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Abstract. The purpose of this study was to examine the patterns of pricing in the modern Ukrainian market
of decorative and applied art objects and to build a mathematical model for predicting the estimated value
using the example of products made of wood and metals, as well as to determine the level of financial losses
resulting from the destruction or loss during hostilities. Decorative and applied art objects were represented
by everyday objects that have become symbols of the material culture of mankind, ethnic and national
characteristics. Such works were made of various materials and are widely distributed on the market. The study
created a source database, which included 115 samples made of wood and metal: interior wall decorations,
mini-sculptures and decorative household items. The value indicators of the samples were distributed from
the smallest to the largest and logarithmised to the base 2. As a result, three intervals of distribution of value
indicators in the source database were identified. In the second interval, the logarithmic value indicators
increased linearly, which made it possible to build a mathematical model for predicting the estimated value
in the context of the issue of determining the level of possible losses resulting from the destruction and loss.
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Also, ranges of permissible predicted value indicators were determined for items from the source database.
The article provides 3 examples of calculating the estimated value of decorative and applied art objects and
compares these prices with the prices offered by sellers. It was found that an interior decoration made of wood
was offered for sale at an abnormally low price (79 UAH), an inlaid rachva for jewellery - at an abnormally
high price (2,500 UAH), a metal wall panel - at a slightly inflated price (1,500 UAH), but within the regulatory
liquidity. The more useful information was published when describing decorative and applied art objects, the
higher the sociocultural value and estimated value became. The results of the study showed that decorative
and applied art objects made of wood and metals had a market value that was determined by the financial

capabilities of potential buyers

Keywords: decorative and applied art objects; wooden products; metal products; value forecasting; value

indicators

Introduction

Decorative and applied art objects are cultural monu-
ments and, at the same time, commodities presented on
the modern global market in a wide range - personal,
interior, exterior and garden decorations, amulets, am-
ateur painting and sculpture, painted household items,
clothing, embroidery, ceramics, furniture and home ac-
cessories, dishes, ceremonial items, household tools,
etc. In addition to the utilitarian purpose, decorative
and applied art objects serve as symbols that satisfy
people’s humanitarian needs in the involvement in ide-
as about beauty, the work of individual masters, beliefs,
the way of social organisation, as well as national tra-
ditions professed by individual families, communities,
and peoples. The market for decorative and applied art
objects has become the object of research by many sci-
entists. Thus, I. Hrabynskyi (2021) considered the meth-
odological problems of analysing the world market for
works of art, antiquities, and antiques and considered
the valuation to be an important problem, which the
author proposed to derive from the sale price at the last
auction of such or similar items.

L. Demydchuk (2023) analysed the problems of the
market for folk art and souvenir products in Ukraine
and noted that very little attention was paid to these
local markets. The author noted that organisations and
individual masters of folk art often did not have the
opportunity to properly organise sales, marketing, trade
and educational activities. Also, L. Demydchuk (2021)
considered the classification, manufacturing features
and commodity valuation of souvenirs and folk art
products. L. Bogaychuk et al. (2024) noted the underes-
timation of the market for contemporary art in Ukraine,
in particular for objects of decorative and applied art
of Ukrainian production, which was found out by the
authors based on the results of a survey. Scientists
O. Dmytriyeva et al. (2023) pointed out that not only
the classical art school of the academic tradition has
been preserved in Ukraine, but also numerous crafts.
For example, Petrykivka and Kyiv painting, wood carv-
ing, hand weaving, artistic fabric painting and ceramics
exist and are developing. The authors emphasised that
the art market in general and the market for objects of

Commodity Bulletin, 2025, Vol. 18, No. 2

decorative and applied art are a window of opportunity
for the economy and business.

0. Kalashnykova (2022) noted that art has increas-
ingly become a significant segment of the market of the
most profitable goods, and art auctions have become
platforms that oppose illegal art business. M. Zinchen-
ko (2023) considered the auction as a cultural and
economic phenomenon of the modern artistic process.
The concept of the market for art and antiques was
considered in two meanings: as the purchase and sale
of objects that had artistic value, and as the sphere of
commodity and monetary relations that arose between
legal entities and individuals regarding the purchase
and sale of art and antiques. The author noted that pric-
ing on the art market depended not only on the cost
of the created cultural and artistic product, but also
on a number of sociocultural factors. M. Besaha (2025)
investigated the impact of digital technologies on art
historical support of auctions and identified key digital-
isation trends that contributed to the modernisation of
mechanisms for identifying, evaluating, and promoting
works of art. Virtual exhibitions, online auctions, and
digital platforms expanded access to the art market,
attracting a new audience. The study revealed the po-
tential for the development of new forms of interactive
communication between experts, buyers, and sellers,
which allowed for a more open and dynamic bidding
system. Zh. Denysiuk (2025) noted the importance of
art projects of modern decorative and applied arts in
shaping the cultural brand and image of Ukraine. Such
projects served not only as a means of aesthetic rep-
resentation, but also as a tool of cultural diplomacy,
which contributed to improving the international im-
age of the state. A. Kravets (2025) noted that effective-
ly planned and successfully implemented art projects
became ambassadors of Ukrainian art, spreading its
unique and inimitable image. Art projects formed trust
and interest in Ukrainian decorative and applied art.

Decorative and applied art objects had a complex
and diverse specific nature, which allowed for a differ-
entiated analysis of the world market for these objects
based on the involvement in the work of outstanding



masters, utilitarian purpose, complexity of the execu-
tion technique, materials, and manufacturing tech-
nologies used, age and region of origin. At the same
time, many years of research into the patterns of
market pricing indicated the expediency of ignoring the
specific nature and the appropriateness of conducting
predictive research based on the study of the perma-
nent distribution of financial capabilities of potential
buyers within a given market. The aim of the study was
to study the patterns of price formation in the market
of decorative and applied art objects in Ukraine and
to create a mathematical model for predicting the val-
ue, in particular, using the example of products made
of wood and metal. Also, within the framework of the
study, the task was set to assess the financial losses
from the loss of such products as a result of military
operations. The study was based on the hypothesis that,
based on the analysis of value indicators for decorative
and applied art objects exhibited on the open market,
it is possible to develop a mathematical model for sci-
entifically substantiated and effective determination of
the predicted estimated value of such items.

Materials and Methods

The methodology for studying the market of decorative
and applied art monuments involved three main stages
of the expert’s work. The first stage consisted of creat-
ing a database of initial data on a certain type of cul-
tural monuments, as well as on the value. For this pur-
pose, information was used from the Internet sources
Violity (n.d.), Rozetka (n.d.), Temu (n.d.) and Prom (n.d.),
using data such as a photo of the object, its brief de-
scription (dimensions, weight, material, manufacturing
technique, author), source of information and cost (or
price) at which it was offered to the buyer (Resolution
of the Cabinet of Ministers of Ukraine No. 1440, 2003).
The number of objects entered into the source data-
base had to ensure a representative sample and con-
tain at least one hundred samples. Therefore, a source
database was created, which included 115 samples
made of wood and metal: interior wall decorations, mi-
ni-sculptures and decorative household items. The to-
tal cost of the goods described in the source database
was 122586.6 hryvnias. An interior decoration made of
wood - a painted duck, about which no information was
indicated on the website, except for its dimensions, was
evaluated. Also, another product made of wood - an in-
laid box for decorations and trinkets, made by the mas-
ter Vasyl Grepinyak, was considered and a decorative
and household decoration made using the laser cutting
technique of metal - a wall panel “Zebra of Happiness”
was evaluated.

The second stage consisted of the procedure of
sorting the source database in order of increasing
the value indicators indicated in it. This work allowed
displaying the distribution of value indicators on the
graph and establish the number of cheap and expensive

Indutnyi et al.
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goods on the market and the ratio. The third stage of
the work involved testing the hypothesis of the imple-
mentation of the basic law of pricing and building a
regression mathematical model to predict value indi-
cators taking into account data on the distribution of
financial capabilities of potential buyers on the mar-
ket. Also, data from the works of V. Indutnyi (2022) and
V. Indutnyi et al. (2024) were taken into account, where
possible losses arising from damage or loss of cultur-
al values were considered and assessed. As examples,
the authors of these works took precious stones, rocks,
and minerals from museums, graphics, iconography and
painting, mosaic works, other types of jewellery. The
assessment was based on the results of research into
the markets of various cultural monuments and the
proposed mathematical models for predicting value.
To assess the correlation between the observed and
theoretically calculated indicators of the predicted es-
timated value of works of decorative and applied art,
the Pearson correlation coefficient (R?) was calculated,
which allowed assessing the accuracy of the developed
mathematical model.

Results and Discussion

Decorative and applied art was distinguished by its de-
votion to traditions, the preservation of its forms and
decorative elements developed and polished over the
centuries. At the same time, there was a constant pro-
cess of expanding the subject, using new materials, and
improving production techniques (Zapasko, 2000). The
analysis of the market for decorative and applied art
objects was carried out on the basis of studying the
combined distribution of value indicators of decorative
and applied art objects made of wood and metals. The
first interval of value indicators of objects presented for
sale (from the first to the 12% sample) was 10.43% of
the entire sample and corresponded to value indicators
from 3 to 100 hryvnias per sample. The second inter-
val - from 13 to 42 samples - was 26.09% of the en-
tire sample of decorative and applied art objects, with
a cost from 101 to 250 hryvnias. The third interval -
from 43 to 68 samples - accounted for 22.61% of the
entire sample and was valued at 250 to 500 hryvnias
per sample. The fourth interval - from 69 to 84 sam-
ples - accounted for 13.91% of the total number of
samples in the source database and had value indi-
cators in the range from 500 to 1000 hryvnias. The
fifth interval - from 85 to 101 samples - accounted
for 14.78% and had value indicators in the range from
1000 to 2000 hryvnias. Moreover, the interval from the
first to 101 samples, which recorded a cost level of up
to 2000 hryvnias, described 87.82% of the entire sam-
ple. The sixth interval included 14 samples with a cost
of more than 2000 hryvnias (12.17% of the sample). It
was impractical to highlight the remaining intervals, as
these intervals covered a very small number of figura-
tive points (Fig. 1).

Commodity Bulletin, 2025, Vol. 18, No. 2
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Figure 1. Polygon of distribution of value indicators for decorative and applied art objects, built
on the basis of the source database created on 10.08.2025
Note: red dots indicate products made of wood, blue dots indicate products made of metals: iron, bronze, nickel silver and cast iron
Source: based on Violity (n.d.), Rozetka (n.d.), Temu (n.d.), Prom (n.d.)

The polygon of distribution of value indicators
showed that the market value indicators of wooden and
metal products in the space of the graph were distrib-
uted evenly, covering the range from the smallest to
the largest values recorded in the source database. This
meant that the potential buyer did not consider it nec-
essary to divide decorative and applied art objects by
material, execution technique or manufacturing com-
plexity. The potential buyer’s attention was drawn to the
possibility of purchasing things that were most suitable
for satisfying the potential buyer’s own humanitarian
needs and within the available financial capabilities.
Decisions were made individually, taking into account
the aesthetic impressions from observing the objects,
the authorship of the presented works, as well as the
availability of particularly valuable materials, for ex-
ample, mahogany and ebony, bronze or silver. Figure 1
showed the financial capabilities of people to purchase
decorative and applied art objects on the Ukrainian
market, since the cost of the objects was formed freely
in the interaction of sellers and buyers. It can be stated
that 87.82% of potential buyers were ready to acquire
goods valued at no more than 2,000 hryvnias per sam-
ple (or 41.428 euros) (as of 10.08.2025 the euro ex-
change rate was 48.276 hryvnias) (MinFin, 2025).

Also, buyers were ready to purchase cheaper goods
if these goods were suitable for satisfying the buyers’
humanitarian needs. Having information on the num-
ber of goods sold in each of the selected intervals
(such information was confidential for many market

participants), it became possible to assess the liquidi-
ty, but only goods with a value of up to 2,000 hryvnias
should be considered liquid by regulation. It is worth
noting that the sellers were well-informed about the
needs of potential buyers and were interested in car-
rying out trading operations with maximum benefit for
the sellers. Thus, the polygon of value indicators re-
flected the market for works of decorative and applied
art, taking into account value indicators and the num-
ber of buyers. The construction of a mathematical mod-
el for predicting the value of decorative and applied
art objects assumed compliance with the law of pricing,
which linked the estimated value of the object and the
amount of information about it in bits (Indutnyi, 2022).
The formula for determining the predicted estimated
value will be as follows:

C=a=2N, 1)
where Cis the predicted estimated value; a is the esti-
mation base; N is the amount of information in bits; 2N
is the integrated quality indicator, which is measured
in exbits (exb).

From formula (1), it is clear that for an empirical
study of the relationship between the value of objects
C and the amount of information about those objects
N, it is necessary to logarithmise the value indicators
described by the ordinate axis to the base 2 in order to
observe this polygon in values proportional to N - the
amount of information about those objects (Fig. 2).

16 log2C

14

12 " _ B

10 | I i

8_/1__

6

4

2 X
O Mo N 0 N O MWV NN 0 N O MO 00 ~N QMO oy N

0 H""\HHHHNQNmimﬂ-d-ﬂ-ﬂ-mgmo%oml\ml\wgwmgmggag::

Figure 2. Distribution of item value indicators after logarithmisation, built on the basis of the original database
Note: the ordinate axis is the logarithmised base 2 cost (log,C); the abscissa axis is the item number (X) in the original database. The vertical
lines divide the entire polygon of indicators into 3 intervals. The line AB approximates the trend of cost growth within the second interval
Source: based on Violity (n.d.), Rozetka (n.d.), Temu (n.d.), Prom (n.d.)
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V. Indutnyi (2022) presented a protocol for account-
ing for the amount of known information about an
item, which contained a list of criteria for evaluation in
bits. The most important criteria for evaluating decora-
tive and applied art objects were: “Relationship of the
monument to cultural traditions”, “Reproduction”, “Age
of the monument”, “Level of recognition of the author’,
“Relationship of the monument to outstanding manu-
factories and schools” and “Level of technical perfec-
tion”. The protocol provided a ranking of the evaluation
criteria. After evaluation by individual criteria, a general
indicator was determined by multiplication, which re-
flected the amount of positive information about the
object and was used in further modelling. In the first
interval (I) in Figure 2 (1-12 samples) there were ab-
normally low indicators, for which the distribution was
characterised by a rapid increase in specific value indi-
cators. Underestimation by sellers of the starting price
at auctions became thoughtful actions that were as-
sociated with the desire to interest a larger number of
buyers. Low value indicators can be explained by the
fact that there is no demand for some items at the time
of sale, but sellers want to sell these items. Also, un-
professional manufacturing of the item, violation of
characteristic stylistic features and carrying out rough
restoration work reduces the value of works of decora-
tive and applied art. Given the variety of reasons for un-
dervaluation of decorative and applied art, which was
observed in the first interval in Figure 2, meaningful

500
> 400
300
200

100

Cost of works of decorative
and applied art, UAH

Indutnyi et al.
13

prediction of value based on the law of pricing is im-
possible. At the same time, abnormally low indicators
were useful, because these indicators allowed having
an idea of the minimum levels of liquidation value (In-
dutnyi et al., 2024). In the second interval (Il) (from 13
to 67 samples) logarithmic value indicators increased
linearly and proportionally to the available information
about the monument, and also in full accordance with
the law of pricing, this trend was reflected in the graph.
So, it is worth calculating the parameters of the linear
regression equation that described this trend:

C:20,038'x+6.33=86'39*20.038'X’ (2)

where Cis the indicator of the predicted estimated val-
ue; x is the sample number in the table of initial data.
The value 86.39 indicated the point of intersection
of the approximating function of the ordinate axis and
was a mathematically modelled “evaluation base” (“a”)
(Resolution of the Cabinet of Ministers of Ukraine No.
1440, 2003), which was determined in hryvnias, and at
the same time the minimum theoretically justified value
of a work of decorative and applied art, which was put
up for sale in the auction mode. There was no positive
information for such a work. The point was in the first
interval of abnormally low value indicators. In the sec-
ond interval, forecasting value indicators based on the
pricing law became appropriate, which was reflected in
Figure 3 and the Pearson correlation coefficient (R?).

1357 91113151719212325272931333537394143454749515355

Sample serial number in the second interval

Figure 3. Distribution of value indicators for decorative and applied art objects in the second interval
Note: the solid line represents the recorded value indicators. The dash-dotted line reflects the theoretical dependence. Pearson correlation

coefficient (R?) = 0.98

Source: based on Violity (n.d.), Rozetka (n.d.), Temu (n.d.), Prom (n.d.)

