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The fortification of food with vitamin D has several limitations because this group of fat-soluble com-

pounds may degrade or undergo undesirable changes during technologic processing and storage of food. 
The purpose of this study was to investigate emulsions for vitamin D3 delivery in commercial foods. Oil-in-
water (o/w) emulsions stabilized by mixture of various proteins (whey protein isolate (WPI), skimmed milk 
powder (SMP) and vegan protein isolate (VPI)) as emulsifiers and carboxymethylcellulose as thickening 
agent were used. The shear stress and effective dynamic viscosity of the emulsions in the wide range of 
shear rates were experimentally determined. By approximating experimental flow curves using the power-
law model, the values of the consistency coefficient and flow behavior index were obtained, which made it 
possible to classify the emulsions as systems with pseudoplastic flow. 

Within the framework of the structural approach, the rheological data were analyzed on the basis of the 
generalized rheological model of Casson. The contributions to the process of viscous flow calculated from 
the experimental data from the integral characteristics of associates of droplets and individual particles dur-
ing their hydrodynamic interaction made it possible to explain the effect of changing the viscosity of emul-
sions from the nature of the emulsifier used. 

The zeta potential values determined by the dynamic light scattering method indicate the existence of a 
strong repulsive force as a factor for the stability of emulsions. The sign of the potential and its magnitude 
indicate the process of adsorption on the surface of fat droplets molecule of protein. The presence of a peak 
of flocculated particles in the histograms of the particle size distribution is explained by the presence of non-
adsorbing polysaccharides, which are capable of the generation of aggregated emulsion structures through 
depletion flocculation. 

Regardless of the choice of the type and nature of the protein emulsifier - animal or plant origin, all studied 
systems were stable and can be considered for use as emulsion-based delivery systems of vitamin D. From 
an economic point of view, it is advisable to use dry milk as an emulsifier. The resulting emulsions can be 
used as a basis for the production of vitamin D3-fortified foods, in particular for dairy products. 
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Introduction 
Vitamin D (VD) is a fat-soluble vitamin. It supplements are available in two forms: vitamin D2 

(ergocalciferol) and vitamin D3 (cholecalciferol). Both are also naturally occurring forms that are pro-
duced in the presence of the sun’s ultraviolet rays, but only D3 in animals, including humans [1]. VD 
production in the skin is the primary natural source of vitamin D3, but many people have insufficient 
levels. Today, according to medical reports, the majority of the world's population is deficient in the 
vitamin D3 [2,3]. This problem is inherent in the population of Ukraine [4]. 

Vitamin D3 is known to play an important role in bone health (calcium and phosphorus metabo-
lism) [5], play a role in muscle development and epidemiologic data suggest its benefits cardiovascu-
lar mortality, hypertension, colorectal cancer, multiple sclerosis, type 1 diabetes, immune function, 
and inflammation [6–8]. More detailed information on biochemical and physiological aspects can be 
found in the monograph [9]. In 2020, close attention to VD was due to both the problems of the global 
food market and publications related to the spread of the COVID-19 virus [10]. Analysis of statistical 
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medical data has shown the important role of this vitamin in the regulation of the immune system in 
viral infections [11]. According to the authors [12], VD consumption can lead to a decrease in severe 
complications of COVID-19, suppress hypercytokinemia, while increasing innate immunity and 
avoiding a significant increase in adaptive immunity. In report [13] present preliminary evidence of a 
link between VD deficiency in humans and the severity of COVID-19 disease. The authors concluded 
in favor of the intake of this vitamin in the human body as a potential additional strategy to prevent the 
incidence of COVID-19 or reduce the severity of the disease. 

Since VD deficiency is a widespread health problem, functional foods fortified with this vitamin 
have been attracting more and more consumer attention around the world in recent years [10]. A de-
tailed overview of such products, including country of origin information, is given in [3]. Fortification 
is considered the most effective among the available medical interventions, but requires close attention 
to studying the interaction of the introduced component with components of the food matrix of prod-
ucts. Ignoring this factor can lead to the loss of the added enrichment component during processing 
and/or storage of the food product. From a chemical point of view, VD is sensitive to oxidation proc-
esses due to the presence of double bonds in the structure. In addition, factors such as light, oxygen 
and high temperature can cause isomerization and degradation of the vitamin, leading to the formation 
of its inactive forms. All these problems must be solved for the development of an effective and budg-
etary technology for introducing vitamin VD into food products. 

Many foods are manufactured as emulsions. That is why, a promising solution is the introduction 
of vitamin VD in emulsions by encapsulation [14,15]. In this way the VD can be protected from con-
ditions that lead to its degradation [3]. In this case, various emulsions should be considered as emul-
sion-based delivery systems of bioactive compound into the human body and they are of undoubted 
interest for the food industry [16]. In recent years, particular interest has been attracted by the use of 
nanotechnology in this area [17,18]. However, an emulsion in the macro- and nanoscale range is a 
thermodynamically unstable system that is capable of destabilizing over time by sedimentation, floc-
culation, coalescention, Ostwald ripening and phase separation [19]. In addition, droplet size directly 
depends on the stability of the emulsion, as well as on the optical, rheological and sensory properties 
[20]. It has been shown that, smaller droplets can usually be formed when the viscosity ratio (the vis-
cosity of the oil phase to the viscosity of the aqueous phase) is close to unity. This indicates that 
knowledge of the rheological properties of the material is becoming one of the important factors for 
the development of technological processes for creating food emulsions [21] and would help to im-
prove the economic production of high-quality products [22]. 

Thus, the effective process of creating a food product as emulsion-based delivery systems of VD is 
determined by two main factors: the stability of emulsions as the ability of an emulsion to resist 
changes to its properties over time and the absence of vitamin degradation in the food matrix. This 
should take into account the fact that the delivery systems should meet food-grade standards, both in 
the formulation and in production methods [23]. 

In the last decade, the research has addressed with growing intensity the development of food-
grade delivery systems for VD. As an example, some summarized data from these studies, important 
for the design of the developed emulsion, are presented in Table 1. 

As can be seen from Table 1, even on such a small number of the above studies, in experimental 
development, a fairly wide variety of types of emulsions, methods of their preparation and emulsion 
components are used. But when choosing one or another methodology for obtaining emulsion-based 
delivery systems as a commercial product, an economic criterion related to the cost of production be-
comes important. Taking into account all the above factors, in the section Emulsion structure design 
and sampling, the choice of the objects of this study is justified. 

The aim of this work was to study (i) the formation process and the stability of vegetable oil-in-
water emulsions as potential as emulsion-based delivery systems of VD (in form of D3) in commercial 
foods and (ii) rheological and microsсopic parameters variation of such emulsions prepared in the 
laboratory from the type of protein emulsifier. 

 

Emulsion structure design and sampling 
The above analysis of the literature data made it possible to optimize the design of the studied 

emulsions using the authors' sample as a prototype [24]. But instead of rapeseed oil, sunflower oil was 
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used as the fat phase with VD introduced into it. Such a replacement for a future commercial product, 
firstly, is quite logical for economic reasons, given the price of both oils and the region of production 
(Kharkiv Oblast, Ukraine). Secondly, it should be taken into account that in [25] the fact of an increase 
in the preservation of VD with a decrease in the size of droplets was noted. Replacing rapeseed oil 
(dynamic viscosity at 26 °C is 59.2 mPaꞏs [28]) by sunflower oil (dynamic viscosity at 26 С is 
48.8 mPaꞏs [28]) should lead to a decrease in the droplet size of the fat phase. The generation of small 
droplets during homogenization depends on the ratio of the viscosity of the dispersed phase to that of 
the continuous phase [29]. And thirdly, sunflower oil is more stable to oxidation due to the lower con-
tent of polyunsaturated and monounsaturated fatty acids in fatty acids composition [28]. 

