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ABSTRACT 

We fabricated oil-in-water emulsions stabilized by delipidated commercial cocoa powder. The 

emulsions were characterized in terms of droplets and particles size distribution and 

interfacial coverage by cocoa powder by developing methods to separate droplets from 

adsorbed and unadsorbed cocoa particles. Three different processes were compared for 

their ability to produce fine and stable emulsions: rotor/stator turbulent mixing, sonication and 

microfluidization. Among those techniques, microfluidization was the most performing one. In 

this case, micron-sized emulsions with narrow size distributions could be obtained with more 

than 90 wt.% of the powder insoluble material anchored to the interfaces, and they were still 

stable after 90 days. It was demonstrated that the mixing process did not generate finer 

cocoa particles but provoked disentanglement of the large primary particles, providing them 

an open, expanded structure that facilitated emulsification. It was also shown that the finer 

insoluble fraction of the powder and the soluble fraction had no significant impact on 

emulsification and on kinetic stability. In the poor particles regime, the oil-water interfacial 

area varied linearly with the amount of adsorbed powder, suggesting that the final droplet 

size was controlled by the so-called limited coalescence process, as already observed in 

conventional Pickering emulsions stabilized by spherical solid particles. 

 

Keywords: Cocoa powder; solid particles; Pickering emulsions; microfluidization; limited 

coalescence 
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1. Introduction 

Emulsions are metastable systems generally obtained in the presence of different 

surface-active species like surfactants, amphiphilic polymers or proteins. It is now well 

established that solid amphiphilic particles can kinetically stabilize emulsions. Solid-stabilized 

emulsions were first observed by Ramsden and Pickering (Pickering, 1907; Ramsden, 1903) 

Some general rules governing the behavior 

of such materials could be inferred from studies based on model mineral or organic spherical 

particles (Arditty, Whitby, Binks, Schmitt, & Leal-Calderon, 2003; Ashby & Binks, 2000; 

Binks, 2017; Golemanov, Tcholakova, Kralchevsky, Ananthapadmanabhan, & Lips , 2006; S. 

Tcholakova, D. Denkov, & Lips, 2008). Outstanding properties in terms of kinetic stability and 

rheology were obtained in most cases owing to the formation of a dense and rigid interfacial 

layer. Solid particles are irreversibly anchored at the oil water interface unlike surfactant 

molecules, which adsorb and desorb within very short time scales under the effect of thermal 

fluctuations (Binks, 2002). To adsorb at the interface, particles are required to be wet by both 

liquids. Following the  rule (Finkle, Draper, & Hildebrand, 1923), the 

emulsion type (oil-in-water (O/W) or water-in-oil (W/O)) is mainly determined by the relative 

particle wettability in both liquids: the continuous phase of the preferred emulsion is normally 

the one in which the particles are preferentially dispersed. Indeed, the continuous phase of 

an emulsion stabilized by particles having a high degree of hydrophilicity will be the water 

phase, whereas hydrophobic particles will preferentially stabilize water drops dispersed in oil. 

It has been demonstrated that highly monodisperse Pickering emulsions can be easily 

obtained following the limited coalescence process (Arditty et al., 2003; Whitesides & Ross, 

1995). It consists in producing a large excess of oil water interface compared to the amount 

that can be covered by the solid particles. To favor this process, the emulsions have to be 

formulated in the presence of a small amount of solid particles. When the agitation is 

stopped, the partially unprotected droplets coalesce, thus reducing the total oil water 

interfacial area. Since the particles are irreversibly adsorbed, coalescence stops as soon as 
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the droplets interface is sufficiently covered. The limited coalescence process is a fast and 

versatile process allowing the production of stabilized monodisperse emulsions whose 

average diameter usually ranges from 1 m to 1 cm (Arditty et al., 2003). 

 

The application field of Pickering emulsions is widespread, emulsions being used either 

as intermediate or end products. Pickering emulsions based on solid food-grade particles are 

of great interest in the food arena. Using these biomass based particles to fabricate 

emulsions meets indeed by replacing synthetic surface-active 

agents with environmentally friendly compounds. Food-grade particles notably include fat 

and wax crystals, starches (Yusoff & Murray, 2011), chitin nanocrystals, cellulose fibers or 

nanocrystals (Campbell, Holt, Stoyanov, & Paunov, 2008; Sarkar, Li, Cray, & Boxall, 2018; 

Sarkar, Zhang, Murray, Russell, & Boxal, 2017) flavonoids (Luo et al., 2011) and protein 

microgels or nanoparticles (Destribats, Rouvet, Gehin-Delval, Schmitt, & Binks, 2014; Sarkar 

et al., 2016; Shao & Tang, 2016).  

The present work focuses on the stabilization of emulsions by cocoa powder. Cocoa 

beans are the seeds of the Theobroma cacao tree. The contents of the cocoa beans are 

ground to produce cocoa paste (mass), which is composed of particles and cocoa butter. 

The cocoa paste is crushed by a hydraulic press to separate cocoa butter from cocoa paste, 

leaving a cocoa press cake. This latter is ground to produce cocoa powder. The process can 

be adapted to modify powders compositions and levels of fat. Cocoa powder, typically 

contains a variety of bio-compounds, such as phenolics, hydrocolloids, sugars, proteins, 

fibers, theobromine and 10-25% lipids with a chemical profile similar to that of cocoa butter 

(Lecumberri et al., 2007; Zak & Keeney, 1976). It serves in the food industry for a variety of 

applications such as confectionery, bakery, frozen desserts and beverages. Gould et al. 

(Gould, Vieira, & Wolf, 2013) explored the functionality of cocoa particles as emulsion 

stabilizers through the mechanism of Pickering stabilization. All emulsions were prepared 

using a high shear overhead mixer  giving rise to rather coarse emulsions. Several cocoa 

sources (cocoa powders, cocoa fiber and cocoa mass) were evaluated. All showed ability to 
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form kinetically stable O/W emulsions except cocoa mass, which was explained by the lower 

solids content. It was suggested that the fine fraction of the powders adsorbs at the oil 

droplet interfaces whereas larger particles play a role in structuring the aqueous phase 

surrounding the droplets. 

Following the seminal study of Gould et al., the work related in this article aims at 

gaining deeper understanding about the main factors controlling the droplets size distribution 

and stability of O/W solid stabilized emulsions prepared from sunflower oil, water, and cocoa 

powder. Since cocoa powders comprise soluble and insoluble fractions, the influence of each 

fraction on emulsion properties was investigated. Moreover, particles (insoluble fraction) are 

polydisperse, shapeless and potentially fragmentable and/or deformable under shear. Thus, 

the emulsification ability is potentially dependent on the emulsification process. We then 

examine the effect of three different emulsification processes -rotor/stator turbulent mixing 

(high speed overhead mixing), sonication and microfluidization- on particle size and 

consequently its effect on adsorption efficiency and droplet size. Eventually, the influence of 

particles and oil concentrations on the initial average droplet size and on the kinetic evolution 

of the emulsions was studied focusing on the low particle concentration regime to see 

whether emulsions with narrow size distributions can be obtained through limited 

coalescence. 

