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Abstract:



Delivery systems with a solid dispersed phase can be produced in a melt emulsification process. For this, dispersed particles are melted, disrupted, and crystallized in a liquid continuous phase (melt emulsification). Different to bulk crystallization, droplets in oil-in-water emulsions show individual crystallization behavior, which differs from droplet to droplet. Therefore, emulsion droplets may form liquid, amorphous, and crystalline structures during the crystallization process. The resulting particle size, shape, and physical state influence the application properties of these colloidal systems and have to be known in formulation research. To characterize crystallization behavior of single droplets in micro emulsions (range 1 µm to several hundred µm), a direct thermo-optical method was developed. It allows simultaneous determination of size, size distribution, and morphology of single droplets within droplet clusters. As it is also possible to differentiate between liquid, amorphous, and crystalline structures, we introduce a crystallization index, CIi, in dispersions with a crystalline dispersed phase. Application of the thermo-optical approach on hexadecane-in-water model emulsion showed the ability of the method to detect single crystallization events of droplets within emulsion clusters, providing detailed information about crystallization processes in dispersions.
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1. Introduction


The development of novel delivery systems for bioactive substances has a wide field of applications in food [1], cosmetic [2], and pharmaceutical [3] industries. Many of those organic active substances are either unstable, and/or insoluble in water and consequently have low bioavailability. Especially targeting and influencing release kinetics is a great challenge. Encapsulation of these substances in colloidal lipophilic systems, such as emulsions, allows an application in aqueous solutions for use in human bodies or other life science systems [4,5]. The transformation of such emulsions into suspensions enables a further specialization. The solid state of the obtained colloids allows surface functionalization and diffusion controlled release for site-specific and adjusted release kinetics of bioactive substances [6,7,8].



Colloidal delivery systems with a crystalline dispersed phase can be produced in a two-step melt emulsification process [9]. In the first step, the dispersed phase is emulsified above its melting temperature in a mechanical or thermo-physical emulsification process. In the second step, the droplets are cooled down until crystallization occurs and the emulsion forms a fine dispersed suspension [10,11,12]. While bulk crystallization is quite well understood today, crystallization of molten droplets in emulsions poses challenges [13]. Different to bulk crystallization, organic droplets in oil-in-water emulsions show individual crystallization behavior which differs from droplet to droplet. During supercooling, droplets can remain as supercooled liquid, form amorphous particles, or crystallize as mono and multi crystalline structures. The formation of different structures within emulsions during crystallization depends on the materials used, the thermal energy, and external forces which influence nucleation in emulsions [14]. For example, surfactants may initiate heterogeneous nucleation at the interface and influence the form of particles after crystallization [15,16], collisions cause secondary heterogeneous nucleation and increase nucleation rates [17,18], and shear stress can influence nucleation mechanisms by forming shear-dependent crystalline structures [19,20]. Therefore, resulting particle size, shape, and physical state of dispersions after cooling depend on the formulation and on the melt emulsification process itself, and can eventually influence application properties such as bioavailability, drug loading, and release behavior of colloidal delivery systems [21,22].



Apart from life science systems, solidification of droplets occurs in a number of industrial applications, such as formulations of mold release agents, mini emulsion polymerization (including semi crystalline polymers), or hydrate formation in droplets during pipeline transport of crude oil [23,24]. Therefore, various methods to characterize crystallization behavior, crystal structure, and solid fraction in emulsions were developed and established in the past decades [25,26,27,28,29,30,31]. Commonly used methods are based on differential scanning calorimetry [32], ultrasound velocimetry [33], and X-ray diffraction [34]. Unfortunately, those methods describe integral quantities and are not able to detect crystallization events in single droplets or to differentiate between crystallization events in different single droplets within emulsions.



In this contribution, we propose a novel direct thermo-optical method that was developed to: (1) describe the crystallization behavior of droplets in the range of 1 µm to several hundred µm in concentrated micro emulsions, and (2) to detect and characterize individual crystallization events in single droplets of droplet clusters. At the same time, the determination of particle size, size distribution, and morphology—with additional differentiation between liquid, amorphous, and crystalline structures—enables the introduction of the crystallization index, CIi. We applied the thermo-optical analysis to a hexadecane oil-in-water model emulsion stabilized with Tween® 20, and compared the results with calorimetric measurements of crystallization behavior within the dispersion. Using our thermo-optical approach, we were able to detect single crystallization events within droplet clusters and differentiate in our model emulsion between liquid, supercooled liquid, and multi-crystalline states of the dispersion during the crystallization process.




