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Abstract We study the effect of the particle wettability on the preferred type of emulsion stabilised solely by food colloid particles. We present results obtained with the recently developed gel trapping technique (GTT) for characterisation of wettability and surface structuring of individual food colloid particles adsorbed at air–water and oil–water interfaces. This method allows us to replicate a particle monolayer onto the surface of polydimethylsiloxane (PDMS) without altering the position of the particles. By observing the polymer surface with scanning electron microscopy (SEM), we are able to determine the contact angle of the individual particles at the initial liquid interface. We demonstrate that the GTT can be applied to fat crystal particles, calcium carbonate particles coated with stearic acid and spray-dried soy protein/calcium phosphate particles at air–water and oil–water interfaces. Subsequently, we prepare emulsions of decane and water stabilised by the same food colloid particles and correlate the wettability data obtained for these particles to the preferred type of emulsions they stabilise. © 2007 Elsevier Inc. All rights reserved. Keywords: Food particles; Solid-stabilised emulsions; Fat crystals; Wettability; Contact angle



1. Introduction The wettability of colloid particles and powder materials and their structuring at liquid surfaces is of crucial importance for a number of food processing technologies, cosmetic and pharmaceutical products [1–4]. It has long been recognised that nanoparticles and microparticles can be used as efficient emulsifying agents [3–5]. Recently, the type and stability of emulsions stabilised by hydrophobised silica nanoparticles [6] were studied for different fractions of –SiOH groups on the particle surface. It was found that the type of emulsion formed depends very much on the wettability (contact angle θ , measured through the water phase) of the individual particles when adsorbed at the liquid interface. Hydrophobic particles tend to sta* Corresponding authors: Faxes: +44 (0) 1133 432377; +44 (0) 1482 466410.
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bilise water-in-oil emulsions while hydrophilic particles form oil-in-water emulsion [7]. Inversion of the type of emulsion has also been observed as a function of the volume fraction of the dispersed phase for model silica nanoparticles of intermediate hydrophobicity [8]. Hence, characterisation of the wettability of individual colloid particles is a valuable information when preparing solidstabilised emulsions. Various techniques have been developed for characterisation of the wettability of powders, which treat the powder as a porous media. The Washburn method [9–11] is based on measurements of the liquid penetration rate in a compressed powder bed and produces averaged estimates of the particle contact angle which often depends on the degree of compression of the powder [12]. An alternative method relies on measuring the contact angle of a liquid drop on the surface of a powder tablet [13] which suffers from the same drawbacks. Direct observation [14] of particles attached to the liquid interface by an optical microscope has also been used to
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determine their contact angle. This method, however, is limited to relatively large particle (particle size above 30 µm). A film trapping technique was developed [15] which is applicable for particle sizes 1–10 µm and is based on capturing of individual particles in a liquid film on a flat solid substrate and analysing the positions of the Newton interference fringes of the surrounding meniscus around the particles which allows the shape of the liquid interface to be determined and the particle contact angle to be calculated. Another approach [16] was suggested where spherical particles have been attached to the cantilever of an atomic force microscope (AFM) and approached to the air–water surface. By measuring the equilibrium position of particles attached at the air–water surface or the “pull off” force, the particle contact angle can be determined. Recently a completely novel approach was pioneered [17] based on a gel trapping technique (GTT). The particles are spread and adsorbed at the air–water surface or the oil–water interface followed by gelling of the aqueous sub-phase with a non-adsorbing hydrocolloid. The particles are trapped at the gel surface which allows the top phase (air or oil) to be replaced with curable PDMS. Once polymerised, the PDMS is peeled off the aqueous gel together with the trapped particles which are subsequently imaged on the polymer surface at high resolution by SEM. The particle position on the PDMS surface is complementary to the one at the original liquid interface which allows its contact angle at the liquid interface to be determined. Gellan gum [18] was used as a gelling agent as it has been demonstrated to barely change the air–water surface tension, the oil–water interfacial tension and the contact angle of water drops on flat hydrophobic surfaces [17]. The contact angles of several kinds of microparticles of well defined surface properties have already been characterised with the GTT at air–water and oil–water interface [19]. Food emulsions very often contain colloidal particles amongst all the constituents. In many such systems, the particles participate to the stabilisation of the emulsions by providing a physical barrier to droplet coalescence [20]. Understanding the properties of these solid structures at the interface is therefore of great interest in order to study and predict the stability and type of emulsions formed. Several books, book chapters and review articles have focused on the use of solid stabilisers in food emulsions [21] and in particular the use of fat crystals [22]. For example, Bergenståhl et al. studied the effect of protein heat pre-treatment on emulsions stabilised by whey protein concentrate [23]. The authors found that the state of the protein clearly influenced the size and aggregation state of the emulsions they stabilise. In other reports, the properties of emulsions stabilised by monoglyceride and triglyceride crystals were also compared by Campbell et al. [24]. In this case, it was concluded that the stability increases with the polarity of the crystals and that the emulsions were indeed stabilised by the presence of the particles in the system and not by the emulsifiers themselves (present in the system as a result of crystal dissolution). Despite solid-stabilised food emulsions attracting a large interest, a reliable method for the characterisation of the position and wettability of food particles at liquid inter-