2. Materials and methods 

2.1. Materials 

The oil phase of the emulsions consisted of commercially available sunflower oil 

(Rustica, France, density: 0.92 g.cm-3) purchased from a local supermarket. Cocoa powder 

from VanHouten (France) was used to stabilize the emulsions. Its processing is described in 

section 2.2. . It contained 22 wt.% lipids (extraction with hexane according to NF EN ISO 

734-1) and its ash content after calcination was 8.6 wt.% (10.5 wt.% of the delipidated 

powder, determined gravimetrically according to NF ISO 6884). The aqueous phase was 

ACCEPTED MANUSCRIPT



AC
CE

PT
ED

 M
AN

USC
RI

PT

 

buffered (pH=7) using a 0.1 mol.L-1 mixture of dipotassium phosphate and monopotassium 

phosphate (Sigma-Aldrich, France). Sodium dodecyl sulfate (SDS) (Sigma-Aldrich, France) 

was used to desorb cocoa particles from the oil-water interfaces for droplet size 

measurements. The water used in the experiments was deionized with a resistivity close to 

 Sodium azide was added at 0.1 wt.% in all aqueous phases as a 

preservative to avoid any bacteriological growth that would have modified the composition of 

the system and would have compromised our interpretations 

2.2. Powder processing 

The cocoa powder was delipidated with hexane according to NF EN ISO 734-1 

standard, milled with a high-speed centrifugal rotor mill (ZM-200, Retsch, Poland, rotational 

speed at 31-93 m.s-1) and sieved through a 120 µm aperture mesh. For emulsions fabricated 

via microfluidization, the resulting powder was used either directly or after further intense 

milling. In this latter case, the powder was dispersed in deionized water at 5 wt.% and 

processed using a bead mill (Dyno®-Mill Multi Lab, Willy A Bachofen-WAB, France), 

equipped with chrome accelerators (DYNO-Accelerators, Willy A Bachofen-WAB, France). 

The grinding chamber (0.6L) was previously filled with water and 0.8 mm zirconium beads 

(Zyrmill Y, Willy A Bachofen-WAB, France) at the maximum level of bead filling (65% v/v). 

Milling was run in continuous mode in one single pass. The dispersion was pumped at a flow 

rate of 0.1 kg.min-1 with a rotational speed for the grinding media of 10 m.s-1. Dispersion was 

cooled with water circulating in the jacket of the grinding chamber. The milled dispersion was 

then freeze-dried by zeodratation (Bucher, Drytech, Switzerland) at 30 °C and 1 mbar for 24h 

in order to obtain dried cocoa powder. 

2.3. Emulsion preparation 

All powder concentrations refer to the aqueous phase (from 0.5 to 12 wt.%) and oil 

contents refer to the whole emulsion (from 10 to 50 wt.%). A table gathering the 

compositions of all samples discussed in this article is provided in supplementary information 

(SI.1). The emulsions batches had a total mass of 20 g. The pH of the aqueous phase was 
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set at 7 by means of the phosphate buffer (0.1 mol.L-1). Three emulsification techniques were 

implemented. (i) High speed overhead mixing: the processed cocoa powder was dispersed in 

the buffered aqueous phase at the appropriate concentration with a magnetic stirrer for 20 

min. The powder was further dispersed using an Ultra-Turrax  mixer (rotor-stator system, 

T25 digital, dispersing element S25 N-25F, IKA, Germany) working at 6 000 rpm for 2 min. 

The stirring speed was then increased up to 8 000 rpm and the required amount of sunflower 

oil was slowly added to the water phase under agitation (around 2 min). Mixing was then 

extended for 10 min at 12 000 rpm. (ii) Ultrasounds: the processed cocoa power, the 

buffered aqueous phase and sunflower oil were added in this order and mixed under manual 

stirring. A 5 mm-ultrasonic probe (Tapered Microtip, Branson, France) was immersed in the 

blend just after manual stirring. Ultrasounds were applied (Converter 102C and Sonifier 250, 

Branson, France) for 5 min, at 10 W and 80% of duty cycle. (iii) Microfluidization: a pre-

emulsion was first obtained with the Ultra-turrax  device following the method previously 

mentioned. The system was then homogenized at high pressure (800 bars unless otherwise 

specified) using a microfluidizer (Microfluidizer M-110S, USA) fitted with a Y-single slotted 

chamber and an internal 75 µm air-gap. The whole emulsion volume was submitted to 6 

passes through the homogenizing chamber.  

Emulsions were stored for several weeks at 4 °C after fabrication. 

2.4. Analysis of soluble compounds 

-insoluble fraction of the powder. 

Being denser than water, such fraction can be separated from the soluble one upon 

centrifugation.  

A 10 wt.% dispersion of delipidated cocoa powder in deionized water (dispersion with a 

magnetic stirrer for 20 min) was centrifuged for 1h at 100 000 g (g being the earth gravity 

constant) (Aventi J-301 Centrifuge, Beckman Coulter, USA). The supernatant containing the 

soluble fraction was collected and freeze-dried for mass measurement. The same procedure 

was performed on a 10 wt.% dispersion of cocoa powder processed in the microfluidizer at 
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800 bars (6 passes). Emulsions were also centrifuged 1h at 100 000 g, in order to induce 

particles sedimentation and droplets creaming. The intermediate aqueous phases were 

carefully sampled and centrifuged a second time for 5 min at 4 600 g to remove residual 

droplets before freeze drying. 

After re-dissolution of the freeze-dried phases, water-soluble carbohydrates, proteins 

and polyphenols were quantified. Carbohydrates were titrated using the anthrone-sulfuric 

acid assay (Leyva et al., 2008). Briefly, carbohydrates were hydrolyzed (150 µL of reagent at 

1 g.L-1 for 50 µL of sample, 30 s of stirring, 20 min at 100 °C) and the resulting furfuralic 

compounds were assayed at 620 nm using a glucose calibration curve from 0 to 100 mg.L-1. 

Proteins were quantified using Bradford reagent (or Coomasie brilliant Blue) (150 µL for 5 µL 

of sample), which is known to form light-absorbing complexes in the presence of proteins. 

Complexes were titrated at 595 nm using a Bovine Serum Albumin (BSA) calibration curve 

from 0 to 500 mg.L-1 (J. E. Noble & Bailey, 2009). Polyphenols were quantified using Folin-

Ciocalteu reagent (100 µL for 20 µL of sample and 80 µL of 75 g.L-1 sodium carbonate 

aqueous solution). This yellow-colored acid turns to blue upon phenol oxidation. Polyphenol 

quantification was performed using a gallic acid calibration curve from 0 to 100 mg.L-1 (Zhang 

et al., 2006). 