2. Experimental Section


2.1. Materials


All substances used were commercially available and used as obtained without further purification or processing, unless otherwise noted. Hexadecane (purity 99%, melting point at 18 °C) was purchased from Sigma-Aldrich® (St. Louis, MO, USA) and polyoxyethylen-20-sorbitanmonolaurat (Tween® 20) was purchased from Carl-Roth® (Karlsruhe, Germany). Water was purified in a Milli-Q® instrument (Q-POD®, 18.2 MΩ) (Darmstadt, Germany).




2.2. Emulsion Preparation


Every emulsion was prepared three times for triple determination and consisted of 1 wt % hexadecane (dispersed phase), 1 wt % Tween® 20 (surfactant), and 98 wt % Milli-Q water (continuous phase). First, Tween® 20 was dissolved in tempered Milli-Q water at 28 °C (10 K above melting point of hexadecane) and stirred for 10 min at 28 °C in a glass vessel of 25 mm inner diameter. Afterwards, hexadecane was added to the surfactant solution and tempered with a tooth-rim dispersing element for an additional 15 min at 28 °C without stirring. Then, hexadecane was dispersed with a tooth-rim dispersing machine (IKA® T25 digital, ULTRA-TURRAX®, Staufen im Breisgau, Germany) at 2.2 m/s tangential speed (3200 rpm, 13 mm rotor outer diameter) 10 K above its melting point for 10 min. After emulsification, samples were taken for differential scanning calorimetry (DSC), laser diffraction/droplet size measurements, and thermo-optical polarized microscopy analysis. Between emulsification and analysis, the emulsions were continuously stirred to avoid creaming/inhomogeneous sampling and kept above the melting temperature of hexadecane (18 °C). During the experimental part, emulsions did not show any sign of instability.




2.3. Characterization of Emulsions and Crystallization Behavior


2.3.1. Differential Scanning Calorimetry Analysis


For thermal analysis, samples of bulk hexadecane (between 5 and 6 mg) and samples of hexadecane-in-water emulsions (between 9 and 10 mg) were weighed and sealed in aluminum pans. Samples with bulk hexadecane and hexadecane emulsions were then loaded in a differential scanning calorimeter (DSC 8000, Perkin Elmer, Waltham, MA, USA) and cooled from 25 to 0 °C with a cooling rate of 1 K/min. Afterwards, samples were heated from 0 to 25 °C with a heating rate of 1 K/min. The DSC apparatus had previously been calibrated against n-decane and indium. Every sample was run against an empty aluminum pan. Differential scanning calorimetry measurements were performed to measure the solid fraction and the onset phase transition temperature during controlled cooling and heating of bulk hexadecane and 1 wt % hexadecane in Milli-Q water emulsions stabilized with 1 wt % Tween® 20. Therefore, the heat flows of bulk hexadecane and hexadecane oil-in-water emulsions were recorded as a function of temperature. The peaks of the heat flow curve were used to identify crystallization and melting onset temperature during temperature scans. Peak areas were calculated to quantify the solid fraction during liquid-solid and solid-liquid phase transitions according to McClements [32].




2.3.2. Laser Diffraction Analysis


The droplet size distributions (DSD) of emulsions were determined by a laser diffraction particle size analyzer (HORIBA LA-940, Retsch Technology, Haan, Germany) in a stirred fraction cell. The measuring range of the instrument is between 0.01 and 3000 µm due to data analysis using a combination of laser diffraction and Mie scattering theory. The refractive index used for hexadecane was 1.434 + 0.000i. Emulsions were strongly diluted and measured three times above melting temperature of hexadecane. Measurements of crystallized emulsions were not possible due to the absence of cooling equipment in the stirred fraction cell.




2.3.3. Polarized Microscopy Analysis


The thermo-optical observation of the crystallization behavior of hexadecane-in-water droplets in a droplet collective was investigated using a customized polarizing microscope (Eclipse Ci-L, Nikon, Shinagawa, Tokyo, Japan) equipped with an optically accessible temperature controlled stage (LTS 420, Linkam Scientific, Tadworth, UK).



After the emulsification step, 25 µL of emulsion were pipetted between two microscope cover slips placed on a tempered microscope object slide using a tempered pipette, then covered with a third cover slip and sealed with silicone at 28 °C. Afterwards, the sealed samples were placed in the optically accessible temperature-controlled stage and held at 28 °C until the start of experiment as shown in Figure 1. Time between emulsification and experiment was always less than 15 min.


