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Abstract: The results of a study of the chemical composition and functional properties of the plant raw material in 

the form of wheat germ flakes (WGFs) with a view to combining it with a meat feedstock are represented. WGFs 
subjected to preliminary heat treatment in various modes (toasted) are studied. It is found that water-soluble and salt-
soluble proteins of WGFs exhibit high solubility, which achieves maximum values of 45 ± 2% at a pH of 7.08.0 and a 
sodium chloride concentration of 2.0%. The functional properties of WGFs and dependences of the functional and 
technological properties of combined ground meat systems prepared of meat feedstocks of different types and nature of 
autolysis are determined. A preliminary heat treatment of WGFs does not decrease their functional properties, which are 
particularly shown in feedstock with anomalies in the development of autolysis, and contributes to a decrease in the 
oxidative transformation of lipids. In combined ground meat systems, toasted WGFs should be used in conjunction with 
0.3% of a Delikaroma smoking flavor; this inhibits the oxidation of the lipid fraction of both raw and heat-treated 
ground meat systems. 

 
Key words: meat, wheat germ, lipid fraction, toasting, oxidation inhibition 
 
 
INTRODUCTION 
Meat products are traditional gastronomically 

valuable foods that have a long history of consumption. 
This is the main source of proteins with a high 
nutritional value, which have a significant effect on the 
protein metabolism of the human body. According to 
the modern concepts of nutritional science, the fraction 
of proteins should be 1015% of dietary calories and 
animal proteins should be 5060% of daily protein 
requirements. According to the data of the Institute of 
Nutrition of the Russian Academy of Medical Sciences 
(RAMS), the recommended intake of meat products 
depending on the age group of the population is 143 
g/day (1829 and 3044 years old), 124 g/day (4559 
years old), and 85 g/day for people aged 60 years and 
over. 

Analysis of the actual diet of Russians in recent 
years has revealed a number of positive tendencies in 
changing its structure and qualitative composition. The 
per capita consumption of biologically valuable foods, 
such as meat and meat products, milk and dairy 
products, eggs, and fish, has significantly increased, 
although it is still below the standard. A consequence of 
this is the lack of an animal protein (33%) at a total 
protein deficiency in human nutrition (at a level of 
26%). These data provide a significant ground for the 
development of scientifically based ways of correcting 
the diet of the population. However, it should be 
remembered that an increase in the consumption of 

animal food is associated with an increased 
consumption of animal fats, which contain high 
amounts of saturated fatty acids. 

Therefore, the modern concept of formulation of 
meat products involves not only an expansion of the 
product range and an increase in the volume of their 
production, but also the solution of a number of 
important problems, among which a particular position 
is held by the development of a technology for products 
meant for improving the nation's health and furthering 
the safety of products. 

Scientists and experts in the implementation of this 
direction should pay particular attention to plant raw 
materials because the possibilities and prospects for the 
use of these materials are extremely broad. Cultivated 
and wild plant raw materials may be used as a basic 
ingredient or flavoring and aromatic components in the 
manufacture of general-purpose products, custom-
designed food stuff, dietary supplements, and 
supplements exhibiting antioxidant and antimicrobial 
activity. Plant raw materials can be used to solve the 
problem of reducing the calorie intake with the 
compensation for the reduction of fat intake by 
carbohydrates, including complex carbohydrates, and 
replacing saturated fats with polyunsaturated fatty acids 
of plant raw materials. 

Plant raw materials with a high content of proteins 
are of great importance in the meat product technology; 
the significance of proteins is determined not only by 
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their nutritional value, but also by the involvement in 
the formation of the basic functional and technological 
characteristics of the feedstock and, consequently, the 
consumer properties of the products. 

Analysis of scientific and engineering information 
shows an expansion of research into various types of 
plant raw materials as an alternative to traditionally used 
soybeans. Fairly well-known promising plants for 
producing flour and isolated and concentrated forms of 
proteins are lentils, chickpeas, peas, beans [14]. By-
products of grain processing, in particular, wheat and 
rice bran, have a high technological potential [5, 6]. A 
high-protein feedstock for producing isolates and 
concentrates are nuts, such as peanuts, which contain 
21% to 36% protein [7, 8], almonds containing about 
33% protein [9, 10], and walnut [11]. Along with nuts, 
the researchers study seeds, extraction cakes, and press 
cakes of other oil-bearing crops, such as rape and flax; 
the protein content in press cakes of the last-mentioned 
plants is up to 54% [12, 13]. It should be noted that 
there is a keen interest in some plant species, in 
particular amaranth, a commercial use of which is 
possible in the near future [14]. These data suggest that 
the use of plant raw materials in food technology have 
broad possibilities; the combining of these materials 
with an animal feedstock for manufacturing products 
with a complex feedstock composition is a common 
practice in the world. 

Wheat germ is of obvious interest in terms of 
nutritional value and the possibility of using it in the 
meat product technology. Despite small sizes of the 
germ (2.03.0% with respect to the mass of the grain), it 
is the most important part of the grain because it 
contains the primary organs of development of the 
plant, and this is responsible for its unique chemical 
composition. Wheat germ contains a large number of 
biologically active components; its protein is close to 
the physiologically active proteins of animal tissues and 
more fully-featured and balanced with respect to amino 
acid composition than the grain protein in general. This 
is attributed to the fact that gluten proteins, which are 
classified as reserve proteins, are mostly contained in 
whole grains, while biologically active proteins are 
dominant in the germ [1518]. 

Wheat germ remains insufficiently demanded in the 
meat product technology because of scarce data on its 
technological capabilities and the pattern of interaction 
with components of the feedstock to be enriched in it. 

A study of the fractional composition of the protein 
complex of wheat germ will make it possible to 
determine its affinity to muscle salt- and water-soluble 
proteins that are involved in the formation of stable 
meat systems and find the fraction of gluten proteins 
that can form a complex that stabilizes the product 
structure directly in meat systems. 

Of great importance from the standpoint of safety 
and nutritional value of food products is the stability of 
their lipid component. According to the best available 
data, wheat germ contains phenolic components 
exhibiting antioxidant activity, including ubiquinone 
coenzymes and vitamins E [19]; at the same time, it 
contains prooxidant factors against the background of a 
high content of polyunsaturated fatty acids [20, 21]. It 

should be taken into account that the oxidation of lipids 
in the composition of meat products takes place under 
special conditions, which are primarily associated with 
the presence of heme pigments. Research into the redox 
potential of heme components has proved that 
coordinated iron of heme pigments is ideally suited for 
the role of an oxidation catalyst for fatty acids owing to 
the presence of unpaired electrons in their structure. 
Heme pigments are oxidized by hydroperoxides; this 
process is accompanied by a change in the valence of 
iron from Fe2+ to Fe3+; the resulting free radicals are 
involved in a variety of oxidation chain branching 
reactions [22]. 

Thermal action methods are efficient for the 
stabilization of wheat germ lipids; according to the best 
available data, these methods do not cause a significant 
change in the fatty acid profile and a decrease in the 
activity of phenolic antioxidants [23]. In addition, it is 
possible to improve their hygienic quality, particularly 
owing to a decrease in the activity of anti-nutritional 
factors, such as trypsin inhibitors [24, 25] and microbial 
contamination. Therefore, in this study, along with 
native wheat germ flakes (WGFs), previously toasted 
WGFs were analyzed. Heat pretreatment is also aimed 
at imparting improved organoleptic properties, 
particularly flavor and smell, to the germ. At the same 
time, heat pretreatment can also result in a change in the 
functional properties of wheat germ owing to a change 
in the protein and carbohydrate components and initiate 
the oxidation of labile lipids under complicated 
conditions of meat systems. 

The aim of this study was to examine the chemical 
composition and functional and technological properties 
of wheat germ depending on the pretreatment method 
and its effect on the technological properties of ground 
meat systems prepared of feedstocks of different types 
and nature of autolysis and the stability of the lipid 
fraction of the systems in order to substantiate its use in 
the cooked sausage technology. 

 
RESEARCH OBJECTS AND METHODS 
The object of study is edible wheat germ isolated 

during grain milling; it has the form of flat dry golden 
yellow petals, which are easily destroyed under 
mechanical action; it contains crushed shells, which do 
not change the color, and has a characteristic odor 
(Mel'korm flour mill, Kemerovo, Russia). The exterior 
features are responsible for the brand name of this raw 
material: WGFs. 

The following samples were studied: WGFs 
unexposed to a pretreatment (native) WGFsnat; WGFs 
subjected to conductive heating in two modes: 70°C 
with duration of exposure of 30 min (WGFs70C, 30) and 
140°C with duration of exposure of 15 min (WGFs140C, 

15); and WGFs subjected to dielectric heating at a 
frequency of 2450 MHz for 1.5 min (WGFsmicrowave). 
The treatment was conducted in a thin layer with a 
thickness of no more than 1 cm. The treated WGFs were 
cooled at room temperature. 

Taking into account a high specific weight of 
feedstocks with anomalies in the development of the 
autolysis, the following types of ground meat systems 
were used to study pH and water-binding capacity 
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(WBC): ground meat with normal autolysis (NOR beef, 
NOR pork, pH24 of less than 6.2), exudative meat (PSE 
pork, pH24 of 5.3), feedstock of a transient quality 
(PSENOR pork, pH24 of 5.35.5), and dark, firm, and 
dry meat (DFD beef, pH24 of more than 6.4). Wheat 
germ was introduced into the system in a hydrated form 
in a ratio with water of 1 : 2; the duration of hydration 
was 10 min; the temperature of water for hydration was 
1618°C, the level of introduction of hydrated WGFs 
was 520%. 

In studying the stability of ground meat systems 
during heat treatment, ground meat models based on a 
feedstock with normal autolysis were used: refrigerated 
semifat pork or a mixture of semifat pork and first-grade 
trimmed beef taken in equal proportions. The meat 
feedstock was ground and admixed with 2.0% of 
sodium chloride; the mixture was stirred until a uniform 
distribution of the salt and kept in the salted state for 24 
h. In each of the systems, 5.0, 10, and 15.0% of meat 
was replaced with WGFs hydrated during 
homogenization of the feedstock; the amount of process 
water was 20.0% with respect to the weight of the meat 
feedstock. The ground mea systems were placed in 
metal weighing bottles with tight-fitting lids and heated 
in water at a temperature of 85 ± 2°C; the temperature 
was controlled in an automatic mode with a 
chromelcopel thermocouple. The record of the 
thermocouple suggests that all the test samples were 
heated at an equal rate during a heat-treatment cycle of 
15 min. Immediately after the treatment, the samples 
were cooled in an icewater mixture and then recooled 
in the air in a cooling chamber at 6  2°C. 

To study the stability of the lipid fraction, a ground 
meat system based on semifat pork with the addition of 
10% of toasted and native WGFs was used. Biotone Fos 
K-144 nutritional supplements (Budenheim, Germany), 
sodium ascorbate, and a Zhidkii Dym Delikaroma 
smoking flavor (SF) (AO Virteks, Novosibirsk, Russia) 
containing 3.04.0% of phenolic compounds in terms of 
guaiacol and 8.09.0% of organic acids in terms of 
acetic acid were used as antioxidants. 

 
MEASURING TECHNIQUES 
The chemical composition—the weight fraction of 

proteins, fats, and ashes—was determined using 
conventional reference methods. 

The fractional composition of proteins of WGFs was 
found using the Ermakov's method based on the 
sequential extraction of proteins with ice water, a 5.0% 
K2SO4 solution, a 70.0% ethanol solution, and a 0.2% 
NaOH solution. At each stage, a weighed portion of 2.5 
g was exposed to the solvent two times [26]. At each of 
the stages, the liquid portion was separated by 
centrifugation at 5000 rpm for 10 min. The amount of 
proteins in the solution was determined by the Kjeldahl 
method. To specify the amount of glutelins after the 
extraction of albumins and globulins, a joint extraction 
of prolamins and glutelins with a 0.2% NaOH solution 
was conducted with the subsequent precipitation of 
glutelin at a pH of 10.0 in the presence of NaCl [27]. 

The solubility of proteins of WGFs was determined 
by a modified Betschart method [28]. To this end, a 

weighed portion of 1 g was mixed with distilled water 
and the pH of the suspension was adjusted to a value of 
2.09.0 by adding 1.0, 0.1, or 0.01 N NaOH or HCl. 
The suspension was thoroughly mixed for 30 min, 
centrifuged at 5000 rpm for 15 min, and filtered through 
a paper filter. The amount of dissolved nitrogen was 
determined by the Kjeldahl method. The solubility of 
proteins of WGFs was calculated as the ratio of the 
dissolved nitrogen to the total amount. The reduced 
glutathione content was found by a method based on the 
oxidation of glutathione with iodine. 

The total content of pentosans was determined by 
the colorimetric method after the prehydrolysis of a 
weighed portion of 0.2 N HCL at 100°C for 150 min 
and a yeast suspension. The absorbance at a wavelength 
of 580 and 670 nm was measured using an SF PE-
5400UF spectrophotometer [29]. The active acidity 
(pH) was found by a potentiometric method using a 
150-M digital pH meter or an ELWRO 5170 pH meter 
in the case of the aqueous extract and an ELWRO 5123 
portable pH meter equipped with a combined electrode 
in the case of the meat feedstock. The WBC of the 
ground meat was determined by centrifugation 
according to the technique of Wierbicki et al. [30]. 

The oxidative deterioration of lipids in the model 
systems was found through the determination of 
peroxide number (PN) according to a standard 
technique [31] using a chloroform extract prepared by 
the Piulskaya's method [32] and the determination of 
thiobarbituric acid number (TBN) by a modified 
distillation method of Tarladgis using a sulfanilic 
reagent [33]. 

 
RESULTS AND DISCUSSION 
Chemical Composition and Properties of WGFs 
The study of the chemical composition of wheat 

germ included the determination of the main 
components and their fractional composition. According 
to the findings, the average protein content in the test 
germ was 32.8 ± 0.3%. Highly functional albumins and 
globulins comprise 52.963.4% of this amount; 
albumins compose a major protein fraction, which 
accounts for an average value of 39.8% of the total 
number of proteins. The average amount of proteins 
extracted by 70% ethanol (prolamins) and alkali 
(glutelins) is 10.2 and 17.8%, respectively. The amount 
of proteins in the insoluble precipitate that cannot be 
extracted by the adopted system of solvents was 13.8%. 

One of the most important nonprotein nitrogen-
containing compounds of plant cells is glutathione; it is 
a biological reducing agent capable of participating in 
enzymatic and nonenzymatic reactions that reduce the 
toxicity of free radicals and peroxides and in 
metmyoglobin reduction reactions. These properties are 
very important in terms of stability of the lipid fraction 
and the color intensity and stability in products during 
storage. According to the findings, the content of 
reduced glutathione in WGFs is 0.52 ± 0.03%. These 
data characterize WGFs as a raw material with a high 
content of the reducing agent. 

Some carbohydrates are technologically significant 
in the manufacture of meat products; their concentration 
in WGFs was experimentally determined. Thus, the 
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content of mono- and disugars is 14.118.8% in terms 
of glucose, including the amount of reducing sugars that 
contribute to a more complete involvement of heme 
pigments into the color formation reaction, a decrease in 
the amount of metpigments and nonheme iron from 0 8 
to 0.3%. The amount of polysaccharides that, along with 
muscle proteins, can participate in the formation and 
stabilization of the structure of meat products has been 
found. These polysaccharides include cellular tissue 
(celluloses), which gets into the germ with bran 
components, nonstarch polysaccharides pentosans, and 
starches. According to the findings, the weight fraction 
of cellulose is 2.40 ± 0.04%; insoluble pentosans, 
3.94.2%; and starch, 6.2 ± 0.3%. 

For the studied WGFs, in the case of using diethyl 
ether as a solvent, the average amount of extractable 
lipids was 11.72 ± 0.14%, which is equal to their 
concentration in semi-skimmed soy flour. The average 
weight fraction of mineral components is 3.95 ± 0.37%. 
It was experimentally found that the weight fraction of 
moisture in wheat germ varies from 9.7 to 10.5% with 
an average value of 10.1%. 

According to the findings, wheat germ can be 
classified as a proteincarbohydrate feedstock with a 
high content of technologically significant components 
and lipids. 

The dependence of solubility of proteins of WGFs in 
a pH range of 2.09.0 has been determined. The 
minimum solubility is found in a pH range of 2.05.0 
(1836%) with an extremum at a pH of 3.0 (16%). As 
the acidity of the medium decreases, the amount of 
extractable proteins gradually increases and achieves a 
maximum value at a pH of 7.08.0 (4345%). The 
dependence of protein solubility in a sodium chloride 
(NaCl) concentration range of 012% is as follows. The 
maximum solubility (4248%) is observed as the 
sodium chloride concentration increases from the 
minimal value to 2.0%. At a reagent concentration of 
2.08.0%, the solubility of proteins continuously 
decreases and achieves a value of 31.0%. An increase in 
the NaCl concentration from 8.0 to 12.0% leads to an 
increase in the solubility to 37.0%. 

These data suggest that the proteins of WGFs will 
exhibit high functional properties in meat systems. 

Functional and Technological Properties of WGFs 
The moisture-retaining ability (MRA) and fat-

retaining ability (FRA) of WGFs, including hydrated 
WGFs subjected to heat treatment to a temperature of 
cooking doneness of meat products (MRAt, FRAt), have 
been studied. 

According to the findings, the water absorbing 
ability (WAA) of the wheat germ subjected to a high-
temperature heating (140C, 15 min) is 315340%, 
while the average WAA of the native germ is 303%; 
this can be primarily attributed to an increase in the 
porosity of the structure with increasing internal specific 
surface area of the capillaries. This assumption is 
supported by the results of determination of MRA, 
which increases by 12% relative to the estimate for the 
native germ. A possible cause of an increase in the 
WAA can be a thermal modification of the starch. 

These data are consistent with the results of 
determination of WAA and MRA for the flakes 
subjected to microwave heating and heating at 70C in 
which, owing to gentle treatment, the carbohydrate 
component does not change; at the same time, proteins 
do not undergo significant denaturation after the 
microwave treatment either. Therefore, the MRA 
remains at a level of nontoasted flakes, while the WAA 
slightly increases, which can be attributed to an increase 
in the rate of diffusion of moisture owing to a decrease 
in the water content in the flakes. 

 

 
 
 

 
 

Fig. 1. Functional and technological properties of WGFs as 
a function of pretreatment method. 

 
The MRA of WGFs increases during heat treatment, 

which should be attributed to the gelatinization of the 
compactly arranged starch and the dissolution of 
carbohydrates of the intercellular space, which stimulate 
osmotic processes through cell walls. 

The method of heat pretreatment of WGFs does not 
have a significant effect on the value of fat absorbing 
ability (FAA), which remains in a range of 130  5%. 

Effect of WGFs on the Functional Properties of 
Ground Meat Systems 

Figures 2 and 3 show results of studying the effect 
of the level of introduction of native WGFs on the pH 
and WBC of combined ground meat systems prepared 
of meat feedstock with the different nature of autolysis. 

The data suggest that the introduction of wheat germ 
into ground meat systems based on the feedstock of any 
of the quality groups leads to an increase in pH. In 
addition, the maximum effect is revealed for the ground 
meat system based on PSE pork: the addition of 5.0% of 
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WGFs to this system leads to an increase in pH by 0.14 
units; with a further increase in the level of introduction 
of wheat germ, the pH value increases by 0.08 and 0.06 
units, respectively. 

 
 

 
 

Fig. 2. Effect of the level of introduction of WGFs on the 
pH of systems prepared of meat feedstocks of the different 
quality groups. 

 
 

 
 

 
 

Fig. 3. Effect of the level of introduction of WGFs on 
the WBC of the combined systems. 

 
Changes in the pH of the combined systems have a 

positive effect on their WBC value, which increases 
with increasing level of introduction of WGFs 
regardless of the type and quality group of feedstock, 

particularly for systems prepared of an exudative PSE 
material. At the same time, the ground meat systems 
based on the feedstock with a normal autolysis (NOR 
beef, NOR pork) and dark, firm, and dry meat (DFD 
beef) exhibit a tendency to increase the parameter rather 
than a significant gain in WBC. 

The total effect of concentration and state of the 
functional proteins of the muscle portion of the ground 
meat system and technologically active components of 
WGFs can lead to a greater or lesser effect of retaining 
the moisture and fat during the heating of the system to 
the temperature of cooking doneness. 

Results of determination of the functional and 
technological properties that characterize the resistance 
of systems to heating depending on the studied factors 
are shown in Table 1. According to the findings, 
combined systems with native WGFs are more stable 
during heat treatment than pure ground meat systems; a 
reliable increase in the stability of the ground meat 
systems is observed in the case of replacement of 10.0% 
of meat with wheat germ. 

 
Table 1. Effect of the level of replacement of meat with 
native WGFs on the functional and technological 
properties of systems subjected to heat treatment 
 

Weight 
fraction of 

components 

Weight 
fraction 

of 
moisture, 

% 

MRA 
with 

respect 
to 

moisture, 
% 

Weight 
fraction 
of fat, % 

FRA 
with 

respect 
to fat, 

% 

Stability 
of 

systems, 
% 

ground meat system based on semifat pork 
100 : 0 60.32 75.46 23.71 54.98 75.10 
95 : 5 61.65 76.85 22.57 55.44 76.42 
90 : 10 62.46 81.64 21.22 62.73 82.04 
85 : 15 62.87 85.92 20.02 68.47 85.99 

ground meat system based on semifat pork and first-grade 
beef 

50 : 50 : 0 66.52 79.84 12.35 72.69 76.49 
50 : 45 : 5 67.19 81.07 10.47 78.24 79.05 

50 : 40 : 10 67.28 84.76 10.22 80.74 84.34 
50 : 35 : 15 68.03 86.32 9.64 93.89 91.17 

 
The stability of a ground meat system is achieved 

owing to the retention of both moisture and fat in the 
system, as evidenced by the results of determination of 
MRA and FRA. In particular, in the case of replacement 
of 10.0% of semifat pork with WGFs, MRA and FRA of 
the system increase by 8.19 and 14.10%, respectively. 
These data suggest that the protein and carbohydrate 
fractions of wheat germ are involved in the stabilization 
of the functional and technological properties of the 
systems. At the same time, it should be noted that the 
stability of combined systems decreases with increasing 
weight fraction of fat. 

Stability of the Lipid Fraction of Combined 
Systems 

The dynamics of primary and secondary oxidation 
products in the ground meat systems with toasted WGFs 
and the effect of various food supplements on the 
stability of the lipid component of the combined 
systems have been studied. 
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Results of determination of the PN of the combined 
ground meat systems with toasted WGFs are shown in 
Fig. 4. It is found that the heating pretreatment of WGFs 
is a fairly efficient method for inhibiting the oxidation 
of lipids of raw ground meat. However, in the absence 
of antioxidants, oxidation in the systems with WGFs 
occurs faster than in a pure ground meat system 
(reference system), which suggests that it is necessary to 
use supplements exhibiting antioxidant activity. 

 

 
 

Fig. 4. PN ratio between the reference system and the 
combined systems with WGFs. 

 
The supplements used in this study were a phosphate 

compound based on trisodium polyphosphate, sodium 
ascorbate, and an SF. 

 
Table 2 Effect of Bioton Fos K-144 on the stability of the 
combined systems 

 

Model system 
composition 

PN with 
respect to 
reference 
system, % 

570 nm/650 nm 
absorbance ratio 

Reference system (without 
WGFs and phosphate) 100 1.92 

Combined system with 
native WGFs 225 1.65 

Combined system with 
native WGFs and 0.3% 
phosphate 

229 1.62 

Combined system with 
native WGFs, 0.3% 
phosphate, and 0.05 % 
sodium ascorbate 

218 1.68 

Combined system with 
WGFs140C, 15 

148 1.74 

Combined system with 
WGFs140C, 15 and 0.3% 
phosphate 

145 1.63 

Combined system with 
WGFs140C, 15, 0.3% 
phosphate, and 0.05 % 
sodium ascorbate 

140 1.81 

 
The experimental data (Table 2) show that the 

introduction of 0.3% of a Bioton Fos K-144 phosphate 
supplement into the combined system has not led to the 
inhibition of oxidation. Moreover, the PN of the system 
with native WGFs in the presence of the phosphate has 
increased by a factor of 2.3 compared to the reference 
system, while in the system with native WGFs without 
phosphates, it has increased by a factor of 2.25, which 
can be attributed to the catalyzing action of the alkali 
phosphate on the wheat germ lipoxygenase. This is 

consistent with the results of determination of the level 
of oxidation in the combined system with toasted WGFs 
containing partially inactivated lipoxygenase. 
According to the findings, the PN has increased by a 
factor of 1.48 and 1.45 for the combined systems with 
WGFs140C, 15 without and with phosphate, respectively. 

A possible cause of the process acceleration can be 
the formation of meat metpigments (Fe3+) exhibiting 
high prooxidant action, which can have an additional 
initiating effect against the background of accumulation 
of hydroperoxide s as active oxidants. 

To verify this assumption, we experimentally 
studied model systems admixed, along with WGFs and 
phosphate, with sodium ascorbate as a reducing agent of 
pigments. In this case, the 570 nm/650 nm absorbance 
ratio of acetone extracts of heme pigments, as a ratio of 
the reduced and oxidized forms of the pigments, was 
determined for all the systems. 

The research results suggest that the use of 
tripolyphosphate in combined systems with native 
WGFs is inappropriate because of its prooxidant action. 
The use of this compound in combined systems with 
toasted WGFs in conjunction with sodium ascorbate 
contributes to the inhibition of the process; at the same 
time, this does not provide a reliable stabilization of the 
lipid fraction. 

Inhibition of the accumulation of primary and 
secondary oxidation products is achieved through the 
introduction of a Delikaroma SF into the system with 
WGFs (Fig. 5). 

 

 
 

Fig. 5. Effect of the Delikaroma SF concentration on the 
oxidation of the lipid fraction of the combined systems. 

 
Based on the findings, we can state that the 

mechanism of action of the SF on the oxidation of fats 
does not change upon the introduction of the SF into 
systems with different concentrations of primary 
oxidation products as oxidation catalysts. Inhibition of 
the process occurs owing to the oxidation chain 
termination and the binding of free radicals with 
phenolic compounds having a more mobile proton to 
form stable products incapable of continuing the free 
radical oxidation process. Since the oxidation process is 
developing, a high concentration of inhibitors as free 
radical traps is required; therefore, the efficiency of 
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action of the SF increases with increasing concentration. 
In the case of a joint use of the SF and ascorbic acid, a 
synergetic effect is observed. The SF concentration of 
0.3% with respect to the weight of the feedstock is 
sufficient for effective inhibition of oxidation. 

Results of determination of the amount of primary 
and secondary oxidation products and free fatty acids in 
cooked systems with SF and differently processed 
WGFs during refrigerated storage are shown in Table 3. 

 
Table 3. Parameters of storage stability (at 4  2C) of the fat phase of combined systems with WGFs subjected to heat 
treatment to a temperature of cooking doneness 
 
Research 
object 

Storage time, days 
0 1 2 3 4 

PN TBN AN PN TBN AN PN TBN AN PN TBN AN PN TBN AN 
Reference 
system 6.08 - 2.1 6.08 1.12 2.4 7.02 2.12 3.8 7.02 2.75 3.9 7.56 3.53 4.1 

Combined 
systems with: 
native WGFs 

 
 

6.47 

 
 
- 

 
 

2.7 

 
 

7.18 

 
 

1.25 

 
 

31. 

 
 

9.28 

 
 

2.37 

 
 

3.8 

 
 

9.12 

 
 

2.92 

 
 

3.8 

 
 

10.61 

 
 

3.60 

 
 

4.1 
WGFs70C, 30 6.55 - 2.1 6.24 1.09 2.2 6.40 2.01 3.1 6.63 2.54 3.4 7.49 3.26 3.4 
WGFs140C, 15 5.85  2.2 6.00 0.97 2.4 6.00 1.75 2.8 6.24 2.45 3.2 7.02 3.04 3.7 
WGFsmicrowave 5.69  2.2 5.85 1.86 2.2 6.24 1.64 2.6 6.32 2.34 3.1 6.94 2.90 3.5 

 
Note: PN, mmol of active oxygen per kilogram of fat; TBN, mg/1000 g of product; and AN, mg КОН. 
 
The data suggest that the SF has an inhibiting effect 

on the systems with toasted WGFs under conditions of 
refrigerated storage for a time corresponding to the shelf 
life of cooked sausages and prevents the development of 
a typical defect that is referred to as "the smell of 
excessively overcooked meat." 

Results of the study allow us to recommend the use 
of WGFs in the technology of cooked sausage products. 

The flakes should be preheated at 140C for 15 min. 
The use of 10% of pretoasted WGFs provides a reliable 
improvement of the functional and technological 
properties of combined systems. The stabilization of the 
lipid fraction is achieved through the simultaneous 
introduction of 0.3% of a Delikaroma SF into the 
systems. 
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Abstract: A model of additional stabilization for the milk colloid system by means of the micelle electric charge 
arising owing to dissociation of micellar calcium caseinate is offered. The model allows comprehending the unique role 
of calcium in milk clotting and describing some features of coagulation temperature dependence, as well as explaining 
the nature of rennet, acid, heat-acid and heat-calcium coagulation within uniform concepts.  
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INTRODUCTION 
Milk clotting is one of important technological 

processes in the manufacturing of many foodstuffs, in 
particular, cheeses. This process is based on the 
coagulation of casein micelles, which may be caused by 
various factors, such as enzymes, acids, spirits, salts, or 
high temperature [1]. 

It is recognized now that the colloid stability of 
casein micelles in milk is ensured, basically, by the 
presence of the -casein macropeptide hairy layer on the 
casein micelle surface, sterically restricting the possible 
clinging together of micelles [2--5]. In essence, this 
layer represents a quasielastic polyelectric brush formed 
by negatively charged macropeptide residues [6, 7].  

The loss of colloid stability by the casein micellar 
system may be attributed to different ways of the 
destruction of the hairy layer. Therefore, under rennet 
conditions, -casein macropeptide hairs are split off by 
chymosin, which leads to the destruction of the 
protective layer. During acid coagulation, additional 
hydrogen ions easily get into the polyelectric brush and 
shift ion equilibrium to the recombination of dissociated 
-casein macropeptide acid groups, thus reducing the 
electric charge of macropeptide hairs and finally 
collapsing the protective layer [8]. 

Certain distinctions in mechanisms of the 
destruction of the casein micelle protective layer, as 
well as a number of factors affecting the micellar casein 
system's colloid stability, make it very difficult to 
describe various kinds of milk coagulation with a 
uniform approach. For example, it is known that the 
lack of calcium in milk has no significant effect on acid 
milk coagulation, while it is impossible to coagulate this 
milk by adding chymosin even after it has completely 
cut off the protective hairy layer [9, 10]. 

This research is an attempt to work out a universal 
model of milk coagulation, which would correctly 
describe, at least qualitatively, observable features of 
the milk coagulation phenomenon under various 
conditions of casein colloid system destabilization.  

The background of our model is represented by both 
well-known experimentally confirmed facts and 
somehow substantiated but still hypothetical 
assumptions. In particular, the basic hypothesis rests on 
the analysis of the outstanding role of calcium ions in 
the stabilization of the micellar colloid systems in milk. 

We hope that this paper will become a stimulus for 
the direct experimental check of our hypotheses by 
interested experimentalists. 

 
MATERIALS AND METHODS 
Skim milk was reconstituted by mixing up 90 g of 

low-fat milk powder (Milk Factory, Kemerovo, Russia) 
with 910 ml of distilled water and 4 cm3 of 10% 
solution of calcium chloride. Then, after complete 
dissolution, the reconstituted milk was left for about 12 
hours at 6 ± 2ºС.  

Milk coagulation was carried out in a thermostatted 
200 ml cell. 

The chymosin under the trademark of Maxiren® 
(DSM, Netherlands) was used for rennet coagulation. 
To prepare the enzyme solution, 0.1 g of dry Maxiren® 
powder was dissolved in 100 cm3 of distilled water.  

For simulating acid coagulation, a 10% lactic acid 
solution (Univerkhim, Chelyabinsk, Russia) was slowly 
brought to milk under careful mixing. 

To increase the pH of some milk samples, a 0.5-mM 
sodium hydroxide solution (NaOH) (Univerkhim, 
Chelyabinsk, Russia) was used. 

Soluble calcium was added to milk in the form of 
10% CaCl2 medical solution (Shenlu Pharm, China). 

To decrease calcium ion concentration in milk, in a 
number of experiments Trilon B® (Na2EDTA) 
(Khimservis, Ufa, Russia) was used as a chelating 
agent. 

Calcium ion concentration and pH in milk were 
measured with ELIT (Niko-Analit, Moscow, Russia) ion 
selective electrodes. 
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The casein micelles -potential was measured by 
means of Zetasizer Nano Z - ZEN2600 (Malvern 
Instruments, Malvern, UK). 

Milk coagulation was monitored with a computer-
driven “thermometric” gauge of our own design [11]. 
This device measures temperature difference between 
two thermocouple junctions immersed in milk at a 
distance of about 3 cm from each other. One of the 
junctions is attached directly to a small resistor 
dissipating permanently about 0.5 W of heat. An 
increase in milk viscosity during coagulation leads to an 
increase in temperature difference. It is more correct to 
say that the temperature increase near the warmed-up 
junction is due not only to the viscosity increase but also 
to the formation of a gel net structure, which also 
restricts convection in milk. In a sense, our method is 
similar to the hot wire method [12]. Hereinafter, the 
curves obtained by means of the thermometric gauge are 
called thermograms (by analogy with rheograms). 

 
RESULTS AND DISCUSSION 
Figure 1 demonstrates the dependence of rennet 

coagulation kinetics on ionized calcium concentration. 
Various doses of the 10% solution of calcium chloride 
were brought to milk at its reconstitution.  
 

 
 
Fig. 1. Thermograms of reconstituted skim milk 
coagulation by chymosin (25 mg/L) at 30°C. 
 Curves: 1 – reference sample; 

2 – 0.8 g/L of CaCl2 added to reconstituted milk; 
3 – 1.2 g/L of CaCl2 added to reconstituted milk; 
4 – 1.6 g/L of CaCl2 added to reconstituted milk; 
5 – 2.0 g/L of CaCl2 added to reconstituted milk; 
6 – no CaCl2 added to milk at its reconstitution. 

 
The reference sample, represented with the curve 1 

in Fig. 1, was prepared as specified in the previous 
section (4 cm3 of 10% CaCl2 solution was added to 1 L 
of reconstituted milk). The concentration of calcium 
ions in the reference sample, measured directly before 
coagulation, was 3.2 ± 0.3 mM.  

Enhanced doses of calcium chloride were added to 
the samples, represented by curves 2--5, as specified in 
Fig. 1.  

The sample represented by curve 6 was reconstituted 
without adding calcium chloride. Immediately before 
coagulation, calcium ion concentration in this sample 
was 1.8 ± 0.3 mM.  

All samples were coagulated at 30 ± 1ºС by adding 5 
ml of the enzyme solution to 200 ml of reconstituted 
milk. 

Predictably, the increase in the concentration of 
soluble calcium in reconstituted milk considerably 
reduces the duration of rennet coagulation. However, 
the increase in the concentration of calcium ions above 
approximately 10 mM leads to the saturation effect. 
Thus, for samples 4 and 5, for which the concentration 
of calcium ions was 9.5 ± 0.4 mM and 11.7 ± 0.4 mM, 
respectively, the coagulation time was almost the same. 

Figure 2 shows thermograms for the coagulation of 
reconstituted skim milk with a reduced calcium ion 
concentration by adding Trilon B (Na2EDTA). The 
reference sample (curve 1) is the same as in Fig. 1.  

The samples represented by curves 2 and 3 in Fig. 2 
are prepared as specified in Fig. 2. The calcium ion 
concentration for these samples was 1.2 ± 0.2 mM. All 
samples were coagulated at 30 ± 1ºС by adding 5 ml of 
the enzyme solution to 200 ml of reconstituted milk. 

 

 
Fig. 2. Thermograms of reconstituted skim milk clotting 
by chymosin (25 mg/L) at 30°C. 
Curves: 1 – reference sample (addition of 0.4 g/L of CaCl2 to milk); 

2 – 1.5 g/L of Na2EDTA and no CaCl2 added to milk at 
reconstitution, 0.8 g/L of CaCl2 added after 40 minutes of 
renneting; 
3 – 1.5 g/L of Na2EDTA and no CaCl2 added to milk at 
reconstitution. 

 
The samples represented by curves 2 and 3 are 

identical, but 1.6 cm3 of the 10% calcium chloride 
solution was brought to sample 2 40 minutes after the 
addition of the enzyme solution. It is clear from Fig. 2 
that coagulation started immediately after the addition 
of calcium. Note that the sample to which calcium had 
not been added (curve 3) did not coagulate within 2 
hours after the addition of the enzyme solution. 

A similar rennet coagulation behavior can be 
observed if calcium ion concentration in milk decreases 
one way or another to values less than approximately 
1.5 mM: milk can undergo no coagulation for hours 
after the addition of chymosin (if pH is not decreasing), 
but, if ionized calcium is brought to milk after -casein 
cleavage by chymosin is over, coagulation begins 
immediately.  

The most common ways to explain the role of 
calcium in the rennet coagulation of milk are to consider 
calcium as an agent bridging micelles together or as an 
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agent affecting the ionic strength of milk and, 
consequently, the density of the protective electrolytic 
brush.  

However, if bridging is the case, it is difficult to 
explain why the decrease in calcium ion concentration 
from 3.2 mM (Fig. 1, curve 1) to 1.8 mM (Fig. 1, curve 
6) almost doubles the coagulation time, while the 
decrease in calcium ion concentration from 3.2 mM 
(Fig. 2, curve 1) to 1.2 mM (Fig. 2, curve 3) stops 
coagulation. 

Note also that, if, in the case of sample 2 in Fig. 2, 
one brings to milk solutions of sodium chloride or 
potassium chloride instead of calcium chloride (with the 
same ionic strength), it does not lead to coagulation.  

We introduce a hypothesis of colloid stabilization 
for the milk micellar system, based on a simple 
phenomenological square-potential model. Let micelles 
be “hairy spheres” with a hard sticky surface and an 
elastic nonsticky hairy layer attached to the surface and 
protecting the spheres from sticking together [8]. The 
potential of interaction between two micelles for this 
system is shown in Fig. 3.  

 

 
 

Fig. 3. Schematic micelle image (a) and (b) the interaction 
potential depending on distance r between the centers of 
two micelles. 

 
It consists of an infinite hard sphere “wall” at 

distance D, a deep narrow adhesive “well” of width a, 
and a repulsive “step” of width : 
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The main idea of our model is an additional micellar 

potential, Uadd, resulting from the dissociation of 
micellar calcium caseinate [13]. In spite of the fact that 
we are inclined to consider this additional potential as 
sufficiently screened by Debye layer electrostatic 
repulsion, it is placed into the “adhesive” part of the 
whole potential. This is mostly to simplify the 

coordinate dependence of the whole potential. In this 
way, the additional potential just varies the adhesive 
well depth. It is not even forbidden to transform the 
“well” into “step.” 

It is known that calcium is able to bind chemically 
with phosphoserine groups of α- and β-caseins [10, 14--
16], forming compounds, so to speak, of an ambiguous 
chemical structure, which are usually called calcium 
caseinates. 

If one assumes the binding of calcium to 
phosphoserine groups as a chemically reversible 
process, it is possible to present formally the reaction of 
calcium caseinate dissociation--recombination as 
follows: 

 

 2 2CaCAS  Ca CAS  , (3) 
 

where symbol “CAS” is chosen to represent a 
“casein molecule.” 

The equilibrium constant for reaction (3) is  
 

 
2+ 2[Ca ][CAS ]

[Ca CAS]CASK


 , (4) 

 
Thus, the decrease in calcium ion concentration 

[Ca2+] leads to the emergence of an additional micellar 
negative electric charge, qCAS, proportional to the 
concentration of dissociated caseinates [CAS2–], which, 
in turn, is inversely proportional to [Ca2+] 

 
2

2+
[Ca CAS]  [CAS ]

[Ca ]
CAS

CAS
Kq     , (5) 

 
Expression (5) may be directly verified by micelle -

potential measurement. Figure 4 demonstrates a 
possible verification. The decrease in calcium ion 
concentration in our case was attained by adding Trilon 
B® to milk, and its increase, by adding the calcium 
chloride solution to reconstituted skim milk. In both 
cases, the pH of milk was adjusted to 6.7 with a sodium 
hydroxide solution.  

To fit experimental data, the following function for 
the negative micellar -potential absolute value was 
used 

 2+ζ
[Ca ]

a b  ,  (6) 

 
The solid line in Fig. 4 was calculated according to 

formula (6) with a = 45.7 mV∙mM and b = 10.4 mV.  
The constant term b, in our opinion, is basically 

attributed to the electric charge arising as a result of the 
dissociation of -casein macropeptide residues and, 
probably, some other functional groups of casein 
molecules. 

The results shown in Fig. 3 are in quite a reasonable 
accordance with earlier experimental data [17, 18]. For 
example, the article [17] states that the negative casein 
micelle -potential of skimmed bulk milk in absolute 
value was 24.4 mV, and after the removal of 51% of 
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calcium from milk through ionic exchange, it became 
30.6 mV (in absolute value). 

 

 
Fig. 4. Dependence of the micellar -potential on calcium 
ion concentration in reconstituted skim milk at pH = 6.7. 
 

Thus, we can conclude that the lack of calcium ions 
in milk causes an essential increase in the micelle 
electric charge as a result of micellar calcium caseinate 
dissociation. This leads to additional short-ranged 
(because of Debye screening) electrostatic repulsion. In 
our square-potential model, it counts as the increase in 
Uadd in (2) and, hence, the decrease in the adhesive well 
depth. Therefore, when calcium ion concentration in 
milk is decreased by any possible way, micelle “hard 
spheres” become unstuck and coagulation is impossible 
even when the “repulsive step” is completely destroyed 
by chymosin.  

It is useful to note that the “chemical” nature of the 
role of calcium in the stabilization of the milk casein 
colloid system can be proved by the fact that 
magnesium acts very similarly when added to milk, 
while sodium or potassium act differently. 

It is known that -casein cleavage by chymosin does 
not depend essentially on the concentration of calcium 
ions in milk. This may be justified by the conclusions in 
[19, 20]. In this case, the destruction of the protective 
hairy layer on the micelle surface for the sample whose 
thermogram is presented by curve 6 in Fig. 1 occurs 
practically simultaneously with that for the samples 
represented by curves 4 or 5. However, coagulation for 
sample 6 does not occur at this time. It occurs much 
later.  

According to our square-potential model, 
coagulation is a process of “all-or-nothing” type. 
Therefore, if the depth of Ua is enough and Ur is not 
very high, coagulation occurs. However, if the depth of 
Ua is not enough (whatever Ur is), coagulation does not 
occur. Then why do both milk samples with calcium ion 
concentrations of 2 mM and 10 mM coagulate, although 
in the latter case much faster? 

Apparently, there should be a process that is able to 
decrease the additional negative charge of casein 
micelles, raised in the way described above. Judging by 
the form of thermograms recorded at different calcium 
ion concentrations, this process may be similar to the 
proteolytic cleavage of -casein by chymosin. 

Let us now introduce another hypothesis to our 
model. We assume that the additional negative charge 

of casein micelles can be decreased due to the 
nonspecific proteolytic activity of chymosin, directed to 
the charged functional groups of - and -caseins. 
Researchers are aware of such nonspecific activity [21--
23]. In principle, - and -caseins located mainly inside 
micelles can be accessible to chymosin during the 
primary stage of coagulation. According to modern 
ideas, the micelle is a porous structure penetrable for 
small protein molecules [24--27]. 

To substantiate the hypothesis of chymosin 
additional proteolytic activity, we performed 
experiments on renneting calcium-depleted milk with 
different amounts of chymosin (Fig. 5). One can see that 
the increase in enzyme concentration leads to an almost 
proportional reduction of coagulation time. Such 
dependence is characteristic of enzymatic reactions. 
Thus, we may suppose that -casein proteolysis on the 
micellar surface and the proteolysis of - and -caseins 
inside micelles are similar processes, although in the 
latter case the rate of proteolysis is much slower (by 
about ten times according to our estimates) apparently 
due to the lower availability of the internal micelle area 
for chymosin molecules. 

Now we can explain the role of calcium ions in milk 
renneting in the following way. The rennet coagulation 
time is determined by the rate of -casein cleavage by 
chymosin on the micelle surface only in the case of a 
sufficient concentration of calcium ions in milk. 
According to our estimates, this concentration is about 
10 mM. As a rule, the concentration of ionized calcium 
in milk is below this value and chymosin needs some 
time to cut off the functional groups of - and -
caseins, negatively charged due to calcium caseinate 
dissociation, inside casein micelles. Since the additional 
electric charge of micelles strongly depends on calcium 
ion concentration, the rennet coagulation time is usually 
affected dramatically by the quantity of calcium ions 
added to milk. 
 

 
 
Fig. 5. Thermograms of reconstituted skim milk clotting 

by different amount of chymosin at 
30°C.  