faces has not been developed. Access to this knowledge could indeed facilitate the prediction of emulsion types and be of valuable interest to food scientists. In the present paper we demonstrate that the previously developed GTT can also be adapted and used with food colloid particles which are normally quite polydisperse and may have irregular shapes. Here we have developed further this methodology for studying the adsorption and wettability of complex inorganic particles coated with fatty acids and soy proteins at air–water and oil–water surfaces. The same method was also applied to assess the wettability of fat particles. The results reveal information about the particle adsorption and structuring at liquid interfaces, and in some cases allow estimation of the particle contact angle. In addition, we study the formation of emulsions stabilised solely by these food colloid particles and discuss the relation between the wettability and the adsorption of the individual particles at the liquid interface and the type of emulsion formed. Our aim here is to check whether the conclusions drawn from experiments with emulsions stabilised by model silica particles [6] can be directly applied for emulsions stabilised by food colloid particles of complex shapes. The paper is organised as follows. Section 2 describes the materials and methods used. In Section 3 we discuss the results of the application of GTT for the selected food colloids. Here we also present the results of our studies of emulsions stabilised by the same food colloid particles. The main conclusions are summarised in Section 4. 2. Experimental Here we describe the materials and the methodology used in our gel trapping technique, the methods of delivery of the particles to the liquid interfaces and the way of determining their position at those interfaces. 2.1. Materials We used n-decane (from Sigma) as a model oil phase. Decane was purified by multiple passing through chromatographic alumina. The gelling agent used was gellan (Kelcogel, CPKelco) and was purified as described in reference 17 to remove any trace of hydrophobic material. Ethylenediaminetetraacetic acid di-sodium salt (EDTA) and isopropyl alcohol (IPA) were from Sigma. Sylgard 184 curable silicone elastomer (PDMS) was purchased from Dow Corning. The food colloid particles used in these experiments were: (i) Rp 70 (hardened rapeseed oil), micron-sized fat particles made from a mixture of triglycerides (from FeyeCon, Netherlands), (ii) Socal 312V, calcium carbonate particles coated with stearic acid (from Solvey Chemicals) and (iii) Supro 651, spray-dried soy protein particles with calcium phosphate cores (from DuPont Protein Technologies). Perylene (from Sigma) was used as a non-polar fluorescent tracer at extremely low concentration (10−9 –10−8 M) in the decane phase for visualisation of the type of emulsion formed by fluorescence microscopy.
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2.2. Methodology 2.2.1. Imaging of individual food colloid particles at liquid surfaces by using GTT 2 wt% aqueous solution of gellan was prepared and purified as described previously [17]. In this work, we have experimented with two different techniques for delivering the particles at the liquid interface [17,19]: (a) IPA was used as a spreading solvent to deliver the particles at the air–water interface, while (b), for the decane–water interface, the particles were directly mixed with the decane phase and left to adsorb spontaneously at the decane–water interface. The spreading of the particles at the air–water surface was done by injecting of 50 µL 1 wt% particle suspension in IPA at a temperature between 50 and 55 ◦ C on the surface of the hot gellan solution. Alternatively, for the decane–water interface, the particles were mixed with the pre-warmed decane phase (50 ◦ C) which was layered on the top of the gellan solution (in a Petri dish) and left for 10 min to allow for the particle adsorption at the decane–water interface. The system was then quickly cooled to 25 ◦ C to set the gel. After 30 min, Sylgard 184 curable silicone elastomer (PDMS) was used to mould the liquid interface. For the air–water interface this was done directly after setting the gel, while for the decane–water interface the decane phase was carefully removed and replaced with PDMS. After curing the PDMS layer at room temperature for 48 h, it was peeled off the aqueous gel (together with the entrapped interfacial particles) and was additionally treated with EDTA solution and/or hot Milli-Q water to remove any gel residues from the PDMS surface. In all cases, we have aimed at very low particle concentration at the liquid interface which has allowed us to image individual particles on the PDMS surface by SEM using a LEO Electron Microscope with secondary electron detector, model Stereo Scan 360 (Zeiss-Bragg). The preparation of the PDMSparticle samples for imaging with SEM also included standard coating with a carbon layer (∼10 nm) in an Edwards high vacuum evaporator. 2.2.2. Emulsion preparation and characterisation Emulsions were prepared with Milli-Q water and n-decane with 3.2 wt% of the food colloid particles suspended in the decane phase. Oil volume fractions were as follows: 10, 30, 50, 70 and 90%. All emulsions had a total volume of 6 ml (oil plus water and particles) and were emulsified at room temperature for 60 s using a Janke & Kunkel Ultra-Turrax T25 homogeniser fitted with a 10 mm dispersing tool operating at 11,000 rpm. Emulsion samples were then imaged 30 min after preparation. Three series of emulsions were prepared by using: (a) fat crystal particles (Rp70), (b) CaCO3 particles coated with stearic acid (Socal 312V) and (c) spray-dried soy protein particles (Supro 651). The type of emulsion formed was determined by using two independent techniques: (i) the drop test method, where a drop of the emulsion was carefully deposited on top of the water and the oil phase, and (ii) a hydrophobic fluorescent tracer (perylene) was added at ultra low concentrations to dope the decane phase. Then fluorescence microscopy was used to image