 
Table 1. Some emulsion-based systems for delivery of vitamin D 

Type* MH**
Oil phase 
(% w/w) 

Emulsifier 
(% w/w) 

Stabilizer, 
(% w/w) 

Main results (emulsion 
stability and vitamin D 

degradation) 
Ref. 

С 
O/W 

HSH 
rapeseed 

oil 
(40) 

whey protein 
(2) 

carboxymethyl 
cellulose 

(0.75) 

creaming stability 100% 
and retention of vitamin D 
93% after 7 days of storage 

at 4°C in the dark 

[24] 

C 
O/W 

MF 

medium-
chain tri-
glycerides 

(4) 

gum arabic 
(7), maltodex-

trin (2), 
whey protein 

(0.5), 
soy protein 

(4) 

 

the highest protection of 
vitamin D (7085 %) at 
25°C after 30 days; the 

minimum size of particles 
obtained were as 

132468 nm; the minimum 
amount of vitamin D would 

be oxidized in smaller 
droplets 

[25] 

ML 
O/W 

S 
canola oil 

(7) 

soy lecithin 
and tween 80 
with ratio 2:3 

(4) 

 

droplet growth ratio was 
0.141 after 14 days of stor-

age; vitamin D retention 
76%; values for droplet size 

was 112.36 nm 

[26] 

P 
O/W 

HP 
soybean 

oil 
(10) 

nanofibrillated 
cellulose 
(0.3-0.7) 

 

The emulsions were stable 
to temperature, most pH 

values (3 to 7); good stabil-
ity to long-term storage, 
with little evidence of 

creaming; retention of vi-
tamin D >94% 

[27] 

  * Type of emulsion: C  conventional; ML – multilayer emulsion; P  Pickering. 
** MH (Method of homogenization): HSH – high-speed (rotor-stator); MF  microfluidization; 
S sonication; HP  high pressure 
 
Emulsions (o/w) with different emulsifiers were used for research. In food technologies, surfactants 

are widely used as emulsifiers, in particular, protein emulsifiers (Table 1), which are adsorbed on the 
surface of the droplet, reducing the interfacial tension. In the process of stabilization of emulsions, the 
molecular properties of proteins are manifested: structure, surface hydrophobicity and molecular 
weight, which makes possible the formation of small droplets. In addition, milk and vegetable proteins 
are natural emulsifiers [20]. Most edible emulsions usually contain a combination of protein and poly-
saccharides. The latter compounds are used as a thickening component and stabilizer. When certain 
environmental conditions are created (pH, temperature, ionic strength), the interaction of these com-
ponents can be used as a factor for obtaining an emulsion and optimizing its stability [30,31]. 

There are two alternative ways in which emulsion droplets can be stabilized by a mixture of protein 
and polysaccharide [32]. In this study, we used simultaneous adsorption principle by analogy with 
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research [33]. According this method, first procedure is to prepare a mixed solution of the protein and 
CMC, and then use the resulting protein–polysaccharide complex as the emulsifying agent during 
homogenization. But it was taken into account that the WP–CMC interaction will not occur at a pH 
close to neutral. Therefore, in emulsions stabilized with a mixture of WP and CMC, the polysaccha-
ride molecules remain unabsorbed on the oil drop. But research has shown [20] CMC can increase the 
stability of emulsions by increasing the viscosity or gelation of the aqueous phase. As a result, the oil 
droplets of the emulsion are blocked by the structure of the resulting gel, which prevents delamination 
[31]. It should also be noted the effect of carboxymethylcellulose on the stability of emulsions under 
conditions that simulate real conditions of digestion in the gastrointestinal tract [33]. 

Taking into account the information given in the literature sources discussed above, in this study, 
samples of emulsions were used as objects, the composition of which is given in Table 2. The emul-
sions were made in triplicate at room temperature and the batch size was 200 g. 

 
Table 2. Formulations of o/w emulsions weighing 100 g 

Aqueous phase 
Emulsion Emulsifier, 

(% w/w) 
Stabilizer,  
(% w/w) 

Oil phase, 
(% w/w) 

EWP WPI (2.0) 
EMP SMP (2.0) 
EVP VPI (2.0) 

CMC (0.75) 
sunflower oil (40.0) with 
100.0 g of vitamin D3 

 

Experimental Section 
Reagent. Vitamin  powder (800 I.U./g) was purchased from Susin Biotech Co., LTD (Hefei, 

China). Sodium carboxymethylcellulose (CMC) (reagent purity ≥99,5±3%, viscosity of 2% (w/w) solu-
tion at 25 С equals 1000-3000 mPa s) was received from Carl ROTH GmbH Co (Karisruhe, Ger-
many). Emulsion was prepared using double distilled water. 

Materials. Raw materials were purchased from the following suppliers: skimmed milk powder 
(content w/w: 1.5% fat, 32.0% protein) (PJSC Milk Canning Factory, Kupyansk, Ukraine); sunflower 
oil TM Oleina refined, deodorized, frozen (w/w: 0.05–0.06% moisture, no more 12% saturated fat; 
14-35% monounsaturated fat; 50-75% polyunsaturated fat) (Suntrade Subsidiary Enterprise, Ukraine). 
Commercially available food additives Whey Protein QNT (78.3% w/w whey protein isolate) and 
Vegan Protein QNT (pea protein isolate and rice protein with total protein amount 77.12% w/w) 
(QNT, Belgium) was procured from the local supermarket in the city of Kharkiv, Ukraine. 

Preparation of solution. A solution of a mixture of sodium carboxymethylcellulose and skimmed 
milk (CMC+WPI) with concentration CMC (0.75% w/w) and protein (2% w/w) was prepared by dis-
persing the required amount of component in distilled water (per 100 g final solution) under continu-
ous stirring (1000 rpm) using a magnetic stirrer. 

Preparation of emulsion. The oil-in-water (o/w) emulsions stabilized by proteins and CMC were 
prepared as described [24]. Method is to prepare a mixed solution of the biopolymers, and then use the 
resulting protein–polysaccharide complex as the emulsifying agent during homogenization. 

Initially, for the manufacture of the studied emulsions, aqueous solutions of CMC (2% w/w) and 
solutions of necessary protein components with a mass protein concentration of 10% w/w for samples 
were prepared from weighed portions of the corresponding components according to formulation. The 
nonsheared mixture were stirred and mixed at an appropriate ratio for at least 1 h. The pH of the mix-
ture was adjusted to 7 using 0.1 M NaOH. The emulsion was made by dispersing the oil phase (sun-
flower oil) in the necessary protein and CMC mixture for 5 min at 24000 rpm using an the IKA Dis-
perser T 25 digital Ultra-Turrax (IKA, Staufen, Germany) homogenizer combined with disperser 
S25 N. The vitamin D3 solution in ethanol was added to the mixture after 5 minutes after homogeniza-
tion to prevent vitamin oxidation by air. 

Speed mixer for homogenization. In addition to the EMP emulsion, which was made by dispersing 
the oil phase at 24000 rpm, an emulsion EMP1 of the same composition was used in the experiment. 
But it was made by homogenizing the fat phase in an aqueous mixture of SMP and СМС at 11000 rpm 
using high-speed mixer (Hungary). 
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pH stability. All emulsions were freshly prepared and then adjusted to pH values 7 using 0.1 M 
NaOH. This pH value makes it possible to obtain the smallest particle size of the dispersed phase, the 
zeta-potential value is less -30 mV and retention (%) of vitamin D3 at or above 90% using fatty phases 
of different nature [34]. 