Curves: 1 – reference sample (0.4 g/L of CaCl2 added to milk, 
clotting with 25 mg/L of chymosin); 
2 – no CaCl2 added to milk, clotting with 100 mg/L of 
chymosin; 
3 – no CaCl2 added to milk, clotting with 50 mg/L of 
chymosin. 
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It is usually believed that acid milk coagulation does 

not depend on calcium ion concentration and is 
determined only by the milk рН value. Nevertheless, 
this is not obvious. It is known that, under acid 
conditions, casein flocculation in milk begins at a рН 
value of about 5.2. On the other hand, at such рН 
values, micellar calcium phosphate is practically 
entirely ionized. Thus, the mechanism of casein colloid 
system destabilization during acid milk coagulation is 
perhaps similar to that described above.  

On the one hand, additional hydrogen ions under 
acid conditions reduce the macropeptide hair charge and 
make the polyelectric brush collapse (Ur is destroyed in 
our model). On the other hand, the increase in calcium 
ion concentration owing to the dissolution of colloid 
calcium phosphate leads to a decrease in the additional 
micelle charge (Ua becomes adhesive). 

We tried a simple experiment to substantiate this 
idea. The point is that Na2EDTA exhibits acid 
properties under dissolution. Thus, we were able to 
decrease the milk pH by adding either lactic acid or 
Trilon B®. In both cases, we decreased it to 4.8. 

In both cases, an increase in milk viscosity was 
observed. However, in case of coagulation with lactic 
acid, the increase in viscosity was more intensive and a 
classic acid clot was observed as a result. In case of 
coagulation with Trilon B®, despite a slow increase in 
viscosity, clot formation in milk does not occur. 

Perhaps, despite the decrease in EDTA's chelating 
ability at a low рН, the competition between this 
process and reversible calcium caseinate dissociation 
leads to the retention of part of the additional charge of 
casein micelles and, as a consequence, to the reduction 
of the micelle coagulation ability. Thus, it is quite 
possible that casein colloid stability in milk is controlled 
by the same mechanism for both rennet and acid 
coagulation.  

To include acid milk coagulation in our model, we 
add a couple of highly simplified schemes (similar to 
scheme (3)) to our phenomenological chemistry. First, 
we will consider the negative charge of -casein 
macropeptide hairs qCMP as a result of dehydrogenation  

 

 CMP  CMP + H  , (7) 
 
with the equilibrium constant 
 

[CMP ][H ]
[CMP]CMPK

 

 ,                      (8) 

Then 

 
[CMP]  [CMP ]

[H ]
CMP

CMP
Kq 

    , (9) 

 
The CMP symbol is chosen to represent -casein 

macropeptide hydrophilic groups. We may assume that 
basically this charge ensures micelle steric stability by 
means of the elastic polyelectrolyte brush. 

Second, because of the complexity of the colloid 
calcium phosphate (CCP) structure, its hydrogenation is 
considered within the extremely simplified one-step 
scheme: 

 

 * 2CCP 2H CCP Ca   ,  (10) 
 
Here CCP* is the hydrogenated form of CPP. We 

hope that this “averaged” scheme of CPP hydrogenation 
is qualitatively correct at least for describing the basic 
features of the process (for example, dependence on 
pH).  

The mechanism of acid milk coagulation can now be 
described as follows. A decrease in milk pH or, 
respectively, an increase in [H+] shifts, on the one hand, 
the equilibrium of reaction (7) to the left and, 
consequently, decreases (in absolute value) the 
polyelectric brush's negative charge qCMP (according to 
(9)). On the other hand, the increase in [H+] leads to the 
hydrogenation of the micellar colloid calcium phosphate 
complex according to scheme (10) and, hence, to an 
increase in calcium ion concentration. As a result of 
[Ca2+] growth, balance in scheme (3) is shifted to the 
left, decreasing the absolute value of the additional 
negative charge of casein micelles qCAS (according to 
(5)). Eventually, micelles lose both steric stabilization 
by means of the -casein macropeptide hairy layer and 
stabilization by means of the additional electric charge. 
Thus, colloid stability is lost, and an acid gel starts to 
form. 

We are of the opinion that our model, including 
schemes (3), (7), and (10), makes it possible to explain 
the results discussed in [28], where the authors tried to 
understand the role of soluble and insoluble calcium in 
milk coagulation. As is shown above, only ionized 
(active) calcium is of primary importance for milk 
colloid stability. In this sense, only calcium 
hydrogenated from colloid calcium phosphate with 
lactic acid may be considered as “active.” Meanwhile, 
the authors of [28] consider calcium chelated by EDTA 
soluble as well (Na4EDTA could be used in [28], 
because it seems that it does not change milk pH). 

Now we declare that the potential in our model is a 
function of two charges: 

 
( )r r CMPU U q  and ( )add add CASU U q . 

 
The explicit form of these two functions is a 

problem for a special study. However, for 
semiqualitative analysis, it would perhaps be enough to 
put  

 

 
2

2

,

.
CMP

CAS

r

add

U q

U q




 (11) 

 
Probably, it is also useful to add the rennet way of 

qCMP reduction in (9). Taking into account the 
exponential decrease in CMP brush density under rennet 
conditions (see, for example, [8]) and the fact that 
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0[CMP ] [CMP] [CMP]    is the maximum 
concentration of CMP hairs, one can easily get from (9): 

 

 0[CMP] exp( )
[H ]

CMP
CMP CMP

CMP

Kq k t
K    


, (11) 

 
Here kCMP is the reaction constant for CMP 

proteolysis by chymosin. 
Walking through similar procedure one can get from 

(5): 
 

 0
2

[CaCAS] exp( )
[Ca ]

CAS
CAS CAS

CAS

Kq k t
K    


, (12) 

 

Here 2
0[CaCAS] [CAS ] [CaCAS]   is the 

full concentration of α- and β-casein phosphoserine 
groups available for calcium binding and kCAS is the 
reaction constant for additional nonspecific proteolysis 
of α- and β-caseins by chymosin. 

One more hypothesis in addition to the scheme 
described above allows explaining some features of 
temperature dependence for acid and rennet 
coagulation, as well as the similarity of heat-acid and 
heat-calcium milk coagulation. 

Let us assume that the equilibrium of reactions (3) 
and (10) is shifted to the left when temperature 
increases. In other words, at higher temperatures, 
calcium forms less soluble compounds with both 
phosphates and caseins. Note that for reaction (10) such 
dependence is an established fact, while for reaction (3) 
this assumption is just a working hypothesis. It is based 
on the possible similarity of the chemical interaction of 
calcium with phosphate groups and phosphoserine 
residues of proteins. 

Then, if temperature decreases, reaction (3) shifts to 
dissociation (i.e., KCAS becomes greater) and, as a 
consequence, to an increase in an additional micellar 
charge according to expression (5). Indeed, we 
understand that the temperature dependence of 
hydrophobic interactions is the main contributor to milk 
colloid stability at low temperatures. In our model, it 
counts as the maximal depth of the adhesive well U0. 
Apparently, when temperature becomes as low as 
approximately 6°С, U0 becomes so low that, even at 
zero Uadd, the micelle surface remains unstuck. For this 
reason, rennet [29] and acid [30] coagulation of milk is 
impossible at low temperatures.  

Temperature increase leads to a decrease in KCAS 
and, as a consequence, to a decrease in the additional 
micelle charge, qCAS. Therefore, the rennet coagulation 
time becomes shorter, and it decreases as temperature 
grows up to the point of enzyme inactivation. For acid 
coagulation, temperature growth leads to higher pH 
values at which coagulation begins. 

Figure 6 demonstrates the results of the experiment 
examining the dependence of temperature at which acid 
milk coagulation begins on the milk pH value.  

The experiment was carried out as follows. The 
samples of milk were adjusted to a desirable pH value 

with a lactic acid solution at room temperature and then 
put into a warmed-up cell equipped with a thermometric 
viscosity gauge. As one can see in Fig. 6, the 
coagulation of samples with a lower pH value begins at 
lower temperatures. These results correspond well to the 
conclusions made above on the basis of our hypothesis. 

 

 
 

Fig. 6. Thermograms of reconstituted skim milk samples 
subjected to heating after acidification.  
 

Curves: 1 – sample pH = 5.6; 
2 – sample pH = 5.9; 
3 – sample pH = 6.2. 

 
Apparently, calcium hysteresis in milk, discussed, 

for example, in [31], may also be explained within the 
framework of our scheme, assuming that both the direct 
and reverse reaction constants in scheme (1) are 
essentially higher than the similar constants for reaction 
(10).  

In addition, it is noteworthy that the developed 
approach, based on the analysis of the outstanding role 
of calcium ions in milk coagulation, can explain the 
amazing similarity of heat-acid and heat-calcium milk 
coagulation. It is well known that the addition of acid 
solutions or calcium chloride to milk heated up to 90--
95°С leads to immediate coagulation. Such technologies 
are used for manufacturing both fresh cheeses and 
technical casein. 

Within the described model, heat-acid and heat-
calcium milk coagulation proceeds as follows. As milk 
is heated, the reverse reaction in (10) leads to an 
increase in hydrogen ion concentration and, as a 
consequence, to the shift of reaction (7) to the left. As a 
result, the charge of the -casein macropeptide hairy 
layer on the micelle surface decreases and the colloid 
stability of milk is determined only by the additional 
stabilization due to dissociated calcium caseinate. The 
reverse reaction in scheme (1) leads to the reduction of 
the additional negative charge of casein molecules, but 
the concentration of ionized calcium is usually 
insufficient for its full neutralization. Adding soluble 
calcium to heated milk quickly decreases the additional 
charge. Adding an acid solution to milk leads to the 
shift of reaction (5) to the right and, hence, to a quick 
increase in calcium ion concentration, reducing the 
additional casein charge. Thus, in both cases colloid 
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stability is completely destroyed and coagulation 
quickly begins. 

 
CONCLUSION 
Making use of the hypothesis of the additional 

electric micelle charge arising owing to the dissociation 
of micellar calcium caseinate, we managed to describe 
the outstanding role of calcium in the coagulation of 
milk and, moreover, to show that various kinds of milk 
coagulation may be represented as fundamentally very 
similar processes. In all cases of milk coagulation, two 
major factors contribute to casein colloid stability:  

steric limitation for the approach of micelles 
by means of a polyelectrolyte brush consisting of 
hydrophilic -casein macropeptide residues on 
micelle surfaces; and 

electrostatic (in the sense of the Debye 
layer) limitation for the approach of micelles 
owing to the additional electric charge arising as 
a result of micellar calcium caseinate 
dissociation.  

The destruction of the polyelectrolyte brush can be 
made either “mechanically,” using the proteolytic 
cleavage of macropeptide hairs with chymosin or 

“chemically,” by neutralizing the negative charge of 
macropeptide hairs with acid hydrogen ions and thus 
collapsing the polyelectrolyte brush. In the first case, 
one has rennet milk coagulation and in the second, acid 
milk coagulation.  

The other stabilizing factor associated with the 
additional electric micelle charge operates equally under 
any type of milk coagulation. To decrease the additional 
charge, it is necessary to bring additional calcium ions 
to milk (that is why milk coagulation is very sensitive to 
calcium ion concentration in milk). Hypothetically, the 
additional charge may also be decreased in the way 
similar to renneting, i.e., due to nonspecific (or specific 
in another sense) proteolytic activity of chymosin 
directed to charged functional groups of - and -
caseins. 

Taking into account the hypothesis of the 
temperature dependence of calcium caseinate 
dissociation, we can describe the coagulation of milk 
and heat-acid coagulation as a high-temperature kind of 
acid coagulation. In addition, our model shows that 
heat-acid and heat-calcium milk coagulations are similar 
because they are based on the same principle: a quick 
decrease in the additional micelle charge. 
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Flour goods are a wide-range group of flour-based 

products, different in their recipe com-position, 
production technology, and consumer attributes. Baked 
bread goods are bread, buns, pies, and doughnuts. 
Pastries include cookies, hardtacks, crackers, 
gingerbread goods, wafers, fruitcakes, jelly and cream 
rolls, small cakes, cakes, Oriental sweets, etc. They are 
charac-terized by high gustatory qualities, a pleasing 
appearance, and convenience in consumption and 
storage. 

Pastries and baked bread goods are a weighty group 
of mass consumption foods, which enjoy persistent and 
stable demand. Their variety is ensured by variations in 
the quality and relation of recipe components, as well as 
by the diversity of technological methods, regimes, and 
equipment. At the same time, there are common features 
characteristic of flour baked goods, such as the use of 
the same raw materials (flour, sugar, fats, etc.), 
analogous semiprepared goods (emulsion, dough, baked 
semiprepared products, etc.), and similar technological 
operations (kneading, baking, etc.). 

The raw components that form a complex system 
during the preparation and structure de-velopment of 
flour baked goods play the decisive role in the 
formation of their consumer attrib-utes. Their relation is 
determined by the recipe-the aggregate of critical and 
additional raw materials. The critical raw materials in 
the production of pastries are flour, sugar, and fats, 
while those used in the production of bread goods are 
flour, yeast, salt, and water. In addition, the recipes 
include a large list of other raw materials, such as dairy 
products, egg products, fruit and berry products, 
leavening agents, flavorings, and so on. 

Depending on the formula, the quality of the critical 
and additional raw materials, and technological methods 
and regimes, one gets dough with various structural and 
mechanical properties, which, after baking, yield 
products with different textures. In other words, the 
diversity of baked flour goods is mainly determined by 
the development of different types of dough. Each 

dough type is prepared under strictly established 
relations of recipe components and the observance of 
the technology that ensures obtaining a product with 
specified properties. 

The majority of baked flour goods and their 
semiprepared products are multicomponent disperse 
systems, in which particles of the disperse phase are 
distributed in a dispersion medium of a complex 
composition. They are characterized by a high 
concentration of the disperse phase in dispersion media 
and a strongly developed interphase surface. The 
properties of such disperse systems are determined 
primarily by surface phenomena at interphase 
boundaries, such as processes occurring at interfaces: 
moistening, adsorption, adhesion, and others. Spatial 
structures emerge in the systems, whose type is 
determined by the type of contacts between particles of 
the disperse phase and the composition of the dispersion 
medium. 

A large number of works study how dough is formed 
from wheat flour [1--5]. The best studied is the 
development of bread-baking dough. Mechanisms of 
developing different types of pastry dough are less 
studied. This is due both to the diversity of dough types 
and raw components and to different conditions of their 
interaction. Fats, along with flour and sugar, are 
important ingredients of pastry dough, which affect its 
structural and mechanical properties and the texture of 
products. The properties of fats are very complicated 
and diverse. 

This paper gives an analysis of hypotheses about the 
role of fats in developing the structure of dough and 
baked flour goods, aimed at elaborating a pastry 
production technology involving liquid vegetable oils 
for obtaining safe and competitive goods. 

Fats in pastry production are critical raw materials. 
Fat is quantitatively the third compo-nent in recipes 
after flour and sugar and is the most expensive one. 
Despite the fact that pastries are not essential foods, 
they are traditionally in high demand. Pastries are 
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characterized by high food energy and low nutritional 
value. This is determined by the fact that their 
composition in-cludes many lipids and carbohydrates 
and few vitamins, macro- and microelements, proteins, 
food fibers, and so on. 

Today's healthy diet vogue affects the development 
of the pastry market. Buyers are be-coming fastidious 
and pay increasingly more attention to the quality 
composition of the foods that they consume. At present, 
the assortment of pastries is widening due to the 
creation of new low-calorie and high-nutrition products. 
This problem can be solved through the development of 
innovative technologies and the use of nontraditional 
types of raw materials, which make it possible to 
decrease the weight fraction of sugar and fat, to increase 
their nutritional value, and to enrich the products with 
physiologically functional food ingredients. 

At present, much attention is paid to the choice of 
fats for baked goods. The criteria for choosing fatty 
products are their physicochemical and organoleptic 
properties, resistance to oxidative spoilage, nutritional 
value, and safety, especially with regard to the content 
of saturated fatty acids and transisomers of fatty acids. 

The nutritional value of fats is determined by their 
fatty-acid composition and the presence of 
accompanying compounds. The recipe formulas of 
baked goods usually employ margarines and specialized 
fats that include solid fats obtained through the 
hydrogenation of vegetable oils. However, such fats 
contain considerable amounts of saturated fatty acids 
and fatty acid transisomers. In addition, food additives 
with a limited acceptable consumption level, such as 
preservation agents, stabilizers, emulsifiers, and 
flavorings, are often introduced in the composition of 
fats for baking. 

The World Health Organization has established that 
eating foods containing many saturated fatty acids and 
fatty acid transisomers has an adverse effect on the 
human organism. There exists the opinion that 
transisomers, as well as saturated fatty acids, are 
digested by the human organism worse than unsaturated 
ones, decrease its resistance to oncological diseases, 
increase the risk of diabetes, and lead to cardiovascular 
disorders [6, 7]. 

At present, we witness the trend toward decreasing 
the content of saturated fatty acids and fatty acid 
transisomers in all foods. For example, the US Institute 
of Health stated the necessity to achieve the zero 
consumption of transisomers with a simultaneous 
decrease in the dose of saturated fatty acids in 
developing healthy diets [7, 8]. In Russia, the level of 
transisomers (no more than 8%) is limited only in the 
production of spreads and margarines for retailing. 

Many researchers have studied the technological 
role of fatty products in pastry production [3--5, 9--15]. 
It is shown that not only the chemical composition of fat 
but also its physical state is significant in the 
development of the necessary structure of dough and 
baked goods. To prepare pastry dough, it is 
recommended using solid fats (butter, margarine, 
specialized fats, palm oil, and others), which are 
introduced into dough in a melted and plasticized state. 

Flour plays the leading role in dough development. 
Pastry production uses wheat flour, from which 
cohesive dough is obtained due to the ability of its 
proteins to form gluten. Other types of flour are rarely 
used, but today increasingly more attention is paid to 
improving the nutritional value of flour goods; in this 
context, the assortment of goods made of various types 
of flour from cereals, legumes, and oilseeds is widening. 

Rheological properties of dough are primarily 
determined by the ability of flour hydro-philic colloids 
to bind water under definite moistening. Water 
molecules not only interact with such colloids on the 
surface but also penetrate deep into them, which makes 
them swell. The formation of a desired dough structure 
is connected with the directed effect on the mechanism 
of interaction between recipe components, which form a 
complicated system, where each of them plays a definite 
role. The most important point for the formation of 
desired dough proper-ties and consumer attributes of 
flour goods is to forecast the behavior of flour under its 
interac-tion with water, fats, and sugar solutions at 
temperatures and pH values corresponding to the 
conditions of making dough and baked products. 

During dough kneading, water and fat compete in 
their interaction with flour particles and other 
components. The structural and mechanical properties 
of dough are ultimately determined by the relation and 
properties of high-molecular hydrophilic polymers 
(proteins, starch, gluten, pectins, etc.) and low-
molecular hydrophilic and hydrophobic compounds 
(sugars, fats, and amino acids). The structure of dough 
is influenced by the chemical composition and the 
strength of contact interaction between its ingredients. 
The recipe formula of each type of flour products 
should represent an optimal set of components able to 
form desired structural and mechanical dough properties 
because any deviations affect the texture and quality of 
baked semiprepared and fully prepared products. 

Water interacts with the flour protein, forming 
gluten as a bound extensible structure. If flour is 
covered with fat, this chain is interrupted, and, after 
baking, the product turns to be crisper and less hard. If 
the content of fat is high, little water is needed to obtain 
the desired consistency, gluten formation, swelling, and 
starch gelatinization being limited. Such dough is easily 
torn under stretching, weakly bound, and plastic. In 
addition, with a high content of sugar, fat hinders the 
transformation of sugar syrups into a hard amorphous 
mass under cooling. Fatty products make flour products 
soft and add delicate flavor to them owing to better 
dough aeration and the lubricating effect in the mouth 
[3, 4, 15]. 

During the development of the desired dough 
properties and structure of baked products, not only the 
chemical composition of fat but also its physical state is 
important. Important technological characteristics of 
fats used for baking are the content of dry substances, 
melting and congelation temperatures, firmness, and the 
number and size of solid-phase crystals at dif-ferent 
stages of the process of making and storing flour 
products. 

The content of the solid phase in fatty products is 
determined by the fat's melting and congelation 
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temperatures and by the ambient temperature, and the 
conditions under which fat transforms from the liquid 
state into the solid one affect the size of its crystals. If 
fats are cooled in the static state, a firm mass consisting 
of large crystals is formed. Large fat crystals can gather 
into conglomerates; as a result, the mass is perceived as 
more solid than that with fine crystals. Under the 
subsequent mixing, large crystals are destroyed and the 
mass becomes much softer and more plastic. A fat with 
fine crystals is called plasticized and is a mixture of 
solid and liquid phases in a definite relation. 

Fats are mixtures rather than pure compounds and, 
hence, have no clear melting characteristics. The 
melting and congelation temperatures of different fat 
triglycerides do not coincide, which is determined by 
the presence of several crystal modifications. The more 
diverse the set of fatty acids in a fatty product, the wider 
the melting temperature range is. Melting characteristics 
of fatty products can be established through determining 
the amount of the solid fat fraction (solid fat index) at 
different temperatures. In this context, there is the 
notion of the slip melting point---the temperature range 
in which fat is liquid with a certain amount of the solid 
phase. 

In choosing fatty products for flour goods, it is 
necessary to account for their solid indices at the 
following temperatures: ambient temperature (it affects 
the firmness of ready products), the temperature of 
technological operations with the use of fat (it affects 
the consistency of fat when it binds with other dough 
ingredients), semiprepared product temperature (it 
determines the state of fat under the formation of dough 
pieces and baked semiprepared products), and hu-man 
body temperature (it determines how much fat will melt 
in the mouth during eating and, respectively, how much 
solid fat can give a waxy flavor to the product). 

Despite the wide diversity of fats, dough types, flour 
products, and technological methods of making them, 
there are few hypotheses on the role of fats in the 
development of the properties of different dough types 
and the structure of flour products, which, basically, 
supplement one another and are applicable to different 
types of flour products. 

The traditional view on the role of fats in the 
kneading of pastry dough is that they are distributed in 
the form of films among flour particles; are adsorbed by 
the surface of protein molecules and starch grains; block 
hydrophilic groups, hindering their interaction with 
water; prevent the swelling of flour colloids; and 
increase the content of the dough liquid phase. Fats tear 
secondary protein bindings, penetrate between 
macromolecules, and block active centers. As a result, 
the binding between flour particles becomes weaker, the 
continuity of gluten and starch is violated, and dough 
acquires plastic properties. The thinner the fat films and 
the larger their number in dough, the more porous and 
crisper the structure of ready products is [3, 4, 14, 15]. 

Obviously, fats in the liquid state are better 
distributed over the dough volume. Hence, in a number 
of technologies of pastry preparation, it is recommended 
introducing fats in dough in the melted state in the form 
of a well-dispersed emulsion. In this state, during dough 
kneading, fat particles are more uniformly distributed 

between flour particles and, during dough piece baking, 
favor the formation of the laminated structure of the 
products. In the technology of making sugar and dry 
cookies and crackers, it is recommended adding fat in 
the melted state. However, adverse effects are possible 
in this case due to overheating during the melting of 
solid fat. This can increase the temperature of the 
dough, affect its structure, and cause a premature 
reaction of the leavening agent. 

Interaction of fats with dough components largely 
depends on the chemical composition and properties of 
a fat in question. For example, glycolipids play the role 
of structural lipids: they participate in the construction 
of cellular membranes and in the formation of gluten, 
which determines the baking quality of flour. As is 
known, fats can change the structure of protein particles 
by interacting with different chemical groups of protein 
macromolecules or through adsorption on the surface of 
protein molecules. Under dough kneading, fats change 
the properties of starch as a result of the formation of 
complexes with an amylase fraction. Some lipid 
molecules turn to be closed in the amylase helix, while 
others form a film on the surface of starch particles. An 
important role in this respect is played by saturated and 
unsaturated fatty acids in fat composition. It is noted 
that unsaturated fatty acids interact with flour 
biopolymers to a greater extent than saturated ones [1, 
2]. 

In studying the influence of fats on baking dough 
properties and dough quality, it has been established 
that fat substantially affects the rheological properties of 
gluten and dough and the quality of bread. As is 
established, the more unsaturated fatty acids in a fat, the 
more complex compounds with proteins it forms, which 
makes gluten more elastic, decreases dough viscosity 
and adhesiveness, increases dough gas retaining ability, 
improves the structure of the crumb, and increases the 
specific weight of bread [2, 11, 16]. This action of fat is 
more expressed in bread-baking and pastry dough with a 
low fat content. 

Under a long maturation of bread semiprepared 
products, fat is subjected to hydrolytic splitting, which 
leads to the accumulation of free fatty acids, di- and 
monoglycerides, polar li-pids, peroxides, and 
hydroperoxides, which interact with structural 
components of flour. This improves the rheological 
properties of dough and the quality of baked goods [17]. 

During baking, fats participate in the formation of 
the leavening structure and texture of the goods. The 
composition and properties of fat affect the aeration 
level and rise of dough pieces during baking. For 
example, S.P. Cauvain [5] stresses the importance of 
adding fat or an emulsifier to dough to reach the desired 
porosity of baked products. It is noted that fat ensures a 
high gas retaining ability, affecting positively the size 
and stability of gas bubbles. It is stated that the 
stabilizing action on gas bubbles can be produced by the 
solid part of fat. The crystals of the solid part of fat 
align at the boundary of a gas bubble and the liquid 
phase of the dough and affect both the size and stability 
of gas bubbles. As dough temperature rises, some fat 
crystals melt and lose their ability to stabilize gas 
bubbles. Ultimately, all fat is melted, and the stability of 
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the gas bubbles is maintained by other components, 
namely, gelatinized starch and gluten denatured protein. 

Therefore, the role of fat at the initial stages of 
baking is retaining gas bubbles in dough and preventing 
their coalescence. As dough is heated in the oven, its 
structure cannot restrict the dilatation of gas bubbles, 
and individual bubbles increase, coalesce, and get 
destroyed. All this makes dough settle down. As the 
dough temperature in the oven grows, solid fat becomes 
liquid and air bubbles tend to emerge from the dough 
and to come to the top. The longer the bubbles are 
retained in the dough, the larger the volume of the 
products. The author concludes that fat should have a 
high melting point. However, to ensure the effectiveness 
of solid fats, it is important to ensure their uniform 
distribution in dough, which is difficult to attain if at 
least a part of the fat is not liquid. 

Other works [9, 10, 15, 18, 20] also note that fats 
restrict gas diffusion through pore walls at the initial 
stage of baking at temperatures of 38--58°С, when the 
dough becomes softer before the stage of absorbing 
water by starch grains. The stabilization of pores leads 
to a more stable volume and a thinner texture of baked 
products. The necessity to use solid fats in dough is 
substantiated as follows: during baking, solid fat 
crystals are separated from the liquid phase and are 
covered with a protein membrane. This membrane 
allows a large amount of solid phase crystals of a fatty 
product to attach to air bubbles. In the course of baking, 
fat crystals melt, and the protein membrane unites with 
the surface of the bubbles as they extend, increasing 
extension resistance. It is assumed that the greater the 
number of fine crystals in fat, the higher is the 
efficiency of this process under baking. This mechanism 
can explain the formation of a dough texture containing 
a plasticized fat with hard crystals. 

Fat also affects the size and stability of air bubbles 
in beaten pastry dough before baking and at initial 
baking stages [14, 15, 19]. The main function of fat in 
baking products from beaten dough is to aerate dough 
during kneading. Beaten dough is foam in which air 
bubbles are retained in the liquid phase and are 
separated from each other by a thin film of a stabilizing 
agent. This stabilization is especially important at initial 
baking stages, when the rise in temperature increases 
the tendency to the rise of air bubbles. Later, in the 
course of baking, as proteins denature, starch 
gelatinizes, and moisture evaporates, the walls of the 
bubbles gradually become stronger, the foam begins to 
harden, and the gas bubbles burst and come out of the 
cavities, forming a spongy structure, in which individual 
cells are interconnected, allowing gases and liquids to 
pass through it. 

The moment when the liquid dough foam transforms 
into a "sponge" is largely determined by the recipe, 
while the stability of air bubbles under a temperature 
increase significantly affects the porosity and volume of 
the product. Protective films that are formed around the 
gas bubbles can be of different origin, including the 
participation of fat in their formation. To maintain the 
stability of air bubbles during baking, it is 
recommended, prior to the transformation of foam into a 
biscuit, adding emulsifiers in amounts sufficient for this. 

The mobility of fats in products depends on the content 
of the liquid fraction at a given temperature because, 
under the action of gravity, liquid fat can go down. The 
dripping of fat can also depend on the product's storage 
temperature. The higher the storage temperature, the 
larger the liquid phase in this fat is and, hence, the 
higher is the risk of fat dripping and oiling the packing. 

In baking laminated dough products [5, 15, 19], 
dough layers are affected by forces that spread them, 
which considerably increases the volume of the 
products. Pressure is created by bubbles of steam or gas 
exhaling under the use of baking powder or yeast. When 
gas bubbles enlarge, fat acts as a barrier for their 
movement and the dough layers are spread. To obtain a 
maximal volume, it is important to preserve fatty layers 
as long as possible; hence, it is recommended cooling 
the fat to 12--13°С before lamination to increase the 
share of its solid phase. The rise of laminated dough 
products depends on the following characteristics of fat: 
the amount of fat added (the larger the amount, the 
higher the rise is), the content of solid fat (the higher the 
content, the higher the rise is), the solidity of fat (the 
higher the solidity, the higher the rise is), and the size of 
crystals (the smaller the size, the higher the rise is). 

Despite the better rise of baked products under a 
high content of solid fats, their organoleptic properties 
can worsen because fats with a low melting temperature 
create the impression of "greasiness" and an unpleasant 
feeling of an envelope in the mouth. Hence, 
importantly, the content of solid fat should not be too 
high. 

The importance of the uniform distribution of recipe 
components in pastes for improving the quality of 
semiprepared and prepared products is stressed in many 
works [3, 4, 18]. When using fat in the solid form, one 
can have problems associated with its uniform 
distribution in dough. For example, to improve the 
organoleptic properties of biscuits, it is recommended 
using melted fats heated up to transition to the liquid 
state. It is emphasized that adding solid fat is an option, 
but the volume and texture of products will be worse. 

The aforementioned statements concerning the role, 
composition, and physical state of fat during dough 
preparation and dough piece baking are applicable only 
to some types of flour products. For example, the 
supposition that it is advisable to introduce fats in the 
plasticized fine-crystalline state is applicable to pastry 
dough with a high fat content. The opinion that it is 
recommended introducing fats in the melted form 
together with a well-dispersed emulsion is more 
applicable to plastic dough with a lower content of fat. 

Hypotheses about the role of fat in the production of 
baked flour goods mainly come down to the following. 
Liquid fats, as a result of their better distribution and 
interaction with recipe components, favor the formation 
of the necessary structural--mechanical properties of 
dough and the texture of the organoleptic properties of 
products. Solid fats play the role of a stabilizing 
structure primarily at the initial stage of baking and 
during storage. 

However, the above hypotheses cannot embrace the 
entire diversity of dough types and explain the role of 
fats in the formation of ready products' properties. For 
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example, melted fats are used to knead dough for sugar 
and dry cookies, crackers, and gingerbreads. The 
temperature and duration of the stages preceding baking 
cannot create conditions for the crystallization of fats. 
Obviously, fat in a dough piece at the baking stage is 
liquid. Fat crystals can form only after cooling during 
storage, which makes the products harder. 

Noteworthy is also the hypothesis about the role of 
unsaturated fatty acids in forming bread dough [2, 11, 
16]. It is stressed that they can form complex 
compounds with proteins, which increases the ability of 
gluten films to spread without tearing under the pressure 
of the growing gas bubbles. The elasticity of gluten and 
the retaining ability of dough increase, the crumb 
structure improves, and the bread specific volume 
grows. Evidently, this action of fat is more expressed in 
bread and pastry dough with a low fat content. 

Ultimately, the structural--mechanical properties of 
any dough are determined by the relation and properties 
of high-molecular hydrophilic polymers (proteins, 
starch, dietary fiber, and pectins) and low-molecular 
hydrophilic and hydrophobic compounds (sugars, fats, 
and amino acids). In other words, the structure of dough 
is determined by its chemical structure, the strength of 
contact interaction between its components, and process 
parameters. An optimum of these indicators should exist 
for each product, because both their decrease and 
increase will affect the ability of dough to form and the 
quality of baked products. 

Note that many studies are dedicated to the 
elaboration of fatty products for flour goods. These 
developments are mainly aimed at creating specialized 
fats for baking (shortenings). Such fats are obtained by 
mixing fats with oils, flavorings, emulsifiers, stabilizers, 
and preservation agents with the subsequent cooling and 
packing. The necessary hardness is reached through a 
definite relation of solid and liquid fractions of fats. 
Many shortenings have specific properties that make 
them fit for individual products, for example, for baking 
cakes, cookies, or crackers. 

The need for the use of specialized fatty products is 
determined by the fact that they make it possible to 
increase the production performance and ensure the 
stable quality of products. However, the problem of 
using fats is associated with their high cost, and their 
positive effect is often brought to naught due to an 
increase in price. In addition, little attention is paid to 
the nutritional and biological value of such fats. 

In the mid-1990s, increasingly more palm oil began 
to appear in the Russian market. Tak-ing into account its 
low cost, many fabricators began to use it for kneading 
dough. However, the use of palm oil in the dough 
composition has elucidated a number of its drawbacks. 
Palm oil contains a large quantity of solid triglycerides 
and saturated fatty acids, which make cookies harder 
during storage as the oil is crystallized. During storage, 
on the surface of cookies with palm oil, fat bloom can 
appear as a result of the formation of large crystals 
under temperature fluctuation. In addition, since 
recently, palm oil prices have been growing, and 
fabricators have to look for and alternative [7]. 

A universally available type of fatty products is 
liquid vegetable oils. Owing to the pres-ence of a large 

amount of unsaturated fatty acids, including the 
essential polyunsaturated fatty acids of the ω-3 family, 
and the high content of tocopherols, phospholipids, and 
carotenoids, liquid vegetable oils have a high nutritional 
value, are characterized by a long shelf life and low 
cost, and are convenient in storage, dosing, and use [8, 
12]. However, the use of liquid vegetable oils for the 
production of pastries is limited because they are badly 
retained by products and show up during production and 
storage. This is why it is necessary to develop 
technological solutions that could stabilize the structure 
of dough and products by binding and retaining liquid 
oil. 

To stabilize nutritional systems with liquid vegetable 
oils, the food industry widely em-ploys stabilizing food 
additives based on high-molecular compounds, such as 
proteins and polysaccharides. At present, popular are 
food additives designed to ensure aggregate stability 
and/or to maintain a uniform consistency of two or more 
immiscible ingredients. They include thickeners, 
gelatinizing agents, bulking agents, and moisture 
retention agents [21]. 

Stabilizing food additives also affect the shelf life of 
foods because they bind water, which delays drying, 
hinders the development and reproduction of 
undesirable microorganisms, and slows down the 
oxidative spoilage of fats. 

To form and stabilize the consistency, food 
technology often uses complex natural hydro-colloid 
polymer-based stabilizers with a wide range of 
functional--technological properties. The use of 
complex additives makes it possible to broaden the 
spectrum of their technological properties and favors the 
emergence of synergism. Each of the ingredients in 
stabilizing systems specifically affects the consistency, 
structure, outer appearance, taste perception, and 
stability of goods during production and storage. 

The set of ingredients for mixtures of stabilizing 
additives changes depending on the composition, 
expected results, and cost. For example, the stabilizing 
function of polysaccharides is largely determined by 
interaction with the partner---protein. The protein--
polysaccharide complex is present in many foods, and 
studying its properties and behavior in technological 
processes is one of the most important aspects of food 
science. Widely used for stabilizing the structure of 
foods are stabilizing systems based on natural high-
molecular hydrocolloids, such as gums, modified 
starches, food fibers, and protein preparations. Natural 
stabilizers are also used in developing special and 
functional foods. 

To increase the effectiveness of liquid vegetable oils 
and stabilizing food additives in pastry production, new 
technological solutions are necessary, making it 
possible to regulate the properties of semiprepared and 
prepared products for increasing stability, including the 
baking stage. This should be substantiated by the 
functional and technological properties of raw materials, 
by dosing, and by methods of introducing recipe 
components. 

In developing a method of fabricating cookies, 
implying the replacement of solid-consistency fat by 
liquid vegetable oil to stabilize the structure of dough 
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and the quality of products, we used a complex food 
additive based of xanthan and guar gums, dietary fiber 
preparations, and a soybean protein isolate. All the 
components are on the list of food components and 
additives that have no adverse effect on human health 
when using them for food fabrication. 

These food additives were chosen proceeding from 
studies on their functional--technological properties 
[22]. Preparations based on xanthan and guar gums have 
a high water-retaining ability, fat-emulsifying ability, 
and stability of emulsions; wheat gluten has a high 
water- and fat-retaining ability; and the soybean protein 
isolate has a good fat-emulsifying ability and a high 
stability of emulsions. The presence of the above 
properties makes it possible to suggest reaching the 
necessary stabilizing action in introducing these food 
additives to the composition of dough with liquid 
vegetable oil. 

It was established in the course of our studies that 
the production of cookies with liquid vegetable oil 
implies not only a change in the traditional set of recipe 
components but also an increase in the moisture content 
of dough. Changing solid fat for liquid vegetable oil and 
intro-ducing a stabilizing food additive make it possible 
to increase the dough moisture content by 1.5--2% and 
to decrease the share of fat in the recipe by 15--20% 
without changing the structural--mechanical properties 
of dough and the traditional consumer attributes of the 
cookies [23]. 

The studies have made it possible to propose an 
innovative method of preparing cookies with liquid 
vegetable oils and stabilizing natural high-molecular 
biopolymer-based food addi-tives [24]. The main 
technological stages are preparing the recipe mixture by 
mixing all components except for flour and the fat phase 
(see figure), obtaining the fat phase from liquid 
vegetable oil and the complex of stabilizing food 
additives, and preparing a fat--flour mixture from flour 
and the fat phase. Dough is kneaded from the recipe and 
fat--flour mixtures, after which it is formed, baked, and 
cooled. 

Preparing the fat phase from the mixture of liquid 
vegetable oil and the complex stabiliz-ing additive 
creates conditions for a better distribution of the 
additive and a fuller interaction of its components with 
the oil. Mixing flour with the fat phase makes it possible 

to create condi-tions for a better interaction of 
hydrophobic groups of flour high-molecular compounds 
with oil and the absorption of oil by the surface of solid 
particles to increase the stability of dough and product 
properties and to decrease the migration of oil from 
goods during production and stor-age. 

 

 
 

Figure Flow diagram of the production of cookies using 
liquid vegetable oils.  

 
Our studies show that introducing liquid vegetable 

oils to pastry requires the use of stabi-lizing food 
additives and technological methods making it possible 
to effectively emulsify, bind, and retain liquid vegetable 
oil and, thus, to stabilize the structure of dough and the 
quality of products. The use of this technology of 
fabricating flour pastries with the use of raw materials 
containing physiologically functional ingredients makes 
it possible not only to obtain high-quality products but 
also to increase their nutritional value under the 
simultaneous decrease in food energy. 
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Abstract: Reducing the calorie content of everyday food, including dairy beverages, is among the key 
recommendations of present-day dietitians. However, fat reduction worsens the organoleptically evaluated texture and 
flavor score of food. The organoleptic correction of nonfat products using fat simulants often needs additional financial 
inputs. Furthermore, fat simulants added to the product can be hazardous to human health.  

Taking into consideration these facts, we have developed a casein microparticulation technology and have 
investigated the possibility of employing microparticulated casein in the production of nonfat fermented dairy 
beverages. Unlike the existing milk protein microparticulation technologies, the technology presented here uses casein 
in place of whey protein, which is difficult to produce and, as a consequence, expensive. A casein coagulation method 
has been devised, and the optimal processing parameters have been determined. A technology for producing nonfat 
lapper milk from skim milk has been developed. The new product has the same texture and flavor as its analogue 
containing 3.2 wt % fat. 

 
Key words: microparticulation, casein, renneting, fat simulant, viscosity, active acidity, enzyme. 
 

 

INTRODUCTION 
The rapid progress in engineering and technology 

has markedly reduced the amount of manual labor in the 
present-day society. The decreased physical activity and 
sedentary lifestyle combined with traditional dietary 
patterns leads to overweight and obesity, which can 
cause so-called diseases of civilization, such as 
hypertension, coronary heart disease, insult, gallbladder 
diseases, osteoarthritis, dyspnea, rectal cancer, and 
diabetes [1].  

The problem of instilling the culture of consumption 
in people and that of changing their dietary patterns 
should be solved at all society levels, including the 
government. Of great importance for solving the latter 
problem are public awareness of the principles of a 
healthy balanced diet and production of low-calorie 
foods.  

A significant decrease in the calorie content of food 
can be achieved by reducing the amount of fat, the 
highest calorie component, whose energy value is more 
than two times higher than that of proteins and 
carbohydrates, the more so because milk fat is not an 
indispensable component of food from the standpoint of 
nutritional value.  

However, low-fat dairy products may have some 
defects, for example, flat taste, too thin texture, and too 
coarse texture with signs of mealiness and curd grains 
(for protein foods) [2]. The nutritional value of food is of 
obvious significance, but the consumer’s choice is 
actually governed by the organoleptic properties of food. 

In practice, the organoleptic properties of nonfat 
foods is increasingly being corrected using fat 
simulants, which are low-calorie substances creating the 
illusion of the presence of fat. This property of fat 
substitutes is due to their particles falling in the size 
range from 0.5 to 2.0 μm and having a spherical or near-
spherical shape. This is the reason why foods containing 
fat substitutes provide a creamy mouthfeel when they 
are masticated. Particles larger than 3 μm in aqueous 
dispersion are perceived as powdery, chalky, and sandy 
(as their size increases), and dispersed particles smaller 
than 0.1 μm are perceived as a true solute [3]. 

Fat simulants differ in their nature and may be based 
on a carbohydrate, protein, or fat or on their 
combination. 

Carbohydrate-based fat substitutes are produced 
from natural gums, agar, modified starch, or corn fiber. 
They absorb water, thus imitating the fat volume and 
structure, and are used in the production of pastry, 
convenience meat products, spreads, soups, salad 
seasonings, glaze, and frozen desserts [4]. 

Protein-based fat substitutes are produced by heating 
and grinding (microgranulation) of milk and egg 
proteins or a mixture of egg and whey proteins and 
xanthan gum. They are unsuitable for foods whose 
preparation involves high-temperature treatment, 
because the proteins undergo denaturation at elevated 
temperatures, their structure breaks down, and they lose 
their ability to simulate fat [5]. 
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The method of producing microgranulated whey 
protein (MWP) was developed in 1984 by the Canadian 
inventors Norman S. Singer, Shoji Yamamoto, and 
Joseph Latella [6]. The microgranulated protein 
Simplesse®-100 is readily dispersible and dissolves 
rapidly without use of specialized equipment or 
technology; it acts as an ersatz dispersed phase in place 
of the fat droplets that traditionally function as the 
dispersed phase and simulates the creamy texture of the 
product [7, 8]. 

The particles of denaturated whey protein in milk–
protein products and fermented dairy beverages 
participate in the formation of a casein clot: they 
incorporate in the protein matrix to function as the fat 
globules that they have replaced [9, 10].  

However, the price of these additives is  
670–730 RUB/kg, which is unacceptable for Russian 
manufacturers. In addition, MWP is not manufactured 
in Russia on the industrial scale, and this can make the 
production of MWP-based low-calorie foods import-
dependent. 

Our analysis of the literature concerning this 
problem suggests that Russia strongly needs domestic 
technologies for production of reduced-fat foods with 
good organoleptic properties using raw materials and 
equipment available for the existing enterprises.  

The purpose of this study was to develop a protein-
based low-calorie fat simulant and to see whether this 
simulant is usable in the production of nonfat lapper 
milk. 

 
EXPERIMENTAL  
The technical problem addressed here is to 

 obtain ~1 μm spherical protein particles that are 
uniformly distributable in the raw material–product 
colloidal system without changes occurring in their 
dispersion, shape, and size in all technology steps.  

The objects of this study were nonfat cow’s milk 
(Magnitogorsk Dairy Plant) and a nonfat fermented 
dairy beverage produced by the thermostat method 
involving a casein microparticulation stage.  

The following reagents were used in milk 
coagulation: 

- heat–acid coagulation: 10% acetic acid solution 
(VitaKhim Perm’ Co., Perm, Russia); 

- acid coagulation: dry starter cultures L. lactis, Str.  
thermophilus, and L. acidophilus (Barnaul’skaya 
Biofabrika Co., Barnaul, Russia); 

- heat–calcium coagulation: 40% calcium chloride 
solution (Univerkhim Co., Chelyabinsk, Russia); 

- renneting: microbial chymosin Maxiren® (DSM, 
Netherlands). 

The medium was neutralized to pH 7.00 with 10% 
sodium hydroxide E524 (Kaustik Co., Volgograd, 
Russia).  

The organoleptic, physicochemical, and rheological 
properties of the raw materials and products were 
investigated by standard methods. 

