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Memoodom Ougepenuiiinoeo mepmiuno-
20 ananizy 0ocaidxncyeanuco Qizuxo-ximiuni i
ximiuni npoyecu, axi 6idoyearomvcs 6 Hanispa-
Opuxami 6opownaHOMY 30UEHOMY 8 YMOBAX NPO-
epamoganoi 3minu memnepamypu. Ilposoounace
aKicHa ouinka npouecis, axi 6i00ysaromvcs 6
docnidicyeanux 3paskax niod 4ac mepMiMHux
nepemeopenn.

Hocnioxnceno ennue peuenmypuux KoMno-
Henmie naniepadpurxamy 6opownanozo 36ueHo-
20 Ha empamu Mmacu, wWeUOKICMb nepemsopeHs
i npoyecu Oeziopamauii, wo 6id0yseaomvcs 3a
HeI30mepMIMHUX YMO8 Npu nOCMitinili weuoxo-
cmi naepiseannsa 10+1 °C/xeé 3 nazpieannam 0o
memnepamypu 300 °C.

ITiomeepoiceno cunepzemuuny 63acmodito
xcanmany 3 oceaamunom. Bcecmanoeneno, wo
66e0eHNs PO3HUNY KCAHMAHY 6 PO3HUH Jiced-
muny — ocHosy Haniepabpuxamy GopowmHAH020
36uenozo0, cmpyxmypye i niosuwye ii mepminny
cmitikicmo nio uac nazpisanna. Ile 6iooysaemo-
¢, 6ipoziono, 6HACAIO0K nepepo3nodiny acoui-
ti06aHux i HeACOUILIOBAHUX 2i0POKCUTIVHUX 2pyn,
wWo cnpuse ymeopennio 3HaUHOI KiabKOCmi Midc-
MONEKYAAPHUX 600HEBUX 36°A3KIE.

Hogedeno xamanimuunuil 6naue gepmenmy
MPanceIOMamina3u 8 cucmeMmi JHceaamun-Kcan-
man iMo6IpHO Ha 63AEMO0iI0 amMiHOZpyn JNi3uny
3 Y-KapOoxcuamionor pynor noe’a3anux nen-
muonum 36’a3kom 3anuwxie eaymaminy. Ilei
enaue 3abesneuye Ginvu 6UCOKULL PiBeHd 3UUBKU
Maxkpomoaexyn 6inkoeozo xapxacy i cymmeeo
YnoeinvHioe npoyec deziopamauii naniepadpu-
Kamy 60powHA1020 30U6H020.

Jocnioxcennamu 6cmanosieno MiHiMalbHi
empamu adcopouiiino 36°13amnoi 60102u 6 HaANie-
Qadpurami Gopownanomy 30ueHomy imogipHo
6 HACAI00K nideuujenHs cmynens 36’s3aHocmi
epyn -OH 3 6inxamu Gopowna, wo 3YMOBAI0€E
YMBOPEHHS MINHCMONEKYNAPHUX BOOHEBUX 36’43~
K16 i3 OIAKaMU KAeUKOBUHHO20 KOMNLEKCY.

Busueno enaue xcanwmany, uyxpy, pepmen-
my mpancenomaminazu, 6opowna na 0ianazoHu
deziopamauii, axi 3anexcamv 6i0 piznux Qopm
36'A3KY 60J102u 6 naniepadpurxami GopowHAHO-
My 30usnomy. Busnaueno memnepamypni inmep-
eanu empamu 60s02u 3 pi3Hol0 Qopmoro ma
enepeieto 36’a3xy 6 naniepadpurxami Gopowns-
HOMY 30u6HOMY.

Ompumani pezyaromamu maiomo npaxmu-
He 3HAueHHs 0Nl 6CMAHOBJIEHHS PAUIOHATb-
HUX MeMnepamypHux pejicumié euniuku Hanie-
¢adpuxamy Gopownanozo 36uenozo, a came
140+5 °C

Kntouosi cnoea: naniepadpuxam Gopowns-
Hull 30uenull, mepmivHuil ananis, deziopamauis,
Hei3omepMivHi yMosU, CUHEP2eMUYHA 63AEMO0is
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1. Introduction tion dynamics over the last decade has revealed that the
proportion of flour-based food products in the diet structure
has grown significantly and continues to increase. Flour

confectionery are an integral part of the consumer basket of

Bread, pastry, and bakery products play an important
role in human nutrition. An analysis of the food consump-



people, occupying a significant segment in the confectionery
market due to their high nutritional properties, food and
biological value; traditionally, they belong to the products
of mass consumption. Semi-finished whipped flour products
include such semi-finished products as biscuit, air, air-nut,
and others. The volume of production of flour confectionery
accounts for more than a half of the total volume of confec-
tionery products.

That is why efforts of specialists and scientists in the
confectionery industry are aimed at the development of
new technologies for high quality and consumption-safe
confectionery and the extension of their range, in particular
through semi-finished products.