Measurements. The apparent viscosity of emulsions was determined by using a rotation viscometer 
OFITE Model 900 Viscometer (OFI Testing Equipment,, Inc., USA). The device operated with a true 
Couette coaxial cylinder with combination standard F1.0 spring (constant 386), rotor R1 (radius 
1.8414 cm) and bob B1 (radius 1.7245 cm, height 3.8 cm) in variable speed range 1-1000 rpm with 
speed accuracy 0.001 rpm. All measurements were carried out at shear rate constant 1.7023 s/rpm, 
overall instrument constant 300 and maximum shear stress 0.0168 mN/cm2. Calibration Fluid Batch: 
100 cP NIST N 132-80 (OFI Testing Equipment,, Inc., USA) was used to calibrate of viscometer at a 
temperature of 298 K. The procedure for calibrating the viscometer, measurements, and calculation of 
the effective dynamic viscosity were performed as in [35]. The combination of spring-rotor-bob used 
in the study allowed measurements on the rotary viscometer described above to the shear stress value 
157 Pa. This meant the possibility of measurements in the range shear rate 11200 s–1 for dispersed 
medium MED and emulsions EWP и EMP1. For the EMP and EVP emulsions, for this reason, data 
were obtained only in the range shear rate 1136 s–1 and 142 s–1, respectively. 

The particle size distributions and zeta potential of the emulsions were measured by dynamic light 
scattering (DLS) distribution using a particle and molecular size analyzer (Zetasizer Nano ZS, Mal-
vern Instruments Ltd., Melvin, UK). This instrument determines the particle size from intensity–time 
fluctuations of a laser beam (a 4.0 mW He-Ne laser with a wavelength of 633 nm) scattered from a 
sample at an angle of 173. Each individual measurement was an average of 10 runs. The particle size 
and -potential was measured for the fresh emulsions immediately after 1 h of production. The sam-
ples were diluted with double distillated water until a diluted solution viscosity of 1.9 mPaꞏs was 
reached (approximately 1: 100150 dilution ratio). For calculation of particle size and -potential were 
used values of optical parameters as follow: refractive index of 1.469 for the dispersed phase; refrac-
tive index of 1.333 for the continuous phase and droplet absorbance of 0.01. The particle size meas-
urements are reported as the average and standard deviation of measurements made on two freshly 
prepared samples, with two readings made per sample. The Smoluchowski’s equation used for zeta-
potential calculations. 

Stability of emulsion were measured according [36]. A graduated tube with a volume of 10 ml was 
filled up to the upper mark with an emulsion. Then placed in centrifuges and centrifuged for 5 minutes 
at 1500 rpm. Then this tube was placed in boiled water for 3 minutes and then centrifuged again for 
5 minutes. 

Creaming index (CI) of emulsion were measured as in [25]. An amount of 25 ml of samples was 
placed in a tube and stored at 25 °C for 7 days after the preparation. With the passage of time, the in-
terface between the two phases was analyzed: the first phase was rich in oil, and the second phase, 
which was turbid and more abundant in the lower part of the tube. 

The pH of the emulsions were measured by 692 pH/Ion meter (Metrohm, Switzerland) with the ac-
curacy of 0.002 pH units using the combined LL pH glass electrode with temperature sensor Pt1000 
(Metrohm, Switzerland), pre-calibrated with standard buffers (1.68, 4.01, 6.86, 9.18 and 12.45) at 
25 °C. 

All weighing operations were carried out on a balance IKEA (IKEA GmbH, Germany) with accu-
racy 0.01 g. 

 

Data Treatment 
Stability of emulsions in percent of emulsion intact were calculated from experimental data accord-

ing expression [36]: 

 
0

Stability(%) 100%
V

V
 , (1) 

where V is a volume of intact emulsion, V0 is a volume of emulsion’s sample. 
Creaming index of emulsion as the percent ratio of the height of serum phase (bottom layer) HSP 

and to the height of total emulsion HTE were calculated by expression: 
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 HSP
CI(%) 100%

HTE
 . (2) 

The obtained experimental data on the shear stress  versus the shear rate  were used to calculate 
the effective dynamic viscosity  of the emulsions at ambient temperature according to the expression 
(3): 
    . (3) 

All calculations were performed automatically in the software ORCADA™ Model 900 software 
(OFI Testing Equipment,, Inc., USA). 

 

Statistic analysis 
For the statistical analysis were used a one-factor analysis (ANOVA) for a series of parallel meas-

urements (n=3) with the statistical software package Minitab ver. 18.1 (Minitab Inc., USA). Value of 
p<0.05 was considered statistically significant. The Tukey-Kramer honestly significant test was used 
to determine significant difference between means. All data were expressed as the X±∆X with X as 
average value and ∆X as standard deviation. 

The approximation of the experimental data was evaluated by two parameters: the correlation coef-
ficient R2 and standard error σest. 

 

Results and Discussion 
Emulsion curves of flow and model fitting. As you know, most food emulsions are non-

Newtonian liquids that exhibit thixotropic behavior. Indeed, the obtained rheograms for emulsions 
demonstrate the typical behavior of fluids with a non-Newtonian flow in the range of the studied shear 
rates. In addition, there is a characteristic hysteresis for the flow curves depending on the direction of 
change in the shear stress. Thixotropy is an integral property of a structured dispersed system, in 
which particles of a dispersed phase form aggregates, most commonly flocculates. Equations of flow, 
according to literature data, characterize the equilibrium state of flow in the presence of some equilib-
rium structure. Rheology studies of highly flocculated gels are difficult due to poor reproducibility of 
sample preparation, sensitivity to shear history, and preparation conditions [37]. However, weak or 
reversible flocculation allows the destruction and re-formation of aggregates with the achievement of a 
metastable thermodynamic state. Taking this fact into account, in further experiments to obtain a flow 
curve close to the equilibrium state, sequential measurements were carried out (),where   means 
viscosity measuring with increasing shear rate, and   conversely. The curves presented in the fol-
lowing discussion refer to () measurements. Taking into account the comments made, the flow 
curves of CMC solution (0.75% w/w) and CMC+WPI with concentration CMC (0.75% w/w) and pro-
tein (2% w/w) and the studied emulsions are shown in Fig. 2. In addition, this figure has shown a 
curve for a dilute emulsion EMP with a viscosity 1.9 mPaꞏs. This diluted emulsion was used in the 
experiment to determine the size distribution and zeta-potential by the DSL method. The curve is lin-
ear (R2=0.9955) with practically zero intercept, which confirms the Newtonian type of flow with a 
constant viscosity (1.9 mPaꞏs). The rest of the curves, including the CMC and mixed CMC + WPI 
solutions, have a non-linear dependence shear stress versus shear rate (Fig. 1). 

