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Introduction

Emulsions are colloids made of liquid droplets of one liquid dispersed in another immiscible liquid (continuous phase). Emulsions are kinetically stabilized by amphiphilic molecules like surfactants, polymers or proteins, which adsorb at the interface of the two immiscible fluids. Solid particles whose surface has amphiphilic properties can also be used as emulsion stabilizers [START_REF] Pickering | CXCVI.-Emulsions[END_REF]. In these systems referred to as "Pickering" emulsions, large solid particles (from 1 nm to 1 micron) are irreversibly attached to the oilwater interface. Particles form a thick and rigid layer around the droplets that efficiently protects them against coalescence. Pickering emulsions are highly sought after as they exhibit enhanced stability compared to conventional systems based on surfactants or proteins [START_REF] Binks | Particles as surfactants-similarities and differences[END_REF]. The interfacial adsorption of the particles required them to be wetted by both immiscible fluids. Finkle's rule [START_REF] Finkle | The theory of emulsification[END_REF] states that the emulsion type is mainly determined by the preferential wettability of the particles: hydrophilic (resp. hydrophobic) particles generally stabilize oil-in-water (O/W) emulsions (resp. water-in-oil (W/O) emulsions).

A great deal of interest is devoted to emulsions stabilized by solid particles deriving from natural sources, as they are relevant in many application sectors including foods, cosmetics, and pharmaceuticals. Biomass-based particles respond to consumers' demand for a substitution of synthetic molecules by environmentally friendly compounds and for the valorization of byproducts from the agroindustry. In the food sector, various food-grade particles have been considered as emulsion stabilizers: cellulose fibers [START_REF] Campbell | Scalable fabrication of anisotropic micro-rods from food-grade materials using an in-shear flow dispersion-solvent attrition technique[END_REF], starches (Yusoff & Murray, 2011), functionalized orange pulp fibers [START_REF] Wallecan | Emulsifying and stabilizing properties of functionalized orange pulp fibers[END_REF], chitin nanocrystals [START_REF] Perrin | Chitin Nanocrystals for Pickering High Internal Phase Emulsions[END_REF], flavonoids [START_REF] Luo | Particle-Stabilizing Effects of Flavonoids at the Oil-Water Interface[END_REF], lipid nanoparticles [START_REF] Gupta | Surface-active solid lipid nanoparticles as Pickering stabilizers for oil-in-water emulsions[END_REF], protein microgels [START_REF] Destribats | Emulsions stabilised by whey protein microgel particles: towards food-grade Pickering emulsions[END_REF] and cocoa powder [START_REF] Gould | Cocoa particles for food emulsion stabilisation[END_REF]. However, the main challenges remain finding particles with no or acceptable chemical modification and/or issuing from minimally processed sources [START_REF] Murray | Pickering emulsions for food and drinks[END_REF].

Our manuscript addresses these challenges: powders deriving from byproducts of the agri-food industry were valorized. We generalize the study of [START_REF] Joseph | O/W Pickering emulsions stabilized by cocoa powder: Role of the emulsification process and of composition parameters[END_REF] by comparing the functionality of 3 different plant powders, as emulsion stabilizers: cocoa powder, rapeseed press cake and lupin hulls. Cocoa powder is an abundant by-product from the chocolate industry. It derives from cocoa beans which are the seeds of the Theobroma tree.

Dehulled beans are ground giving a viscous paste that is processed by a hydraulic press to extract cocoa butter. The resulting cake is then crushed to obtain cocoa powder. Rapeseed meal is a by-product derived from the extraction of oil from rapeseeds. Depending on its composition, it can be valued in animal feed. Lupin is a seed mainly valued for its proteins, and its hulls are generally considered as a waste. These 3 plant sources were selected for their disparity in the amounts of soluble compounds and proteins.

Finely ground powders were used to stabilize O/W emulsions based on sunflower oil.

