoglobulin Solutions[END_REF] , solid particles [START_REF] Gorlier | Elasticity of Particle-Loaded Liquid Foams[END_REF] or colloidal gels [START_REF] Mikhailovskaya | Colloidal Gelation, a Means to Study Elasto-Capillarity Effects in Foam[END_REF] , where aggregation or distribution in the foam needs to be taken into account for a proper description of the mechanical properties of the resulting material.

Solidifying the continuous phase forms solid foams, which are highly important and widely present materials. A number of common monomers used to make polymer foams are hydrophobic and water in oil high internal phase emulsions (HIPEs) are made as precursors to the foam production. Stubenrauch and co-workers showed that it is possible to solidify a foamed emulsion [START_REF] Schuler | Synthesis of Macroporous Polystyrene by the Polymerization of Foamed Emulsions[END_REF] , thus removing the need for washing cycles. An emulsion of styrene stabilised by SDS is foamed and the resulting material is polymerised. Since then her group has continued to work on these materials, with finer control over the resulting material structure and properties through the use of microfluidic foaming methods [START_REF] Quell | Monodisperse Polystyrene Foams via Microfluidics -A Novel Templating Route[END_REF][START_REF] Elsing | Monodisperse Polystyrene Foams via Polymerization of Foamed Emulsions: Structure and Mechanical Properties[END_REF] .

The additional porosity of the emulsion leads to a decrease in the elastic modulus of the material, as the volume fraction occupied by the polymer is lower due to the presence of holes in the continuous emulsions phase (removed aqueous phase). This double porosity can be observed in the SEM images shown in Figures 3b and3c. The elastic moduli are in agreement with the models of Gibson and Ashby 63 if the double porosity, in terms of lower solid fraction, is taken into account [START_REF] Elsing | Monodisperse Polystyrene Foams via Polymerization of Foamed Emulsions: Structure and Mechanical Properties[END_REF] .

Szczurek et al. 70 showed that it is possible to make solid carbon foams starting from a foamed emulsion template through carbonisation of the emulsion. An emulsion composed of tannin, cross-linker and surfactant was foamed before carbonisation, an example of which is shown in Figure 3d.

Understanding the mechanical properties of foamed emulsions remains challenging, however the possibility to combine water-based chemistry, the presence of oily and aqueous regions and high air fraction in the creation of materials with variable mechanical properties is highly motivating for many industries. Advances in the generation of controlled solid foams is leading to finer possibilities of structural and mechanical control [START_REF] Costantini | 3D-Printing of Functionally Graded Porous Materials Using On-Demand Reconfigurable Microfluidics[END_REF][START_REF] Visser | Architected Polymer Foams via Direct Bubble Writing[END_REF] , which will surely be also used to create more foamed emulsionbased materials. 

Conclusions

Foamed emulsions offer a wealth of possible properties thanks to the presence of the three phases. The continuous phase can be oil-based or water-based, and composed of discrete or bicontinous structures, even the bubble and drop sizes can change. The oil and gas volume fractions can be varied separately, from polygonal close packed arrays separated by thin films to spherical dispersed bubbles or drops. To this we can add the tools of foam and emulsion design in terms of stabiliser chemistry, including surfactants, particles etc. This gives an enormous richness, but also complexity and challenges, to modelling the resulting material stability and behaviour.

Our understanding of foamed emulsions with oily continuous phases is still incomplete, but with advances in the control of oil/gas interfaces these will become more accessible. Foamed emulsions with aqueous continuous phases are well established and studies on the antifoam action of emulsion drops have helped design more or less stable systems. Once the foams are made their evolution depends both on the stability of the emulsion and the foam, and the emulsion has been shown to cream and block in the foam channels as drainage slows down leading to inhomogeneous oil distributions in the foams. Dedicated studies on the coarsening of foamed emulsions are still missing and should provide an interesting way to influence coarsening both through the gas solubility and through the presence of a viscoelastic continuous phase.

The addition of bubbles to a continuous elastic phase can be quantitatively modeled, so if the emulsion can be considered as a continuous elastic phase the influence of added bubbles can be described. However, more work is required to understand foamed emulsions when the gas fraction is high and when the emulsions are not above close packing but can rearrange their structure in the foam interstices. Interesting materials have been made with foamed emulsion templates for solid foams, where the added length-scale of the emulsion gives a second porosity. It also adds difficulty to modelling of the material properties, as the length-scales are often separated by at least an order of magnitude, if not more. Foamed emulsions are encountered in a number of industrial problems, and further understanding of these systems will allow for finer control over the materials and processes.
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 4 Figure 4 Scanning electron microscopy images of foamed emulsions materials. a) and b) Polystyrene foam and its microstructure reproduced from Ref.[START_REF] Elsing | Monodisperse Polystyrene Foams via Polymerization of Foamed Emulsions: Structure and Mechanical Properties[END_REF] with permission from the PCCP Owner Societies. c) Carbon foam reproduced with permission of Elsevier from70