To approximate the obtained experimental data, we considered the most commonly used (for food 
materials) to study the relationship between the shear stress and shear rate of the model [21]: power-
law (4), Herschel-Bulkley (5) and Casson (6): 
 nK    (4) 

 0
nK      (5) 

where  is shear stress (Pa), 0 is yield shear stress (Pa),  is shear rate (s–1), K is consistency coeffi-
cient (Pa sn), n is flow behavior index (dimensionless), 
 1 2 1 2 1 2 1 2

k        (6) 

where k is the yield stress,  is the Casson viscosity, which relates to the high shear rate viscosity. 
The above models are widely used to describe various food systems. Their disadvantage is the physi-
cal unreasonableness of the exponent index n. However, in some rheological studies, the constant n is 
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considered as the shear thinning index. This describes the degree to which a material is shear thinning 
(n<1, pseudoplastic) or shear thickening (n>1, dilatant). For n=1 we have Newtonian behavior. The 
above also applies to the uncertainty of the consistency coefficient. Table 3 summarizes the results of 
the evaluation of parameters of power-law model. 

 

Figure 1. Curves of flow for solution CMC and 
CMC+WPI, and emulsions (dots are experimental data; 
the lines are the results of approximation by the eq. 4) 

Figure 2. Curves of flow as 1/2 versus γ1/2 plot (dots are 
experimental data; the lines are the results of approxima-
tion by the eq. 7) 

 
Table 3. Coefficients the flow equation of the power-law and Herschel-Bulkley models 

Sample , Pa K, Pa sn n R2 σest 
Herschel-Bulkley model 

EWP 0.21.4 6.90.5 0.420.01 0.9987 1.6 
EMP1 –0.6 8.80.5 0.420.01 0.9994 1.2 
EMP –8 296 0.340.03 0.9969 2.4 
EVP –295 442 0.2910.011 0.9912 3.4 

Power-law model 
EWP  7.00.2 0.4180.004 0.9987 1.6 
EMP1  7.80.1 0.4240.003 0.9994 1.2 
EMP  241 0.3600.008 0.9969 2.2 
EVP  442 0.2910.011 0.9912 3.3 

 
The analysis of the results (Table 3), carried out on the basis of a comparison of the correlation co-

efficient and the standard deviation of the experimental data from the data that were calculated using 
the nonlinear regression equation showed: 
1) the best approximating ability, according to the adopted criteria, is possessed by the power-law 

model (4), which in the further analysis of the curves of the dependence of the shear stress on the 
shear rate was taken as the basis (Fig. 1); 

2) when calculating by the Herschel-Bulkley model, statistically insignificant or negative values of 
yield shear stress yield shear stress τ0, were obtained for all emulsions, which has no physical 
meaning; 

3) curves in the coordinates 1/2 1/2  of Casson model had a pronounced nonlinear character 
(Fig. 2), which indicated that there was no need for calculations using a straight-line dependence 
(eq. 6); 

4) the calculated values of n less than 1 for all systems indicate their typical pseudoplastic flow (tak-
ing into account τ0 = 0 according to (eq. 4); 
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5) an increase in K and a decrease in n in the series of emulsions EWP <EMP <EVP testifies in fa-
vor of an increase in the structuredness of the resulting emulsions. 

The obtained K value for the EWP is in good agreement with the similar value obtained for the 
emulsion with whey protein, taking into account the higher viscosity of rapeseed oil [24]. 

Earlier, in [35] to describe the behavior of aqueous solutions of food gelling agents for the analysis 
of the obtained curves of flow, we used the generalized flow equation of the Casson rheological model 
[38]. Initially, this model was developed for polymer melts [39], but it is suitable for describing dis-
persed systems, including emulsions and suspensions [40,41]. 

The rheological behavior of the system within the framework of the discussed model is explained 
by a change in the structure, which is understood as a certain arrangement in space of individual or 
interconnected particles, in our case, emulsion drops. The structure is characterized by the size distri-
bution of particle aggregates, the shape of the particles or aggregates, the internal structure of the ag-
gregates and their orientation in space. This model is a generalization and extension to real systems of 
the classical microrheological model Casson [42] with an additional interpretation of the coefficients 
of this model based on the kinetic equations of destruction – recovery of structural aggregates of the 
Kross model [43]. The proposed mechanism of viscous flow is associated with the dissipation of the 
energy of this flow when flowing around a set of aggregates and individual particles under the condi-
tion of their hydrodynamic interaction, the possible destruction of aggregates due to breaking hydro-
dynamic forces and unification during collisions of particles and aggregates [38]. The generalized flow 
equation for this approach is represented by the expression (7): 

 
1 2 1 2

1 2 1 2 1 2
1 2

с
с

 
    

  
 (7) 

where values 1 2
с , , 1 2

с  – are integral characteristics of a structured system, in our case, emulsions. 
Their values are obtained by approximating the experimental data of flow curves in a wide range of 
shear rates in the region where an increase in shear stress is observed. Unlike expressions (4)(6), 
these parameters have a physical meaning based on the kinetic model of destruction-recovery of struc-
tural aggregates of the system [44]. This meaning becomes clear if we take into account that the first 
term of eq. (7) corresponds to energy dissipation in the flow around particle aggregates, and the sec-
ond – to energy losses during the movement of individual particles. The coefficient 1 2

с  characterizes 
the degree of aggregation of the system and takes on the meaning of the limiting dynamic shear stress 
only under the condition    0. The coefficient   indicates a tendency towards the formation of an 
infinitely large aggregate of particles and is associated with the looseness or compactness of an indi-
vidual aggregate of particles. It determines the plastic or pseudoplastic behavior of a structured sys-
tem. These coefficients are related to the parameters of the kinetic equation, which considers the mo-
tion of particles in a viscous medium, which aggregate upon mutual collision, and are separated under 
the influence of thermal motion and hydrodynamic tensile forces. Casson viscosity coefficient 1 2

с  is 
equal to the viscosity of the system with complete destruction of the original aggregates, i.e., it is as-
sociated with the flow of a viscous dispersion medium around individual particles. From this it follows 
that the parameter с  can be considered as the total viscosity of the system with the complete destruc-
tion of the associates of the dispersed system [41]. 

In [41] the authors emphasized that the calculation of the coefficients of the approximating expres-
sion for curves of flow largely depends on the choice of the shear rate range. This is especially true 
when considering the range of high shear rates. The authors of the aforementioned work proposed a 
choice of different values of the coefficients of the rheological equation in the field of high and low 
speeds. To analyze the influence of the choice of the shear rate range on the values of the coefficients 
eq. (7), a calculation was carried out for emulsions EWP and EMP1, for which experimental data were 
obtained in the maximum range 1-1191 s–1 (Table 4, Fig. 2). The same data was processed in a nar-
rower shear rate range 1-51 s–1. Comparison of the results obtained indicates their significant differ-
ence. This is noted for all considered coefficients eq. 7. It should be noted that the values of the coeffi-
cient χ in the region of low velocities are always significantly less than in the region of high shear 
rates. This indicates a tendency for the formation of a continuous framework (network) in the case of 
low flow rates and a transition to the plastic type of flow. The results obtained confirm the conclusions 
of the calculations [41]. 
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Table 4. Coefficients the generalized flow equation of the Casson rheological model 

Calculation parameters
Sample Shear rate 

range, s–1 
Points 

number 

1 2
с   1 2

с  R2 σest 

Solution (aqueous phase of emulsion EWP) 
CMC 1–51 6 1.890.18 0.530.20 0.130.02 0.9953 0.059 
 1680 13 2.590.12 1.240.19 0.0790.005 0.9956 0.069 
CMC+WPI 151 8 1.430.18 0.170.19 0.250.02 0.9928 0.054 
 1–680 23 2.310.07 1.000.11 0.1470.003 0.9984 0.054 

Emulsion 
EWP 151 8 4.550.20 1.370.10 0.330.02 0.9997 0.023 
 1–1191 27 6.940.10 2.630.10 0.1510.005 0.9994 0.063 
EMP1 151 8 5.040.11 1.330.05 0.320.01 0.9999 0.014 
 1–1191 27 7.060.14 2.400.13 0.1820.005 0.9989 0.094 
EMP 151 8 9.130.91 1.310.23 0.310.09 0.9970 0.111 
EVP 142 10 13.01.8 1.260.31 0.170.18 0.9886 0.209 

 
Taking into account the remarks made, in further analysis for a correct comparison of rheological 

data, calculations for eq. (7) were carried out for all systems in the same range of shear rate, limited by 
values 1-51 s–1. The exception was the EVP emulsion, for which the entire experimental data range 
was used (less than that used in calculations for other samples). 