2.5. Microscopy 

An Olympus BX51 optical microscope (Olympus, Japan) fitted with a digital color camera 

(Color View, Olympus, Japan) was used to observe cocoa particles and emulsions. To 

facilitate the observation, emulsions and particle dispersions were always diluted (200 µL of 

dispersion/emulsion in 1 500 µL of deionized water). Samples were deposited on a glass 

slide and were covered by a cover slip. A specific configuration was adopted in order to avoid 

sample damage. Indeed, we observed that the shear applied upon spreading of the confined 

liquid sometimes provoked droplet coalescence on the glass substrate. To avoid this 

phenomenon, cavity microscopy slides (well slides) with single ground and polished spherical 
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cavities (Marienfeld, Germany) were adopted for observations. Samples were placed in the 

cavity zone before the cover slip was carefully deposited. 

Particles could be visualized owing to their self-fluorescent properties. A Leica DMI 600B 

fluorescence microscope equipped with a DFC350 FX camera (Leica Microsystems, 

Germany) was used to this end. A filter cube N3 (Leica, Germany) with an excitation 

wavelength around 546 nm and an emission wavelength around 600 nm was used. In order 

to remove free particles from the continuous phase, and to visualize only adsorbed particles 

onto the oil droplets, the emulsions were washed before observation. They were diluted and 

submitted to gentle centrifugation at 2 000 g for 2 min using a C-1200 26 joules centrifuge 

(Labnet, Korea) to separate free particles (sediment) from the particles-covered oil droplets 

(cream). The cream was removed, and diluted with the phosphate buffer before being 

centrifuged once again under the same conditions. The resulting cream was observed after 

dilution. 

2.6. Particle size measurements 

Particle size distributions were measured using a Mastersizer 2000 apparatus (Malvern 

Instruments, UK). Static light scattering data were transformed into size distribution using 

Fraunhofer theory and the irregular mode to account for the non-spherical shape of the 

particles. Despite its limitations, Fraunhofer theory was chosen mainly because it does not 

require knowledge of the optical indexes of the dispersed phase (neither the refractive index 

nor the absorption index of cocoa are documented in the literature). A small volume of 

sample was introduced under stirring (1 600 rpm) in the dispersion unit containing deionized 

water. Each measurement was performed in triplicate. The particles distributions were 

characterized by their volume-averaged diameter, , defined as: 

(1) 

where  is the total number of particles with diameter . 

The finest fraction of particles was examined specifically (see section 3.4). The fraction 

that did not undergo natural sedimentation over 24h of storage was analyzed at 20 °C by 
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dynamic light scattering (DLS) using the Vasco particle size analyzer (Cordouan 

Technologies Ltd, Pessac, France). The detection angle of 135° was large enough to ensure 

that the signal was not disturbed by multiple scattering. The autocorrelation functions were 

measured and the Z-average hydrodynamic diameters were calculated using the cumulant 

method (Berne & Pecora, 1976). Each measurement was an average of 6 repetitions of 

180 s. All analyses were performed with the software supplied by the manufacturer.  

2.7. Droplet size measurements 

The size distributions were measured using the Mastersizer 2000 apparatus. Static light 

scattering data were transformed into size distribution using Mie Theory. The droplet 

refractive index was 1.47 and that of the aqueous phase was 1.33. A small volume of sample 

was introduced under stirring (1 600 rpm) in the dispersion unit containing a solution of SDS 

at 0.2 wt.%. Each measurement was performed in triplicate. Samples that underwent 

creaming were manually agitated in order to restore homogeneity to ensure a representative 

size distribution. The droplets distributions were described in terms of their volume-averaged 

diameter, Dv  (Eq. (1)), surface-averaged diameter, Ds, and polydispersity, P, defined as: 

        (2) 

The median diameter, , is the value for which the cumulative undersized volume fraction is 

equal to 50%. 

Measurements based on light-scattering were made difficult in this study because 

emulsification resulted in droplets aggregation, whatever the process, and because particles 

were hardly distinguishable from droplets. A protocol was thus developed to get rid of cocoa 

particles present both in the bulk phase and at the oil/water interface. In order to desorb 

cocoa particles, emulsions were treated with SDS which is a surface-active species. The 

emulsions were submitted to a 4-fold dilution in a 10 wt.% SDS solution. The system was 

then gently stirred with a magnetic bar for 10h. The emulsions diluted in the SDS solution 

were then centrifuged for 5 minutes at 220 g (Rotanta 460 RF Centrifuge, Hettich Lab 

Technology, Germany) in order to separate the particles (sediment) from the oil droplets 
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(cream). The resulting creams were milky and colorless (not brownish) (see supplementary 

information, SI.2), suggesting that cocoa particles were not present anymore. The creams 

were collected, diluted 50 times in deionized water and analyzed. 

SDS has the ability to adsorb at the oil-water interface and to displace the particles from 

it. This low molecular weight surfactant is also known to displace species with high interfacial 

adsorption energies like proteins (Mackie, Gunning, Wilde, & Morris, 2000; Pradines, Krägel, 

Fainerman, & Miller, 2008).  An illustration is given in Fig. 1 for emulsions containing 4 wt.% 

of cocoa powder in the aqueous phase and 20 wt.% sunflower oil, fabricated by 

microfluidization at 800 bars. As evidenced in the microscope images, SDS treatment led to 

droplets separation. The emulsions were also observed by fluorescence microscopy and 

particles were not detected anymore at the interfaces. In the absence of fluorescence signal 

emanating from the particles, the images were totally black. This proved that particles were 

totally desorbed after SDS treatment. Moreover, the droplets sizes were apparently 

preserved.  

The repeatability of the method was also evaluated by sampling 3 times the same 

emulsion and analyzing the size distributions, each value being a mean of 3 repetitions of the 

same sample.  An example is given in Table 1. The method implemented to desorb particles 

and to measure the droplet size by static light-scattering was repeatable, as the standard 

deviations were always reasonably low.  

Before 
desorption of 

particles 
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Figure 1 

 

Table 1: Size data of an emulsion fabricated by microfluidization (800 bars) composed of 
4wt. % cocoa particles and 20 wt.% sunflower oil. 

 Dv (µm) DS (µm) P 

Sample 1 3.89 3.18 0.39 

Sample 2 3.88 3.19 0.37 

Sample 3 3.96 3.23 0.39 

Mean 3.91 3.20 0.38 

Standard deviation 0.05 0.03 0.01 

 

2.8. Anchoring ratio 

We defined the anchoring ratio (or adsorption efficiency) as the percentage of particles 

attached to the droplets, relative to the total particles content: 

                                              (3) 

where  is the mass of free particles and  is the total mass of particles, i.e the mass of 

insoluble powder. Following the measurements of section 3.3.1, this latter was estimated as 

, where  is the total mass of cocoa powder. The pertinence of the anchoring 

ratio defined according to Eq. (3) is justified by the fact that the soluble fraction did not exhibit 

any apparent functionality. This issue will be developed in section 3.3. 