Unlike conventional Pickering emulsions stabilized by solid particles only, plant powders are made of water-soluble and insoluble fractions, both containing surface-active species.

Moreover, particles from the insoluble fraction do not have a well-defined shape and can be fragmented and/or lose their original structure under the effect of shear. The emulsification capacity of the powders is thus likely to depend on the mixing type and on energy density applied during the emulsification stage. Three emulsification processes were implemented: microfluidization, sonication, and turbulent mixing by a rotating device. The size distribution of the particles and their interfacial coverage were systematically measured. In addition, the impact of powder and oil concentrations on the mean droplet diameter as well as on the evolution under quiescent storage conditions were assessed. The effects of powders morphology and composition, notably the role of their water-soluble fraction, on the mean size of the droplets, the stability of the emulsions, were examined. From the whole set of experiments, we deduced some generic rules that govern the stability of Pickering emulsions stabilized by plant powders.

Materials and methods

Materials

Sunflower oil (Rustica, France) was obtained from a local supermarket. The cocoa powder was from VanHouten (France) and contained 22 g of lipids /100 g. Rapeseed (Trezzor variety, RAGT, France) was harvested in 2016 in Burgundy region (France). The seeds were pressed at 60 °C to extract the oil. The cake initially contained 13.8 g of oil /100 g. Hulls from lupin were purchased from Inveja (France).

Deionized water with a resistivity close to 15 MΩ.cm at 20 °C was used in the experiments.

The aqueous phase was buffered at pH=7 with a 0.1 mol.L -1 mixture of dipotassium and monopotassium phosphate. Sodium azide was added at 0.1 g/100 g in all aqueous phases to inhibit any microbiological growth. Sodium dodecyl sulfate (SDS) was used in droplet size measurements to remove particles from the oil-water interfaces. All chemicals were from Sigma-Aldrich, France.

Powder treatment

Hereafter, the term "particles" will refer to the fraction of the powder that is insoluble in water. To reduce particles size, all plant sources were processed using a rotor mill (ZM-200, Retsch, Poland, rotational speed of 31-93 m.s -1 ) and sieved through a 120 µm aperture mesh.

Delipidation of cocoa powder and rapeseed cake was performed with hexane following the NF EN ISO 734-1 standard.

Rapeseed had to be further processed to eliminate hull solid fragments that could clog the microfluidizer. A 10 g/100 g rapeseed water dispersion was submitted to centrifugation for 10 min at 54 g (g being the earth gravity constant). The hull fragments formed a sediment while the other particles remained dispersed in the upper phase. This latter was collected and freezedried to obtain dehulled rapeseed powder.

Emulsion fabrication

Powder concentrations (from 0.5 to 12 g/100 g) are relative to the mass of the continuous phase (including water + buffering molecules + plant powder), while oil contents (from 10 to 50 g/100 g) refer to the mass of the whole emulsion. The mass of emulsions was fixed at 20 g.

The pH of the aqueous phase was fixed at 7 using a phosphate buffer (0.1 mol.L -1 ). The emulsions were obtained using 3 different techniques.

(i) For high speed overhead mixing, the powder was dispersed in the buffered solution with a magnetic bar for 20 min, before processing it an Ultra-Turrax mixer (T25 digital, S25

N-25F, IKA, Germany) operating at 6 000 rpm for 2 min. The mixing rate was then increased up to 8 000 rpm and sunflower oil was progressively added to the water phase (2 min). Stirring was prolonged for 10 min at 12 000 rpm.

(ii) For Ultrasounds, the powder, the buffered aqueous solution and sunflower oil were introduced consecutively in a beaker and were mixed manually. A 5 mm-ultrasonic probe (Tapered Microtip, Branson, France) was immersed in the blend. Ultrasounds were applied for 5 min, at 10 W and 80% of duty cycle (Converter 102C and Sonifier 250, Branson, France).