Data analysis of Table 4, can be summarized: 
1) the generalized flow equation of the Casson rheological model has the best approximating ability in 

relation to the power model according to the criterion under consideration σest; 
2) coefficient 1 2

с , characterizes the degree of aggregation of the system, increases in the series of 
emulsions EWP-EMP-EVP and indicates an increase in structuredness in this series; 

3) it is obvious that the formed EWP emulsions are more structured in comparison with the dispersion 
medium (aqueous phase of emulsion EWP), the coefficient of the degree of aggregation of which is 
3 times higher; 

4) obtaining values  > 0, confirms the conclusion about pseudoplastic behavior of emulsions ob-
tained on the basis of the power model; 

5) in the series of emulsions EWP-EMP-EVP pseudoplastic behavior, based on a statistical assess-
ment, practically does not change; 

6) CMC solution has a higher degree of particle aggregation than CMC solution with added WPI pro-
tein; 

7) sample CMC + WPI is a non-linear plastic fluid (  0), at least to a greater extent than the CMC 
solution, which can be classified as pseudoplastic fluids; 

8) the total viscosity of the system with the complete destruction of any associates is practically the 
same for all emulsions, as evidenced by the parameter с , the exception is the EVP emulsion, but 
in this case it is observed as a result of the choice of points for approximation and a greater statisti-
cal estimate of the obtained value. 
 
When commenting on the results, it should be noted that the introduction of protein into the CMC 

solution leads to a system with a more plastic flow, which is confirmed by a decrease in the coefficient 
. At the same time, the degree of aggregation of particles in the system decreases. These facts indi-
cate the presence of a more compact and durable structure. 

Apparent viscosity. As seen from Fig. 3 and 4, the viscosity of all studied systems depends on the 
shear rate or stress, which is typical for non-Newtonian fluids. As the shear rate increases, the viscos-
ity decreases. The viscosity increases with the range of emulsions EWPEMP1<EMP<EVP. 

The value of the viscosity of the EWP emulsion significantly, almost by an order of magnitude, 
prevails the same indicator for the dispersed medium CMC + WPI (these data are not shown in the 
figures). This indicates that the main contribution to the viscosity of the emulsion is made by the effect 
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associated with the colloidal interaction of the components of the emulsion. And the viscosity of the 
solution of 0.75% CMC as a thickener increases the viscosity of the emulsion, according to approxi-
mate calculations, up to 30%. 

There are two things to note (Fig. 3). The first of them shows that the EMP emulsion, created by 
homogenization at a rotation speed of 24000 rpm, has a higher viscosity at a certain shear rate value 
than the same EMP1 emulsion, but obtained at a speed 14000 rpm. Another fact is related to the fact 
that, as can be seen, the viscosities of the EWP and EMP1 emulsions are equal and have the same 
rheological behavior during shear. Based on this, we can assume a hypothesis about their identity re-
garding stability over time. It is based on a study [24], in which an emulsion based on WPI prepared 
by the same method and differing only in the nature of the rapeseed oil had a high VD stability (Ta-
ble 1). This suggests similar results for the EWP emulsion. Taking into account the ratio of the vis-
cosities of the studied emulsions, this assumption can be extended to the rest of the emulsions. So far, 
this is a hypothesis requiring experimental confirmation in future research. 

Homogenization at 24000 rpm was also used to obtain an emulsion on rapeseed oil with WPI. In 
our case, simpler and cheaper equipment was sufficient to obtain an emulsion with similar rheological 
properties. This is an important economic factor in the practical implementation in production. Using 
the same homogenization conditions (24000 rpm) in this study, an emulsion with better rheological 
properties is obtained, and, presumably, more stable. 

 

 

Figure 3. Logarithmic of viscosity (Paꞏs) versus shear 
rate for emulsions 

Figure 4. Viscosity (Paꞏs) curves on shear stress (Pa) in 
double logarithmic coordinates 
(dotted lines shows schematic full viscosity curve from 
eq. (10); dots at lg = 4 and on ordinate axis shows 

( lg ) and zero-shear viscosity plateau ( 0lg ) for 

EMP emulsions, respectively) 
 
The most common type of non-Newtonian behavior is shear thinning or pseudoplastic flow, where 

the fluid viscosity decreases with increasing shear stress (Fig. 4). Shear thinning is the result of micro-
structure restructuring occurring in the plane of applied shear. Typical such flow curves for shear thin-
ning fluids with a zero shear viscosity η0 (viscosity shows a plateau as the shear rate approaches zero) 
and an viscosity of system viscosity with complete destruction of associates η∞ (identical in meaning 
to the value ηc in eq. (7)). Both values characterize a structured and completely destroyed (aggregated 
structures can be broken down) emulsion with Newtonian behavior at very low and very high shear 
rates. In this study, only the "shear thinning" area was achieved. In double logarithmic coordinates 
lgη–lgγ the specified area for all emulsions looks like a linear one (the graph is not presented in the 
article). 

At low shear rates, dispersed systems with pseudoplastic behavior tend to preserve an indestructible 
structure as a result of the action of two factors: the interaction of particles and the effects of Brownian 
motion. This structure is characterized by a constant viscosity value, η0, termed the zero-shear viscos-
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ity or zero-shear viscosity plateau. The generalized flow equation (7) of the Casson rheological model 
with considering eq. (3), can be converted to form: 

 
1/2

1/2 1/2
1/2

c
c

 
 

 


 (8) 

Value  η0 is viscosity of emulsion at the shear rate approaches zero: 

 
1/2

1/2 1/2
0

c
c

 


   at 0  , (9) 

on the other hand: 

 1/2 1/2
c    at   . (10) 

Calculated by eq. (9) the values η0 are schematically shown in Fig. 4 as dots on the ordinate with 
dashed lines perpendicular to the axis, denoting a plateau on the rheological curve with a constant 
viscosity. For the studied emulsions, the values are 13.3, 16.9, 53.0 и 110 Paꞏs, increasing in the series 
EWP< EMP1<EMP<EVP. 

If the coefficient χ is equal to zero, which can be roughly attributed to the WPI + CMC system, 
then the dimensions of the unit increase indefinitely at 0  . In this case, a nonlinear plastic flow is 
observed with value τc as yield shear stress. This means a tendency to form a continuous framework 
(network) at zero shear rate [45]. For the studied emulsions χ is greater than zero (Table 4) and pseu-
doplastic flow is observed. This behavior is characterized by the size of the aggregates of the system 
with finite dimensions at an infinitely low shear rate. The flow of these units corresponds to the vis-
cosity of the system η0. This characteristic for dispersed systems is in a good correlation with the rate 
of creaming or sedimentation and η0 may be used to assess the flocculation of the dispersion on stor-
age [46]. As a rule, its increase is observed with increased flocculation of the system. 