After 
desorption of 

particles 
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In order to quantify , the droplets were separated from the aqueous phase containing 

free (i.e. non-adsorbed) particles. Since the application of a centrifugal field can provoke 

partial desorption of the particles (Leclercq et al., 2012), cocoa-stabilized emulsions were 

first diluted 10 times with deionized water to reduce their overall viscosity, and stored for two 

days to allow natural creaming. The cream was removed, diluted 10 times and stored for two 

days again. Both subnatant phases, containing free particles, were gathered. In order to 

remove the residual oil droplets that did not cream naturally because of their small size, 

several centrifugations (Rotanta 460 RF Centrifuge, Hettich Lab Technology, Germany) with 

increasing rotation speeds were performed for 5 min at 20 g, 100 g, 1 000 g, 7 000 g, 14 000 

g, 17 000 g and 10 min at 17 000 g. The rotation speed was increased progressively to 

minimize the risk of particle desorption from the residual droplets. At each stage, three 

phases could be distinguished in the centrifuge tubes: a thin creamed layer, an intermediate 

slightly turbid and colored aqueous phase containing the soluble fraction, and a particles 

sediment. The cream was removed after each centrifugation step, and replaced by deionized 

water to keep the total volume constant. After the last centrifugation step, no cream was 

observed in the sample and the upper phase was fully transparent, reflecting the absence of 

droplets. This latter phase was replaced by water to remove soluble compounds. After 

redispersing the sediment, the sample was freeze-dried (Bucher, Drytech, Switzerland) and 

weighted to finally obtain the mass of free particles.  

3. Results and discussion 

3.1. Influence of the emulsification process on cocoa particles 

As particle size is known to be an influencing parameter in Pickering emulsions (Binks & 

Lumsdon, 2001), the impact of the emulsification process on the size of cocoa particles was 

investigated. For that purpose, dispersions of 5 wt.% delipidated cocoa powder were 

submitted to the same mechanical treatments as those adopted for emulsification (section 

2.3), i.e. rotor/stator turbulent mixing (Ultra-Turrax®), sonication, microfluidization at 800 bars 
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and bead-milling. The corresponding size distributions were measured following the method 

described in section 2.6. Characteristic microscope images and size distributions are given in 

Fig. 2. Data include the unprocessed sample given as a reference. The unprocessed powder 

comprises micron-sized particles, as well as large shapeless particles with a characteristic 

size around 14 m. Interestingly, large particles ( 10 m) appear as dark-brown, light 

absorbing objects, indicating they are dense and thick. The powder submitted to Ultra-

Turrax  mixing has features similar to the initial one. This treatment had no real impact on 

the size distribution of the cocoa particles as well as on their microscopic appearance. 

However, compared to the initial powder, the mean peak in the distributions resulting from 

sonication, microfluidization and bead-milling is shifted towards larger sizes. This evolution 

suggests that the large particles have a more open structure than the dense non-processed 

ones. This is confirmed by the microscope images showing highly anisotropic, less dense 

and thinner objects. In this case, it is likely that the mixing intensity was high enough to 

disentangle the large primary particles, providing them an open, expanded structure. A 

processed dispersion confined between two microscope glass slides was sheared by 

submitting the cover slip to a back and forth translation. Fig. 3 reveals that large particles 

tended to roll up in the direction perpendicular to the applied shear. This observation can be 

interpreted considering that large particles in processed samples behave pretty much like flat 

deformable membranes (see image of Fig. 3). We checked that such particles did not result 

from the aggregation of smaller ones. Firstly, we did not observe any particle breakup or 

disintegration upon shearing but rather their winding, as revealed by Fig. 3. Secondly, the 

mixing intensity of the dispersing unit of the Mastersizer 2000 apparatus was varied and the 

size distribution remained invariant. Eventually, measurements were carried out using a 0.2 

wt% SDS solution in the dispersion unit in an attempt to disaggregate clusters, but the results 

were identical to those obtained with deionized water. 

We are aware that the optical model (Fraunhofer) used in this study is only valid for 

scatterers whose size is larger than several micrometers. It cannot be excluded that the high 

mixing intensity of the different mechanical treatments generated fragments in the micron or 
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submicron range that were not correctly accounted for by the model. To quantify the fraction 

of fine particles, suspensions deriving from each mechanical treatment were allowed to 

sediment for 24 hours. At least 70 wt.% of the cocoa powder was collected in the sediments, 

irrespective of the treatment. Thus, the fraction of Brownian particles never exceeded 10 

wt.% of the total cocoa mass, considering that the soluble compounds represent 20 wt.% of 

the whole cocoa powder (see section 3.3.1). The average size of this population measured 

by DLS was 1.35 µm for cocoa dispersions submitted to microfluidization at 800 bars.  

From this set of experiments, we conclude that the mechanical treatment imposed by the 

emulsification process does not produce significant particles break up but has a noticeable 

impact on the structure of cocoa particles. Except rotor-stator turbulent mixing, all treatments 

tend to disentangle large particles, which likely increases their specific surface area and thus 

their capacity to attach oil droplets. Differences in terms of emulsifying properties of the 

powder are thus to be expected depending on the adopted technique.  

 

Particles Microscopic observations Size distribution and  

Without any process 
 

   

After the Ultra-Turrax  
treatment 

   

13.8 µm 
 

15.9 µm 
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After the ultrasound 
treatment 

  

After microfluidization 

  

After bead-milling 

  
Figure 2 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 
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3.2. Influence of emulsification process on emulsions properties 

Solid-stabilized emulsions were obtained using cocoa powder as sole emulsifier. In 

supplementary information (SI.3), we report microscope images of emulsions prepared with 

the Ultra-Turrax  mixer and ultra-sounds. Both adsorbed and non-adsorbed particles can be 

distinguished. A control emulsion was fabricated without cocoa powder. In this case, fast 

destabilization occurred with the formation of an oil layer at the top of the recipient after a few 

hours of settling. Instead, emulsions containing cocoa powder could be stored for at least 

several days without any apparent oil leakage. All these preliminary observations suggest 

that cocoa particles act as an emulsion stabilizer through a Pickering mechanism.  

The impact of the emulsification process was studied on emulsions containing 20 wt.% 

oil and 2.5 wt.% cocoa powder with respect to the aqueous phase. The average diameters, 

polydispersities and anchoring ratios are given in Fig. 4. Data are in line with those reported 

in the previous section: the mixing conditions that produce particle unwrapping ensure better 

emulsification performances, i.e. smaller average droplet sizes, lower polydispersities and 

higher anchoring ratios. Microfluidization was the most efficient technique, followed by 

sonication and Ultra-Turrax  mixing. It can be argued that this ranking reflects the amplitude 

of the mixing energy densities. Compared with the two other techniques, microfluidization 

allows higher energy densities to be achieved (Sadeghpour Galooyak & Dabir, 2015; Slavka 

Tcholakova et al., 2011). As a consequence, solid particles are more efficiently unwrapped, 

which increases their surface area and their interfacial coverage capacity. Also, higher 

mixing intensities facilitate the attachment of particles to the oil-water interfaces since, during 

collisions, hydrodynamic forces push droplets towards particles surfaces, which helps 

overcoming the energy barrier for adsorption.  