(iii) For Microfluidization, a pre-emulsified system was first obtained with the Ultra-turrax mixer. The system was then homogenized at a pressure of 8x10 7 Pa (unless otherwise specified) using a jet homogenizer (Microfluidizer M-110S, USA) comprising a Y-single slotted chamber and an intern 75 µm gap. The emulsion was submitted to 6 passes through the chamber.

Emulsions were stored at 4 °C after fabrication.

Microscope observations

Particle dispersions and emulsions were observed using an Olympus BX51 optical microscope (Olympus, Japan) equipped with a digital camera. The systems were diluted (200 µL of dispersion/emulsion in 1500 µL of deionized water) to facilitate the observation. Slides with spherical cavities (Marienfeld, Germany) were adopted to observe emulsions. This precaution was taken because the shear applied to the confined liquid upon spreading sometimes provoked droplet coalescence on the glass substrates. The samples were placed in the cavity and the cover slip was deposited carefully.

The interfacial adsorption of particles was evidenced owing to their self-fluorescent properties. Free particles were removed from the continuous phase to visualize particles adsorbed only. Emulsions were diluted and centrifuged at 2 000 g for 2 min to separate unadsorbed particles (denser) from the oil droplets covered by particles. The cream containing the droplets was diluted with the phosphate buffer before being centrifuged again under the same conditions. The resulting cream was diluted and observed with a Leica DMI 600B fluorescence microscope (Germany). The excitation wavelength was around 546 nm and the emission wavelength was around 600 nm.

Measurement of the particles size distribution

Particles size distributions were measured by light-scattering using a Mastersizer 2000 apparatus (Malvern Instruments, UK). Scattering data were processed using Fraunhofer theory and the irregular mode to account for the non-spherical shape of the particles [START_REF] Joseph | O/W Pickering emulsions stabilized by cocoa powder: Role of the emulsification process and of composition parameters[END_REF]). The dilution unit contained a solution of SDS at 0.2 g/100 g. For each size distribution, we calculated the volume-averaged diameter, 𝐷 , defined as:

𝐷 = ∑ 𝑁 𝐷 ∑ 𝑁 𝐷 ⁄ (1)
𝑁 being is the number of particles with diameter 𝐷 . Each measurement was performed in triplicate.

Measurement of the droplet size distribution

The size distributions of the emulsion droplets were also measured by light-scattering.

Measurements directly made on emulsions were not reliable since the droplets were strongly aggregated and particles contributed to the scattered signal. The protocol developed by [START_REF] Joseph | O/W Pickering emulsions stabilized by cocoa powder: Role of the emulsification process and of composition parameters[END_REF] was adopted to remove particles present in the continuous phase and at the oil/water interface and to disaggregate droplets. The emulsions were submitted to a 4-fold dilution in a 10 g/100 g SDS aqueous solution to desorb particles. The systems were gently stirred for 10 h. The emulsions were then centrifuged for 5 min at 220 g to separate the particles from the oil droplets. The creams devoid of particles were submitted to a 50-fold dilution in pure water and finally introduced in the dispersion unit of the Mastersizer 2000 apparatus containing a solution of SDS at 0.2 g/100 g.

Scattering data were converted into size distributions using Mie Theory. The refractive index of the dispersed phase and of the continuous phase were 1.47 and 1.33, respectively.

The droplet size distributions were described in terms of their volume-averaged diameter, Dv (Eq. ( 1)), surface-averaged diameter, Ds, and polydispersity, P, defined as:

𝐷 = ∑ 𝑁 𝐷 ∑ 𝑁 𝐷 ⁄ and 𝑃 = 1 𝐷 ⁄ ∑ 𝑁 𝐷 (𝐷 -𝐷 ) ∑ 𝑁 𝐷 ⁄ (2)
𝐷 is the median diameter. Each measurement was performed in triplicate.