The raw materials and products were sampled and 
prepared for physicochemical characterization in 
conformity with ISO 707:2008 (IDF 50: 2008) “Milk 
and milk products – Guidance on sampling”. 

Organoleptic analyses were performed in conformity 

with ISO 22935-2:2009 “Milk and milk products. 
Sensory analysis. Part 2. Recommended methods for 
sensory evaluation (IDT).” 

Active acidity was determined potentiometrically as 
prescribed by the RF standard GOST R 53359-2009 
(Milk and products of milk processing. Method for 
determination of pH). Active acidity (pH) can be 
measured with any potentiometer whose measurement 
range is pH 0–12 (14) by following the instructions for 
the instrument. 

The viscosity of dairy raw materials and products 
was determined on a VPZh-4 capillary viscometer via a 
procedure prescribed by the RF standard GOST 33-
2000. In this method, a certain volume of the liquid 
examined flows by gravity out of a graduated glass 
capillary at a constant temperature and its outflow time 
is measured in seconds. Kinematic viscosity is the 
product of the outflow time and the viscometer constant 
[11]. 

The shape of casein micelles was determined by 
microscopic examinations. 

The size of casein micelles was determined by a 
turbidimetric method based on measuring the intensity 
of light passing through the dispersion [12]. These 
turbidity measurements can be carried out with a KFK-2 
photoelectric colorimeter, which is intended for 
measuring the absorbance of colored molecular 
solutions. Its operation is based on the equalization, 
with an adjustable slit diaphragm, of two light fluxes, 
one passing through a cuvette with the sol analyzed and 
the other through a cuvette with a standard sol,. A 
calibration plot is constructed beforehand using, e.g., an 
electron microscope. The particle size is derived from 
colorimetric data using this plot and Geller’s formulas. 

 
RESULTS AND DISCUSSION 
The scientific novelty of the technology suggested 

here is that particles of desired size and shape are 
obtained by controlled coagulation of native proteins of 
milk, with the process terminated once the particles 
have reached a size of ~1 μm. This technology is unique 
and is not used by any manufacturer in the world. It 
differs from the existing technologies in that the main 
component of the fat simulant is casein, a readily 
available substance, rather than an expensive whey 
concentrate (Table 1). 

 
Table 1. Some characteristics of the product obtained in 
this study and analogous fat substitutes  

 
Evaluation 
parameter Our product Simplesse Olestra 

Base Casein (main 
milk protein) Whey proteins Sucrose polyester 

Assimilability in 
organism 

Completely 
assimilable 

Completely 
assimilable, 

recognized as 
safe 

Nonassimilable; 
no final data on 

safety 

Thermal 
processibility 

Intolerant to 
heat 

Intolerant to 
heat Heat-treatable 

Calorie content, 
kcal/g 1–4 1–4 5 

Price, RUB/t 60 000–
80 000 690 000 450 000 
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Initially, we studied the main milk coagulation 
mechanisms in order to find the most appropriate 
method of obtaining particles of desired size and shape. 

In the investigation of heat–acid coagulation, the 
coagulant was a 10% solution of acetic acid (VitaKhim 
Perm’, Perm, Russia), with its dose varied between 0.2 
and 1.0%. The acid type, concentration, and dosage 
were chosen on the basis of earlier data on the heat–acid 
coagulation of milk proteins [13]. Coagulation was 
performed between 25 and 85°С, with the temperature 
changed in 20°С steps. The coagulation process was 
terminated by rapidly cooling the system to 20°С. 

The appropriateness of the size of the resulting 
casein particles was indirectly assessed by viscosity 
measurements after cooling (Table 2). 
 
Table 2. Variation of the viscosity of the product with 
coagulation temperature at different doses of acetic acid 
 

Dose of 
acetic acid 
solution, % 

Viscosity of the mixture, mm2/s, at the 
following temperatures 

25±2°С 45±2°С 65±2°С 85±2°С 

0.2 3.31 3.61 4.40 Pronounced 
coagulation 

0.4 3.56 3.86 4.42 Pronounced 
coagulation 

0.6 3.59 3.93 4.69 Pronounced 
coagulation 

0.8 3.84 4.10 4.69 Pronounced 
coagulation 

1.0 3.86 4.14 4.97 Pronounced 
coagulation 

 
The results of this experiment indicate that 

increasing the dose of 10% acetic acid at a constant 
experimental temperature exerts an insignificant effect 
on milk coagulation, increasing the viscosity by only 6–
8%. Raising the coagulation temperature turned out to 
be a more effective means to increase the kinematic 
viscosity by approximately 14–16%. This is due to the 
fact that the action of heat on protein molecules is the 
main dehydrating factor, which simultaneously causes 
the breaking of intramolecular bonds and protein 
denaturation. 

Coagulation can theoretically be hampered by 
abruptly dropping the temperature. However, 
experience has demonstrated that milk, like any other 
colloidal system, is inertial and it takes a relatively long 
time to change its temperature. Because the state of the 
milk proteins changes very rapidly under the action of 
the acid and heat, it seems impossible to control the 
heat–acid coagulation process, particularly under 
industrial conditions. 

Acid coagulation was examined as another possible 
way of obtaining casein-based fat simulants. 
Experiments were performed with lactic acid bacteria 
differing in their heat tolerance and acid production 
activity: L. lactis, Str. thermophilus, and L. acidophilus.  

Milk coagulation was terminated by rapidly cooling 
the mixture to 10°С—the simplest possible method. 
This was done 1 h before a significant increase in 
viscosity took place, specifically 6, 3, and 4 h after the 
beginning of fermentation for L. lactis, Str. 
thermophilus, and L. acidophilus, respectively. 

Pasteurized and cooled milk was fermented with 
pure cultures of lactic acid bacteria, which were 
introduced as a bulk starter (1% of the milk weight). 
Thereafter, milk samples were thermostated for a certain 
time at the optimum temperature for the development of 
the microorganisms. Next, the samples were cooled and 
their viscosity was measured. 

As a result of this processing, the viscosity of the 
mixture increased to (6.3–7.15) ∙ 106 m2/s. This was due 
to the aggregation of protein molecules as a result of 
acid coagulation occurring via the following 
mechanism: lactic acid accumulating in the milk owing 
to lactose fermentation by the lactic acid bacteria 
reduces the negative charge of casein micelles and 
brings casein into the isoelectric state (pH 4.6–4.7). At 
this point in time, the interparticle repulsion potential 
decreases and the protein macromolecules lose their 
solubility and stability.  

But acid coagulation is a difficult-to-control process 
depending on many factors that are uncorrelatable under 
industrial conditions, including milk composition 
variation with the cow’s breed, individual features, state 
of health, and lactation period, with the way of caring 
for the cow, with the type of feed, and with the sanitary 
conditions under which the milk was produced. Note 
that dairy plants most often receive bulk milk, and it is 
difficult to control its quality and to take into account all 
significant factors. 

In addition, as the starter cultures employed in the 
dairy industry are transported and stored, they may 
undergo progressive deactivation. Different starter 
batches may contain bacterial strains differing in their 
acid formation capacity. However, the most frequent 
cause of the deactivation of starter microflora is the 
action of bacteriophages [14]. 

Thus, the production of protein-based fat simulants 
by the acid coagulation of milk is difficult to organize 
and control on the industrial scale. 

We also investigated the applicability of the calcium 
chloride coagulation of milk proteins to the production 
of casein-based fat simulants. Calcium chloride was 
introduced as its 40% solution, with the solution dose 
varied between 0.5 and 1.25% in 0.25% steps. As in the 
case of heat–acid coagulation, the milk coagulation 
temperature was varied between 25 and 85°С in 20°С 
steps. The coagulation process was terminated by rapid 
cooling. The viscosity of the medium was chosen to be 
the response parameter (Table 3). 

An analysis of these experimental data demonstrated 
that an increase in the dose of 40% calcium chloride at a 
fixed temperature exerts only a slight effect on milk 
coagulation, increasing the viscosity of the medium by 
only 1–3% on the average. A more significant factor 
here is coagulation temperature: as the temperature is 
elevated from 25 to 65°С, the viscosity increases  
by 16–79%, depending on the calcium chloride dose. 

The increase in milk viscosity is explained by the 
growth of protein particles. The introduction of calcium 
chloride into fresh milk reduces the stability of the 
colloidal dispersion of the calcium caseinate–calcium 
phosphate complex. This is accompanied by the 
exchange of H ions of the casein complex for Ca ions 
from the calcium chloride solution. As a result of this 
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cation exchange, the calcium caseinate–calcium 
phosphate complex is further enriched with calcium 
owing to the liberation of H ions. This acidifies the 
milk, bringing it from pH 6.5 to pH 5.0, and causes the 
aggregation of particles of the complex. Because of the 
specific physicochemical properties of milk, it is 
impossible to quickly terminate its coagulation by 
lowering its temperature.  
 
Table 3. Calcium chloride dose and temperature effects on 
the viscosity of the milk mixture in calcium chloride 
coagulation 
 

Dose of 
40% 

СаCl2, % 

Viscosity of the mixture, mm2/s, at the 
following temperatures 

25±2°С 45±2°С 65±2°С 85±2°С 

0.25 3.05 3.35 4.21 Pronounced 
coagulation 

0.50 3.11 3.42 4.71 Pronounced 
coagulation 

0.75 3.15 3.50 4.98 Pronounced 
coagulation 

1.00 3.26 3.55 5.50 Pronounced 
coagulation 

1.25 3.32 3.61 6.82 Pronounced 
coagulation 

 
Thus, the calcium chloride coagulation of milk is 

difficult to monitor and control. Cooling only slows 
down the process slightly but does not terminate it. A 
significant drawback of the process is the unpleasant 
taste of its product that appears even in the presence of a 
small amount of calcium chloride. 

In order to form protein particles of desired size and 
shape, we investigated milk renneting, in which the 
main coagulant is a milk-clotting enzyme. The action of 
milk-clotting enzymes can be corrected by varying the 
processing temperature, the ionic strength of the 
medium, the CaCl2 concentration, and the processing 
time. 

Investigation of the milk-clotting activity (capacity 
for rapidly hydrolyzing χ-casein) and total proteolytic 
activity (capacity for cleaving other bonds in proteins) 
demonstrated an obvious advantage of chymosin over 
the other enzymes: chymosin shows the lowest 
proteolytic activity relative to milk-clotting activity. 

All of the milk-clotting enzymes commonly used in 
the dairy industry are acid proteases, which exhibit their 
maximum activity in acid media. The optimum active 
acidity for χ-casein hydrolysis with chymosin is pH 6.0, 
and the reaction rate varies only slightly in  
the pH 5.6–6.4 range. A common property of the milk-
clotting enzymes is that their total proteolytic activity 
declines when pH is above its optimum level. We 
suggest that this property be used to terminate the 
coagulation process. 

Milk-clotting enzymes vary in terms of the 
temperature dependence of their activity; for chymosin, 
the optimum temperature is 45°С.  

The necessary amount of enzyme depends 
considerably on the physicochemical properties of the 
milk to be processed, but usually 2.5 g of an enzyme 
preparation with an activity of 100 000 U is added to 
100 kg of milk. In order to check the effect of a dose of 

rennet enzyme and the duration of its coagulating action 
on milk, we carried experiments in which the rennet 
enzyme dose was reduced so as to prevent pronounced 
coagulation of milk proteins. 

An enzyme solution (0.02–0.1% of the mixture 
volume, 0.04% increments) was introduced into milk at 
40–42°С for a higher effectiveness of the enzyme. The 
increasing size of casein globules was estimated as the 
viscosity of the medium 10, 20, and 30 min after the 
introduction of all reagents (Table 4). 
 
Table 4. Variation of viscosity with the rennet enzyme dose 
and fermentation time 
 

Holding 
time, min 

Dose of rennet enzyme 
(as a solution with an activity of 100–150 U), % 

0.02 0.06 0.1 
Viscosity, mm2/s 

10 3.07 3.47 4.07 
20 3.29 4.46 8.87 

30 3.53 5.67 Pronounced 
coagulation 

Total 
clotting 

time, min 
70 60 30 

 
Note that the smaller the rennet enzyme dose the 

longer the clotting time. Based on experimental data, we 
set the enzyme dose to be 0.1%, since only with this 
dose did we obtain the desired casein particle sizes in a 
short time.  

To study the active acidity effect on casein 
coagulation with chymosin, we carried out a series of 
experiments in which active acidity was varied between 
pH 5.80 and pH 7.00 in 0.40 steps by adding a 10% 
acetic acid solution. The enzyme dose was fixed. The 
response signal was the kinematic viscosity of the 
medium measured aster fermentation (Table 5).  

 
Table 5. Dependence of the viscosity of the fermentation 
mixture on the dose of rennet enzyme (as a solution with 
an activity of 100–150 U) and on the active acidity of the 
medium 
 

Dose of rennet enzyme  
(as a solution with an 

activity of 100–150 U), % 

Viscosity, mm2/s 
pH 

5.80 
pH 

6.20 
pH 

6.60 
pH 

7.00 
0.02 7.03 6.95 6.72 6.24 
0.06 8.15 7.52 7.25 6.65 
0.1 9.05 8.92 8.72 7.85 

 
These experiments demonstrated that, as the active 

acidity decreases, the viscosity of the mixture increases. 
This is quite natural: at pH 5.80, the system approaches 
the isoelectric point, at which acid coagulation 
dominates. Serious drawbacks of this coagulation 
process were revealed. This pH range is rather risky for 
the technology suggested. For this reason, pH 6.20 was 
taken to be the optimum acidity for the formation of 
particles of desired sizes and shapes.  

We studied the effect of calcium chloride (СаCl2) on 
the rennet coagulability of milk with the aim of gaining 
control over the growth rate of casein particles. Calcium 
is uninvolved in the enzymatic stage of renneting; 
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however, variation of its concentration in the medium 
can change the physicochemical conditions.  

A calcium chloride dose recommended for the dairy 
industry (40 g of anhydrous salt as a 40% solution per 
100 kg of milk) was introduced into the sample to be 
examined. Next, different amounts of the chymosin 
solution were added at pH 6.20. The same amount of 
enzyme was added to the reference sample at the same 
active acidity of the medium, but СаCl2 was not. The 
viscosity data obtained in this experiment are presented 
in Table 6. 

 
Table 6. Effect of calcium chloride on the viscosity of the 
mixture in milk renneting 
 

Dose of rennet enzyme (as 
a solution with an activity 

of 100–150 U), % 

Viscosity, mm2/s 
pH 6.20 

CaCl2 
reference 
sample 

0.02 6.95 6.97 
0.06 7.52 7.48 
0.1 8.92 8.87 

 
Clearly, the viscosity of the milk samples into which 

CaCl2 was introduced differs little (within the 
experimental error) from the viscosity of the samples 
obtained without adding calcium chloride. This finding 
confirms the data earlier published on the effect of 
calcium chloride on milk renneting: CaCl2 exerts an 
effect on the first stage of coagulation only by changing 
the pH of the medium. Because the pH value in our 
experiment was maintained constant, optimal for the 
functioning of the rennet enzyme, CaCl2 had no 
significant effect on the viscosity of the milk mixture.  

No preliminary pasteurization was performed in this 
experiment. Because of this, the entire calcium 
remained in solution, and its amount was sufficient for 
milk renneting. However, dairy plants receive bulk milk 
(including slow-renneting milk) and it is difficult to 
check its renneting capacity. For this reason, it is 
suggested that the minimum recommended dose of 
calcium chloride be added into milk at the casein 
microparticulation stage in order to avoid spoilage 
losses. 

By analyzing the results and parameters of this 
study, we established that the most rational coagulation 
method for obtaining the desired particle sizes and 
shapes is renneting. The following requirements were 
taken into consideration in the selection of a coagulation 
method for this purpose: 

- acceptable organoleptic properties of the resulting 
mixture; 

- low cost of the coagulant; 
- use of standard equipment; 
- controllability of the coagulation process; 
- safety of the coagulant. 
The renneting process is easy to control and needs 

no specialized equipment. A stable system can be 
obtained by renneting using technological 
manipulations. The reagents used in milk renneting do 
not impart a foreign smell or taste to the product. All 
milk-clotting enzymes are absolutely nonhazardous to 
human health. 

Based on our studies, we have developed a 
technology for producing microparticulated proteins 
that can be used as fat simulants in dairy products. 

Figure 1 schematizes the renneting process and the 
way in which it is terminated. 

 

 
Fig. 1. Casein renneting and its termination. 

 
For obtaining the desired particle size and shape, the 

renneting process should be started and terminated at a 
point in time such that the size of the protein particles 
have already increased, but no clot has formed. It is 
necessary here that a stable system be formed.  

The average size of native casein micelles is about 
40–300 nm. Provided that the optimum conditions are 
established, glycomacropeptide is eliminated from the 
surface of the micelles and hydrophobic areas appear 
under the action of the rennet enzyme (temperature, 
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calcium salts, active acidity), causing the micelles to 
stick together. 

The process was terminated by neutralizing the 
medium to pH 7.00 by adding alkali solutions permitted 
in the food industry. This slowed down the action of the 
film-clotting enzyme. After heat treatment at 96 ± 2°С, 
the enzyme was completely inactivated and denaturated 
whey proteins deposited on the casein globules 
obtained. These proteins made the microparticles 

resistant to sedimentation and sticking by increasing the 
negative charge on their surface. This is how the desired 
particle size (~1 μm) was obtained. 

Using the above casein microparticulation 
technology, we produced experimental batches of 
fermented milk products, including lapper milk. The 
production of nonfat lapper milk containing 
microparticulated casein is illustrated by Fig. 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Production of nonfat lapper milk containing microparticulated casein (MPC). 
 

The reference samples were lapper milk produced 
using a conventional technology from nonfat milk and 
lapper milk with a fat content of 3.2 wt %. The quality 
criteria for the fermented dairy beverages were 
rheological properties (viscosity) and organoleptic 
characteristics (taste, texture). The viscosity data are 
listed in Table 7. 

These experiments demonstrated that the viscosity 
of the finished product depends on the fermentation 
time at the microparticulation stage: as the holing time 
is lengthened, the viscosity of the fermented milk drink 
increases. 

In terms of viscosity, the sample fermented for  
5 min is most similar to the sample containing 3.2 wt % 
fat. The taste and texture of the products were evaluated 
in terms of the creamy mouthfeel criterion (creamy taste 

and thickness), which was measured on a five-point scale. 
The creamy mouthfeel evaluation data for the lapper milk 
samples are presented as a histogram in Fig. 3. 
 
Table 7. Viscosity of the fermented milk products obtained 
using the casein microparticulation stage and without 
microparticulation 

 
 

Lapper milk viscosity, mm2/s 

nonfat 
fat content 
of 3.2 wt 

% 

with microparticulated casein; 
fermentation for the following 

lengths of time, min 
3 5 8 

8.45 11.3 10.5 28.7 32.2 
 

 

Heating of raw skim milk to 40ºС 

Introduction of a 40% СаСl2 solution (40 g of dry salt per 100 kg of milk)  

Introduction of the rennet enzyme (2.5% solution, 0.1% relative to the milk weight) 

Holding of samples for 3, 5, and 8 min for optimizing the holding time before neutralization of the mixture 

Introduction of NaOH (food grade) for neutralizing the mixture to pH 7.0  

Pasteurization of the mixture at 96ºС for 15–20 s 

Cooling of the mixture to a fermentation temperature of 30 ± 2ºС 

Addition of a bacterial starter  

Fermentation for 6 h  

Acidification of the milk to pH 6.20 
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Fig. 3. Creamy mouthfeel data for lapper milk: nonfat 
sample and samples containing 3.2 wt % fat and 
microparticulated casein. 

 
The properties of the fermented dairy beverages 

containing microparticulated casein demonstrated that 
casein microparticulation stage can be used to improve 
the organoleptic characteristics of nonfat fermented 

milk products. Microparticulated casein makes the 
texture and taste of the products more pleasant for the 
consumer. It provides means to significantly decrease 
the calorie content of the products via fat reduction, 
without affecting the amounts of other components 
(proteins, vitamins, microelements). The milk products 
thus retain their nutritional value and wholesomeness. 

The low-calorie fermented milk beverage production 
technology involving a casein microparticulation stage 
offers the following advantages: 

(1) It does not need involvement of any additional 
raw materials in the dairy industry. 

(2) It widens the range of low-calorie dairy 
beverages, imparts a rich taste and smooth and creamy 
texture to them, and thus increases the consumer 
demand for these foods. 

(3) The new products have a high nutritional and 
biological value combined with their calorie content 
reduced by a factor larger than 2 and are thus 
functionally specialized. 
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Abstract: In the work, activated cultures of propionic acid bacteria were found to exhibit high antimutagenic 
activity and adhesion properties, synthesize considerable amount of corrinoids and heme-containing enzymes. Increase 
of iron concentration in the medium was shown to intensify synthesis of extracellular metabolites promoting adaptation 
of the culture to the metal. Optimal technological parameters for isolation of casein phosphopeptides were determined. 
Ability of phosphopeptides to efficiently solubilize divalent iron was confirmed. Relationship between iron 
concentration and extent of solubilization was established. Iron chelated with casein phosphopeptides was noted to stay 
in divalent form for prolonged period. 
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INTRODUCTION 
The concept of optimal nutrition implies adequate 

organism supply with both macro- and micronutrients, 
including the essential microelements, particularly iron, 
as a key prerequisite for preservation of human health. 
Iron-deficient conditions remain a topical and untreated 
issue of modern medicine. Lack of iron in the organism 
leads to many negative consequences. One of them is 
the development of iron deficiency anemia [1]. 

Taking into account that man consumes iron in 
vegetable and animal products in everyday life and the 
presence of amino acids and peptides, as well as 
proteins of animal origin, promotes intake of the 
microelement, enrichment of diets with organic forms of 
iron seems reasonable. In our opinion, propionic acid 
bacteria, which possess the ability to synthesize 
considerable amounts of heme-containing enzymes and 
corrinoids thus increasing iron uptake, are the most 
convenient object for development of biotechnological 
production of iron in organic form [2]. 

Iron is known to be consumed only in the form of 
Fe2+. However, divalent iron undergoes chemical 
oxidation to an insoluble, nonassimilable trivalent form. 
To preserve bioavailability of iron, role of chelating 
agents, which promote solubilization of minerals 
preserving their soluble state, is of interest. Casein 
phosphopeptides (CPPs) are among the representatives 
of the chelators. CPPs are phosphorylated peptides 
formed from caseins of cow milk upon digestion by 
proteases [3–5]. Casein phosphopeptides are still poorly 
studied as both chelating agents and potential 
nutriceutics for human nutrition. Besides, there are no 
data in literature on the effect of CPPs on iron 
solubilization. Therefore, studies on iron-binding 

capacity of CPPs are of interest. 
The aim of the work was to study the effect of 

various concentrations of iron sulfate on growth and 
biosynthesis of extracellular metabolites by propionic 
acid bacteria, as well as the study on chelating 
properties of casein phosphopeptides. 

 
MATERIALS AND METHODS 
Bacteria and culturing conditions. Cultures of the 

following propionic acid bacteria (PABs) strains were 
subject of the study: Propionibacterium freudenrichii 
subsp. shermanii AC-2503, Propionibacterium 
freudenrichii subsp. freudenrichii AC-2500, 
Propionibacterium cyclohexanicum Kusano AC-2260, 
and Propionibacterium cyclohexanicum Kusano AC-
2259, all obtained from the All-Russian Collection of 
Microorganisms of the Institute of Biochemistry and 
Physiology of Microorganisms (Moscow) and activated 
by a unique biotechnology method developed in the 
East Siberian State University of Technology and 
Management. Divalent salt (FeSO4) was used as iron 
source. Propionic acid bacteria were cultured in serum 
medium supplemented with growth factors [6]. One-day 
culture grown on low-fat milk was used as an inoculate. 
Iron sulfate was added to the growth medium at 
concentration of 0.25–0.55 mg/mL. Propionic acid 
bacteria were cultured in the presence of iron sulfate for 
24 h at 30°C. Culture growth kinetics was calculated 
according to a custom method. 

Analytical procedures. The process of iron binding 
was followed by the amount of chelated Fe2+ (% iron 
remaining in divalent form to the total initial dose). 
Content of Fe2+ was determined using a reference 
method [7]. Content of Fe3+ was determined by 
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spectrophotometry. The technique was developed 
according to the Industry-Specific Standard 34-70-
953.4-88. The method is based on the interaction of 
dissolved iron with sulfosalicylic acid and measurement 
of optical density of the colored solutions thus formed. 

Determination of extracellular metabolites was 
performed in the end of the exponential growth phase. 
Catalase activity was determined using a colorimetric 
technique [8], peroxidase activity, by spectrophotometry 
using the o-dianisidine reagent [9], and that of 
superoxide dismutase, by autoxidation of adrenalin [10]. 

Antimutagenic activity was determined by the Ames 
test [2]; adhesion properties were studied on 
formalinized erythrocytes according to the in-depth 
Brilis technique; strain adhesiveness was estimated 
according to the index of microorganism adhesiveness 
(IMA) [11]; concentration of exopolysaccharides was 
estimated with anthrone reagent [12]; and vitamin B12 
content was determined by spectrophotometry [13]. 

Solution of casein phosphopeptides was obtained by 
enzymatic hydrolysis of sodium caseinate. Metal-
binding ability of CPPs depends on the extent of 
phosphorylation. To obtain hydrolysate with the 

maximal content of low-molecular weight 
phosphorylated peptides and free amino acids capable 
of formation of soluble complexes with iron, we 
redefined process parameters of CPP isolation. One-
stage hydrolysis of Na caseinate with pepsin and trypsin 
with varying hydrolysis time was used. Molecular 
weight distribution of peptides in the aqueous solution 
of casein  phosphopeptides was evaluated by moderate 
pressure size exclusion chromatography on a TSK GEL 
(0.8/30 cm) column. Chelated iron content was 
determined by mass spectrometry. Tables discuss 
statistically significant differences at p < 0.05. 

 
RESULTS AND DISCUSSION 
Adhesion properties of propionic acid bacteria 
One of the current areas of modern microbiology 

studies adhesion process in various microorganisms. 
Adhesion is a intercellular interaction manifested 
through tight attachment of cells to a substrate. 
Concerning the propionic acid bacteria (PABs), we did 
not find any information on their adhesion properties in 
the literature. 

 

 
(a) P. fredenreichii subsp. shermanii АС-2503 

 
(c) P. freudemrichii subsp. fredenreichii АС-2500 

 
(b) P. cyclohexanicum Kusano АС-2259 

 
(d) P. cyclohexanicum Kusano АС-2260 

Fig. 1. Interaction of propionic acid bacteria with erythrocytes. 
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It should be noted that composition, stability, and 
protective properties of the macroorganism microflora 
largely depend on its adhesion properties. In this 
connection, we studied adhesion properties of various 
strains of propionic acid bacteria. Formalinized 
erythrocytes were chosen as model macroorganism 
cells. Process of propionic acid bacteria adhesion on 
erythrocytes is presented in Fig. 1. 

Analysis of the data presented in Fig. 1 shows that 
propionic acid bacteria possess varying capability for 
adhesion on erythrocytes. Some strains were found to 
adhere in the form of individual bacterial cells  
(Figs. 1 b–d) or aggregates that cover erythrocyte 
surface almost completely (Fig. 1a). 

Adhesive properties of cultures were evaluated by 
the average adhesion index (AAI), erythrocyte 
participation factor (EPF); adhesiveness was judged by 
the index of adhesiveness of microorganisms (IAM). 
According to the technique, microorganisms were 
considered non-adhesive at IAM values below 1.75, low 
adhesive, from 1.76 to 2.5; moderately adhesive, from 
2.51 to 4.0, and highly adhesive, at IAM above 4.0. The 
results are presented in Table 1. 

 
Table 1. Adhesiveness of propionic bacteria 
 

Strain AAI EPF, 
% 

IAM 
(М ± m) Adhesiveness 

P. freundenreichii 
subsp freudereichii 
АС-2500 

3.2 79 4 ± 1.5 moderately 
adhesive 

P. cyclohexanicum 
Kusano АС-2260 3.9 82 3.7 ± 1.2 moderately 

adhesive 
P. freudereichii 
subsp. shmanii AC– 
2503 

4.6 85 5.4 ± 1.1 highly 
adhesive 

P. cyclohexanicum 
Kusano АС-2259 3.3 80 3.1 ± 1.8 moderately 

adhesive 
 

As follows from Table 1, propionic bacteria possess 
relatively pronounced adhesion properties. Of all 
studied cultures, Propionibacterium fredenreichii subsp. 
shermanii AC-2503 is highly adhesive, which is 
evidenced by adhesiveness index value (IAM = 5.4), as 
well as AAI (4.6) and EPF (85%) values. Consequently, 
the strain will attach to bowel cells better than others, 
creating a protective barrier. Other strains exhibited 
moderate adhesiveness according to all tested 
parameters. 

Effect of iron sulfate on growth and biosynthesis 
of extracellular adaptation factors in propionic acid 
bacteria 

Extracellular metabolites synthesized by 
microorganisms and regulating their activity are called 
autoregulators. It is important to stress that among the 
multiple functions of autoregulators factors ensuring 
adaptation of microorganisms to unfavorable 
physicochemical environmental conditions are poorly 
studied. 

In this connection, in further studies the effect of 
iron sulfate on synthesis of exometabolites by propionic 
acid bacteria was studied. Biological effect of 
microorganism interaction with metals is known to be 
determined by concentration of the metal, its toxicity, 

and metabolic potential of the microorganism [14]. 
Our data (Fig. 2) show that below certain 

concentration (0.25 mg/mL for P. freudenrichii subsp. 
freudenrichii AC-2500 and 0.35 mg/mL, for the rest of 
the strains) iron sulfate increases specific rate of 
propionic acid bacteria growth, which evidences iron 
importance for normal cell metabolism. Further increase 
in FeSO4 concentration in the medium leads to growth 
slowdown. The number of viable cells remains high 
(1011 CFU/cm3). It should be noted that excess metal 
content inhibits metabolism, turning on protective 
mechanisms compensating for the negative effects o the 
metal. 

 

 
 

Fig. 2. Effect of iron sulfate on the growth rate of 
propionic acid bacteria. 

 
 

Table 2. Effect of iron sulfate on the activity of antioxidant 
enzymes synthesized by propionic acid bacteria 
 

Strain 
Iron 

content, 
mg/mL 

Enzyme activity 

catalase, 
mcat/mL 

peroxidase, 
nmol/(min 
mg protein) 

SOD, 
units/mg 
protein 

P. freudenrichii 
subsp. 
fredenreichii 
АС-2500 

0 1280.0 1.573 1.02 
0.25 1290.5 1.572 1.77 
0.35 1300.9 1.572 1.77 
0.45 1492.5 1.570 1.78 
0.55 1490.6 1.571 1.78 

P. 
cyclohexanicum 
Kusano АС-
2260 

0 1712.2 0.905 1.03 
0.25 1802.5 0.890 1.85 
0.35 1895.3 0.853 1.86 
0.45 1907.4 0.850 1.86 
0.55 1912.3 0.853 1.86 

P. 
cyclohexanicum 
Kusano АС-
2259 

0 1561.9 1.118 1.01 
0.25 1807.0 1.125 1.83 
0.35 1991.1 1.122 1.83 
0.45 2007.0 1.119 1.83 
0.55 2091.3 1.119 1.84 

P. fredenreichii 
subsp. 
shermanii 
АС-2503 

0 2318.6 1.113 1.17 
0.25 2554.6 1.112 1.98 
0.35 2789.3 1.113 1.99 
0.45 2954.3 1.112 2.01 
0.55 2952.3 1.113 2.01 

 
Studying biotechnology potential, we found that 

propionic acid bacteria synthesize considerable amount 
of heme-containing enzymes [15]. Since heme-
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containing enzyme synthesis and activity depend on the 
content of iron ion, we studied the effect of FeSO4 on 
biosynthesis of catalase, peroxidase, and superoxide 
dismutase. The results are presented in Table 2. 

Analysis of the data presented in Table 2 shows that 
increase in iron concentration led to increase in the 
activities of catalase and SOD in all studied strains. 
Increase in iron sulfate concentration in the medium up 
to 0.45–0.55 mg/mL led to 1.5-fold increase in catalase 
activity and 1.7–1.85-fold increase in SOD acitivity (on 
average). As for peroxidase, its activity in all 
experimental samples practically did not change. 
Probably, this may be explained by accumulation of the 
endoenzyme solely. Correlation between the enzymes' 
activity (Y) and iron sulfate concentration was 
established: 

Y1 = –39.90x2 + 40.61x + 19.40 for SOD and 
Y2 = –0.115x2 + 0.861x + 0.514 for catalase. 
Correlation coefficient values R1,2 are 0.990 and 

0.898, respectively. 
It should be noted that increase in catalase and SOD 

activities considerably exceeded the capacity of 
propionic acid bacteria to protect themselves from 
oxidative stress since these very enzymes are 
responsible for superoxide radicals removal from cells. 

As follows from the literature data, protection from 
toxic metal concentration in microorganisms is 
manifested through formation of substances capable of 
metal binding in the form of low-toxicity compounds. 
Therefore, we studied the effect of iron sulfate on 
synthesis of bacteria extracellular adaptation factors. 
The results are presented in Table 3. 

 

Table 3. Effect of iron sulfate on synthesis of extracellular metabolites 

 

Strain 
Iron 

content, 
mg/mL 

Parameters 

Adhesion 
activity (IAM) 

EPS, µg/ 
mL 

Inhibition 
(antimutagenic 

activity), % 

Vitamin В12 
concentration, 

µg/ 
mL 

P. freudenrichii subsp. 
fredenrei 
chii АС-2500 

0 4.0 29.81 43.6 13.0 
0.25 4.0 29.96 44.2 32.0 
0.35 4.2 30.05 44.8 32.5 
0.45 4.6 35.50 48.9 34.0 
0.55 5.1 36.80 48.6 34.5 

P. cyclohexancum  
Kusano АС-2260 

0 3.7 31.85 46.2 22.0 
0.25 3.8 32.56 48.9 26.0 
0.35 3.9 36.98 48.7 27.0 
0.45 4.4 37.20 48.6 29.0 
0.55 4.7 48.30 57.9 28.0 

P. cyclohexancum  
Kusano АС-2259 

0 2.8 36.65 44.8 18.0 
0.25 3.1 36.90 46.2 18.0 
0.35 3.6 36.99 47.5 18.0 
0.45 4.2 38.70 52.8 19.0 
0.55 4.6 44.78 54.2 19.5 

P. fredenreichii subsp. 
shermanii АС-2503 

0 5.4 41.30 47.7 33.0 
0.25 5.4 44.52 49.6 35.0 
0.35 5.8 49.56 50.1 35.5 
0.45 6.1 50.20 51.2 36.0 
0.55 6.3 56.58 57.3 36.0 

 
 

Data presented in Table 3 evidence that the addition 
of iron ions to nutrient medium for PAB cultivation 
stimulated synthesis of extracellular metabolites. For 
example, higher antimutagenic activity of PABs was 
noted with the increase in FeSO4 concentration, which 
indicates antimutagenesis induction. Increased 
biosynthesis of exopolysaccharides (EPS) upon the 
addition of iron is a manifestation of bacterial non-
enzymatic protective mechanisms, when EPS prevent 
excess iron penetration in cells through coating of the 
bacterium surface. Increased adhesion is explained by 
not only protective response of cultures to the metal, but 
also the fact that, according to the literature data, the 
presence of di- and trivalent cations leads to shrinking 
of charged double layers on surfaces in aqueous media, 
which promotes adhesion through decrease in 
electrostatic repulsion. 

When studying morphology of propionic acid 
bacteria cultured at various iron concentrations, cell 
aggregates (cohesion) were noted upon increase of 
FeSO4 dose to 0.55 mg/mL. Probably, cells managed to 
maintain viability under conditions of intercellular 
contacts in aggregates. 

The results evidence that synthesis of 
exometabolites promotes adaptation of propionic acid 
bacteria to iron ions. The tendencies reveled allow 
understanding of the principle of metabolic organization 
in propionic acid bacteria and form scientific basis for 
development of biologically active supplements 
containing iron in organic bioavailable form. 

The effect of casein phosphopeptides on iron 
solubilization in the nutrient medium 

When conducting experimental studies, we noted 
that at iron concentration of 0.45 mg/mL and above 
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color of the concentrate changes and precipitate is 
formed, which evidences formation of insoluble Fe3+ 
ions. In this connection, we studied the effect of casein 
phosphopeptides (CPPs) on solubilization (chelating) of 
iron in the nutrient medium. CPPs are phosphorylated 
peptides formed from cow milk upon their digestion by 
proteases. 
 
Table 4. Molecular-weight distribution of fermentolysis 
fractions 
 
Molecular 
weight 
limits, 
kDa 

Size of 
peptide 
fractions in 
hydrolysates
, nm 

Enzymes 

pepsin trypsi
n 

chymo
sin 

>20 >10 10.5 — 20.5 
20.1–18.7 7–10 9.2 — 22.6 
18.7–12.5 5–7 7.6 5.7 18.4 
12.5–11.0 4–5 15.7 15.4 16.7 
11.0–5.1 3–4 19.5 13.2 11.8 
5.1–2.8 ~3 14.4 17.0 9.4 
2.8–1.0 1–2 11.7 26.6 — 
<1 <1 10.1 22.1 — 

 
Table 5. Effect of iron sulfate concentration and 
proteolytic enzymes on chelated iron content 
 

Iron sulfate 
introduced, 

mg/mL 

Chelated iron content in aqueous solutions of 
casein phosphopeptides, mg 

pepsin 
hydroly
sis 

trypsin 
hydrolysi
s 

chymosin 
hydrolysis 

chymotrypsin 
hydrolysis 

1 0.51 0.87 0.48 0.71 
2 0.88 1.99 0.98 1.12 
3 1.47 2.67 1.25 2.52 
4 1.99 3.13 1.87 3.25 
5 2.10 4.98 2.12 4.18 
6 2.89 5.25 2.58 5.16 
7 2.99 6.96 2.98 6.45 
8 3.58 7.27 3.15 7.15 
9 4.12 8.12 4.12 8.45 
10 4.69 7.72 5.12 6.89 

 
Metal-binding capacity of CPPs is known to depend 

on the extent of phosphorylation. To obtain hydrolysate 
with the maximum content of low-molecular weight 
phosphorylated peptides and free amino acids that are 
able to form soluble complexes with iron we redefined 
the technological parameters of CPP isolation. A one-
stage sodium caseinate hydrolysis with proteolytic 
enzymes was used to prepare CPPs. The results are 
presented in Fig. 4. 

Data presented in Tables 4 and 5 and Figs. 3–7 
evidence that casein phosphopeptides form nano-size 
chelate complexes with iron ions. These particles should 
easily bind cell surface, efficiently carry iron ions across 
the intestine wall, and protect the mineral from 
interactions with other components of the stomach. 

As a result of the studies reported herein, 
technological scheme of casein phosphopeptide 
isolation was modified (see Fig. 8). 

There is an opinion that artificial chelated forms of 
minerals are destroyed upon storage and lose their 
efficiency, therefore they are inferior to natural organic 

salts of the elements. For this reason, we studied 
preservation of iron chelated with casein 
phosphopeptides in divalent form upon prolonged 
storage. The results are presented in Table 6. 

 
Mass spectra of hydrolysates before and after 

introduction of iron 
 

 
Fig. 3. Hydrolysate before the addition of iron. 

 

 
Fig. 4. Hydrolysate after the addition of iron. 

Table 6. Effect of СРРs on the process of iron 
solubilization upon storage 
 

Strain СРРs 
content, % 

Content of Fe2+ in 
storage medium (% to 

initially introduced dose), 
days 

30 60 90 120 
P. freudenrichii 
subsp. 
fredenreichii 
АС-2500 

control 19.0 19.0 19.5 18.5 
10 58.0 62.0 62.5 60.0 
20 88.0 88.0 88.5 88.0 

P. 
cyclohexanicum 
Kusano  
АС-2260 

control 30.0 29.5 30.0 28.5 
10 69.0 70.5 70.0 69.0 
20 94.5 95.0 95.0 94.5 

P. 
cyclohexanicum 
Kusano  
АС-2259 

control 32.0 32.0 30.5 29.0 
10 60.0 60.5 60.0 59.5 
20 75.0 75.0 75.5 75.0 

P. fredenreichii 
subsp. 
shermanii  
АС-2503 

control 22.0 25.0 25.5 19.0 
10 66.0 67.0 66.0 63.5 
20 95.0 96.0 96.0 95.0 
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Figs. 5–7. Content of iron in chromatography fractions of iron complexes with trypsin, pepsin, and chymotrypsin 
hydrolysates of sodium caseinate, respectively (left to right). 
 
 

Sodium caseinate
 

Endoprotease digestion
 

Hydolysis (acidification рН 4.6)
 

Removal of non-peptide material (centrifugation)
 

Precipitation with 15% TCA
 

Centrifugation 
  

Introduction of FeSO4     Solution enriched with СPРs
 

Nanofiltration
 

Solution of СPРs with chelated iron 
 

Fig. 8. Modified technological scheme of casein 
phosphopeptide preparation. 

 
Data presented in Table 6 indicate that in the process 

of storage, chelated iron content in concentrated CPP-
containing solutions practically did not change, while 
considerable decrease in soluble Fe2+ ion content was 
observed in control. 

Altogether, the data indicate that casein 
phosphopeptides are promising chelating agents to 
obtain new bioavailable iron forms. Optimal doses of 

FeSO4 and aqueous solution of CPPs providing for the 
maximum amount of solubilized iron were determined. 

 
CONCLUSIONS 
1. Activated cultures of propionic acid bacteria 

were found to synthesize heme-containing enzymes 
(catalase, SOD, and peroxidase), which opens new 
perspectives for their practical application. 

2. Optimal doses of iron sulfate providing for the 
active bacteria growth and high number of viable cells 
of propionic acid bacteria were determined. 

3. Addition of iron ions to the nutrient medium was 
found to stimulate synthesis of extracellular metabolites 
that promote adaptation of propionic acid bacteria to the 
metal. 

4. Molecular-weight distribution and order of 
peptide fractions in casein phosphopeptides were 
studied at nanolevels. 

5. The method of isolation of casein 
phosphopeptides was optimized to provide for the 
maximum yield of low-molecular weight peptide 
nanostructures with characteristic size of 1–10 nm 
capable of chelating maximum amount of iron  
(up to 7 mg/mL). 

6. Complexes of casein phosphopeptide with 
microelements were studied, mechanism of the mineral 
ion binding with peptide fractions in the complexes was 
characterized, and the specific content of chelated 
mineral in the complexes was determined. 
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Abstract: With significant stocks and catches of cephalopod mollusks in the Far Eastern seas, their small output as 

canned goods is due to a low yield of the finished product. Research was conducted on the rational use of frozen raw 
cephalopod mollusks in the production of sterilized canned goods. New technological approaches to canning 
cephalopod mollusks that ensure canning profitability and replenish the consumer market of functional seafood are 
justified. It was established that the exclusion of the skinning of cephalopod mollusks from the canning technology 
could significantly increase the output and reduce the cost of the finished product. Oil extracts of spices used in the 
canning of cephalopod mollusks improve their quality by reducing the thermal effects on food during sterilization and 
the degree of thermal damage to nutrients. 

 
Keywords: cephalopods, canned food, technology, quality 
 

 
INTRODUCTION 
Cephalopod mollusks make up a massive group of 

sea bioresources broadly spread in the world ocean [1]. 
A short life cycle and quick growth of cephalopod 
mollusks, as well as their ability to form compact 
clusters determine a high level of their commercial 
harvesting [2, 3]. 

Cephalopod mollusks are easily processable, 
allowing for the use of various processing methods and 
a wide range of products, including fermented ones [4–
11]. 

The main commercial species of cephalopod 
mollusks in the Far Eastern seas are octopuses (Octopus 
dofleni) and the Commander (Berryteuthis magister) 
and Pacific (Todarodes pacificus) squids [12]. Annual 
squid catches are at least 240 000 t, and those of 
octopuses, 800 000–900 000 t. Despite these solid 
catches, the current highly processed goods of 
cephalopod mollusks are produced in amounts 
insufficient for the country's population. In the 
consumer market, they are represented mainly by fresh 
frozen products. In small amounts, cephalopod mollusks 
are processed into dried, seasoned, and culinary 
products and preserves, filled with various sauces, but 
these products have limited storage life and conditions, 
causing difficulties in their transportation and 
marketing. The annual output of canned squids is no 
more than 1.6 million standard cans, and canned 

octopuses are not produced domestically. 
At the same time, the nutritive tissues of cephalopod 

mollusks are characterized by high organoleptic 
properties, the presence of complete proteins, and 
insignificant amount of lipids, as well as a complex of 
mineral substances [13–20]. 

Various biologically active substances, including 
those that are rarely found in terrestrial animals and 
plants [21–27], have been found in the tissues of 
cephalopod mollusks; therefore, cephalopod-based 
products are very useful for various groups of the 
population and are recommended by nutritionists as 
ingredients of many diets. In recent decades, 
biologically active food additives and enzymatic 
preparations have been developed on the basis of 
cephalopod mollusks [28–31]. 