 

Emulsification 

process 

Anchoring 

ratio 
Dv (µm) P 

Ultra-Turrax  46% 11.6 0.73 
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Ultrasound 74% 9.5 0.59 

Microfluidization 90% 4.2 0.38 

 

 

Figure 4 

 

Irrespective of the emulsification technique, the average diameter of the particles was 

larger than 10 m (Fig. 2) but oil droplets smaller than this characteristic size could be 

obtained (Fig. 4). This may seem surprising since the size of dropletsis generally larger than 

that of the stabilizing particles in Pickering emulsions (Leal-Calderon & Schmitt, 2008). To 

clarify this issue, microscopic analysis of the emulsions was carried out under conventional 

white light (Fig. 5 column a) and under fluorescent conditions (Fig. 5 column b). The two 

adopted configurations are complementary, as phase contrast microscopy allows droplets 

visualization, whereas cocoa particles are revealed as bright red spots under fluorescent 

conditions. Figure 5 shows both types of microscopic images for the three emulsification 

processes. We would like to remind that free particles were removed from the continuous 

phase (see section 2.5) in order to better distinguish the interfaces.  
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Emulsions were always highly flocculated. Cocoa particles being relatively large (up to 

several tens of microns), they act as solid substrates likely to attach several oil droplets on 

their periphery. Do to their large size, they have a limited surface area for droplet adsorption. 

Such situation favor droplet bridging and the formation of large droplet flocs, as can be seen 

in Fig. 5. Droplets generated by sonication and microfluidization exhibit diffuse fluorescence 

in their whole surface reflecting the presence of thinner or smaller particles at the interface. 

Instead, fluorescence is localized as bright fluorescent isolated spots on the droplets surface 

for emulsions produced by Ultra-Turrax , due to the presence of thicker cocoa particles.  

 a) b) 

I 

  

II 

  

III 

  

Figure 5 
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Figure 6 

 

The kinetic stability of these emulsions was investigated by following their macroscopic 

aspect (creaming) and their average droplet size for 90 days (Fig. 6). Three layers were 

observed in all cases after a few days of storage: a cream, a dark intermediate phase almost 

devoid of droplets and a sediment containing free cocoa particles. Not surprisingly, we 

observed that the higher the anchoring ratio, the slower the creaming, the smaller the 

droplets and the better the stability. The emulsion obtained via microfluidization with the 

highest anchoring rate and the smallest droplets was indeed stable over at least 90 days with 

almost no evolution of its average droplet diameter, despite a slight creaming. This system 

was indeed highly viscous, with restricted dynamics, which precluded any significant 

structural evolution. Conversely, the average droplet size noticeably increased over time for 

the emulsion deriving from Ultra-Turrax  mixing. This emulsion was quite fluid and was 

prone to fast creaming. Size measurements were stopped after 14 days of storage, once an 

oil layer was observed at the top of the emulsion. The behavior of the emulsion deriving from 

sonication appeared to be intermediate between the two previous ones.     

 

 Microfluidization 

 Ultrasounds 

 Ultra-Turrax® 
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3.3. Influence of soluble compounds on emulsion stability 

3.3.1. Quantification of soluble contents 

Water-soluble compounds (proteins, carbohydrates, polyphenols) were titrated in a 10 

wt.% dispersion of delipidated cocoa powder dispersed in deionized water, using the 

analytical techniques described in section 2.4. Soluble compounds were found to represent 

23.6 ± 0.5 wt.% of the cocoa powder. The results concerning three classes of compounds 

are provided in Table 2. We would like to emphasize that the concentrations are expressed 

as equivalent concentrations of reference (calibration) molecules: glucose for carbohydrates, 

BSA for proteins and gallic acid for polyphenols (see section 2.4). The ash content of the 

powder was also measured and the obtained value was 10.5 wt.% of the initial delipidated 

cocoa mass, indicating that minerals were among the most abundant soluble compounds.  

 

The soluble fraction was also measured and analyzed in the cocoa dispersion processed in 

the microfluidizer, and in the aqueous phase of emulsions with the same composition 

(10 wt.% of cocoa powder in the aqueous phase, 20 wt.% oil), deriving from two 

emulsification techniques, right after their preparation. The results are also reported in Table 

2. The soluble fraction remaining in the continuous phase for the emulsion obtained via 

microfluidization (19.5 wt.%) was slightly lower than in the other cases ( 23 wt.%), probably 

because of the adsorption of proteins, the formation of insoluble protein/polyphenol 

complexes or the solubilization of some species in the oil phase (Foegeding, Plundrich, 

Schneider, Campbell, & Lila, 2017). 

 

Table 2: Soluble fraction of cocoa powder dispersion processed in the microfluidizer and in 
the aqueous phase of emulsions with the same composition (10 wt.% of cocoa powder in the 
aqueous phase, 20 wt.% oil), obtained with 2 emulsification techniques. Data relative to the 
cocoa dispersion alone (no oil) are given as a reference. The contents are expressed as 
weight percentages of the initial cocoa mass present in the aqueous phase. The values are 
means of 3 measurements. 

 Total soluble 
fraction

Carbohydrates 
(eq. Glucose)

Proteins 
(eq. BSA)

Polyphenols 
(eq. Gallic 

ACCEPTED MANUSCRIPT



AC
CE

PT
ED

 M
AN

USC
RI

PT

 

acid)
Cocoa dispersion alone 

(10 wt%) 23.6 ± 0.1 % 6.6 ± 0.3 % 1.36 ± 0.05 % 1.21 ± 0.04 % 

Cocoa dispersion 
processed in the 

microfluidizer (800 bars) 

22.0 ± 0.3 % 6.4± 0.3 % 1.53 ± 0.30 % 1.26 ± 0.20 % 

Emulsion obtained by 
Ultra-Turrax® 

25.9 ± 0.8 % 6.3 ± 0.3 % 1.12 ± 0.06 % 0.88 ± 0.09 % 

Emulsion obtained by 
Microfluidization  

(800 bars) 

19.5 ±1.4 % 6.3 ± 0.4 % 0.61 ± 0.03 % 0.72 ± 0.07 % 

 

3.3.2. Comparison of emulsions with and without soluble fraction 

Since some of the soluble compounds like proteins, are known to have surface-activity, 

they can potentially contribute to emulsion stabilization. To assess the potential role of 

soluble compounds regarding emulsification and kinetic stabilization, emulsions containing 