The third interval (Ill) of the distribution of val-
ue indicators in the source database - from 68 to
115 samples - was described by an increasing uncer-
tain function and did not demonstrate compliance with
the law of pricing. At the same time, if the figurative
points from the third interval are moved to the right,
arbitrarily increasing the own numbers in the source
database (along the abscissa axis), then the points
will lie on the theoretical straight line AB, described
by the regression equation in the second interval. Thus,
by performing these operations, it is possible to virtu-
ally supplement the number of samples in the source

database and determine the imaginary number of the
sample, based on the described regression equation
and the amount of useful information about it in bits.
This method simulated the process of artificial expan-
sion of the source data distribution polygon along the
“X” axis. For example, if a sample of a decorative and
applied vase, indicated as number 110 in the source
database (flare “Kosiv”, 28 x 19 cm), had a declared cost
of 4300 hryvnias (Kosiv painted ceramics, 2025), then
its new virtual number in the database - “X’, calculated
based on the regression formula (2), can be found by
solving the equation:
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4,300=86.39 * 2003 x5 49,774 =1.027* - x =
=log, ,,(49.774)=146.667 orx=147.  (3)

The sample number is an integer, so rounding was
performed. The estimated cost of this work of decora-
tive and applied art, calculated on the basis of the new
virtual number, will be 4149.7 hryvnias and will differ
from the price declared by the seller by only 3.5%. This
is a good indicator of the reliability of the forecast
and justifies the calculation of the virtual number. If
making an extrapolation assumption about the in-
clusion of numerous imaginary samples in the source
database, then for items from the third interval it is
possible to calculate new virtual numbers, while the
implementation of the pricing law will be observed
within all intervals described in Figure 2. The fore-
casted value indicators in the third interval will differ
slightly from those recorded due to rounding in the
calculations of the value “X”. In this case, abnormally
low value indicators will be replaced by new ones -
forecasted ones. The application of extrapolation as-
sumptions is possible provided that the pricing law is
implemented in the second interval.

The observed value indicators in the third interval
should be considered anomalous (Indutnyi et al., 2024),
since these indicators were not directly described by
the law of pricing and, accordingly, were considered un-
suitable for creating reasoned predictive conclusions,
because in expert work it is worth using only mathe-
matical models that can be verified by third-party ex-
perts. At the same time, the price recorded at the auc-
tion was also partially justified, although it depended
on the action of emotional factors. Determining the in-
fluence of emotional factors on the formation of market
value became a separate task that required theoretical
development and concerned the explanation of the
phenomenon of unmotivated increase in value indica-
tors during auction trading. At the same time, unmoti-
vated underestimation of value was not considered at
all due to the lack of such a need. The emotional fac-
tor present during the competitive struggle of poten-
tial buyers was indirectly determined by the difference
between the predicted and market value, which could
also be described by the amount of information about
the emotional state of the seller, associated with the
seller’s intuitive premonitions about the presence of an
interested and financially capable buyer on the mar-
ket. For the already described conditional example of
a decorative and applied vase, the amount of addition-
al information that described the emotional state of
the seller or potential buyers during the auction trade
can be determined in bits (Goleman, 2005). If C1 is the
predicted value of the product, C2 is the market value
declared by the seller or formed as a result of auction
trading, and C1 < C2, then the amount of emotional in-
formation (N) for the decorative and applied vase under
number 110 will be:
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N=log, (C2/a) - log, (C1/a) = log, (4,300/86.39)
- log, (4,149.7/86.39) = 0.051. (4)

Since the result N=0.051 bits is a value less than
one, it is reasonable to assume that information about
the influence of the emotional factor on trading is ab-
sent or insignificant. Therefore, the proposed approach
to forecasting value indicators in the third interval,
which is associated with ignoring the influence of the
emotional factor and calculating the virtual number, is
fully justified. The mathematically predicted and market
indicators of specific value are distinguished. The differ-
ence between these indicators does not require explana-
tion - it is unmotivated and intuitively formed. Fulfilment
of the condition when N 21 bit should be considered as a
criterion for the presence of a significant influence of the
emotional factor on pricing. This situation arises only in
the conditions of selling an item in the auction trading
mode. In addition, the description of the emotional fac-
tor of influence is not described by any criteria, since it is
based on the intuition of market participants.

It is worth noting that the final auction prices for
decorative and applied art objects cannot be used in
calculating losses, pledges and investments, since such
prices depend on permanent trading circumstances and
are not subject to theoretical justification. However, the
Order of the Ministry of Culture and Arts of Ukraine
No. 325 (1998) recommends the use. Knowing the val-
ue “C’, predicted by the extrapolation method, and the
‘assessment base” - “o’} it is possible to calculate the
amount of positive information in bits, which is theo-
retically necessary to substantiate the estimated value
according to the Resolution of the Cabinet of Ministers
of Ukraine No. 1440 (2003) for each of the samples of
decorative and applied art objects presented in the
source database:

C=a+2"- C/a=2"->N=log,(C/a). (5)

The calculation yielded real numbers, however,
only integers were used to determine the amount of
information (in bits) (Shannon, 1948; Cruces, 2019), so
it was necessary to round off. Therefore, the predicted
estimated value of the studied objects belonged to the
information interval {(N - 1);(N + 1)}. The permissible
error of the expert was %1 bit of information in the pro-
tocol to account for the amount of known information
about the object. The range of permissible predicted
indicators expanded in accordance with the increase
in the level of information security of the object of as-
sessment (Fig. 4).

Depending on the content of the expert task, the
result of predicting the value of decorative and applied
art objects can be either the average value of the esti-
mated value or the interval of values {min(C) - max(C)}.
In this case, the interval increases with the increase in
the predicted value of the works, i.e. a more valuable



item has a less unambiguous estimate. The more likely
price after the auction is XZC, the justified level of liqui-
dation value is min (C), and the highest justified price is
max (C). Therefore, when carrying out expert activities,
it is worth noting possible (non-anomalous) indicators
and providing explanations for anomalous indicators in
case these indicators are achieved during the bidding
process. Figure 4 shows justified value indicators for
works of decorative and applied art. Since the sale of
objects is influenced by many factors, it is possible to en-
counter anomalous value indicators associated with the
action of emotional factors. The total number of objects
in the first and third intervals determines decorative
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and applied art objects with anomalous value indica-
tors. In this study, 60 such samples were used, which
amounted to 52.17% of the total number of decorative
and applied art objects described in the source data-
base. Therefore, it was important to show the possibil-
ity of making the forecasting procedures used by the
expert fully substantiated and suitable for independent
audit. Figure 5 shows the first example of forecasting
the cost of a work of decorative and applied art, namely
an interior decoration made of wood, put up for sale on
the Apricot website. There is no information about the
availability of useful information about the work. The
price of the work from the seller is 79 hryvnias.

5
N
885.68 - 1,771.36 hryvnias; average (£C) - 1,328.52 hryvnias
4 soansecsisce
44284 - 885.68 hry\{r‘lj,as:av’e'féée (£C) - 664.26 hryvnias
'...-""2'21.92 - 442.84 hryvnias; average (£C) - 332.38 hryvnias
2 —
110,96 - 221.92 hryvnias; average (2C) - 166.44 hryvnias
1 =

86.39 - 110.96 hryvnias; average (2C) - 96.68 hryvnias
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Figure 4. Projected value indicators for decorative and applied art objects from the source database
Note: the ordinate axis is the number of positive information in bits (N), and the abscissa axis is the predicted value indicators for decorative
and applied art objects (C). The dotted curve indicates the trend of growth of the average (£C) values of the estimated value of decorative and

applied art products on the Ukrainian market
Source: developed by the authors

Figure 5. Painted wooden duck (10.5x6 x5 cm)
Source: Apricot Opt (n.d.)

Given the absence of any positive information
about the quality of this item (N =0), the predicted
estimated value will be: C=86.39 x 20 = 86.39 hryv
nias. This indicator exaggerates the price offered by
the seller, therefore, the value of this work of decora-
tive and applied art on the market should be recog-
nised as abnormally low. The average estimated value
of this item is 98.68 hryvnias. This indicator can also
be used in expert forecasting the estimated value. The
second example is an inlaid rachva for jewellery and
trinkets, put up for sale on the Chichka website. Mate-
rial: pear wood, mother-of-pearl, beads. Size: 17 x 6 cm.

Hand-made by a craftsman from the village of Richki,
Vasyl Grepinyak. The current price of the work from the
seller is 2,500 hryvnias (Fig. 6).

Figure 6. Inlaid rachva for decoration
Source: Chichka (n.d.)

The estimated value, which is calculated based on
the protocol for assessing the sociocultural significance
of a cultural monument, which takes into account in-
formation about the subject’s involvement in folk tra-
ditions and the level of recognition of the craftsman
at the national level (N =4), is determined as follows:
C = 86.39 x 24 = 1,382.24 hryvnias. This figure is
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significantly lower than the price offered by the seller,
therefore, the value of this work of decorative and ap-
plied art on the market is declared abnormally high -
more than 2,000 hryvnias,which are more affordable for
a potential buyer. The third example (Fig. 7) is the wall
panel “Zebra of Happiness” - a decorative and applied
decoration made using the laser cutting technique of
metal and presented on the Ekans website. The price of
the work, declared by the seller, is 1,500 hryvnias.

Figure 7. Wall panel “Zebra of Happiness”
Source: Ekans (n.d.)

The estimated value of this work was calculat-
ed based on the protocol for assessing the socio-
cultural significance of a cultural monument, which
took into account useful information about the high
technical perfection and relatively large dimensions
of the work (N =4), and is determined as follows:
(C=86.39x24=1,382.24 hryvnias.Therefore, the price of-
fered by the seller on the website is slightly overstated,
but is within the regulatory liquidity of 2,000 hryvnias.
Thus, the developed mathematical model for predicting
the estimated value of decorative and applied art ob-
jects made of wood and metal allowed determining the
value based on the accounting of known useful infor-
mation. In addition, this model can be used to analyse
the prices for these goods set by sellers - whether the
prices are justified or not.

Other scholars have also dealt with the issues
of predicting the value of works of art and antiques.
0. Kalashnykova (2006) presented a fundamental work
on the basics of art historical expertise and valuation
of cultural values, which was referred to by many schol-
ars. An important feature of the book was the coverage
of methods for attribution and expertise of objects of
historical and cultural significance, as well as modern
methods for determining the value of works of art.
B. Platonov (2013) reviewed the existing approach-
es, principles, and methods of evaluation, which were
considered classics of evaluation and the features of
the application in the assessment of cultural values,
special attention was paid to the consideration of cost
and comparative approaches to evaluation. V. Karpov
& Zh. Denysiuk (2020) described expert activities in
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Ukraine related to the study of movable monuments of
history and culture, and presented a methodology for
determining the estimated value of museum objects.
A.Dmytrenko (2024) revealed the essence and practical
use of the state methodology for the examination of
cultural values, in particular, determining the insurance
value of museum objects, and provided a brief analy-
sis of the author’s methods for conducting an appraisal
examination. O. Vagonova et al. (2022) proposed to im-
prove the conduct of commodity appraisal of antiques
and collectibles, presenting a formula for calculating
the predicted market price and a list of parameters for
determining the collector’s premium. Thus, the mathe-
matical model presented in the study for predicting the
estimated value of decorative and applied art objects
expanded the existing base of scientific research, in
particular for products made of wood and metal.

Conclusions

Thus, decorative and applied art objects made of wood
and metals had a market value that was determined by
the financial capabilities of potential buyers, the cost of
the materials from which those works were made, and
the manufacturer’s overhead costs. When predicting the
estimated value of decorative and applied items, it is ad-
visable to use a single valuation base - 86.39 hryvnias
per sample. The results of these calculations were rea-
sonable and corresponded to the mathematical model
built on the basis of the law of pricing. The quality of
forecasting the estimated value of decorative and ap-
plied items was high and was briefly assessed by the
correlation index between the observed and theoreti-
cally calculated indicators at the level of 0.98 according
to K. Pearson.

The nature of the distribution of value indicators
for decorative and applied items on the open market
indicated the possibility of distinguishing separate
groups of goods according to the liquidity level, as
well as determining the upper limit of price indicators
favourable for the rapid sale of goods. 87.82% of po-
tential buyers on the Ukrainian market were ready to
purchase decorative and applied art objects worth up
to 2000 hryvnias per sample.The high level of sociocul-
tural significance of decorative and applied art objects
contributed to the manifestation of emotional factors
of potential buyers, which allowed sellers to reason-
ably increase the value and liquidity. The more useful
information was taken into account when describing
decorative and applied art objects, the higher the so-
ciocultural value became and the wider the range of
theoretically justified predictive indicators of estimated
value. The estimated value of decorative and applied
art objects presented on the Ukrainian market should
be determined as an average indicator in the range of
possible predicted values. 3 examples of the evaluation
of decorative and applied art objects were given, and
it was established that an interior decoration made of
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wood - a painted duck - was offered for sale at an ab-  create a database of initial data and build a mathemat-
normally low price (79 UAH), an inlaid rachva for dec- ical model to predict the estimated value.

orations — at an abnormally high price (2,500 UAH), a
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AHoTauif. MeTo LbOro LOCNIAXKEHHS BYN0 BUBYUTM 3aKOHOMIPHOCTI LLiIHOYTBOPEHHS HA Cy4aCHOMY YKPaiHCbKOMY
PUHKY LeKOPaTUBHO-YXXUTKOBUX NpeaMeTiB Ta NobyLyBaTh MaTeMaTUUYHY MOAENb A1 MPOrHO3yBAHHS iX OLiHOYHOI
BAPTOCTi Ha NpWKaLi BUpobiB, CTBOPEHUX 3 AepeBa i MeTaniB, @ TAKOX BU3HAUYUTU piBEHb (PiHAHCOBMX 30UTKIB Bif
iX BTPATU B XOA4i BOEHHUX LLiA. TBOPU LeKOPATUBHO-YXXMTKOBOIO MUCTELTBA NPeACTaBAeHi NpeaMeTaMu nobyTy, aKi
CTanu CMMBONIAMM MaTepianbHOI KyNbTypU OACTBA, ETHIYHMX Ta HALLIOHANbHUX 0COBMBOCTEN. BOHU BUrOTOBNSAMUCS
3 pi3HOMaHITHUX MaTepianis i WUWMPOKO PO3MNOBCIOMAKEHI HA PUHKY. Y AoCHigKeHHi 6yno ctBopeHo 6a3y BUXiAHMX
[aHuX, o 9Koi 6yno BHeceHo 115 3pa3kiB, BUrOTOBNEHUX 3 AepeBa Ta MeTaNy: iHTEPEPHI HACTIHHI MPUKPACH, MiHi-
CKYNbNTYpW Ta AEKOPaTMBHI NobyToBi pedi. BapTicHi Nnoka3HWKK 3paskiB Bynu po3noaineHi Big HaiMeHLOro 40
Hanbinblworo Ta Norapn@MoBaHi 3a 0CHOBOW 2. B pe3ynbTtaTi 6yN0 BUAINEHO TPU iHTEPBANM PO3MOAINY BapTiCHUX
MOKa3HWKiB B 6a3i BUXiaAHMX AaHuX. B opyromy iHTepBani norapu@moBaHi BapTiCHi NOKa3HMKM 3pOCTanu AiHiliHO,
ue [03BosMno nobyayBatv MaTeMaTUYHY MoAeNb AN MPOrHO3YBaHHS iX OLHOYHOI BApTOCTi B KOHTEKCTI MUTAHHS
NpoO BU3HAYEHHS PiBHSA MOXIMBUX 36UTKIB Bif iX BTpaTW. TakoX, AN9 NpeaMeTiB 3 6a3n BUXigHUX AaHuxX Byno
BM3HAYEHO [Aiana3oHM AOMNYCTUMMX MPOrHO30BaHMX BAPTICHMX MOKa3HMKIB. B cTatTi HaBepeHo 3 npuknagu
pO3paxyHKYy OLHOYHOI BapTOCTi AEKOPATUBHO-YXXMTKOBUX NPEeAMETIB | 3AIMCHEHO MNOPIBHAHHA i3 LiHaMu,
3anponoHOBaHWMK NpoAasLsMuU. BcTaHOBNEHO, WO iHTEPEPHA NpMKpaca 3 AepeBa MPOMNOHyBanacs A0 Npoaaxy
332 aHOManbHO HWU3bKOW LiHOW (79 rpH), iHKpyCTOBaHa paxBa ANS MPUKPaAC — 338 aHOMANbHO BMCOKOK LIHOK
(2500 rpH), HacTiHHE NAaHHO 3 MeTany — 3@ He3HAaYHO 3aBuLeHOot LiHow (1500 rpH), ane B MeXxax HOPMaTUBHOI
NiKBigHOCTI. YnM BinbLie kopucHoi iHpopMaLii 6yno onybnikoBaHO Npy ONMCi 4EKOPATUBHO-YXXUTKOBUX NPeaMeTiB,
TMM BMLLOK CTana iX COLiaNbHO-KYNbTYpHA LIHHICTb Ta OWIHOYHA BapTiCTb. Pe3ynbTatv AOCNIAXKEHHS MOKa3anu,
O TBOPU AEKOPATUBHO-Y>XXMTKOBOrO MUCTELTBA 3 AepeBa Ta MeTaNiB Maiu PUHKOBY BapTiCTb, Ka BM3Hayanacs
(}iHAHCOBMMM MOX/IMBOCTSIMM NOTEHLLIMHMX NOKYMNLIB