Figure 1. Experimental set up for the thermo-optical investigation of the crystallization behavior of single droplets in droplet clusters. The left image shows the sample preparation procedure. The polarizing light microscope with optically accessible precise cooling and heating stage is shown on the right.
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To investigate the crystallization behavior of droplets in emulsions, sealed samples were cooled down from 28 to 0 °C with cooling rate of 1 K/min. During the entire experiment, picture sequences of the crystallizing dispersion were taken every 0.2 K.




2.3.4. Image Processing


The obtained picture sequences were processed with ImageJ (version 1.46r, National Institute of Health, Bethesda, MD, USA) software to determine characteristic values, such as number, size, and size distribution of crystallized and supercooled droplets as shown in Figure 2.


Figure 2. (A) shows the original image of 1 wt % hexadecane in Milli-Q water emulsion stabilized with 1 wt % Tween® 20 at 4.7 °C. Gray transparent spheres are liquid, supercooled droplets and green opaque spheroids are multi crystalline structures of solidified hexadecane droplets; (B) shows the blue channel of the original image and (C) shows the green channel of the original image; (D) shows the processed blue channel image with the resulting determination of supercooled droplets by number and area; (E) shows the processed green channel image with the resulting determination of crystallized droplets by number and area. Droplets/particles on the edge of the image were excluded from the characterization. Length of the scale bar is 100 µm.
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First, the original micrograph was split into red, blue, and green channel images. Due to the green appearance of crystallized droplets, the green channel image (see Figure 2C) of the original image was used to characterize the crystallized droplets by number and area. Therefore, the green channel image was inverted and the threshold was adjusted to exclude supercooled droplets from image processing. Analogous to the characterization of crystallized droplets, the blue channel image (see Figure 2B) was processed to characterize supercooled droplets by number and area, excluding the crystalized particles by inverting the image and adjusting the threshold. To avoid analysis errors, such as not detected or falsely joined droplets and crystals, functions like ”fill holes“ and ”watershed“ were applied. Finally, using shape detecting tools such as ”show outlines“ or ”show ellipses”, supercooled droplets (see Figure 2D) and crystallized droplets (see Figure 2E) were characterized by number and area and the surface equivalent diameter of spheres was calculated. Droplets and particles on the edge of the image were excluded from the characterization. Consequently, droplet and particle size distributions were determined according to mechanical engineering and particle technology textbooks, such as [35].






3. Results and Discussion


DSC measurements of bulk hexadecane showed sharp exothermic peaks during cooling (solidification peak) and broader endothermic peaks during heating (melting peak) as shown in Figure 3. The crystallization temperature of bulk hexadecane was determined to be 16.21 °C (±0.12 K) and the melting temperature to be 18.26 °C (±0.05 K) as shown in Table 1. Due to the exothermic nature of crystallization, the solid content increased nearly instantaneously from zero (no solidification) to one (fully solidification) within 1 K at crystallization temperature, and is shown in Figure 3 as a dot chain line.


Figure 3. Differential scanning calorimetry (DSC) measurements of bulk hexadecane. Cooling from 25 to 0 °C with cooling rate of 1 K/min: the grid area is the integral of the cooling curve with the dot chain line for solid fraction as a function of temperature during cooling. Heating from 0 to 25 °C with heating rate of 1 K/min: hatched area is the integral of the heating curve with the dash line for solid fraction as a function of temperature during heating.
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Table 1. Evaluation of phase transition onset temperature, energy and enthalpy of thermal analysis measurements of bulk hexadecane and of 1 wt % hexadecane in Milli-Q water emulsions stabilized with 1 wt % Tween® 20 according to Figure 3 and Figure 4.







	
Phase Transition

	
Temperature/°C

	
Energy/mJ

	
Enthalpy/J/g






	
liquid–solid transition of the bulk

	
16.21 ± 0.12

	
−1281.47 ± 5.11

	
−230.65 ± 0.37




	
solid–liquid transition of the bulk

	
18.26 ± 0.05

	
+1279.50 ± 7.44

	
+230.11 ± 0.34




	
liquid–solid transition of the emulsion

	
15.66 ± 0.32

	
−6.98 ± 6.16

	
−0.67 ± 0.61




	
solid–liquid transition of the emulsion

	
18.33 ± 0.01

	
17.60 ± 1.48

	
1.78 ± 0.18










The determination of solid fraction was possible due to the absence of change in the absolute value of phase transition energy and enthalpy during solidification and melting. This ensured that no previously formed hexadecane crystals (no increase of solid–liquid phase transition energy compared to liquid–solid phase transition energy) or foreign crystals were present in the samples (the determined crystallization and melting enthalpy equals the literature fusion enthalpy value of −227.26 J/g for hexadecane [36]).