Anchoring ratio

In order to estimate the relative fraction of particles anchored at the oil-water interface, the droplets were separated from the continuous phase containing free particles following the method described by [START_REF] Joseph | O/W Pickering emulsions stabilized by cocoa powder: Role of the emulsification process and of composition parameters[END_REF]. The anchoring ratio is defined as the fraction of particles adsorbed on the droplets' interfaces:

𝐴𝑛𝑐ℎ𝑜𝑟𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (%) = 𝑚 -𝑚 𝑚 (3) 
where 𝑚 and 𝑚 are the mass of free (unadsorbed) particles and the total mass of particles (insoluble fraction of the powder), respectively.

Quantification of soluble compounds

Being denser than water, particles could be easily separated from the soluble fraction by centrifugation. An aqueous powder dispersion (10 g/100 g) was centrifuged for 1h at 100 000 g. The upper phase containing the soluble fraction was freeze-dried to measure its mass. After redissolution of the freeze-dried material, water-soluble carbohydrates, proteins and polyphenols were quantified following various techniques summarized in [START_REF] Joseph | O/W Pickering emulsions stabilized by cocoa powder: Role of the emulsification process and of composition parameters[END_REF].

Water-soluble compounds present in the continuous phase of emulsions were also quantified. Emulsions were centrifuged for 1 h at 100 000 g to separate the particles (sediment) from the oil droplets (cream). The intermediate aqueous phases were collected and centrifuged once again for 5 min at 4600 g to remove residual droplets before freeze-drying.

Results and discussion

3.1.

Composition of the powders

Some relevant data about the composition of the 3 powders in their delipidated form are provided in SI1 (Supplementary Information). On the left-hand side column (I) are indicated the average compositions deriving from the literature [START_REF] Bailey | Composition of sweet and bitter lupin seed hulls with observations on the apparent digestibility of sweet lupin seed hulls by young rats[END_REF][START_REF] Górecka | Composition of fractional and functional properties of dietary fiber of lupines (L. luteus and L. albus)[END_REF] or from the provider (case of cocoa powder). Column II gives the proportion of watersoluble species of the powders as well as the contents of selected hydrophilic compounds. All powders contain bio-compounds, such as proteins, sugars, polyphenols, hydrocolloids, and fibers. Interestingly, the 3 plant sources cover a wide range in terms of soluble fraction: 50.7 g/100 g in rapeseed meal, 23.6 g/100 g in cocoa powder and only 2.6 g/100 g in lupin hulls. This is why this parameter will be specifically examined. Proteins are by far the most abundant surface-active species in the powders. Rapeseed meal is the richest source in proteins (34 g/100 g), followed by cocoa powder (25 g/100 g) and then lupin hulls (8 g/100 g). However, it should be noticed that only a small fraction of the proteins is water soluble (see column (II))

under the adopted experimental conditions (pH 7 and high ionic strength). Phospholipids (PLs) are also amphiphilic, surface-active molecules. Lupin hulls are practically devoid of PLs [START_REF] Bailey | Composition of sweet and bitter lupin seed hulls with observations on the apparent digestibility of sweet lupin seed hulls by young rats[END_REF]. The PL content in common varieties of cocoa beans generally varies between 0.3 and 0.5 g/100 g [START_REF] Parsons | Identification and quantitative analysis of phospholipids in cocoa beans[END_REF]. In rapeseed, the PL content is close to 1 g/100 g (Ambrosewicz-Walacik, Tańska, & Rotkiewicz, 2015). Since pressing and further delipidation by hexane eliminates a large fraction of PLs, these molecules are not expected to have a noticeable influence on the emulsification and storage stability of the emulsions.

Influence of emulsification process on plant particles

Dispersions containing 5 g/100 g powder received the same mechanical treatments as those adopted for emulsification, i.e. microfluidization at 8x10 7 Pa, sonication and Ultra-Turrax® mixing. Characteristic micrographs are given in Fig. 1. Irrespective of the vegetal origin, the unprocessed powders comprise particles in the micron range, and large particles with undefined shape. Large particles (10 m) absorb light and appear as dark objects which are thick and dense. Since powders treated by Ultra-Turrax had similar features as those of unprocessed samples, the corresponding micrographs were not reported in Fig. 1. High-speed overhead mixing has no visible impact on particles' morphology. Conversely, particles deriving from microfluidization display a much more expanded structure than the unprocessed ones.