Fig. 1. SEM images of the powder materials used in this study as model food colloid particles. (a) Rp70, fat crystal particles. (b) Socal 312V, calcium carbonate particles coated with stearic acid by the manufacturer. (c) Supro 651, spray-dried soy protein particles.



the emulsion sample and to recognise the type of the droplet phase and the media. 3. Results and discussion 3.1. Morphology and wettability of food colloids at liquid surfaces The morphology of the three powder samples was studied by SEM imaging. Fig. 1 shows SEM micrographs of the
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Fig. 2. SEM images of fat particles (Rp70) trapped on the surface of the PDMS from (a–b) the air–water surface and (c–d) the decane–water interface with the gel trapping technique. The visible part of these partially immersed particles has been in contact with the water phase in the original system (air–water or decane–water).



three samples of powder materials as they are supplied from the manufacturer. One sees that the dry fat particles (Rp70) are largely agglomerated and irregularly shaped; have typical diameters between 10 and 30 µm and a fine sub-micrometre crystalline sub-structure (Fig. 1a). The powder of calcium carbonate particles coated with stearic acid (Socal 312V) also consists of highly aggregated and irregularly shaped particles with sub-micrometre structure (Fig. 1b). The size of the aggregates in the dry powder vary largely between 1 and 10 µm. Fig. 1c shows the image of the powder sample of soy protein particles (Supro 651) which reveals highly polydisperse particles of porous structure and sizes varying between 1 and 30 µm. Fig. 2 presents SEM images of the fat particles trapped on PDMS with the gel trapping technique at the air–water surface (Figs. 2a and 2b) and the decane–water interface (Figs. 2c and 2d). Here and hereafter, in the SEM images of particles on the PDMS surface, the visible part of the particle surface has originally been immersed in the aqueous phase while its part which is embedded in the PDMS has been in contact with the air or the decane phase, respectively. One sees that some of the fat particles have been partially or completely molten, in particular in the case of the decane–water interface. This is possibly due to the fact that the melting point of fat particles is generally