Kniouosi cnoBa: nekopaTMBHO-Y)XMTKOBI NpeaMeTu; BUpobu 3 aepeBa; BUpobu 3 MeTaniB; NPOrHO3yBaHHS BapTOCTi;
BAPTiCHI NOKA3HMUKM
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Abstract. The development of environmentally safe packaging materials has become one of the key requirements
for 2026. Across various segments of the modern market, there has been a clear and steady increase in interest
in biopolymer materials produced from renewable raw materials and capable of biodegradation. The aim of
this work was to investigate the performance characteristics of films based on polyvinyl alcohol, maize starch,
glycerine and sodium tetraborate, as well as to assess their potential for use as environmentally safe packaging
materials. During the study, the films were produced by solution casting onto a glass substrate with heat
treatment at temperatures of 393 K and 423 K. Samples of various thicknesses were produced: in the range of
0.0552-0.0616 mm, as well as thicker films - from 0.1953 to 0.2240 mm. The physical and mechanical properties
of the materials were determined using a universal tensile testing machine. It was found that the experimental
tensile strength values for the obtained film materials increased with an increase in the sodium tetraborate
content - from 18.79 N to 66.2 N. The tensile strength reached 30.5 MPa at a sodium tetraborate content of 10%
and a film stabilisation temperature of 423 K. The relative elongation at break gradually decreased at higher
sample stabilisation temperatures. The increase in tensile strength for films containing 10% sodium tetraborate
made this composition effective for producing films with improved strength. Film materials with a thickness
of 0.0612-0.0734 mm exhibited the best performance characteristics in terms of the “material strength-film
thickness” ratio. The results of the study of the performance characteristics of film materials formed on the basis
of polyvinyl alcohol, water-soluble maize starch and glycerine with varying sodium tetraborate content allowed
for the consideration of their potential use for food packaging and the encapsulation of fresh vegetables and fruit
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Introduction

Packaging has played a key role in ensuring the effec-
tive sale of goods, as it combines functional, logistical,
marketing and informational aspects, whilst guarantee-
ing the physical, chemical, microbiological and barrier
safety of goods. The rapid growth in packaging volumes,
and consequently in the amount of plastic waste, has
had a negative impact on the environment. In modern
market segments, there has been a steady trend towards
growing demand for biopolymer materials derived from
renewable raw materials, which have found practical
application particularly in food packaging. S. Kumar et
al. (2022) highlighted the advantages of using biopol-
ymers as materials for food packaging. The use of bi-
odegradable materials, weight reduction and optimi-
sation of packaging structure had a positive impact on
companies’ image and expanded opportunities for en-
tering environmentally-oriented markets. Polyvinyl al-
cohol (PVA)-based film materials exhibited satisfactory
gas barrier properties under conditions of low relative
humidity and were used as a base for the production
of environmentally safe packaging films. One of the
main strategies for modifying PVA-based films involved
the introduction of inorganic nanofillers (in particular,
Zn0 and TiO,), which, according to research by Y. Xie et
al. (2024), enhanced antimicrobial activity, provided UV
protection and strengthened the mechanical structure of
the film. Thanks to these properties, PVA films have been
actively used to create modern packaging solutions in
the pharmaceutical industry and as biocompatible coat-
ings for medical devices. The method for producing PVA-
based composite films proposed by C. Wang et al. (2024)
enabled the production of strong materials with the
potential to impart antimicrobial properties. A study by
R.Hussain et al. (2023) established the antimicrobial ac-
tivity of biodegradable PVA films in combination with
ascorbic acid and glutaraldehyde.

PVA-based composite films demonstrated en-
hanced functional capabilities, making them promising
for various technological applications. V. Krasinskyi et
al. (2021) used montmorillonite as a filler in polyvinyl
films, which enabled the formation of a homogeneous
cross-linked structure, reduced the degree of crystallin-
ity,and increased the thermal stability of the nanocom-
posites. X. Li et al. (2021) developed a packaging film
based on polyvinyl alcohol containing Fe** ions, which
optimised food storage conditions and was UV-resist-
ant. This opened up the possibility of creating high-
ly functional composite materials for packaging and
smart quality control systems. To improve the barrier
properties of PVA nanocomposite films, S.V. Nguyen &
B-K. Lee (2023) used cellulose nanocrystals in combi-
nation with titanium dioxide. In particular, this result-
ed in improved resistance to water vapour permeation,
enhanced UV protection, and an effective extension of
shelf life due to the high antioxidant and antimicrobial
properties of the resulting nanocomposite.
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Encapsulating fresh products in film packaging
made from active packaging materials has become a
cost-effective way to prevent the impact of external
conditions and to maintain high food quality. As noted
by S.Yildirim et al. (2017), the primary objective of ac-
tive packaging is to ensure microbiological and chem-
ical safety, extend the shelf life of food products, and,
in some cases, preserve or improve their sensory char-
acteristics, such as taste, aroma or appearance. Inter-
est in PVA stems from a combination of its properties
that are important for food packaging: high flexibility,
excellent film-forming ability, pronounced biodegrada-
bility, chemical stability, significant hydrophilicity and
biocompatibility. An additional advantage was that PVA
was considered an edible material, which expanded its
potential applications in the food industry. Assessing
the impact of various additives on the physicochemical
and functional properties of PVA films became crucial,
as this enabled the development of optimal materials
suitable for use as active food packaging.R. Dermondes
Souza et al. (2024) noted the use of PVA-based films
containing sodium nitrite as active packaging for meat
products. It was established that the properties of such
films contributed to more effective preservation of
chilled meat, in particular by inhibiting microbiological
processes and reducing oxidative changes due to the
high gas barrier properties of PVA. This modification of
the material provided the potential to extend the shelf
life of pork by reducing microbiological spoilage of the
product. Furthermore, in the work by A. Jayakumar et
al. (2023), a smart composite film based on polyvinyl
alcohol was developed for the safe packaging of food
products. In this system, chitosan combined with zinc
oxide nanoparticles acted as antimicrobial agents,
whilst sweet purple potato extract was used as a sensi-
tive indicator of changes in product quality.

X. Dang et al. (2025) identified encapsulation as
the ideal method for storing fresh fruit and vegetables,
where products can slow down the loss of quality and
nutrients, thereby maximising shelf life. The developed
eco-friendly, multifunctional food packaging for food
products based on PVA exhibited good water vapour
barrier properties, resistance to ultraviolet radiation,
and antimicrobial activity. The data obtained by the au-
thor regarding the film demonstrated thermal stability
and antioxidant activity. Encapsulation in the films ob-
tained prevented product spoilage, extended shelf life,
and significantly expanded the possibilities for their
use in safe packaging, such as edible coatings, as inves-
tigated by B.R. Moreira et al. (2020). The combination
of PVA with biopolymers such as starch and chitosan
improved the materials’ biodegradability and enabled
waste disposal via industrial composting (anaerobic) or
decomposition in soil (aerobic process). Combining pol-
yvinyl alcohol with natural polymers, particularly pol-
ysaccharides, has not only improved the performance
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properties of film materials but also significantly en-
hanced their biodegradability.

Film materials containing polyvinyl alcohol in
combination with maize starch are capable of degra-
dation under the action of enzymatic processes as well
as under natural soil and compost conditions. The re-
sults of the analysis of biodegradation studies of com-
posite materials based on polyvinyl alcohol and starch
indicated that, under the influence of microorganisms
present in biohumus, there was intensive and relatively
rapid destruction of the biopolymer matrix. Biodegrad-
able polymers from renewable sources have become
a promising solution not only as effective packaging
but also as an environmentally friendly solution to the
waste problem. The widespread adoption of biodegrad-
able packaging is associated with various challenges,
such as cost-effectiveness, technological limitations,
labelling and waste management. The aim of this study
was to investigate the performance properties of film
materials based on polyvinyl alcohol, water-soluble
maize starch and glycerine at various concentrations of
sodium tetraborate, and the potential for their use as
eco-friendly packaging.

Materials and Methods

Polyviol G04/140 (Germany) polyvinylalcohol was used
as the polymeric base for the production of film materi-
als. Water-soluble corn starch (DSTU 3976-2000, 2001)
was added to the pre-prepared aqueous PVA solution
as a biodegradable component. The gelation pro-
cess was carried out by heating the composition to a
temperature of 363 K whilst stirring until a homoge-
neous gel-like system was formed. After the mixture
had cooled partially, glycerine of the FS 42-2202-84
grade (Ukraine) was introduced into its composition,
which was used as a plasticising additive. The addi-
tion of glycerine improved the flexibility and elasticity
of the films. Furthermore, glycerine facilitated a more
uniform distribution of polymer chains within the com-
posite structure. To impart antimicrobial properties to
the films, sodium tetraborate (Na;B40,) was incorpo-
rated into the composition. Thanks to this composition,
the resulting film materials could be effectively used
in the packaging of food products, hygiene items and
medicines. The films were formed by casting the solu-
tion onto a glass substrate, after which the samples
were dried at a temperature of 293 K on a flat surface
to ensure uniform film thickness. This process corre-
sponded to the solution casting method. After the dry-
ing process was completed, the films were subjected
to heat treatment at temperatures of 393 K and 423 K
for 30 minutes to stabilise their structure. Three sam-
ples of each film composition were produced. The film
thickness was measured using an 1ZV-2 (USSR) thick-
ness gauge at five different points on each sample,
and the average value was calculated. Tests of tensile
strength and relative elongation at break were carried
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out on a universal tensile testing machine manufac-
tured by VEB Werkstoff-Prufmaschinen (Germany). The
film samples measured 100x15 mm, with a distance
of 50 mm between the grips. Measurements of tensile
strength and relative elongation at break were carried
out in accordance with DSTU EN 1SO 8067:2018 (2020).
The tensile stress was defined as the tensile force per
unit area of the film’s cross-section at the moment of
its failure. The tensile stress o (MPa) was calculated
using the formula:

o=, (1)

where P - the applied tensile force, S - the cross-sec-
tional area of the film specimen.

The relative elongation at break was calculated in
accordance with DSTU EN SO 8067:2018 (2020) using
the formula:
£ ="2-100%, )
where [, - initial film length, [ film length at the mo-
ment of rupture, Al=[- [,

The film spectra were obtained using a PerkinElmer
Spectrum Two Fourier-transform infrared (FTIR) spec-
trometer from PerkinElmer (UK), equipped with a sin-
gle-element UATR attachment with a diamond crystal.
The infrared (IR) analysis of the films was carried out in
the range of 4,000-400 cm™.

Results and Discussion

Polyvinyl alcohol, as a non-toxic, water-soluble poly-
mer, formed the basis for the film materials developed.
As the semi-crystalline structure of PVA contains a sig-
nificant number of hydroxyl groups capable of forming
intermolecular hydrogen bonds, this has enabled the
effective combination of synthetic polyvinyl alcohol
with a biopolymer - maize starch. In this process, glyc-
erol,acting as a plasticiser, facilitated the formation of
a uniform polymer matrix. One of the key performance
properties of PVA-based films was gas impermeability
under conditions of low relative humidity. At the same
time, its high hygroscopicity proved to be a significant
drawback, as it led to increased water permeability.
To overcome this drawback, a cross-linking method
was employed. Sodium tetraborate hydrolysed in wa-
ter to form orthoboric acid, which proved to be an ef-
fective cross-linking agent. Film samples containing
5% and 10% borax (relative to the content of other
components) were produced using the solution cast-
ing method. The composition of the formulations is
given in Table 1.

Heat treatment of the films at temperatures of
393 K (samples 2, 5, 8) and 423 K (samples 3, 6, 9)
contributed to the strengthening and stabilisation
of the structure. It is worth noting that raising the
heating temperature above 433 K led to yellowing of



the films. This effect was particularly evident when
the composition contained a higher proportion of
thermally unstable maize starch. The film samples
were produced with thicknesses ranging from 0.0552
to 0.0734 mm (samples 1-6) and from 0.1953 to
0.2240 mm (samples 7-9). The measured average film
thicknesses are given in Table 1. The film samples
combining polyvinyl alcohol with starch, glycerine
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and borax had a uniform thickness, were practical-
ly transparent, colourless and homogeneous. The
films were soft to the touch and stretchable. During
storage under room conditions, good resistance to
moisture absorption from the air was observed. For
testing the strength of the films under load, strips
measuring 100 mm in length and 15 mm in width
were prepared (Fig. 1).

Table 1. Composition and average thickness of films

Stabilisation Composition of film samples, wt.% ) )
Sample No - Film thickness, mm
temperature, K PVA Starch Glycerol Sodium tetraborate
1 293 45 10 40 5 0.0635
2 393 45 10 40 5 0.0616
3 423 45 10 40 5 0.0552
4 293 40 10 40 10 0.073%4
5 393 40 10 40 10 0.0657
6 423 40 10 40 10 0.0612
7 293 40 10 40 10 0.2240
8 393 40 10 40 10 0.2150
9 423 40 10 40 10 0.1953

Source: compiled by the authors

Figure 1. Film samples for determining physico-mechanical properties

Source: compiled by the authors

Uniform strips 15 mm wide were cut from the film
materials. Three samples of each film composition
were prepared for the study. The tensile strength and
elongation at break were determined using a universal
testing machine (dynamometer). The measurements
were carried out with a crosshead speed of 0.5 mm/s.
Figure 2 shows the average values of the experimen-
tally determined tensile strength of bioplastic films

based on polyvinyl alcohol, corn starch, glycerine and
sodium tetraborate. The results of the tensile strength
measurements showed that the tensile strength of
the films increased with increasing sodium tetrabo-
rate concentration. Heat treatment of the films also
increased their strength. The highest tensile strength
values - 18.79 N, 28.1 N and 66.2 N - were obtained
for samples stabilised at 423 K.
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Figure 2. Tensile strength of bioplastic films based on polyvinyl alcohol, maize starch, glycerine and sodium tetraborate

Note: the numbers 1 to 9 are sample numbers
Source: developed by the authors
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As the thickness of the samples increased, the
tensile strength also increased: the tensile strength
of films with a thickness of 0.1953-0.2240 mm was
2-3.5 times greater than the corresponding values for
samples with a thickness of 0.0552-0.0734 mm. The
main strength characteristic of the film materials was
the tensile stress at break, as this parameter took into
account the dimensions of the sample, in particular

its thickness. Tensile stress is defined as the tensile
load per unit cross-sectional area of the film material
at the moment of failure. The calculation of tensile
stress, or tensile strength, as one of the key perfor-
mance characteristics, was performed using formula
(1). The highest tensile strength values - 22.7 MPa,
30.5 MPa and 22.6 MPa - were obtained for samples
stabilised at 423 K (Fig. 3).
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Figure 3. Tensile strength at break of films based on polyvinyl alcohol, maize starch, glycerine and sodium tetraborate

Note: the numbers 1 to 9 are sample numbers
Source: developed by the authors

PVA/starch films exhibited tensile strength under
load. The relative elongation at break for the films under
investigation was calculated using formula (2). Figure 4
shows the variation in relative elongation at break for
the films under investigation with different composi-
tions.The best tensile strength was demonstrated by film
samples containing 10% sodium tetraborate. It is worth
noting that, compared to tensile strength, the change in

300

relative elongation at break showed a slightly different
trend. It was found that at higher concentrations of borax,
the relative elongation at break was greater. At the same
time, a higher stabilisation temperature of the samples
led to a decrease in elongation at break. This could be
attributed to a reduction in the water content of the film
material and the cross-linking and strengthening of the
polymer matrix, which led to a decrease in elasticity.
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Figure 4. Change in relative elongation at break for films
based on polyvinyl alcohol, maize starch, glycerine and sodium tetraborate

Note: the numbers 1 to 9 are sample numbers
Source: developed by the authors

Studies of tensile strength and elongation, as well
as calculated values of tensile stress at break for the
resulting film materials containing polyvinyl alcohol,
maize starch, glycerine and borax, demonstrated their
potential for use as packaging materials, particu-
larly for food products and for encapsulating fresh
vegetables and fruit. To produce films with improved
strength, a 10% sodium tetraborate content proved
promising, as this composition resulted in an increase
in the tensile strength of the films. In terms of the
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“material strength - film thickness” ratio, film materi-
als with a thickness of 0.0612-0.0734 mm exhibited
the best performance characteristics. The results of
the study of film materials using infrared spectros-
copy indicated that the main characteristic bands in
samples 4, 5 and 6 predominantly corresponded to
the spectrum of polyvinyl alcohol. At the same time,
no significant changes in the position or shape of
these bands were detected in the samples that had
undergone heat treatment (samples 5 and 6). In the



spectra of films stabilised at 393 K and 423 K (sam-
ples 5 and 6, respectively), a noticeable decrease in
the intensity of absorption bands associated with the
hydroxyl groups of water was observed, particularly in
the regions around 2,300 cm™ and 1,670-1,630 cm™,
In addition, for sample 6, the appearance of a shoul-
der at 1,701 cm™! was recorded, which corresponded
to the valence vibrations of the ester-type carbonyl
group (C=0), indicating the possible formation of new
chemical bonds in the material’s structure as a result
of heat treatment. In the spectrum of the untreated
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sample 4, characteristic bands at 1,148 and 1,078 cm™*
were clearly evident. After annealing, these bands dis-
appeared, indicating structural transformations in the
polymer matrix. At the same time, for sample 6, an in-
crease in the intensity of the absorption band associ-
ated with C-O group vibrations was observed in the
1,120-1,080 cm™* range. Furthermore, the shift of the
most intense C-O group absorption peak from 1,023
to 1,034 cm™ indicated a decrease in the degree of
crystallinity of the starch amylose under the influence
of elevated temperature (Fig. 5).

