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Abstract

The work is devoted to improving technologies of enriching food raw materials and products. The object of the research is 

dough semi-products of leavened, puff and unleavened dough, enriched with a dietary supplement, based on the chelate complex. The 

conducted studies are directed on investigating the evenness of distribution of microelements in the volume of dough semi-products and 

establishing the influence of a supplement on functional-technological properties of these semi-products. At that there were used meth-

ods of nuclear magnetic resonance, electronic paramagnetic resonance, low-temperature calorimetric method and rheological research 

methods. The method of nuclear magnetic resonance established that a dietary supplement, based on the chelate complex influences 
the mobility and interaction of water molecules with an environment in dough semi-products. The method of electronic paramagnetic 

resonance proved the evenness of distribution of a microelement of a dietary supplement by the volume of studied dough semi-product. 

Rheological and low-temperature calorimetric methods established that an introduced supplement favors a change of the qualitative and 

quantitative composition of system water of studied semi-products and changes their elastic properties. The obtained results proved the 

efficiency of using a powder-like supplement with stabilized chelates of metals in technologies of enriching food products. 
Keywords: dietary supplement, based on chelate complex, dough semi-products, functional-technological properties 

of dough.
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1. Introduction

The difficult economic situation, formed in Ukraine and throughout the world, resulted 
in the fact that most population has no possibility to feed with full-value food products [1]. The 

simplest way of improving the quality of the people’s food ration is to enrich food products with 

vitamins and mineral substances [2].

At that the urgent problem of technologies of enriching food products is a choice of a car-

rier of a chemical element and even distribution of this carrier in a product [3]. Microelements are 

introduced in food products and raw materials by dry mixing with elements [4], dilution in a liquid 

phase [5], application of special covers [6], and so on. But provision of the homogeneity of distri-

bution of introduced microelements in the volume of a food product remains an unsolved question. 

One of methods that allow to solve it is the use of dietary supplements based on chelate complex-

es, in food technologies [7]. This direction is new in food technologies and needs experimental 

studies. That is why the aim of the work is to study the evenness of distribution of microelements 

in the volume of dough semi-products and influence of a supplement on functional-technological 
properties of these semi-products. It allows to manage functional-technological properties of dough 
semi-products with introduced dietary supplements, based on chelate complexes, in technologies 

on enriching food products reasonably. 

2. Material and methods of research

2. 1. Studied materials and equipment, used in the experiment 

Determinations of distribution of a powder-like dietary supplement, based on the chelate 

complex, in the volume of the food system and its influence on functional-technological properties 
of the studied food systems were realized in four stages corresponding to the used method. The 

following methods were used at that: nuclear magnetic resonance (NMR), electronic paramagnet-

ic resonance (EPR), low-temperature calorimetric method and rheological research methods. The 

metal ion, which distribution was studied, was Mn2+. 

The food system that were a subject of the rheological studies and ones by the low-tempera-

ture calorimetric, NMR, EPR methods is a food raw material with introducing a supplement, based 

on the chelate complex Mn+2:
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– model system No. 1 (leavened dough – with moisture content 0,43 rel.un.; 

– model system No. 2 (puff dough) – with moisture content 0,29 rel.un.;

– model system No. 3 (unleavened dough) – with moisture content 0,35 rel.un.

Model systems 1, 2, 3 without introducing a supplement, based on the chelate complex Mn+2 

were used as a control.

In the NMR studies there was used an impulse radiospectrometer for laboratory studies that 
functions with fixed frequency 16,5 MHz [8].

For studying system water of the food raw materials and products, there was used a laborato-

ry low-temperature calorimeter [9] (Fig. 1), developed in Kharkiv state university of food and trade 

using analogous-digital transformers, produced by DCON Utility (USA). 

Fig. 1. Laboratory low-temperature calorimeter with analogous-digital transformers, produced by 

DCON Utility (USA) 

The rheological studies were realized on Tolstoy flat-parallel elastoplastometer [10] (Fig. 2).