Similar to bulk hexadecane, 1 wt % hexadecane oil-in-water emulsions showed sharp exothermic peaks during cooling, and broader endothermic peaks during heating. Since the amount of hexadecane was only 1 wt %, the heat flow signal was particularly low (see Figure 4).


Figure 4. DSC measurements of 1 wt % hexadecane in Milli-Q water emulsions stabilized with 1 wt % Tween® 20. Cooling from 25 to 0 °C with cooling rate of 1 K/min: grid area is the integral of cooling curve and standard deviation of the repetitions. Heating from 0 to 25 °C with heating rate of 1 K/min: hatched area is the integral of heating curve and standard deviation of the repetitions. The outlined region from 15 to 16 °C on the right shows the major crystallization peaks of the measured emulsion. The outlined region from 6 to 7 °C on the left shows magnified cooling curves of the measured emulsions.
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In the case of 1 wt % hexadecane oil-in-water emulsions, the onset crystallization temperature was 15.66 °C (±0.32 K) and thus lower than the crystallization temperature of bulk hexadecane (see Table 1). This is caused by the reduction of catalytic impurities within decreasing droplet volumes [1,34]. Also during melting, hexadecane oil-in-water emulsions showed a slightly higher melting temperature of 18.33 °C (±0.01 K) compared to bulk hexadecane.



The determination of solid fraction using DSC measurements of hexadecane oil-in-water emulsions was not possible. The integration of heat flow curves led to different initial values of phase transition energies as shown in Table 1. Since crystallization in droplets is a stochastic process, solidification of single emulsion droplets may occur at different stages of supercooling. Melting of the droplets, on the other hand, occurs near the melting point of bulk hexadecane and may be marginally affected by the droplet size and thermodynamic properties of the system. The higher melting energy compared to the crystallization energy led to the assumption that not every crystallization event that took place could be recorded in a heat flow curve during DSC measurements. The comparison of the solid–liquid phase transition enthalpies of bulk hexadecane (230.11 J/g) and hexadecane oil-in-water emulsions (1.78 J/g) also demonstrated many non-detected melting events: Here, the transition energy of the 1 wt % hexadecane oil-in-water emulsion should be in the range of about one hundredth of the solid–liquid transition enthalpy of bulk hexadecane (2.30 J/g).



To detect every crystallization and melting event within droplets, we investigated hexadecane oil-in-water emulsions under a cryo polarizing microscope equipped with an optically accessible precise cooling/heating stage. In this manner, we were able to optically follow the crystallization of single droplets in droplet clusters at the same temperature conditions as previously described in the DSC measurements. Due to the polarization filter, it was possible to differentiate between liquid or supercooled droplets (gray, transparent), amorphous particles (gray, turbid) and mono (colored, transparent) or multi crystalline (colored, opaque) structures.



Using our model system, 1 wt % hexadecane in Milli-Q water emulsion stabilized with 1 wt % Tween® 20, we observed three different states of the dispersion during supercooling: liquid droplets above 18 °C (gray, transparent), supercooled droplets below 18 °C (gray, transparent) and multi crystalline (colored, opaque) structures (see Figure 5). No amorphous particles (gray, turbid) or mono crystalline structures (colored, transparent) were observed during the experiments with this model system. The observed dense monolayer arrangement of droplets, despite the low dispersed phase mass fraction, was caused by creaming of droplets in the measurement cell. Hexadecane droplets crystallized as multi crystalline spheroids and remained nearly spherical after solidification. Crystallized droplets were detected first at 15.30 °C (±0.16 K) which is similar to the onset crystallization temperature of 15.66 °C (±0.32 K) measured by DSC. At 15 °C (3 K supercooling) further crystalized droplets were detected, which crystallized individually and stochastically distributed in the observed volume. The individual crystallization behavior of droplets in droplet clusters might be the reason for the difficulties in detecting crystallization events during DSC measurements and, consequently, calculation of solid fraction in emulsions with low dispersed phase mass fraction.