Development of a new promising technology for the
semi-finished whipped flour product with the addition to
the formulation of gelatin, xanthan, and transglutaminase
enzyme in order to make such confectionery as cakes, pies,
while filling a significant consumer market segment, can
ensure stable demand for this type of products.

Due to its functional properties, gelatin has a very wide
scope of application [1]. Food gelatin is used as a gel-forming
and binding material in the manufacture of a wide range
of food products, gels, jelly, dairy, meat and fish products,
confectionery, bakery products [2, 3]. It can be used as the
emulsifier and stabilizer in the manufacture of ice cream,
creams, mayonnaise, culinary products.

In cold water and in diluted acids gelatin swells, thereby
absorbing water in quantities that are 10—15 times larger
than its own mass. Gelatin is easy to dissolve in hot water,
forming gels when cooling — this is the main property of gela-
tin. It is predetermined by the asymmetry of highly polymer-
ic particles that form a solution of gelatin. The greater the
asymmetry, the easier the mesh spatial frame of gels forms,
whose frame’s grid retains water, the more stable it gets. The
dimensions and asymmetry of gelatin particles affect the
structural-mechanical and physical properties of its solu-
tions, namely: viscosity, shear stress, density, melting point
and solidification temperature, weight degree of swelling.

However, the use of this hydrocolloid, which possess-
es a significant potential of functional and technological
properties, in the technology of semi-finished whipped flour
product is limited by temperature range of 30...35°C due
to the natural feature of gelatin to provide for a thermo-re-
versible structure. Based on this, development of a new food
technology involving gelatin sets the task to scientists to
find and substantiate formulation components, whose inter-
action with this protein complex could ensure a significant
expansion of the temperature range, over which the final
heat treatment of a semi-finished whipped flour product
becomes possible.

Our earlier studies established, in addition to gelatin,
such formulation components of the semi-finished whipped
flour product as xanthan, sugar, enzyme transglutaminase,
which structure and ensure the required functional prop-
erties of the semi-finished product [4]. The expediency and
appropriateness of the use of these formulation components
in the formulation of semi-finished whipped flour product
were confirmed in the studies by domestic and foreign au-
thors [5-10].

The most complicated phase in the technological process
of manufacturing a semi-finished whipped flour product is
baking it in the temperature range of 120...160 °C with the
progress of physical and chemical processes that occur due to
thermal effect, which necessitates studying the mechanism

of interaction among formulation ingredients in order to
ensure the required moisture-retaining capacity and heat re-
sistance. This would make it possible to reasonably approach
determining the rational temperature and baking duration
of a semi-finished product.

2. Literature review and problem statement

Authors of [5-9] report the results from scientific stud-
ies, which showed the prospects for the use of gelatin in the
composition with xanthan and by modification with the
enzyme transglutaminase in food technologies.

In recent years, significant experience has been gained in
the development of scientifically reasonable food production
technologies with managed processes due to the effective use
of certain hydrocolloids, their mixtures with other ingredi-
ents, to stabilize technological properties of food products
and their technological resistance [5, 6].

Authors of [5] demonstrated a mechanism of synergetic
gelation properties of water mixtures of gelatin B and xan-
than gum. It was shown that the aqueous mixtures of gela-
tin B and xanthan gum in the ratio (GB/XG, (0.2-2)/0.2 %
by volume) ensure better gel-forming properties as compared
with the solutions of their pure components at similar con-
centrations. The cited work provides a set of fundamental
guidelines for the development of new thickeners and/or
gel-forming agents based on proteins and polysaccharides for
dietary or pharmaceutical applications. However, the work
did not investigate the synergistic interaction between gela-
tin and xanthan gum and its effect on the moisture-retaining
capability of the resulting gel.

An effective influence on moisture content, the addition
of xanthan gum (XG) to the system gelatin-xanthan and the
ratio of glucose syrup (GS): sucrose on the elastic (G”) and
viscous (G”) modules during gel formation and on large de-
formation rheological properties of thickened gels has been
proven in [6]. The increase in both sample modules with the
addition of XG indicates strengthening of the structural
frame. All gel samples had an expressive fracture. Increasing
the ratio GS:sucrose led to a decrease in the fracture stress
and an increase in the fracture deformation, which testified
to a more flexible polymer’s grid. However, the cited paper
have no results of the influence of a glucose syrup on the
synergetic interactions between gelatin and xanthan gum.

Authors of [7] established the effectiveness of a positive
effect on the physical and rheological characteristics of glu-
ten-free cupcakes and dough based on millet flour with a
protein isolate of chickpea in combination with the enzyme
transglutaminase and xanthan. The results demonstrated
that xanthan increased its specific volume and porosity
and reduced hardness. It was established that the addition
of enzyme transglutaminase to the formulation makes it
possible to form a protein frame grid in gluten cupcakes.
The results obtained make it possible to predict changes in
the structural and mechanical properties of gelatin gels in
the presence of the enzyme transglutaminase. The derived
mathematical equations describe the processes of structure
formation and make it possible to calculate a coefficient of
dynamic viscosity — an important technological indicator. A
mathematical model and the process of a structure formation
were described at different ratios of enzyme to substrate.
However, the issues that remained unexplored relate to the
moisture retention capacity and heat resistance of dough



based on millet flour a result of modifying gelatin by the
enzyme transglutaminase in a composition with xanthan.