Fig. 2. Modernized Tolstoy elastoplastometer: 1 – stand; 2 – right-angled form as a parallelogram; 

3, 4 – rifled lexiglass plates; 5 – body; 6 – console; 7 – load; 8 – flexible connection;  
9 – sensor of linear displacements; 10 – supports

For registering EPR spectrums, there was applied a radiospectrometer that functions on 
the fixed wave length λ=3,2 cm. Spectrums were registered as a first derivative of absorbing 
energy of the ultra high frequency Е by the studied paramagnet at scanning the constant mag-

netic field Н [11].

2. 2. Experiments

NMR-studies were conducted in two stages: the study of the mobility of molecules by mea-

suring a time of spin-spin relaxation (Т
2
) spin-lattice relaxation (Т

1
).

Time (Т
2
) determination was conducted in the following way. A sample with the studied 

material was placed in a radiofrequency bobbin, placed in the constant magnetic field. At radiating 
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a sample by the changeable magnetic field with frequency 16,5 MHz [12] a response appeared in a 
bobbin, conditioned by the structure of the studied system. 

Two impulses with an interval τі were given on the studied sample. The first impulse returns 
magnetic moments on angle 90°, another one – on angle 180°. After stopping the effect of a radiof-

requency impulse in time 2τі, an echo signal, conditioned by returning magnetic moments in the 

initial state under the effect of the constant magnetic field, appears. 
The amplitude of a signal at the output of NMR spectromenter was determined by the ex-

pression: 

                                                   
( ) 2

2

T

0A 2 A e ,

τ
−

τ = ⋅    (1)

where A(2 )τ  – signal on the spectrometer output, rel.un.; А
0
 – initial amplitude of a signal, rel.un.

For determining the value of Т
2
, studied at the interval between probing impulses τ, and 

А
0
 of a sample, a series of experiments, at which the echo signal amplitude value is fixed after the 

influence of two probing impulses with different values τі was realized. 

Measuring the echo signal amplitude at different values of τі there was determined the time 

of spin-spin relaxation and assessed the mobility of water, kept by a sample. The example of oscil-

lograms of NMR signal, that Т
2
 value is calculated by, is presented on Fig. 3. The first oscillogram 

(1) presents the echo signal at the minimal value τі, The last (3) oscillogram presents the echo signal 

at the maximal value τі.

Fig. 3. Oscillograms of signals of NMR spectrometer at different intervals between probing 

impulses (τі): 1 – minimal τі; 2 – middle τі; 3 – maximal τі

Based on data, obtained as a result of measuring, there was built a curve of the dependence 

of the echo signal amplitude on the value τі (time interval between probing impulses). The depen-

dence of the echo signal amplitude on the value τі is presented on Fig. 4. It has the exponential 
character. Т

2
 value was determined by expression (1) based on the curve on Fig. 4.

For determining the time of spin-spin relaxation (Т
1
) there was used the method, based on 

Khan two-impulse method [12]. The echo signal amplitude after the effect of the second couple of 

impulses was determined by the formula: 

                                         ( )
( )i i

1

t 3

T

i i 0A t 3 A 1 e ,

+ τ
− 

+ τ = −   
  (2)

where τі – interval between probing impulses by Khan method, s; tі – interval between two succes-

sions of probing impulses of Khan method, s. 

The experiment fixed the picture of spin echo (as two impulses) in a time moment, 
equal to τі and τ=tі+3τі. The example of the general outlook of the oscillogram, rationed for 

the maximal value of amplitude and time, is presented on Fig. 5. The echo signal from the first 
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probing succession has an equal value, and the impulse from the second succession increases 

with changing the value tі.

Fig. 4. Dependence of the echo signal amplitude (A) on the interval between probing impulses τі

Fig. 5. Outlook of oscillograms at determining the time of spin-lattice relaxation 

The assessment of the homogeneity of volumetric distribution of a supplement, based on 

chelate compex Mn+2 , introduced in the food system, was made by the method of EPR-marks. The 

assessment of distribution of a supplement by the volume of the food system is possible due to ion 

Mn+2, included in a supplement. Ion of the transition metal Mn+2 is used in this study as a spin mark 

for the method of EPR-spin marks [13].