Figure 5. Micrographs of 1 wt % hexadecane in Milli-Q water emulsion stabilized with 1 wt % Tween® 20. Cooling from 28 to 0 °C with cooling rate of 1 K/min: gray transparent spheres are liquid or supercooled droplets and green opaque spheroids are multi crystalline structures of solidified hexadecane droplets. With decreasing temperature, the number of solidified droplets increases. Length of the scale bar is 200 µm.
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Decreasing the temperature led to an increasing number of crystallized droplets. Different to crystallization at low supercooling, at higher supercooling droplets tended to crystallize in the neighborhood of already solidified droplets, as can be observed in Figure 5, during the temperature decrease from 10 °C (8 K supercooling) to 5.0 °C (13 K supercooling). We propose that secondary nucleation was initiated in supercooled droplets in contact with crystallized droplets, which can be compared, in attenuated form, to the collision-mediated secondary nucleation in hexadecane oil-in-water emulsions [18]. A complete crystallization of droplets in 1 wt % hexadecane oil-in-water emulsions was observed at 2.20 °C (±0.14 K).



The discrepancy of the calorimetric measurements and thermo-optical investigations of crystallization behavior in emulsions at low dispersed phase fraction is mostly influenced by the following factors: (1) determination by number (thermo-optical investigations) vs. determination by mass (calorimetric measurements); (2) technical limitations (signal to noise ratio); and (3) statistical effects (analyzed sample volume). As it already known, big droplets tend to crystallize at low supercooling near the crystallization temperature of the bulk, while small droplets lead to large supercooling until crystallization [1]. The droplet size in the model hexadecane emulsion system ranges from 2.6 to 44.9 µm (see Figure 6, laser diffraction measurements). The evaluation of crystallization events in these droplets by number leads to signal ratio of 1 (2.6 µm droplet) to 1 (44.9 µm droplet), while the evaluation by mass generates a signal ratio of 1 (2.6 µm droplet) to approx. 5000 (44.9 µm droplet). Therefore, crystallization of single big droplets causes large crystallization peaks near the bulk crystallization temperatures (shown in Figure 4, outlined region between 15 and 16 °C), while individual crystallization of small droplets at high supercoolings generates low signal leading to a bad signal-to-noise ratio (shown in Figure 4, outlined region between 6 and 7 °C). Additionally, statistical effects, caused by different sample volumes (calorimetric measurements: 5 mg vs. thermo-optical investigation: between 0.05 and 0.5 mg in the observed volume), influence the probability of big droplets in the sample: small sample volume implies low probability of big droplets in the sample, causing low signal by mass; high sample volume implies high probability of big droplets in the sample, causing high signal by mass. Consequently, evaluation by number, especially at low dispersed phase fraction, is less sensitive to this phenomenon.


Figure 6. Cumulative area sum distribution Q2 of 1 wt % hexadecane in Milli-Q water emulsions stabilized with 1 wt % Tween® 20. Filled circles, one color: DSD measurements with polarizing microscope at 20 °C of liquid droplets. Filled stars, one color: Particles size distribution (PSD) measurements with polarizing microscope at 0 °C of crystallized droplets. Filled circles, bicolor: DSD measurements using laser diffraction and Mie theory at room temperature (above melting point of hexadecane) of liquid droplets.
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The size distribution of liquid droplets before crystallization at 20 °C and after the entire crystallization of droplets at 0 °C was determined from the micrographs as described in Material and Methods. In addition, laser diffraction measurements of liquid droplets at room temperature (above the melting point of hexadecane) were performed. All distributions are shown in Figure 6. We observed a slight increase of the size distribution during the liquid–solid transition of droplets. However, we can confirm that no coalescence events took place during phase transition in all of our thermo-optical experiments. Consequently, the number of droplets before crystallization (Nd = 1283, ±94) and the number of resulting crystallized particles after solidification (Ncp = 1300, ±57) were identical within standard deviation. A change in the total evaluated number of droplets/particles during phase transition was caused by a slight movement of droplets/particles out of the observation area. Compared to the more statistical laser diffraction and Mie theory based droplet size distribution measurements, we can see that both cumulative sum distribution curves (polarized microscopy and laser diffraction) intersect at the same mean value x50.2 (x50.2, microscopy = 17.64 µm and x50.2, laser diffraction = 17.46 µm). Thus, the deviation in x10.2 and x90.2 values are the result of the evaluation of a larger amount of emulsion droplets in case of laser diffraction (several thousand droplets), while only a reduced amount of droplets can be analyzed in case of thermo-optical polarized microscopy due to the limited observation area (range here: one thousand droplets). Nevertheless, comparing mean values x50.2 leads to an excellent match in size evaluation of emulsions.