around 55 ◦ C and that gellan solutions were kept at approximately 50 ◦ C when spreading the particles at the interface. These two values are close enough so that the melting point of the particles could be reached during the procedure, in particular in the case of the decane–water interface as the oil was also kept at around 50 ◦ C. (In the air–water interface case, the surface of the gellan solution can cool more rapidly since it is exposed to water vapour, which is at a lower temperature.) This case corresponds to a number of practical situations where adsorbed fat crystals are exposed to temperatures above or around their melting point. Note that the image in Fig. 2c allows the contact angle θ of the fat particles at the decane–water interface to be estimated, by measuring the contact line radius, rc , and fitting the particle profile with a circle to determine its radius of curvature R (i.e. sin θ = rc /R). This procedure applied to Fig. 2c gives θ ≈ 118◦ for fat particles at the decane–water interface. Note that the fat particles in the case of air–water interface have been more protruded into the aqueous phase than in the case of decane–water, which is an indication for a smaller apparent contact angle at the air–water interface. Particles of such high contact angle are expected to stabilise water-in-oil emulsions. Fig. 3 presents SEM images of calcium carbonate particles coated with stearic acid (Socal 312V) at the air–water inter-
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Fig. 3. SEM images of calcium carbonate particles (coated with stearic acid, Socal 312V) trapped on PDMS from (a–b) the air–water interface and (c–d) the decane–water interface with the gel trapping technique. The visible part of these partially immersed particles has been in contact with the aqueous phase in the original system (air–water or decane–water).



face (Figs. 3a and 3b) and the decane–water interface (Figs. 3c and 3d). In both cases we observe predominantly large crystallite particles at the PDMS surface, larger than the average size of the aggregates in Fig. 3b. In the case of the oil–water interface, the particles appear to be of intermediate hydrophobicity with contact angles that we can roughly approximate to be close to 90◦ as seen from the images of the PDMS replica (e.g. Fig. 3d). One would expect such particles to stabilise well both types of emulsions (as confirmed by our results presented below, see Fig. 5) with the phase in which the particles would initially be dissolved being crucial with respect to the preferred type of emulsion stabilised. These particles appear to have been immersed in the oil phase slightly more than in the air phase at the respective original interfaces (cf. Figs. 3a and 3c). However, this difference in the particle positions at the interface appears significantly lower than that observed for the two other kinds of particles studied here. This could be an indication for a significant hysteresis of the contact angle as the contact line can be pinned at the edges of these irregularly shaped particles. In addition, such particles may trap significant amounts of air when re-suspended in the aqueous phase and which was confirmed by an independent experiment (not reported in this paper). We found that such particles can produce wet suspo-foams that are stable for days.



Fig. 4 shows SEM images of soy protein particles (Supro 651) on the surface of the PDMS replica imaged with the GTT at the air–water (Figs. 4a and 4b) and the decane–water interface (Figs. 4c and 4d). The images show how these particles adsorb at the two liquid surfaces and that they have been preferentially exposed to the water phase (Figs. 4a and 4c). They show higher apparent contact angle at the decane–water interface (Fig. 4d) compared to those at the air–water surface (Fig. 4b), i.e. if one can talk about an apparent contact angle for such irregularly shaped particles, their effective contact angle at the air–water interface is smaller than that at the decane–water interface. Note that the particle shape is completely preserved as it has been adsorbed at the liquid interface (cf. Figs. 1c and 4). Fig. 4d also shows the shape of the liquid meniscus around the particle which appears to have an undulated three-phase contact line. Such particles are also expected to interact strongly at the liquid interface by lateral undulation capillary forces [25] thus giving a densely packed monolayer around the emulsion drops. One can also suggest that such particles of moderate hydrophilicity may stabilise well both types of emulsions (o/w and w/o). However, as we found experimentally, the preferred type of emulsion is only oil-in-water (see below).
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Fig. 4. SEM images of soy protein particles (Supro 651) trapped on PDMS from (a–b) the air–water interface and (c–d) the decane–water interface with the gel trapping technique. The visible part of these partially immersed particles has been in contact with the water phase in the original system (air–water or decane–water). Note that the particles have been more immersed in the oil phase (c–d) compared with the air phase (a–b) after spreading a the original interface. Table 1 Emulsion type obtained for varying oil to water volume ratio in the case of the three different kinds of particles used as only stabilisers Total oil volume fraction (%) Type of emulsion formed with fat crystalline particles (Rp70) Type of emulsion formed with CaCO3 particles (Socal 312V) Type of emulsion formed with soy protein particles (Supro 651) Volume fraction of the sedimented emulsion layer formed with Rp70 Volume fraction of the creamed or sedimented emulsion layer formed with Socal 312V Volume fraction of the creamed emulsion layer formed with Supro 651