%T

9
4000 3500 3000 2500

2000

cm-1

Figure 5. Spectra of films based on polyvinyl alcohol and starch (4,000-400 cm™* range)

Source: developed by the authors

Thus, sodium tetraborate emerged as one of the key
components ensuring the formation of a stable and ro-
bust structure in the film materials under investigation;
it was incorporated into the composition to impart an-
timicrobial properties to the potential packaging ma-
terials. In an aqueous environment, sodium tetraborate
underwent hydrolysis to form orthoboric acid, which
initiated cross-linking processes between the polyvi-
nyl alcohol macromolecules. The implementation of
this mechanism contributed to the strengthening of
intermolecular interactions between the system’s com-
ponents, particularly between the polyvinyl alcohol
and starch chains, which had a positive effect on the
structural integrity and performance characteristics of
the films. The presence of cross-linking processes was
confirmed by the appearance in the spectrum of sample
6 of a characteristic band corresponding to ester groups
at 1,701 cm™, as well as an increase in the intensity
of the absorption band in the 1,120-1,080 cm™ range.
These spectral changes indicated the formation of new
chemical bonds in the structure of the composite film
materials. As a result, a film material was formed that
was characterised by increased mechanical strength
and greater structural stability.

The results obtained correlated with the work of
S.Zhang et al. (2023), where the task of increasing the

mechanical strength of polyvinyl alcohol-based films
was solved by chemical cross-linking with boric acid,
which made it possible to significantly improve the me-
chanical properties of the material without compromis-
ing its optical transparency. Furthermore, in the work by
AK. Sonker & V.Verma (2017), it was determined that
the addition of an organic acid to the polyvinyl alcohol
polymer matrix led to the strengthening of the films
and a reduction in water absorption. The introduction
of sodium tetraborate into the polymer matrix could
be considered more promising, as it not only improved
the strength of the film materials but also imparted
antimicrobial properties. The stabilisation of the film
materials at temperatures of 393 K and 423 K contrib-
uted to the strengthening of the material - a function-
al characteristic such as tensile strength increased.
The results of this study were consistent with those of
L. Li et al. (2024), who reported that the presence of
water in polyvinyl alcohol films reduced the material’s
mechanical properties, particularly tensile strength,
but increased its ductility. The thermal method of
film strengthening became more expensive compared
to cross-linking as the boric acid content increased.
Similar results are reported in the study by V. Sytar et
al. (2020). The authors found that the maximum resist-
ance of the film composition to dissolution in water is
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achieved both by heating to 443 K for 30 minutes and
by adding boric acid (30% relative to the dry weight of
PVA). Thus, the introduction of sodium tetraborate into
the composition of polyvinyl alcohol, maize starch and
glycerine proved to be an effective solution, contribut-
ing to an increase in the material’s chemical stability
and an improvement in its performance properties, in
particular an increase in strength and the assurance of
material stability during prolonged use. The films under
investigation may also find application in agriculture,
particularly for the bio-packaging of plant protection
products. J. Song et al. (2024) developed a new strate-
gy combining mechanical activation with esterification
and blending with polyvinyl alcohol (PVA), to produce
biodegradable and cold-water-soluble starch (St)/PVA
films with excellent mechanical properties, solubility
and oxygen barrier properties. The resulting films effec-
tively improve the emulsification and dispersibility of
fat-soluble pesticides, thereby enhancing their efficacy
when packaged in St/PVS films.

Since disposal has become a crucial stage in the
“life cycle” of packaging, the inclusion of biopolymers in
the polymer composition enables the biodegradation of
the materials under investigation and significantly ac-
celerates the biodegradation processes of the films, as
established by N.N. Nasir & S.A. Othman (2021) due to
the presence of starch. Furthermore, the authors noted
that optimising the concentrations of starch and glyc-
erol allows the properties of the films to be maximised
for various applications, ensuring a balance of strength,
flexibility and hydrophilicity. M.C. Alvarado (2024) in-
vestigated the use of composite films based on polyvi-
nyl alcohol and nanocellulose for packaging materials,
demonstrating that the addition of nanocellulose im-
proves the mechanical properties and barrier character-
istics of the films. In the work by A.A. Oun et al. (2022),
the combination of PVA with various biopolymers and
functional materials was analysed, highlighting the po-
tential for using such composites as packaging materi-
als. Research by O. Fedoryshyn et al. (2024) on experi-
mental and industrial film materials containing maize
and potato starch demonstrated increased microbial
activity on their surfaces in soil and biodegradability.
Research by V. Lebedev et al. (2022) investigated the hy-
brid modification of environmentally friendly polylactic
acid polymers with humic substances and identified an
intermolecular bond between polylactic acid and humic
substances. Furthermore, the researchers noted that the
modification mechanism promoted increased crystalli-
sation and the formation of complex bonds, which im-
proved the mechanical properties of the materials. In
the work by O. Krykhovets & V. Slobodianyk (2023), the
wetting of polyvinyl alcohol-based film surfaces by test
liquids was investigated. Thanks to their good printabili-
ty, polyvinyl alcohol-based films can be printed to a high
standard for applying the information required for pack-
aging. The authors S. Sheikh et al. (2021) demonstrated
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the economic viability of using biodegradable composi-
tions containing polyvinyl alcohol as active packaging.
The combination of enhanced mechanical properties,
high transparency, biodegradability and antimicrobial
activity has made the studied film materials promising
for the production of environmentally safe packaging.

Conclusions

Film materials combining polyvinyl alcohol, maize
starch, glycerol and sodium tetraborate were found to
be transparent, of uniform thickness, soft and elastic.
It was established that the physical and mechanical
properties of the biopolymer films varied depending on
the composition of polyvinyl alcohol, corn starch, glyc-
erine and sodium tetraborate, and the temperature at
which they were stabilised. The tensile strength of films
containing 10% sodium tetraborate increased by 125%
compared to those containing 5% sodium tetraborate
at a temperature of 293 K and by 151% after heat treat-
ment. The introduction of 10% sodium tetraborate en-
abled the effective production of films with increased
strength. The highest tensile strengths - 18.79 N,
28.1 N and 66.2 N - were recorded for samples stabi-
lised at 423 K. Heat treatment of the film materials at
temperatures of 393 K and 423 K contributed to the
strengthening of the material, in particular improving
functional characteristics such as tensile strength. Fur-
thermore, the results of IR spectroscopy of the films
indicated structural transformations in the polymer
matrix. The formation of new chemical bonds in the
material structure as a result of heat treatment was
evidenced by the appearance of a band corresponding
to the valence vibrations of the ester-type carbonyl
group. With film thicknesses ranging from 0.0552 to
0.2240 mm, which met the requirements for packaging
films, the biofilms obtained exhibited high performance
properties. The ability of the studied materials to un-
dergo relative elongation within the range of 130%-
280%, combined with the high gas barrier properties
of polyvinyl alcohol, made it possible to predict the po-
tential use of transparent PVA/starch films for encapsu-
lating food products, particularly vegetables and fruit.
The presence of a biopolymer in the film composition
will allow packaging waste to be disposed of by com-
posting or burial in soil, thereby helping to improve its
composition. The study of the conditions and rates of
biodegradation of polyvinyl alcohol-starch films is the
subject of further research.
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AHoTauif. Po3pobka ekonoriyHo 6e3neyHMx MaTtepianiB AN NakyBaHHA CTasno OAHIEH 3 KJIOYOBWUX BUMOT
2026 poky. Y pi3HMX CerMeHTax Cy4yacHOro PMHKY YiTKO cnocTepiranocs ctabinbHe 3poCTaHHa iHTepecy A0
6iononiMepHUXx MaTepianis, WO BUIOTOBMSANCA 3 BiAHOB/IIOBAHUX [XKepen CMPOBWUHM i OYNM NOTEHLIMHO 34aTHI
[o Giopo3knagy. Metow poboTM CTano [OCNIAXKEHHS eKChayaTauiiHWX XapakTepucTUMK MNAiBOK Ha OCHOBI
MONiBiHINOBOro CNMPTY, KYKYPYA3SHOIO KpOXMasto, MiLepuHy i HaTpii TeTpaboparty, a TakoX OLLiHKa MOXMBOCTI iX
3aCTOCYBaHHS SK eKoNoriyHo 6e3neyHoro nakyBasbHOro mMartepiany. Y npoueci NnpoBeAeHHs LOCTIAXKEHHS NAiBKM
OTPUMYBANIM METOLLOM IUTTS 3 PO3YMHY Ha CKSIHY OCHOBY 3 TEpPMiYHO 06p0o6Kot0 3a TeMnepaTypax 393 KT1a423 K.
Byno BMroToBNEHO 3pasku pi3HOi TOBLMHK: y Aiana3oHi 0,0552-0,0616 MM, a TakoX NAiBKM BiNblUOT TOBWMHK —
Big 0,1953 po 0,2240 mM. Di3MKO-MexaHiYHi XapaKTepuUCTMKM MaTepianis Oyno BU3HAYEHO 33 [0MOMOroH
YHiBEpCanbHOT pO3pUBHOI MalmMHK. byno 3'9coBaHo, WO ekcnepuMeHTabHi 3HAYEHHS PO3PUBHOMO 3yCUANs ANS
oepXaHMX NNiBKOBMX MaTepianiB 3pocTany i3 36inbleHHsAM BMICTYy HaTpilt TeTpabopaty - Big 18,79 H no 66,2 H.
HanpyxeHHs npu po3pusi gocarano 30,5 MIa npu BMicTi HaTpiit TeTpabopaty 10 % i Temnepatypi cTabinizauii
nniBok 423 K. BionHoCHe BMOOBXeHHS Npu po3puBi MOCTYNOBO 3HWXKYBANOCS NpU BULLiN TemnepaTypi ctabinisauii
3paskKiB. 3pOCTaHH: MeXi MiLLHOCTi MpW po3TA3i ANs NAiBoK i3 BMicToM 10 % HaTpin TeTpabopaty 3pobunu uei cknag
ePEeKTUBHUM A/19 OfepXKaHHA NNiBOK MokpauieHoi MiuHocTi. MNniskosi MaTepianu ToBwwmHoto 0,0612-0,0734 mm
NoKasann HaWkpali ekcnayatauiiHi XapakTepucTMKM 3a CNiBBIOHOWEHHAM «MIiLHICTb MaTepiany - TOBLWMHA
NNiBKU». Pe3ynbTaTn AOCNIAKEHHS eKCnayaTauiMHUX XapakTepUCTUK MAIBKOBWX MaTepianis, CGOPMOBAHMX Ha
OCHOBIi MONIBIHINOBOro CNMPTY, BOAOPO3YMHHOIO KYKYPYA3SHOMO KPOXMaNd Ta MiLEpUHy 33 Pi3HOro BMICTY
HaTpii TeTpabopaTy LO3BOAUAM PO3MNAAATU MOXKIMBICTb iX BUKOPUCTAHHS AN NaKyBaHHSA NPOAYKTIB XapyyBaHHS,
KarncynoBaHHS CBIXXMX 0BOYIB i dhpyKTiB

KniouoBi cnoBa: 6iopo3knanHi mMatepianu; disnkKo-MexaHiyHi BNacTMBOCTi; BiononiMepu; NoniBiHiNOBMIA CnuprT;
MeXa MilHOCTI
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Abstract. The growing demand for sustainable and functional food ingredients has intensified interest in
plant-based milk powders as alternatives to conventional dairy products. The aim of this study was to evaluate
plant-based milk powders by comparing their physicochemical, nutritional, and functional properties and
processing technologies. The study was based on a structured analysis of scientific literature, including systematic
database searches. It was established plant-based milk powders are emerging as versatile and promising food
ingredients due to their distinctive physicochemical, nutritional, and functional properties. These powders can
be obtained from a variety of plant-based milks. It was found that plant-based milk powders exhibit significant
variability in macronutrient composition depending on the raw material. Almond milk powder is characterised
by a high fat content, soy milk powder is rich in protein, whereas oat and rice milk powders are predominantly
carbohydrate-based. These powders exhibit a wide range of physicochemical properties, which significantly
affect their reconstitution. Solubility varied markedly among different types, ranging from low values in almond
and soy milk powders to very high values in oat milk powder, reaching up to 98.5%. Bulk density ranges from
0.25 to 0.61 g/mL, moisture contented from 2.1 to 7.9%, and pH from 5.6 to 6.9, reflecting variations in raw
materials and processing conditions. The production of plant-based milk powders involved several critical stages.
It was established that drying plays a pivotal role, as it directly influences powder properties. The combination
of nutritional composition and physicochemical properties makes plant-based milk powders suitable for bakery
products, confectionery, frozen desserts, chocolate, sauces, patés and sausages, fermented foods, and dairy
alternatives, thereby supporting the development of sustainable, functional, and nutritionally balanced food systems
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Introduction

The development of sustainable and functionally ef-
ficient food ingredients has become a key priority in
modern food systems. Increasing emphasis is placed
on ingredients capable of maintaining consistent
quality and functionality under varying processing and
storage conditions. In this context, plant-based milk
powders are gaining importance due to the grow-
ing need for shelf-stable and versatile alternatives
to traditional dairy ingredients. Over the 2010s, the
demand for non-alcoholic beverages such as plant-
based milk has been steadily increasing (Popova et
al.,2023). C.B. Penha et al. (2021) noted that this trend
is driven by changing dietary preferences, including a
growing interest in plane-based foods, as well as by
lactose intolerance and allergies to animal-derived
milk products. N. Sharma et al. (2024) highlighted that
approaches such as nutrient enrichment and the mod-
ification of sensory attributes, including taste, colour,
and texture, can be employed to meet diverse con-
sumer preferences, thereby enhancing the appeal of
plant-based beverages.J. Rachtan-Janicka et al. (2025)
noted that ethical and environmental concerns also
influence consumer choices, including considerations
related to animal welfare and the environmental im-
pact of production, such as greenhouse gas emissions,
water consumption, and land use. These factors con-
tribute to the expansion of the plant-based beverage
market, particularly given the growing popularity of
beverages that mimic cow’s milk in terms of sensory
properties, consistency, and shelf life.

As noted by M.A. Nawaz et al. (2023), the food in-
dustry is developing a variety of plant-based milk al-
ternatives that are nutritious, sustainable, and appeal-
ing to consumers. K. Marafon et al. (2025) emphasised
that plant-based beverages offer unique benefits due
to the presence of bioactive compounds, which may
contribute to improve the health of their consumers.
W.J. Craig & U. Fresan (2021) indicate that consumers
should be informed of the nutritional composition and
potential health benefits of plant-based beverages as
the nutritional content can vary greatly among differ-
ent types of products.

Plant-based milk is often processed into powder
to extend shelf life and simplify transportation and
storage. As pointed out by T. Dippong et al. (2025),
plant-based milk powders contain plant proteins, fats,
and carbohydrates, as well as bioactive compounds,
particularly unsaturated fatty acids and dietary fi-
bre. The nutritional composition of plant-based milk
powders depends on the type of raw materials used
and the production method. According to |. Fructuo-
so et al. (2021), common raw materials include soy-
beans, oats, almonds, rice, coconut kernel, and other
types of cereals, nuts and seeds of vegetables and
fruits. Their use is due to their high nutritional val-
ue and the presence of various bioactive compounds.
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They also contain oil that is free of trans-fat and low
in saturated fat.

The nutritional and physicochemical properties of
plant-based milk powders contribute to the widespread
use in the production of various food products as full
or partial substitutes for cow’s milk powder, as well
as functional additives for product enrichment. These
plant-based milk powders are not only nutritionally
versatile but also economically accessible, providing
an affordable option for lower-income populations in
developing countries and regions with limited access
to animal milk and dairy products. A key advantage
of plant-based milk powders is their long shelf life,
which is especially valuable in areas facing challenges
with refrigeration and cold-chain infrastructure. Plant-
based milk powders have the potential to enhance di-
etary diversity and nutritional intake while offering a
sustainable and cost-effective alternative to conven-
tional dairy products.