The direct thermo-optical method can also be used to characterize individual crystallization in droplets and droplet clusters and to differentiate between the solid and the crystalline fraction at a specific temperature or during supercooling, respectively. The total number of crystalline particles in relation to the total number of particles and droplets was taken to calculate the number based crystallization index CIN:


[image: there is no content]



(1)




where Ncp is the total number of crystalline particles (mono and multi crystalline structures), Np the total number of solid particles (amorphous, mono and multi crystalline structures) and Nd the total number of droplets (liquid and supercooled droplets). Depending on the application, CIi may also be given as the relation between mass (CIM) or volume (CIV) of the investigated material, both of which can be calculated from the micrographs. As crystallization in emulsions is an event taking place in single droplets, and since we always observed immediate and entire crystallization within a droplet after nucleation, we concentrate on the number based CIN for the following discussions.



The total number of droplets/particles, droplet/particle size, and size distribution were determined as a function of temperature and supercooling with simultaneous differentiation in physical state of droplets (liquid and supercooled liquid) and particles (amorphous solid, mono crystalline solid, and multi crystalline solid). As shown in Figure 5, hexadecane emulsions formed multi crystalline spheroids during liquid–solid transition, which limited the differentiation to supercooled liquid and multi crystalline spheroids during the determination of crystallization index shown in Figure 7.


Figure 7. Number based crystallization index CIN as function of temperature and supercooling of 1 wt % hexadecane in Milli-Q water emulsions stabilized with 1 wt % Tween® 20.
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Different to DSC measurements, every crystallization event had been recorded in the observed volume during thermo-optical investigation of hexadecane oil-in-water emulsions. As shown in Figure 4 and Table 1, the highest heat flow signal of DSC was detected at 15.66 °C (±0.32 K). At this temperature (at 15.30 °C, ±0.16 K), first crystallization events within droplets were detected during thermo-optical observation. However, at this temperature, the crystallization process within supercooled droplets was only initialized, as can be seen in Figure 5. In the range from 15 °C (3 K supercooling) to 12.5 °C (5.5 K supercooling), only a few droplets crystallized individually and stochastically within the emulsion. Consequently, CIN is very low at this temperature range (see Figure 7). Between 12.5 °C and 10 °C (8 K supercooling), we see a transition region with an increasing number of crystallization events within droplets and an exponential increase of crystallized droplets until 2.2 °C (±0.14 K, 15.8 K supercooling). From 2.2 °C on, all droplets in the investigated sample volume were observed in the form of multi crystalline spheroids.



A more detailed analysis of the crystallization index as a function of formulation (materials and concentrations) and process (shear and external forces) parameters is the subject of ongoing work and will be discussed in detail in our following papers.




4. Conclusions


The application properties of oil-in-water emulsions with crystalline dispersed phase depend strongly on the crystallization step within the droplets. Different to crystallization of bulk materials, oil-in-water emulsions show individual crystallization of droplets which differs from droplet to droplet. Consequently, non-integral methods are required to describe the crystallization behavior of single droplets and of droplets in droplet clusters such as oil-in-water emulsions. In this contribution, we presented a direct thermo-optical procedure that we developed to describe the crystallization progress within oil-in-water micro emulsions. The use of a polarizing microscope equipped with a precise cooling/heating stage enabled us to gain insight into the crystallization behavior in concentrated emulsions. At the same time, the detection and characterization of individual crystallization events in single droplets (range 1 µm to several hundred µm) in droplet clusters was possible. Simultaneously, precise differentiation between liquid, supercooled liquid, amorphous, and mono or multi crystalline structures allowed for the introduction of a crystallization index CIi. Due to the high degree of detail of this method, the number based CIN specifies the ratio of crystalline structures to total number of structures and can differentiate between different types of solid fractions (amorphous and mono or multi crystalline structures). Compared to conventional thermal analysis using differential scanning calorimetry, more detailed information about crystallization behavior of emulsions can thus be achieved. We applied this thermo-optical analysis to a hexadecane oil-in-water model emulsion stabilized with Tween® 20. We could thus show that crystallization only took place in the dispersed phase of the hexadecane oil-in-water emulsions without any sign of crystal formation in the continuous phase and crystallization of the continuous phase itself. We saw a slight increase in size distribution during liquid–solid phase transition and could exclude coalescence as the reason for this increase due to the simultaneous number monitoring of emulsion droplets during phase transition. In addition to the determination of the number based CIN of hexadecane oil-in-water emulsions, our thermo-optical procedure delivered detailed information on number, size, size distribution, and morphology of the dispersed phase and its change during the phase transition in a single measurement using only one analytical device.
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