Micrographs reveal flat and almost transparent objects. The mixing intensity imposed by microfluidization disentangled large primary particles, providing them an open structure [START_REF] Joseph | O/W Pickering emulsions stabilized by cocoa powder: Role of the emulsification process and of composition parameters[END_REF]. In the case of lupin, large disentangled particles were made of a thin membrane with needle-like inclusions embedded in it. Sonication corresponded to an intermediate situation. This technique produced disentanglement of cocoa and rapeseed particles but not of lupin particles which were probably more cohesive.

The size distributions of the particles are reported in SI2. Regarding cocoa particles, the distributions resulting from microfluidization and sonication are shifted towards larger sizes compared to the unprocessed sample. This evolution reflects the absence of particle fragmentation and the fact that the large particles display a more open structure compared to the unprocessed ones [START_REF] Joseph | O/W Pickering emulsions stabilized by cocoa powder: Role of the emulsification process and of composition parameters[END_REF]. In the case of rapeseed and lupin, large particles undergo fragmentation in the course of microfluidization as revealed by the much lower mean particle sizes.

The shear imposed during the emulsification process has thus a significant influence on the particles' morphology. Except rotor-stator turbulent mixing, treatments tend to disentangle large particles. It can thus be expected the emulsification capacity of the powders to be dependent on the mechanical treatment.

Influence of the emulsifying technique on emulsion characteristics

The emulsions contained 20 g of sunflower oil /100 g of emulsion and 2.5 g of plant powder /100 g of continuous phase. Fig. 2 provides representative micrographs, the mean diameters, the polydispersity indexes and the anchoring ratios of the obtained emulsions. As expected, mechanical treatments that provoke particle unwrapping lead to improved emulsification capacity, namely higher anchoring ratios and finer droplets. Microfluidization provided the best performances, followed by sonication and Ultra-Turrax mixing. Microfluidization generally imparts higher energy densities than the two other techniques [START_REF] Sadeghpour Galooyak | Three-factor response surface optimization of nano-emulsion formation using a microfluidizer[END_REF]. Thus, plant particles are fragmented to a greater extent and/or are more efficiently disentangled, which expands their surface area and facilitates their anchoring at the oil-water interface. Concomitantly, higher energy densities enhance the interfacial anchoring of particles since high-speed collisions between particles and oil droplets allow overcoming the energy barrier for adsorption.

The attachment of the particles to the droplets surfaces was checked by microscopic analyses of the emulsions fabricated via microfluidization. The observations were performed under conventional white light and under fluorescent conditions. Figure SI3 shows typical micrographs. The colocalization of the droplets and of the fluorescent signal indicates that the particles were attached to the interfaces. The oil droplets were always aggregated due to particle bridging. Large particles behaved as solid substrates that attached several oil droplets, as revealed by SI3.

The storage stability of the emulsions was assessed by observing their macroscopic behavior as well as the mean droplet size for 3 months (Fig. 3). Three phases were distinguishable after several days. From top to bottom, we observed a cream, an almost transparent phase, and a sediment comprising particles (see SI4). Droplet size measurements were interrupted once an oil layer was eyed-discernable at the top of the recipient. On the whole, emulsions with higher anchoring ratio exhibited slower creaming and enhanced stability. Microfluidization provided the highest anchoring ratios. The mean droplet diameter of emulsions based on cocoa and rapeseed using microfluidization remained almost invariant over 3 months, despite a slight creaming. The lupin-based emulsion underwent coalescence but it could be stored without any macroscopic oil leakage for almost 70 days. Systems deriving from microfluidization were highly viscous and their restricted dynamics hampered structural evolutions. In contrast, for rotor-stator mixing the anchoring ratio had a very low value (< 5 % in the case of lupin) and the corresponding emulsions had a short shelf life. Their fluidity facilitated fast creaming. For the 3 plant sources, a coalesced oil layer was observed after less than 14 days of storage. Emulsions obtained by sonication had an intermediate behavior between the two previous cases in terms of anchoring ratio, creaming and shelf life.