With an increase in the value of  the difference in the values of the viscosities of the emulsions 
almost disappears (comparison of the values ηc in Table 4), which is due to the fact that at a significant 
bias voltage, the structure of the emulsion is completely destroyed and ratio (10) is satisfied. From 
Table 4 it can be seen that the calculation of this value depends on the data range. But from an exam-
ple of calculation for emulsions EWP and EMP1, it can be assumed that for all studied emulsions, 
when choosing the same and wide range of values  the calculated value 1 2

с  will be in the range of 
0.15-0.17 for all emulsions, which gives a value of η∞ in the range 0.02-0.03 mPaꞏs. Fig. 4 schemati-
cally shows, as an example, the full viscosity curve for EMP taking into account the calculated values 
η0 and η∞. 

Size distribution of particles. The parameters that characterize the change in the structure of the 
emulsion due to a certain arrangement in space of individual or interconnected particles were obtained 
when discussing the data of rheological studies within the framework of the structural approach. This 
arrangement is characterized by the size distribution of particle aggregates, the shape of particles or 
aggregates and the internal structure of the aggregates. To explain the data of the rheological experi-
ment, an DSL experiment was carried out to study the microstructure of the obtained emulsions. 

The DLS method is used to study the stability of suspensions or emulsions and to evaluate the 
properties of the dispersed phase, such as particle size and volume fraction [47]. Moreover, the zeta 
potential of emulsion particles determined by this method can be used as a formulation optimization 
tool to achieve the desired colloid stability and size distribution. The researched emulsions had a mul-
timodal distribution with tree peaks by volume (Fig. 5), with the majority of droplets having diameters 
which are given in Table 5. 

The first peak on all three histograms, having particle size classes in the range of 100-200 nm, is 
represented by aggregated molecules of the emulsifier and thickening agent in a dispersion medium 
that are not adsorbed on the surface of droplets of the fat phase. The presence of such particles in sys-
tems is clearly shown on the histograms size distributions by number (Fig. 6). As seen from Fig. 6, the 
number of non-adsorbed molecules significantly exceeds the number of fat droplets, but due to their 
small size, their contribution to the volumetric distribution does not exceed 12-13%. When they are 
introduced into an aqueous dispersion medium, a sufficiently dilute suspension is formed, which coex-
ists in the aqueous phase of the emulsion with the rest of the system. 
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Table 5. Zeta potential and average size of particles according data of DLS distribution for emulsions 

Peaks (mean), m 
Sample 

-
potential, 

mV 

Z-average 
diameter, 

m 

Polydispersity 
index Molecules peak Drops peak Flocs peak 

EWP –611 1.70.1 0.547 0.140.02 (12%) 5.2 (21%) 
EMP –732 3.20.3 0.508 0.150.02 (13%) 5.3 (15%) 
EVP –1012 4.10.3 0.620 0.090.02 (n.a.) 

1.30.1 (67%) 
1.10.3 (72%) 
1.00.3 (n.a.) >10 

 

a)  b)  
Figure 5. Measured particle size distributions by volume of EWP (a) and EMP (b) emulsions 

 

a) b)  
Figure 6. Measured particle size distributions by number of EWP (a) and EMP (b) emulsions 

 
The remaining two peaks on the histograms should be attributed to a relatively broad bimodal dis-

tribution of emulsion droplets. This bimodal distribution is an integral part of numerous edible emul-
sions. Its presence is explained by the processes of droplet flocculation or coalescence in emulsions 
[19]. Specified structural elements of the emulsion may have non-spherical shapes, e.g. flocculated 
droplets with open packing. At the same time, it should be noted that this method considers the dif-
fraction of light by spherical particles. The mathematical model of the theory used in the calculations 
assumes the presence of particles with isolated homogeneous spheres and well-defined optical proper-
ties. Flocculated droplets, on the other hand, form rather loose, non-spherical, and heterogeneous 
structures that have poorly defined optical properties. The floc-like emulsion droplet size distributions 
determined by laser diffraction should be considered as approximate. And in some cases, as with EVP 
emulsion, the sizes of such particles exceed the limit of the method and cause the problem of the im-
possibility of obtaining quantitative indicators. 
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The formation of floc-like emulsion in our study, as noted above, is evidenced by the presence of 
hysteresis in the shear stress versus shear rate curves. This behavior is typical for dispersed systems 
with weak flocculation [46]. Thus, the second and third peaks in the histograms (Fig. 5) should be 
attributed to the distribution of emulsion drops and flocculated droplets, accordingly. 

As can be seen from Table 5, non-flocculated emulsion droplets make up about 70% of the sample 
volume. The size of such droplets decreases in the series of emulsions EVP <EMP <EMP1 <EWP. 
While due to flocculated droplets in the same series, the opposite trend is observed and an increase in 
Z-average diameter and PI. 

Comparison of rheological data and DSL data allows us to conclude that the viscosity of emulsions 
at a certain value of the shear stress is higher for emulsions with a larger average size of fat droplets. 
This tendency is typical for flocculated emulsions. [19]. The coefficient 1 2

с calculated using the gen-
eralized flow equation (7) of the Casson rheological model, characterizes the degree of aggregation of 
the system and correlates well with the value Z-average diameter (Fig. 7). 

 

 
Figure 7. Correlation between different diameters of emulsion droplets and the aggregation coefficient τc 
 
In [41] based on calculations by the generalized flow equation of the Casson for model emulsions 

(o/w), a result was obtained, according to which, at the same volumetric oil concentration, an increase 
in the droplet diameter leads to a decrease in 1 2

с  и 1 2
с . A similar result was noted for suspensions 

[38]. However, these studies used systems with a rather narrow monomodal particle size distribution. 
In our case, such dependence is observed if we consider the dependence of the value 1 2

с  on the size 
of non-flocculated drops (Fig. 7). But this value can hardly be regarded as a characteristic of the emul-
sion as a whole. This option is possible if the rheological behavior of the emulsion without and with 
floccules is identical, which is far from obvious and requires experimental confirmation. In our study, 
we should state the fact that the presence of 20% in the volume distribution of droplets aggregated into 
floccules leads to a different dependence, if we consider the value of the Z-average diameter as a char-
acteristic of the particle size distribution in emulsions. 

Zeta-potential. -potential is a measure of electrostatic interaction (repulsion or attraction) between 
particles, and its change carries information about the state of the interface of coexisting phases. Such 
information is very important and directly characterizes the factors influencing the stability of dis-
persed systems. From a practical point of view, the measurement of zeta potential allows for a deeper 
understanding and better control of the mechanisms of dispersion, aggregation or flocculation, and can 
be used to improve the properties of dispersed systems in the form of emulsions and suspensions dur-
ing the development and production stages. 

As can be seen from Table 5, negative values were obtained for all emulsions -potential. The dis-
tribution of the number of particles from the zeta potential is characterized by a peak with a rather 
wide shape with a range of values from -20 to -150 mV. This fact is not surprising, considering that 
commercial protein products with a predominant protein content, but with the presence of a certain 
amount of additional ingredients, were used as emulsifiers. In the case of SMP and VPI, it is also a 
mixture of proteins of different nature. Therefore, if for EVP a wide but single peak was obtained, then 



Design, rheology and microstructure of food-grade emulsion-based systems for delivery of vitamin D 

 30

for EWP and EMP the distributions are more complex with several local peaks (Fig. 5 and 6). It is 
impossible to take into account the influence of all particles in a real system. However, by comparing 
the nature of the curve, the parameters of the peaks and the signs of the charge, one can draw up a 
certain qualitative picture and interpret the parameters as factors of the stability of emulsions. 