The addition of transglutaminase to gelatin slightly in-
hibits the formation of a triple spiral. Gelatin films, modified
by transglutaminase enzyme, had stronger mechanical prop-
erties than the non-modified films [8]. The highest tensile
strength was observed in the gelatin films that were dried
close to the gelation temperature (25 °C). It was proved that
the modification by transglutaminase enzyme increased
water resistance and thermostability of gelatin films by
reducing the solubility in water, increasing the temperature
of vitrification and a degradation temperature. However,
there are the unresolved issues related to the influence of
the enzyme transglutaminase on the synergetic interaction
between gelatin and xanthan gum.

It is relevant for the development of new food tech-
nologies to use biotechnological techniques for obtaining
products containing protein, with the assigned function-
al-technological properties. To this end, different methods
of protein modification are used, the most effective method
is enzymatic modification, which makes it possible to make
changes in the properties of proteins and to influence such
characteristics as gelation and the structural-mechanical
properties of gels [9]. Modification of food proteins by trans-
glutaminase leads to obtaining textured products, chang-
es the solubility and functional-technological properties,
makes it possible to obtain proteins with a high nutritional
and biological value. The results obtained make it possible to
predict changes in the structural and mechanical properties
of gelatin gels in the presence of the enzyme transglutami-
nase. However, there remained the unaddressed mechanism
of synergetic interaction between gelatin and xanthan gum.

Study [10] proved the effectiveness of using the trans-
glutaminase enzyme preparation, mostly in a composition
with proteins of animal and plant origin (milk, gelatin,
Helios-11, different kinds of flour), in order to improve the
structural-mechanical and organoleptic characteristics of
gluten-free bread. It was established that this enzyme is an
effective improver of the structure of pasta products made
from wheat bakery flour. The action of the enzyme enhances
the moisture-retaining capacity of corn dough.

Researchers in [8—10] demonstrated a mechanism of the
synergetic interaction between the aqueous mixtures of gel-
atin B and xanthan gum leading to a change in gel-forming
properties. It was proved that modification of food proteins
by transglutaminase leads to obtaining textured products,
which makes it possible to forecast changes in the structural
and mechanical properties of gelatin gels in the presence of
the enzyme transglutaminase. However, there are the un-
resolved issues of moisture-retaining capacity and thermal
stability associated with baking pastry products, which is
the most difficult phase of the technological process. During
baking, physical, chemical, and colloidal changes occur in
the dough, which results in the release of water that defines
the character of transformation of substances occurring
inside the product and ensuring the quality of finished prod-
ucts. Due to evaporation of moisture and decomposition of
carbohydrates, protein and other organic compounds, the
mass of a semi-finished whipped flour product is significant-
ly reduced. The reason for the limited number of studies in
this field could be objective difficulties associated with the
absence of detailed procedures for a differential-thermal
analysis of food products, perhaps a significant cost of con-
ducting research.

The approach to the analysis of such changes, given in
articles [11, 12, 14], allows us to argue that it is expedient to
undertake a study that would address an analysis of the de-
hydration process of a semi-finished whipped flour product
by the method of differential-thermal analysis.

3. The aim and objectives of the study

The aim of this study was to determine the impact of
formulation components in a semi-finished whipped flour
product on its thermal stability during baking. This would
establish a rational temperature, ensure the necessary qual-
ity of the finished product and the minimum loss of mass
during baking.

To achieve the set aim, the following tasks have been
solved:

— to investigate an effect of the synergistic interaction
between xanthan and gelatin on the magnitude of mass loss
by a semi-finished whipped flour product;

— to explore the catalytic effect of the enzyme transglu-
taminase in the system gelatin-xanthan on the magnitude of
mass loss by a semi-finished whipped flour product;

— to investigate mass losses by a semi-finished whipped
flour product under conditions of a programmed tempera-
ture change and to define the rational temperature range of
baking;

— to study the influence of formulation components in a
semi-finished whipped flour product on the mechanism of
moisture removal.

4. Materials and methods to study the dehydration
process in a semi-finished whipped flour product using a
differential-thermal analysis method

Our study objects included the formulation compo-
nents for preparing a semi-finished whipped flour product,
namely gelatin, as the base in a combination with xanthan,
sugar, transglutaminase enzyme, and flour. Manufactur-
ing involved nutritional additives certified for conformity
and hygienic requirements. In line with the set tasks, the
chemical composition of the examined samples was achieved
and ensured by the use of the same kind of raw materials
in each experiment. In our experimental studies, the sam-
ples with the following composition of formulation com-
ponents were used: sample No. 1 — 3 g gelatin+97 g water;
sample No.2 — 3 g gelatin+0.2 g xanthan+96.8 g water;
sample No. 3 — 3 g gelatin+0.2 g xanthan+30 g sugar+66.8 g
water; sample No. 4 — 3 g gelatin+0.2 g xanthan+0.2 g trans-
glutaminase+30 g sugar+66.6 g water; sample No.5 — 3 g
gelatin+0.2 g xanthan+0.2 g transglutaminase+30 g sug-
ar+66.6 g water+60 g flour.