Impact of the homogenization pressure

An in-depth study was performed using the microfluidization technique. The same formulation (2.5 g of powder /100 g in the aqueous phase and 20 g of sunflower oil /100 g of emulsion) was emulsified at 2,4x10 7 and 8x10 7 Pa. Microscopic images and emulsion characteristics are reported in Fig. 4. The anchoring ratios are comparable, of the order of 90%, at both pressures, but the size distribution is wider and droplets are larger at 2,4x10 7 Pa.

The variations in droplet size can be interpreted as being due to a difference in the particles' morphology induced by the applied shear. As the homogenizing pressure is increased, surface-active species in the powder become increasingly available due to particle unwrapping and/or fragmentation, allowing a larger amount of oil/water interface (equivalently smaller droplets) to be stabilized.

Impact of water-soluble compounds in emulsions obtained by microfluidization

Protein, carbohydrate and polyphenol contents in the aqueous phase were quantified in 10 g/100 g dispersions of delipidated cocoa and rapeseed powders, as well as of emulsions with the same powder content and 20 g of oil /100 g of emulsion, obtained at 8x10 7 Pa. Lupin hull powder was not considered here because the low soluble fraction (2.6 g/100 g of the whole mass powder) precluded any variation in concentration to be measured with sufficient accuracy. The results are provided in Table 1. The concentrations of carbohydrates and polyphenols are comparable in the simple powder dispersion and in the emulsion, which suggests that these species are not involved in emulsion stabilization. However, the concentration of proteins in the emulsion is nearly halved compared to that in the dispersion, which can be explained by interfacial adsorption of soluble proteins.

To evaluate the impact of water-soluble species in terms of emulsification and stabilization, systems containing 20 g of oil /100 g were emulsified at 8x10 7 Pa, using 3 powder fractions from the same source: (1) the raw powder, (2) the powder devoid of water-soluble species, and (3) the water-soluble fraction. Emulsion (1) contained 2.5 g of raw powder /100 g of continuous phase. For the sake of comparison, the powder content in emulsion ( 2) was set so as to introduce the same amount of insoluble fraction (particles) as in emulsion (1). Similarly, emulsion (3) was formulated with the same amount of water-soluble species as emulsion (1).

Table 2 indicates the composition for each plant source. In Fig. 5, we show the kinetic evolution of the mean droplet diameter during one month.

For cocoa and lupin, the emulsions fabricated with raw powders (emulsions (1)) had identical features as those without soluble compounds (emulsions (2)) in terms of initial droplet size, polydispersity (P=0.38 and 0.71 for cocoa and lupin, respectively) and storage stability.

The anchoring ratios were also comparable for both emulsions, close to 90% for cocoa and 85% for lupin. Thus, the soluble fraction in the raw powder has no visible influence on the emulsification and on the kinetic stability. Yet, it can be valorized, as an emulsion could be produced using this soluble fraction as sole stabilizer. However, the obtained emulsion (emulsion (3)) was coarse and exhibited a significant variation of its mean droplet size under storage conditions (Fig. 5-A). In the case of lupin (Fig. 5-C), droplet measurements were interrupted after 15 days, as a thin oil layer formed at the top of the recipient.