20 wt.% oil were fabricated with the microfluidizer at 800 bars, using three delipidated 

powder fractions deriving from the same source: (1) the whole cocoa powder, (2) the cocoa 

powder without soluble compounds, containing only particles, and (3) the soluble fraction 

only. Emulsion (1) contained 2.5 wt.% of the whole cocoa powder with respect to the 

aqueous phase. In order to make a meaningful comparison, the amount of powder in 

emulsion (2) was fixed to introduce approximately the same amount of (insoluble) particles 

as in emulsion (1), namely 2 wt.%. In the same way, emulsion (3) contained approximately 

the same amount of soluble compounds as emulsion (1), i.e. 0.5 wt.%. It is worth noting that 

the powder without soluble compounds was processed twice in the microfluidizer, once for 

the extraction of the soluble compounds (see section 2.4) and once for the emulsification 

process. To keep the same operating conditions, the dispersion of whole cocoa powder was 

primarily processed in the microfluidizer at 800 bars prior to the emulsification. In Fig. 7, we 

report the kinetic evolution of the average droplet size for the three emulsions. The emulsion 

without soluble compounds had exactly the same features as the one obtained with the 

original whole cocoa powder in terms of initial droplet size and stability. The anchoring ratios 

were also quite similar for both emulsions, close to 90%. It can thus be concluded that the 

soluble fraction as part of the whole cocoa powder has no impact on the emulsification 
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process and on the stability. Yet, this fraction, when used alone, displayed some functionality 

as an emulsion could be obtained upon microfluidization. However, this emulsion was initially 

quite coarse and underwent a significant increase of its average droplet size over time, as 

can be observed in Fig. 7.  

 

Figure 7 

3.4. Influence of the fraction of fine particles  

A dispersion containing 10 wt.% cocoa powder in deionized water was submitted to 

microfluidization at 800 bars and was then diluted at 2.5 wt.%. This dispersion was allowed 

to sediment for 24h. The supernatant containing fine (Brownian) particles and soluble 

compounds was removed. These two components were separated following the method 

described in section 2.4. As mentioned in section 3.1, fine particles were found to represent 

around 10 wt.% of the total mass of cocoa powder and they had an average size deduced 

from DLS of 1.35 m. For the sake of comparison, we also analyzed the fraction of fine 

particles in an unprocessed powder. The fraction was found to be 8.9 wt.% and the average 

particle size was 1.64 m. It can be concluded that the mechanical treatment imposed during 

the emulsification process does not significantly modify the amount of fine particles.  
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To evaluate the impact of fine particles on both emulsification and stabilization, we 

compared three emulsions fabricated by microfluidization at 800 bars with the following 

powder fractions in the aqueous phase: (1) whole cocoa powder at 2.5 wt.%, (2) powder with 

only coarse particles at 1.75wt.% (=0.7 2.5wt.%), and (3) powder with only the fine fraction 

at 0.25wt.% (=0.1 2.5wt.%). In the two latter systems, the powder content in the aqueous 

phase was selected so as to introduce approximately the same amount of the components 

(large particles in system (2) and fine particles in system (3)) as in the system based on 

whole cocoa powder (1) ( 20 wt.% soluble compounds, 10 wt.% fine Brownian particles and 

70 wt.% coarse particles). Micrographs of the corresponding emulsions under conventional 

white light illumination and fluorescent configuration are provided in Supplementary 

Information SI.4.  The kinetic evolution of the average droplet sizes are reported in Fig. 8. 

The similarity in the behavior of systems (1) and (2) leads to the conclusion that fine particles 

have a negligible influence on emulsion stabilization.  

At 0.25 wt.%, the emulsion formulated with fine particles only has a very large average 

diameter, around 45 m. To further probe the functionality of this fraction, the content was 

increased up to 2.5 wt.%. In this case, we obtained an emulsion with Dv  = 7 µm, P= 0.37, and 

an anchoring ratio of 90  5 % (See supplementary information, SI.5). Its diameter did not 

evolve after 30 days of storage. It can thus be stated that fine particles do not have a 

noticeable influence, as they are masked by the major fraction of cocoa powder made of 

large particles. However, they do have per se the ability to stabilize emulsions at sufficiently 

large concentrations.  
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Figure 8 

 

3.5. Influence of the homogenization pressure  

Since microfluidization led to the best performances, a specific study was carried out 

using this technique. We first examined the influence of the applied pressure by comparing 

the same formulation (2.5 wt.% cocoa powder in the aqueous phase and 20 wt.% sunflower 

oil) emulsified at 240, 500 and 800 bars. In all cases, the number of passes in the 

homogenizing chamber was fixed to 6. Microscopic observations as well as emulsion 

specifications are gathered in Fig. 9. It clearly appears that the average droplet size and 

polydispersity decrease with the homogenizing pressure. Droplets are bigger at low pressure 

despite they have comparable anchoring ratios. 
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Figure 9 

 

The high anchoring ratios explain why emulsions remained kinetically stable over a 90-

day period (Fig. 10): droplets are well covered and entangled in the particles network, 

impeding coalescence. The difference in droplet size can be explained by a difference in 

surface activity. Considering the results of section 3.1, it can be argued that the surface-

active moieties and/or components in the powder become increasingly accessible as the 

homogenizing pressure increases, due to particle unwrapping.  

 

Pressure 800 bars (a) 500 bars (b) 240 bars (c)

Microscopy 

  

Dv / P 4.2 µm / 0.38 5.9 µm / 0.46  10.9 µm / 0.54  

Anchoring 
ratio 90 ± 5% 90 ± 5% 95 ± 5% 
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Figure 10 

 

3.6. Impact of particles pre-milling  

In practical applications, it may be interesting to make use of pre-processed particles, 

whose unwrapping extent is sufficient to carry on emulsification at low homogenizing 

pressures. We thus studied the impact of a preliminary bead-milling step of the cocoa 

powder, as this technique is known to efficiently refine and disperse a wide variety of solid 

matters.  

The evolution of the average droplet size of an emulsion obtained by microfluidization at 

240 bars and prepared from pre-milled particles (see section 2.2) is also shown in Fig. 10. 

The micrographs of the corresponding emulsion are provided in Fig. 11. 
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 Figure 11 

 

In all cases, the anchoring ratio was close to 90%. The properties of emulsions 

fabricated at 240 bars with pre-milled particles are comparable to those of the emulsion 

obtained at 800 bars without pre-milling. By comparison, the emulsion generated at 240 bars 

with unprocessed particles has a significantly higher average diameter (10.9 µm vs. 5.4 µm). 

It can thus be concluded that the pre-milling step has an added value, as it allows decreasing 

the homogenizing pressure during the emulsification step. Again, it can be argued that milling 

reveals more surface-active sites (Tamayo Tenorio, Gieteling, Nikiforidis, Boom, 

& van der Goot, 2017; Wallecan, McCrae, Debon, Dong, & Mazoyer, 2015) or equivalently 

increases their specific surface area, which enhances their adsorption capacity at the 

oil/water interface. The more numerous the anchoring sites, the smaller the average droplet 

size. 