 One of the reasons for the low use of raw 
materials from cephalopod mollusks in canning is the 
low yield of end products due to high losses of their 
nutritive part during processing, which makes them 
unprofitable as canned food under current conditions. 
The loss of raw materials during canning is explained 
by the fact that the traditional cephalopod canning 
technologies require thermal, enzymatic, or mechanical 
removal of skin integuments from the heads, pallia, and 
tentacles of cephalopods. At the same time, the skin of 
cephalopod mollusks belongs to nutritive tissues, 
containing amino acids, such as proline and oxyproline, 
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which are collagen components [14, 32]. China has 
developed a technology of producing collagen from the 
cephalopod skin left after the core production [33]. The 
preservation of cephalopod skin integuments during 
canning would increase the utilization factor of this 
valuable raw material and its end-product yield. 

Another important factor of the low motivation of 
producers in cephalopod canning is the worsening of 
organoleptic characteristics of the product after 
sterilization due to the interaction of reducing sugars 
with amino acids during thermal conditioning (the 
Maillard reaction) and the formation of melanoidins. As 
is known, melanoidin formation leads to the browning 
of sterilized mollusk meat, the appearance of a 
caramelization smell, and the loss of its inherent flavor 
characteristics [34, 35]. A decreased thermal effect on 
the product during sterilization makes it possible to 
reduce the activity of the Maillard reaction and improve 
the quality of canned goods. 

The goal of this study was to justify and develop 
new technological approaches to cephalopod canning 
that reduce raw-material losses and ensure the high 
quality of end products. 

 
OBJECTS AND METHODS OF RESEARCH 
The object of research was frozen raw materials of 

squids and octopuses. Additional materials used were 
edible salt, vegetables, legumes, vegetable oil, olives, 
and spices. Glass jars III-5-58-120-00 with a capacity of 
120 cm3 (Germany) with twist-off tin lids were used for 
canning. When developing sterilization regimes for 
canning cephalopods, we used the spores of the Cl. 
sporogenes-25 test strain, obtained at the laboratory of 
microbiology of OAO Giprorybflot (St. Petersburg). 

Samples for analysis, the general chemical 
composition, and the safety indicators of raw materials 
and end products were obtained by standard methods. 
An atomic adsorption photometer, Nippon Jarall Asl, 
model AA-855 (Japan), was used to detect mineral 
substances. The amino-acid composition of proteins was 
identified with an ammo-acid analyzer, Hitachi L-8800 
(Japan). The biological value of proteins was evaluated 
by the amino-acid score in line with the recommended 
composition of the "ideal" protein according to the 
FAO/WHO scale. The taurine amino acid was detected 
by the spectrophotometric method [36]. The biological 
value of raw materials and products was determined by 
the relative biological value (RBV) indicator using 
ciliated infusorian Tetrahymena pyriformis in line with 
the recommendations of Yu.P. Shul'gin et al. [37]. The 
output of intermediate products and canned goods was 
determined by the results of control tests. 

 
RESULTS AND DISCUSSION 
Studies on frozen raw materials from commercial 

catches in recent years show that the average mass of a 
squid specimen is no more than 0.3 kg, and that of an 
octopus, no more than 3.2 kg. The general chemical 
composition of the nutritive part of cephalopod 
mollusks is given in Table 1. The mollusks somewhat 
differed in protein and moisture contents: the 
Commander squid (a deepwater species) has tissues 

more watery than those of the Pacific squid and 
octopuses and contains fewer proteins. 

 
Table 1. Chemical composition of the nutritive part of 
cephalopods 
 

Substances 
Quantity, % of the total body mass 

Todarodes 
pacificus 

Berryteuthis 
magister 

Octopus 
dofleni 

Moisture 75.3+4.1 82.1+4.8 78.7+4.3 
Protein  19.5+1.8 12.5+1.5 16.1+1.4 

Carbohydrates 2.1+0.3 2.3+0.3 2.5+0.5 
Fat 1.4+0.2 1.3+0.5 0.5+0.2 

Minerals 1.7+0.2 1.8+0.2 2.2+0.3 
 

The traditional preparation of semiproducts for 
canning included the cutting of cephalopod mollusks, 
during which the insides and skin were removed. It was 
established that the nutritive part of mollusks before 
skin removal was about two-thirds of their total body 
mass. After skinning, it was observed that nutritive mass 
losses during cephalopod skinning were from 18.8  
1.3 to 33.6 2.0%. The highest processing losses were 
characteristic of octopuses, whose skin with suckers on 
their arms comprises a substantial share in the total 
mass of their nutritive part. 

The investigation of the general chemical 
composition of skinned and unskinned cephalopod 
semiproducts did not reveal any actual differences in the 
content of individual nutrients. 

Comparative analysis of the amino-acid composition 
of skinned and unskinned cephalopod semiproducts also 
showed their similarity. The sum of essential amino 
acids (EAAs) in the squid tissues was practically the 
same and exceeded slightly the sum of essential amino 
acids of the reference protein (Table 2). Threonine was 
a deficient essential amino acid in the squid proteins, 
and valine, in the octopus proteins. 

 
Table 2. Essential amino acids in the nutritive tissues of 
cephalopods 
 

Amino acid FAO/WHO 
reference 

Content in semiproducts 
(g/100 g of protein) from 

Berryteuth
is magister 

Todarodes 
pacificus 

Octopus 
dofleni 

Valine 5.0 5.0 6.3 2.9 
Isoleucine 4.0 5.1 5.9 4.0 
Leucine  7.0 10.2 9.4 6.9 
Lysine 5.5 7.3 8.2 5.7 

Methionine + 
cystine 

3.5 3.4 4.5 5.0 

Threonine 4.0 3.1 1.7 5.8 
Phenylalanine + 

tyrosine 
6.0 8.4 6.9 6.7 

Triptophane 1.0 1.0 1.0 1.1 
Sum of EAAs 36.0 39.9 39.9 38.1 

 
The characteristic feature of the squid and octopus 

proteins' composition was high contents of proline, 
taurine, and other nitrogenous matters, which take part 
in the osmoregulation of mollusks [38]. 

Proline is a major amino acid that ensures the 
synthesis of collagen in the human organism, which, in 
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turn, is the main building material for bones, tendons, 
ligaments, and the skin, ensuring the formation of strong 
and elastic tissues on the surface of mechanical damages 
of various organs [39]. 

Taurine is a sulfur-containing amino acid, which is 
contained formlessly in the cardiac-muscle cells, 
skeletal muscles, central nervous system, retina, and 
other tissues [40, 41]. In the human organism, it 
suppresses the increase in the level of cholesterol in the 
blood, normalizes the functions of the visual organs, 
prevents a high aggregation of thrombocytes and the 
convulsive activity of the brain, and displays antitoxic 
and antioxidant properties, having powerful adaptogenic 
and health-improving effects. 

As is known, taurine is present in the cephalopod 
tissues in amounts exceeding 100 times and more its 
content in plants and other animals [21, 42]. 

The skinned meat and skin integuments of 
cephalopod mollusks did not differ much in proline and 
taurine contents (Table 3). The muscle tissue of squids 
contained more of them than their skin. In octopuses, 
high amounts of taurine were detected both in the 
muscle tissue and in the skin. The proline content in the 
octopus tissues was smaller than in squids, but its 
amount in different parts of octopuses was equal. 

 
Table 3. Proline and taurine contents in cephalopod tissues 

 

 
Cephalopods 

Quantity, g per 100 g of proteins 
proline taurine 

skinless 
meat skin skinless 

meat skin 

Todarodes 
pacificus 3.9–7.3 2.8–4.9 0.5–1.3 0.4–1.1 

Berryteuthis 
magister 2.4–5.6 1.2–4.8 0.5–1.1 0.3–1.0 

Octopus 
dofleni 1.8–3.8 1.4–3.9 1.2–2.6 1.0–2.5 

 
It follows from the above data that, if the 

cephalopod skin is preserved during the preparation of 
semiproducts for canning, the factor of raw material use 
will increase, as well as the output of mass consumer 
and directed-action products with high contents of rare 
nutrients, valuable for humans. 

To assess the possibility of producing more high-
quality preserves from a unit of raw materials on the 
basis of unskinned semiproducts, "natural," "blanched in 
oil," and "blanched and smoked in oil" samples of 
canned goods were manufactured. 

Taking into account the proposed assortment, after 
the cutting of mollusks and the careful washing and 
removal of excess moisture, the semiproducts 
underwent additional preprocessing. In order to obtain a 
natural sample, a raw cephalopod semiproduct was 
sliced: the pallium, into slices of no more than 7–8 mm 
wide; the octopus arms, into rings; and the squid 
tentacles were left intact for prepacking. For the 
samples blanched in oil, a dressed semiproduct was 
blanched; squid semiproducts were blanched in boiling 
water for three minutes; the octopus samples were 
blanched for 40 min. After blanching and additional 
dewatering, a semiproduct was cut into pieces of no 
more than 10 40 mm. The samples smoked in oil were 

obtained from blanched semiproducts that were grilled 
until the meat had a slight smoking flavor. The soft-
smoked cephalopod meat was cooled on grills to 30–35оС 
and then cut into pieces of no more than 10×40 mm. 

To compare the yield and quality indicators of the 
end products, reference samples of canned products 
were made from skinned semiproducts obtained 
according to the traditional technology. 

The appearance of a sliced semiproduct from 
unskinned squids differed slightly from samples of 
skinned mollusks. A semiproduct from an unskinned 
octopus differed from a skinned sample in its 
characteristic purple tincture. 

The quantity of semiproducts obtained for canning 
reference (skinned) and test (unskinned) cephalopod 
samples depending on the canning method is given in 
Fig. 1. 

 

 
 

 
 

 
Fig. 1. Quantity of cephalopod semiproducts unskinned 
and skinned for various canning assortments. 

As we see, if skinning is excluded from the 
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technology of cephalopod canning, the semiproduct 
yield for various assortments will be much greater than 
after skinning, improving economic performance. 

A prepared sliced cephalopod semiproduct was 
packed in glass jars. The packing rates for components 
for the proposed canning assortments are given in Table 
4. 

 
Table 4. Packing rates for glass-jar components for 
various cephalopod canning assortments 
 

Canned 
goods 

Component mass, g 
Cepha- 
lopods 

saline 
solution oil salt olives paprika 

Natural 
unskinned 
squid 

90 20 - - - - 

Natural 
unskinned 
octopus 

90 20 - - - - 

Natural mixed 
octopus and 
surf clam 

90 20 - - - - 

Octopus in oil 89 - 20 1 - - 
Octopus with 
paprika in oil 88.3 - 20 1 - 0.7 

Octopus with 
olives in oil 70 - 20 1 19 - 

Squid in oil 70 - 20 1 19 - 
Soft-smoked 
octopus in 
flavored oil 

89 - 20 1 - - 

Soft-smoked 
squid in 
flavored oil 

89 - 20 1 - - 

 
To obtain natural preserves, jars with a sliced 

blanched semiproduct (the pallium, squid tentacles, and 
octopus arms) were filled with 20 cm3 of filtered 2 % 
salt brine. 

For mixed natural octopus and serf clam preserves, 
we used a bivalve mollusk, the Sakhalin serf clam, 
prepared in the following way: after unfreezing, 
cleaning, and washing, the surf clam muscle together 
with the pallium was loaded into a boiling 2% salt brine 
at a ratio of 1 : 3, four minutes after the simmer, the surf 
clam muscle was taken out of the salt brine, cooled, and 
cut into two-to-three parts. Fifty grams of octopus cut 
into pieces and 40 g of surf clam were packed into a jar, 
and the jar was filled with salt brine. 

The preserves were sterilized at no more than 115оС, 
since a higher temperature has a negative effect on the 
protein and carbohydrate components of seafood [43]. 
The preserves were sterilized and cooled in water with 
back pressure (0.18 MPa) in an АВ-2 autoclave; all 
preserves were cooled in water with back pressure. 

Rational formulas of sterilization regimes were 
developed to ensure the commercial sterility of 
preserves. The values of the normative sterilizing effect 
(Fn) for the test and reference canned samples were 
estimated after determining the heat resistance of the 
spores (constants D121.1

о
С and ZоС) of the test strain, C. 

sporogenes-25, in an extract from unsterilized jars with 
products for each assortment separately. It was 
established that the time of sterilization proper to obtain 

commercially sterile natural preserves was at least 45 
min. and at least 50 min. for other types. 

The amount of preserves made from unskinned 
cephalopods was much larger than that made from 
skinned semiproducts. Table 5 shows that the exclusion 
of the skinning operation from the cephalopod canning 
technology increased the yield of the end product, 
depending on the product assortment and type, by 12.9–
52.8%. 

 
Table 5. Increased output of preserves made from 
cephalopod unskinned semiproducts 

 

Canned 
cephalopods 

Increased output (%) of 
preserves from 
squid octopus Commander Pacific 

Natural 12.9 19.1 42.1 
Blanched in oil 14.8 27.1 52.8 

Soft-smoked in oil 31.1 37.2 50.2 
 

The raw material saving per unit of end product 
helped improve cephalopod canning profitability. Thus, 
the economy of raw materials to produce 1000 standard 
cans of natural preserves from Pacific squid amounted 
to 2523.48 rubles; from Commander squid, 15 146.3 
rubles; and from octopus, 9292.0 rubles. 

The like finished preserves from unskinned and 
skinned cephalopods had no significant differences in 
their nutritive and energy values. 

When evaluating the amino-acid composition of 
preserves from unskinned semiproducts, high contents 
of proline and taurine were established. Table 6 shows 
that 100 g of unskinned cephalopod preserves meet the 
daily requirement for these substances of 10% and 
higher. The high contents of proline and taurine in the 
new cephalopod preserves make them functional 
products. 

 
Table 6. Proline and taurine contents in unskinned 
cephalopod preserves 
 

Variants of 
preserves 

Recommended 
daily 

consumption 
for humans 

Content in 
preserves, g per 

100 g of 
product 

Share of 
recommended 

daily 
consumption, 

% 
proline 

Natural unskinned 
(Commander) 
squid 

4.5 g 

0.64+0.5 14.2 

Natural unskinned 
octopus 0.48+0.04 10.7 

(Pacific) squid in 
oil 1.2+0.3 26.6 

taurine 
Soft-smoked 
squid in oil 400.0 mg 

234.0+0.51 mg 58.5 

Natural unskinned 
octopus 321.0+0.22 mg 80.25 

 
In preserves from skinned semiproducts, the 

cephalopod meat was more compact and less juicy 
compared to the test samples, which was due to the loss 
of tissue juice during preprocessing. In the samples of 
preserves in oil, whose sterilization time was 5 min. 
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longer than that of natural preserves, a slight 
caramelization flavor was present due to thermal 
damage of sterilized objects and to the formation of 
Maillard reaction products. 

A known method of reducing the heat resistance of 
the spores of microorganisms and, consequently, of 
reducing the severity of preserve sterilization regimes is 
to create an acidic medium of canned products, which is 
of little use for the assortment of preserves in oil. 
Therefore, we should seek techniques to reduce the 
excessive thermal load on products during sterilization, 
to diminish the thermal resistance of microorganisms, 
but at the same time to guarantee their commercial 
sterility. 

It has been established previously that the oily 
extracts of spices used in the fish canning technology 
have a marked antimicrobial activity and can inhibit the 
development of the vegetative cells of microorganisms 
and reduce the thermal resistance of spore 
microorganisms in canned goods [44, 45]. Therefore, to 
ensure the full reduction of the values of the normative 
sterilizing effect (Fn) and, consequently, of the thermal 
load (heat damage) on the product, oil was replaced 
with a spicy--oily extract, the so-called flavored oil, 
during canning. 

Flavored vegetable oil, prescribed for canning 
recipes, was prepared as follows: ground spices were 
mixed with oil, heated to 100оС, at a ratio of 5 : 100 and 
seasoned for 24 h, after which the liquid part was 
separated from the lees [44]. The flavored oil acquired a 
tincture characteristic of the spice used (cadmium 
orange, orange, or other). 

The reference samples of preserves were filled with 
the vegetable oil used to produce spice--oily extracts. 

The lethal time (constant D121.1
о

С) for the spores of 
the test strain, C. sporogenes-25, in the extractions of all 
preserves in spicy--oily extract was lower than for the 

like preserves in vegetable oil. Figure 2 shows that the 
test samples of "Octopus in oil" had a value of constant 
D121.1

о
С lower by 0.11 conventional minute than in the 

like reference samples. Taking into account the obtained 
values of constant D121.1

о
С, we calculated indicators Fn 

for the test samples of preserves that were lower 
compared to the reference samples. 
 

 
 
Fig. 2. Survivability and lethal-time curves (D121.1

о
С) of the 

C. sporogenes-25 spores in the reference and test samples 
of "Octopus in oil." 

 
The obtained data were used to determine the 

duration of the sterilization proper of preserves, which 
ensured the necessary values of the actual sterilizing 
effect (Fa.) during the sterilization of preserves. 

It was established that, to reach the necessary 
sterilizing effect, the duration of the sterilization proper 
of the test samples of preserves was 5 min. shorter 
compared to the reference samples (Table 7). 

 

 
Table 7. Duration of sterilization and the actual sterilizing effect (Ff) for the test and reference samples of preserves 
 

 
Preserves 

Preserves in 
vegetable oil spicy--oily extract 

Fn, conv. 
min. 

Sterilization 
time, min. 

Ff, conv. 
min. 

Fn, conv. 
min. 

Sterilization 
time, min. 

Ff, conv. 
min. 

Blanched in oil 5.28 20–50–20 6.9 4.50 20–45–20 5.68 
Soft smoked in oil 5.28 20–50–20 6.9 4.64 20–45–20 5.8 

 
 

The reliability of the preliminary developed 
sterilization regimes was confirmed by the results of 
laboratory testing by the method of artificial inoculation 
of preserves in which vegetable oil was fully replaced 
with the spicy-oily extract. To this end, 30 jars were 
taken and spores of C. sporogenes-25 were introduced 
into the center of each jar, after which the jars were 
sterilized, and their commercial sterility was analyzed. 
To compare the quality of preserves, five jars of each 
assortment, not inoculated with bacterial spores, were 
sterilized, as well as preserves in vegetable oil. After 
sterilization, all the preserves were commercially sterile, 
which indicated the reliability of regimes with shortened 
sterilization times. 

Sterilized preserves in spicy--oily extracts did not 
differ from samples in vegetable oil and were 
characterized by attractive appearance and low spicy 
flavor. All the test samples of preserves were free from 
the caramelization flavor. 

Thus, the use of spicy--oily extracts in the 
production of preserves "in oil" made it possible to 
reduce the duration of the sterilization proper of 
preserves, which led to a reduced thermal load on the 
product and, consequently, a reduced intensity of the 
Maillard reaction. 

The efficiency of the positive effect of replacing 
vegetable oils in the composition of cephalopod 
preserves "in oil," caused by the reduced duration of 
their sterilization by 5 min., was evaluated by the effect 
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of heat damage on microbial and raw-material cells, 
including the survivability of protein and biologically 
valuable nutrients. 

During the sterilization of preserves, part of spore-
forming cells of Bacillus subtilis (B. subtilis) is able to 
survive and remain viable for the whole storage period 
[45]. However, the presence of bacilli, even in a 
dormant state, affects the quality of preserves and leads 
to the "aging" of protein structures. The sanitary 
standards permit the presence of B. subtilis within the 
"residual" microflora in sterilized preserves, but their 
number in sterilized preserves of group A should not 
exceed 11 cells per 1 g of the product. 

Therefore, the number of B. subtilis cells was 
determined before and after the sterilization of the 
newly developed preserves in which spicy--oily extracts 
were used. Preserves with the vegetable oil used to 
obtain the spicy--oily extracts were used as reference 
products. It was established that before sterilization the 
average number of bacilli in 1 g of preserves was 320 ± 
64 cells. After sterilization, 1 g of commercially sterile 
cephalopod preserves in vegetable oil revealed from 3 to 
13 viable B. subtilis cells. Bacilli were not found in 
preserves with spicy--oily extracts, which indicated the 
expressed sporicidal effect of the oil filling. 

An indicator of the degree of survival of the nutritive 
value of a product during sterilization is heat damage to 
proteins, which affects their digestibility. To evaluate 
the effect of spicy--oily extracts and sterilization 
regimes on the digestibility of the protein component of 
preserves developed for assortments on various oil 
bases, special research was conducted by biotesting. 
Figure 3 shows the results of digesting protein products 
before and after sterilization in the test and reference 
samples of preserves. 

 
 

Fig. 3. Digestibility of canned cephalopod products in oil 
(reference) and in spicy--oily extracts (test). 

 
As is seen from the figure, the replacement of 

vegetable oil with spicy--oily extracts was accompanied 
by increased bioavailability of the protein component of 
preserves. It is possible that minor liposoluble 
components of spices affected positively the digestion 
of proteins in products filled with spicy--oily extracts. 

As is known, high-temperature processing destroys 
fatty acids [46]. The effect of spicy--oily extracts on the 
stability of the lipid component in cephalopod preserves 
filled with oil was assessed by comparing the fatty--acid 
composition of the reference and test samples of 
sterilized products. Table 8 shows the results of the 
study of the fatty--acid composition of the oil 
component in the reference (with vegetable oils or their 
blends) and test (filled with spicy--oily extracts 
prepared on the same oils or their blends) samples of 
cephalopod preserves. 

 

 
 
Table 8. Comparative characteristics of the fatty--acid composition of the oil base of the reference and test samples of seafood 
preserves 
 

 
Fat phase of 

preserves 

Sum of fatty acids in preserves (% of the total amount of fatty acids) 
in vegetable oil in spicy--oily extract 

saturated monounsaturated polyunsaturated saturated monounsaturated polyunsaturated 
Squid in oil 

Corn oil 17.2 27.6 55.2 14.9 26.7 58.4 
Sunflower oil 17.5 26.4 56.1 14.0 25.6 61.1 

Octopus in oil 
Sunflower oil 21.7 26.1 52.2 17.3 25.4 57.3 

Soft-smoked squid in flavored oil 
Soybean oil 20.8 25.5 55.7 16.6 22.1 61.3 

Soybean and corn 
oil blend (55:45) 16.5 25.7 57.8 15.9 24.6 59.5 

Soybean and 
sunflower oil blend 

(60:40) 
17.6 24.1 8.3 16.2 23.7 60.1 

Soft-smoked octopus in flavored oil 
Olive oil 21.0 16.3 62.7 17.2 12.5 70.3 

Soybean and 
sunflower oil 
blend (60:40) 

21.2 24.5 54.3 17.6 23.4 59.0 

 
 

The quoted results show that the oil component in 
the reference and test samples of preserves differed in 
fatty acid contents. In all the assortments of preserves in 

vegetable oils, the sum of polyunsaturated fatty acids 
was much lower than their amount in preserves filled 
with spicy--oily extracts. This indicates that a longer 
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duration of the sterilization proper of preserves (the 
reference preserves by 5 min.) leads to the largest heat 
damage to the carbon chains of high-molecular 
unsaturated fatty acids. During their destruction, fatty 
acids with smaller carbon chains are formed and 
accumulated. Oil blending improves the resistance of 
the oil component in the composition of preserves to the 
sterilization temperature, especially when they are used 
in spicy--oily extracts. Consequently, the full 
replacement of vegetable oils with spicy--oily extracts 
makes it possible to reduce the degree of heat damage to 
the nutrient material of products when cephalopod 
preserves are sterilized. 

The research results were implemented during the 
development of technological instructions and technical 
specifications for the production of new preserves. 
Regional and industry degustations pointed to their high 
consumer attributes. The fish-canning enterprise ZAO 

APK Slavyanskii-2000, Primorski krai) manufactured 
batches of new cephalopod preserves that were in 
demand among buyers.  

 
CONCLUSIONS 
New technological approaches have been developed 

to the canning of cephalopod mollusks that ensure 
canning profitability and replenish the consumer market 
with functional seafood. 

The exclusion of the skinning process from the 
cephalopod canning technology helps increase 
considerably the yield of high-quality products, 
reducing their cost, and broaden the range of products. 

The use of spicy--oily extracts as an oil filling in the 
cephalopod canning technology improves product 
quality by reducing the necessary level of thermal effect 
on products during sterilization and the degree of heat 
damage to their nutrients. 
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Abstract: The pal gene coding for L-phenylalanine ammonia-lyase of Rhodosporidium toruloides (GenBank entry 

no. X12702.1) with optimized sequence was cloned into an expressing vector pET28a. Three parameters of expression 
(inductor type, duration, and temperature of induction) were optimized, which resulted in a strain producing 
recombinant L-phenylalanine ammonia-lyase with the maximal productivity, that is, 35 ± 1% to total cell protein, upon 
utilization of 0.2% lactose (according to Studier) induction during 18 h at 37°C. The recombinant L-phenylalanine 
ammonia-lyase was found to be insoluble by 99%. Solubility of the protein did not improve upon utilization of 1 mM 
IPTG as an inductor instead of 0.2% lactose, or upon bacterium cultivation at various temperatures, that is 25°C and 
37°C. 

 
Keywords: L-phenylalanine ammonia-lyase, cloning, expression, recombinant protein, induction, L-phenylalanine, 

phenylketonuria 
 

 
INTRODUCTION 
L-Phenylalanine ammonia-lyase (PAL, EC 4.3.1.5) 

catalyzes the reaction of reversible deamination of L-
phenylalanine to trans-cinnamic acid and ammonia [1]. 
PAL is the key enzyme of phenylpropanoids metabolism 
in plants and fungi, where it is involved in biosynthesis 
of secondary metabolites (flavonoids, furanocoumarins, 
and components of cell wall) and exists in multiple 
isoforms [2]. First three-dimensional structure of PAL 
from the yeast species Rhodosporidium toruloides has 
been determined at 2.1 Å resolution. Molecular weight 
of PAL is 76880 Da. Molecule of the enzyme contains 
716 amino acid residues. Typically, optimal pH values 
for PAL are in the range of 8.2 to 9.0. Optimal 
temperature lies within the range of 35 to 55°C in 
function of the enzyme source [3]. 

Enzyme isolation is of interest for application as a 
therapeutic agent in treatment of phenylketonuria; it may 
be used directly as a drug in phenylketonuria therapy or 
in production of phenylalanine-free food [1, 2]. In 
addition to medicinal applications, PAL may be used in 
biotechnology to produce L-phenylalanine from trans-
cinnamic acid [3]. 

Application of Escherichia coli strain producing 
recombinant L-phenylalanine ammonia-lyase as a source 
of the enzyme in industry seems promising [4, 5]. 

Escherichia coli is one of the most efficient and 
simple ways of large-scale production of recombinant 
proteins in view of the well-studied genetics of the 
microorganism, availability of convenient expression 
vector systems and host strains, simple use, low price, 

and high levels of target gene expression reaching 40–
45% to the total cell protein [5, 6]. 

The aims of the present work were cloning of L-
phenylalanine ammonia-lyase gene and its expression in 
E. coli cells, as well as characterization of the 
expression product. 

 
MATERIALS AND METHODS 
Reagents. Acrylamide, N',N'-methylene-

bisacrylamide, sodium dodecylsulfate (SDS), 
bromophenol blue, glycogen, glycerol, 2-
mercaptoethanol, ammonium persulfate, Tween 20, 
Triton X-100, Tris(hydroxymethyl)aminomethane 
(Tris), N,N,N',N'-tetramethylethylenediamine 
(TEMED), ethylenediaminetetraacetic acid (EDTA), 
and glucose from Serva (Germany); agarose, ethidium 
bromide, bovine serum albumin (BSA), 
deoxyribonucleoside 5'-triphosphates, mineral oil, 
protease K, isopropyl β-D-1-thiogalactopyranoside 
(IPTG), and lysozyme from Sigma (United States); 
yeast extract, bacto-tryptone, and agar from Dafco 
(United Kingdom). Phenol, lysozyme, chloroform, 
ethanol, acids, alkalis, and salts (analytically and 
chemically pure grades) from Reakhim (Russia); LB 
medium from Gibco BRL (United States); kanamycin 
sulfate from Sintez (Kurgan, Russia); restriction 
endonucleases NcoI and HindIII, T3 DNA ligase, Pfu-
pol, and Taq-pol from Sibenzim (Russia). 

Bacterial strains. Cells of E. coli strain 
BL21[DE3]Star (Invitrogen, United States) of F- ompT 
hsdSB (rB-mB-) gal dcm rne131 (DE3) phenotype 
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containing λDe3 lyzogene and rne131 mutation in the 
genome were used for the target protein expression. 
Mutant gene rne (rne131) codes for a shortened RNAase 
E form, which decreases intracellular degradation of 
mRNA leading to increase in its enzymatic stability. 

Plasmid DNA. Vector pET28a, containing promoter 
for T7 phage polymerase, lac-operon, ribosomal 
complex binding site (RBS), starting codon for 
translation of the cloned fragments, and a polyhistidine-
tag fragment within the reading frame, was used for 
expression in E. coli cells. Any nucleotide sequence 
cloned in the vector is expressed as a protein fused with 
polyhistidine for convenience of further purification by 
immobilized metal affinity chromatography. 

Gene synthesis was performed in such a way that it 
would contain restriction sites NcoI and HindIII for 
amplification and further insertion into the gene 
fragment of polylinker pET28a. 

Amplification of the pal gene was performed by the 
method of polymerase chain reaction (PCR). 
Oligonucleotide primers were designed using the 
OLIGO (version 3.3) software taking into account the 
data on primary structure of the pal gene. To amplify the 
coding region of the pal gene from R. toruloides, 
sequence from GenBank database (X12702.1) was used 
as a template. At their 5'-ends, primers contained 
additional sequences incorporating restriction sites NcoI 
in case of the forward primer and HindIII, in case of the 
reverse one, in order to amplify the gene structural 
region and insert it into a polylinker of the pET28a 
expressing vector at relevant sites. Reverse primer was 
constructed so that the amplicon would not contain a 
stop codon and joining of the reading frames of the gene 
and His6 sequences would be ensured. 

Polymerase chain reaction was performed in 20–50 μL 
solution prepared on the basis of ten-fold buffer for Taq 
polymerase containing deoxynucleoside triphosphate, 
200 μM each, 0.5 μM of each primer, 2 mM MgSO4, 
10 ng template, 2 units Taq DNA polymerase, and 0.1 
units Pfu DNA polymerase. Temperature of annealing of 
oligonucleotides was calculated according to an empiric 
formula Tm = 67.5 + 34[% GC] – 395/n, where 
 %GC = (G + C)/n, n is the number of nucleotides. 
Analysis of PCR products was performed by 
electrophoresis in 1% agarose gel. 

Sanger sequencing was performed on an ABI3730xl 
(Applied Biosystems, United States) equipment using 
BigDye® Terminator v3.1 Cycle Sequencing Kit 
according to the manufacturers' protocols. 

DNA hydrolysis by restriction endonucleases NcoI 
and HindIII was performed in buffer solutions under 
optimal conditions of incubation medium recommended 
for each of the enzymes by the manufacturers. 
Completion of hydrolysis was controlled by 
electrophoresis in agarose gel. Reaction mixture was 
purified from the reaction products using the 
QuickClean kit. 

Isolation of DNA fragments from agarose gel. 
Samples of DNA were separated by electrophoresis in 
Tris–acetate buffer in a 0.7–0.8% agarose gel (Bio-Rad, 
United States) containing 0.3 μg/mL ethidium bromide 
and analyzed by fluorescence under ultraviolet light at 
254 nm. Gel pieces containing fragments of interest 

were cut out and transferred into microcentrifuge tubes, 
then DNA fragments were eluted from the gel using the 
“Isolation of DNA from agarose gels” kit (Boeringer 
Mannheim, Germany). Sodium perchlorate was added 
to the tubes in the amount of 400 μL per 100 mg weight 
of the cut out gel. The mixture was heated to 65°C, then 
agarose was dissolved in salt buffer. Glass milk 
microbeads were introduced into the suspension at the 
amount of 20 µL per 100 mg of gel weight. In the salt 
solution, DNA contained in the gel adsorbed on the 
surface of the microbeads. They were washed 
(consecutive precipitation–resuspension) with the same 
salt solution once and with 70% ethanol, two times. 
DNA was desorbed from the beads by resuspension in 
TE buffer (10 mM Tris-HCl buffer, pH 7.4, 1 mM 
EDTA) in the amount of 50 μL per 100 mg gel weight. 

Ligation. Products of hydrolysis of the vector DNA 
obtained as described above and the pal gene amplicon 
were ligated by phage T4 DNA ligase. Concentrations of 
the vector and gene in the reaction mixture were 5 ng/mL 
each. Concentration of phage T4 DNA ligase was  
5 units/μL. Reaction was performed at 15°C during 24 h. 

Preparation of competent E. coli cells for 
transformation. To prepare competent cells for the 
following transformation by electroporation, individual 
colony was grown on LB agar and placed into 5 mL LB 
medium. Cells were grown during night at 37°C and 
constant stirring (250 rpm). Two milliliter of the night 
culture were placed into 200 mL LB medium. Cells 
were grown at 37°C at constant stirring (250 rpm) till 
the optical density at 600 nm reached 0.6, then they 
were sedimented by centrifugation during 10 min at 
4000 g at 4°C. Cells were washed in deionized water in 
the initial volume followed by centrifugation. The 
procedure of washing was preformed three times. After 
washing, cell sediment was resuspended in small 
volume of deionized water and centrifuged during 30 s 
at 5000 rpm in a microcentrifuge. Three volumes (of the 
cell sediment volume) of 15% glycerol solution were 
added to the sediment, it was resuspended and quickly 
frozen in liquid nitrogen. Cells ready for transformation 
were stored at –70°C. 

Transformation of E. coli cells. Transformation of 
competent cells was performed by electroporation. 
Plasmid DNA (2 μL) at concentration of 0.3–1.0 ng/μL 
was added to 12 μL of competent cells and mixed; 
electroporation was performed in a GVI-1 generator of 
high-voltage impulses in sterile cells under electrical 
impulse strength of 10 kV/cm and duration of 4 ms. 
After transformation, cells were put in 1 mL SOC 
medium (2% bacto-tryptone, 0.5% yeast extract, 10 mM 
NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, and 
20 mM glucose) and incubated for 40 min at 37°C. 
After incubation 10–250 μL cell suspension were 
inoculated into a selective LB medium containing 
kanamycin (25 μg/mL) to select the recombinant clones. 

Induction of gene expression with IPTG. Induction 
of expression of genes coding for the recombinant 
enzyme in producer strain was performed using IPTG at 
final concentration of 1 mM. For this purpose, a single 
producer strain colony was inoculated onto standard 
liquid medium LB containing kanamycin at 
concentration of 25 μg/mL and 1% glucose and 
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fermented at 37°C in a rotor-type temperature-
controlled shaker overnight at 250 rpm. Then, after 
optical density at 600 nm was measured, the culture was 
diluted with the LB liquid medium containing 
kanamycin at concentration of 25 μg/mL to the optical 
density of 0.1 OU and fermented during 2–3 h at 37°C 
to the optical density of 0.6–0.8 OU. Then, the culture 
was divided into two equal parts: IPTG was added to 
one of the parts to the final concentration of 1 mM and 
it was fermented during 5 h at temperature of 25°C or 
37°C, cell aliquots collected for analysis at certain time 
intervals. The aliquots were stored at –20°C. 

Autoinduction of expression with 0.2% lactose. To 
induce autoinduction of expression according to Studier 
[7], modified PYP-5052 medium, containing 1% 
peptone, 0.5% yeast extract, 50 mM Na2HPO4, 50 mM 
K2HPO4, 25 mM (NH4)2SO4, 2mM MgSO4, 0.5% 
glycerol, 0.05% glucose, and 0.2% lactose, was used. 

A single colony of producer strain was inoculated 
into PYP-5052 medium containing 25 μg/mL 
kanamycin. After that, the colony was fermented at 
25°C or 37°C in a temperature-controlled rotor-type 
shaker at 250 rpm during 32, or 18 h, or till no 
significant change in optical density at 600 nm occurred 
per 1 h. Then, an aliquot of cells was collected for 
analysis. Aliquots were stored at –20°C. 

Polyacrylamide gel electrophoresis (PAGE). 
Electrophoresis of cell lysates and proteins was 
performed according to disk-electrophoresis procedure 
in 10% PAGE under denaturing conditions according to 
Laemmli. 

Destruction of bacterial cells under native 
conditions. Bacterial cells were destroyed under native 
conditions using ultrasonic treatment. Wet cell sediment 
obtained from 300 μL culture medium were 
resuspended in 30 mL buffer (50 mM Tris-HCl, pH 8.0, 
20 mM EDTA, pH 8.0) and sonicated for 10 min at the 
amplitude of 60%, sonication duration 30 s, pause of  
30 s, and a working temperature of 4°C. Destruction 
was controlled by inoculation of cells after sonication 
on a standard agarized LB medium containing 
kanamycin at concentration of 25 μg/mL. After 
sonication, cell lysate was centrifuged during 20 min at 
15000 g, and the precipitate and sediment were used for 
analysis of p17 protein localization. 

Computer methods of data analysis. Analyses of 
nucleotide and amino acid sequences were performed 
using a Lasergene v.7.1.0 (DNAStar, United States) and 
BioEdit v.5.0.9 software packages. 

Search for homologous sequences was performed 
using the BLAST2 (http://www.wbi.ac.uk/blastall/) 
software. Comparison of amino acid sequences was 
performed using a ClustalW1.8 
(http://www.ebi.ac.uk/clustalw/index.html) software. 

 
RESULTS AND DISCUSSION 
Cloning of the pal gene in E. coli cells. Due to the 

difficulties in genome organization of the pal gene  
(6 introns), it was synthesized using the sequence of the 
pal gene isolated from R. toruloides (GenBank: 
X12702.1). The gene was treated by restriction 
endonucleases NcoI and HindIII to obtain sticky ends. 

Expression vector pET28a designed for expression 

of recombinant proteins in E. coli and containing 
kanamycin resistance gene was chosen for cloning. In 
addition to that, the vector contains sequence coding for 
His-Tag end near the polylinker, which considerably 
simplifies chromatography on a Ni-containing carrier. 
To prepare for cloning, the vector was treated with 
restriction endonucleases NcoI and HindIII and purified 
from the reaction products with the QuickClean kit. 
After hydrolysis with restriction endonucleases, the 
vector gained sticky ends complementary to the pal 
gene. 

Preparation of the PAL protein producer strain. 
Cells of E. coli strain BL21[DE3]Star containing the 
gene coding for T7 phage polymerase under the control 
of an inducible bacterial promoter in their genome were 
transformed with pET28a DNA containing the pal gene 
coding for L-phenylalanine ammonia-lyase from 
Rhodosporidium toruloides (GenBank: X12702.1) by 
electroporation. The strain was chosen because it 
contains the DE3 lysogen carrying a gene coding for 
phage T7 polymerase under the control of the lacUV5 
inducible promoter necessary for the expression of the 
gene cloned in the pET28a plasmid. Besides, these cells 
do not contain protease lon and carry a mutation in the 
gene coding for the outer membrane protease OmpT. 

The absence of these two proteases decreases 
degradation of heterologous proteins. Also, the strain 
carries a mutant rne gene coding for a truncated 
RNAase, which should lead to increase in the stability 
of mRNA in cell due to decrease in its enzymatic 
degradation [8, 9]. 

These manipulations resulted in the E. coli strain 
BL21[DE3]Star pET28aPAL producing the L-
phenylalanine ammonia-lyase of Rhodosporidium 
toruloides, which we will call BL21PAL further on. 

Biosynthesis of the PAL recombinant protein by E. 
coli strain BL21PAL after induction of expression with 
1 mM IPTG. To culture the obtained PAL protein 
producer strain, standard agarized LB medium 
containing kanamycin at concentration of 25 μg/mL and 
1% glucose was used. The level of the enzyme 
expression was optimized in function of time and 
temperature of induction. Fermentation was performed 
in 2-L flasks in 250 mL medium containing kanamycin 
at concentration of 25 μg/mL in a temperature-
controlled rotor-type shaker at 37°C and 250 rpm. IPTG 
at concentration of 1 mM was used as an inductor. 
Expression induction was performed when optical 
density of cell culture at 600 nm reached 0.6–0.8 OU. 
Then, after a certain period of time (from 15 min to 1 h) 
aliquots of the cell culture were collected. Cell culture 
without induction was used as control. Without the 
induction, cells grow according to a logarithmic law: 
linear growth is observed till the optical density of 0.6–
0.8 OU, then exponential growth occurs to 3.8–4.2 OU; 
after that the growth curve reaches a plateau of the 
stationary growth phase. After the addition of the 
inductor (1 mM IPTG) to cell culture cells grow more 
slowly, optical density of the culture grows from 0.6 to 
1.5 OU within 4 h, however, later on exponential 
growth phase with late transfer to a stationary growth 
phase occurs. When studying the dynamics of 
biosynthesis of the PAL recombinant protein by E. coli 
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cells after expression induction with 1 mM IPTG, 
maximal expression of the pal gene in E. coli strain 
BL21PAL was noted after 3 h of fermentation. 
According to densitometry analysis, protein yield was 
32% to the total protein (Fig. 1). When expression was 
induced at 25°C, longer (9 h) transfer of culture cells to 
exponential growth phase occurred. 

Maximal level of expression (32%) at all 
temperatures was the same. Without the induction of 
expression, undeliberate synthesis of recombinant 
protein, or “T7 promoter leakage”, often observed in 
this expression system [10], occurred. 

 

 
 

Fig. 1. Analysis of E. coli strain BL21PAL cell lysates after 
induction of expression under various condition:  
1, molecular weight marker “PageRulerTM Prestained Protein 
Ladder”, Fermentas; 2, negative control (lysate of producer strain 
cells without the addition of an inductor); 3, E. coli strain 
BL21PAL cell lysate after induction of expression with 0.2% 
lactose according to Studier at 25°C during 32 h; 4, E. coli strain 
BL21PAL cell lysate after induction of expression with 0.2% 
lactose according to Studier at 37°C during 18 h; 5, E. coli strain 
BL21PAL cell lysate after induction of expression with 1 mM 
IPTG at 37°C during 3 h; 6, E. coli strain BL21PAL cell lysate 
after induction of expression with 1 mM IPTG at 37°C during 5 h; 
7, E. coli strain BL21PAL cell lysate after induction of expression 
with 1 mM IPTG at 25°C during 5 h; and 8, E. coli strain 
BL21PAL cell lysate after induction of expression with 1 mM 
IPTG at 25°C during 8 h. 

 
Biosynthesis of the PAL recombinant protein by E. 

coli strain BL21PAL after autoinduction of expression 
with 0.2% lactose according to Studier. Fermentation 
was performed in 2-L flasks in 250 mL PYP-5025 
medium for autoinduction containing kanamycin at 
concentration of 100 μg/mL in a temperature-controlled 
rotor-type shaker at 250 rpm during 19 h at temperature 
of 37°C and during 32 h at temperature of 25°C. 

Average optical density (OD600) of the E. coli strain 
BL21PAL cell culture was the same at different 
temperatures of cultivation and was 7 OU. After PAGE 
of E.coli BL21PAL cell lysates with autoinduction of 
expression with 0.2% lactose, PAL protein content in E. 
coli cells was determined by densitometry of the 
obtained electrophoregrams using the TotalLab 
software. The results of the densitometry analysis 
showed that, in E. coli cells of BL21PAL, PAL protein 
accumulated in the amount of 35% to the total cell 
protein at fermentation temperature of 37°C and 33%, at 
temperature of 25°C (Figs. 2 and 3). 

The method of expression induction was chosen as 
the simplest efficient and cheap alternative to classic 
induction using IPTG in expression systems based on 
lactose operon. When autoinduction is used, there is no 
need in the following cell culture optical density 
monitoring or addition of an inductor. 

From the moment of the colony inoculation into an 
autoinduction medium to the collection of bacteria 
biomass with OD600 = 7–15 with synthesized target 
proteins, 15–20 h pass. 

The phenomenon of expression autoinduction is 
based on the mechanisms that bacteria utilize to regulate 
consumption of carbon and energy source from the 
nutrinet medium. If there is glucose in the medium, 
catabolic repression and exclusion of the inductor 
prevent lactose consumption by lac-permease, product 
of the lacY gene [11, 12]. 

When glucose resources are exhausted, lac-permease 
starts to consume lactose, and β-galactosidase inside 
bacterial cells turns lactose into a natural inductor, 
allolactose [6]. 

 

 
 
Fig. 2. Densitogram of E.coli strain BL21PAL cell lysate 
after expression induction with 0.2% lactose according to 
Studier at 25°C during 32 h. 
 
 

 
 
Fig. 3. Densitogram of E.coli strain BL21PAL cell lysate 
after expression induction with 0.2% lactose according to 
Studier at 37°C during 18 h. 
 
 

Utilization of a substance not associated with 
induction and lactose operon (for example, glycerol) as 
a source of carbon and energy allows to almost double 
the yield of the target protein by comparison with the 
equivalent amounts of lactose as a primary energy 
source. This is because T7 RNA polymerase is so much 
active that induction may direct most of cellular 
transcription and translation toward production of target 
protein [13], which may overlap with the ability to 
metabolize lactose for energy needs. Glycerol does not 
overlap with the induction of the target protein and 
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serves as an efficient source of carbon and energy. The 
presence of 0.05% glucose in the autoinduction medium 
accelerates the process of bacterial cell growth at initial 
stages and simultaneously blocks induction with 0.2% 
lactose present in the medium, while 0.5% glycerol, also 
present in the medium, is an efficient source of carbon 
and energy. 