A differential-thermal analysis has been for a long time
effectively used by scientists to obtain information about the
kinetics of thermolysis process in a wide range of food prod-
ucts. All the physical and chemical processes taking place
in food products during an intensive heating were studied
by registering at derivatograms weight changes in a sample
(TG), weight change rate (DTG), and thermal effects (DTA)
at temperature (T) [11, 15].

The study was carried out in quartz crucible with an
overall weight of the sample batch of 20042 mg at a deriva-
tograph in the “Paulik Erdey” system (Hungary) in the air



environment of the derivatograph’s furnace at a constant
heating rate of 10+1 °C/min to a temperature of 300 °C,
which is 160 °C higher than the temperature of baking. The
reference used was Al,O3 baked to 2,800 °C [11, 12].

Considering the reproducibility accuracy of derivato-
grams from a 4-channel derivatograph’s recorder, the studies
were repeated at least 3 times. The objective judgement on
the degree of reliability of the acquired data was verified
by mathematically treating the results using the standard
software package Excel (2016). The result accepted was
the arithmetic mean of results from the analysis of deriva-
tograms, data discrepancies in which did not exceed 1 %.
Derivatogram’s curves were decoded in line with known
procedures [16].

3. Results of research into the influence of formulation
components on moisture loss by the model system of a
semi-finished whipped flour product

5. 1. Studying the influence of synergetic interaction
between xanthan and gelatin on the magnitude of mass
loss by the semi-finished product

In order to determine the dynamics in moisture loss,
which has various forms of binding to protein [14—17] during
heat treatment as the base of the model system with different
content of formulation ingredients and in the model system
of the semi-finished whipped flour product, experimental
curves were used to estimate the mass of kinematically un-
equal water molecules by a thermogravimetry method (DTG)
and by a differential-thermal analysis (DTA) under non-iso-
thermal conditions (Fig. 1-3).

It was established while studying the impact of formula-
tion ingredients on moisture-retaining capacity of the model
system of the semi-finished whipped flour product that the
process of decomposition of all samples occurs differently.

Decomposition of the first sample (gelatin) and the
second sample (gelatin+xanthan) (Fig. 1, a, b) occurred in
two stages in temperature ranges, respectively, 1 — 8043 °C,
2-108+3°C,and 1 — 80£3°C, 2 — 114£3 °C.

The DTA curves (Fig. 1, a, b) registered endothermic re-
actions that occur with an intense absorption of heat [14-17].
Each stage characterizes the process of a mass loss, which
occurs in the base of the model system and in the model
system of a semi-finished whipped flour product under the
influence of temperature.

The first stage characterizes the onset of a process to
remove immobilizing moisture, which is kept by the frame
of a semi-finished whipped flour product, the second one
characterizes the process of intensive removal of adsorption
and osmotic bound moisture, the third one — the completion
of the process of intense moisture removal with a partial
removal of chemically bound moisture.

The character of TG curves in derivatograms
(Fig. 1, a, b) demonstrates that in the temperature range
35...80 °C (range I — onset of polymorphic transformations
in protein) there is an intensive removal of free non-bound
or mechanically bound water. The losses of water by the base
of the model system of a semi-finished whipped flour product
(samples 1, 2) are, respectively, 12.5£0.5 %; 10.0+0.3 %.

In the temperature range 80...120 °C (range II — the on-
set of heat treatment) there occurs the removal of mechani-
cally bound water, which is found in cells of protein-contain-
ing components, and the osmotically bound water during a
whipping process and when forming a dough semi-finished
product. The losses of water (samples 1, 2) are, respectively,
65.5£0.2 %; 32.0£0.2 %. The highest hydration capacity
is demonstrated by the model system containing xanthan
(sample 2).

In the temperature range 120...160 °C (range III — the
main range of heat treatment) the water losses (samples 1, 2)
are, respectively, 95.5£0.2 %; 80.0£0.2 %. The decrease in
moisture loss by 15.5 % (sample 2) occurs as a consequence
of synergetic interaction between xanthan and gelatin, obvi-
ously due to the redistribution of associated and non-associ-
ated hydroxyl groups, which contributes to the formation of
a significant number of intermolecular hydrogen bonds.