For rapeseed, Figure 5-B reveals a synergistic effect between the particles (insoluble fraction) and the water-soluble fraction. Indeed, the emulsion stabilized by the particles without the soluble fraction (emulsion (2)) is less fine and more polydisperse than the emulsion stabilized by the raw fraction (emulsion ( 1)) (𝐷v of 7.5 and 4.1 μm and P of 0.60 and 0.36, respectively). The soluble fraction alone leads to a much coarser emulsion (emulsion (3)) (𝐷v =17 μm and P= 0.83 right after emulsification) which significantly evolves over time. This observation suggests that the soluble fraction of the rapeseed meal is involved in the stabilization of the emulsions. However, under the operating conditions, it shows low emulsifying capacity and its presence is not required for obtaining fine and kinetically stable emulsions. It probably owes its functionality to proteins, the only compounds among those analyzed whose concentration decreases in the aqueous phase after emulsification (see table 2).

To sum up, stabilization is mainly ensured by the insoluble fraction of plant powders. The soluble fraction is moderately involved in the case of rapeseed, and has a negligible effect in the case of cocoa powder and lupin hulls.

Influence of the particles content (insoluble fraction)

For Pickering emulsions, at low particle content, the total droplets interfacial area, S, is expected to be given by the following equation [START_REF] Arditty | Some general features of limited coalescence in solid-stabilized emulsions[END_REF]:

𝑆 = 6𝑉 𝐷 ⁄ = 𝑠 𝑚 (4)
where ma is the mass of adsorbed particles, 𝑉 is the volume of the oil phase, and 𝑠 (m 2 .g -1 ) is the coverage, i.e. the interfacial area stabilized by 1g of particles. The coverage is derived from the slope of the plot 𝑆=f (𝑚 ), at constant volume of the oil phase. The validity of Eq. ( 4) in the poor particles-regime was verified by [START_REF] Joseph | O/W Pickering emulsions stabilized by cocoa powder: Role of the emulsification process and of composition parameters[END_REF] for cocoa particles.

The mass of plant powder varied from 0.15 g to 2.5 g (equivalently from 1 g/100 g to 15 g/100 g in the continuous phase) in systems comprising 20 or 30 g of oil /100 g of emulsion.

The emulsions were fabricated by microfluidization at 8x10 7 Pa. In the case of lupin, it was not possible to exceed a concentration of 3 g of powder/100 g of continuous phase. Above this concentration, the process produced very strong gels that tended to plug the microfluidizer.

The interfacial area, S, was deduced from the surface-averaged diameter of the droplets, DS, through Eq. ( 4), and the mass of adsorbed particles was determined from the anchoring ratio:

𝑚 = 𝑎𝑛𝑐ℎ𝑜𝑟𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 × 𝑖𝑛𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 × 𝑚 (5)
where mp is the total mass of powder. The following values were adopted for the 3 powders:

-Cacao: insoluble fraction= 76.4 g/100 g; anchoring ratio= 90%;

-Rapeseed: insoluble fraction= 49.3 g/100 g; anchoring ratio= 90%;

-Lupin: insoluble fraction= 97.4 g/100 g; anchoring ratio= 84%.

The surface-averaged diameter of the droplets varied between 0.4 m and several tens of microns within the explored concentration range. In Fig. 6, the initial values of S, were plotted versus the mass of adsorbed particles, ma, at constant V. The plots are linear except for cocoa.

For this powder, there is a clear deviation from linearity above some threshold particle mass.

In the non-linear regime, the total surface area of the droplets varies weakly. Joseph et al.

(2019) argued that particle aggregation occurring at the highest contents has a masking effect as it reduces the accessibility of the anchoring sites. The coverage, sf, was obtained from the slope of the linear regime. The following values were found: 12.3 m 2 .g -1 , 16.5 m 2 .g -1 and 47.8 m 2 .g -1 for lupin, cocoa and rapeseed, respectively. As a comparison, the coverage of proteins may reach values as high as several thousand m 2 .g -1 [START_REF] Tcholakova | Coalescence in β-Lactoglobulin-Stabilized Emulsions: Effects of Protein Adsorption and Drop Size[END_REF], because their much smaller size provides a much higher amount of available sites for adsorption. Rapeseed powder is thus exhibiting by far the best stabilizing functionality, followed by cocoa and by lupin. It can be hypothesized that this classification reflects the number of available sites for adsorption. Particles would be attached to the oil/water interfaces via surface-active moieties deriving from insoluble proteins, insoluble polysaccharide-polyphenol or protein-polyphenol complexes [START_REF] Foegeding | Proteinpolyphenol particles for delivering structural and health functionality[END_REF][START_REF] Liu | Food-Grade Covalent Complexes and Their Application as Nutraceutical Delivery Systems: A Review[END_REF]. In that respect, the ranking is also correlated with the total amount of proteins (mostly insoluble) which is the most abundant surface active-species in the powders.