The maximal level of expression of the PAL 
recombinant protein in E. coli strain BL21PAL cells was 
35% upon utilization of autoinduction medium in 
contrast to the maximal level of 32% upon induction 
with IPTG. Increase in the maximal level of expression 
upon autoinduction with 0.2% lactose was 7–8%, if 
compared to induction with IPTG. The data evidence 
that utilization of a simpler and cheaper autoinduction 
for synthesis of recombinant protein p17 leads to similar 
results obtained upon utilization of 1 mM IPTG as 
inductor, while bacterial biomass and, thus, protein 
yield, increased 6–7 times. 

Solubility of the PAL recombinant protein upon its 
synthesis in E. coli strain BL21PAL was determined by 
disc-electrophoresis of E. coli cells destroyed upon 
induction of expression with 0.2% lactose during 18 h at 
37°C according to Studier in PAGE. Both sediment and 
supernatant formed upon sedimentation of cell debris 
were analyzed. 

It was demonstrated that 99% of PAL recombinant 
protein synthesized in E. coli strain BL21PAL cells 
upon expression induction under optimal conditions is 
in the sediment formed upon sedimentation of cell 
debris and probably only the insignificant amount (1%) 
is in the supernatant (Fig. 4). 

Utilization of 1 mM IPTG instead of 0.2% lactose as 
an inductor did not change protein solubility, neither did 
bacteria cultivation at different temperatures, 25°C or 
37°C. 

Accumulation of PAL protein in cells of producer 
strain in insoluble form indirectly evidences its non-
native conformation (tertiary structure). 

The data on solubility do not agree with the 
literature data, which demonstrate that utilization of 
different techniques to express the pal gene coding for 
L-phenylalanine ammonia-lyase of Rhodosporidium 
toruloides (GenBank: X12702.1) in E. coli cells results 
in a soluble target protein. The probable reason for 
accumulation of PAL in cells of the producer strain in 
insoluble form is utilization of the gene with modified 

codon sequence for expression. As a result of codon 
composition optimization, regions necessary for 
ribosome slow-down at the boarders of domain folding 
could be impaired, which could have led to start of new 
domain translation when folding of the previous one 
was not complete, which, in turn, could lead to 
formation of insoluble protein aggregates. 

 

 
Fig. 4. Determination of PAL recombinant protein 
solubility upon its synthesis in E. coli strain BL21PAL 
cells: 1, molecular weight marker “PageRilerTM Prestained 
Protein Ladder” (Fermentas); 2, lysate of E. coli strain BL21PAL 
cells destroyed by sonication; 3, supernatant formed upon 
centrifugation of the lysate of E. coli strain BL21PAL cells 
destroyed by sonication; and 4, sediment formed upon 
centrifugation of the lysate of E. coli strain BL21PAL cells 
destroyed by sonication. 

 
Therefore, E. coli strain producing L-phenylalanine 

ammonia-lyase of Rhodosporidium toruloides was 
obtained. Optimization of expression resulted in the 
maximum level of expression of 35% upon induction 
with 0.2% lactose according to Studier during 18 h at 
37°C. When expressed in E. coli cells, the recombinant 
L-phenylalanine ammonia-lyase was insoluble (formed 
inclusion bodies) under all conditions studied. 
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Abstract: A method of modeling the continuous process of the mixing of bulk materials on the basis of cybernetic 

analysis with some elements of automatic control theory (ACT) [6, 9] has been considered. In this case, a mixing unit 
(MU) is represented in the form of a dynamic system, which is characterized by the known topology of the motion of 
material flows and subjected to various external disturbances. 

The two developed mathematical models allow us to determine the degree of the smoothening of input material flow 
fluctuations from volumetric dosers by the mixers incorporated into a MU. The obtained numerical values of 
smoothability indicate that it is reasonable to equip the studied mixers of new design with volumetric dosers. This 
allows us to meet the requirements to MUs from both the engineering and economical viewpoints. 

 
Key words: centrifugal mixer, time-and-frequency analysis, bulk materials, combined food products, modeling, 

cybernetic analysis 
 

 
 

INTRODUCTION 
The contemporary state of the market of food 

industry equipment is characterized by a considerable 
increase in the demand for machines and apparatuses 
that allow the production of high-quality food products 
of increased nutritional value (enriched with vitamins 
and biologically essential components) at low 
expenditures. In particular, the population should have 
new combined food products that compensate the 
deficiency of different food components and 
micronutrients in its ration due to considerable 
ecological disturbances in different regions of Russia 
and other countries. 

Since the content of many food additives in the 
major product is small (1% and lower), the key problem 
consists in their uniform distribution over the entire 
volume. Using the results of studies, it has been 
revealed that continuous centrifugal mixers (CCMs) [2, 
5] characterized by a high intensity of mixing due to the 
targeted organization of the motion of thin disperse 
layers are most promising for the solution of this 
problem. Centrifugal mixers enable the production of 
good-quality mixtures at a component ratio of 1:100 [2]. 
However, a single CCM is usually insufficient at higher 
ratios. In this connection, we propose to incorporate two 
serially arranged centrifugal mixers with a good 
smoothability into a single MU. In this case, it is 
possible to use volumetric dosers with certain 
advantages (high material feed rate, small dimensions, 

low cost and maintenance expenditures) for the 
preparation of mixtures with high ratios of mixed 
components. For this reason, the objective of our work 
is to compare the operational efficiencies of two 
centrifugal MU of new design (differ from each other 
by the set of equipment incorporated in them), in which 
it is possible to obtain dry combined food products with 
a high ratio of mixed components, using cybernetic 
analysis and some ACT elements [6, 7, 9]. 

When studying the operation of certain mixing 
equipment, we artificially imposed a disturbance of one 
or another kind onto the input feed flow and then 
analyzed its consequences at the output of an apparatus 
(plotted a response curve) [10]. The function determined 
from the given curve for the residence time distribution 
of particles in centrifugal mixers was used in 
combination with the accepted flow pattern of mixed 
materials in an apparatus to predict the process of 
mixing in it [1, 8]. 

A number of scientific works [1, 6, 8, 13, 15] are 
devoted to the problems of the modeling of mixing 
processes. In our work, we have detailed the questions 
of the creation of a MU mathematical model, which 
would allow us to match the time-and-frequency 
characteristics of CCMs and dosers incorporated into a 
MU in the interactive operational mode of a computer. 
As a result, this provides the possibility of decreasing 
the amplitude of fluctuations in the output material flow 
of a mixer and improving the quality of a ready mixture. 
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OBJECTS AND METHODS OF STUDY 
In the first case, the object of the study aimed at 

implementing the method of the sequential dilution of a 
mixture is a mixing unit that incorporates a block of two 
spiral and one batch dosers (D, i=1, N) and two serially 
arranged CCMs. Spiral doser D1 and batch doser D2 
deliver initial mixture components trough summing 
element SE1 into CCM1. This results in the mixing of 
components at a ratio of 1 : 500. The obtained mixture 
enters SE2, into which the major component 
(incorporated into the mixture in a great amount) is 
simultaneously fed with spiral doser D3, and then into 
CCM2, where the components are finally mixed at a 
ratio of 1 : 20. As a result, the mixture with a ratio of 
mixed components of 1 : 1000 is obtained at the output 
of CCM2. 

The general structural functional scheme of the 
studied mixing unit operating by the method of the 
sequential dilution of a mixture is shown in Fig. 1. The 
dosers form the signals of the mass flow rates of 
materials that have masses Qd1(t) and Qd2(t) and 
concentrations Xd1(t) and Xd2(t) and are fed into SE1, 
thereupon the summary flow with parameters Xdс1(t) and 
Qdс1(t) enters CCM1. The mixture that leaves the first 
mixer and has a weight QM1(t) and a concentration 
XМ1(t) and the material flow with parameters Хd3(t) and 
Qd3(t) from spiral doser D3 are fed into SE2. As a result, 
the material mass QM1(t)+Qd3(t) with a concentration 
XМ1(t)+ Хd3(t) enters CCM2, and a mixture with 
parameters QM2(t) and XМ2(t) leaves it. 

 

 
 

Fig. 1. Structural functional scheme of the studied mixing 
unit. 
 

To perform the monitoring and control of the 
principal parameters of the continuous process of 
mixing, let us use the structural functional scheme 
implying the estimation of the impulse responses of 
dosers and the transfer functions of mixers that are 
incorporated into the MU [6, 9, 10]. The transfer 
function of a mixer is the ratio of the output signal у(S) 
to the input signal х(S), both are Laplace transformed, at 
zero initial conditions. The transfer function is governed 
only by CCM internal properties, represents a 
dimensionless function of complex variables, and is 
denoted as W(S)=y(S)/x(S). 

From Fig. 1 it can be seen that the two-stage MU 
consists of the two blocks of dosers WDB1(S) and 
WDB2(S) that have certain impulse responses, form 
signals of different kinds, and operate in parallel for SE1 
and SE2. The principal elements of the scheme are the 
CCMs of new design developed by us with a horizontal 
rotor in the form of three and one hollow truncated 
cones (WCM1(S) and WCM2(S)) [11, 12]. 

The MU output signal for the given scheme in the 
operator form (WMU(S)) is determined by the formula 

 
  )()()()()( 2211 SWSWSWSWSW CMDBCMDBMU  ,  (1) 

 
where WDB1,2(S) are the impulse responses of the block 
of dosers, WCM1,2(S) is the CCM transfer function, and S 
is an independent complex variable that stands for 
differentiation with respect to time. 

Here, the first block of dosers consists of a spiral 
doser and a batch doser. When the spiral doser forms a 
signal, the feed of a component Xd1(t) fluctuates by a 
time-dependent sinusoidal law with an average value 
Хd01 and an amplitude Хdm1: 

 

 
,                (2)

 
 
Performing the Laplace transform of the given signal 

from the time-dependent form to the operator form, we 
obtain the following expression: 

 

 
,                     (3)

 
 

where Хd01 is the constant flow rate of a component 
dosed with a spiral doser and Хdm1 and ωd1 is the 
amplitude and frequency of fluctuations. 

For the formation of a square-wave signal from the 
batch doser Xd2(t), let us use the Fourier tenth-order 
expansion [6], which is represented by the following 
function in the temporal region: 

 

 
,  (4)

 
 

The Laplace transform of this signal gives the 
following expression: 

 

 
,   (5)

 
 

where k2=2k/Td2 is the angular fluctuation frequency 
corresponding to the kth harmonic of the Fourier 
expansion of a square-wave signal from the batch doser, 
Td2 is the period of its fluctuations, and А02, Аk2, and Bk2 
are coefficients in the Fourier expansion of the signal. 

 

 

,  (6) 

 
Then, taking into account Eqs. (3) and (5), the 

summary signal WDB1(S) in the operator form will be  
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The second block incorporates a spiral doser. Its 

signal in the time-dependent and operator forms is 
 

 ,                (8) 
 

 
,  (9) 

 
When forming a CCM mathematical model, it is 

necessary to characterize the dynamics of the 
displacement of a material inside it. Professor Yu. I. 
Makarov in his work [10] considered a CCM as a 
control element with pronounced low-frequency filter 
properties. He has proved that the continuous process of 
mixture preparation can be described by the models that 
incorporate the corresponding combinations of serial 
and parallel plug-flow and stirred-tank zones. For the 
quantitative analysis of the operation of a CCM, its 
dynamic characteristics are usually approximated by 
first- or second-order aperiodic elements [6, 9]. 

The first-order element has the following form: 
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The second-order element is 
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where K is the transfer coefficient (К = 1), 푇  and Т1 

are time constants (for the first and second CCMs) that 
characterize the time interval, within which the 
concentration decreases from a maximum value to a 
nearly zero level, T2 is the time constant that 
characterizes the period of attaining the maximum 
change rate of the output concentration of a mixture 
from a mixer in the transition regime with an impulse 
dosing disturbance, and   is the delay period. 

Substituting the impulse responses of all the blocks 
and the transfer functions of MU mixers (Eqs. (7), (9), 
(10), and (11)) into Eq. (1), we obtain 
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(12)

 

 
The obtained model describes the process of the 

mixing of bulk components in the case of the sequential 
dilution of a mixture. 

Let us further consider a procedure in the space of 
MU model states. To accomplish this, let us convert the 

general structural functional scheme of the studied MU 
(Fig. 1) into the block structural scheme, whose 
elements are specified in the form of transfer functions 
(Fig. 2). The block structural scheme differs from the 
previous scheme by that the output signals of the block 
of the first- and second-stage dosers are substituted by 
parallel virtual elements linked to the output of 
corresponding mixers. 

 

 
Fig. 2. Block structural scheme of the mixing unit. 

 
The transfer functions describing the virtual 

elements are such that the signal that appears at the 
output of the mixers upon the synchronous fictitious 
control action u(t) onto their outputs in the form of a 
unit impulse function is equal to the summary action of 
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real dosing impulses. From the block structural scheme 
it can be seen that it has two inputs and one output. 

Let us transform the obtained transfer functions 
(Eqs. (7), (9), and (12)) into the corresponding 
differential equations. By way of example, let us 
consider the first summand of Eq. (7) , which 

is the image of the function , i.e., 

. Multiplying both sides of the 

equation by with consideration for , we 
obtain the differential equation . 
Transforming the other elements (summands) in a 
similar way, we obtain the following system of 
differential equations: 

 

,   (13) 

 
where y1(t), y2(t), y3(t), y4(t) …. y25(t) are the internal 
signals that characterize the operation of corresponding 
transfer functions in the elements of the block structural 
scheme. The sum of y1(t) and y2(t) is the signal formed 
by the spiral doser, and the sum of y3(t), y4(t) …. y23(t) is 
the signal formed by the batch dosers in the first block. 
The signals y25(t) and y26(t) are formed by the spiral 

doser of the second block, y24(t) corresponds to the 
output signal of the first-stage CCM, and y(t) 
corresponds to the output signal of the second-stage 
CCM or the MU as a whole. 

To solve system (14), let us reduce the order of the 
differential equations via the substitution of variables. 

 

,    (14) 

 
Such a transformation allows us to write the system 

of the differential equations describing the behavior of 
the MU with a batch doser signal that has n Fourier 
expansion harmonics in the Cauchy normal form. 

 

,  (15) 

 
It should be noted that the output signal y(t) of the 

second CCM is related with the state variable  
according to Eq. (15) via the relationship 

, which is the output equation for the 
considered MU. 

Obtained model (16) that contains information on 
the formation of flow signals in the blocks of dosers 
also allows us to trace their fluctuations in parallel 
(during a single calculation procedure) with the output 
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signal that has passed the first CCM and is received at 
the output of the second mixer. 

Let us model a two-stage MU consisting of three 
spiral dosers and two CCMs in a similar manner. Its 
structural functional scheme is shown in Fig. 3. 

 

 
 

Fig. 3. Structural functional scheme of the mixing unit. 
 

The output signal of the MU, where the first block 
incorporates two spiral dosers, in the operator form 
(WMU(S)) is represented by Eq. (1), and its impulse 
response is determined as  
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 , (16) 

 
The second block incorporates a spiral doser, whose 

impulse response is represented by Eq. (9). The transfer 
functions of the mixers are expressed by Eqs. (10) and 
(11). 

Substituting the impulse responses of all the MU 
blocks and apparatuses (Eqs. (16), (9), (10), and (11)) 
into Eq. (1), we obtain the following model for the 
process of the mixing of bulk materials: 
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Let us consider a procedure in the space of MU model 

states and, to accomplish this, transform the general 
structural functional scheme of the studied MU (Fig. 3) 
into the scalarized block structural scheme (Fig. 4). 

 

 
 

Fig. 4. Block structural scheme of the mixing unit. 
 

Applying the above considered expressions, we 
write the following system of differential equations: 

 
 

,     (18) 

 
 

To solve it, let us reduce the order of the differential 
equations. 

 
 

 

,  (19)

 
 
 

Using Eqs. (19) and (20) as a basis, we obtain the 
resulting equation system (in the Cauchy normal form) 
describing the behavior of the mixing unit: 
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, (20) 

 
According to Eq. (20), the output equation for the 

considered MUs is 
 

 ,  (21) 
 
The obtained models can be implemented via 

different mathematical software that provides the 
possibility of calculating the MU time-and-frequency 
characteristics using the known values of doser impulse 
responses and mixer transfer functions. 

 
RESULTS AND DISCUSSION 
The frequency method of determining the 

smoothening degree requires the knowledge of the 
frequency transfer function of a mixer that operates in a 
certain regime (rotor speed, internal and external recycle 
ratios, taper angle, etc.). The given studies were 
performed on the white flour potassium iodide 
mixture. 

To determine the smoothability of the two 
centrifugal MUs (the first of them is schematized in Fig. 
1, and the scheme of the second MU is shown in Fig. 2), 
the transfer functions of the mixers incorporated in them 
were represented as . After 
Rе() and Im() were determined, we plotted the 
amplitude frequency characteristic 

. 
The studied MUs contain two CCMs each and 

identical spiral dosers, whose frequencies will be used 
to estimate the smoothability. For this reason, the 
obtained amplitude frequency characteristics will be 
identical for both mixing units. 

Hence, the amplitude frequency characteristics of 
the first-stage CCMs of the studied MUs are plotted in 
Fig. 5. 

 

 
 

Fig. 5. Amplitude frequency characteristics A1, A2, and 
A3 of CCM rotor speeds for the three operational regimes 
[12] at 10, 12.5, and 15 s-1, respectively. 

 
From Fig. 5 it can be seen that the MU operating in 

the third regime has the best smoothing characteristics. 
The CCM smoothability was estimated from the plots 
for the third operational regime at a specified 
operational frequency of dosers. For example, if a 
dosing signal with a frequency 102.4  s is sent to 
the input of a mixer (first doser signal), the length of the 
transfer function vector is 032.0)()(   AR . The 
smoothability of the first-stage centrifugal mixer was 
then determined as 

 
 25.31

032.0
1

)02.4(
1)02.4( 

R
S ,  (22) 

 
Hence, the centrifugal mixer smoothens feed flow 

fluctuations at the given frequency of input signals by 
31.25 times. 

Let us further consider the amplitude frequency 
characteristic for the second-stage CCM [11] of the 
studied MUs (Fig. 6). 

 

 
 

Fig. 6. Amplitude frequency characteristics A1, A2, and 
A3 of CCM rotor speeds for the three operational regimes 
at 10, 12.5, and 15 s-1, respectively. 

 
If a dosing signal with a frequency 102.4  s

(third doser signal) is sent to the input of the mixer (at 
115  sn ), the length of the frequency transfer 

function vector is 0123.0)()(   AR . The 
smoothability of the first-stage centrifugal mixer is 
further determined as 
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Hence, the centrifugal mixer smoothens feed flow 
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fluctuations at the given frequency of input signals by 
81.3 times. 

The data for all the MU operational regimes are 
given in Table 1. 

 
Table 1. Smoothability of the mixing units 

 

 

CCM 
operational 

regimes (rotor 
speed, s-1) 

Input signal 
frequency, s-1 

2.093 4.02 

White flour potassium iodide mixture 

First-stage 
CCM [1]  

10 9.17 24.39 
12.5 9.43 28.57 
15 10.00 31.25 

Second-
stage CCM 

[4]  

10 20.36 45.87 
12.5 24.44 91.46 
15 19.23 81.3 

MU 
10 29.53 70.26 

12.5 33.87 120.03 
15 39.53 112.55 

 
Hence, it follows from the results of frequency 

analysis that the smoothability 푆(휔) grows with an 
increase in the operational speeds of CCM rotors and 
the input signals formed by the dosers. Its considerable 
growth occurs upon the switch from the first CCM 
operational regime to the second regime at both stages. 
The highest value of 푆(휔) for the studied MUs is 
observed at a CCM rotor speed of 12.5 s-1. 

To determine the degree of the smoothening of real 
dosing station signals, we also performed the time 
analysis of the MUs. 

Let us first perform the analysis of the first MU (Fig. 
1) at a CCM rotor speed of 10 s-1. Let us determine the 
real signal of the MU first-stage doser block from Eq. 
(2) using, for example, the MathCAD software for the 
case when the major component (white flour) is dosed 
with a spiral doser and the key component (potassium 
iodide) is dosed with a batch doser. The concentration 
of potassium iodide in the flour was found 
potentiometrically on an Elis-131-1 ion selective 
electrode, with which the equilibrium concentration of 
iodine ions in a solution was determined. The 
measurements of pI were performed on an ANION-
4100 ion conductivity meter. The iodide selective 
electrode was preliminary calibrated against standard 
potassium iodide solutions with a mass concentration of 
2. 1.5, 1, 0.5, and 0.1 g/dm3 [3]. The obtained signal is 
shown in Fig. 7. 

 

 
 

Fig. 7. Signal of the first block of dosers (spiral and batch). 

 
The amplitude of the input signal of the first block 

of dosers is 
 

236.1
2

564.5036.8
2
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max
0 





 ddIN

dm
XXX ,  g/s.  (24) 

 
The obtained signal was further sent to the input of 

the MU first-stage CCM [12]. The response of the 
system to the input signal is shown in Fig. 8.  
 

 
a) 

  
b) 
 

Fig. 8. Response of the system to the input signal of the 
first block of dosers: (a) output signal of the first-stage 
centrifugal mixer, (b) ratio of the amplitudes of the input  
(__ __) and (_____) output signals. 

 
The analysis of the obtained plots allows us to 

determine the real degree of the smoothening of feed 
flow fluctuations for the first block of dosers and also 
the numerical values of the real transfer functions of the 
first-stage CCMs WCM1(S). 

By way of example, let us calculate S (ω) of a CCM. 
To accomplish this, let us calculate the amplitude of the 
mixer’s output signal by the formula  
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Then we find  
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Thereupon we calculate the mixer’s smoothability as 
 

 22.207
00482.0

1
)(

1)( 



R

S ,        (27)  



ISSN 2308-4057. Foods and Raw Materials Vol.1 (No1) 2013 

 

61 

 
The CCM transfer function can be calculated from 

the ratio of the amplitudes of the input and output 
signals, and its numerical value is then equal to   

 
 027.0

236.1
033.0)(1  IN

dm

OUT
dm

CM X
XSW ,             (28) 

The smoothability of the mixer at rotor speeds of 
12.5 and 15 s-1 was determined in a similar way. The 
obtained results were compiled in Table 2. 

 
Table 2. Smoothability and transfer function of the first-
stage mixer 

 
n, s-1 Х       

퐝퐦
퐈퐍 , g/s Х퐝퐦

퐎퐔퐓, g/s 퐒(훚∗) 퐖퐂퐌ퟏ(푺∗∗)
10 1.236 0.033 207.22 0.027 

12.5 1.236 0.031 222.9 0.025 
15 1.236 0.025 272.9 0.02 

 

* 휔 is the fluctuation frequency created by a doser, s-1. 
** S is an independent complex variable that stands for 
differentiation with respect to time. 

 
The results of the performed analysis indicate that 

the CCM [12] smoothens well input material flow 
fluctuations produced by the first block of volumetric 
dosers. The best result was obtained at a rotor speed of 
15 s-1. 

The signal from the second block of dosers was then 
superimposed to the output signal of the first-stage 
CCM, thus leading to an increase in its amplitude and 
the numerical value of its impulse response (signals 
form the first-stage CCM and the second-stage block of 
dosers). The graphical interpretation of the given signal 
is shown in Fig. 9. 

 

 
 

Fig. 9. Summary signal from the first CCM and the second 
block of dosers. 

 
The amplitude of this signal is equal to 
 

188.0
2

098.12474.12
2
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 ddIN

dm
XXX , g/s. (29) 

 
To determine the impulse response of the first-stage 

CCM and the second-stage block of dosers, the 
amplitude calculated by Eq. (30) should be divided by 
Х  obtained by Eq. (26): 

 

 371.5
033.0
1883.0)(21  IN

dm

OUT
dm

BDCM X
XSW ,  (30) 

 
The obtained signal was further sent to the input of 

the MU second-stage CCM [11]. The response of the 
system to the input signal is shown in Fig. 10.  

 

 
 

Fig. 10. Response of the system to the input signal of the 
second-stage block of dosers and the first CCM. 

 
The ratios of the amplitudes of the input and output 

signals for the second CCM [11] are plotted in Fig. 11. 

 
 

Fig. 11. Magnified system response fragment for the 
steady-state operational regime. Ratio of the amplitudes of 
the input (__ __) and output (___) signals. 

 
Since the second-stage CCM is the end element in 

the functional structural scheme (Fig. 1), its output 
signal y(t) may be considered as the output impulse of 
the entire studied MU, and the transfer function WCM2(S) 
becomes WMU(S). 

For further analysis, let us calculate S (ω) and 
WCM2(S) of the CCM at 110  sn . To accomplish 
this, let us calculate the amplitude of the mixer’s output 
signal by the formula 

 

075.0
2

144.12294.12
2

min
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max
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 ddOUT

dm
XXX , g/s. (31) 

 
Further, we find 
 

 00614.0
219.12
075.0)(

0


d

dm

X
XR  ,  (32) 

 
Then we determine the smoothability of the mixer as 
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The transfer function of the second-stage CCM (or 
the MU transfer function) will be  

 

 399.0
188.0
075.0)(2  IN

dm

OUT
dm

СМ X
XSW ,  (34) 

 
The smoothability of the second-stage mixer and its 

transfer function at rotor speeds of 12.5 and 15 s-1 was 
determined in a similar way. The obtained results were 
compiled in Table 3.  

The results of the performed analysis indicate that 
the second-stage CCM [11] slightly worse smoothens 
input material flow fluctuations in comparison with the 
first-stage CCM [12]. This is explained by that the rotor 
of the second mixer consists of a single cone, so mixed 
particles reside in the working zone of the mixer for a 
shorter time. 

Let us further perform the analysis of the second 
MU, whose regime parameters are the same as for the 
first MU. The real signal of the first-stage block of MU 
spiral dosers was determined by Eq. (15) for the white 
flour potassium iodide feed. The obtained signal is 
plotted in Fig. 12. 

 
Table 3. Smoothability and transfer function of the 
second-stage mixer 
 

n, s-1 

First mixer and second 
block of dosers 

Second mixer or mixing 
unit 

Х , g/s W (S) Х , 
g/s S(ω∗) W (푆∗∗) 

 (W (S)) 
10 0.188 5.37 0.075 162.86 0.399 

12.5 0.186 6.103 0.11 111.2 0.59 
15 0.182 3.15 0.109 111.6 0.595 

 

* 흎 is the fluctuation frequency created by a doser, s-1. 
** S is an independent complex variable that stands for differentiation 
with respect to time. 
 

 
Fig. 12. Signal of the first block of dosers (both are spiral). 

 
The amplitude of the given signal is 516.0IN

dmX  g/s.  
Sending the given signal to the input of the MU 

first-stage CCM [12], we obtain the system’s response 
shown in Fig. 13.  

 

 
Fig. 13. Magnified system response fragment. Ratio of the 
amplitudes of the input (__ __) and output (_____) signals. 

 
The output signal amplitude is 025.0OUT

dmX  g/s.  
The ratio of the amplitude to the average mass flow 

rate is 0018.0)( R . 
Then the smoothability of the first-stage CCM is 
 

 67.554
0018.0
1

)(
1)( 



R

S ,  (35) 

 
and its transfer function is 
 
 049.0

516.0
025.0)(1  IN

dm

OUT
dm

CM X
XSW  ,  (36) 

 
The parameters of the implementation of the 

mathematical model of the MU first stage for the 
operation of the CCM at rotor speeds of 12.5 and 15 s-1  
are given in Table 4. 

 
Table 4. Smoothability and transfer function of the first-
stage mixer 

 

n, s-1 Х퐝퐦
퐈퐍 , 
g/s 

Х퐝퐦
퐎퐔퐓, 
g/s 퐒(훚∗) 퐖퐂퐌ퟏ(푺∗∗)

10 0.516 0.025 554.67 0.049 
12.5 0.516 0.025 591.13 0.046 
15 0.516 0.02 716.46 0.038 

 

* 휔 is the fluctuation frequency created by a doser, s-1. 
** S is an independent complex variable that stands for differentiation 
with respect to time. 

 
From Table 4 it can be seen that the CCM [12] has 

the highest smoothability at a rotor speed of 15 s-1.  
Further, the output signals of the first-stage CCM 

and the second block of dosers superimpose over each 
other. The graphical interpretation of the summary 
signal is shown in Fig. 14. 

 

 
 

Fig. 14. Summary signal from the first CCM and the 
second block of dosers. 

 
The amplitude of the given signal and the CCM 

transfer function are 181.0IN
dmX  g/s and

1.7)(21  SW BDCM
, respectively.  

The obtained signal was sent to the input of the MU 
second-stage CCM [11]. The response of the system to 
the input signal is shown in Fig. 15.  
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a) 
 
 

 
b) 
 
 

Fig. 15. Response of the system to the input signal of the 
first block of dosers and the continuous centrifugal mixer: 
(a) output signal of the second-stage CCM, (b) magnified 
fragment of the ratio of the amplitudes of the input (__ __) 
and output (_____) signals. 

 
 

The amplitude of the output signal of the second-
stage mixer is 

 

00889.0
2

606.19624.19
2

min
0

max
0 





 ddOUT

dm
XXX , g/s. (37) 

 
 00045.0

615.19
00889.0)(

0


d

dm

X
XR  ,   (38) 

 
The smoothability of the second-stage CCM is 
 

 2204
00045.0

1
)(

1)( 



R

S ,  (39) 

 
The transfer function of the second-stage CCM (or 

the MU) is 
 

 049.0
181.0

00889.0)(2  IN
dm

OUT
dm

CM X
XSW ,  (40) 

 
The results obtained at rotor speeds of 12.5 and  

15 s-1 are given in Table 5. 
 

 
Table 5. Smoothability and transfer function of the 
second-stage mixer  
 

n, s-01 

First mixer and 
second block of 

dosers 

Second mixer or mixing 
unit 

Х퐝퐦
퐈퐍 , 
g/s 퐖퐂퐌ퟏ 퐃퐁ퟐ(퐒) Х퐝퐦

퐎퐔퐓, 
g/s 퐒(훚∗) 퐖퐂퐌ퟐ(푺∗∗) 

 (퐖퐌퐔(퐒)) 
10 0.181 7.1 0.00889 2204 0.049 

12.5 0.18 7.51 0.0088 2228 0.049 
15 0.176 8.94 0.025 797.95 0.139 

 

* 휔 is the fluctuation frequency created by a doser, s-1. 
** S is an independent complex variable that stands for differentiation 
with respect to time. 

 
The results of the performed analysis indicate that 

the second-stage CCM [11] has the same numerical 
values of the transfer function as for the first-stage 
CCM [12]. The difference exists only between the 
values obtained at n = 15 s-1, thus confirming the fact 
that the mixture components reside in the working zone 
of a mixer for a minimum period of time. For this 
reason, the second-stage CCM has not enough time to 
smoothen input flow fluctuations to an adequate degree. 

Let us further consider some parameters of the 
implementation of the mathematical model of the 
studied MUs on the sugar-millet, salt-semolina, and 
river sand-ferromagnetic powder mixtures from Table 6 
and 7. 

Hence, the operational frequency regimes of dosers 
and CCMs have been matched for the preparation of 
high-quality mixtures with a high ratio of mixed 
components on the basis of cybernetic approach with 
some ACT elements. Theoretical and experimental 
analyses have allowed us to determine the obtained 
result error, which does not exceed 10.56 %. 
Consequently, the represented models adequately 
describe the obtained experimental data. 

The smoothabilities of mixers with respect to input 
material flow fluctuations have been determined using 
the frequency and time methods. Their numerical values 
lie within a range from 50 to 2230 times. The 
discrepancy between the results of time-and-frequency 
analyses in the case of obtaining the white 
flour potassium iodide mixture at a CCM rotor speed  
of 12.5 s-1 is 8.1%. Hence, the use of these methods of 
analysis is absolutely allowable. 

The implementation of the mathematical models of 
mixing units that operate by the principle of the 
sequential dilution of a mixture shows that the best 
smoothability is attained for the mixing of components 
at first- and second-stage CCM rotor speeds of 15 and 
10 s-1, respectively. 

It has been established that it is necessary to prolong 
the time of the residence of mixed components in the 
working zone by sequentially passing them through a 
greater number of cones to increase the smoothability of 
mixers. 
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Table 6. Smoothability and transfer function of the first mixing unit 
 

First CCM  First CCM and second 
block of dosers Second CCM or mixing unit 

n, s-1 Х퐝퐦
퐈퐍 , g/s Х퐝퐦

퐎퐔퐓, g/s 퐒(훚∗) 퐖퐂퐌ퟏ(푺∗∗) Х퐝퐦
퐈퐍 , g/s 퐖퐂퐌ퟏ 퐃퐁ퟐ(퐒) Х퐝퐦

퐎퐔퐓, g/s 퐒(훚∗) 퐖퐂퐌ퟐ(푺∗∗) 
(퐖퐌퐔(퐒)) 

Sugar-millet mixture 
10 1.35 0.042 287.9 0.031 0.363 8.69 0.029 775.7 0.081 

12.5 1.35 0.028 430 0.021 0.354 12.65 0.292 77.35 0.825 
15 1.35 0.03 404.8 0.022 0.355 11.94 0.071 322 0.2 

Salt-semolina mixture 
10 1.47 0.012 1478 0.0082 0.383 31.65 0.066 522.4 0.173 

12.5 1.47 0.018 1012 0.012 0.386 21.83 0.037 942.7 0.095 
15 1.47 0.012 1502 0.008 0.383 32.1 0.038 910.2 0.1 

River sand-ferromagnetic powder mixture 
10 1.23 0.04 220.97 0.033 0.262 6.55 0.022 772.5 0.083 

12.5 1.23 0.03 294.14 0.024 0.255 8.47 0.023 740.1 0.089 
15 1.23 0.027 332.36 0.022 0.252 9.48 0.023 742 0.09 

 

* 휔 is the fluctuation frequency created by a doser, s-1. 
** S is an independent complex variable that stands for differentiation with respect to time. 

 
 

Table 7. Smoothability and transfer function of the second mixing unit 
 

First CCM First CCM and second 
block of dosers Second CCM or mixing unit 

n, s-1 Х퐝퐦
퐈퐍 , 
g/s 

Х퐝퐦
퐎퐔퐓, 
g/s 퐒(훚∗) 퐖퐂퐌ퟏ(푺∗∗) Х퐝퐦

퐈퐍 , g/s 퐖퐂퐌ퟏ 퐃퐁ퟐ(퐒) Х퐝퐦
퐎퐔퐓, g/s 퐒(훚∗) 퐖퐂퐌ퟐ(푺∗∗) 

(퐖퐌퐔(퐒)) 
Sugar-millet mixture 

10 0.65 0.031 514.1 0.048 0.353 11.21 0.028 965.3 0.079 
12.5 0.65 0.031 761.2 0.033 0.348 16.35 0.017 1593 0.049 
15 0.65 0.022 726 0.034 0.348 15.61 0.02 1357 0.057 

Salt-semolina mixture 
10 0.93 0.006 3451 0.0069 0.381 58.75 0.079 496.9 0.207 

12.5 0.93 0.006 1868 0.013 0.385 32.15 0.042 926.2 0.11 
15 0.93 0.008 2734 0.0087 0.382 46.71 0.044 892 0.115 

River sand-ferromagnetic powder mixture 
10 0.63 0.037 275.4 0.058 0.259 7.087 0.022 824.4 0.084 

12.5 0.63 0.037 362.8 0.044 0.253 9.113 0.023 780.3 0.091 
15 0.63 0.025 409.3 0.039 0.251 10.187 0.019 924.6 0.078 

 

* ω is the fluctuation frequency created by a doser, s-1. 
** S is an independent complex variable that stands for differentiation with respect to time. 

 
 
 

 

The developed mathematical models have allowed 
us to compare the operational efficiency of two 
centrifugal MUs. The analysis of results shows that the 

second MU that incorporates three spiral dosers has the 
highest smoothability. 
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Abstract: Current technological aspects of lactose crystallization are considered. A promising lactose crystallization 

method involving simulation seed crystals is reported. Advanced engineering solutions for continuous crystallization 
using spraying in vacuo and scraped-surface heat exchangers are presented. 
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INTRODUCTION 
Lactose crystallization is among the necessary 

technological operations in the production of sweetened 
canned condensed milk. This operation consists of 
creating appropriate conditions for extensive formation 
of crystallization centers and for subsequent controllable 
crystal growth at certain processing parameters and 
under post-production storage conditions.  

The lactose crystallization kinetics can be described 
in terms of a C = f(t) function, where С is the lactose 
concentration in the solution (%) and t is time (s). The 
corresponding crystallization curve can conventionally 
be divided into the following three segments: induction 
period, in which C = const; rapid increase in the 
concentration with time; slow variation of the 
concentration at the late stages of the process.  

The first period is characterized by the formation of 
crystal nuclei; the second and third periods, by their 
growth. A nucleus (crystallization center) is the 
minimum amount of a new phase that is capable of 
independently existing [1, 10]. Once stable nuclei have 
formed in the new phase, they begin to grow. The main 
processes determining the crystal growth rate are the 
diffusion of the constituent particles to the surface of the 
growing crystal and their incorporation in the crystal 
lattice. In turn, the latter process includes the adsorption 
of particles by the surface, their migration on the 
surface, and their incorporation in the lattice as such.  

The factors on which the crystal growth rate depends 
are the solution temperature, stirring intensity, the 
presence of impurities, degree of supersaturation, 
viscosity, etc. The effect of a given factor depends on 
crystallization conditions. For example, the variation of 
the crystal growth rate with the degree of 
supersaturation depends on whether the solution is 
stirred or not. On the whole, the value of supersaturation 
is so significant that its variation alters the growth 

mechanism [2–4, 9–11]. A large number of crystal 
growth theories have been devised to account for the 
complicated dependence of the growth rate on various 
factors. However, there is still no unified theory 
completely describing the multiformity of the 
crystallization process. 

Contributions to classical crystallization theory were 
made by J. Gibbs, M. Volmer, W. Kossel, I.N. 
Stranskoi, and R. Kaishev. The theory is based on the 
thermodynamic conception that an isolated system is 
absolutely stable when its entropy is invariable [5]. 

The present-day technologies of production of 
sweetened condensed dairy products necessarily include 
the introduction of seed crystals for preventing the 
consistency defects arising from uncontrolled lactose 
crystallization. The seeds used in these technologies are 
microcrystalline lactose with a crystal size of 2–3 μm, 
supersaturated solutions or suspensions of lactose 
containing crystal nuclei, and water-soluble crystalline 
macromolecular organic compounds mixed with lactose 
[6, 7].  

The seed material is introduced at the enhanced 
crystallization temperature, which depends on the 
lactose concentration in the system. At this temperature, 
the maximum degree of lactose supersaturation is 
rapidly reached at a minimum increase in the viscosity 
of the milk. The enhanced crystallization temperature is 
determined from Hudson’s plot shown in Fig. 1. 

To determine the enhanced crystallization 
temperature of lactose, the weight fraction of lactose in 
the aqueous part of condensed milk (lactose number) is 
first determined. Next, the intersection point between 
the vertical line corresponding to this lactose weight 
fraction and the enhanced crystallization curve is found. 
This intersection point indicates the mass crystallization 
temperature in the ordinate axis. 
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Fig. 1. Plot for determining the enhanced lactose 
crystallization temperature. 

The lactose weight fraction in condensed milk (Lpr, 
%) is calculated via the formula 
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 ,  (1) 

 
where Ln is the lactose weight fraction in normalized 

milk (%), Fpr is the weight fraction of fat in the product 
(%), and Fn is the weight fraction of fat in normalized 
milk (%). 

The lactose weight fraction in the aqueous part of 
condensed milk (lactose number, Lcon, %) is calculated 
via the formula 
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 ,  (2) 

 
where Lpr is the lactose weight fraction in sweetened 

condensed milk (%) and Wpr is the water weight fraction 
in sweetened condensed milk (%). 

 

  

Fig. 2. Microstructure and classical shape of crystals of (A) α-lactose monohydrate and (B) sucrose.  

Figure 2 shows the lactose and sucrose crystal 
shapes. 

Tables 1 and 2 list the values of crystallization 
efficiency criteria and lactose crystals settling velocity 
data, respectively.  
 
Table 1. Crystallization efficiency criteria 

 
Number of crystals in 1 mL3 

of sweetened condensed milk, 
thousands 

Average 
particle 
size, μm  

Consistency of 
sweetened 

condensed milk  
400–300  ≤10 Uniform 
300–100  12–15 Slight floury 
100–50  16–20  Floury 
50–25  21–24  Strong floury 
≤25 ≥25 Sandy 

 
The mutarotation phenomenon takes place in lactose 

solutions. The lactose isomers are in dynamic 
equilibrium. α-Lactose turns into β-lactose via the 
tautomeric aldehyde form, which has a carbonyl group. 
α-Lactose crystallizes under commonly used process 
conditions, because it is less soluble than the β-form. β-
Lactose begins to turn into α-lactose once the latter has 

precipitated. This can be explained by the disturbance of 
the dynamic equilibrium between the isomers. 
 
Table 2. Lactose crystals settling velocity in sweetened 
condensed whole milk as a function of viscosity and crystal 
size 
 

Consistency Viscosity, 
Pa∙s 

Crystal 
size, μm 

Settling 
velocity, 

 cm/day (*) 

Velvety  
(uniform) 

2.0 10 0.0470 (5.7) 
3.0 10 0.0309 (8.6) 
5.0 10 0.0188 (14.0) 
10.0 10 0.00941 (28.6) 

Floury  
(nonuniform) 

2.0 20 0.189 (1.4) 
3.0 20 0.124 (2.1) 
5.0 20 0.0754 (3.2) 
10.0 20 0.0377 (7.0) 

Sandy 

2.0 40 0.766 (0.33) 
3.0 40 0.497 (0.53) 
5.0 40 0.300 (0.86) 
10.0 40 0.149 (1.8) 

 
* Sediment formation time in months 
 

A B 
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This process continues until the solution is 
completely exhausted. Even if seed crystals have been 
introduced, it is practically impossible to completely 
eliminate the supersaturation of the solution and to bring 
crystallization to completion at the product cooling 
stage, so lactose crystals continue growing during long-
term storage at low temperatures, and this can lead to 
the formation of large crystals. Recrystallization 
processes consisting in the growth of larger crystals at the 
sacrifice of small crystals are also possible here. This 
recrystallization, which progressively spoils canned dairy 
products, most often occurs under uncontrolled 
temperature variations during storage [8, 11]. 

If the product is additionally heated after the 
introduction of seed crystals, the crystallization process 
will be inefficient. This technology is used in the 
production of boiled sweetened condensed milk.  

Having analyzed the literature and internet sources 
dealing with crystallization, including the crystallization 
of salts, various alloys, and biological fluids, we 
considered the possibility of replacing conventional 
seed materials with alternative crystalline substances. It 
was found that continuous lactose crystallization 
methods are promising.  

The purpose of this work is to investigate the basic 
principles of the heterogeneous lactose crystallization 
technology and to design apparatuses for continuous 
crystallization using spraying in vacuo and scraped-
surface heat exchangers. 

The introduction of this crystallization technology in 
the dairy industry would shorten the processing time 
and significantly reduce the working area requirements. 

  
EXPERIMENTAL 
The objects of this study were lactose and 

demineralized whey solutions and sweetened condensed 
milk. The simulation seed materials were calcium 
carbonate, titanium dioxide, and silicon dioxide 
powders with a crystal size of 1–4 μm. The amount of 
seeds added was 0.02–0.1% of the product weight. The 
seed material was introduced at (33.5 ± 1.5)°С. The 
linear dimensions of the lactose crystals in the samples 
examined were determined using L.V. Chekulaeva’s 
procedure. The crystal size uniformity coefficient was 
determined via N.A. Figurovskii’s formula. 

 

Fig. 3. Schematic of the improved unit for continuous 
cooling of sweetened condensed milk: (1) receiver tank, (2) 
product supply pump, (3) scraped-surface heat exchanger, (4) first 
cooling section, (5) second cooling section, (6) disc treater, (7) 
control board, (8) seed tank, (9) dosing pump, (10) resistance 
thermometer, (11) membrane manometer, (12) jet mixer, and (13) 
buffer tank. 

The improved pilot plant based on a scraped-surface 
heat exchanger for continuous crystallization of lactose 
in canned dairy products is schematized in Fig. 3. 

The plant consists of the following elements: 
receiver tank 1; positive displacement pump 2 for 
product supply, fitted with an IG5-Rus frequency 
.changer (LG Corp.); two-section scraped-surface heat 
exchanger 3 with a disc treater 6 equipped with an IG5-
Rus frequency .changer (LG Corp.); jacketed seed tank 
8 with an impeller; dosing pump 9; jet mixer 12; 
resistance thermometers 10; membrane manometers 11; 
control board 7; stirred buffer tank 13.  