A significantly predominant number of particles (more than 90%) of the system, regardless of the 
form of distribution, have a zeta potential value much less than the threshold value -30 mV. From the 
point of view of the classical DLVO theory, this fact and the sign of the potential indicates the exis-
tence of strong repulsive force as factor for the stability of emulsions [19]. The sign of the potential is 
due to the phenomenon of adsorption of molecules of negatively charged particles on the surface of fat 
droplets. The formation of such particles in the studied emulsions is due to protein molecules. Protein 
as a polyelectrolyte forms negatively charged particles when the pH value of the medium exceeds the 
value of the isoelectric point of the protein. According to the literature, for WPI this is a value of about 
4.6, and at pH = 7 of the dispersion medium of emulsions, the zeta potential reaches –24.3 mV [48]. 
The authors of [49] give zeta potential of skim milk, evaluated over a wide pH range, and values re-
ported in literature for various milk proteins. Isoelectric points for SMP proteins are within the pH 
range of 4-5, and for skimmed milk about 4.6. With a pH value of the dispersed medium equal to 
7 zeta potential of protein and skimmed milk is in the range of –30…–40 mV. The VPI used in the 
experiment contains pea protein isolate and rice protein concentrate. Globulins (referred to as legumin, 
vicilin and convicilin) represent roughly 70% of pea seed proteins and the glutelins are the major rice 
storage proteins [50,51]. Globulins can be used as gelling agents. The isoelectric point for WPI is 5.60 
[52]. RPC, principally composed of glutelins as globulin-type subunit in form of monomer or polymer, 
shows a poor solubility with a minimum at pH 4.5 and maximum solubility in water near pH = 8, and 
zeta potential equal to –13.1 mV [53]. Thus, with the exception of the casein of SMP protein, all used 
protein emulsifiers have a globular structure. The data presented confirm dissociation for all proteins 
in a neutral medium with the formation of negatively charged particles with a zeta potential in the 
range –20…–40 mV. This is the distribution of particles with a peak in this area observed for the EWP 
and EMP emulsions. In the EVP emulsion, the presence of particles with a similar zeta potential value, 
but without a local peak was also observed. If we also take into account the fact of the presence of the 
first peak in the size distribution histograms (Fig. 6) in the region of 100 nm, then we can conclude 
that there are non-adsorbed protein molecules in all studied emulsions. However, the CMC polymer 
molecules may also contribute to this peak. The dissociation of the anionic polysaccharide is accom-
panied by the formation of negatively charged particles, which can contribute to the distribution of the 
negative zeta potential in the system. 

And finally, a variant of co-adsorption of fat particles is a protein molecule and a polysaccharide, 
which was used by the authors to create an emulsion using a mixture of whey protein isolate and CMC 
[24,33,54]. According [55], when proteins and polysaccharides, or polyelectrolytes are mixed, three 
different scenarios are possible: (i) segregative phase separation, (ii) cosolubility, and (iii) associative 
phase separation or complex coacervation. The state diagram for a weak anionic polysaccharide with a 
globular given by the authors, obtained by generalizing numerous literature data, shows that at 
pH = 57 and zero ionic strength (absence of electrolytes) there is a possibility of scenario (ii). It 
means, that solubility of both polymers or lower formation of soluble or intrapolymer complexes (car-
rying excess net charge). Weaker reversible complexes tend to be formed between anionic polyelectro-
lytes and proteins carrying nearly zero overall charge (in isoelectric point of protein) or a net negative 
charge (at pH slightly exceeding the isoelectric point) [32]. In this case, a layer of biopolymer layers is 
formed at a planar oil – water interface, which represents a mixed layer from simultaneous adsorption 
in the form of charged complexes. In our study, we used the method of emulsion stabilization at a pH 
close to neutral, which should be considered as a significant excess of the protein isoelectric point. 
Therefore, in emulsions stabilized with a mixture of WP and CMC, the polysaccharide molecules re-
main unabsorbed on the oil drop. For those non-adsorbing polysaccharides that do not form complexes 
with proteins, the mechanistic control of emulsion rheology and stability arises from thickening and 
gelling effects in the continuous aqueous phase, and also the generation of aggregated emulsion struc-
tures through depletion flocculation [56]. Authors [57] a study was carried out (o/w) emulsion contain-
ing 10-40% sunflower oil, stabilized by -lactoglobulin with 1% emulsifier. Shown to form depletion-
flocculated emulsions, by addition of the polysaccharide CMC to emulsions that were at pH 6.7. 
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The indicated literary sources confirm the data obtained in our study on the size distribution of par-
ticles and zeta potential. The process of flocculation of emulsion droplets is a destabilizing factor for 
emulsions, but how critical it is for obtaining the final product can only be confirmed by an experi-
mental study of the stability of emulsions over time. 

Stability of emulsions. Conducted according to the standard of Ukraine DSTU 4560: 2006 [36] 
studies on the stability of emulsions showed the result, according to which the Stability indicator was 
equal to 100%. The indicated value was obtained for all studied emulsions, regardless of the type of 
emulsifier used. Similar results were obtained in the study CI. Thus, the results obtained indicate the 
existence of partial flocculation of the studied emulsions. This process is explained by non-adsorbing 
of biopolymer CMC due to depletion flocculation. But the speed of the further process of aggregation 
of systems does not affect the stability of the emulsions during the studied time interval. 

These facts testify in favor of the economic criterion in the form of the cost of raw materials for 
choosing an emulsifier when creating an emulsion-based delivery system. And despite the increased 
amount of SMP emulsifier in the emulsion formulation, due to the lowest protein content, this particu-
lar ingredient should be considered as the main one in further research and technology developments 
of fortified vitamin D foods. 

 

Conclusions 
This study focused on the influence of surfactant type on the formation and stability of surfactant- 

based colloidal dispersions as emulsion-based delivery systems of vitamin D. The objects were (o/w) 
emulsions containing 40 (% w/w) sunflower oil, stabilized (as an emulsifier) with a mixture of protein 
with a content of 2 (% w/w) and carboxymethylcellulose 0.75 (% w/w). The proteins used were com-
mercial products in the form of isolates or concentrates: whey protein, skimmed milk powder and ve-
gan protein. In the course of this work, rheological data for the indicated emulsions were obtained on a 
rotary viscometer in shear rate range 1-1191 s–1. All of these systems have typical flow curves for 
shear thinning fluid with thixotropic behavior. This fact shows that rheological studies can be used to 
study the state of flocculation of emulsions. Weakly flocculated dispersions usually exhibit thixotropy 
and the study of the parameters characterizing its change over time can be used as an indicator of the 
aggregation force of the particles of the system, as well as the type of flocculation. 

The obtained experimental flow curves were approximated by power-law, Herschel-Bulkley and 
Casson equations. Analysis of the calculations showed that the power-law model has the best ap-
proximating ability. The values calculated within this model indicate that all emulsions are structured 
systems with shear thinning or pseudoplastic flow. The value of consistency coefficient increased, and 
the flow behavior index decreased in the series of emulsions EWP <EMP <EVP, which indicated an 
increase in the structuredness of the resulting emulsions. To quantitatively confirm this conclusion, 
calculations were carried out within the framework of the structural approach based on the generalized 
Casson rheological model. The calculated coefficients 1 2

с , characterizing the degree of aggregation 

of the system increased in the indicated series of emulsions. The obtained values  > 0 confirmed the 
pseudoplastic behavior. The contributions of the integral characteristics of the associates of macro-
molecules η0 and individual particles η∞ calculated from the experimental data during their hydrody-
namic interaction in the process of viscous flow made it possible to quantitatively characterize the 
dependence of the change in the effective viscosity on the change in the nature of the emulsifier of 
emulsions. 