 

3.7. Influence of particle amount on droplet size  

In general, solid particles are irreversibly anchored at an oil-water interface (Berton-

Carabin & Schroën, 2015; Rayner et al., 2014; Wiley, 1954). If the amount of particles is 

insufficient to fully cover the interfacial area generated by the homogeneization process, the 

Conditions 240 bar with pre-milling 

Microscopy 

Dv / P 5.4 µm / 0.41 
Anchoring ratio 90 ± 5% 
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fragmented drops recombine until the level of interfacial coverage becomes sufficient to 

ensure stability (limited coalescence), giving rise to droplets with a very narrow size 

distribution. We used microfluidization at 800 bars, which is a high energy emulsification 

process. Because of the very high applied shear rates, it is expected that smaller drops, as 

compared to those in the final emulsions (their diameter always exceeded 2,7 m in our 

study), are initially formed in the processing volume of the microfluidizer. As a result, 

recoalescence of the drops must take place within and after the processing element, so that 

larger drops are formed in the final emulsion. In this concentration range, the final surface-

averaged diameter, DS, is expected to follow the relation (Arditty et al., 2003): 

  (4) 

where  (m3) is the volume of the dispersed phase, ma (g) is the mass of adsorbed particles 

for the total emulsion, and  (m2.g-1) is the specific surface area, i.e. the area that can be 

stabilized by 1g of particles. This parameter can be determined from the slope of the curve 

representing the evolution of the total surface area of the droplets, , as a function of , at 

constant volume of the oil phase. Thus, in the limited coalescence regime, the mean droplet 

size after emulsification is only governed by a critical value of the surface coverage, , and 

is not supposed to depend on the hydrodynamic conditions (Tcholakova et al., 2002). This 

was verified in our case since the average droplet size obtained with pre-milled particles at 

2.5 wt.% in the aqueous phase was the same at 240 and 800 bars. 

The mass of cocoa powder was varied from 0.15g to 2.5g (from around 1 wt.% to 15 

wt.% of the aqueous phase) in emulsions containing 10, 20 and 30 wt.% oil. The 

homogenizing pressure was set at 800 bars. We deduced the total surface area of the 

droplets from their surface-averaged diameter, DS, measured by light scattering, and the 

mass of adsorbed particles from the anchoring ratio: 

 (5) 
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The anchoring ratio was measured for each experimental point and was found to be close to 

90%. In Fig. 12, we plot the variation of S, measured right after emulsion fabrication, as a 

function of the mass of adsorbed particles, ma, at constant V. The curves display a linear 

regime with a pronounced slope, and a non-linear regime in which S is weakly varying with 

ma, whatever the oil content. At small powder content, the linearity of the plot gives a hint that 

the final size is determined by the limited coalescence process. The specific surface area of 

the particles, sf, deduced from the slope is 16 m2.g-1. This value in the same order of 

magnitude as the one found by Wallecan et al. (2015) in emulsions stabilized by citrus fibers 

prepared by high pressure homogenization at 420 bars: 3 m².g-1. For the sake of comparison, 

the sf value for proteins is of the order of several thousand m2.g-1 (Dimitrova, Leal-Calderon, 

Gurkov, & Campbell, 2004; Slavka Tcholakova, Denkov, Ivanov, & Campbell, 2002), 

reflecting the much smaller size of proteins and consequently the much higher amount of 

available sites for adsorption, per unit mass of stabilizing material.  

 

 

Figure 12 

 

Above some critical particle content, which depends on the oil fraction, there is a clear 

deviation from the linear behavior. In this regime, the emulsification process becomes less 
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efficient as the total surface area of the droplets hardly varies and the anchoring ratio falls 

below 80%. The specific surface area also tends to regularly decrease (for each oil content, 

the value corresponding to the highest powder concentrations is indicated on the graph). The 

viscosity of the aqueous phase raised with the powder content and a strong gel was formed 

at the highest contents. It is likely that particle aggregation limits the availability of the 

anchoring sites (masking effect). The systems can be seen as gels made of interconnected 

particles with embedded droplets. In Fig. 12, we observe that the extent of the linear domain 

increases with the oil fraction. It can be argued that a larger amount of oil mobilizes more 

particles at the interfaces and consequently the  effect  due to bulk aggregates 

appears at higher particle concentrations.  

 

3.8. Influence of oil content on droplet size 

The oil content was varied from 10 to 50 wt.%, while maintaining the total mass of 

powder constant (1.5 wt.% with respect to the total mass of emulsion). The emulsification 

was performed by microfluidization at 800 bars. In Fig. 13, we plotted the product Ds ma (Ds 

was measured right after fabrication) as a function of V.   

 

Figure 13 
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For low V values, Eq. (4) predicts a linear dependence with a slope equal to 6/sf. A value 

of sf  close to 17 m2.g-1 is obtained from the slope, in good agreement with that deduced from 

the linear regime in Fig. 12. At higher V values, the curve deviates from linearity, with a local 

slope tending to decrease (equivalently, sf  increases). As the oil concentration increases, the 

inter-droplet distance decreases, which favors the formation of particulate bridges between 

the drops and thus emulsion gelation. In our case, although the rheological properties were 

not measured, we observed that the systems with the highest oil fractions resembled to 

viscoelastic pastes, whereas those obtained at the lowest oil contents remained 

comparatively more fluid and underwent short-time creaming (see supplementary 

information, SI.6). As the connectivity increases, the internal dynamics in the emulsion gel 

are considerably slowed down. As a result of such mobility hindering, limited coalescence 

would be interrupted at earlier stages, thus generating emulsions whose effective sf value is 

higher than in the linear regime, at the origin of the deviation observed in Fig. 13.   

  

Conclusion 

This paper was concerned with the impact of the emulsification process and of some 

formulations parameters on the properties of oil-in-water Pickering emulsions stabilized by 

cocoa particles. We developed protocols to reliably measure the fraction of particles 

adsorbed at the oil/water interface and the droplet size distribution. Emulsion stabilization 

was described as being due to surface-active moieties present in the particles, and 

stabilization due to physical trapping of droplets in the particles network. Among the three 

emulsification techniques that were probed, microfluidization was the most efficient one, as it 

allowed obtaining the finest emulsions and the highest anchoring ratios. This highly energetic 

process is likely to increase the number of available surface-active moieties by unwrapping 

cocoa particles that act as droplets collectors. A rise in the pressure imposed during 
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microfluidization as well as a pre-milling of the particles were shown to improve emulsions 

performances. Soluble compounds and fine particles (< c.a. 2 µm) were shown to have a 

negligible impact in emulsification. Despite the intrinsic chemical and physical complexity of 

cocoa particles which are both polydisperse in size and shape, emulsions with narrow droplet 

size distributions could be obtained. In the particle-poor regime, the evolution of the average 

size obeyed a simple law characterized by a unique coverage parameter independent of the 

total oil amount.  