3. 2. Studying the catalyt-
ic effect of transglutaminase
enzyme in the system gela-
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Fig. 1. Derivatograms of the base of the model system of a semi-finished whipped product
containing: a — gelatin 3 g and water 97 g; b — gelatin 3 g, xanthan 0.2 g, water 96.8 g

a, b) established that in the
temperature range 35...80°C
(range I — inset of polymorphic



transformations in protein) the water losses by the base of
the model system of a semi-finished whipped flour product
(samples 3, 4) are, respectively, 8.5+0.2 %; 6.5+0.2 %.
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Fig. 2. Derivatograms of the base of the model system of a semi-finished whipped product
containing: a — 3 g gelatin+0.2 g xanthan+30 g sugar+66.8 g water;
b — 3 g gelatin+0.2 g xanthan+0.2 g transglutaminase+30 g sugar+66.6 g water

35...80 °C (range I — onset of polymorphic transformations in
protein) the water loss is 5.0+0.1 %.

In the temperature range
80...120 °C (range II — the on-
set of heat treatment) the water
loss (sample 5) is 21.0+0.2 %.

In the temperature range
120...160 °C (range III — the
main range of heat treatment —
baking) the water loss (sam-
ple 5) is 41.0£0.2 %. That is,
adding to the model system of a
semi-finished whipped product
the flour in a corresponding
concentration contributes to a
significant reduction of mois-
ture loss, presumably due to an
increase in the binding degree
of -OH groups to the proteins
in flour, which predetermines
the formation of intermolecular
hydrogen bonds with the pro-
teins of a glutinous complex.
In addition, the temperature
of 140+5 °C, which is within a
given temperature range, can
be considered as rational for

In the temperature range 80...120 °C (range II — the
onset of heat treatment) the water losses (samples 3, 4) are,
respectively, 25.5+0.2 %; 23.0£0.2 %.

In the temperature range 120...160 °C (range III — the
main range of heat treatment) the water losses (samples 3, 4)
are, respectively, 58.5+0.2 %; 49.0+0.2 %. That is, intro-
ducing to the base of the model system of a semi-finished
whipped flour product of sugar and transglutaminase en-
zyme contributes to an increase in hydration capacity by,
respectively, 21.5£0.2 % and 31.0£0.2 % relative to sample 2
(the system gelatin—xanthan). The highest hydration ca-
pacity is demonstrated by the model system containing the
enzyme transglutaminase (sample 4).

Our analysis of TG curves in the derivatograms of a
semi-finished whipped flour product (Fig. 2, a, b) estab-
lished that the reduction of moisture loss is presumably due
to the catalytic effect exerted by the enzyme transglutam-
inase in the system gelatin—xanthan on the interaction be-
tween the amino groups of lysine and the y-carboxyamide
group of glutamine residues bound through a peptide bond.

5. 3. Studying the weight loss by a semi-finished
whipped flour product under conditions of the pro-
grammed temperature change and determining the ratio-
nal temperature range for baking

In the DTA curves (Fig. 3) the process of the mass loss by
the model system of a semi-finished whipped flour product is
not accompanied by thermal reactions [14—16]. Decompo-
sition of the fifth sample (gelatin+xanthan+sugar+trans-
glutaminase+flour) occurs in three stages in temperature
ranges 1-100+3 °C, 2 — 140£3 °C, 3 — 200+3 °C.

Our analysis of TG curves in the derivatogram (Fig. 3)
established that among all the examined samples of the mod-
el system of a semi-finished whipped flour product the loss
of water is the lowest in sample 5. In the temperature range

baking a semi-finished whipped
flour product.
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Fig. 3. Derivatogram of the model system of a semi-finished
whipped product containing:
3 g gelatin+0.2 g xanthan+0.2 g transglutaminase+
+30 g sugar+66.6 g water+60 g flour

5. 4. Studying the influence of formulation compo-
nents in a semi-finished whipped flour product on the
mechanism of moisture removal

To obtain data on the mechanism of moisture removal,
we calculated, based on the TG curve, the degree of change
in mass a (Fig.4) and built a dependence |-Iga| on the
magnitude of a reverse temperature 1,000/K (Fig. 5) over



interval 328...378 K, because this is the range where the
dehydration processes in the model system of a semi-fin-
ished whipped flour product proceed most intensively,
which is evidenced by the endoeffects in the derivatogram
charts (Fig. 1, 2) [14, 15].

Fig. 4. Dependence of the degree of mass changes in
the model system of a semi-finished whipped product
on temperature at the following content of formulation

components:
1 — gelatin 3 g and 97 g water;
2 — gelatin 3 g, xanthan 0.2 g, and 96.8 g water;

3 — 3 g gelatin+0.2 g xanthan+30 g sugar+66.8 g water;
4 — 3 g gelatin+0.2 g xanthan+0.2 g transglutaminase+
+30 g sugar+66.6 g water;

5 — 3 g gelatin+0.2 g xanthan+0.2 g transglutaminase+

+30 g sugar+66.6 g water+60 g flour

It is known that the rate of mass loss (a DTG curve)
corresponds to the process of dehydration, which is why
we applied this factor in the heat treatment (baking) of a
semi-finished whipped product used in order to obtain the
dependence of mass change on temperature. To this end, we
derived, on the TG curve, at constant temperature intervals
of 10 °C, a change of mass Dm in the sample of a semi-fin-
ished whipped flour product, which corresponds to the
amount of moisture that evaporated under the influence of
temperature [11, 12].