The aim of this study was to conduct a meta-anal-
ysis of plant-based milk powders by evaluating their
physicochemical, nutritional, and functional properties,
as well as processing technologies, in order to identify
key trends and factors influencing their potential appli-
cations in food systems.

The methodology of this study was based on a
structured meta-analysis of scientific literature on
plant-based raw materials, plant-based milks, and
milk powders. Original research articles, systemat-
ic reviews, and meta-analyses were also analysed to
examine the global perspective on the use of plant-
based milk powders in food products. Manufactur-
er-reported data on the nutritional composition of
dairy alternatives were also included. Studies were
selected according to predefined criteria, including
the availability of quantitative data on the physico-
chemical, nutritional, and functional properties of
plant-based raw materials, plant-based milks,and milk
powders. Data collection was conducted through sys-
tematic searches in scientific database, including Web
of Science, Scopus, and Google Scholar, using targeted
keywords and was supplemented with publicly availa-
ble data from food manufacturers. The extracted data
were analysed to identify trends and the underlying
causes of differences in properties.

Comparative analysis of plant-based raw materials

and derived milk alternatives

The mean nutritional composition of five plant-based
raw material commonly used in the manufacture of
plant-based milk alternatives - soybean, oat, almond,
rice, and coconut kernel - is presented in Table 1. The
results reveal pronounced differences in macronutrient
distribution, which are critical for determining the nu-
tritional value, technological functionality, and sensory
characteristics of the final beverages.
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Table 1. Nutritional composition of raw materials for plant-based milk (mean)

Compound Soybeans Oats Almonds Rice Coconut kernel
Protein (%) 36.51 13.581 15.614 7.161 4.5
Fat (%) 19.9u 8.8 37.54 1.261 36.76
Carbohydrates (%) 30.204 38.761 19.7# 78.961 9.3l
Moisture content (%) 8.5 14.5 5.3 12.061 46.0€
Dietary fibre (%) 27.012 21.961 11.84 1.561 2.96

Note: *~ % DM (percentage of dry matter); '/ — K. Chen et al. (2012); I — J. Medic et. al. (2014); B - V. Sterna et al. (2016); 1 -
C-Y.Chen et al. (2006); Pl - M. Carcea (2021), 1 — G. Adoyo et al. (2021)

Source: prepared by the authors based on data reported in the scientific literature

Soybeans are a valuable source of protein (36.5%)
in the human diet, and are rich in isoflavones, dietary
fibre, and vitamins A, B,, B,,, and C (Chen et al., 2012;
Medic et al., 2014). The protein content of soybeans
substantially exceeds that of almonds (15.6%) (Chen et
al., 2006) and oats (13.5%) (Sterna et al., 2016). It is
also higher than that of rice (7.1%) (Carcea, 2021) and
coconut kernel (4.5%) (Adoyo et al., 2021). This finding
confirms the suitability of soybeans as a primary pro-
tein source in plant-based milk formulations. However,
it should be noted that soy protein may cause allergic
reactions in sensitive individuals and is recognised as
one of the eight major food allergens. The high protein
content contributes not only to enhanced nutritional
value but also to improved functional properties, in-
cluding emulsification, foaming capacity, and colloidal
stability. In contrast, rice and coconut kernel contain
relatively low levels of protein, which limits their po-
tential to provide significant protein enrichment with-
out additional fortification.

Oats are recognised as a healthy food containing
soluble dietary fibre, B-glucans, vitamin E, and polyun-
saturated fatty acids (Sterna et al., 2016). According to
C-Y.Chen et al.(2006),almonds are a source of monoun-
saturated fatty acids, dietary fibre, vitamin E, riboflavin,
copper, magnesium, manganese, and phosphorus. Rice
is an energy-rich food, as approximately 80% of the
grain dry matter consist of carbohydrates and starch
(Carcea, 2021). As pointed out by G. Adoyo et al. (2021),
coconut kernel is also a good source of dietary fibre.
The highest fat contents are observed in almonds
(37.5%) (Chen et al., 2006) and coconut kernel (36.7%)
(Adoyo et al., 2021), followed by soybeans (19.9%)
(Chen et al., 2012), oats (8.8%) (Sterna et al., 2016), and
rice (1.2%) (Carcea, 2021). The substantial lipid fraction
in almonds and coconut kernel contributes to enhanced
creaminess and improved mouthfeel of the resulting
beverages. Coconut is traditionally classified as a source
of saturated fat and is therefore often recommended
for limited consumption due to its potential associa-
tion with adverse health effects.S. Hewlings (2020) em-
phasised that different types of saturated fatty acids,
including medium-chain or ling-chain fatty acids, may
affect human health in different ways. Rice, due to its
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minimal fat content, is more suitable for low-fat bever-
age formulations.

Rice is characterised by a markedly high carbohy-
drate content (78.9%) (Carcea, 2021), primarily in the
form of starch, making it a carbohydrate-rich raw ma-
terial. Oats (38.7%) (Sterna et al., 2016) and soybeans
(30.2%) (Chen et al., 2012) contain moderate levels
of carbohydrates, whereas almonds (19.7%) (Chen et
al.,2006) and coconut kernel (9.3%) (Adoyo et al.,2021)
contain comparatively lower amounts. In oat- and rice-
based systems, carbohydrates contribute to viscosity
development and natural sweetness, particularly fol-
lowing enzymatic hydrolysis during processing.

Coconut kernel exhibits the highest moisture con-
tent (46.0%) (Adoyo et al., 2021), considerably exceed-
ing that of the other raw materials. Oats (14.5%) and
rice (12.0%) (Carcea, 2021) demonstrate intermediate
values, whereas soybeans (8.5%) (Chen et al., 2012) and
almonds (5.3%) (Chen et al., 2006) contain comparative-
ly lower moisture levels. Variations in moisture content
may affect storage stability, shelf life, and processing
efficiency, including grinding and drying operations.

Soybeans (27.0% DM) (Medic et al., 2014) and oats
(21.9%) (Sterna et al., 2016) contain the highest levels
of dietary fibre, followed by almonds (11.8%) (Chen et
al., 2006). In contrast, rice (1.5%) (Carcea, 2021) and co-
conut kernel (2.9%) (Adoyo et al., 2021) provide minimal
amounts of fibre. Elevated fibre levels may enhance the
functional and potential health-promoting properties of
plant-based beverages. Oats contain 4.5-5.4% (-glucans,
whereas rice contains only 0.4-0.9% (Mykhalevych et
al., 2022). These polysaccharides exhibit pronounced
technological functionality in food systems, including
gel formation, high water-binding capacity, texture de-
velopment, and contribution to specific sensory charac-
teristics (Mykhalevych et al., 2022). Plant-based bever-
ages should provide functional benefits that take into
account the lifestyle and needs of consumers, includ-
ing health maintenance (Sethi et al., 2016). However, in
practice, each beverage exhibits unique chemical and
sensory properties, which are determined by the type
of raw materials used and the specific processing tech-
niques (McClements, 2020). The nutritional composition
of plant-based milk alternatives is presented in Table 2.



Table 2. Nutritional composition of plant-based milk (mean)
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Compound Soy milk Oat milk Almond milk Rice milk Coconut milk
Protein (g/100 g) 3.20 1.61 1.4 0.5 1.7
Fat (g/100 g) 1.81 0.4 3.00 1410 1.0
Carbohydrates (g/100 g) 1.6 3.8 0.8 1171 10.0
Ash content (%) 0.641 0.201 0.401 0.121 0.83¢1
Dietary fibre (g/100 g) 1.36 0.8 0.4 0.31® -

Note: *— g/100 mL; I — S, Jeske et al. (2016); 21 - S. Moore et al. (2023); B - S. Giri and S. Mangaraj (2012); " — N. Babolanimogadam et
al. (2023); P — B. Walther et al. (2022); 11 - F. Reyes-Jurado et al. (2021); 1 - |. Vitoria (2017); © - R. Giugliano et al. (2023); I -

S. Tulashie et al. (2022)

Source: prepared by the authors based on data reported in the scientific literature

Soy milk exhibits the highest protein content
(3.2 g/100 g) (Jeske et al., 2016), reflecting the naturally
high protein concentration of soybeans, whereas rice
milk contains the lowest protein level (0.5 g/100 mL)
(Vitoria, 2017), consistent with the inherently low pro-
tein content of rice. Fat content varies depending on
the lipid profile of the source material and the produc-
tion process. Almond milk has the highest fat content
(3.0 g/100 g) (Walther et al., 2022) due to the high oil
content of almonds, whereas oat milk (0.4 g/100 qg)
(Babolanimogadam et al., 2023) and coconut milk
(1.0 g/100 mL) (Reyes-Jurado et al., 2021) contain com-
paratively lower amounts of fat. The relatively low fat
content of coconut milk is primarily a result of the pro-
duction process, during which a substantial portion of
the coconut oil is removed. Carbohydrate content is
highest in rice milk (11.7 g/100 mL) (Vitoria, 2017), re-
flecting the starch-rich nature of rice. Soy (1.6 g/100 g)
(Moore et al., 2023) and oat (3.8 g/100 g) (Walther et
al., 2022) milks exhibit lower carbohydrate levels,
whereas almond milk contains the lowest content
(0.8 g/100 mL) (Reyes-Jurado et al., 2021). Ash content,
which reflects the mineral composition, is relatively
high in coconut milk (0.83%) (Tulashie et al., 2022) and
low in rice milk (0.12%) (Jeske et al., 2016). Dietary fi-
bre content is highest in soy milk (1.3 g/100 g) (Giri
& Mangaraj, 2012), moderate in oat (0.8 g/100 mL)
and almond (0.4 g/100 mL) milks (Reyes-Jurado et
al., 2021), and lowest in rice milk (0.3 g/100 g) (Giugli-
ano et al., 2023). In comparison with cow’s milk, which
contains 3.7 g/100 g of protein, 3.3 g/100 g of fat,
4.9 g/100 g of carbohydrates, and 0.62% ash (Jeske et
al., 2016), plant-based milks exhibit considerable vari-
ability in macronutrient composition depending on the
type of raw material.

The omega-6 to omega-3 fatty acid ratio varies
considerably among plant-based milk alternatives and
differs from that of cow’s milk. Cow’s milk exhibits a
relatively balanced ratio of 2-3:1, whereas most plant-
based beverages display much higher ratios. Almond
milk shows the highest imbalance, ranging from 127
to 235:1, followed by rice (92-175:1) and oat beverag-
es (84-105:1). In contrast, soy and coconut beverages
present a more favourable profile, with ration of 7-8:1

and 11-18:1, respectively (Walther et al., 2022). These
differences indicate that, although plant-based milks
can provide beneficial unsaturated fatty acids, many va-
rieties — particularly almond, oat, and rice - contain an
excessive amount of omega-6 relative to omega-3.

The comparative analysis of plant-based raw mate-
rials demonstrates pronounced variability in macronu-
trient composition, which directly determines their nu-
tritional potential in beverage formulation. Protein-rich
raw materials such as soybeans provide enhanced
functional properties, whereas carbohydrate-dominant
materials such as rice primarily contribute to energy
value. High-fat raw materials, including almonds and
coconut kernel, are mainly responsible for improved
sensory attributes such as creaminess and mouthfeel,
although their lipid profiles may raise nutritional con-
siderations. At the same time, variations in dietary fibre
and moisture content significantly influence processing
behaviour, storage stability, and final product quality.
Overall, the analysis findings confirm that raw material
selection critically determines the nutritional balance
and functional performance of plant-based milk al-
ternatives. It should also be noted that the nutritional
composition of plant-based milks is not fixed and can
vary depending on processing techniques, including fil-
tration, homogenisation, fortification, and the incorpo-
ration of functional components. In particular, filtration
removes insoluble particles, which can affect the final
protein and fat content, as well as the functional and
sensory properties of the beverage.

Processing of plant-based milk powders

The production of plant-based milk powders involves
several key stages: pre-treatment of the plant raw ma-
terial, soaking, wet grinding, and aqueous extraction
to obtain the plant-based milk, followed by filtration
and homogenisation to stabilise the dispersion, fortifi-
cation and incorporation of functional ingredients, and
finally drying to produce a reconstitutable powdered
product (Fig. 1). In some methods, maltodextrin or gum
arabic is added to enhance powder flowability and
solubility, as well as to reduce hygroscopicity, thereby
improving the technological performance and storage
stability of the powders.

Commodity Bulletin, 2025, Vol. 18, No. 2



34

Processing
by-products

Plant-based milk powders: A critical review of processing techniques...

Soybean, oat, almond, rice, and coconut

!

| Pre-treatment

—+]

Soaking |

Il

| Wet grinding |

Processing
l by-products

i

Water ——l

Extraction |

Il

| Filtration

Processing

| =

1}

by-products

| Homogenisation I
Plant-based milk i
Vitami d e
flamins an —>| Fortification |

minerals

Fortified plant-based milk l

Maltodextrin

Incorporation |

o

Concentration/
Evaporation

~]

| Drying |

{

| Agglomeration |

Il

| Cooling & Sieving |

1

| Packaging |

!

Plant-based milk powders

Figure 1. Flowchart of plant-based milk powder production

Source: developed by the authors

Pre-treatment of plant raw materials is one of the
initial and critical stages in the production of plant-
based milk powders, aimed at enhancing the sensory
and nutritional properties of the final product while
reducing undesirable components. This stage involves
cleaning and sorting the cereal or nut materials to re-
move mechanical impurities and damaged particles,
thereby ensuring consistent quality of the intermedi-
ate product and the safety of the final powder (Jeske et
al., 2016). The materials are further processed by re-
moving husks or shells. Blanching is applied to remove
the skin, inactivate enzymatic systems, reduce undesir-
able flavours, and enhance the microbiological stability
of the raw materials (Jeske et al., 2016). Roasting cer-
tain types of raw materials enhances the aromatic and
flavour characteristics of the final products (Reyes-Ju-
rado et al., 2021). Coconuts are grated prior to ex-
traction, whereas rice may undergo pre-cooking be-
fore soaking. Defatting and fermentation of the raw
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materials (soybeans, almonds, rice, and oats) improve
the bioavailability of nutrients and reduce the content
of antinutritional factors.

Soaking is performed to hydrate and soften the
plant raw materials, facilitate subsequent grinding, and
enhance the efficiency of nutrient extraction. This pro-
cess also contributes to the reduction of antinutrients,
such as phytic acid, and improves the sensory proper-
ties of the final product. Soaking can be carried out in
water for 3-18 hours or in alkaline sodium bicarbo-
nate (NaHCO,) solutions at concentrations of 0.2-2.0%
using a raw material-to-solution ratio of 1:2-1:12 (Rey-
es-Jurado et al., 2021). Such treatment further softens
the materials and helps eliminate characteristic beany
or nutty flavours.

After pre-treatment and soaking (if necessary), the
plant raw materials are ground to a specified particle
size, which ensures better contact between the solid
phase and water in subsequent stages, facilitates the



formation of a homogeneous suspension, and stabilises
the rheological properties prior to drying. The degree of
grinding significantly affects the yield of dry matter and
the quality of the plant-based milk, and, consequently,
the properties of the resulting plant-based milk pow-
der. Aqueous extraction is a key stage in the production
of plant-based milk, involving the contact of ground
plant materials with water under controlled temper-
ature and time conditions. During extraction, soluble
and dispersed components - including proteins, carbo-
hydrates, lipids, and bioactive compounds - are trans-
ferred into the aqueous phase, thereby shaping the nu-
tritional profile of the plant-based milk. The efficiency
of extraction determines the nutritional value, sensory
properties, and stability of the resulting product and
largely depends on the raw material-to-water ratio and
the degree of prior processing of the plant matrix.

Filtration is an essential stage in the production
of plant-based milk following aqueous extraction and
is aimed at removing insoluble cell wall fragments,
fibre residues, and coarse particles. The use of filtra-
tion materials with varying porosity allows for the
formation of a homogeneous liquid phase with im-
proved sensory properties and reduced sedimentation.
The quality of filtration directly affects the stability of
the suspension, the efficiency of the subsequent ho-
mogenisation, and the sensory characteristics of the
plant-based milk. Homogenisation is applied to stabi-
lise plant-based milk by reducing the size of fat glob-
ules and dispersed solid particles, ensuring uniform
distribution of components throughout the system.
As a result, homogenisation decreases creaming and
sedimentation rates, improves the rheological and
sensory properties of the product, and enhances its
physical stability during storage and subsequent pro-
cessing. High-speed mixers, colloid mills, high-pres-
sure homogenisers, and microfluidizers are commonly
used for this process (Reyes-Jurado et al., 2021). The
efficiency of homogenisation is critical for forming a
homogeneous suspension prior to drying and for the
subsequent reconstitution of the powder with water.