Equation ( 5) does not take into account the potential role of the soluble fraction. The emulsion stabilized with 1.2 g/100 g of rapeseed press-cake without its water-soluble fraction had a surface averaged diameter of 4.1 m (versus 3.5 m for the emulsion stabilized by the raw powder at 2.5 g/100 g). The coverage, sf, was calculated from Eqs. ( 4) and ( 5) and the obtained value of 37 m 2 .g -1 was of the same order as that obtained for the raw powder, 48 m 2 .g -1 . Thus, even though we slightly overestimated the value of the average surface area by neglecting the adsorption of a part of the soluble fraction, the specific surface area of rapeseed powder remains higher than that of cocoa and lupin, and much lower than that of proteins. For cocoa and lupin, the sf value was not affected by the soluble fraction as the emulsions formulated with the raw powder and the powder without its soluble fraction had the same mean diameter.

Conclusion

This paper described the fabrication of O/W Pickering emulsions stabilized by 3 plant particles: cocoa, rapeseed and lupin. Three emulsification techniques were probed and it turned out that the finest emulsions and the highest anchoring ratios were obtained using the microfluidization technique, irrespective of particle nature. We evidenced an unwrapping phenomenon that facilitates interfacial adsorption of the particles. Due the high level of energy density, microfluidization increased the availability of surface-active moieties by disentangling particles. Soluble compounds had a minor impact on emulsification. Despite the intrinsic chemical and morphological complexity of plant particles, emulsions with narrow droplet size distributions were fabricated, especially in presence of rapeseed and cocoa powders. At low particle concentration, emulsions could be characterized by a unique coverage parameter, sf.

Among the 3 plant sources that were probed, rapeseed powder deriving from delipidated press-cakes was the most performing one in terms of interfacial coverage (highest sf value).

The obtained emulsions can be valorized in the food and feed sectors. The oil industry valorizes a large variety of seeds. The obtained press-cakes can be considered as cheap, versatile, and renewable stabilizers for emulsions. 
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 123 Figure 1: Micrographs of the powder dispersions. Samples were diluted to facilitate the
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 45 Figure 4: Micrographs and main features of emulsions containing 2.5 g of plant powder /100 g

  Concentrations of water-soluble compounds in 10 g/100 g dispersions of delipidated cocoa and rapeseed powders, as well as in the continuous phase of emulsions with the same powder content and 20 g of oil /100 g, obtained at 8x10 7 Pa. The contents are expressed as percentages of the initial powder mass present in the continuous phase. The values are means of 3 measurements SD.

Table 2 :

 2 Powder contents used to fabricate the different emulsions (20 g of oil /100 g), at 8x10 7 Pa. The percentages are expressed in g/100 g of the aqueous phase.

				Proteins	Polyphenols
		(eq. Glucose)	(eq. BSA)	(eq. Gallic acid)
		(g/100g)	(g/100g)	(g/100g)
		Cocoa	Rapeseed Cocoa	Rapeseed	Cocoa Rapeseed
	Powder dispersion	6.6±0.3	23.1±2.1	1.4±0.1	8.2±1.1	1.2±0.1	0.8±0.1
	Emulsion obtained by microfluidization	6.3±0.4	24.0±3.4	0.6±0.1	3.7±0.3	0.7±0.1	0.8±0.1
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