10 w/o o/w o/w 0.15 0.21 0.25



30 w/o o/w o/w 0.29 0.32 0.38



50 w/o w/o o/w 0.52 0.79 0.71



70 w/o w/o o/w 0.67 0.68 0.97



90 w/o w/o o/w 0.96 0.50 1.00



Emulsions are formed from Milli-Q water and decane with 3.2 wt% particles dissolved in the oil phase as a function of the total oil volume fraction. Data for the volume fraction of the emulsion (e.g. cream volume/total volume) is also given as a function of the total oil volume fraction for three food colloid particles (Rp70, Socal 312V and Supro 651).



3.2. Emulsions stabilised by food colloid particles We prepared emulsions of decane and water stabilised by each of the three food colloid particle samples using the protocol described in Section 2.2.2. Table 1 summarises the results obtained for the type of the emulsions formed as a function of the total volume fraction of oil. In this table we refer to the volume fraction of the creamed (o/w) or sedimented (w/o) emulsion layer to differentiate between the different types of emulsion formed. This term refers to the volume of the emulsion phase as opposed to pure oil or aqueous phases, measured



immediately after emulsification. For the case of fat crystal particles we were able to form only water-in-oil emulsions regardless of the volume fraction of oil used (ranging from 10 to 90%). When a drop of the prepared emulsion was deposited on a water surface it formed a lens. However, when deposited on the surface of decane, the emulsion drop dispersed and slowly settled down, for all total volume fractions of oil used, which indicates that the emulsion type is water-in-oil. This result was also confirmed independently after preparation of the same emulsion where the decane phase had been doped with a very low amount (10−8 M) of the hydrophobic fluorescent tracer Perylene. The
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Fig. 5. Emulsions of decane and water stabilised by 3.2 wt% Socal 312V particles (with respect to the decane phase) at different decane volume fractions (left-to-right 10, 30, 50, 70 and 90%). The type of emulsion formed changes from oil-in-water for decane volume fractions 10 and 30% to water-in-oil for decane volume fractions 50, 70 and 90%. Optical and fluorescence microscope images of the emulsions at two different decane volume fractions: (a) and (b) 30%; (c) and (d) 50%. As seen from the fluorescence images of the emulsions doped with perylene (b) and (d), the type of emulsion formed is changes from oil-in-water to water-in-oil for both volume fractions of oil.



emulsion layer volume fractions and the drop test results were exactly the same as for the system without Perylene. The fluorescence microscopy images of the emulsion phase showed a fluorescence signal only from the continuous phase. The microscopy images show an excess of fat crystals in the decane phase, i.e. not all fat crystal particles have been adsorbed on the drop surface. These results for the type of emulsion are consistent with the large contact angle of fat crystals at the decane– water interface, as revealed in the previous section by the gel trapping technique. Our conclusion is that if very hydrophobic colloid particles (as the fat microcrystals used in this study) are used as a single emulsifier, the results is the formation of



water-in-oil emulsion for all volume fractions of the dispersed phase. Fig. 5 shows the result of the emulsification of decane and water in the sole presence of Socal 312V particles. The optical images show the emulsion samples 30 min after emulsification. These particles produced very stable emulsions for all volume fractions of oil used (10–90%). We found that the emulsion layer volume fractions within the samples (as opposed to pure oil or pure water resulting from droplet coalescence, creaming and sedimentation) did not change notably one week after the preparation for all samples in the series (i.e. the emulsions were stable for at least a week). By using the drop test
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Fig. 6. Optical and fluorescence microscope images of emulsions of decane and water stabilised by 3.2 wt% Supro 651 particles (with respect to the decane phase) at different decane volume fractions: (a) and (b) 50%; (c) and (d) 90%. As seen from the fluorescence images of the emulsions doped with perylene (b) and (d), the type of emulsion formed is oil-in-water for both volume fractions of oil.