EPR-signal of the spin-marked food system (1 on Fig. 6) in formed of two: a wide single line 

without an ultra-thin stricture (2 on Fig. 6) and divided spectrum of six peaks of the equal intensity 

(3 on Fig. 6). The area under the wide single line without an ultra-thin structure is proportional to 

the number of resounding spins of electrons of Mn+2 salt that contains this ion in the crystal form, 

so, to the mass of residual salt. The area under the divided spectrum of six peaks of the equal in-

tensity is proportional to the number of spins of electrons of Mn+2 ions that are in the solution, so to 

the mass of moisture that manifest itself as a solvent. 

Bind of water or its release in any case result in displacing the balance “ionic salt in the crys-

tal form ↔ ionic salt in the solved form”, so to the left or to the right with creating non-dissociated 
molecules or ions. In its turn, it results in the increase of the area under the singe line or under the 
divided spectrum of six peaks with the equal intensity. 

Thus, the analysis of spectrums, obtained from the studied food systems, gives a possibility 

to study the homogeneity of distribution of ion Mn+2, so the homogeneity of a supplement distribu-

tion along the volume of the food system, which it is introduced in. 

The study of system water of food raw materials was conducted by the low-temperature 

calorimetric method. It is known that temperatures of water crystallization (phase transfer of 
І kind) or its transfer from the liquid form to the amorphous (phase transfer of ІІ kind) are 
conditioned by the form of its connection with dry substances [14]. Based on it, there was fixed 
the temperature of phase transfer and the amount of heat, emitted at cooling a sample of the 

studied food system. At that there is a possibility of analyzing system water for the qualitative 
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and quantitative assessment of forms and types of its connection with dry substances of this 

food system. 

Fig. 6. Integrated EPR-spectrums for:  
1 – food system; 2 – powder of ionic salt with Mn+2; 3 – solution that retains ion Mn+2

Fig. 7 presents the thermogram, obtained at freezing a wet sample at the balanced tempera-

ture of the calorimeter, equal to – 12 oС. The difference of temperatures (Θ) between the input and 
output of the calorimeter is presented on the ordinate axis, on the abscissa axis – time (τ) in relative 
units (rationed for the total duration of the process). 

Fig. 7. Change of temperature difference (Θ) between the input and output of the calorimeter by 
time (τ)

Based on the type of curve, it can be divided in three typical parts, separated by dotted 

lines from each other on fig. 6. The area under the first part (І) is proportional to the amount of 
heat, emitted at cooling the object to the temperature of free water crystallization (0 °С). The 
area under the second part of the curve (II) corresponds to the amount of heat, emitted at free 
water crystallization (temperature of phase transfer of І kind is 0 °С). The area under the third 
one (III) – to the amount of heat, emitted at cooling of a sample to the final temperature of the 
calorimeter. 

At the rheological studies, there was determined the shift deformation, related to the width 

of a sample [10]. The first value of absolute deformation was obtained instantly, as soon as a load 
begins to affect the upper plate. After that values of absolute deformation were taken each 1 min 

during 10 min. The further observations were made each 5 min. After unloading, the instant de-

formation was fixed, then indications of the devices were taken with the same frequency than at 
uploading. The studies were stopped, if the change of absolute deformation was not fixed during  
30 min. For determining structural-mechanical indices, the change of relative deformation was 
built with the time of tension effect γ=f(t) (Fig. 8). 

Then there was calculated the relative deformation, ratio coefficient of reverse deformation 
to the total one, shift tension, pliability of the system, module of instant elasticity, plastic viscosity, 

viscosity of the firm aftereffect. 
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Fig. 8. Change of relative deformation (γ) with time (t)