The unit was operated in the following way. After 
vacuum evaporation, the condensed lactose-containing 
product, whose temperature was 55–60°С, entered the 
receiver tank, from which it was pumped into the first 
section of the scraped-surface plate-type heat cooler, 
where it was cooled to the lactose mass crystallization 
temperature. Next, the product entered the disc treater 
that consisted of a system of rotating and fixed discs. 
Passing through the gaps between the discs, the product 
was subjected to intensive mechanical treatment. A 
dispersion of microcrystalline lactose from the seed 
preparation tank was injected with the dosing pump 
through the jet mixer into the product stream entering 
the disc treater. In the jet mixer, the injected liquid 
stream was preliminarily broken up by the product 
stream passing through the mixer. Next, the seed-
containing dispersion droplets were further reduced and 
uniformly incorporated in the product in the disc treater. 
This ensured the uniform distribution of the seed 
crystals over the entire volume of the product. Since the 
actuator of the disc treater was equipped with a 
frequency changer, it was possible to vary the intensity 
of mechanical treatment to alter the crystal size. 

The product that left the disc treater was directed to 
a holder and then to the second section of the cooler, 
where it was cooled to room temperature (18–20°С). 
Prior to be canned, the product was stirred in the buffer 
tank.  

The improved pilot plant based on vacuum spray 
crystallization is schematized in Fig. 4. 

 
Fig. 4. Setup for investigating the continuous vacuum 
crystallization process: (1) vacuum chamber, (2) product 
tank, (3) screw pump, (4) liquid ring vacuum pump, (5) 
control board, (6) spray nozzle, (7) movable temperature 
sensor, (8) two lamps, (9) inspection window, (10) air dome 
with a pressure–vacuum gage, (11) standard vacuum gage, 
(12) resistance thermometer, (13) sampler, (14) vacuum 
relief valve, (15) electric heater, (16) flowmeter, (17) 
measuring vessel, and (18) crate with beakers. 
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This setup includes a 0.075-m3 vacuum chamber 1 
with a spray nozzle 6 mounted at its top. The lid of the 
vacuum chamber has two lamps 8, a vacuum gage 11, a 
well for the movable temperature sensor 7, a pipe with a 
vacuum relief valve 14, and an air suction pipe. In the 
upper part of the sidewall, there are two inspection 
windows for watching the spraying process and 
photographing. The bottom of the vacuum chamber has 
an emptying pipe, a temperature sensor 12, and a 
sampler 13. There is a crate with beakers 18 inside the 
vacuum chamber for determination of the irrigation 
density. The setup includes an OVN-4 screw pump 3 
fitted with an IG5-Rus frequency changer (LG Corp.), 
an MEX-50 liquid ring vacuum pump 4 (Italy), a control 
board 5, and a 0.006-m3 product tank 2 with an electric 
heater 15 operable in automatic and manual modes, a 
resistance thermometer 12, and a float-type flowmeter 
16. The capacity of the screw pump is measured using a 
measuring vessel 17. Temperature is measured with 
TSP-0879-01 resistance thermometers with a TRM-2 
microprocessor-based temperature controller. 

The unit was operated in the following way. The 
initial product from tank 2 was delivered by the screw 
pump 3 at a preset rate through the spray nozzle with a 
given geometry into the vacuum chamber pumped down 
to a preset depression. The sprayers were geometrically 
similar conical nozzles with an outlet orifice diameter of 
dc = 0.82 × 10–3–2.15 × 10–3 m. Experiments were 
carried out on distilled water, a 50% lactose solution, 
and condensed whey with a dry matter content of 
50±1% at 60–80°С and on sweetened condensed milk 
with a water content of 26.5% at 50–90°С. The 
following parameters were monitored during the 
experiment: product tank temperature, vacuum chamber 
temperature at fixed distances from the nozzle, 
throughput capacity (by a volumetric method), pressure 
before the nozzle, and depression in the chamber. 

The product samples obtained in these experiments 
were packed in tin cans (400 g of product in each) and 
were stored for 120 days at 6–10°С. The lactose crystal 
size was determined in the freshly prepared product, in 
the product that had been stored for 48 h, and then at 
15-day intervals. 

 
RESULTS AND DISCUSSION 
Simulation seed materials 
It was established that the minimum necessary 

dosage and particle size of a seed material depend 
crucially on what the seed material is and when it is 
introduced. Preliminary crystallization efficiency data 
(obtained after 48-h-long storage) as a function of the 
quantity of seeds introduced are presented in Fig. 5. 

It follows from the data presented in Fig. 5 that the 
crystallization efficiency depends significantly on the 
kind and amount of simulation seed material. The 
highest efficiency (96%) was achieved with 0.2% SiO2, 
and the lowest efficiency was observed for 0.01% TiO2. 
A decrease in the dosage of a simulation seed material 
exerts an adverse effect irrespective of what the material 
is. Preliminary studies demonstrated that, when the 
amount of seed material is 0.05% or below, up to 38% 
of the samples undergo no crystallization. Note that the 
efficiency of the process does not depend significantly 

on whether 0.1 or 0.2% seed material is added. For this 
reason, subsequent studies were carried out for a seed 
material dose of 0.1%. 

 

 

Fig. 5. Crystallization efficiency as a function of the kind 
and amount of seed material introduced. 

 
The resulting samples were stored for 90 days at 6–

10°С. The crystal size of lactose in the samples was 
determined at 15-day intervals. The results of these 
measurements are presented in Fig. 6. 

 

 

Fig. 6. Crystallization efficiency during storage as a 
function of the kind and amount of seed material 
introduced. 

 
Silicon dioxide proved to be the most effective seed 

material: with a SiO2 dose of 0.1% relative to the 
product weight, the average crystal size of lactose did 
not exceed 6.4 μm on the 90th day. A seed dose was 
considered to be effective when its increase did not 
exert any significant effect on lactose crystallization.  

It was found that use of a simulation seed material 
does not change the classical shape of lactose crystals 
(Fig. 7).  

On the whole, the seed efficiency decreases in the 
following order: SiO2 > TiO2 > CaCO3. 

These data suggest that use of alternative seed 
materials in lactose crystallization from saturated 
solutions needs to be further studied.  
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Fig. 7. Lactose crystals with simulation nuclei. 

 
Continuous crystallization in a scraped-surface 

heat exchanger 
The experiments carried out in this study can be 

divided into two groups. In the first group, the seed 
materials was a suspension of lactose powder in a 
vegetable oil (combined seed material); in the second 
group, the seed material was the finished product that 
had been subjected to crystallization. 

Below, we will consider the most important results 
of these experiments. The first group of experiments 
included two variants. 

First variant. The seed material as a suspension of 
lactose powder in a vegetable oil (0.12% of the product 
weight) from tank 8 was continuously introduced with 
the dosing pump 9 into the product stream through the 
special-purpose jet mixer 12 downstream of the first 
section of the cooling crystallizer (Fig. 3) at the lactose 
mass crystallization temperature. Next, the product was 
directed to the disc treater, where it was subjected to 
intensive hydrodynamic treatment (n = 1000 rpm). As a 
result, the seed material and fat were uniformly 
distributed throughout the product volume and the fat 
was finely dispersed. The product processed in this way 
entered the holder, which was a tube segment 50 mm in 
diameter connecting the disc treater with the second 
section. The residence time of the product in the holder 
was 4 s at a preset crystallizer throughput capacity of 
300 kg/h. 

In the second section, the product was cooled to 
20°С, the temperature prescribed by the technical 
regulations.  

The seed introduction temperature was varied 
between 30 and 35°С in 1°С steps. The product was 
sampled after the second cooling stage. The size 
distribution of lactose crystals in the samples was 
determined via a standard procedure. 

 
Fig. 8. Dependence of the extent of crystallization of lactose 
on the seed introduction temperature. 
 

Figure 8 shows how the extent of crystallization of 
lactose in the product depends on the seed introduction 

temperature. It is clear from the plot that the number of 
the resulting crystals depends on the mass 
crystallization temperature and reaches its maximum 
value of 1420 thousands per cubic millimeter (average 
crystal size of 4.5–5.0 μm) at 34°С.  

Second variant. In order to evaluate the effect of 
hydrodynamic treatment intensity on the crystal size 
distribution of lactose, we carried out a series of 
experiments at different rotational speeds of the 
working elements of the disc treater. Sweetened 
condensed milk at 55°С was fed into the first section of 
continuous cooling crystallizer, where it cooled to 34°С. 
At this temperature, the combined seed material was 
introduced into the product. After the introduction of the 
seed material, the product was subjected to intensive 
mechanical treatment in the disc treater. The rotational 
speed of the working elements of the disc treater was 
varied from one series of experiments to another and 
was 200, 600, or 1000 rpm. The product leaving the disc 
treater was directed through the holder to the second 
section of the continuous cooling crystallizer, where it 
was cooled to 20°С. 

For proving the efficiency of the method suggested 
here, we cooled the product in the conventional way. In 
this experiment, the product temperature decreased from 
55 to 20°С in 40 min. The linear dimension of 100 
lactose crystals was measured in the samples, and the 
average value was then determined (Table 3). 

 
Table 3. Crystal size data for lactose 
 

 
Parameter 

Conventional 
crystallization 

Continuous crystallization 
after the disc 

treater for 
different 
rotational 

speeds, rpm 

after the second 
cooling section  

for different 
rotational 

speeds, rpm 
200 600 1000 200 600 1000 

Average 
lactose 

crystal size, 
μm 

6.35 7.72 6.26 5.03 5.84 4.83 4.18 

Size 
uniformity 
coefficient 

0.65 0.63 0.71 0.76 0.83 0.87 0.91 

 
From the cumulative size distribution curves (Fig. 

9), we derived the size uniformity coefficient. 
Based on the data presented in Table 3, we plotted 

the dependence of the average lactose crystal diameter 
on the rotational speed of the working elements of the 
disc treater (Fig. 10). It can be seen from the plot that 
the average lactose crystal diameter definitely depends 
on the rotational speed of the working elements: as the 
rotational speed is increased, the lactose crystal 
diameter at the apparatus outlet decreases on the 
average by 30%. This seems to be a significant factor 
for enhancing the quality and storability of the finished 
product. 

The second series of experiments was aimed at 
organizing a continuous process for lactose 
crystallization in the sweetened condensed milk without 
use of lactose powder. The seed material in these 
experiments was the finished product that had been 
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subjected to crystallization. This variant of the process 
is prescribed by the RF Regulations TPI GOST R 
53436-001. 

 

Fig. 9. Cumulative crystal size distribution function for lactose. 
 

 
 

Fig. 10. Average lactose crystal diameter as a function of 
the rotational speed of the working elements of the disc 
treater: crystals (1) after the disc treater and (2) after the 
second section of the cooling crystallizer. 

 
In conventional (batch) crystallization, it is 

allowable to replace lactose powder with an earlier 
obtained finished product having good organoleptic 
properties (1.5–2.0% of the weight of the product being 
processed). 

The design of our pilot plant allows this replacement 
to be made. In this case, a small amount of combined 
seed material that is necessary only for starting the plant 
is prepared in the seed tank. After the entire seed 
material is consumed, part (1.5–2.0%) of the finished 
product is continuously supplied to the seed tank via a 
special-purpose pipeline. This part of the product is 
injected into the product stream with a dosing pump 
though a special-purpose mixer. Next, the product 
enters the disc treater, which ensures perfect mixing and 
exerts strong hydrodynamic action on the product, thus 
intensifying crystal nucleation and growth. After 
passing through the holder, the product cools to the final 
temperature prescribed by the technical regulations in 
the second section of the scraped-surface plate-type heat 
exchanger, which is employed as the lactose cooling 
crystallizer. Note that the seed material in the plant 
startup period can be the finished product with good 
velvety consistency from an earlier batch. This approach 

excludes lactose powder from the technology, making 
this variant of the crystallization process very 
advantageous. 

For experimental confirmation of the possibility of 
carrying out continuous lactose crystallization with part 
of the finished product used as the seed material and for 
optimizing the processing conditions, we performed the 
second series of experiments, in which part of the 
finished product as the seed material was returned via a 
special-purpose pipeline into the seed tank and was then 
injected with the dosing pump into the product stream 
cooled to the lactose mass crystallization temperature. 
The experiments in which part of the finished product 
was recycled in this way yielded good results: all 
samples examined had over 1 million lactose crystals 
per cubic millimeter of the finished product, and the 
average crystal size was 4–5 μm. This ensured the 
uniform velvety consistency of the product. Note the 
very favorable crystal size distribution: the first group of 
crystals (below 10 μm) included 98–99% of the total 
number of crystals, and the crystallization uniformity 
coefficient was 0.87–0.92. For the sake of comparison, 
we carried out experiments on the same product using 
the conventional (batch) method of lactose 
crystallization.  

The continuous crystallization experiments were 
performed at different seed introduction temperatures 
(30–35°C). The product was sampled sing four 
samplers: (I) sampler placed downstream of the jet 
mixer before the inlet of the disc treater, (II) sampler 
placed before the holder, (III) sampler placed before the 
second section of the crystallizer, and (IV) finished-
product sampler mounted at the outlet of the apparatus.  

Figure 11 illustrates the kinetics of the continuous 
crystallization of lactose at different seed introduction 
temperatures. The total residence time of the product in 
the apparatus was 30 s, which consisted of the following 
periods: 8 s, the first section of the cooling crystallizer; 
2 s, disc treater; 4 s, holder; 16 s, the second section of 
the crystallizer. 

As the seed material is injected into the product 
stream and as the the product is subsequently processed 
in the disc treater (2 s), rapid nucleation of lactose 
crystals takes place to the extent of 0 to 600–700 
thousands per cubic millimeter; after the holder, the 
number of crystals increases to 1000–1200 thousands 
per cubic millimeter; at the apparatus outlet, it is as 
large as 1300 thousands per cubic millimeter. The 
average crystal diameter increase simultaneously from 
3.7 μm at the beginning of the process to 5.4 μm at the 
outlet of the apparatus. 

Lactose crystallization in the continuous cooling 
crystallizer begins at point B, which corresponds to the 
point at which the seed material is introduced into the 
product stream. The segment AB of the curves indicates 
the induction period in lactose crystallization. In the 
curve segment BC, which corresponds to processing in 
the disc treater, intensive lactose crystallization takes 
place (dashed straight line slightly deviating from the 
vertical). The segment CD indicates the end of product 
processing in the disc treater and is characterized by a 
further rapid increase in the number of lactose crystals 
and by a distinct branching of the kinetic curve into the 
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curves corresponding to different seed introduction 
temperatures. The segment DE corresponds to product 
passage through the holder and is characterized by a 
further increase in the number of lactose crystals. The 
segment EF corresponds to the cooling of the product 
from the seed introduction temperature to the final 
temperature specified in the technical regulations in the 
second section of the crystallizer. In this period, the rate 
of increase of the number of crystals decreases and the 
curves tend to their maximum level. This indicates the 
end of crystallization at the given supersaturation. 

 

 
 

Fig. 11. Lactose crystallization kinetics at seed 
introduction temperatures of (1) 30, (2) 31, (3) 32, (4) 33, 
(5) 34, and (6) 35°C. 

 
The data plotted in Fig. 11 also suggest that the 

optimal seed introduction temperature is 34°C, at which 
the most extensive crystallization is observed. 

 

 
 
Fig. 12. Histogram of the size distribution of lactose 
crystals. 
 

Figure 12 presents the histogram of the size 
distribution of lactose crystals. It is clear that, in 
continuous lactose crystallization in the sweetened 
condensed milk, the greater part of the crystals (98%) 
belongs to the first size group (≤10 μm) and there are no 
lactose crystals belonging to the third group 16 to 30 
μm). The processing of a reference sample by the 
conventional method yielded the following crystal size 

distribution: first group, 75%; second group, 22%; third 
group, 3%. This size distribution is obviously worse. 

 
Continuous crystallization using product 

spraying in vacuo 
Using a model of the product (aqueous solution of 

lactose with a dry matter content of 50%), we optimized 
the spray nozzle geometry and selected a nozzle for the 
vacuum crystallizer (Fig. 13).  

 

 

Diameter of the cylindrical part of 
the nozzle, d2 = 3 ∙ 10–3 m  
Pipe diameter at the pressure Р0 
measurement cross section, 
d0 = 50 ∙ 10–3 m 
Length of the confuser, 
l1 = 12 ∙ 10–3 m  
Length of the cylindrical part of the 
nozzle, l2 = 2 ∙ 10–3 m  
Length of the diffuser, 
l3 = 2 ∙ 10–3 m  
Cone angle of the confuser, α1 = 12° 
Cone angle of the diffuser, α2 = 90°  
Inlet diameter of the confuser, 
d1 = d2 + 2l1tan(α1/2) 
Outlet diameter of the diffuser, 
d = d2 + 2l3tan(α2/2)  

 
Fig. 13. Schenatic of the spray nozzle of the vacuum 
crystallizer. 

 
We elucidated the dependences of the spray angle on 

the product inlet pressure at a fixed depression in the 
vacuum chamber and on the product inlet temperature 
(Figs. 14, 15).  

 

 
 

Fig. 14. Spray angle as a function of inlet pressure at 60°C. 
 

 
 

Fig. 15. Spray angle as a function of inlet pressure at 80°C. 
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It was experimentally confirmed that it is possible to 
generate a large number of lactose crystals in the 
lactose-containing product by spraying the latter in a 
chamber at a residual pressure of 550–700 Pa and a 
temperature of 60–90°C, which is well above the 
boiling point at this pressure.  

It was also proved experimentally that the final 
product temperature depends on the initial temperature 
at a constant product inlet temperature and a constant 
depression in the vacuum chamber (Fig. 16). It was 
elucidated how the final product temperature depends 
on the injection pressure (Fig. 17). 
 

 
 
Fig.16. Final product temperature as a function of the 
initial product temperature. 
 

CONCLUSIONS 
This study of the continuous crystallization of 

lactose in sweetened condensed milk suggests the 
following conclusions: 

(1) The heterogeneous crystallization of lactose is 
promising for production of sweetened condensed dairy 
products. 

(2) Experiments proved the theoretical prediction 
that continuous crystallization can be carried out in an 
apparatus based on scraped-surface plate-type heat 
exchanger. 

(3) Two variants of seed introduction at the optimal 
mass crystallization temperature of lactose were 
considered. Both are efficient and can be industrially 
used in the operation of a continuous cooling 
crystallizer. 
 

 
 
Fig. 17. Final product temperature as a function of the 
pressure before the nozzle. 

 
 (4) Use of the disc treater in combination with the 

continuous cooling crystallizer ensures uniform 
distribution of the seed material over the entire product 
volume. Moreover, the hydrodynamic action of the disc 
treater on the product intensifies the crystallization 
process and favors the formation of smaller crystals. 

(5) Vacuum spray crystallization is a promising 
method for processing lactose-containing feedstocks. 
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Abstract: The possibility of intensifying the ultrafiltration concentrating of food substance solutions by the 

separation of the near-membrane flow part that comprises the concentration boundary layer (or diffusion layer) enriched 
by a useful component has been investigated in this study. A mathematical model of the longitudinal development of 
polarization on a membrane with consideration of its selectivity (rejection coefficient) has been proposed. The 
efficiency of the separation of the near-membrane layer has theoretically been estimated on the basis of this model. 
Some constructions of membrane modules with the separation of the near-membrane layer have been proposed. 
Experiments have shown that the proposed method allows the concentrate to be enriched in the continuous-flow module 
by 9 10%, which is much higher than for the traditional concentrating process. The calculated concentration 
coefficients are in good agreement with experimental values. 

 
Key words: ultrafiltration, concentrating, intensification, concentration polarization, rejection coefficient, 

concentration coefficient. 
 

 
INTRODUCTION 
The development of simple and economical methods 

for the separation, purification, and concentrating of 
liquid media is one of the most important problem in the 
food industry and, especially, in the dairy industry. 
Membrane technologies, which have a number of 
advantages in comparison with traditional separation 
methods, are especially noteworthy [1, 2]. This explains 
a profound interest in membrane processes, to which a 
considerable number of theoretical and experimental 
studies have been devoted. 

However, membrane methods have some 
disadvantages reducing the efficiency of the process. 
The most essential of them is the formation of the 
diffusion boundary layer with an increased 
concentration of rejected substances on the membrane 
surface (i.e. concentration polarization), which promotes 
the formation of a gel layer hindering the removal of a 
solvent. 

The weakening of concentration polarization is a 
traditional way of increasing the efficiency of 
membrane equipment [3]. It is attained via the 
turbulization of a flow with mechanical turbulizers 
[4 7] or gas sparging [9 13] or via the physical effect 
on a flow with mechanical vibrations [14 16], 
ultrasound [17 20], or an imposed electrical field [21]. 
All these methods lead to additional expenditures, 
complicate the structure of an apparatus, degrade the 
quality of a processed product, and increase its cost.  

In this work, we consider the possibility of the 
intensification of ultrafiltration concentrating by the 
separation of the near-membrane part of a solution flow 

as a resulting product. It comprises the diffusion 
boundary layer, the concentration in which is 
appreciably higher than in the major part of a flow (flow 
middle). This enables the obtaining of a highly 
concentrated product at lower energy consumption, 
since a solution flows in the laminar regime. 

The objective of our work is to perform the 
theoretical and experimental analysis of the efficiency 
of the separation of the near-membrane layer, to 
estimate the effect of geometrical and regime 
parameters, and to describe the technical 
implementation of the proposed idea. 

 
OBJECTS AND METHODS OF STUDY 
In the theoretical part of our work, we consider the 

mathematical model of the ultrafiltration concentrating 
of a high-molecular substance through a tubular 
membrane with a radius R, with the separation of the 
near-membrane flow part at the outlet of the membrane 
channel. In our analysis, we have made the following 
assumptions: 

(1)A solution flows in the laminar regime, and the 
tangential velocity profile u(r) is determined by the 
Hagen Poiseuille equation 

 

 
 

2

22 1 ru r U
R

 
  

 
, (1)

 
 

where r is the radial coordinate counted from the axis of 
the membrane channel, and U is the average velocity of 
a solution flow; 
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(2)The physical properties of a solution are constant 
and independent of the concentration of a high-
molecular substance; 

(3)The concentration of a high-molecular substance 
in the flow middle outside the diffusion layer is constant 
and equal to с0; 

(4)The thickness of the diffusion layer is much 
smaller than the radius of a membrane; 

(5)The selectivity of a membrane with respect to the 
a filtered high-molecular substance is characterized by a 
constant rejection coefficient 

 

 
1 per

ret

c
с

   , (2)
 

 
where сper is the concentration of a high-molecular 
substance in the permeate (the solution that has been 
passed through a membrane), and сret is the 
concentration of a high-molecular substance in the 
retentate (the solution rejected by a membrane) 
immediately near the surface of a membrane; and 

(6)The possible decrease of the efficiency of a 
membrane is due to the formation of a gel layer on its 
surface, and the formation of a gel begins, when a 
certain solution concentration cg is attained. 

To model the development of polarization, we 
selected the integral method, which allows us to obtain 
simple and easily analyzable approximate estimates of 
the process characteristics. 

The experimental studies of the process of 
concentrating were performed on the setup schematized 
in Fig. 1. 

 

 
Fig. 1. Laboratory bench scheme: (1) initial solution vessel, 
(2) pump, (3) membrane module, (4) permeate collection 
vessel, (5) withdrawn concentrate collection vessel, (6) 
valve, (7) manometer. 
 

Skim milk and dairy whey with a total solids content 
of 8.4 and 4%, respectively, were used as objects of 
experimental study. Tubular ceramic membranes of the 
two types, namely, aluminum oxide membranes with an 
average pore size of 20 nm (Mendeleev Russian 
University of Chemical Technology, Moscow) and 
silicon carbide membranes with an average pore size of 
200 nm (“Ceramic Filter” Research and Production 
Association, Moscow) were applied for concentrating. 

 
 

THEORETICAL ANALYSIS 
1.1.Model of the Development of Concentration 
Polarization 
Since the thickness of the diffusion layer is assumed 

to be small in comparison with the radius of a 
membrane, the surface curvature may be neglected. 
Then the flow of a solution and the mass transfer in the 
diffusion boundary layer can be described by the 
equations of a flat boundary layer 
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Here, x and y are the longitudinal coordinate and the 
coordinate orthogonal to the surface of a membrane 
(y=R–r), respectively, u and v are the longitudinal and 
transversal components of the velocity vector, с is the 
concentration of a high-molecular substance, D is the 
diffusion coefficient of a high-molecular substance, and 
J is the permeate flux, m3/m2s (or m/s). 

From Eqs. (3) one can obtain 
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Summing these two equations and integrating the 

obtained relationship across the diffusion layer with 
consideration for boundary conditions (4), one obtains 
the integral equation 
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 (5) 
 
Here  is the thickness of the diffusion layer, and the 

subscript w hereinafter means that the value of the 
parameter is taken on the surface of a membrane. 
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To obtain the approximate solution of Eq. (5), the 
velocity and concentration distributions within the 
diffusion layer are approximated by the expressions 
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                   (6) 
 
The linear approximation of the velocity distribution 

is used in compliance with the assumption about a small 
thickness of the diffusion layer taking into account 
Hagen Poiseuille equation (1). 

Using the variables 
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where PeD=2UR/D is the diffusion Peclet number, 

and Eq. (6), Eq. (5) may be transformed into the 
dimensionless form 
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In terms of variables (7), boundary condition (4) for 

the concentration on the surface of a membrane takes 
the form 

 

 1 0w
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The derivative in this expression is determined from 

approximate equation (6) written in terms of variables 
(7). After simple rearrangements, one can obtain 
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Substituting this expression into Eq. (8) and 

calculating the integral, we finally obtain the following 
differential equation for the dimensionless thickness of 
the diffusion layer p: 
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The initial condition for Eq. (10) has the form  

p(0) = 0. 
In the case of an ideal membrane ( = 1), Eq. (10) 

can be integrated. As a result, one obtains the cubic 
equation 

 

 
3 12 24 0,p p       (11) 

 
the solution of which gives us the following 

expression for the immediate estimation of the 
dimensionless diffusion layer thickness: 
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The dimensionless concentration of a high-

molecular substance on the surface of a membrane is 
determined from Eq. (9). 

In the general case, it is necessary to solve Eq. (10) 
numerically. The analysis of the solutions obtained at 
=0.5 0.9 shows that the distributions of the 
dimensionless diffusion layer thickness and high-
molecular substance concentration can rather precisely 
be approximated by the formulas 
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If the gel forming concentration cg is known, the 

corresponding dimensionless concentration g can be 
found from Eq. (7). From Eq. (13) one obtains the 
formula for the cross section coordinate (the distance 
from the leading edge of a membrane), at which the 
formation of a gel begins: 
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It follows from Eq. (14) that the coordinate of the 

beginning of gel formation grows with a decrease in the 
rejection coefficient of a membrane. 

 
1.2.Estimating the Parameters of the Separation of 
the Near-Membrane Layer 
The constructed model for the development of 

polarization allows of the estimation of the possibility of 
the intensification of membrane concentrating by 
withdrawing the solution from the peripheral flow zone 
adjacent to the surface of a membrane. 

To estimate the parameters of the partial withdrawal 
of the solution from the near-membrane zone, let us 
divide the flow that moves through a tubular membrane 
with a radius R, into the two parts, namely, the middle 
with a radius r* and the peripheral part (concentrate) 
that flows through the annular cross section with an 
inner radius r* and an outer radius R (Fig. 2). The 
volumetric concentrate flux through the cross section of 
the annular zone is 
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Taking into account Hagen Poiseuille equation (1), 

formula (15) can be written as 
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Fig. 2. Separation of the flow of a solution in a tubular 
membrane. 
 

The mass flux of a dissolved high-molecular 
substance through the cross section of the annular zone 
is 
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Rearranging this expression into the form 
 

  
 
and taking into account Eq. (15), one obtains 
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Taking into account that the concentration с = с0 

everywhere outside the diffusion layer with a thickness 
, this expression can be written as 
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Taking into consideration that the thickness of the 

diffusion layer is small, we can assume that r  R and 
neglect the surface curvature. Introducing the variable y 
= R – r, one can write 
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Passing to dimensionless variables (7) and taking 

into account Eq. (6), one obtains in Eq. (18) 
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Taking into account Eqs. (6), (7), and (9), the high-
molecular substance mass flux through the cross section 
of the peripheral annular zone is finally determined by 
the expression 
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Dividing this expression by Eqs. (16), one obtains 

the average concentration of the concentrate withdrawn 
from the peripheral zone as 
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Let us introduce the parameters 
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and the dimensionless concentration coefficient K 

determined as the ratio of the average concentration in 
the withdrawn peripheral flow part to the initial 
concentration с0. The concentration coefficient is 
expressed from Eq. (20) with consideration for Eqs. (7) 
and (21) as 
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The concentration coefficient value allows the 

estimation of the possibility of obtaining an enriched 
solution via the separation of its peripheral part. 

 
CONCENTRATE SEPARATION DEVICES 
A number of devices have been developed for the 

technical implementation of the idea of the processed 
solution withdrawal from the near-membrane zone. One 
of them [22] is shown in Fig. 3. 
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Fig. 3. Device for the separation of the near-membrane 
layer: (1) housing, (2) shell, (3), (9) fittings, (4), (5) slots, (6) 
rod, (7) thread, (8) tubular membrane. 
 

The device operates as follows. The initial solution 
is subjected to filtration, being passed though tubular 
membrane 8 under pressure. A layer with an increased 
concentration of dissolved substances is formed near the 
inner surface of the membrane. The flow enters housing 
1 with two annular slots 4 and 5. The pressure created in 
the first of them is higher than the pressure in the 
second slot. The pressures are adjusted by displacing the 
conical tip of hollow rod 6. 

The pressure created in shell 2 is lower than the 
pressure in the cross section of slot 4 (but it is higher 
than in the cross section of slot 5). As a result, the 
solution layer part adjacent to the inner housing surface 
is sucked into the shell and then removed through fitting 
3. The remaining flow is divided by the conical tip of 
the hollow rod into the two parts: the near-wall layer 
and the middle. The near-wall layer is passed between 
the rod and the housing and withdrawn trough fitting 9. 
Hence, the concentrate can be withdrawn by the two 
ways, namely, though fittings 3 and 9. 

The middle, in which the concentration of a 
dissolved high-molecular substance is lower than its 
concentration in the concentrate, is withdrawn through 
the central channel of hollow rod 6.  

Another device [23], which enables the periodical 
mechanical cleaning of the membrane surface alongside 
with the withdrawal of the concentrate, is schematized 
in Fig. 4. 

 

 
 

Fig. 4. Membrane module with devices for the withdrawal 
of the concentrate and the mechanical cleaning of a 
membrane: (1) housing, (2) shell, (3) fitting, (4), (5) 
annular slots, (6) guiding rod, (7) cone, (8) cleaning device, 
(9) tubular ceramic membrane. 

The device consists of housing 1, on which shell 2 
with fitting 3 for the withdrawal of the concentrate are 
situated. The housing has two annular slots 4 and 5. 
Guiding rod 6, on which cone 7 with cleaning device 8 
representing a “skirt” of mobile blade scrapers, is 
enclosed inside the housing. The housing is attached to 
tubular membrane 9. 

The device operates as follows. The initial solution 
under pressure flows through tubular membrane 9. The 
flow moves into housing 1 with annular slots 4 and 5. 
Due to conical attachment 7, the pressure in the region 
of slot 5 is lower than in the region of slot 4. Due to this 
factor, the intermediate pressure less than the pressure 
in the region of slot 4 is maintained inside shell 2. As a 
result of this, the concentrate layer is sucked from the 
near-wall flow zone into the shell, from which it is 
removed through fitting 3, due to the pressure drop 
between the cross section of slot 4 and shell 2. The 
process is controlled by adjusting the pressure in shell 2. 
The middle is passed between the cone and the housing 
and then withdrawn from the module. 

In the course of filtration, the blades of the cleaning 
device are arranged by the flow of a solution in parallel 
to it and do not hinder its motion. 

To clean the membrane, the direction of the flow 
should be switched. The cone opening and the cleaning 
device move along guiding rod 6 and the membrane 
under the action of the reverse flow of a solution. The 
cleaning device blades are unfolded and forced against 
the inner surface of the membrane, thus removing the 
deposit layer. After the cone has passed along the 
membrane, the direction of the flow is switched again, 
and the cone and the cleaning device are returned into 
the initial position. If necessary, the operation of 
cleaning is repeated several times. 

 
II. RESULTS AND DISCUSSION 
2.1.Theoretical Results 
The estimation of the diffusion layer thickness 

according to Eq. (13) shows that the change of the 
membrane rejection coefficient has a slight effect on the 
dimensionless layer thickness p (Fig. 5). 

 

 
 

Fig. 5. Effect of the membrane rejection coefficient on the 
diffusion layer thickness. 

 
At the same time, the change of the rejection 

coefficient has a considerable effect on the surface 
solution concentration distribution, which determines 
the beginning of the gel formation. The change of the 
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excess dimensionless concentration w along the 
membrane surface is illustrated in Fig. 6. 

 

 
 

Fig. 6. Effect of the membrane selectivity on the 
distribution of surface concentrations. 

 
It can be seen that a decrease in the membrane 

rejection coefficient reduces the surface concentration 
of a dissolved substance. This in turn delays the 
formation of a gel. 

It should be noted that Eq. (13) implies the existence 
of the ultimate layer thickness and concentration at 
increasing membrane length, i.e., 
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The ultimate thickness of the diffusion layer and the 

ultimate concentration of a dissolved substance near the 
surface of a membrane are determined from these 
expressions subject to Eq. (7) as 
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The knowledge of these parameters allows us to 

estimate the danger of the fouling of a membrane due to 
the formation of a gel layer. 

To estimate the efficiency of the withdrawal of the 
concentrate from the near-wall zone of the membrane 
channel, let us first consider the case of an ideal 
membrane with a rejection coefficient of 1. In this case, 
concentration coefficient expression (22) subject to Eq. 
(11) takes the form 
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Taking into account Eqs. (7) and (21), this 

expression can be written with the use of physical 
variables as 
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From this formula it can be seen that the 

concentration coefficient grows with an increase in the 
permeate flux and a decrease in the tangential flow 

velocity. It grows as well with an increase in the 
parameter Ф (i.e., in the volume of the solution 
withdrawn as a concentrate). Moreover, the 
concentration coefficient grows linearly along the length 
of a membrane. 

The results of calculating the concentration 
coefficient in compliance with Eq. (27) are plotted in 
Fig. 7. 

In the case of the nonideal membrane ( < 1), the 
concentration coefficient was calculated by approximate 
formulas (13). The results shown in Fig. 8 were 
obtained for the following conditions: membrane 
channel radius R=2 mm; flow velocity U=0.12 m/s, 
permeate flux J=1.39∙10 6 m/s, Ф=0.75, processed 
medium is skim milk. 

 
 

 
 

Fig. 7. Concentration coefficient of an ideal membrane for 
the separation of the near-wall flow part. 
 

 

 
 

Fig. 8. Effect of the membrane rejection coefficient of the 
efficiency of concentrating. 

 
As can be seen, the concentration coefficient grows 

with increasing distance from the leading edge of a 
membrane. The rate of its growth gradually decreases. It 
can be seen as well that the separation of the near-wall 
flow part, for example, at a membrane rejection 
coefficient of 0.7, allows us to attain a more than 5-% 
increase in the resulting product concentration in a 
continuous-flow membrane module with a 
dimensionless length =0.8. This corresponds to the 
length of a tubular membrane of 0.72 m for the above 
conditions and the processing of skim milk. 
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2.2.Results of Experimental Studies 
To confirm the possibility of the intensification of 

concentrating by the separation of the near-wall flow 
part, we performed some experiments on the 
concentrating of skim milk with an initial total solids 
content of 8.4%. A ceramic aluminum oxide membrane 
with a length of 800 mm, an inner diameter of 4 mm 
and an average pore diameter of 20 nm was used. The 
concentrate was separated using the device shown in 
Fig. 3. 

The total solids contents in the concentrate obtained 
at different intensities of its withdrawal through fittings 
3 and 9 (Fig. 3) are plotted in Fig. 9. The withdrawal 
intensities are given in l/h per 1 m2 of the membrane 
surface. 

 

 
 

Fig. 9. Total solids content in the concentrate of skim milk 
(р=0.2 MPa, Re  2300). 

 
The analysis of the given values shows that the total 

solids content in the concentrate lies within a range of 
9 9.8% at different ratios of the intensities of its 
withdrawal through the fittings, thus corresponding to 
the concentration coefficient of 1.07 1.17. On the 
whole, this agrees with the estimates obtained with the 
model described above (Fig. 8). 

We have also performed some experiments on the 
concentrating of skim milk (с0 = 8.4%) and dairy whey 
(с0 = 4.8%) using ceramic membranes of the two types: 
membranes with a pore size of 20 nm (Mendeleev 
Russian University of Chemical Technology, Moscow) 
and membranes with a pore size of 200 nm (“Ceramic 
Filter” Research and Production Association, Moscow). 
The concentrate was separated using the device shown 
in Fig. 4. The results are plotted in Fig. 10. 

As one can see from Fig. 10, the separate withdrawal 
of the solution from the outlet of the membrane module 
in these experiments also leads to an appreciable 
increase in the total solids content of the concentrate in 
comparison with the initial solution. The highest 
concentration coefficient is 1.21 for skim milk and 1.17 
for whey. 

The total solids content of the concentrate decreases 
with increasing concentrate withdrawal intensity. This 

agrees with the modeling results. According to Eqs. (16) 
and (21), an increase in the amount of the withdrawn 
concentrate corresponds to a decrease in the parameter 
Ф. According to Eq. (22), this results in a decrease in 
the concentrate concentration coefficient. 

 

 
 

Fig. 10. Total solids content in the concentrate: (1), (3) on 
the membrane with 200-nm pores, (2), (4) on the 
membrane with 20-nm pores, (1), (2) the medium is skim 
milk, and (3), (4) the medium is dairy whey (р = 0.15 MPa, 
t = 20°C, Re  500). 
 

As one can see from Fig. 10, the use of the 
membranes with greater pores (consequently, with a 
lower rejection coefficient) turned out to be more 
efficient from the viewpoint of increasing the 
concentration of the resulting product for both skim 
milk and dairy whey. This paradoxical result may be 
explained relying on the modeling results. Under all 
other conditions being equal, an increase in the pore size 
leads to the growth of the permeate flux due to a 
decrease in the hydraulic resistance of a membrane. 
Meanwhile, as one can see, for example, from Eq. (27), 
an increase in the permeate flux leads to the growth of 
the concentration coefficient. It may be supposed that 
the effect of the permeate flux change on the efficiency 
of concentrating has proven to be much more 
considerable in this case than the effect of the rejection 
coefficient of a membrane. 

 
CONCLUSIONS 
The obtained results indicate that the separation of 

the near-wall flow part in the membrane concentrating 
with the use of tubular membrane modules allow us to 
increase the concentration of the resulting product. This 
effect is attained even in the case of membranes with the 
partial rejection of a dissolved substance. This opens up 
the opportunity for intensifying the membrane processes 
of the processing of dairy raw materials. 
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Abstract: The possibility of the use of the native and enzyme modified shrimp biomass (Pandalus borealis) for the 
development of functional foods that compensate for the lack of protein in people engaged in various sports (cyclic, 
speed-strength, competitive, complex coordination, technically complex, and combat sports) is scientifically 
substantiated and experimentally confirmed.  

For the first time, the technology is developed for the production of combined high-protein structured food systems 
(pate) using the native and enzyme modified shrimp biomass. 

Organoleptic, physico-chemical, and microbiological indicators of quality of high-protein structured food systems 
(pate) have been analyzed. 

In order to prove the biological effect and activity, amino acid and fatty acid comparative compositions of the native 
and enzyme modified shrimp biomass for the development of functional sport food products have been investigated. 

For the first time, fatty acid compositions of pate with and without the addition of an ant ioxidant have been 
examined. The storability of these products has been analyzed. 

The purpose of the paper is the development of the technology for the production of combined high-protein 
structured food systems (pate) using the native and enzyme modified shrimp biomass and the comparative analysis of 
their biological value. 

 
Keywords: native shrimp biomass, enzyme modified shrimp biomass, functional product, sports nutrition, proteins, 

amino acids, northern shrimp, soy peptides, polyunsaturated fatty acids 
 
 
INTRODUCTION  

According to forecasts of the global supply of the 
population of the Earth with protein substances in this 
century the protein balance in products can only be 
achieved by the combination of vegetable and animal 
proteins [1].  

In this regard, research on expansion of the range of 
safe and quality food products based on marine fauna 
and terrestrial plant material has become increasingly 
important [2].  

The Far East is rich in biological resources of plant 
and animal origin. Northern shrimp (Pandalus borealis) 
which is common in the north of the Far East, the Sea of 
Japan, and the Gulf of Peter the Great, one of the most 
accessible for the population of the Far East, is 
considered as raw material for the production of 
functional foods. It is the species of cold-water shrimp. 
This is a small but most valuable species since it 
contains many useful substances (antioxidant, 
astaxanthin vitamins, enzymes and hormones, calcium, 
potassium, magnesium, manganese, copper, 
molybdenum, phosphorus, iron, amino acids leucine, 
lysine, aspartic and glutamic acids, and glycine). It was 

taken as a basis for the development of the shrimp 
biomass [3]. 

According to the Institute of Nutrition of the Russian 
Academy of Medical Sciences, soy protein is easily 
digestible, high-value, reasonably balanced in terms of 
amino acid composition, comparable in biological value 
with the protein of milk, fish, and beef. The soybean 
and derived products occupy a special place among 
legumes because of the high content of valuable protein 
(up to 40% or more) and fat (20% or more). It is the 
most common legume in the world. 

The importance of the source of soy protein should 
be noted, since various soy products (soy flour, soy 
concentrate, and isolated soybean protein) have a 
different coefficient of digestibility. They are unequal in 
their medical and biological properties which is also 
associated with various manufacturing methods. Only 
soy protein products manufactured with the most 
modern technology, i.e., by aqueous extraction, have the 
highest digestibility coefficient and retain most of the 
natural properties of soy. On average soybean seeds 
contain about 35% of protein, while isolated soy 
proteins (isolates) contain up to 90% of protein. In this 
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context, isolated denotes highly purified protein derived 
from soybeans [4].  

The reason for the increased use of the shrimp 
biomass and soy peptides in the production of high-
protein functional foods is the unique amino acid 
composition of shrimp biomass and soy protein, 
complementarity of soy proteins with muscle proteins 
which increases the overall biological value of the 
protein composition of the finished product, neutral 
flavor characteristics of soy proteins and their 
compatibility with various types of raw materials in 
product formulas [5].  

These properties make it possible to introduce 
protein ingredients in formulas of high-protein foods 
and obtain end products that are not inferior to 
traditional products in terms of the biological value and 
most importantly to efficiently use expensive raw 
materials of animal origin [6]. Products developed with 
the addition of soy protein are more affordable to the 
mass consumer in terms of price and make it possible to 
partially cover the deficit of the protein in the diet [7, 8].  

High-protein diet is necessary for people involved in 
strength sports (cyclic, speed-strength, competitive, 
complex coordination, technically complex, and combat 
sports) [9, 10].  

The course of food containing protein can be 
assigned when physical activity is an integral part in 
maintaining muscle mass and in stimulating muscle 
hypertrophy, ensuring proper recovery after physical 
exercises, and maintaining optimal immune function of 
the human body [11, 12]. 

 
SUBJECTS AND METHODS OF RESEARCH 
The following subjects of research were used in this 

paper 
1.Fresh-frozen northern shrimp (Pandalus borealis). 
2.Soybean peptides from the Soybean National 

Center, Changchun, China.  
3.Pate with the native shrimp biomass 

“Naslazhdenie.” 
4.Pate with the enzyme-modified shrimp biomass 

“Bodrost’.” 
Materials 
1) A high concentration of bioflavanoid complex 

Flavio, TU 9197-030-026999613-2007. 
2) Fresh-frozen northern shrimp (Pandalus 

borealis), GOST (State Standard) 20845-2002 Frozen 
shrimp. Specifications. 

3) Fresh food garden carrots for retail, GOST (State 
Standard) R 51782-2001 Fresh food garden carrots for 
retail. Specifications. 

4) Fresh food pumpkins, GOST (State Standard) 
7975-68 Fresh food pumpkins. Specifications. 

5) Cream butter, GOST (State Standard) R 52969-
2008 Butter. Specifications. 

6) Whey dairy, GOST (State Standard) R 53438-
2009 Whey dairy. Specifications. 

7) Food common salt, GOST (State Standard) R 
51574-2000 Food Common Salt. Specifications. 

8) Soy peptides, GOST (State Standard) 17109-88 
Soy. Requirements for purchases and deliveries. 

 
 

Methods 
1. Determination of the fatty acids content. The fatty 

acid content was determined by the Folch method [13].  
2. Determination of the amino acids content. The 

amino acid content was determined using the Moore 
method [14].  

3. Determination of the protein content. The total 
protein content was determined by the Lowry method [15].  

Research experimental work was carried out in the 
laboratories of the Department of Biotechnology of 
Products from Animal Raw Materials and Functional 
Foods at the School of Biomedicine of the Far Eastern 
Federal University. 

An original taste of the shrimp is determined by the 
composition of amino acids, minerals, lipid fraction, and 
nucleotides. The main contribution is made by free 
amino acids, i.e., alanine, arginine, glutamic acid, and 
glycine which give a distinctive sweet taste to shrimp 
meat. Table 1 shows the amino acid composition of raw 
northern shrimp (Pandalus Borealis). 
 