If specified by the formulation, plant-based milk
can be fortified with bioactive compounds, vitamins,
and minerals to enhance its nutritional value. In ad-
dition, technological additives, such as maltodextrin,
may be incorporated to improve functional properties,
including solubility, flowability, and stability during
processing and storage. The combined use of fortifi-
cation and additives contributes to the production of
powders with consistent quality, prolonged shelf life,
and enhanced performance in functional and fortified
food applications.

Prior to drying, plant-based milk is typically sub-
jected to membrane concentration or evaporation.
This reduces energy consumption during drying and
increases the efficiency of the technological process.
Membrane concentration (ultrafiltration) of the liquid
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phase is performed to achieve a dry matter content
of 22-24% (Giri & Mangaraj, 2012). This non-thermal
method preserves the nutritional value and bioactive
compounds of the product by minimising thermal im-
pact on proteins. Evaporation, in contrast, is a thermal
process in which water is removed through heating
under vacuum conditions.

Drying is the final stage in the production of plant-
based milk powders. Its primary purpose is to reduce
moisture content, thereby enhancing product stability
and extending shelf life. Spray drying is the most widely
used technique in the industrial production of plant-
based milk powders. Alternatively, freeze-drying can
be employed, which maximally preserves thermolabile
bioactive compounds and the structural integrity of
the product, although it is more energy-intensive and
costly. Some processes utilise roller or convective dry-
ing, which are technologically simpler but may result
in changes to colour, flavour, and functional properties
of the plant components. The choice of drying method
depends on the type of plant raw material, the desired
powder quality, and economic feasibility. The optimal
inlet temperature for spray drying plant-based milk is
170-180°C. Foam drying is also employed, in which
sodium caseinate (4.0%) acts as a foaming agent and
maltodextrin (17.5%) ensures a free-flowing powder
consistency (Shameena Beegum et al., 2022).

After drying, the powder undergoes agglomeration
and final drying in a fluidised bed. During agglomer-
ation, fine powder particles are combined into larger
granules using binding and moistening agents. This
process take place in fluidised-bed dryers, where the
powder is suspended and treated with hot air, ensur-
ing uniform drying, formation of stable granules, and
the desired product quality. Following final drying, the
plant-based milk powder is cooled, sieved, and pack-
aged in airtight containers to protect it from ambient
moisture. The moisture content of plant-based milk
powders typically ranges from 2 to 4%.

The analysis of plant-based milk powder produc-
tion reveals a multistage and highly integrated system
in which each technological step critically influences
final product quality. Pre-treatment, soaking, grinding,
and aqueous extraction determine the efficiency of
nutrient release and the initial composition of plant-
based milk, whereas filtration and homogenisation en-
sure system stability, uniformity, and improved sensory
properties. Subsequent stages, including fortification
and the incorporation of functional additives, enable
targeted modification of nutritional and technological
characteristics, thereby enhancing the functional val-
ue of the product. Concentration and drying operations
represent key stages that determine powder stability,
shelf life, and reconstitution properties. The quality of
plant-based milk powders is governed by the combined
effects of raw material properties and precise control of
processing parameters across all stages of production.
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Properties of plant-based milk powders

Over the past decade, plant-based milk powders derived
from various plant sources have attracted considerable
attention from both scientific researchers and food in-
dustry manufacturers. This interest is driven by their
nutritional value, functional properties, and potential
to serve as alternatives to cow’s milk powder in a wide
range of food applications. As shown in Table 3, the
nutritional composition of plant-based milk powders
varies widely depending on the source. Protein levels
vary considerably among plant-based milk powders and
across different literature sources. Almond milk powder
exhibits the highest protein content among the ana-
lysed plant-based samples (28.4 g/100 g); however, oth-
er reported values (18.4 g/100 g (Lipan et al.,2020) and
4.43% DM (Bueno et al., 2022)) indicate substantial var-
iability depending on product formulation and process-
ing conditions. Soy milk powder contains 12.0 g/100 g
protein in the commercial sample, whereas literature
sources report values as high as 44.43 g/100 g (Tasoyan
& Yolacaner, 2023), reflecting differences in composi-
tion. Coconut milk powder contains 7.0 g/100 g protein
in the commercial sample, while values reported in the
literature range from 6.29 to 8.89 g/100 g (Muthia et
al., 2021), indicating relatively minor variation com-
pared with other plant-based powder. Oat and rice milk
powders contain relatively low protein levels in com-
mercial products (2.9 and 1.7 g/100 g, respectively),

although powders from certain oat formulations and
rice varieties may exhibit higher protein content. In
contrast, dairy milk powder consistently demonstrates
higher and more stable protein concentrations: whole
cow’s milk powder contains 31.5 g/100 g protein (Ma-
gan et al., 2019), while skimmed cow’s milk powder
contains 32.0 g/100 g. Therefore, even the most pro-
tein-rich plant-based samples do not surpass the pro-
tein content of dairy powders under typical conditions,
whereas most plant-based powders provide substan-
tially lower protein levels.

Fat content also shows pronounced variabili-
ty. In commercial samples, soy milk powder contains
64.0 g/100 g fat, although literature reports lower
values of 18.14 g/100 g (Tasoyan & Yolacaner, 2023).
Almond milk powder contains 56.3 g/100 g fat in the
commercial sample, while literature sources report
lower values ranging from 42.8 g/100 g (Lipan et
al., 2020) to 2.27% DM (Bueno et al., 2022), indicat-
ing that fat content can vary considerably depending
on product formulation and processing methods. Co-
conut milk powder contains 25.0 g/100 g fat in com-
mercial products, with literature values ranging from
4.85to0 15.11 g/100 g (Muthia et al., 2021). Oat and rice
milk powders contain moderate fat levels (22.0 and
21.0 g/100 g, respectively), although rice milk powders
from certain varieties may exhibit much lower fat con-
tents (0.45-2.05%) (Silva et al., 2018).

Table 3. Nutritional composition of plant-based milk powders

Plant-based . Carbohydrates
milk powder Protein (g/100 g) Fat (g/100 g) (/100 g) Source / Manufacturers
. 12.0 64.0 24.0 . .
1
Soy milk powder 44.43 18.14 2796 Bifood, Czech Republic
. 2.91 22.0" 63.0" .
2
Oat milk powder 974 423 82.26 Manteca, Ukraine
284 56.3 111 TSUKUBA, Japanl®H 4]
Almond milk powder 18.4 42.8 36.4
443" 227 86.47"
Rice milk powder 1772 21.0% 62.07 Manteca, Ukrainel®!
White rice 7.56 0.45 87.43
Red rice 12.39 2.05 76.73
Black rice 10.75 1.81 84.12
. 707 25.0% 31.0% .
61
Coconut milk powder 6.29-8.89 4.85-1511 65.01-75.24 Manteca, Ukraine
'S mi Y]
Whole cow’s milk 315 255 356 J.B.Magan et al.
powder
skimmed cow's milk 32.0 1.5 50.0 Profiprot, Ukraine
powder

Note: * - lactose; ** — % DM (percentage of dry matter);  — ingredient list: oats, coconut, dried glucose syrup, E472e (emulsifier),
potassium phosphate, silicon dioxide (anti-caking agent), salt, dextrose (1%), plant-derived maltodextrin (2%), and inulin; ? - ingredient
list: rice, dried glucose syrup (2%), dextrose, inulin, coconut, E472e (emulsifier), and potassium phosphate (1%); * - ingredient list:
coconut dry milk (100% coconut flesh ground into powder), maltodextrin 2% ;™ - IC. Tasoyan & E.T. Yolacaner (2023); I - P Angel Sharon
& P.Gurumoorthi (2024); B - L. Lipan et al. (2020); ™ - F. Bueno et al. (2022); I - L.R.D. Silva et al. (2018); ! - AJ. Muthia et al. (2021);

1 - J.B. Magan et al. (2019)

Source: prepared by the authors based on data reported in the scientific literature and manufacturers’ product information

Whole cow’s milk powder provides 25.5 g/100 g fat
(Magan et al., 2019), which is comparable to coconut
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powder and similar to oat and rice powders in certain
formulations. Skimmed cow’s milk powder contains only



1.5 g/100 g fat, representing the lowest value among
all analysed products. Therefore, plant-based powders
can contain significantly more fat (soy, almond), similar
amounts (coconut, oat, rice), or, in some cases, less fat
than whole milk powder, whereas skimmed milk pow-
der consistently remains very low in fat. Carbohydrates
predominate in oat and rice milk powders. Commercial
oat milk powder contains 63.0 g/100 g carbohydrates,
with literature data reporting values up to 82.26% (An-
gel Sharon & Gurumoorthi, 2024). Rice milk powder
contains 62.0 g/100 g carbohydrates, while powders
from certain rice varieties can reach even higher levels
(up to 87.43 g/100 g) (Silva et al., 2018), reflecting the
starch-rich composition of rice and, in some cases, the
addition of carbohydrate-based ingredients such as glu-
cose syrup or maltodextrin. Coconut milk powder con-
tains 31.0 g/100 g carbohydrates in commercial samples,
with reported values ranging from 65.01 to 75.24% in
other formulations (Muthia et al., 2021). Soy milk powder
contains 24.0 g/100 g carbohydrates, with some sourc-
es reporting slightly higher values of 27.96% (Tasoyan
& Yolacaner, 2023). Almond milk powder has the lowest
carbohydrate content among commercial plant-based
powders,at 11.1 g/100 g, although much higher values -
36.4 g/100 g (Lipan et al., 2020) and 86.47% DM (Bue-
no et al., 2022) - have been reported in the literature.

In dairy powders, carbohydrate content ranges from
35.6 g/100 g (Magan et al., 2019) in whole milk powder
to 50.0 g/100 g in skimmed milk powder and is primarily
represented by lactose. The higher carbohydrate content
in skimmed milk powder is associated with fat remov-
al and the relative increase in the proportion of lac-
tose. Plant-based milk powders generally exhibit higher
and more variable carbohydrate content - particularly
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in oat and rice milk powders - compared with cow’s
milk powder, where carbohydrates are more consistent.
Overall, the comparison demonstrates that dairy pow-
ders provide consistently high and stable protein levels,
whereas plant-based powders exhibit considerable var-
iability in protein, fat, and carbohydrate composition,
depending on the raw material, processing technology,
and the presence of technological additives. This vari-
ability should be carefully considered when evaluating
plant-based milk powders as nutritional and functional
alternatives to dairy milk powders.

Solubility is a critical technological parameter that
determines the ability of milk powders to reconstitute
in water and form a homogeneous beverage without
sedimentation. Bulk density is another important char-
acteristic, influencing packaging, transportation effi-
ciency, and powder handling during processing. Among
dairy powders, skimmed cow’s milk powder demon-
strates relatively high solubility (77.9%) and a bulk den-
sity of 0.415 g/mL (Tagsoyan & Yolacaner, 2023). Whole
cow’s milk powder exhibits slightly lower solubility
(70%) and a lower bulk density (0.326 g/mL) (Tasoyan &
Yolacaner, 2023). In contrast, plant-based milk powders
show considerable variability in technological proper-
ties depending on the raw material type and processing
conditions (Table 4). Soy milk powder exhibits relatively
Llow solubility (40.0%) and low bulk density (0.256 g/mL)
(Tasoyan & Yolacaner, 2023), which may negatively af-
fect its reconstitution efficiency and dispersion in aque-
ous systemes. Its solubility is markedly lower than that of
whole cow’s milk powder and skimmed cow’s milk pow-
der. Soy milk powder has a moisture content of 3.4%,
an ash content of 6.06%, and a near-neutral pH of 6.9
(Tasoyan & Yolacaner, 2023).

Table 4. Physicochemical properties of plant-based milk powders

Plant-based . o o . S o
milk powder Moisture content (%) Ash content (%) Bulk density (g/ml) Solubility (%) pH
Soy milk powder 3.4M 6.061 0.256M 40.0t1 6.9
Oat milk powder 2.17-4.85 1.811 0.313-0.420™ 84.2-98.491 n.d.
Almond milk powder 2.83-3.260! 6.841 0.30-0.328%1 11.1-13.1BmL 6.42-6.66"!
Rice milk powder 0.25-0.61% 72.8¢
White rice 4.116 0.4501 5.936]
Red rice 7.8501 0.99! 6.1101
Black rice 2.1301 0.196! 6.200!
Coconut milk powder 2.22-4.11"0 7.33-9.4308 0.43-0.49"1" 39.5770 5.63-6.378

Note: n.d. - no data; * — % DM (percentage of dry matter); ** — skimmed coconut milk powder; - |. Tasoyan and E. Yolacaner (2023);
2 — P Angel Sharon & P. Gurumoorthi (2024); Bl - L. Lipan et al. (2020); I — F. Bueno et al. (2022); I - L. Silva et al. (2018); Il —
M. Padma et al. (2022); I - J. Duangchuen et al. (2021); ¥l - AJ. Muthia et al. (2021)

Source: prepared by the authors based on data reported in the scientific literature

Oat milk powder demonstrates the highest solubility
among the analysed plant-based powders (84.2-98.49%)
(Angel Sharon & Gurumoorthi, 2024), exceeding that
of whole cow’s milk powder (70%) and, in some cases,

even that of skimmed cow’s milk powder (77.9%). Its
bulk density ranges from 0.313 to 0.420 g/mL, which
is comparable to that of skimmed cow’s milk powder
(0.415 g/mL). The moisture content of oat milk powder
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varies between 2.17 and 4.85%, while its ash content is
1.81% (Angel Sharon & Gurumoorthi, 2024), indicating
a relatively low mineral fraction compared with some
other plant-based powders. Almond milk powder exhib-
its low solubility (11.1-13.1 mL) (Lipan et al., 2020). Its
bulk density ranges from 0.30 to 0.32 g/mL (Lipan et
al., 2020), which is slightly lower than that of whole
cow’s milk powder and skimmed cow’s milk powder.The
moisture content varies between 2.83 and 3.26% (Li-
pan et al., 2020), while the ash content reaches 6.84%
DM (Bueno et al., 2022), reflecting a relatively high min-
eral fraction. The limited solubility may be associated
with specific particle characteristics formed during the
drying process.

Rice milk powder demonstrates moderate solubility
(72.8%) (Padma et al., 2022), which is comparable to
that of whole cow’s milk powder (70%) but slightly low-
er than that of skimmed cow’s milk powder (77.9%). Its
bulk density varies considerably (0.25-0.61 g/mL) (Pad-
ma et al., 2022), depending on the rice variety and pro-
cessing conditions. The moisture content differs among
white (4.11%), red (7.85%), and black (2.13%) rice pow-
ders, while ash content ranges from 0.19 to 0.99%, indi-
cating a relatively low mineral fraction compared with
almond or soy milk powders (Silva et al., 2018). The pH
values (5.93-6.20) suggest slightly acidic to near-neu-
tral conditions (Silva et al., 2018). These variations con-
firm that the physicochemical and technological prop-
erties of rice milk powder are strongly influenced by the
type of raw material and processing parameters.

Coconut milk powder demonstrates relatively low
solubility (39.57%), similar to soy milk powder, and a com-
paratively high bulk density (0.43-0.49 g/mL) (Duang-
chuen et al., 2021). Its higher ash content (7.33-9.43%)
and slightly acidic pH (5.63-6.37) may influence dis-
persion behaviour (Muthia et al., 2021). Overall, dairy
powders, particularly skimmed cow’s milk powder, ex-
hibit superior and more stable solubility characteris-
tics compared with most plant-based milk powders.
Among plant-based alternatives, oat and rice milk pow-
ders show the most favourable reconstitution proper-
ties, whereas almond, soy, and coconut milk powders
demonstrate limited solubility.

Application of plant-based milk powders

Plant-based milk powders are increasingly utilised
in the food industry, the restaurant sector, and home
cooking for the preparation of a wide range of food
products (Fig. 2). They can be reconstituted in water to
produce plant-based milk, which can then be combined
with juices to create functional beverages (Rodriguez-
Roque et al., 2014) or with beer to produce beer-based
mixes. This enriches beverages with plant proteins and
dietary fibre, improves sensory characteristics, texture,
and other physicochemical properties, and results in
lactose-free products. By blending plant-based milk
powders or reconstituted beverages with fresh fruits,
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berries, and vegetables, and other ingredients, healthy
smoothies can be prepared at home to support a nutri-
tious diet (Neelissen et al., 2023) Smoothies can also be
made using cow’s milk supplemented with plant-based
milk powders, which increases protein content, enhanc-
es viscosity and sensory properties, and diversifies the
range of available beverages.

An important application of plant-based milk
powders is in the production of bakery, confectionery
and snack products (Nilufer-Erdil et al., 2012; Arii &
Nishizawa, 2024). The powders can be used in their
dry form during dough preparation as a nutritional
enrichment additive, partially or completely replacing
flour. Alternatively, they can be incorporated into prod-
uct formulations after reconstitution in water or milk-
based beverages. The inclusion of plant-based milk
powders enhances the fibre and protein content of the
products, improves their structure and volume, slows
staling, and positively affects both sensory attributes
and nutritional composition.