3. Results

The NPR-studies established the following. The interaction between water molecules in the 

control sample of unleavened dough (without adding a dietary supplement, based on the chelate 

complex) is less than in the dough sample with a supplement (0,004 s), and is 0,013 s. As to spin-lat-

tice relaxation, the interaction of dough with other molecules (ones of the external environment) 

decreased in unleavened dough at adding a supplement and the time of spin-lattice relaxation in-

creased from 0,03 to 0,05 s. For puff dough, the interaction between water molecules is manifested 
in more degree for the dough sample without adding a supplement: the time of spin-spin relaxation 

is 0,01 s, and at adding a supplement– 0,03 s. The interaction between dough and other molecules is 

more in the sample of puff dough with a supplement(0,008 s) comparing with the sample of dough 

without a supplement(0,025 s).The interaction between water molecules in leavened dough without 

a supplement is manifested less (0,016 s) comparing with the sample of dough with the same sup-

plement (0,015 s). At adding a supplement, the dough interaction with external molecules decreased 

and the time of spin-spin relaxation grew from 0,06 to 0,065 s. It is necessary to note that the less 
time of spin-spin relaxation, the stronger interaction between water and external environment is. 

The studies by the method of EPR-spin marks demonstrated that any break of the ultra-thin 

structure of EPR spectrum wasn’t observed in samples. It means that at such state of samples, sta-

bilized chelate is mainly in the saturated state. Such state corresponds to the decrease of the value 

of dielectric permeability of the medium, in which result chelate loses solubility. The EPR studies 

established that the amount of the introduced supplement for the volume of the food system differs 

no more than by 4…5 %. This result proves the homogeneity of distribution of the microelement 

(Mn) of a dietary supplement for the volume of dough semi-products. 

The low-temperature calorimetric method established that the amount of unfrozen water for 

leavened dough increased in 1,7 times; for puff one – in 1,2 times; for unleavened – in 1,4 times. It 
indicates the increase of the amount of bound water at adding a supplement. The established result 

is an initial condition at determining storage conditions for dough semi-products. 

The rheological studies established that the reverse deformation in unleavened dough is 

more in the control sample and is 0,04·10-3, comparing with the sample with a supplement, where it 

is 0,01·10-3. For leavened dough in the control sample the reverse deformation is 0,06·10-3, and with 

a supplement – 0,04·10-3. The irreversible deformation in unleavened dough in the control sample 

is less (0,02·10-3), than in the sample with a supplement(0,05·10-3). The total deformation in unleav-

ened dough in the control sample is 0,04·10-3, in the sample with a supplement– 0,05·10-3; in leav-

ened dough in both cases – 0,08·10-3. The sample with the most relative elasticity – leavened dough 

with a supplement with the percent of relative elasticity – 25,60 %. The control sample of leavened 

dough has the high relative elasticity – 21,74 %. As to unleavened dough – the relative elasticity 

is much more in the control sample – 19,27 %, comparing with the sample with a supplement –  

13,19 %. The relative elasticity in both cases in unleavened and leavened dough is more in the 

samples with an introduced supplement. Thus, in unleavened dough it is – 86,54 %, in leavened –  

54,22 %, in the control samples, respectively, – 20,11 % and 20,96 %. The rheological studies of 

dough semi-products with a supplement testify to the change of elastic properties of the studied 

food systems with introducing a dietary supplement, based on the chelate complex. 
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4. Conclusions

The low-temperature calorimetric and rheological methods, NPR, EPR studies of function-

al-technological properties of dough semi-products, enriched with dietary supplements, based on 

the chelated complex, gave the following results. 

1. It was established, that a dietary supplement, based on the chelate complex influences the 
mobility and interaction of water molecules of dough semi-products before the interaction with 

air molecules, particles of a powder-like dietary supplement, based on the chelate complex, lipids, 

proteins and so on. 

2. It was established, that distribution of a dietary supplement, based on the chelate complex 
with Mn for the volume of dough semi-products is homogenous. It was noted, that stabilized chelate 
is mainly in the saturated state, because water of dough semi-products is in the “bound” state. 

3. It was established, that there takes place the increase of the amount of unfrozen water for 
dough samples at introducing a dietary supplement, based on the chelate complex, comparing with 

the control. It testifies to the increase of the amount of bound water at introducing a supplement. 
4. It was established, that the change of elastic properties takes place in dough semi-prod-

ucts with a dietary supplement. 

The research results may be used in technologies of enriching food products and introduced 

at enterprises of producing bakery, confectionary, macaroni products. The result of such introduc-

tion will be the new technology of enriching food products and widening their assortment. 
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