For a possible explanation of the obtained data of the rheological experiment, an experiment was 
carried out to study the microstructure of these emulsions using light scattering techniques. The re-
searched emulsions had a multimodal distribution with tree peaks by volume. The first peak in all 
three histograms, having particle size classes in the range of 100-200 nm and a contribution to the 
volume distribution not exceeding 5%, is represented by aggregated molecules emulsifier and thicken-
ing agent that are not adsorbed on the surface of fat phase droplets. The other two peaks belong to 
bimodal distribution of drops in typical floc-like emulsion. Non-flocculated emulsion droplets make 
up about 70% of the sample volume, their size is about 1.01.3 m and decreases in the series of 
emulsions EWP<EMP<EVP. 

The calculated electrophoretic mobility is converted into zeta potential values. The obtained zeta 
potential values of emulsions EWP, EMP and EVP have the values 59.5, 72.3 and 101 mV, re-
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spectively. From the point of view of the classical DLVO theory, this indicates the existence of strong 
repulsive force as factor for the stability of emulsions. The sign of the potential and its value indicate 
the process of adsorption on the surface of the fat phase of weaker reversible complexes, that to be 
formed between anionic polyelectrolytes and proteins. The presence of flocculated particles is ex-
plained by the fact that non-adsorbing polysaccharides that do not form complexes with proteins, ca-
pable of generating generation of aggregated emulsion structures through depletion flocculation. 

Despite the destabilizing factor in the form of the formation of flocculated particles, we found that 
all surfactant was capable of forming stable emulsions. Thus, we can conclude that regardless of the 
choice of the type and nature of the protein emulsifier  animal or plant origin, all studied systems can 
be considered for use as emulsion-based delivery systems of VD. But, you should pay attention to the 
fact that the cost of skimmed milk powder, in comparison with food additives containing proteins of 
various nature in high concentrations, is much less. From an economic point of view, cost is one of the 
key factors in the development of commercial food technology. Studies have shown the combination 
of this emulsifier with carboxymethylcellulose gives good results in terms of obtaining stable emul-
sions with the required rheological characteristics even when using less expensive homogenization 
equipment. 

The resulting emulsions can be used as a basis for the production of vitamin D-fortified foods, in 
particular for dairy products. However, the full development cycle of such products should include 
tasks related to the study of the safety of VD in the food matrix and verification of its bioavailability 
during the digestion process. 
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Збагачення харчових продуктів вітаміном D має кілька обмежень, оскільки ці сполуки можуть розклада-
тися або зазнавати небажаних змін під час технологічної обробки і зберігання. Метою цієї публікації було 
дослідження реологічних властивостей і мікроструктури емульсій для збагачення харчових продуктів віта-
міном D3. В якості таких емульсій використовували емульсії типу масло-в-воді, що були стабілізовані сумі-
шшю різних білків (ізоляти сироваткового білка, сухого знежиреного молока та суміші рослинних білків) в 
якості емульгаторів і карбоксиметилцелюлози як загусника. Експериментально було визначено напругу 
зсуву й ефективну динамічну в'язкість емульсій в широкому діапазоні швидкостей зсуву. Апроксимацією 
експериментальних кривих течії за допомоги степеневого рівняння були розраховані значення коефіцієнта 
консистенції і показника текучості. Отримані дані дозволили класифікувати емульсії як рідини з псевдопла-
стичним плином. 

В рамках структурного підходу реологічні дані були проаналізовані на основі узагальненої реологічні мо-
делі Кессона. Розраховані з експериментальних даних вклади в процес в'язкої течії від інтегральних харак-
теристик асоціатів макромолекул та окремих частинок при їх гідродинамічній взаємодії дозволили пояснити 
ефект зміни в'язкості емульсій від природи використовуваного емульгатора. 

Дослідження дзета потенціалу методом динамічного розсіювання світла показало наявність сил електро-
статичного відштовхування крапель емульсії як фактора стабільності цих емульсій. Знак потенціалу і його 
величина вказують на процес адсорбції на поверхні жирових крапель молекул білка. Наявність піку флоку-
льованих частинок на гістограммах розподілу часток за розмірами пояснено присутністю в водної фазі 
емульсії неадсорбованих молекул полісахариду, які здатні генерувати агрегацію крапель емульсії за меха-
нізмом стоншення подвійного електричного шару. 

Незалежно від вибору типу і природи білкових емульгаторів - тваринного або рослинного походження, всі 
досліджені системи були стабільні і можуть бути розглянуті в якості емульсійних систем доставки вітаміну 
D в організм людини разом з споживаними продуктами. З економічної точки зору доцільно використання в 
якості емульгатора сухе знежирене молоко. Отримані емульсії можуть бути використані як основа для 
виробництва збагачених вітаміном D3 продуктів харчування, зокрема, молочних продуктів. 

Ключові слова: реологія, білок, емульсія, система доставки, вітамін Д, структурний підхід. 
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Обогащение пищевых продуктов витамином D имеет несколько ограничений, поскольку эти соединения 
могут разлагаться или претерпевать нежелательные изменения во время технологической обработки и 
хранения. Целью этой публикации было исследование реологических свойств и микроструктуры эмульсий 
для обогащения пищевых продуктов витамином D3. В качестве таких эмульсий использовали эмульсии 
типа масло-в-воде, стабилизированные смесью разных белков (изоляты сывороточного белка, сухого 
обезжиренного молока и смеси растительных белков) в качестве эмульгаторов и карбоксиметилцеллюло-
зы в качестве загустителя. Экспериментально были определены напряжение сдвига и эффективная дина-
мическая вязкость эмульсий в широком диапазоне скоростей сдвига. Аппроксимацией экспериментальных 
кривых течения с помощью степенного уравнения были рассчитаны значения коэффициента консистенции 
и показателя текучести. Полученные данные позволили классифицировать эмульсии как жидкости с псев-
допластическим течением. 

В рамках структурного подхода реологические данные были проанализированы на основе обобщенной 
реологической модели Кэссона. Рассчитанные из экспериментальных данных вклады в процесс вязкого 
течения от интегральных характеристик ассоциатов макромолекул и отдельных частиц при их гидродина-
мическом взаимодействии позволили объяснить эффект изменения вязкости эмульсий от природы ис-
пользуемого эмульгатора. 

Исследование дзета потенциала методом динамического рассеивания света показало наличие сил 
электростатического отталкивания капель эмульсии как фактора стабильности этих эмульсий. Знак потен-
циала и его величина указывают на процесс адсорбции на поверхности жировых капель молекул белка. 
Наличие пика флоккулированных частиц на гистограммах распределения частиц по размерам объяснено 
присутствием в водной фазе эмульсии неадсорбированных молекул полисахарида, которые способны 
генерировать агрегацию капель эмульсии по механизму утончения двойного электрического слоя. 

Независимо от выбора типа и природы белковых эмульгаторов – животного или растительного происхо-
ждения, все исследованные системы были стабильны и могут быть рассмотрены в качестве эмульсионных 
систем доставки витамина D в организм человека вместе с потребляемыми продуктами. С экономической 
точки зрения целесообразно использование в качестве эмульгатора сухого обезжиренного молока. Полу-
ченные эмульсии могут быть использованы как основа для производства обогащенных витамином D3 про-
дуктов питания, в частности, молочных продуктов. 
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