Plant-based milks are widely used in the production
of frozen desserts and ice cream (Dudarev et al., 2025),
and plant-based milk powders are also suitable for
these applications. In such products, traditional ingre-
dients, such as milk or milk powder, can be partially or
completely replaced by plant-based milk or by combi-
nation of different plant-based milks. This substitution
can influence the texture, overrun, and melting rate of
the product. It also enables the creation of diverse fla-
vours and makes the product suitable for consumers
with milk protein allergies or lactose intolerance, as
well as for vegans and vegetarians.

The production of sauces, particularly mayonnaise,
using plant-based milk, especially when reconstituted
from powder, is also a promising approach (Dudarev et
al., 2024). Such sauces exhibit a smooth texture, ap-
pealing appearance, and a delicate flavour profile with
subtle notes of the plant-based raw materials. Incorpo-
rating plant-based milk into sauce formulations further
enables enrichment with bioactive compounds while
reducing the caloric content of the final product.

The potential use of plant-based milk, or plant-
based milk reconstituted from powder, in the produc-
tion of fermented beverages and foods - such as yo-
gurt, kefir, and cottage cheese - has been investigated
(Yilmaz-Ersan & Topcuoglu, 2022) In these applica-
tions, animal milk is typically partially replaced by a
plant-based alternative. This substitution promotes fer-
mentation, enhances the sensory properties of the final
products, and affects their texture and nutritional com-
position. Plant-based milk powders are also utilised
in the production of various types of chocolate (Oba-
toye et al., 2014; Tasoyan & Yolacaner, 2023). They are
incorporated into formulations to increase the protein
and fibre content, improve the texture and flavour of
chocolate, enhance its melting properties, and reduce
production costs.
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Figure 2. Application of plant-based milk powders

Source: developed by the authors

Plant-based milk powder can be incorporated into
recipes for combined patés and sausages made from
both meat and plant raw materials to enrich them with
nutrients and improve rheological properties. Conse-
quently, plant-based milk powders have a wide range of
culinary applications. Further development of manufac-
turing technologies, optimisation of powder composi-
tion, and investigation of the potential for forming mix-
tures with various powders and other bulk components,
such as functional and technological additives, repre-
sent a highly promising direction for future research.

Conclusions

Plant-based milk powders are a valuable ingredient in
modern food formulations, offering nutritional versa-
tility and functional benefits. The analysis enabled the
identification of key factors influencing potential appli-
cations of plant-based milk powders in food systems.
It was found that their macronutrient profile strongly
depends on both the plant source and processing tech-
nology. Almond milk powder is particularly rich in fat
(up to 56.3 g/100 g), soy milk powder is protein-dense
(up to 44.43 g/100 g), whereas rice, oat, and coconut
milk powders are characterised by high carbohydrate
contents (up to 87.43,82.26,and 75.24 g/100 g, respec-
tively). In addition to macronutrients, plant-based milk
powders contain bioactive compounds such as unsatu-
rated fatty acids and dietary fibre, which may contribute
to their potential health-promoting properties.

The physicochemical properties of plant-based milk
powders vary significantly depending on the source ma-
terial and processing techniques, influencing solubility,
bulk density,and reconstitution performance in beverag-
es and other food products. These powders offer several
advantages, including extended shelf life, convenient
storage and transportation, and potential for fortifica-
tion. Their nutritional diversity and functional character-
istics make them versatile ingredients for a wide range
of applications, such as bakery and snack products,
confectionery, ice cream and frozen desserts, chocolate,
sauces, patés and sausages, fermented foods, and dairy

alternatives, thereby contributing to the development of
sustainable and health-oriented food systems.

Despite the growing body of literature on plant-
based milk powders, several important research gaps
remain. Current studies are often fragmented and focus
on individual raw materials or specific processing stages,
limiting a comprehensive understanding of the relation-
ships between composition, processing conditions, and
final product functionality. Limited attention has been
given to the interaction effects of formulation variables
and processing technologies on the sensory properties
of reconstituted beverages. Moreover, the majority of
studies are product-specific, which restricts the general-
isation of findings across different plant-based systems.

Future research should focus on the development
of harmonised methodological approaches for the
characterisation of plant-based milk powders, enabling
more reliable cross-study comparisons. In addition,
systematic investigations into combined raw materials
systems and hybrid formulations are needed to better
understand synergistic effects on nutritional and func-
tional performance of plant-based milk powders. Great-
er emphasis should also be placed on consumer-orient-
ed studies addressing sensory acceptance, nutritional
perception, and market adaptability. Such efforts will
contribute to the development of high-quality plant-
based milk powders and support their broader appli-
cation in food systems. Furthermore, in-depth research
is required to evaluate the applicability of plant-based
milk powders in a wide range of food products, as well
as their effects on the nutritional, physicochemical, rhe-
ological, and sensory properties of these systems.
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Abstract. In the context of growing international trade flows, the intensification of customs procedures, and
increasing risks of smuggling and goods falsification, improving methods of commodity examination at the
stage of customs control is becoming particularly important. The aim of the article was to provide a scientific
rationale and to develop proposals for improving methods of commodity examination at the stage of customs
control through the integration of modern instrumental, digital, and analytical technologies. This process involved
increasing the accuracy, speed, and objectivity of expert procedures, harmonising national methodologies with
international standards, and creating the preconditions for more effective functioning of the customs control
system in Ukraine. The efficiency and accuracy of expert procedures determined the level of the state’s economic
security, ensure transparency of foreign economic operations, and contribute to the protection of the domestic
market. However, existing examination methods did not always meet the requirements of efficiency, reliability, and
adaptability to new challenges, which highlights the need for the implementation of innovative approaches. The
study substantiated the possibilities of improving commodity examination at the stage of customs control through
the use of instrumental and digital technologies capable of significantly increasing the effectiveness of expert
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procedures. A systematisation of modern expert analysis methods has been carried out and their compliance
with the tasks of customs control has been assessed, and the prospects for the application of digital solutions
and artificial intelligence in analytical processes have been identified. A set of practical recommendations has
been developed to align national approaches with international standards. The creation of a unified electronic
database of product samples, the use of mobile laboratories, and the development of standards adapted to global
requirements were proposed, which will contribute to improving the efficiency of customs control and expanding
Ukraine’s integration opportunities in global trade. The practical significance of the study lies in the possibility
of applying its results to modernise the customs control system, optimise the operation of customs laboratories,
improve electronic databases, and implement internationally harmonised methods of examination, thereby

strengthening the state’s economic security and stimulating the development of foreign trade

Keywords: standard; customs duty; commodity assessment; regulation; digitalisation

Introduction
The issue of improving customs control and developing
commodity examination is widely addressed in con-
temporary academic research. M. Ghidotti et al. (2021)
highlighted the growing role of instrumental analytical
methods (FTIR spectroscopy, X-ray fluorescence analy-
sis, chromatography) in ensuring the accuracy of goods
identification. The authors demonstrated that ener-
gy-dispersive X-ray fluorescence (ED-XRF) is a versatile
and rapid instrumental method that requires virtually
no sample preparation and enables multi-element anal-
ysis of various materials for the needs of customs labo-
ratories. Researchers P. Bergey et al. (2024) emphasised
the importance of digital technologies and blockchain
solutions for verifying product origin and ensuring sup-
ply chain transparency. The authors noted that the inte-
gration of blockchain can not only optimise operational
activities and strengthen consumer confidence in the
authenticity of goods, but also promote more ethical,
sustainable and responsible practices within the global
supply chain. O.Amel et al. (2023) proposed a new mul-
timodal approach for automatically predicting HS codes
in customs declarations based on a combination of tex-
tual and visual features using deep neural networks.
Experimental results showed that their model, using
the proposed MultConcat fusion method, achieved high
classification accuracy compared to existing approach-
es, highlighting the effectiveness of using multimod-
al data for this task. O. Punda & D. Arziantseva (2019)
and Makedon et al. (2024) noted the importance of
modernising customs laboratories, expanding techni-
cal equipment and harmonising examination methods
with international standards, emphasising the need
to improve procedures for appointing and conducting
customs examinations to reduce organisational and
methodological errors. The researchers emphasised
that without systematic upgrading of laboratory infra-
structure and staff training, the introduction of modern
technologies would not deliver the expected results.
In the study by S. Petrukha et al. (2022), the post-war
potential and regulatory capabilities of rural local author-
ities in forming cluster-based and integrated agri-food
value chains were analysed. The authors emphasised the
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importance of integrating local economies and improv-
ing customs regulation to enhance the competitiveness
of the agricultural sector. A. Grainger (2024) highlighted
that modern systems of tariff classification of goods in
customs practice were increasingly utilising auxiliary dig-
ital technologies to improve the accuracy and consistency
of decision-making. In the author’s view, the introduction
of automated decision-support tools will help reduce the
human factor, harmonise interpretations of HS codes and
speed up customs clearance procedures. A similar po-
sition was held by O. Ozturk (2024), who examined the
potential of artificial intelligence in the field of interna-
tional trade. The author noted that the application of arti-
ficial intelligence systems, in particular predictive analyt-
ics, automated document verification and intelligent risk
assessment, will improve the efficiency, transparency and
controllability of cross-border operations.

The study by .M. de Artinano et al. (2023) was em-
pirical in nature and demonstrated the potential of us-
ing machine learning algorithms and large language
models (LLMs) for the automatic classification of goods
in international trade. The results showed that such
models can correctly identify HS codes with an accuracy
of over 90%, significantly reducing the time and labour
costs of customs experts. B.Dangsawang & S.Nuchitpra-
sitcha (2024) expanded on previous work, focusing on
the problem of detecting customs fraud. In their study,
the authors applied unstructured data analysis and ma-
chine learning algorithms to create a risk management
system capable of rapidly identifying suspicious trade
declarations. The researchers concluded that intelligent
analytics could become an effective preventive tool in
the fight against smuggling and customs duty evasion.
S. Vijayakumar (2025) examined the integration of ar-
tificial intelligence technologies from the perspective
of supply chain management and trade security. The
researcher demonstrated that combining real-time risk
analysis systems with digital data-sharing platforms
between customs authorities and logistics operators
formed a “smart border ecosystem”, which simultane-
ously facilitated trade and enhanced national security.
This approach was consistent with the principles of the



WCO SAFE Framework of Standards (Mikuriya, 2021) and
reflected a shift towards a new model of proactive cus-
toms administration. The analysed sources indicated a
steady trend towards the digital transformation of cus-
toms examination worldwide. Researchers emphasised
that artificial intelligence, machine learning and analyt-
ical tools had become integral elements of modern cus-
toms control, ensuring greater transparency, efficiency
and the compatibility of national systems with interna-
tional standards. The aim of the study was to identify
conceptual approaches and practical directions for im-
proving commodity examination in the customs sector,
taking into account global trends in digitalisation, the
development of instrumental methods and the stand-
ardisation of customs control procedures.

Materials and Methods

The study was based on an analysis of current practic-
es regarding commodity examination during customs
control in Ukraine and European Union countries -
specifically Poland, Germany, Lithuania and the Czech
Republic. These countries were selected due to the
presence of effectively functioning customs laborato-
ries and the implementation of innovative technolo-
gies in accordance with the recommendations of the
WCO (World Customs Organization) and ISO standards.
The study took into account the provisions of the Cus-
toms Code of Ukraine No. 4495-VI (2012) and Regula-
tion (EU) No. 952/2013 (2013). Furthermore, data from
the standards DSTU ISO 9001:2015 (2016), ISO/IEC
17025:2017 (2017) and the guidance documents of the
World Customs Organization (2022; 2023), which de-
fine the procedures for the identification, classification
and valuation of goods, were examined. A set of com-
plementary methods was applied during the research,
ensuring a comprehensive examination of the issue. A
comparative legal analysis made it possible to inves-
tigate the differences between the Ukrainian and Eu-
ropean regulatory frameworks in the field of customs
regulation, identify gaps in the organisation of expert
procedures, and propose directions for harmonising the
Ukrainian system with international standards. Instru-
mental methods - FTIR spectroscopy and X-ray fluo-
rescence analysis (XRF) - were used to determine the
qualitative characteristics and origin of goods. As part
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of the experimental section, 12 product samples were
examined that were most frequently subject to customs
examination: food products (olive oil, coffee, chocolate),
textiles (cotton fabric, denim, polyester), electronic
goods (smartphones, power banks, headphones) and
chemicals (varnishes, solvents, cosmetics). The samples
came from various countries - Ukraine, Poland, Italy,
Turkey and China - ensuring the representativeness of
the sample and the ability to assess the effectiveness of
the methods for products from different markets. FTIR
spectroscopy was used to identify organic compounds
and polymeric materials present in food, cosmetic and
textile products. The method enabled the chemical
composition to be determined and the authenticity
of the products to be confirmed by comparing spectra
with reference databases (Open Spec Database, EU Cus-
toms Laboratory Network). XRF was used to determine
the elemental composition of metal components, dyes
and impurities in the samples, which made it possible
to identify non-compliance with international safety re-
quirements (the presence of lead, cadmium and nickel).
The application of the proposed methodology ensured
the comprehensiveness of the study, the reproducibility
of the results obtained, and the possibility of practical
application of the developed recommendations in the
activities of customs authorities. It also created a basis
for further harmonisation of Ukrainian methods of com-
modity examination with international requirements
and for improving the efficiency of customs control in
the context of the digital transformation of trade.

Results and Discussion

Commodity examination at customs plays a key role in
ensuring the state’s economic security, protecting the
domestic market from counterfeit goods, unsafe prod-
ucts, and evasion of customs payments. Modern prac-
tice in Ukraine has relied both on organoleptic methods
(visual inspection, labelling, packaging) and on certain
instrumental approaches (analysis of samples in cus-
toms laboratories). However, in the context of increas-
ing volumes of international trade and the emergence
of new groups of goods, traditional methods have been
losing their effectiveness. Table 1 outlines the prob-
lems of modern commodity examination that arose at
the stage of customs control.

Table 1. Main problems of modern commodity examination at the stage of customs control

Problem Characteristics

Consequences

Slowness of procedures

Lengthy laboratory analysis of samples

Delays, queues, and reduced efficiency of foreign
economic activity

Limited equipment methods

Presence of outdated instruments, lack of modern

Uneven quality of examination across regions

Insufficient digitalisation

Absence of unified databases and integration

Classification errors, duplication of work

Lack of analytics

ML and Al are not used in goods classification

High risk of subjectivity and inaccuracies

Low harmonisation with
international standards

recommendations

Non-compliance with ISO and WCO

Risk of non-recognition of examination results by
international partners

Note: ML - machine learning, Al - artificial intelligence
Source: Regulation (EU) No. 952/2013 (2013)
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Thus, one of the main problems was the slowness
of expert procedures. The examination of qualitative
characteristics of goods in laboratories took a consid-
erable amount of time, which led to delays in customs
clearance and created conditions for the accumulation
of queues at the border, reducing the competitiveness
of enterprises and complicating international trade.
Another issue was the limited technical equipment
of customs laboratories. In most cases, the equipment
did not meet modern international standards, such
as Regulation (EU) No. 952/2013 (2013), DSTU ISO
9001:2015 (2016), and ISO/IEC 17025:2017 (2017),
while the use of instrumental methods such as FTIR
spectroscopy or XRF was restricted to large customs
centres only, creating uneven quality of examination
depending on the region. An important challenge was
the insufficient digitalisation of processes. Databases
of reference samples, classifiers, and reference mate-
rials were, in most cases, not integrated into a unified
information system, which complicated rapid access to
information for experts. The absence of a centralised
digital database led to duplication of procedures, re-
duced accuracy, and increased risk of incorrect classi-
fication of goods (World Customs Organization, 2022).
Another significant issue was the insufficient use of
analytical technologies - decision-support systems,
machine learning algorithms, and artificial intelligence.
While EU countries, the USA, and China actively used
automated systems for classifying goods according to
HS codes, in Ukraine these technologies were still only
at the stage of testing. There was also the problem of
insufficient harmonisation of national procedures with

international standards. Although Ukraine has integrat-
ed into the global trading system and cooperates with
the WCO, the level of implementation of international
recommendations in customs examination practice re-
mained insufficient, creating risks of non-recognition of
examination results in international courts or in bilat-
eral trade disputes.