Table 1. Amino acid composition of raw northern shrimp 
(Pandalus borealis), g/100 g of protein [16] 
 

 
From Table 1, basic acids with comparable content can 
be identified. Among essential  amino acids there are 
leucine and lysine. Among nonessential amino acids 
there are aspartic and glutamic acids as well as glycine.  
The only vegetable protein featuring a unique amino 
acid composition and equivalent to proteins of animal 
origin in this regard is soy protein. Soy protein is the 
most digestible vegetable protein, and in terms of 
nutritional value it is identical to the proteins of meat, 
fish, milk, and eggs.  
Table 2 shows the amino acid composition of soy 
protein. 

In accordance with the data presented in Table 2, it 
can be concluded that the basic amino acids, whose 
content exceeds the content of the other amino acids, are 
leucine and lysine (among essential amino acids) and 

Indicators Amino acids content 
Essential amino acids 
Valine 5.19 
Phenylalanine 4.91 
Methionine 1.21 
Isoleucine 4.69 
Leucine 7.26 
Threonine 3.88 
Lysine 7.84 
Sum 31.98 
Nonessential amino acids 
Aspartic acid 9.3 
Serine 4.29 
Glutamic acid  10.76 
Proline 5.07 
Glycine 12.96 
Alanine 9.48 
Cystine 0.43 
Tyrosine 2.24 
Histidine 2.02 
Arginine 8.47 
Sum 64.82 
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glutamic and aspartic acids (among nonessential amino 
acids).  
 
Table 2. Amino acid composition of soy protein, g/100 g of 
protein 
 

Indicators Content 
Essential amino acids 
Isoleucine 1.81 0.66 
Leucine 2.67 1.95 
Methionine 0.52 - 
Threonine 1.39 0.84 
Phenylalanine 1.61 0.87 
Valine 2.09 0.84 
Lysine 2.09 1.24 
Sum 26.91 12.8 
Nonessential amino acids 
Serine 2.07 1.12 
Glutamic acid 6.05 4.23 
Proline 1.86 0.96 
Glycine 1.42 0.79 
Alanine 1.47 0.80 
Citrulline - 0.26 
Aspartic acid 4.4 2.12 
Cysteine 0.55 0.06 
Tyrosine 1.06 0.60 
Ornithine - 0.08 
Sum 18.98 10.72 
Total 45.89 23.52 

 
The process flow diagram for the production of the 

native biomass comprises the following steps: thawing, 
blanching, cooling, cutting, homogenization, 
preparation of cans, packing, packaging, labeling, and 
storage. 

Fresh-frozen shrimp are subjected to blanching at 
100°C for 4 minutes in a low (4%) saline solution. 
Before lowering the shrimp in the boiler the water is 
boiled. After that it should boil again (not later than 
after 2–3 minutes). Boiled shrimp are taken out and 
immediately cooled in the refrigerator at 0°C for 10–15 
min. Next, boiled shrimp are cut, rinsed, and 
homogenized for 3 minutes.  

The enzyme-modified shrimp biomass is produced 
by the hydrolysis of the frozen northern shrimp 
(Pandalus borealis) using chymotrypsin. 

Chymotrypsin cleaves peptide bonds which are 
formed by carboxyl groups of aromatic amino acids. 
Furthermore, bonds formed by leucine, valine, 
methionine, and asparagine can be hydrolyzed with 
chymotrypsin. 

Chymotrypsin hydrolysis is carried out at 37°C in an 
alkaline medium (pH 8.0–8.6). The ratio of enzyme to 
protein is 1:100 (weight ratio). In the case of the 
prolonged hydrolysis the enzyme is added to the 
substrate in two or three portions. The nature of the 
buffer used for the hydrolysis depends on the nature of 
the subsequent operation. In separation of hydrolyzate 
peptides by chromatographic and electrophoretic 
techniques on paper or on a thin layer it is convenient to 
use “volatile” buffers such as 0.5% solution of 
NH4HCO3 (pH 8.2). In hydrolysis with chymotrypsin 
relatively small peptides are obtained. 

The process flow diagram for the production of the 
enzyme-modified shrimp biomass comprises the 
following steps: thawing, blanching, cooling, cutting, 
homogenization, enzymatic hydrolysis, preparation of 
cans, packing, packaging, labeling, and storage. 

We have developed six samples for the research. For 
the manufacture of pate the native or enzyme-modified 
shrimp biomass, which is the main source of proteins 
(18.3%), was used as the main raw material. For the 
long-term storage the antioxidant Flavio was used. 

Types of samples are given in Table 3. 
 

Table 3. Samples 
 

Sample 
number Specification 

Sample 1 Native shrimp biomass 
Sample 2 Native shrimp biomass + antioxidant 
Sample 3 Native shrimp biomass + soy peptides 

Sample 4 Native shrimp biomass + soy peptides + 
antioxidant 

Sample 5 Enzyme-modified shrimp biomass + soy 
peptides 

Sample 6 Enzyme-modified shrimp biomass + soy 
peptides + antioxidant 

 
In order to prepare the pate mass, vegetable 

products, carrots and pumpkin which contain a large 
amount of β-carotene (3–9 mg) were added to the main 
raw materials. Whey and soy peptides have been used 
that enhance the nutritional value of the product and 
butter which makes it possible to give a specific taste 
and aroma to the finished product.  

 
Table 4. Amino acid composition of shrimp, g/100 g of 
protein 
 

Indicators 
Native shrimp 

biomass 
Enzyme-modified 
shrimp biomass 

Content 
Essential amino acids 
Methionine 0.08 0.55 
Isoleucine 2.65 2.28 
Leucine 5.50 7.98 
Valine 3.11 2.59 
Phenylalanine 2.03 2.62 
Lysine 5.15 7.62 
Threonine 4.07 3.64 
Sum 22.59 25.38 
Nonessential amino acids 
Taurine 0.90 0.25 
Aspartic 4.02 7.53 
Serine 3.36 3.42 
Glutamic 8.59 13.85 
Oxoproline 0.49 0.14 
Proline 2.22 3.02 
Glycine 4.17 7.00 
Alanine 3.26 4.12 
Citrulline 0.77 4.42 
Cysteine 0.15 0.27 
Tyrosine 1.62 2.26 
Ornithine 0.67 7.78 
Histidine 1.38 1.45 
Arginine 3.21 3.66 
Sum 34.81 56.87 
Total 57.4 82.25 
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The content of amino acids in the native and 
enzyme-modified shrimp biomasses was analyzed. The 
results are shown in Table 4. 

According to the data presented in Table 4, it can be 
concluded that in terms of the total protein content the 
enzyme-modified shrimp biomass exceeds the native 
one. But it is also important to note that the content of 
aspartic and glutamic amino acids as well as leucine and 
glycine necessary for a human body is greater than the 
content of other amino acids. 

Based on the guidelines of the Russian Academy of 
Medical Sciences and the National Standard for 
Functional Foods we have calculated the highest content 
of amino acids that are most important for human life. 

The calculation of glutamic acid. If the protein 
content in 100 g of shrimp is known, it is possible to 
calculate the protein content of 50 g of shrimp, x: 
 
 푥 = × = 9 g of protein  (1) 
 

Given that in the formula 100 g of pate includes 1 g 
of soy peptides, the total amount of protein will be 10 g. 

Knowing that 100 g of protein contain 11.85 g of 
glutamic amino acids, we define the amount of glutamic 
amino acid in 9 g protein of shrimp, β: 

 
 훽 = × . = 1.25 g of glutamic acid (2) 

 
The content of the glutamic amino acid in 1 g of soy 

peptides is 0.04 g. Let us find the total amount of 
glutamic amino acid in 100 g of pate, γ: 

 
 훾 = 1.25 + 0.04=1.29 g of glutamic acid   (3) 

 
The recommended daily requirement of glutamic 

acid is 13.6 g.  
Let us determine the percentage of the daily 

requirement of glutamic acid, δ: 
 

 훿 = . × %
.

= 9.6%  (4) 
 

Knowing that 100 grams of protein contain 6.62 g of 
lysine, we determine the amount of lysine in 9 g of the 
shrimp protein. 
 

 훽 = . = 069 g of lysine   (5) 
 

The lysine content in 1 g of soy peptides is 0.012 g. 
Let us find the total lysine content in 100 grams of pate 

 
 훾 = 0.69 + 0.012 = 0.702 g of lysine (6) 

 
The recommended daily requirement lysine is 4.1 g.  
Determine the percentage of the daily requirement. 
 

 훿 = . × % = 17.12%,  (7) 
 

Knowing that 100 grams of protein contain 7.08 g of 
leucine, we determine the amount of leucine in 9 g 
protein shrimp. 

 
 훽 = × . = 072 g of leucine (8) 

 
The leucine content in 1 g of soy peptides is 0.02 g. 

Let us find the total amount of leucine in 100 g of pate 
 

 훾 = 0.72 + 0.02 = 0.74 g of leucine (9) 
 

The recommended daily requirement of leucine is 4.6 g.  
Determine the percentage of the daily requirement of 

leucine. 
 

 훿 = . × %
.

= 16.1%  (10) 
 
Figure 1 shows the comparison scale of the 

recommended daily requirement and the percentage of 
the daily requirement. 
 

 
 
Fig. 1. The comparison scale of the recommended daily 
requirement and the percentage of the daily requirement. 
 

The results of determining the percentage of the 
daily requirement show that as a result of the use of this 
high protein structured system the human body receives 
the daily requirement of leucine and lysine in 
accordance with the recommendations of the 
FAO/WHO. The content of glutamic acid is much lower 
than the recommended amount of daily requirement. 

Based on the above calculations of the greatest 
amino acid content high-protein structured systems 
(pate “Nalazhdenie” and “Bodorst’”) are enriched 
functional food obtained by adding one or more 
physiologically functional food ingredients in 
conventional food products in order to prevent or 
correct the existing in humans nutrient deficiency, since 
the amount of functional food ingredients of vegetable 
and (or) animal raw material in one portion of the 
product is more than 15% of the daily requirement. 

The investigation has been conducted on the content 
of fatty acids in the pate. Table 5 shows the fatty acid 
composition of pate with the native shrimp biomass 
without the addition of an antioxidant (Sample 1 is the 
nonhydrolyzed  shrimp biomass) and antioxidant 
(Sample 2 is the hydrolyzed biomass of shrimp + 
antioxidant). 
According to the results shown in Table 5, it can be 
concluded that the fatty acid composition of the Sample 
1 without the addition of an antioxidant is higher than in 
the Sample 2. But some fatty acids contain slightly less 
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of fatty acids. These are caprylic acid, oleic acid, lauric 
acid, stearic acid, and arachidonic acid.  
 
Table 5. Fatty acid composition of pate, g/100 g of the 
product 
 

Acid Formula Sample 1 Sample 2 
Content 

Saturated fatty acids 
Myristic C14:0 5.4 4.85 
Palmitic C16:0 34.32 30.02 
Stearic C18:0 4.12 4.69 
Caprylic C8:0 0.24 0.25 
Lauric C12:0 6.08 6.81 
Decanoic C10:0 2.5 0.6 
Pentadecanoic C15:0 0.27 0.23 
Amount  52.93 47.45 
Unsaturated fatty acids 
Palmitoleic C16:1 0.48 0.44 
Oleic C18:1 26.66 27.32 
Sum  27.14 27.76 
Polyunsaturated fatty acids 
Linoleic C18:2 14.93 14.53 
Linolenic C18:3 5.22 3.77 
Arachidonic C20:4 0.37 0.55 
Eicosapentaenoic C20:5 0.22 0.22 
Sum  20.74 19.07 
Total  99.81 94.28 

 
 
 

RESULTS AND DISCUSSION 
1) The technology for obtaining the native shrimp 

biomass (Pandalus borealis) has been developed. The 
main operations are thawing, blanching, cooling, 
cutting, homogenization, preparation of cans, packing, 
packaging, labeling, and storage. 

2) The biotechnology for obtaining the enzyme-
modified shrimp biomass (Pandalus borealis) has been 
developed. The basic operations include thawing, 
blanching, cooling, cutting, homogenization, enzymatic 
hydrolysis, preparation of cans, packing, packaging, 
labeling, and storage. 

3) Formulas of high-protein combined pates have 
been developed. Their main components are the native 
or enzyme-modified shrimp biomass, 50%, and soy 
peptides, 0.1%. 

4) The analysis of the fatty acid composition have 
shown that the content of unsaturated fatty acids 
exceeds the amount of saturated acids by 26%. 

5) The determination of the composition of protein 
and amino acids of the shrimp biomass have shown that 
the content of protein of the enzyme-modified shrimp 
biomass is higher than that of the native one. However, 
it is also important to note that asparagine and glutamic 
acids, leucine and glycine necessary for the human body 
predominate compared to the other amino acids. 

The developed products are functionally orientated 
since the content of essential amino acids such as 
leucine and lysine in relation to the daily requirement is 
more than 15%. 
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Abstract: In this paper the results of the study of the structure and properties of arabinogalactan extracted from 

Dahurian larch as well as its influence on the formation of fermented milk products are presented. The optimum 
application rate of arabinogalactan in a composite mixture is determined. The choice of the starter culture for the 
production of a functional fermented milk product is justified.  
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INTRODUCTION 
In recent years, the implementation of the healthy 

food policy has been one of the important trends in 
health maintenance, disease prevention, restoration of 
disturbed functions of the body, and active human 
longevity. Food is the most powerful factor influencing 
the human body state. It affects all systems and organs 
continuously throughout life [1].  

Food is a source of energy and substances necessary 
for growth, development, and other human vital 
processes. Food products should improve metabolism 
and body's resistance to adverse environmental effects 
as well as to have physiological, revitalizing, and 
preventive effects on the human body [2].  

An important role in maintaining health and human 
performance is played by the adequate and regular 
supply of the body with all the nutrients [3, 4]. Thus it is 
necessary to take into account that the total number of 
incoming biologically assimilable nutrients should not 
exceed the daily physiological need of a healthy person 
since it can be accompanied by undesirable side effects.  

As part of the development of the optimum nutrition 
concept a new branch of science was formed, i.e., the 
functional food. It includes the development of 
theoretical bases of production, sale, and consumption 
of functional foods. 

Functional foods are conventionally divided into 
main groups with respect to specifics of the production 
process: conventional foods containing a significant 
amount of the native physiologically functional 
ingredient, products with technologically reduced 
harmful components, and products enriched with 
prebiotics and probiotics, antioxidants and vitamins, 
micronutrients and flavonoids, minerals and other 
substances essential to the human body [5].  

A current area of research is the development of 
technologies for manufacturing fermented milk products 
with probiotic properties [6]. It is believed that at the 
beginning of the XXI century dairy products with 

probiotic cultures will occupy half of the existing market of 
chemical drugs and thereby solve the problem of 
prevention and treatment of many human diseases [7, 8, 9].  

The use of probiotics based on live microorganisms 
from the normal human microflora is an important 
element of the concept of healthy nutrition of the 
population and one of the most effective ways to 
prevent human gastrointestinal tract disorders and treat 
thereby developing disorders of digestive, immune, and 
endocrine systems [10, 11].  

The possibility of application of probiotics in dairy 
products is determined by the availability of milk, its 
low cost, multicomponent composition, possibility of 
modification, and easy fractionation [12]. In introducing 
probiotic bacteria (before or after souring), it is 
necessary to take into account that their viability is a 
valid unit of measurement of the probiotic activity. 
Therefore, the content of bifidobacteria in probiotic 
products should be standardized [13].  

In the fermentation of raw milk the focus should be 
made on the selection of strain of starter microflora. 
Poor development of bifidobacteria in milk is associated 
with oxygen dissolved in it, so the co-culture of 
bifidobacteria with lactic acid bacteria has a number of 
advantages. Lactobacilli bind oxygen dissolved in milk 
and thus create anaerobic conditions favorable for the 
growth of bifidobacteria.  

Numerous studies [14, 15] found that dairy products 
fermented with probiotic bifidobacteria and lactobacilli 
stimulate the immune system and protective functions 
of the body and supply a number of essential amino 
acids and B vitamins. Their ability to reduce the level of 
urea and cholesterol in the blood as well as 
anticarcinogenic and antimutagenic activities which 
perform protective and detoxificating functions were 
found. Bifidobacteria contribute to the absorption of 
lactose [15].  

According to researchers [16], the mechanism of 
stimulation of growth of normal microflora of 
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gastrointestinal tract with probiotics consists in 
inhibiting the growth of pathogens, immunocompetent 
cell activation, stimulation of growth of the endogenous 
microflora resulting from the production of vitamins 
and other growth promoting factors, neutralizing toxins, 
and change of microbial metabolism that manifests 
itself in the increase or decrease of enzyme activity. 
Because of such properties of probiotic cultures as the 
survival rate and proliferation in the human intestine, 
the viability in passing through the gastrointestinal tract, 
the metabolic activity, and the ability to provide 
therapeutic effects [17], they are an essential component 
of functional foods.  

In developing dairy products containing 
bifidobacteria a great role in correction and activation of 
the habitat of bifidobacteria and lactobacilli is played by 
prebiotics. Numerous studies have pointed out that 
prebiotics stimulate the growth of the “right” 
microorganisms, i.e., bifidobacteria and lactobacilli. 
Thus, the research on the development of domestic 
functional prebiotic products is promising and relevant 
[18, 19]. 

Prebiotics include nondigestible food ingredients 
that improve health by selective stimulation of growth 
and metabolic activity of bacteria living in the colon. 
Prebiotics are not susceptible to hydrolysis by human 
digestive enzymes. They are not absorbed in the upper 
digestive tract. They are selective substrate for the 
growth and metabolic activity of beneficial 
microorganisms [3].  

Prebiotic properties are most pronounced in fructose 
oligosaccharides, inulin, galacto-oligosaccharides, 
lactulose, and lactitol. Prebiotics are found in dairy 
products, corn flakes, cereals, bread, onions, field 
chicory, garlic, beans, peas, artichokes, asparagus, 
bananas, and many other products. Lactulose [20, 21] 
and gum arabic are generally accepted prebiotics.  

In recent years, the food additive Fibregum has 
become increasingly popular. Fibregum is the exudate 
of acacia which is a glycoprotein whose 
macromolecules consist of protein core and 
arabinogalactan side chains. Because of the combination 
of technical characteristics and nutritional properties, 
Fibregum is recommended for use in the manufacture of 
various food products. Dietary fibers of Fibregum can 
stimulate the growth of beneficial bacteria and promote 
the formation of short chain fatty acids that have a 
beneficial effect on the physiology of the human body 
[22, 23].  

When producing dihydroquercetin from larch, a 
significant amount of biologically active substances can 
be obtained as a byproduct. One such biologically active 
substance is arabinogalactan.  

From the middle of the last century domestic and 
foreign scientists have been studying its structure and 
properties. Arabinogalactan is found in 
immunomodulating herbs (Echinacea purpurea, Baptisia 
tinctoria, Angelica Acutiloba, and Curcuma longa), but 
the study of the arabinogalactan extracted from larch is 
of the greatest interest, since it constitutes a significant 
part of its biomass. The heartwood of some species of 
larch comprises up to 35% of arabinogalactan [24].  

In recent years, the study of the biological activity of 
arabinogalactan has been intensified. The difference of 
arabinogalactan from many polysaccharides has been 
reported in terms of physico-chemical properties such as 
low viscosity of concentrated aqueous solutions, high 
solubility in water, resistance to acid environment, 
thermal and hydrolytic stability, and good dispersing 
ability [25].It was found that arabinogalactan has a 
significant membranotropic and antimicrobial action 
against certain bacteria as well as immunomodulating 
property [26, 27] and antimutagenic activity [27]. 

The prebiotic ability is of particular interest in 
studying the properties of arabinogalactan. The results 
of studies of foreign and domestic scientists show the 
effect of larch arabinogalactan as a nutrient medium for 
Lactobacilli and Bifidobacteria since it is a fermentable 
fiber.  

Arabinogalactan serves as food to beneficial 
symbiotic bacteria in the colon. In turn it helps to reduce 
the growth of pathogenic bacteria [24, 28, 30, 29, 30]. 

Over the past few years because of its multifunction 
properties arabinogalactan has been aggressively 
introduced in the production of dietary supplements and 
foods. Thanks to the dispersing ability it is relevant to 
use arabinogalactan in the development of formulas of 
yogurt, juices, pastries, confectionery, powdered milk, 
and other foods rich in mineral supplements and vitamin 
complexes.  

Arabinogalactan mixes well with all kinds of food 
and does not affect the organoleptic properties of the 
finished product. It is a source of dietary fiber and has a 
positive impact on the gastrointestinal tract. It can be 
recommended as a nutraceutical or functional food 
supplement in the human diet [31].  

Based on the above, studies were carried out in order 
to assess the possibility of using arabinogalactan 
extracted from the larch as a functional ingredient 
adding probiotic and prebiotic properties, improving 
traditional technologies, intensifying the process of 
fermentation of soy milk mixture, improving physical, 
chemical, and organoleptic properties, and 
microbiological parameters of the fermented milk 
product. 

 
SUBJECT AND METHODS OF RESEARCH 
The whole experiment cycle consists of a number of 

interrelated steps.  
At different stages of work there were the following 

objects of study: composite blend (skim milk and soy-
based food) in the ratio of 70:30, arabinogalactan 
extracted from larch, which according to TU 9325-008-
706-921-52-08 is produced and sold under the trade 
mark “Lavitol-arabinogalactan” at ZAO Ametis, 
Blagoveshensk, Amur region, Russia, the starter culture 
composition YF-L811 (Streptococcus thermohilus, 
Lactobacillus delbrueckii subsp. bulgaricus) and ВВ-12 
(Bifidobacterium lactis) in the ratio of 1:1. 

At the first stage of the experiment, the structure and 
properties of arabinogalactan extracted from larch were 
investigated.  

At the second stage, the effect of the arabinogalactan 
portion on the dynamics of the acid formation of the clot 
in the fermentation of the composite mixture was 
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determined. Syneresis properties, effective viscosity, 
and microbiological properties of the final clot with 
respect to the portion of arabinogalactan in the mixture 
were considered. The technological stage of 
introduction of arabinogalactan in the product was 
defined. 

At the third stage, the effect of the portion of 
arabinogalactan on the product storability was 
investigated. 

In carrying out the experimental part, the complex of 
generally accepted and standard research methods was 
used including chemical, physical, microbiological, 
biochemical, and rheological methods.  

 
RESULTS AND DISCUSSION 
Arabinogalactan is the main part of intracellular 

wood polysaccharides that performs protective 
functions and contains bioactive nutrients.  

The structure of arabinogalactan has been studied by 
infrared spectroscopy. Infrared spectra of 
arabinogalactan are shown in Fig. 1. 

 

 
 
Fig. 1. The IR-spectrum of arabinogalactan. 

 
In the IR spectrum of arabinogalactan there were 

intense absorption bands characteristic of deformation 
vibrations of cycles (716 cm-1, 781 cm-1, 884 cm-1,  
1085 cm-1, 1162 cm-1).  

The carbonyl group has significant absorption bands 
at 1647 cm-1. Absorption bands characteristic of 
stretching vibrations of C-O manifest themselves in 
bands 1085 cm-1 and 1162 cm-1. Vibrations of hydroxyl 
groups are in the area of 2913 cm-1. Broad peaks are 
characteristic of associated hydroxyl groups 3385 cm-1. 

In terms of organoleptic parameters arabinogalactan 
is an amorphous pale cream dry powder with a light 
almost impalpable pine smell and faint sweet flavor. 

In the course of work the effect of the portion of 
arabinogalactan extracted from the larch on the 
formation of qualitative properties of the fermented 
milk product was investigated, in particular on the 
dynamics of titratable acidity, effective viscosity, 
syneresis, organoleptic, and microbiological properties 
of clot samples. The technological stage of introduction 
of arabinogalactan in the product was defined. 

In the experiment, five samples of the composite 
mixture (skimmed milk and soy-based food in the ratio 
of 70:30) enriched with arabinogalactan in an amount of 

0.5 to 2.5% were used. The sample of the mixture 
without arabinogalactan served as the control.  

The mixture was fermented with the starter culture 
composition YF-L811 (Streptococcus thermohilus, 
Lactobacillus delbrueckii subsp. bulgaricus) and ВВ-12 
(Bifidobacterium lactis) in the ratio of 1:1.  

The effect of arabinogalactan on the organoleptic 
characteristics of the product was examined at various 
stages of the technological process.  

The experiment showed that in the introduction of 
arabinogalactan in the mixture before the heat treatment, 
the sample of the clot had a sour-milk taste, was 
moderately sweet, white colored with cream tint, 
uniform throughout the mass, smoothly consistent, and 
moderately viscous and sticky. In the introduction of 
arabinogalactan in the mixture before fermentation, the 
clot was obtained which was characterized by a loose 
consistency with a significant separation of serum. In 
the introduction of arabinogalactan in the product after 
fermentation an extensive destruction of the clot takes 
place. Thus, it is recommended to introduce 
arabinogalactan in the mixture before heat treatment. 

During the fermentation the dynamics of the acid 
formation of clots depending on the portion of 
arabinogalactan was investigated. The fermentation was 
carried out at a temperature of (40 ± 2) ºC for 6 hours. 
The titratable acidity was determined at intervals of 1 
hour. The results are presented in Fig. 2. 
 

 
 
Fig. 2. The titratable acidity of the clot depending on the 
portion of arabinogalactan: control is without 
arabinogalactan, 0.5% (1), 1.0% (2), 1.5% (3), 2.0% (4), 
and 2.5% (5).  
 

The analysis of the obtained data suggests that as a 
result of introduction of arabinogalactan in the 
composite mixture the fermentation time is greatly 
reduced. It can be associated with an increase in dry 
matter content in the mixture and the stimulating effect 
of the introduced polysaccharide on the microflora of 
starter cultures. It was found that if the portion of 
arabinogalactan is 0.5, 1.0, 1.5, 2.0, and 2.5% the 
titratable acidity of samples increases intensively by 
4.5%, 11.3%, 17.0%, 20.1%, and 23.0%, respectively, 
compared to the control sample. 

The effect of the portion of arabinogalactan on the 
number of viable microbial cells in the resulting sour-milk 
clot was investigated. The results are shown Table 1. 
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Table 1. The effect of the arabinogalactan portion on the 
number of viable microbial cells 
 

Portion of  
arabinogalactan 

Bacterial culture type 

Streptococcus 
thermohilus 

bacillus 
delbrueckii 

subsp. 
bulgaricus 

Bifidobacterium 
lactis 

0.5 8∙107 6∙107 6∙107 
1.0 4∙108 8∙107 2∙108 
1.5 3∙109 4∙108 6∙108 
2.0 5∙109 6∙108 8∙108 
2.5 7∙109 7∙108 9∙108 

Control 3∙107 5∙106 2∙107 
 
The analysis of table data shows that the 

introduction of a portion of arabinogalactan up to 1.5% 
leads to an increase in the number of viable microbial 
cells in the product compared to the control sample. 
However, it should be noted that the introduction of 2.0 
and 2.5% of arabinogalactan had no significant impact 
on the increase in the number of viable microbial cells. 
This is possibly associated with a sufficient 
accumulation of lactic acid and other metabolic 
products and the high density of the bacterial population 
of microorganisms. 

The structure of the clot is formed in souring and 
depends on various factors. In particular, it depends on 
used raw materials and a kind of starter cultures as well 
as on the introduced various food components. In this 
connection, the effect of the introduced portion of 
arabinogalactan on the effective viscosity of 
investigated clots at different shear rate was examined. 
The control sample is without arabinogalactan. 

The nature of the change of the effective viscosity of 
the product depending on the amount of introduced 
arabinogalactan is presented in Fig. 3. 
 

 
 
Fig. 3. The dependence of the effective viscosity on the 
shear rate in the fermented milk product with different 
portions of arabinogalactan:  
0.5% (1), 1.0% (2), 1.5% (3), 2.0% (4), and 2.5% (5), control 
is without arabinogalactan. 

 
It was found that with the increasing portion of 

arabinogalactan in the samples structural and 
mechanical properties are modified, the viscosity 
increases in proportion to the increase in the content of 
arabinogalactan. In the mixture which does not contain 
arabinogalactan (control sample) the clot was less 
viscous. It is noted that in the case of the mass 
concentration of arabinogalactan of 2.0 and 2.5% the 

consistency of the clot was excessively viscous. The 
product with a mass fraction of 1.5% arabinogalactan 
had the most appropriate viscosity. 

In the finished samples syneresis properties of the 
clots have been examined. The results of these studies 
are presented in Fig. 4.  

The results of the experiment revealed the 
ambiguous dependence of syneresis properties of clots 
on the portion of arabinogalactan introduced into a 
mixture. With the increasing portion of polysaccharide 
in the product the decrease in the syneresis ability of 
clots by 1.2, 1.4, 1.6, 1.7, and 1.8 times was observed 
respectively as compared with the control sample. It 
confirms water-binding properties of arabinogalactan. 

The analysis of organoleptic characteristics of the 
analyzed samples indicates that the introduction of 
arabinogalactan has no effect on the taste and smell of 
the product. All the obtained clots had high quality 
organoleptic characteristics, i.e., they had taste and 
smell of sour milk, the soy component was almost not 
felt, the color was white with a cream tint, they were 
uniform throughout the mass. 

 

 
Fig. 4. The syneresis ability of clots depending on the 
arabinogalactan portion:  
control, 0.5% (1), 1.0% (2), 1.5% (3), 2.0% (4), and 2.5% (5) 
of the mixture weight. 

 
The biological value is an important indicator 

characterizing the quality of dairy products. It is 
determined by the presence of complex nutrients in the 
product.  

In order to determine the biological value of the 
obtained soy-milk-based product enriched with 
arabinogalactan, its amino acid composition has been 
analyzed. It makes it possible to assess its biological 
value with a greater degree of correctness. The amino 
acid composition of the product is shown in Fig. 5. 

The biological value of dairy products was also 
assessed by the amino-acid score. The calculation 
results of amino-acid score of essential amino acids are 
given in Table 2. 

The results have indicated that the analyzed dairy 
product based on soy-milk mixture enriched with 
arabinogalactan extracted from Dahurian larch has a 
high biological value. 
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Fig. 5. The amino acid composition of the fermented milk 
product 
 

According to the calculation results the amino-acid 
score of essential amino acids, i.e., leucine, isoleucine, 
threonine, and phenylalanine + tyrosine, exceeds 100%. 
It has been noted that the limiting amino acids are 
methionine + cystine (84.5%) and valine (92.1%). 

 
 

Table 2. The composition of essential amino acids and 
amino-acid score of the fermented milk product in 
comparison with the recommendations of the FAO/WHO 
 

Amino acid 

FAO/W
HO  

g/100 g 
of 

protein 

Fermented milk product  

g/100 g of 
protein Score. % 

Valine 5.0 4.60 92.1 
Leucine 4.0  5.78 144.6 

Isoleucine 7.0 10.12 145.0 
Lysine 5.5 7.05 128.3 

Methionine + 
cystine 3.5 2.96 84.5 

Threonine 4.0 4.12 103.0 
Phenylalanine + 

tyrosine 6.0 11.06 184.4 

 
The production of functional foods with extended 

shelf-life is an important and promising direction in the 
food industry.  

The storability manifests itself in the immutability of 
sensory, chemical, and physical properties throughout 
the storage life of the product [32, 33]. The quality of 
the finished product greatly depends on the variability 
of its basic constituents such as proteins, carbohydrates, 
and, in the first place, lipids which are oxidized when 
processed and stored.  

The design of new functional foods should include 
careful planning and testing of the shelf life of the 
finished product. A comprehensive approach to this 
problem involves the analysis of the composition of the 
product, technological process parameters, packaging, 

environmental factors, chemical and biochemical 
reactions, and the types of microorganisms present [34]. 

The antioxidant activity of natural products is one of 
the important indicators that determine their biological 
value. 

Arabinogalactan is a polysaccharide with a wide 
range of useful properties, but there is almost no data on 
its antioxidant activity in literature.  

Based on the above, the effect of the introduction of 
the portion of arabinogalactan on the storability of the 
fermented milk product was investigated.  

When storing prepackaged in plastic five samples of 
products containing different portions of the introduced 
arabinogalactan, at (40 ± 2)C the change in the number 
of viable cells of lactic acid bacteria and bifidobacteria 
were observed for 10 days.  

The number of viable microbial cells was 
determined on second, fourth, sixth, eighth, and tenth 
day of storage. The sample without arabinogalactan 
served as a control one. 

The results showed that in the samples with 
arabinogalactan during the storage for two, four, six, 
eight, and ten days the number of viable cells of 
bifidobacteria maintained at the desired level (5∙108, 
3∙108, 1∙108, 7∙107, 3∙107 CFU/cm3) and corresponded to 
microbiological requirements on the eighth day of 
storage, which was not the case for the control sample 
in which on the sixth, eighth, and tenth day of storage 
the quantitative indicator of bifidobacteria content was 
1∙106, 8∙105, 2∙105 CFU/cm3. 

 
CONCLUSIONS 
The obtained results suggest that arabinogalactan 

extracted from Dahurian larch has a stimulating effect 
on bifidobacteria and lactobacilli. It is proved that its 
introduction makes it possible to obtain a product with a 
high number of viable cells of the probiotic microflora 
in the final product. 

The use of arabinogalactan intensifies the 
fermentation of the composite mixture (skimmed milk 
and soy-based food in the ratio of 70:30) which 
accordingly reduces the production cycle of the product. 

The application rate of 1.5% arabinogalactan in the 
composite mixture has been found. It is recommended 
to introduce arabinogalactan in the composite mixture 
before its pasteurization which makes it possible to 
obtain a product with high physical-chemical, 
rheological, and organoleptic characteristics. 

The expediency of the use of arabinogalactan in the 
production of dairy products is proved. 

Summing up the above, we can conclude that the 
study of the enrichment of food with components with 
prebiotic properties is relevant in the field of technology 
of production of functional foods. 
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Abstract: This paper presents the results of a study on the impact of organic impurities contained in water (phenol, 
chlorophenol, chloroform, formaldehyde, and acetaldehyde) on the stability of nectar components: sucrose, citric acid, 
vitamins A and C, and B group vitamins. 

A reduction in the concentrations of the main components of nectars and priority contaminants, except for 
chloroform, has been established. 

The mechanism of interaction of sucrose, citric acid, and vitamins contained in nectars with phenol, chlorophenol, 
chloroform, formaldehyde, and acetaldehyde has been substantiated theoretically.  
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INTRODUCTION 
At present, nectars, as opposed to juices, are 

becoming popular soft drinks with the Russian public in 
terms of price affordability. Having a variety of flavors, 
nectars are not only a pleasant way of refreshment and 
thirst quenching but also a source of vitamins and other 
essential nutrients. In accordance with GOST R 51398-
99 and the AIJN Code of Practice (European 
Association of the Industry of Juices and Nectars), 
nectars are defined as drinks obtained by the addition of 
water and sugar to fruit juice, concentrated fruit juice, or 
purée from edible parts of fresh fruits. Citric or ascorbic 
acid may be added. The minimum fruit juice content in 
nectars should be 25--50%, depending on the type of 
berries or fruits. 

Presently, water from the central water supply 
system is predominantly used in the production of 
nectars. The quality of such water determines the 
consumer appeal of finished soft drinks: flavor, taste, 
color stability, etc.  

Kemerovo oblast forms a large territorial production 
unit within the Russian Federation. Hence, in addition to 
natural organic substances, water supply sources contain 
anthropogenic organic impurities from industrial 
wastewater. According to the Kemerovo Oblast Sanitary 
and Epidemiological Center, in 2011, 30.5% of water 
samples from the Kuzbass central water supply system 
did not comply with the hygienic standards in terms of 
sanitary and chemical indices, including 33.9% of water 
samples from surface water bodies and 29.8% from 
underground water bodies. The phenol concentration 
constantly exceeds the MAC values in many Kuzbass 

surface and underground water bodies. According to the 
State Environmental Protection Committee for 
Kemerovo Oblast, random samples taken from the Tom' 
River during snowmelt show phenol concentrations 
exceeding 30 MAC [1]. In natural waters, the content of 
humic substances responsible for the formation of 
organic halogen compounds is 10--50 mg/dm3 [2].  

Water treatment plants act as barriers against organic 
substances only to a slight extent; moreover, water 
treatment yields more dangerous toxic agents than the 
initial substances. The application of chlorine for 
decontamination during water treatment results in the 
formation of such by-products as chlorophenol and 
chloroform; in the same way, the application of ozone 
results in the formation of formaldehyde and 
acetaldehyde [3--5]. As a result of experimental studies, 
we have found out a two- to five-times exceedance of 
the MAC values of the above organic impurities in 
random water samples taken in spring and summer. 
When concentrations of these contaminants in water 
exceed the MAC values, they exert toxic, allergenic, 
mutagenic, and carcinogenic effects on humans [6--9]. 
In addition to their toxic effect, the organic impurities 
found in water can interact with the main components of 
soft drinks, degrading their quality. Thus, studies on the 
impact of priority organic contaminants periodically 
present in water on the quality of nectars during their 
production and storage are relevant and timely. 

In this work, we will study the impact of priority 
organic contaminants periodically present in water 
(phenol, chlorophenol, chloroform, formaldehyde, and 
acetaldehyde) on the quality attributes of nectars (the 
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contents of sucrose, citric acid, vitamins A and C, and B 
group vitamins) during their production and storage.  

 
OBJECTS AND METHODS OF RESEARCH 
The objects of research were water solutions 

containing organic contaminants (chloroform, phenol, 
chlorophenol, formaldehyde, and acetaldehyde) with 
added sucrose and citric acid. The sucrose concentration 
in the test samples was taken at 110 mg/kg according to 
GOST R 53396-09. The citric acid concentration was 
taken at 5 mg/l according to the Fruit Juice Regulations. 
For a reliable assessment of the impact of organic 
impurities on the stability of the nectar components, the 
concentration of organic contaminants in the systems 
under investigation was taken at 10 MAC values; 
sucrose and citric acid water solutions without any 
harmful impurities were used as reference standards. 
The sucrose content in the samples was measured using 
refractometry; the content of citric acid, phenol, 
formaldehyde, chlorophenol, and acetaldehyde was 
measured using molecular absorption spectroscopy; and 
the chloroform content was measured using gas--liquid 
partition chromatography.  

Given the volatility of some organic contaminants 
and the duration of the study of nectar components 
stability after selection of the next sample for the 
analysis, the source samples were stored in sealed 
vessels in a dark place. 

The objects of research also included nectars (apple, 
blackcurrant, raspberry, sea-buckthorn, and chokeberry) 
made with water without organic impurities and with 
water containing phenol, chlorophenol, chloroform, 
formaldehyde, and acetaldehyde. Changes in the color 
intensity of nectars during their production and storage 
were studied using molecular absorption spectroscopy; 
the vitamin content was measured using capillary 
electrophoresis [10, 11].  

Changes in all indicators were observed until 
reaching a constant concentration of the test 
components in drinks and solutions.  

 
RESULTS AND DISCUSSION 
Sucrose (C12H22O11) is one of the main components 

of nectars. Considering chemical properties of sucrose 
and the organic contaminants under investigation, there 
is a probability that their chemical interaction will 
occur.  

It has been established that all organic contaminants 
except for chloroform interact with sucrose, as follows 
from the chemical equations (Fig. 1). The reaction of 
sucrose and formaldehyde was the most active, while 
the reaction of sucrose and chlorophenol was the least 
active (Table 1).  

 
Table 1. Variation in the sucrose content in the samples 
under investigation during storage, % 
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1 100 100 100 100 100 100 
3 100 100 85 90 61 85 
6 100 100 82 85 55 74 
8 100 100 71 83 40 63 
14 100 100 66 70 35 56 
20 100 100 65 68 30 56 

 
 

 

 

 

Fig. 1. Chemical reaction of contaminants and sucrose. 

 
The chemical reaction of organic impurities and 

sucrose is verified empirically by the respective 
reduction of phenol, chlorophenol, formaldehyde, and 
acetaldehyde in the presence of sucrose (Fig. 2). 

Citric acid (С6Н8О7 ∙Н2О) is often used as an acidity 
regulator in the production of nectars since it has a 
milder flavor compared to other edible acids and does 
not irritate the mucosae of the gastrointestinal tract. 



ISSN 2308-4057. Foods and Raw Materials Vol.1 (No1) 2013 

 

97 

There is a probability of interaction between citric acid 
and organic components. During the interaction, the 
content of citric acid may decrease, whereas its 
overconsumption may grow. Since citric acid is an 
expensive component, its wastage is undesirable. 
Therefore, it is appropriate to study the impact of 
organic impurities (phenol, chlorophenol, chloroform, 
formaldehyde, and acetaldehyde) on the stability of 
citric acid in the water used for nectar production. 

 
 

 
 
Fig. 2. Variations in (1) acetaldehyde, (2) phenol, (3) 
formaldehyde, (4) chlorophenol, and (5) chloroform 
contents in water containing sucrose over time. 

 

The experimental data suggest that the citric acid 
content decreases in the presence of all of the organic 
contaminants except for chloroform (Table 2). 

 
Table 2. Variation in the citric acid content in the samples 
under investigation during storage, % 
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1 100 100 100 100 100 100 
6 100 100 81 100 90 98 
8 100 100 75 100 76 95 
12 100 100 63 93 60 87 
18 100 100 53 83 54 83 
20 100 100 53 63 53 70 

 
 

Chemical reactions between citric acid and priority 
water contaminants are given in Fig. 3. 

 

 

 

 
Fig. 3. Chemical reaction between the contaminants and citric acid. 

 
 

The chemical reaction of organic impurities and 
citric acid is verified empirically by the respective 
reduction of phenol, chlorophenol, formaldehyde, and 
acetaldehyde in water containing citric acid over time, 
as is shown in Fig. 4.  

Berries and fruits used in nectars contain substances 
that determine their color. The colors of all berries and 
fruits are largely determined by coloring substances, 
such as flavonoids (anthocyanins) and carotenoids. 
Flavonoids produce red, blue, and purple pigmentation 

in fruits, while carotenoids produce yellow-to-orange 
colors. The content of the components that provide 
fruits and berries with colors is given in Table 3. It 
appeared appropriate to study the impact of organic 
contaminants on the color stability of nectars. 
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Fig. 4. Variations in (1) acetaldehyde, (2) phenol, (3) 
formaldehyde, (4) chlorophenol, and (5) chloroform 
contents in water containing citric acid over time. 

 
Berries and fruits used in nectars contain substances 

that determine their color. The colors of all berries and 
fruits are largely determined by coloring substances, 
such as flavonoids (anthocyanins) and carotenoids. 
Flavonoids produce red, blue, and purple pigmentation 
in fruits, while carotenoids produce yellow-to-orange 
colors. The content of the components that provide 
fruits and berries with colors is given in Table 3. It 
appeared appropriate to study the impact of organic 
contaminants on the color stability of nectars. 

 
Table 3. Content of components providing berries and 
fruits with color, mg/100 g 

 
Substance Flavonoids 

(anthocyanins, 
catechines, 

leucoanthocyanins), mg

Carotene 
(provitamin 

A), mg 

Sea-buckthorn 800—1.000 11 
Chokeberry 250--600 0.5 
Raspberry 600—1.300 1 
Apple 300--600 1.1--15 

 
No variation in the color intensity in nectars 

produced from all sorts of berries in the presence of 
chloroform was detected during the entire research 
period (Figs. 5--8). 

 
 

 
 

Fig. 5. Variations in the color of apple nectar over time 
made with (1) water without organic impurities and with 
water solutions containing (2) chloroform, (3) 
formaldehyde, (4) phenol, (5) chlorophenol, and (6) 
acetaldehyde. 
 

The least color fading occurs in raspberry nectar in 
the presence of chlorophenol and in apple, chokeberry, 
and sea-buckthorn nectars in the presence of 
acetaldehyde; the most color fading occurs in raspberry 
nectar in the presence of formaldehyde; in sea-

buckthorn and chokeberry nectars in the presence of 
phenol; and in apple nectar in the presence 
chlorophenol.  

It is obvious that chemical properties of the coloring 
substances and organic contaminants predetermined the 
possibility of their interaction, as is shown by the 
example of carotenoids (Fig. 9). 
 

 
 

Fig. 6. Variations in the color of chokeberry nectar made 
with (1) water without organic impurities and with water 
solutions containing (2) chloroform, (3) formaldehyde, (4) 
phenol, (5) chlorophenol, and (6) acetaldehyde. 

 
  

 
 

Fig. 7. Variations in the color of raspberry nectar made 
with (1) water without organic impurities and with water 
solutions containing (2) chloroform, (3) formaldehyde, (4) 
phenol, (5) chlorophenol, and (6) acetaldehyde. 
 

 
 
Fig. 8. Variations in the color of sea-buckthorn nectar 

made with (1) water without organic impurities and with 
water solutions containing (2) chloroform, (3) 
formaldehyde, (4) phenol, (5) chlorophenol, and (6) 
acetaldehyde. 

 

15 

Days 
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Fig. 9. Chemical reaction of carotenoids and priority contaminants contained in water. 