The degree of change in mass a (Fig. 4) was calculated as
the ratio Dmy to the total amount of moisture contained in the
base of the model system (samples 1-4) and in the model sys-
tem of a semi-finished whipped flour product w (sample 5) and
removed at the end of the dehydration process ( the TG curve).

The TG curves obtained in the a—t coordinates (Fig. 4)
take the S-shaped form, which characterizes complex forms
of interaction between water and dry substances in the
base and the model system of a semi-finished whipped flour
product and implies a difference in the rate of water release
along different sections of the curves. Thus, the curves of
dependences for a change in the mass of the model system of
a semi-finished whipped flour product on temperature make
it possible to study the energy of water activation, the kinet-
ics of non-equal forms in moisture binding, and reflect the
different rate of dehydration of the finished product [11, 14].

At the first stage, at a temperature of 303...323 K (Fig. 5,
section AB), there is the removal of “free” or mechanically
bound (capillary) moisture, which has a low binding energy
with the base’s protein and the semi-finished whipped flour
product. First, the water is released that forms a structural
grid of water molecules interconnected by hydrogen bonds.
In this case, the desorption of capillary water is character-
ized by lower activation energy values compared with water,
which is released at the second stage of the process [11].

At the second stage (section BC), during heating at a tem-
perature of 323...378 K the share of osmotically and immobi-
lize-bound moisture, which is retained in the closed cells of
protein micelles in a semi-finished whipped product, is released
as a result of deployment of their polypeptide chains as a result
of disruption of their micellar and hydrophobic interactions
between proteins and carbohydrates and water [12, 14].

Fig. 5. Dependence of logarithm of a mass change degree
in the model system of a semi-finished whipped product
on temperature at the following content of formulation

components: 1 — gelatin 3 g and 97 g water;
2 — gelatin 3 g, xanthan 0.2 g and 96.8 g water;

3 — 3 g gelatin+0.2 g xanthan+30 g sugar+66.8 g water;
4 — 3 g gelatin+0.2 g xanthan+0.2 g transglutaminase+
+30 g sugar+66.6 g water;

5 — 3 g gelatin+0.2 g xanthan+0.2 g transglutaminase+
+30 g sugar+66.6 g water+60 g of flour

In the temperature range 378...416 K at the third stage
(section CD) there begins the release of a portion — 41 % of
the weakly-bound adsorption moisture of the polymolecular
layers within the particles of the model system of a semi-fin-
ished whipped product with the release of gaseous fractions.
The water that is being released forms several next layers of
molecules, more firmly bound to protein in the model system
of a semi-finished whipped flour product.

6. Discussion of results from studying the effect of
formulation components on moisture loss by the model
system of a semi-finished whipped flour product

The results from our thermal analysis of samples of the
semi-finished whipped flour product are explained by the
synergetic interaction between xanthan and gelatin [5, 6]
and by the enzyme modification of food proteins [7-9],
which ensured the formation of the mesh frame and, as a
consequence, the increased moisture-retaining capacity and
the improved thermal stability.

The thermal analysis of a semi-finished whipped flour
product, stabilized by the exopolysaccharic xanthan and
the enzyme transglutaminase, is one of the fast enough and
most precise methods of laboratory testing. This method
makes it possible to determine the overall moisture loss,
determine the forms of moisture, moisture binding energy,
as well as thermal effects occurring due to the physical
and chemical transformations. In combination with other
methods, thermal analysis is suitable for a relatively quick
and reproducible characteristic of structural changes and
state transitions occurring in a semi-finished product due
to thermal impact [11, 15-19].



The results from our thermogravimetric study of samples
of the model system of a semi-finished whipped flour product
have clearly confirmed the appropriateness of using gelatin
as a base in a combination with xanthan and the enzyme
preparation transglutaminase [8—10].

It was established in the study of efficiency of the inte-
grated interaction between xanthan and gelatin, the base of
the model system of a semi-finished whipped flour product,
that such a modified system is better structured, probably
as a consequence of the redistribution of the associated and
non-associated hydroxyl groups, which contributes to the
formation of a large number of inter-molecular hydrogen
bonds and thus improves their moisture-retaining capacity
by 15.5£0.2 % and increases its thermal stability during
heating. Researchers [5, 6] confirmed the synergistic effect
of the pair of gel-formers xanthan and gelatin and their ratio-
nal use in complex gel-based systems.