The methodology developed here can be utilized to study other emulsions based on 

particles of vegetable origin. Stabilization by other plant materials are under current 

investigation.  
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Figure captions 

Figure 1: Microscopic observations at two magnification levels of an emulsion composed of 4 

wt.% cocoa powder and 20 wt.% sunflower oil, fabricated by microfluidization at 800 bars  

before and after SDS treatment. 

 

Figure 2: Microscopic observations and size data of cocoa particles after mechanical 

processing. 

 

Figure 3: Windings formed by large cocoa particles in the direction perpendicular to the 

applied shear (indicated by the arrows): before (a) and after (b) shearing. 

 

Figure 4: Initial anchoring ratios, volume-averaged diameter, polydispersity and size 

distributions of emulsions prepared with 2.5 wt.% cocoa powder.  

 

Figure 5: Phase contrast microscopic (a), and fluorescence microscopic  (b) images of 

different emulsions processed by Ultra-Turrax® (I), ultrasounds (II), and microfluidization (III). 

 

Figure 6: Evolution of the average droplet diameter for emulsions (2.5wt.% cocoa powder) 

obtained by different emulsification processes and macroscopic aspect of the corresponding 

emulsions after 45 days. Dotted lines are guides for the eyes. 

 

Figure 7: Kinetic evolution of the average droplet size of emulsions containing 20 wt.% oil, 

fabricated with the microfluidizer at 800 bars, using three delipidated powder fractions 

deriving from the same source. Dotted lines are guides for the eyes. 

 

Figure 8: Evolution of the average droplet diameter for emulsions containing 20 wt.% oil, 

obtained with different fractions of the cocoa powder. Dotted lines are guides for the eyes. 
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Figure 9: Microscopic observations and main characteristics of emulsions containing 2.5 

wt.% of cocoa powder in the aqueous phase and 20 wt.% oil, prepared by microfluidization at 

different pressures. 

 

Figure 10: Evolution of the droplet average diameter for emulsions containing 2.5 wt.% of 

cocoa powder in the aqueous phase and 20 wt.% oil, obtained by microfluidization at 

different pressures. For 240 bars, the cocoa particles were pre-milled or not. Dotted lines are 

guides for the eyes. 

 

Figure 11: Microscopic images of the emulsions containing 2.5 wt.% of cocoa powder in the 

aqueous phase and 20 wt.% oil, obtained by microfluidization at 240 bars with a pre-milling 

step. 

 

Figure 12: Total surface area as a function of the mass of adsorbed particles for three oil 

contents. The total mass of emulsion is 20 g. 

 

Figure 13: Influence of the oil content on the product Dsma, where DS is the surface-averaged 

diameter of the emulsion droplets right after fabrication and ma is the mass of adsorbed 

particles. The total mass of emulsion is 20 g.  
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Supplementary Information 

SI.1 Table indicating the composition of the emulsions discussed in this 

article.   

Oil content 
Aqueous phase 

content 
Powder content 

Emulsification process wt. % of 

the whole 

emulsion 

Mass 

(g) 

wt. % of 

the whole 

emulsion 

Mass 

(g) 

wt. % of the aqueous 

phase 

Mass 

(g) 

20 4 80 16 2.5 0.4 Ultra-Turrax® 
20 4 80 16 2.5 0.4 Ultrasounds 
20 4 80 16 2.5 0.4 Microfluidization (800 bars) 
20 4 80 16 2.0 % (insoluble fraction) 0.32 Microfluidization (800 bars) 
20 4 80 16 0.5 % (soluble fraction) 0.08 Microfluidization (800 bars) 
20 4 80 16 1.75 % (coarse fraction) 0.28 Microfluidization (800 bars) 
20 4 80 16 0.25 % (fine fraction) 0.04 Microfluidization (800 bars) 
20 4 80 16 2.5 0.4 Microfluidization (500 bars) 
20 4 80 16 2.5 0.4 Microfluidization (240 bars) 
20 4 80 16 2.5 (pre-milled powder) 0.4 Microfluidization (240 bars) 
20 4 80 16 1 0.16 Microfluidization (800 bars) 
20 4 80 16 1.9 0.3 Microfluidization (800 bars) 
20 4 80 16 2.5 0.4 Microfluidization (800 bars) 
20 4 80 16 4 0.64 Microfluidization (800 bars) 
20 4 80 16 7 1.12 Microfluidization (800 bars) 
20 4 80 16 10 1.6 Microfluidization (800 bars) 
20 4 80 16 15 2.4 Microfluidization (800 bars) 
30 6 70 14 1 0.14 Microfluidization (800 bars) 
30 6 70 14 2.5 0.35 Microfluidization (800 bars) 
30 6 70 14 5 0.7 Microfluidization (800 bars) 
30 6 70 14 7 0.98 Microfluidization (800 bars) 
30 6 70 14 12 1.68 Microfluidization (800 bars) 
10 2 90 18 0.5 0.09 Microfluidization (800 bars) 
10 2 90 18 1 0.18 Microfluidization (800 bars) 
10 2 90 18 1.6 0.29 Microfluidization (800 bars) 
10 2 90 18 2.5 0.45 Microfluidization (800 bars) 
10 2 90 18 3.3 0.59 Microfluidization (800 bars) 
50 10 50 10 3 0.3 Microfluidization (800 bars) 
40 8 60 12 2.5 0.3 Microfluidization (800 bars) 
30 6 70 14 2.14 0.3 Microfluidization (800 bars) 
15 3 85 17 1.8 0.3 Microfluidization (800 bars) 
10 2 90 18 1.7 0.3 Microfluidization (800 bars) 
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SI.2 Particles desorption by SDS 

 

 

 

 

 

 

 

 

 

 

 

SI.3 Micrographs of Cocoa-stabilized emulsions prepared by ultra-Thurrax 

and ultrasounds 

 

 

 

 

 

 

 

 

 

 

 

Microscopic observations of a 15% cocoa particles emulsion obtained with the Ultra-Turrax® 
process. The objective is focused on the equatorial plane of the droplets (a) and on free 
particles (b) 
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Observation of cocoa particles anchored to the oil droplets interfaces. 

 

 

Emulsion composed of 2.5 wt% cocoa powder and 20 wt % sunflower oil fabricated by ultra-

sounds.  

 

 

SI.4 Fluorescence microscopy of emulsions processed by microfluidization 

using fine or coarse particles only 

a) 

   

b) 
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Phase contrast microscopic images (left column), fluorescence microscopic images (middle) 

and overlay of both images (right column) of emulsions processed by microfluidization using 

(a) 0.25 wt.% of fine particles, (b) 1.75 wt.% of coarse particles, both without the soluble 

fraction. 

SI.5 Microscopic images and size distribution of and emulsion fabricated with 

2.5 wt.% of fine particles only 

 

Conditions 2.5 wt.% fine particles, 20 wt.% oil, 800 bars 

Microscopy 

Dv / P 7µm / 0.37 
 

SI.6 Creaming behavior of emulsion with increasing oil content. Observations 
were performed 30 days after emulsion fabrication 
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