technique, we found that the type of emulsion changes from oil-in-water to water-in-oil between 30 and 50% oil volume fraction. One can see from the optical micrographs (Figs. 5a and 5c) that a large portion of the emulsion droplets have a non-spherical shape which has possibly resulted from multiple coalescence of smaller droplets with lower surface density of particles. Catastrophic phase inversion of the emulsions as a function of the oil volume fraction was also confirmed independently with fluorescence microscopy after producing the same emulsion and doping of the oil phase with an ultra low concentration of perylene. Figs. 5b and 5d show that the fluorescence signal changes from the dispersed phase to the disperse medium as the total volume fraction of oil is increased from 30 to 50%. These observations agree with previously reported results with model silica particles where emulsions stabilised solely by colloid particles with intermediate hydrophobicity were found to invert as a function of the dispersed phase volume fraction [8]. The results obtained with the GTT for the degree of wetting of the Socal 312V particles at the decane–water interface also confirm these findings. The specific volume fraction of oil at which the emulsions studied here invert is also in the same range as that observed previously. Furthermore, these observations are also justified by theoretical predictions put forward by Kralchevsky et al. in which the calculated interfacial works for the emulsification of both types of emulsions lead the authors to predict a phase inversion at an equal volume of oil and water [26]. By considering kinetic effects, they also justify a



different experimental value of the volume fraction at which solid-stabilised emulsions invert (as observed in our case). Supro 651 particles were found to stabilise only decane-inwater emulsions regardless of the oil volume fraction which was varied from 10 to 90%. The drop test showed that when deposited on water, an emulsion drop of Supro 651 stabilised emulsion always re-disperses, while if deposited on decane, it sinks to the base of the test tube as a whole drop. These results for the type of emulsion were also confirmed by doping the decane with a very low concentration of perylene and application of fluorescence microscopy. The optical micrographs of the emulsion samples at high oil content (90%) show a highly compressed oil-in-water emulsions which have a foamlike structure (see Figs. 6c and 6d). All samples show fluorescence signal only from the dispersed phase (e.g. decane). Note that in Fig. 6d some of the less concentrated areas of the sample appear less fluorescent as it was necessary to lower the light intensity for means of recording the optical images. However, all droplets appeared labelled in this system. The samples with 30 and 50% volume fraction of oil showed a notable sedimentation of large protein particles at the bottom of the test tube. This result seems to be consistent with the hydrophilic nature of the spray-dried soy protein particles which although preserving their shape when adsorbed at the oil–water interface (see Figs. 4c and 4d) show preference to the aqueous phase. The SEM images obtained with the gel trapping technique (Figs. 4a and 4b) show that the Supro 651 particles are preferentially wet-
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ted by the water phase when adsorbed at the air–water interface. However at the decane–water interface the same particles show moderate hydrophilicity. One would expect that at large volume fraction of oil the emulsion would invert to water-in-oil similarly as with the Socal 312V particles (see above) but in this case the experiment show that only oil-in-water emulsions are formed with the Supro 651 particles. 4. Summary In this work we examine the relation between the preferred type of emulsions stabilised solely by food colloid particles and their wettability at the oil–water interface. We have used a novel gel trapping technique to study the wettability of three types of food colloid particles adsorbed at two different liquid surfaces (air–water and decane–water). The method includes spreading of the particles at the interface between water and another fluid phase (air or oil) and subsequent gelling of the aqueous phase with a non-adsorbing hydrocolloid to fix the particles at their original position at the liquid interface. Subsequent moulding of the gel surface with PDMS allows the PDMS replica with the particles to be imaged with SEM to study the particles position with respect to the original air–water or oil–water interface. This methodology was used with fat particles, calcium carbonate particles coated with stearic acid and spray-dried soy protein–calcium phosphate particles. The SEM images reveal for the first time how these food colloid particles adsorb at liquid surfaces. The results clearly show that the GTT has a great potential for revealing valuable information about particle adsorption at liquid surfaces and can be used for estimation of the wettability of individual food colloid particles. We link the particle wettability with the preferred type of particle stabilised emulsions of decane and water as a function of the volume fraction of oil. Fat crystal particles (Rp70) were found to have a large contact angle at the oil–water interface. They stabilise preferentially water-in-oil emulsions for all volume fractions of decane. We estimate that calcium carbonate particles coated with stearic acid have intermediate hydrophobicity which allows the emulsion to be inverted from oil-in-water to water-in-oil at large volume fractions of oil. Soy protein par-
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