We have experimentally confirmed the catalytic effect
of transglutaminase in the system gelatin-xanthan likely on
the interaction between the amino groups of lysine and a
v-carboxyamide group of glutamine residues bound through
peptide bonds, which provides for a higher level of crosslink-
ing the macromolecules in a protein frame, and, as a conse-
quence, it significantly slows down the dehydration process
of the base of the model system of a semi-finished whipped
flour product, by 31.0+0.2 %. These results are consistent
with the experimental data by authors of [7-10] who also
proved the effectiveness of using the enzyme transglutami-
nase mostly in the composition with proteins of animal and
plant origin (gelatin, different types of flour) to improve
the structural and mechanical characteristics and the mois-
ture-retaining capacity of flour dough.

The minimum losses of adsorption-bound moisture in the
model system were established, probably as a consequence of
increasing the degree of binding the —OH groups with flour
proteins, which predetermines the formation of intermo-
lecular hydrogen bonds with the proteins from a glutinous
complex. Overall mass losses when the model system of a
semi-finished whipped flour product is heated to 160+5 °C
amount to 41.0+0.2 %.

The thermoanalytic study helped investigate the com-
plex effect of xanthan, sugar, transglutaminase enzyme,
flour, on the ranges of dehydration, which depend on various
forms of moisture binding in a semi-finished whipped prod-
uct. We have determined temperature intervals of moisture
loss by a semi-finished whipped product under different
forms and binding energy.

Thermographic studies of food products require certain
experience and knowledge for decoding, for treating derivato-
grams and for construction of secondary graphs of the degree
of mass changes, which may complicate their application in
industrial settings. Therefore, when enterprises set out to
devise new technologies, it is better for them to use a modern
derivatograph, the TGA/DSC1 model, which is operated by a

computer. This ensures that the results are acquired and data
processed instantaneously. In addition, the information about
a sample weight change (TGA) is supplemented in an auto-
mated mode with data on the thermal processes occurring
during physical-chemical transformations in an examined
sample — a differential-scanning calorimetry (DSC) signal.

7. Conclusions

1. Our thermal analysis of the samples of a semi-finished
whipped flour product has confirmed the synergetic interac-
tion between xanthan and gelatin. This interaction contrib-
utes to the structuring of the base and increases its thermal
stability during heating, presumably due to the redistribu-
tion of associated and non-associated hydroxyl groups, which
leads to the formation of a large number of inter-molecular
hydrogen bonds and is confirmed by the losses of mass in
the base of a semi-finished whipped flour product. The total
mass losses of sample number 1 (3 g gelatin+97 g water)
amounted to 95.5%£0.2 %, and when introducing xanthan to
sample number 2 (3 g gelatin+0.2 g xanthan+96.8 g water)
they decreased by 15.5+0.2 %.

2. We have proven the catalytic effect of transglutam-
inase enzyme in the system gelatin—xanthan probably on
the interaction between the amino groups of lysine and a
y-carboxyamide group of glutamine residues bound via a
peptide bond, which provides for a higher level of crosslink-
ing the macromolecules in a protein frame and substantial-
ly slows down the dehydration process of the base of the
model system of a semi-finished whipped flour product. The
losses of moisture by sample number 4 (3 g gelatin+0.2 g
xanthan+0.2 g transglutaminase+30 g sugar+66.6 g water)
amounted to 49.0+0.2 %, which is 46.5 % less than those in
the first sample.

3. It has been established that under the influence of the
enzyme transglutaminase the wheat flour water-retaining
capacity is considerably increased while its thermal stability
grows. The losses of moisture by a semi-finished whipped
flour product at the following content of formulation com-
ponents, sample number 5 (3 g gelatin+0.2 g xanthan+0.2 g
transglutaminase+30 g sugar+66.6 g water+60 g flour), are
the smallest and are 41.0£0.2 % in the temperature range
120...160 °C. Thus, it is recommended, given such a compo-
sition of formulation components in a semi-finished whipped
flour product, to use the temperature of 140+5 °C for baking.

4. It has been proven that the model system of a semi-fin-
ished whipped flour product has complex forms of interac-
tion between water and dry substances and implies different
forms of moisture binding, which would contribute to slow-
ing down the product dehydration rate during baking. We
have defined temperature intervals of moisture loss with dif-
ferent forms and binding energy by a semi-finished whipped
flour product.

References

1. Duan, R, Zhang, J., Liu, L., Cui, W,, Regenstein, J. M. (2018). The functional properties and application of gelatin derived from the
skin of channel catfish (Ictalurus punctatus). Food Chemistry, 239, 464—469. doi: https://doi.org/10.1016 /j.foodchem.2017.06.145
2. Benjakul, S., Kittiphattanabawon, P. (2019). Gelatin. Encyclopedia of Food Chemistry, 121-127. doi: https://doi.org/10.1016/

b978-0-08-100596-5.21588-6

3. Luo, Y, Liu, X,, Pang, Z. (2019). Tribo-rheological properties of acid milk gels with different types of gelatin: Effect of concentration.
Journal of Dairy Science, 102 (9), 7849-7862. doi: https://doi.org/10.3168/jds.2019-16305



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Kondrashina, L., Koshel, L., Bidyuk, D., Pertsevoy, E (2018). Development of innovative strategy of the technology of the summer
professional polyfabricate using gelatine. Pratsi Tavriyskoho derzhavnoho ahrotekhnolohichnoho universytetu. Tekhnichni nauky, 1 (18),
132-137.