 
Vitamins contained in nectars are organic 

compounds of different chemical nature, which can lead 
to their interaction with organic impurities contained in 
water. The content of individual vitamins in the nectar 
samples under investigation is shown in Table 4.  

 
Table 4. Vitamin content in the nectar samples under 
investigation, mg/100 g 

 
Vitamins, 
mg/100 g 

Apple Black-
currant 

Rasp-
berry 

Choke-
berry 

Sea-
buckthorn

C 33.2 26.6 21.5 22.1 54.7 
В3 0.03 0.02 0.009 0.055 0.06 
В6 - 0.04 - - 0.065 
В9 - - 0.037 0.062 - 
В5 - - 0.009 0.023 - 
В2 0.03 - - 0.0021 - 
В1 - - - 0.05 0.05 

 
Over the research period, the vitamin В2 reduction in 

apple nectar was 80% in the presence of formaldehyde 
in water, 75% in the presence of chlorophenol,  65% in 
the presence of acetaldehyde, and 60% in the presence 
of phenol . The vitamin В3 reduction was 40% in the 
presence of phenol, 47% in the presence of 
formaldehyde, 33% in the presence of chlorophenol, 
and 27% in the presence of acetaldehyde. The vitamin C 
reduction was 50% in the presence of phenol, 44% in 
the presence of formaldehyde, 35% in the presence of 
chlorophenol,; and 25% in the presence of acetaldehyde 
(Fig. 10). 

In blackcurrant nectar, vitamin В3 was reduced by 
45% in the presence of acetaldehyde in water, by 40% 
in the presence of phenol, by 30% in the presence of 
chlorophenol, and by 25% in the presence of 
formaldehyde. Vitamin В6 was decomposed almost by 
100% due to its small initial concentration in the 
presence of phenol and acetaldehyde, by 95% in the 
presence of formaldehyde, ; and by 90 % in the 
presence of chlorophenol. Vitamin C was reduced by 
38% in the presence of chlorophenol, by 30% in the 
presence of phenol, by 25% in the presence of 
formaldehyde, and by 20% in the presence of 
acetaldehyde (Fig. 11). 

In raspberry nectar, vitamin В3 was reduced by 40% 
in the presence of acetaldehyde in water, by 30% in the 
presence of formaldehyde and phenol,  and by 20% in 
the presence of chlorophenol, . Vitamin C was reduced 
by 40% in the presence of chlorophenol, by 35% in the 
presence of phenol, by 30% in the presence of 
formaldehyde, and by 25% in the presence of 
acetaldehyde. Vitamin В5 was reduced by 40% in the 
presence of phenol, by 35% in the presence of 
acetaldehyde, and by 35% in the presence of 
formaldehyde and chlorophenol. Vitamin В9 in the 
presence of all water contaminants was reduced by 20--
28% (Fig. 12). 

In chokeberry nectar, the vitamin В3 content was 
reduced by 35% in the presence of phenol and 
formaldehyde, by 40% in the presence of phenol, by 
55% in the presence of chlorophenol, and by 65% in the 
presence of acetaldehyde. Vitamin В9 was decomposed 
by 40% in the presence of phenol, by 50% in the 
presence of formaldehyde, and by 60% in the presence 
of chlorophenol and acetaldehyde. Vitamin В5 was 
reduced by 25% in the presence of acetaldehyde, by 
58% in the presence of formaldehyde, by 70% in the 
presence of phenol, and by 80% in the presence of 
chlorophenol (Fig. 13). 

In sea-buckthorn nectar, vitamin В1 was reduced by 
60% in the presence of formaldehyde in water, by 45% 
in the presence of phenol, by 40% in the presence of 
acetaldehyde, and by 35% in the presence of 
chlorophenol. Vitamin В3 was reduced by 95% in the 
presence of chlorophenol, by 90% in the presence of 
formaldehyde, by 87% in the presence of acetaldehyde, 
and by 50% in the presence of phenol. Vitamin C was 
reduced by 60% in the presence of acetaldehyde, by 
55% in the presence of formaldehyde, by 44% in the 
presence of chlorophenol, and by 34% in the presence 
of phenol (Fig. 14). 
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a) 
 
 
 

 
b) 
 
 
 

 
c) 

 
 
 
Fig. 10. Vitamins В2, В3, and C contents in apple nectar 
made with (1) water without organic impurities and with 
water solutions containing (2) phenol, (3) formaldehyde, 
(4) chlorophenol, (5) acetaldehyde, and (6) chloroform. 

 
 
 

 
 
 

a) 
  
 

 
b)  
 
  
 

 
 

c) 
 
 
 
 
 

Fig. 11. Vitamins В3, В6, and C content in blackcurrant 
nectar made with (1) water without organic impurities and 
with water solutions containing (2) phenol, (3) 
formaldehyde, (4) chlorophenol, (5) acetaldehyde, and (6) 
chloroform. 
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Fig. 12. Vitamins В3, В5, В9, and C content in raspberry 
nectar made with (1) water without organic impurities and 
with water solutions containing (2) phenol, (3) 
formaldehyde, (4) chlorophenol, (5) acetaldehyde, and (6) 
chloroform. 

 
 

 
 

 
 
 

Fig. 13. Vitamins В3, В5, В9 contents in chokeberry nectar 
made with (1) water without organic impurities and with 
water solutions containing (2) phenol, (3) formaldehyde, 
(4) chlorophenol, (5) acetaldehyde, and (6) chloroform. 
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Fig. 14. Vitamins В1, В3, C content in sea-buckthorn nectar 
made with (1) water without organic impurities and with 

water solutions containing (2) phenol, (3) formaldehyde, 
(4) chlorophenol, (5) acetaldehyde, and (6) chloroform.  

 
Variation in the vitamin content in nectars in the 

presence of chloroform was not shown over the entire 
period of research. The chemical reaction of priority 
contaminants (phenol, formaldehyde, acetaldehyde, and 
chlorophenol) contained in the water used for the 
production of nectars and vitamins is verified by the 
following chemical equations (Figs. 15--21):  
 

 

 

 

 

 

 

 

 

Fig. 15. Chemical reaction of vitamin В1 and priority contaminants contained in water. 
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Fig. 16. Chemical reaction of vitamin В2 and priority contaminants contained in water. 

 

 

 

 

Fig. 17. Chemical reaction of vitamin В3 and priority contaminants contained in water. 
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Fig. 18. Chemical reaction of vitamin В5 and priority contaminants contained in water. 
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Fig. 19. Chemical reaction of vitamin В6 and priority contaminants contained in water. 

 

 

 

Fig. 20. Chemical reaction of vitamin В9 and priority contaminants contained in water. 
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Fig. 21. Chemical reaction of vitamin C and priority contaminants contained in water. 

The study of the changes in the organic contaminant 
concentrations has shown that a relation can be traced 
between the reduction of the vitamin concentrations and 
their molecular weights and the molecular weights of 
the priority water contaminants.  

The research results show that formaldehyde, 
acetaldehyde, chlorophenol, and phenol have a 
considerable impact on the color stability and 

preservation of nectar components, such as sugar, citric 
acid, ascorbic acid (vitamin C), provitamin A 
(carotene), and B group vitamins by interacting with 
them and degrading the quality attributes of nectars. 
Therefore, the water used in nectar production must 
undergo additional decontamination to remove organic 
impurities using, for instance, adsorption on activate 
carbon. 
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Abstract: The composition of lipids derived by extraction with Freon 22 and enzymatic hydrolysis from berries, 
berry shells, and seeds of the Chuy sea buckthorn cultivar has been studied. The fatty acid composition and acid and 
peroxide values of the samples have been analyzed; the differential scanning calorimetry (DSC) melting curves have 
been examined. The DSC method has been found to be appropriate for determining the origin of raw materials and the 
production method for sea buckthorn oil. 

 
Keywords: sea buckthorn oil, the Altai Territory, production method, differential scanning calorimetry 
 

 
1. INTRODUCTION 
Sea buckthorn berries are rich in vitamins, carotenoids, 

flavonoids, proteins, antioxidants, amino acids, fatty acids, 
and phytosterols [1]. The most valuable component of sea 
buckthorn berries is their oil. The oil from the sea buckthorn 
pulp and seeds is characterized by a high content of lipids, 
including tocopherols, tocotrienols, carotenoids, and ω-3 and 
ω-6 polyunsaturated fatty acids [2, 3]. The composition of the 
sea buckthorn seeds and pulp varies in accordance with the 
subspecies, cultivar, soil and climate conditions, origin, 
cultivation activities, harvesting time, and extraction method 
[3]. The aim of this study is to explore the possibility of 
identifying samples of sea buckthorn oil derived from 
different parts of sea buckthorn berries by differential 
scanning calorimetry (DSC). 

 
2. MATERIALS AND METHODS 
2.1 Berries 
Berries of the Chuy sea buckthorn cultivar harvested on 

commercial plantations of the Lisavenko Research Institute of 
Horticulture for Siberia of the Russian Academy of 
Agricultural Sciences in 2012 were used. 

Samples of sea buckthorn oil extracted with 
difluorochloromethane (Freon 22) from the crushed pulp 
(prepared by juicing the berries), the kernel (seed), and the 
berry shells and oil samples prepared by the enzymatic method 
were studied. 

2.2. Sample Preparation 
The extraction of sea buckthorn oil was conducted in an 

extractor for 8 h with the subsequent removal of Freon 22. 
The Protosubtilin and CelloLux-A enzymes in a ratio of 1 

: 1 were used to derive oil by enzymatic hydrolysis. 
2.3. Study of Melting Process 

The melting of the samples was studied by DSC using a 
DSC-60 instrument (Shimadzu, Japan). The weighed portion 
was 10.0 ± 0.5 mg. The measuring cell was cooled with liquid 
nitrogen to a temperature of 100°C. The experiments were 
conducted in a temperature range of 100°C to 50°C at a 
heating rate of 10°C/min. The experiments were conducted in 
a nitrogen environment at a gas flow rate of 40 cm3/min. The 
α-quartz was used to bring the system into the state of 
equilibrium. The instrument was calibrated against indium 
(Тmelt = 156.6°C, 훥Нf = 28.71 J/g). The calculated data were 
obtained using the DSC-60 software. 

2.4. Determination of Fatty Acid Composition 
The fatty acid composition of the oil samples was 

determined by gas chromatography (GC). The oil samples 
were converted to their methyl esters and analyzed on a 
Kristallyuks 4000 gas chromatograph using a flame ionization 
detector, a 50 m x 0.25 mm FFAP capillary column, and 
helium as a carrier gas (Hewlett-Packard, Palo Alto, CA). The 
thermostat temperature was programmed as follows: from 
60°C (an isothermal mode for 1 min) to 190°C at a rate of 
20°C/min and an isothermal period of 30 min at 190°C. The 
temperature of the injector and the detector was 250°C. 

2.5. Determination of Peroxide and Acid Values 
The peroxide and acid values of the samples were 

determined by standard methods [5, 6]. 
2.6. Statistical Analysis 
All the studies were conducted at least twice. The 

measurement results were processed by the analysis of 
variance. 

 
3. RESULTS 
3.1. Fatty Acid Composition  
The fatty acid composition of the prepared oil samples is 

shown in Table 1. 
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Table 1. Fatty acid composition of the oil samples (a measurement error of 26%) 
  

Species, cultivar 

Fatty acids Refer-
ence 14:0  16:0  16:1  18:0  18:1 

oleic 
18:1 

vaccenic 18:2  18:3 

from berry pulp and shells 
 

Hippophae rhamnoides 0.5  28.4 50.3 0.6 11.3 not detected 1.3  1.3 7 
Hippophae rhamnoides 0.6  35.8 45.6  0.5 0.8 not detected 0.8  0.5 7 
Hippophae rhamnoides 0.4 33.8 46.4 1.0 13.4  not detected 5.4 1.3 7 
Hippophae salicifolia 0.3  29 32.9  2.9 17.6  not detected 16.1  0.6  7 
Hippophae tibetana 1.1  25.7  32.1  0.5 26.0 not detected 9.3 5.2 7 
Chuy 0.5 35.1 35.3 1.2 4.3 5.8 11.3 0.9 *** 
Quebec - 35.3 40.1 0.8 3.2 6.5 10.6 0.9 4 
carpatica 0.46 39.1 26.7 0.8 20.8 6.4 4.6 0.90 8 

from seeds 
Chuy 0.3 11.0 5.5 2.2 15.1 not detected 35.1 25.6 *** 
quebec - н.о. 8.0 2.8 3.1 13.1 2.2 32.4 37.2 4 
carpatica 0.24 12.4 0.36 2.9 16.7 1.5 33.7 31.8 8 

from berry shells 
Chuy 0.87 36.6 34.5 1.27 5.8 5.1 12.1 0.9 *** 

prepared by enzymatic hydrolysis 
Chuy 0.52 34.3 33.7 1.8 5.1 5.7 14.2 1.4 *** 
Jutland, Germany 0.3 33.0 34.2 0.3 28.4 not detected 3.3 1.0 9 
Canada, Quebec 0.4 36.1 39.4 0.8 2.9 6.2 10.8 0.9 10 

from whole berries 
carpatica 0.59 36.2 24.6 0.9 22.3 6.2 6.2 2.7 8 

aTrace, ≤0.1%. 
*Total amount of oleic and vaccenic acids. 
**Arachidonic and behenic acids are also detected. 
***The data obtained by the authors. 
 

These data suggest the following. 
The composition of the oil samples prepared from the 

pulp, shells, and seeds of Chuy sea buckthorn berries is most 
similar to the composition of the samples of oil produced in 
the province of Quebec (Canada). 

The composition of the oil derived from berry shells is 
close to the composition of the pulp oil. 

The composition of the oil sample prepared by enzymatic 
hydrolysis is similar to the composition of the analogous 
Canadian sample and significantly differs from the German 
sample. 

 
3.2. Differential Scanning Calorimetry 
The melting curve of the seed oil is shown in Fig. 1. 

 

 
 

Fig. 1. Melting curve of the Chuy sea buckthorn seed oil. 
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These data suggest that the melting curve of the seed 

oil is a superposition of four overlapping peaks. 
The characteristics of their total peak are listed 

below. 
 

Peak position, °C –33.5 ± 0.4 
Endoeffect onset temperature, °С –39.9 ± 0.4 
Finishing melting temperature, °С –12.0 ± 0.3 
Melting heat, J/g 57.0 ± 1.5 

 

The first-derivative analysis makes it possible to 
determine the peak positions of four endoeffects of 
melting of triglycerides at 54°C, 32°C, 19°C, and 
8°C. 

The melting curve of the oil from the berry shells is 
shown in Fig. 2. 

 
 
 
 

 
 

Fig. 2. Melting curve of the oil derived from Chuy sea buckthorn berry shells. 
 

Unlike the previous sample, the melting curve of the 
oil derived from sea buckthorn berry shells is a 
superposition of at least ten peaks. 

The data on five of them that could be identified 
with the data processing program are shown in Table 2. 

However, the first-derivative analysis of the melting 
curve reveals two additional peaks in a range of 30 to 
45°C, which should be apparently attributed to the 
melting of triglycerides of unsaturated acids. The peak 
position exhibits a divergence of 24 deg, which 
requires a unified approach to the method of analysis of 
these complex melting curves. 

The melting curve of the oil sample prepared by 
enzymatic hydrolysis is shown in Fig. 3. 

The melting curve of this sample is a superposition 
of four overlapping peaks. Their parameters are listed in 
Table 3. 

The melting curve of the sea buckthorn oil extracted 
with Freon is also a superposition of four overlapping 
peaks (Fig. 4). 

 
 

Table 2. Parameters of the melting curve of the oil derived 
from sea buckthorn berry shells 

 
Peak Parameter Values 

I 

Peak position, °C 24.9 ± 0.4 
Endoeffect onset temperature, °С 37.9 ± 0.4 
Finishing melting temperature, °С 21.3 ± 0.4 
Melting heat, J/g 2.8 ± 0.2 

II 

Peak position, °C 22.2 ± 0.4 
Endoeffect onset temperature, °С 21.9 ± 0.4 
Finishing melting temperature, °С 15.1 ± 0.4 
Melting heat, J/g 0.8 ± 0.1 

III 

Peak position, °C 0.7± 0.4 
Endoeffect onset temperature, °С 2.5 ± 0.4 
Finishing melting temperature, °С 4.0 ± 0.4 
Melting heat, J/g 21.9 ± 1.4 

IV 

Peak position, °C 11.5 ± 0.4 
Endoeffect onset temperature, °С 8.3 ± 0.4 
Finishing melting temperature, °С 14.0± 0.4 
Melting heat, J/g 0.9 ± 0.1 

V 

Peak position, °C 39.9 ± 0.4 
Endoeffect onset temperature, °С 19.6 ± 0.4 
Finishing melting temperature, °С 42.5 ± 0.4 
Melting heat, J/g 2.6 ± 0.2 
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Fig. 3. Melting curve of the oil derived by enzymatic hydrolysis. 
 

 
Table 3. Parameters of the melting curve of the sea 
buckthorn oil derived by enzymatic hydrolysis 
 
Peak Parameter Value 

I 

Peak position, °C 19.8 ± 0.4 
Endoeffect onset temperature, °С 23.3 ± 0.4 
Finishing melting temperature, °С 15.0 ± 0.4 
Melting heat, J/g 2.6 ± 0.4 

II+III 

Peak position, °C 1.2 ± 0.4 
Endoeffect onset temperature, °С 1.5 ± 0.4 
Finishing melting temperature, °С 5.0 ± 0.4 
Melting heat, J/g 11.7 ± 0.8 

IV 

Peak position, °C 12.8 ± 0.4 
Endoeffect onset temperature, °С 7.5 ± 0.4 
Finishing melting temperature, °С 16.0 ± 0.4 
Melting heat, J/g 2.9 ± 0.2 

 
 

 
Fig. 4. Melting curve of the oil extracted with Freon. 

 

 
These data suggest that the melting curve is a 

superposition of four overlapping peaks. Their 
parameters are listed in Table 4. 

 
Table 4. Parameters of the melting curve of the sea 
buckthorn pulp oil extracted with Freon 
 

Peak Parameter Value 

I 

Peak position, °C 19.6± 0.4 
Endoeffect onset temperature, °С 24.0± 0.4 
Finishing melting temperature, °С 15.3± 0.4 
Melting heat, J/g 3.6± 0.4 

II+III 

Peak position, °C 1.0± 0.4 
Endoeffect onset temperature, °С 4.4± 0.4 
Finishing melting temperature, °С 3.7± 0.4 
Melting heat, J/g 16.7 ± 0.8 

IV 

Peak position, °C 11.3 ± 0.4 
Endoeffect onset temperature, °С 6.9 ± 0.4 
Finishing melting temperature, °С 15.1 ± 0.4 
Melting heat, J/g 3.5 ± 0.4  

 
 
It should also be noted that the total heat of melting 

of the oil samples is 17 to 57 J/g, which is comparable 
to the data for vegetable oils [10]. 

3.3. Acid and Peroxide Values 
The acid and peroxide values of the oil samples are 

listed in Table 5. 
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Table 5. Acid and peroxide values of the sea buckthorn oil 
samples 
 

Oil sample Acid value, 
mg KOH/1 
g of oil 

Peroxide 
value, ½ О2 
mmol/kg 

extracted with Freon 22 12.05 0.7 
from berry shells 6.85 4.8 

from seeds 7.2 4.4 
enzymatic hydrolysis 2.6 0.5 

from dried berries [3] - 1.84.0; 5.4 ± 
0.3; 3.0 ± 1.9 

 
According to the set of parameters, the oil sample 

prepared by enzymatic hydrolysis is the most promising 
for use in cosmetic formulations. 

 
4. DISCUSSION 
The above data suggests that the oil derived from 

Chuy sea buckthorn berries has a similar qualitative 
composition and peroxide value as the oil from other 
subspecies of sea buckthorn. 

Differences in the fatty acid composition lead to 
differences in the melting curves: four to ten peaks were 
recorded for the studied samples. An assumption of the 
nature of these endothermic effects was made only by 
the Canadian authors in [4]. Table 6 shows a 
comparison of the DSC data on the melting peak 
temperatures of our and Canadian samples. 

The data suggest that the samples mostly exhibit 
three minima corresponding to the melting of three 
triglycerides or their complexes. With allowance for the 
melting point of even-numbered fatty acids and the 
triglycerides formed by them, these acids can be 
arranged in the following series with respect to 
increasing melting point: linolenic > linoleic > 
palmitoleic > oleic > myristic > palmitic > stearic. 

Taking into account that the mass fraction of a 
number of acids is negligible and they cannot be shown 
as a separate peak in the melting curve and given the 
fact that they are isostructural with homologs, the 
following three groups of triglycerides can be 

distinguished: a high-temperature group composed of 
C18:0, C16:0, and C14:0 acids; a medium-temperature 
group consisting of C16:1 and C18:1; and a low-
temperature comprising C18:2 and C18:3. However, if 
we take into account that the melting point of pure 
triglycerides of the saturated acid series is significantly 
higher (e.g., stearic acid triglyceride is melted at 75°C), 
then we can conclude that the DSC curves describe the 
melting process of multicomponent eutectic mixtures, as 
described for milk fat [12, 13], rather than individual 
triglycerides. 
 
Table 6. Parameters of the melting curves of the oil 
samples 
 
Sample Endoeffect peak temperature, °С for the 

peak 
I II III IV V 

seeds 33.5     
berry shells 24.9 22.2 0.7 11.5 39.9 
enzymatic 25.8 1.2 12.8  
extracted 
with Freon 
22 

 19.6 1.0 11.3  

[3] 22.5  4.0 10.0  
[11] 24.4  4.1 10.7  

 
Note also that none of the samples contain water; 

therefore, the extensive endothermic effect in the region 
of 0°C is not attributed to the melting of ice. 

Taking into account that the fatty acid composition 
of sea buckthorn oil depends not only on the cultivar, 
geographical location, climatic conditions, and 
cultivation activities, the derived melting curves are 
individual and can be used to determine the composition 
of the feedstock for the production of sea buckthorn oil 
in the Altai Territory and in the used extraction 
technology. 
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Abstract: Methods of controlling current costs in the processing industry are discussed. A description is given of 
cost and profit management techniques based on the concept of financial responsibility centers. An algorithm is 
provided to consistently develop financial responsibility centers, determine the scope of their competence, and thus 
achieve an effective functioning of the system. A method is described which is based on direct costing and is used to 
determine the financial safety margin of a processing company. The implementation of advanced direct costing in the 
context of financial responsibility centers allows one to analyze the structure of fixed and variable costs, marginal 
income, and profits for the whole company and, thus, improve the cost management and financial performance. 
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INTRODUCTION 
Important elements in the analysis of a company’s 

activities and financial performance are (a) product cost 
analysis and (b) cost-effectiveness analysis in terms of 
identifying products with a low value of this indicator. 
There should be a methodology enabling a cost 
management system based on the analysis of the 
structure of fixed and variable costs and the marginal 
income, determination of responsibility centers, and 
development of indicators for each center. The 
methodology aims to identify responsibility centers and 
analyze and control costs for each center and, as a 
consequence, for the whole company. 

 
SUBJECT AND METHODS OF RESEARCH 
OOO Mariinskii Spirtovyi Kombinat (Mariinsk 

Distilling Plant; hereinafter referred to as the distilling 
plant), the largest company in the alcohol market of 
Kemerovo oblast, is the longest-standing enterprise in 
the industry in Siberia and the Far East. The plant was 
put into operation in 1937 and occupies a land plot of 
38.1 ha. 

In August 1993 the company was incorporated. The 
authorized share capital is 252 978 rubles; the 
controlling stake is owned by the state and is part of the 
federal state unitary enterprise FGUP Rosspirtprom. 

The distilling plant is a diversified enterprise 
employing 830 people. The main products are ethyl 
alcohol, dried fodder yeast, food additive carbon 
dioxide, etc. 

The company’s first priority is the production and 

supply of ethyl alcohol of the following varieties: highly 
refined, “Extra”, “De Luxe”, "Alpha", and "Denatured". 

The production capacity of the distilling plant is 
3 558 355 dal of alcohol, 9882 t of carbon dioxide, and 
7875.1 t of fodder yeast per year. 

The company was ranked first among the leading 
Russian alcohol producers in 2009 and 2010 in the 
rating of the National Alcohol Association of Russia. 

The financial and economic activities of the 
distilling plant in the last three years include current, 
investment, and financial operations. The analysis is 
based on comparing the distilling plant with peer 
companies and leading businesses in the industry. It is 
complicated to conduct an objective analysis of business 
activities due to a high level of privacy and the lack of 
analytical information on the activities of the 
competitors. 

The annual alcohol production capacity was used to 
67.3% in 2008, 96.1% in 2009, and 100% in 2010. 
There is a tendency for the production of the main 
product – food-grade ethyl alcohol – to grow: 2 262 000 
dal in 2008, 3 421 000 dal in 2009, and 4 607 000 dal in 
2010. 

In 2010 the shipping volume increased by 167.9% 
compared to 2008 and by 82.5 % compared to 2009 and 
was 2997 million rubles with the excise duty and VAT 
and 1394 million rubles without the excise duty and 
VAT [1]. 

The plant’s production capacity is used to 96.1%. 
The costs of production and sales were 1361 million 
rubles in 2010 to exceed the 2009 level by 747 million 
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rubles. 
The higher costs resulted from the increased 

production and higher prices for raw materials and 
services, which in turn leads to an increase in costs per 
unit of output. 

 
RESULTS AND DISCUSSION 
Business management issues arising from the 

operation of a company can be summarized in three 
groups: 

– Implementation of cost management processes. 
– Development of an effective product range policy. 
– Managerial decision-making. 
Addressing the first group of issues requires a large 

amount of time and data to implement the cost 
management processes. The data obtained from the 
analysis of this group of issues provide an information 
base to address the other tasks. 

Cost management is necessarily a continuous 
process; therefore, the key to addressing the cost 
management issues is to tie costs to their place of origin, 
i.e., cost centers. The need to control costs and final 
financial results on the basis of estimated figures is 
dictated by the isolation of financial responsibility 
centers that are to be subordinate to the heads of 
structural subdivisions of the company. 

Responsibility center management is one of the 
subsystems ensuring the in-house management. This 
subsystem helps evaluate the contribution of each unit 
to the final results of the company, decentralize the cost 
management system, and monitor the formation of costs 
at all levels of management. All this significantly 
increases the cost-effectiveness of management. 

In the context of the distilling plant, the financial 
responsibility center is a main shop or a structural unit 
that is engaged in operations with the ultimate aim to 
optimize profits and is responsible to senior 
management for the implementation of the set 
objectives and keeping the costs within the established 
limits. 

The aim of a management system based on financial 
responsibility centers is to increase the efficiency of 
management of company units by summarizing data on 
the costs and performance of each responsibility center 
so that a deviation can be attributed to a particular 
manager. The main principle of this type of 
management is that each responsibility center is only 
responsible for those costs and (or) revenues and, in a 
broader sense, only for those indicators that must and 
can be controlled by its managers during a certain 
period [2]. 

The distribution of revenues and expenses, as well as 
control over costs or financial performance only, 
between the company’s structural units that are objects 
of managerial accounting ensures a correctly arranged 
financial structure, which would allow one to see how 
and where profits are generated, reported, and 
distributed and ensure the monitoring of expenses and 
revenues. 

We propose a procedure to develop an effective 
management system based on financial responsibility 
centers at the distilling plant. The procedure is based on 
a stepwise implementation of the system. When forming 

the financial responsibility centers, for the system to 
function effectively, we need to define the scope of 
competence and demarcate the areas of responsibility of 
the centers. This will help collect more reliable 
information about the company’s revenues and 
expenses. Defining the main areas of economic activity, 
such as the company’s organizational structure, is the 
first, decisive step in building a management system. 

Studying the company’s production activity to 
define technological accountability centers is a 
necessary step in collecting information on incurred 
costs. It includes the distribution of the main areas of 
economic activity by business unit and identification of 
auxiliary units that do not manufacture the key products. 
The analysis of the accountability of costs, revenues, 
profits, and investment by business unit and the 
identification of controllable items determine the 
borderline between financial responsibility centers and 
define their status. 

An important step is to define the rules of interaction 
(including the list of reporting and planning documents 
and the range of indicators characterizing the 
performance and regulating the rights and 
responsibilities) between the various financial 
responsibility centers within the company and between 
individual centers and the senior management. 

Setting a cost limit (with respect to material, 
financial, and labor costs) for the company for a specific 
output in each financial responsibility center is a key 
point in the company’s cost management system. The 
final stage of any well-functioning system should be a 
motivation system focused on compliance with the 
approved cost limit to establish a direct dependence 
between spending, performance, and the outcome.  

Table 1 presents a classification of financial 
responsibility centers by a number of criteria. 

 
Table 1. Classification of financial responsibility centers 
 

Classification 
criteria 

Types of responsibility centers 

In-house management 
objectives  Operational / Strategic 

Management level 
Company / Company departments 
and services / Individual business 
units/ Workshop / Team 

Scope of competence 
and responsibilities 

Cost centers  
Revenue centers 
Profit centers  
Investment centers 
Management and control centers 

Tasks and functions 
of the center Primary / Auxiliary 

Degree of 
resemblance to the 
place of origin of 
costs 

Resembling / Nonresembling 

Place in the 
responsibility center 
hierarchy 

One-type horizontal / Many-type 
horizontal / Pyramidal 

Relations with the in-
house management 
system 

Analytical / Self-supporting 
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Financial responsibility centers are accountable for 
the costs and results that are directly dependent on their 
scope of competence. The centers’ activities should be 
reflected and presented in the accounts by means of 
double-entry to ensure the comparability of costs and 
results for each center. 

Figure 1 shows a cost management procedure for a 
manufacturing company. 

 

 
 
Fig. 1. Cost management procedure based on financial 
responsibility centers.  

 
At the distilling plant, financial responsibility 

centers are identified on the basis of their tasks and 
functions: 

(1) The main responsibility centers are involved in 
the direct manufacture of goods, performance of works, 
and provision of services to consumers. Their costs are 
included directly in the product costs. These centers 
comprise an alcohol shop, fodder yeast shop, enzyme 
shop, and carbon dioxide shop. 

(2) The auxiliary responsibility centers exist to serve 
the main ones. Their costs are first spread over the main 
responsibility centers and then included (as part of the 
main centers’ total costs) in the product costs. 

An analysis of the existing financial responsibility 
centers at the distilling plant shows that they are singled 
out using the widespread criterion of the scope of 
competence and responsibility: 

(1) Main and auxiliary shops, the foremen of which 
are responsible for costs only. 

(2) The commercial service, which is responsible for 
the revenues from sales of products and services and for 
the cost of sales. 

Currently, there are no profit-, investment-, or 
management/control-based responsibility centers at the 
distilling plant. As a result, it is impossible to evaluate 
the performance of these centers, and they bear no 
responsibility for the financial results of their activities. 

The principle whereby individual costs are included 
in the product costs by means of distribution between 
product items may not allow for their monitoring and 
control because the production cycle may consist of 

several different processing steps, with a specific person 
being responsible for each step. Therefore, the data on 
product costs is insufficient to determine exactly how 
costs are distributed between individual production units 
(responsibility centers). This problem is solved by tying 
costs and revenues to the actions of specific individuals 
who are responsible for spending the respective funds. 
This approach to cost management is only possible 
when cost planning is based on financial responsibility 
centers (FRCs). 

The underlying idea of FRC-based cost management 
is the separation of competences, i.e., employees' 
responsibilities for costs and revenues.  

FRC-based cost management aims at maintaining 
the cost allocation and marginal income determination 
scheme for each FRC. To this end, costs and sales 
revenues need to be accounted to the corresponding 
FRCs, and those costs that can be directly attributed to a 
given FRC should be accounted to this center without 
using indirect distribution methods. As a rule, a number 
of marginal incomes (full and partial) are specified in 
the course of variable and direct fixed cost accounting. 
In Table 2 we consider the determination of the full and 
partial marginal incomes, depending on whether 
variable and direct fixed costs are included in the 
product costs. 

 
Table 2. Scheme for the inclusion of variable and direct 
fixed costs in the product costs  and determination of full 
and partial marginal incomes for individual financial 
responsibility centers (FRCs) in advanced direct costing 
 

Cost centers Costs included in the 
product costs at each level 

Marginal 
income 

Team Variable costs Full 

Shop 
Variable costs plus specific 
direct fixed costs included 

in the product 
Partial (1) 

Individual 
production units 

(FRCs) 

Variable costs plus specific 
direct fixed costs included 

in the product range 
Partial (2) 

Company All costs Profit 
 
To illustrate the above, we discuss the organization 

of FRC-based cost management at the distilling plant as 
of May 2011 (Table 3). To this end, we single out three 
FRCs and determine the corresponding proportions of 
variable costs and the marginal income from variable 
costs in sales revenues. 

The marginal loss of the main production processes 
is 3.046 million rubles, and the marginal loss of the 
FRCs is 4.367 million rubles. The development of a 
methodology for FRC-based cost management, 
classification of costs, and selection of planning and 
control methods for managerial decision-making is the 
key to the effective management of the company’s 
profits. 

Profit management through the organization of 
FRCs affects the functioning of in-house services and 
business units that ensure the development and 
implementation of managerial decisions on certain 
aspects of profit generation, distribution, and use and 
are responsible for the results of these decisions. 

 

Object of cost 
management: 

Financial 
responsibility 

centers

1. Objective: To 
summarize the 

cost data for each 
center

2. Management 
direction: Costs 

used in the 
planning and 

control system

3. Cost type 
identification: 
Necessary for 
control and 

decision-making

4. Choosing a cost 
management 

system: flexible 
budget, normative 

budget, etc.

5. Use of direct 
costing
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Table 3. Organization of cost management based on advanced direct costing at the distilling plant 
 

Indicator 

FRC total 
Financial responsibility centers 

Alcohol shop Fodder yeast shop Carbon dioxide 
shop 

Total, 
thousand 

rubles 
% 

Total, 
thousand 

rubles 
% Total, thousand 

rubles % 
Total, 

thousand 
rubles 

% 

Sales revenues 102 100  100.00 92 100  100.00 8 500  100.00 1 500  100.00 
Cost of basic materials, 
raw materials, and 
components 

52 022.5  46 260   5 700   62.5  

Direct labor costs  1 317.5  720   490   107.5  
Fringe benefit expenses 354.1  208.8  142.1  3.1  
Cost of fuel and electric 
power 15 056  13 800  1 100  156   

Cost of maintenance and 
repair of machinery and 
equipment 

1 291  1 050  207.9   33.1  

Total variable costs 70 041.3  68.60 62 039 67.36 7 640.0 89.88 362.2 24.15 
Marginal income from 
variable costs 32 058.7 31.40 30 061 32.64 860.0 10.12 1 137.8 75.85 

Direct fixed costs of main 
production processes 35 105 34.38 33 750 36.64 1 200 14.12 155 10.33 

Marginal income of main 
production processes -3 046.3 -2.98 -3 689 -4.00 -340.0 -4.00 982.8 65.52 

Direct costs of FRCs 1 320.6 1.00  0.00  0.00   
Total fixed costs 36 425.6 35.68  0.00  0.00   
Marginal income of FRCs -4 366.9 -4.28  0.00  0.00   

 
The reason for the application of FRC-based profit 

management technologies is that the company is 
interested in forecasting and achieving an optimal 
return, performance, and profitability both of FRCs and 
the enterprise as a whole. 

It is recommended to identify the following stages in 
FRC-based profit management: 

(1) Analysis of the functioning of business units and 
their impact on the generation and use of profit. 

(2) Identification of the main types of FRCs among 
the company’s business units. 

(3) Development of a system of rights, 
responsibilities, and liabilities of the heads of the units 
identified as FRCs. 

(4) Development of operating and capital budgets to 
communicate them to the FRCs. 

(5) Monitoring of the FRCs’ performance on their 
tasks through the analysis of reports to determine the 
causes of deviations. 

The key points of profit management within a FRC 
are considered in Table 4. 

The calculation of profit and breakeven point is 
preceded by an analysis of marginal income using 
advanced direct costing, which is conducted for each 
FRC. 

Advanced direct costing allows one to infer about 
the profitability and sustainability of production and 
predict the changes in the company’s revenues and 
profitability, depending on the volume of production 
and sales, prices, and variable and fixed costs. The 
implementation of this method in the context of FRCs 
allows one to analyze the structure of fixed and variable 
costs, marginal income, and profits for the whole 
company and, therefore, improve the cost management 
system and financial performance. 

 
 

Table 4. Features of the FRC-based profit management 
technology  

 
Feature Content 

Profit 
management 
objective 

Ensuring profit maximization in the 
current and future periods 

Methodological 
tools of profit 
management 

Marginal analysis based on advanced 
direct costing 
Marginal income 
Relative income 
Production leverage 
Breakeven point 
Financial safety zone 

Development of a 
flexible budget 

Provision of forecast data for different 
output levels within activities 

Control and 
analysis of 
deviations 

For materials 
For labor 
For overheads 
For gross profit 

 
Table 5 presents the estimates of economic 

indicators made by direct costing, which help determine 
the breakeven point in volume and value terms, the level 
of sustainability, and the financial performance of 
FRCs. 

The analysis of deviations is aimed at comparing the 
total actual costs to the total normative costs for each 
operation of a FRC for a period in order to control costs. 
The deviations for each FRC are determined for each 
element and must be analyzed in accordance with the 
prices and resource amounts. The results are used to 
develop an optimal production program taking into 
account the features of the industry.  
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Table 5. System of economic indicators used in advanced direct costing at the distilling plant 
 

Indicators Formula FRC 
Financial responsibility centers 

Alcohol shop Fodder yeast shop Carbon 
dioxide shop 

Revenues (R), thousand rubles  102 100 92 100 8 500 1 500 
Variable costs (VC), thousand rubles  70 041 3 62 038 8 7 640 0 362 5 
Marginal income (MI), thousand rubles MI=R–VC 32 058.7 30 061.2 860.0 1 137.5 
Relative income (RI), % RI = MI/R х 100 31.40 32.64 10.12 75.83 
Fixed costs (FC), thousand rubles  36 425.6 33 750.0 1 200.0 0 
Profit per shop (P), thousand rubles P = MI–FC -4 366.9 -3 688.8 -340.0 982.5 
Leverage (L) L = MI / P -7.34 -8.15 -2.53 1.16 
Sustainability level (SL) SL =FC / MI 1.14 1.12 1.40 0.14 
Breakeven point (BEP), thousand 
rubles BEP =FC / RI 1 160.0 1 034.0 118.6 2.0 

Marginal income per unit (MIunit), 
rubles 

MIunit = 
MI / Output  66.80 860.00 4 550.00 

Breakeven point (BEP), units BEP = 
FC / MIunit 

 505 239.52 1 395.35 34.07 

 
The development of an optimal production program 

is an essential part of cost management since this 
production plan determines the costs. If a company 
produces several types of products, it is important to pay 
attention to planning the product range. 

The breakeven point depends on the size of the fixed 
and variable costs per unit of output, which suggests a 
reasonable selection of the best selling price and 
managerial decision. 

The proposed key points of the cost management 
system used at processing companies of the distilling 
industry are based on the principles of advanced direct 
costing, a popular accounting method in the world. The 
main feature of this method is that direct fixed costs of 
production and sales are included, as well as variable 
costs, into the product costs [3]. 

An important advantage of the system is the 
possibility of a detailed and qualitative study of the 
relationship between the output, costs, and marginal 

income and the profit as a result of economic activity. 
The analysis of the relationship of the output, costs, 

and profits is the most important feature of advanced 
direct costing because one can analyze not only profit 
but also marginal income, the values of which are 
derived from those of revenues and expenses. Direct 
costing helps understand the relationship between the 
product price, output, direct costs per unit of output, 
total fixed costs, and mixed costs. 

The analysis based on direct costing helps trace the 
relationship between such important characteristics as 
costs, output, and profit; it is a key factor in much of the 
decisions-making process, including on the 
determination of output and product range. 

In Table 6 we consider the performance indicators of 
the distilling plant, which were calculated from the 
major indicators such as the output in physical terms 
and the costs grouped into fixed and variable costs by 
type of alcohol produced. 

 
Table 6. Performance indicators of the distilling plant calculated by advanced direct costing  
 

Calculated performance indicators Alcohol 
De Luxe Raw Highly refined Total 

Actual output, thousand dal (q) 100 000 300 000 50 000 450 000 
Selling price per one dal, rubles (Р) 260.00 180.00 242.00 205.00 
Actual revenue, thousand rubles (Q) 26 000 54 000 12 100 92 100 
Variable costs, thousand rubles (V) 14 386.4 40 459.2 7 193.2 62 038.8 
Fixed costs, thousand rubles (Z) 7 500 22 500 3 750 33 750 
Total costs, thousand rubles (F) 21 886.4 62 959.2 10 943.2 95 788.8 
Marginal income, thousand rubles (Х = Q-V) 11 613.6 13 540.8 4 906.8 30 061. 2 
Profit, thousand rubles (Q-F) 4 113.6 -8 959.2 1 156.8 -3 688.8 

 
If the managers of the distilling plant made decisions 

within a management system based on total cost, the 
company would have to exclude all its products from 
the product range because the loss from alcohol 
production would be 3 688 800 rubles. 

If we use advanced direct costing, the company 
would have only one unprofitable product – raw alcohol 
(the amount of loss is 8 959 200 rubles) and the other 
types of alcohol would have a positive financial result. 

We now calculate the rate of variable costs per 1 dal 
alcohol produced by type and write equations for the 
total costs that include fixed costs, output in physical 

terms, and the variable cost rate per unit of output by 
type (q is the output): 

De Luxe alcohol: 7 500 000 + 143.86 q; 
raw alcohol: 22 500 000 + 134.86 q; 
and highly refined alcohol: 3 750 000 + 143.86 q. 
These formulas are used to calculate the breakeven 

points for each type of alcohol, which will allow us to 
evaluate the financial safety margin for each product 
type and for all the products taken together 

The critical (threshold) volume of sales of De Luxe 
alcohol is: 

Qcr De Luxe = (7 500 000 х 26 000 000) / 11 613 600 = 
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1 679 0659.2 rubles. 
The critical volume of production of the said type of 

alcohol (qcr De Luxe) is: 
qcr De Luxe = 16 790 659.2 / 260 = 64 579.5 dal. 

Similar calculations for the other types of alcohol 
are given in Table 7. 

 

 
Table 7. Threshold revenues, threshold volume of sales, and financial safety margin of alcohol production 

 

Product type 
Financial sustainability indicators 

Threshold revenues, rubles Threshold volume of sales, 
thousand dal Financial safety margin, rubles 

De Luxe alcohol 16 790 659.2 64 579.5 9 209 340.8 
Raw alcohol  89 728 819.6 498 493.4 -35 728 819.6 
Highly refined alcohol 9 247 371.0 38 212.3 2 852 629.0 

 
Not all of the above types of alcohol have 

sufficiently high profit margins and improve the 
company’s financial sustainability. Thus, it would be 
recommended to exclude raw alcohol from the 
company’s production plan, or the sales department 
should consider increasing its selling price. 

The total financial safety margin for the three types 
of alcohol is: 9 209 340.8 + (-35 728 819.6) + 2 852 629= 
= –23 666 849.8 rubles. 

Effective organization of cost management bears a 
considerable potential to improve the company’s 
financial sustainability. Isolating individual elements of 
variable and fixed costs in the total cost can help 
identify the key areas to reduce the costs [4]. 

We believe that the division of the company into 
self-standing cost centers brings the following benefits: 

(1) Collecting high-quality real information on 
product costs. 

(2) Collecting real data to draw the company’s 
budget. 

(3) Evaluating the activities of each cost center from 
in terms of efficiency and in connection to specific 
processes and individuals who are in charge of these 
centers.  

In our view, a cost management system based on the 
organization of cost centers allows one to implement the 
following principles: 

– Knowledge: at what cost center (responsibility 
center) and in what amounts the company's resources 
are spent. 

– Prediction: at what cost center and in what 
amounts additional funding may be required given a 
change in the sales forecast. 

– Competence: to ensure the maximum return on the 
use of all types of resources. 

The use of the proposed method, i.e., FRC-based 
cost management, as well as advanced direct costing 
based on the system of marginal income, allows one to 
collect detailed information about the costs and 
revenues for each responsibility center. Moreover, the 
analysis helps identify the areas where deviations occur 
most frequently and the types of products with low 
profit margins. The core of this approach is the analysis 
of the structure of fixed and variable costs, marginal 
income, and profit for the whole company. In turn, the 
forecasting of performance and profitability in response 
to changes in the output, product prices, and variable or 
fixed costs makes it possible to strengthen the financial 
condition of the company, take more effective business 
development decisions, and improve the production 
processes of Russian companies [5]. 

To ensure the controllability of costs, it is highly 
important to attribute (in planning and accounting) to 
individual centers only the costs that are largely under 
control of the head of the corresponding responsibility 
center. 

If the management of the distilling plant used the 
total-cost system in their decision-making, all the 
company’s products should be excluded from the 
product range as unprofitable. However, the use of 
advanced direct costing leads us to conclude that there 
is only one loss-making product. 

Therefore, the results of our study, which is based on 
the case of a processing plant of the distilling industry, 
suggest the need to improve the system of current cost 
management. All the processes taking place in the 
company should be evaluated in terms of the costs 
associated with them. 
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