Wang, C.-S., Virgilio, N., Wood-Adams, P, Heuzey, M.-C. (2017). A mechanism for the synergistic gelation properties of gelatin B
and xanthan gum aqueous mixtures. Carbohydrate Polymers, 175, 484—492. doi: https://doi.org/10.1016 /j.carbpol.2017.08.015
Altay, F, Gunasekaran, S. (2013). Gelling properties of gelatin—xanthan gum systems with high levels of co-solutes. Journal of Food
Engineering, 118 (3), 289-295. doi: https://doi.org/10.1016 /j.jfoodeng.2013.04.018

Shaabani, S., Yarmand, M. S., Kiani, H., Emam-Djomeh, Z. (2018). The effect of chickpea protein isolate in combination with
transglutaminase and xanthan on the physical and rheological characteristics of gluten free muffins and batter based on millet flour.
LW, 90, 362—372. doi: https://doi.org/10.1016/j.lwt.2017.12.023

Liu, E, Majeed, H., Antoniou, J., Li, Y., Ma, Y., Yokoyama, W. et. al. (2016). Tailoring physical properties of transglutaminase-modified
gelatin films by varying drying temperature. Food Hydrocolloids, 58, 20—28. doi: https://doi.org/10.1016/j.foodhyd.2016.01.026
Kapreliants, L. V., Shpyrko, T. V., Zynoviev, A. A., Shalyhin, O. V. (2010). Strukturoutvorennia u rozchynakh zhelatynu pid dieiu
fermentu transhlutaminazy. Kharchova nauka i tekhnolohiya, 4, 29-31.

Shanina, O. M., Lobachova, N. L., Zvieriev, V. O. (2014). Volohoutrymuvalna zdatnist boroshnianoho tista z dodavanniam fermentu
transhliutaminaza. Naukovi pratsi [Odeskoi natsionalnoi akademiyi kharchovykh tekhnolohiy], 1 (46), 153—157.

Ostrikov, A. N., Kuznetsov, I. V., Shevtsov, S. A. (2005). Issledovanie gribov metodom differentsial'no-termicheskogo analiza.
Vestnik Orenburgskogo gosudarstvennogo universiteta, 5, 143—146.

Hurskyi, P. V., Pertsevyi, F. V., Bidiuk, D. O. (2011). Doslidzhennia vplyvu aharu na protses dehidratatsiyi pasty zakusochnoi
za dopomohoiu dyferentsialnoi termohravimetriyi. Suchasni napriamky tekhnolohiyi ta mekhanizatsiyi protsesiv pererobnykh i
kharchovykh vyrobnytsty, 119, 179—186.

Einhorn-Stoll, U., Kunzek, H., Dongowski, G. (2007). Thermal analysis of chemically and mechanically modified pectins. Food
Hydrocolloids, 21 (7), 1101-1112. doi: https://doi.org/10.1016/j.foodhyd.2006.08.004

Hurskyi, P. V., Krapyvnytska, I. O., Pertsevyi, F. V. (2015). Thermogravimetric analysis of pectin gels. ScienceRise, 7 (2 (12)), 23-28.
doi: https://doi.org/10.15587/2313-8416.2015.45905

Roozendaal, H., Abu-hardan Madian, Frazier, R. A. (2012). Thermogravimetric analysis of water release from wheat flour and wheat
bran suspensions. Journal of Food Engineering, 111 (4), 606—611. doi: https://doi.org/10.1016/j.jfoodeng.2012.03.009
Ramachandran, V. S., Paroli, R. M., Beaudoin, J. J., Delgado, A. H. (2002). Thermoanalytical Techniques. Handbook of Thermal
Analysis of Construction Materials, 1-34. doi: https://doi.org/10.1016,/b978-081551487-9.50003-7

Kumar, M., Sabbarwal, S., Mishra, P. K., Upadhyay, S. N. (2019). Thermal degradation kinetics of sugarcane leaves (Saccharum of-
ficinarum L) usingthermo-gravimetricand differential scanningcalorimetricstudies. Bioresource Technology,279,262—-270.doi: https://
doi.org/10.1016/j.biortech.2019.01.137

Shadangi, K. P, Mohanty, K. (2014). Kinetic study and thermal analysis of the pyrolysis of non-edible oilseed powders by
thermogravimetric and differential scanning calorimetric analysis. Renewable Energy, 63, 337—344. doi: https://doi.org/10.1016/
j.renene.2013.09.039

Beck, M., Jekle, M., Selmair, P. L., Koehler, P, Becker, T. (2011). Rheological properties and baking performance of rye dough as
affected by transglutaminase. Journal of Cereal Science, 54 (1), 29—-36. doi: https://doi.org/10.1016/j.jcs.2011.01.012