The analysis of data on the organisation of customs
control, the structure of customs laboratories, technical
equipment, level of digitalisation, and methodological
approaches to commodity examination in European Un-
ion countries — Poland, Germany, Lithuania,and the Czech
Republic - was important for understanding internation-
al experience in customs control practice. The function-
ing of customs laboratories in these countries demon-
strated a high level of technological modernisation and
the implementation of innovative solutions. In particular,
Germany and Poland actively applied FTIR spectroscopy,
XRF, chromatographic methods, and mass spectrometry,
ensuring the accuracy of goods identification at the level
of 95-99%. In Lithuania and the Czech Republic, mobile
laboratory complexes were widely used, allowing rapid
analysis directly at customs posts (European Commis-
sion, 2025; European Commission, n.d.a; n.d.b). In all four
countries, a unified electronic network for the exchange
of laboratory data was in operation, integrated with EU
systems (EU Customs Laboratory Network, TRACES, ICS2).
As a result of the analysis of the characteristics of cus-
toms examination of goods, the main organoleptic prop-
erties and compliance with the technical characteristics
of products most frequently subject to customs examina-
tion were identified (Table 2).

Table 2. Analysis of various product samples subject to customs examination

Compliance

Category Product name Coul?tr.y Main organ?leptlc Presgnce o.f f oreign Safety analysis with technical
of goods of origin properties impurities . -
characteristics
Characteristic - .
Food products | Olive oil ltaly, Turkey | Cotoursmell,and No impurities é:ltigsgldc;irrzx;?ee Complies with
’ viscosity meet the detected (FTIR) L declared data
within the norm
standards
Uniform colour, No cereal impurities Safe, no toxic Caffeine content
Coffee Poland, Italy |aroma wnhput signs | " atected (HPLC) substances detected correspopds to
of spoilage labelling
Homogeneous Vegetable fats Complies with Turklasr:i:frr?grfs i
Chocolate Ukraine, Turkey 9 detected in Turkish P parti .
texture, cocoa smell samples safety standards compliance with
P composition

Textiles

Cotton fabric

Turkey, China

Even weaving, no
foreign odour

Up to 15% polyester
in the Chinese
sample

Safe colourants

Chinese sample
does not correspond
to declared 100%
cotton

applicable)

(XRF)

RoHS limits

Density and Full compliance
Denim Turkey strength within the Not detected Meets standards . plia
with labelling
norm
. . No impurities No hazardous Complies with
Polyester China Uniform structure detected colourants (REACH) declared data
. 20% of samples -
n/a (organoleptic | No hazardous metal s ) !
Electronics Smartphones China assessment not impurities detected Pb, Cd, Hg - within non-compliance

with technical
parameters
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Table 2. Continued

Category Country Main organoleptic | Presence of foreign Compliance
Product name - N N . Safety analysis with technical
of goods of origin properties impurities s
characteristics
Safe, no overheatin Chinese samples:
Power banks China, Poland n/a n/a ’ 9 capacity lower by
detected o
25-30%
. . Sound without No hazardous Full compliance
Headphones Ukraine, China distortion n/a materials detected with labelling
. . . . o Complies
Chemicals Nail varnish Poland, Ukraine Uqurn_nty, No impurities voc _.W'.thm EU with technical
characteristic colour detected limits -
documentation
Transparenc In Chinese Exceedance of zi:\lal[igr?ge_
Solvents China, Turkey parency, samples — up to 3% | permissible limits in -omp
characteristic smell . with declared
methanol Chinese samples L
composition
Consistency and pH meets standards, Complies with
Cosmetics Ukraine, Italy smell within the Not detected no toxic substances ples
labelling
norm detected

Note: VOC - Volatile Organic Compounds

Source: DSTU 1SO 9001:2015 (2016), ISO/IEC 17025:2017 (2017), World Customs Organization (2022; 2023)

The analysis showed that EU countries have achieved
a high level of digitalisation in their expert procedures.
The use of electronic registers of reference samples,
automated product classification, blockchain technol-
ogies for verifying product origin, and machine learn-
ing systems for analysing declarations has significantly
reduced the risk of errors, accelerated data processing,
and stood in stark contrast to the current situation in
Ukraine, where such digital and technical integration
was only at the stage of gradual implementation. The
comparative analysis also revealed that Poland, Italy
and Turkey had already fully harmonised their meth-
odologies with the international standards DSTU I1SO
9001:2015 (2016), ISO/IEC 17025:2017 (2017), as well
as the World Customs Organization’s guidance docu-
ments (2022; 2023), which ensured mutual recognition
of examination results within the EU and reduced the
number of trade disputes. In Ukraine, the level of such
harmonisation has been partial, confirming the need for
standardisation of laboratory procedures and updating
of the regulatory framework.

Modern customs analysis has gradually shifted
from traditional organoleptic methods to the use of
high-precision instrumental technologies. One of the
most promising areas has been the introduction of
spectroscopic analysis methods (FTIR spectroscopy,
UV-visible spectroscopy, XRF). These have enabled the
rapid and reliable determination of the chemical com-
position of materials, which is crucial when inspect-
ing products that may be counterfeit or hazardous to
health. For example, using FTIR spectroscopy, EU cus-
toms laboratories successfully determined the authen-
ticity of polymers in plastic products, specifically iden-
tifying low-density polyethylene (LDPE) and polyvinyl
chloride (PVC) in batches of packaging imported from
South-East Asian countries. This enabled the rapid de-
tection of material substitution with cheaper alterna-
tives not specified in the documentation. XRF has been

widely used to monitor the safety of metal goods; for
example, when testing children’s toys from China, XRF
made it possible to detect lead levels exceeding the
permissible limit in the paints used for coating, thereby
preventing the import of hazardous products. The use
of portable XRF analysers has made it possible to carry
out such checks directly at customs posts (Intertek, n.d.).

Another promising area has been gas and liquid
chromatography, which has enabled the accurate de-
tection of impurities, additives or prohibited substances
in foodstuffs, medicinal products or chemical materials.
In particular, in the practice of German customs labo-
ratories, gas chromatography coupled with mass spec-
trometry (GC-MS) was used to detect illegal flavourings
and synthetic preservatives in consignments of coffee
and chocolate imported into the EU (German Feder-
al Institute for Risk Assessment, n.d.). Similarly, liquid
chromatography was used to detect counterfeits in
perfumery products: it enabled the detection of cheap
alcohol mixtures in place of the declared essential
components (Intertek, n.d.). The digitisation of expert
processes has also become an important aspect. The
use of centralised databases containing digital refer-
ence standards (spectral characteristics, photographs,
descriptions of quality indicators) has enabled the rap-
id identification of goods and helped to avoid classifi-
cation errors. The implementation of such databases,
integrated into international systems (e.g., the WCO
Data Model), will facilitate the harmonisation of na-
tional methodologies with international standards and
simplify data exchange with the customs administra-
tions of other countries. The application of Al and ML
in the process of commodity examination has become
a promising development. ML algorithms can automat-
ically analyse large volumes of data (images, spectra,
technical descriptions) and classify goods according to
HS codes with a high degree of accuracy, which will
reduce the subjective element in the expert’s work and
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shorten decision-making times. By 2025, text and im-
age recognition systems were being successfully used
worldwide for the automated verification of product la-
belling (Magai & Ilomo, 2024). Another area of focus is
the implementation of blockchain technologies to track
the supply chain of goods. Thanks to decentralised data
storage, customs authorities have been able to verify
the authenticity of certificates of origin and quality
guarantees without the risk of forgery, which has sig-
nificantly reduced the risks of fraud, smuggling and the
falsification of documents accompanying the goods.
An important component of the digital transforma-
tion has been the creation of mobile laboratories and
rapid testing stations. These have made it possible to

conduct preliminary examinations directly at the cus-
toms post,using portable devices and rapid test systems.
This approach reduced the workload on central labo-
ratories, cut waiting times for businesses and ensured
rapid decision-making during customs inspections. The
application of Al and ML algorithms in customs prac-
tice has opened up new possibilities for the automated
classification and identification of goods. Traditional
methods, based on manual document checks and or-
ganoleptic assessment, could not keep pace with the
growth in international trade volumes and the diversity
of goods flows (Makedon et al., 2025). In this context, Al
is capable of significantly improving the efficiency, ac-
curacy and speed of expert decision-making (Table 3).

Table 3. Potential for the use of Al/ML in customs examination

Area of application

Example of technology

Expected effect

Automatic classification

ML models for coding goods according to HS codes.

Reduction in the number of errors, acceleration
of processing

Goods identification

Computer vision, image recognition

Detection of counterfeits, rapid product recognition

Documentation analysis

NLP for customs declarations and certificates

Identification of inconsistencies and falsifications

Risk management

Predictive analytics algorithms

Automatic identification of “high-risk” consignments

Integration with instrumental
methods

Al-based analysis of spectral data

Improved accuracy
of goods composition examination

Note: NLP - Natural Language Processing
Source: ISO/IEC 17025:2017 (2017)

Thus, one of the promising areas has become the au-
tomated recognition and classification of goods accord-
ing to HS codes. ML models, trained on large datasets of
customs declarations, product samples and their charac-
teristics, can automatically assign goods to the appropri-
ate category, which has reduced the frequency of errors
caused by human error and accelerated the cargo clear-
ance process. The use of computer vision was of signif-
icant importance. Thanks to image analysis, the system
was able to automatically identify goods by their exter-
nal characteristics: shape, colour, labelling and packag-
ing structure. Combined with spectral characteristics (for
example, from FTIR analysis or X-ray fluorescence), ML
algorithms are capable of generating a comprehensive
product profile for rapid authenticity verification. The
application of natural language processing (NLP) to an-
alyse accompanying documentation has also become
important. Al was able to automatically verify customs
declarations, certificates of origin and certificates of con-
formity, identify discrepancies between the declared and
actual characteristics of goods, and predict the risks of
document forgery. Furthermore, Al technologies held po-
tential in the field of risk management.

By predicting the likelihood of violations in spe-
cific consignments (based on historical data, country
of origin, product category and behavioural factors of
foreign trade participants), the system was able to au-
tomatically determine which consignments required
more detailed inspection, and which could be cleared

Commodity Bulletin, 2025, Vol. 18, No. 2

under a simplified procedure, thereby reducing the
workload on customs authorities and optimising re-
sources. The use of artificial intelligence and ML in the
automated classification and identification of goods
created the conditions for improving the efficiency of
customs control, reducing the level of smuggling and
counterfeiting, and integrating Ukraine into the global
system of “smart” customs. Thus, improving commodity
examination methods at the customs control stage re-
quired a comprehensive approach combining technical
modernisation, process digitalisation, staff training and
integration into the international standards system.
Theissue of harmonising examination methods with
international standards became crucial. The Ukrainian
customs system must be guided by the requirements
of ISO/IEC 17025:2017 (2017), which regulate the com-
petence and impartiality of laboratories; and by the
recommendations of the World Customs Organization
(Mikuriya, 2021) regarding security and trade facilita-
tion. Attention should also be paid to EU regulations
set out in Regulation (EU) No. 952/2013 (2013) and to
the provisions of the Agreement on Trade Facilitation,
which established the principles of transparency and
simplification of customs procedures (Protocol Amend-
ing the Marrakesh Agreement..., 2014). Their consist-
ent implementation into national legislation and the
working practices of customs laboratories has laid the
groundwork for the mutual recognition of examination
results,a reduction in the number of trade disputes,and



the deepening of Ukraine’s integration into the global
trading system. It has become advisable to introduce
a system of regular audits to ensure that examination
methods comply with international requirements. It is
worth noting the training of personnel and the devel-
opment of experts’ professional competence. Training in
modern instrumental and digital methods, internships
at international customs organisations, and participa-
tion in joint scientific and practical programmes with
the EU will contribute to professional development and
the creation of a unified professional environment. The
first step should be to upgrade the technical infrastruc-
ture of customs laboratories: the introduction of FTIR
spectroscopy, X-ray fluorescence analysis, gas chroma-
tography and other high-precision methods that have
already been successfully used in EU countries, which
will enable faster and more accurate determination of
the quality characteristics of goods. The implementa-
tion of these measures will enhance the transparency
and effectiveness of customs control, reduce the level
of smuggling and contribute to Ukraine’s integration
into the global foreign trade system.

The works of contemporary researchers reveal a
clear trend towards the digitalisation and automation
of customs control processes, which has influenced
the development of commodity examination. Scholar
E. Oluwagbade (2025) emphasised the need to inte-
grate algorithmic classification into global trade com-
pliance systems, which enabled the automation of the
goods identification process and reduced the number
of human errors. V. Marinova (2024) emphasised that
artificial intelligence is not merely an innovative tool
but also a practical component of customs authori-
ties’ operations, enhancing the speed of decision-mak-
ing and the accuracy of controls. Research by Y. Liu et
al. (2025) drew attention to the development of a net-
work of lower-tier customs laboratories, their technical
equipment, and the need to standardise examination
procedures in accordance with the requirements of
ISO/IEC 17025:2017 (2017), which laid the foundation
for harmonising approaches to goods identification. An
important area identified in the study by A. Dziubyn-
skyi et al. (2025) was the digital transformation of cus-
toms laboratories, based on the experience of the Re-
public of Korea and the EU. The authors demonstrated
that the modernisation of the technical infrastructure
and the digital integration of laboratories contributed
to the standardisation of examination procedures and
enhanced confidence in their results within the inter-
national community. S. Vijayakumar (2025) focused
on deep neural networks for classifying goods in the
e-commerce sector, where the high volume of data re-
quired automated solutions based on machine learn-
ing. Researchers K. Houssini et al. (2025) and Y. Zhao et
al. (2025) highlighted the importance of creating intel-
ligent decision support systems in international sup-
ply chains, enabling customs authorities to assess risks
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promptly, ensure compliance with standards and reduce
transaction costs. Thus, the research demonstrated an
interdisciplinary approach to the development of cus-
toms examination - ranging from technical improve-
ments to laboratories and the implementation of loT
technologies to the creation of digital risk management
ecosystems and automated goods classification. Thus,
an analysis of scientific sources has confirmed that the
global scientific community is moving towards the cre-
ation of “smart” customs control systems based on the
use of artificial intelligence, big data and standardised
protocols. For Ukraine, this means the need to adapt
international practices, develop the digital infrastruc-
ture of customs laboratories and train highly qualified
specialists capable of working with intelligent technol-
ogies in their expert activities.

Conclusions

The modern system of commodity examination at the
customs control stage has faced a number of challeng-
es, including slow procedures, insufficient technical
equipment in customs laboratories, limited digitalisa-
tion, and a lack of full harmonisation with international
standards. This has led to delays in customs clearance,
increased the risk of incorrect classification of goods,
and created favourable conditions for the spread of
counterfeit products. food products, textile materials,
electronic products, and chemical substances) con-
firmed the presence of significant challenges in the
practical work of customs laboratories. The findings
confirmed that the introduction of modern instrumen-
tal and digital technologies (spectroscopy, chromatog-
raphy, X-ray fluorescence analysis, electronic databases,
blockchain solutions) can improve the accuracy and
speed of expert procedures, create the conditions for
more effective control, reduce the risks of counterfeit-
ing, and ensure integration with international infor-
mation systems. The use of artificial intelligence and
machine learning algorithms has become a promising
development, enabling the automation of goods clas-
sification, analysis of accompanying documentation,
identification of products based on visual, spectral and
structural characteristics, as well as the prediction of
smuggling risks. This laid the groundwork for a tran-
sition to a flexible, intelligence-led model of customs
control that aligned with global trends. The practical
recommendations emphasised a comprehensive ap-
proach to modernisation: upgrading the technical in-
frastructure of customs laboratories, the widespread
introduction of digital technologies, the application of
artificial intelligence, the harmonisation of methodolo-
gies with international standards, and the development
of systematic training and professional development
for staff. The implementation of these measures will
contribute to increasing the efficiency and transpar-
ency of customs control, reducing the level of smug-
gling and counterfeiting, and strengthening Ukraine’s
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MeTOAiB TOBapO3HABYOi eKCNepTU3M Ha eTani MUTHOrO KOHTPOA. MeTo CTaTTi CTano HaykoBe OBrpyHTYBaHHS Ta
po3pobka Npono3uuii LWoAO YLOCKOHANEHHS METOAIB TOBAapO3HABYOi eKCNepTM3W Ha eTani MUTHOIO KOHTPOJHO
WASXOM iHTerpauii Cy4acHUX iHCTpyMeHTanbHUX, UMdPOBMX i aHaNiTMYHMX TexHonorii. Llei npouec nepenbayas
NiABULLEHHS TOYHOCTI, LWBMAKOCTI Ta OOEKTUBHOCTI eKCNepTHUX MpoLesyp, rapMOHi3aLilo HaLioOHaNbHUX METOAMK
3 MXKHapOOHMMM CTaHAAPTaMKU Ta CTBOPEHHS nepenyMoB A8 eheKTUBHIOro dyHKLIOHYBaHHS CMCTEMU MUTHOIO
KOHTpON0 B YKpaiHi. EQeKTUBHICTb i TOYHICTb eKCMepTHWMX Mpoueayp BWM3HAYWMAM piBEHb €KOHOMIYHOI 6e3neku
[epxasu, 3abe3neunnn Npo3opicTb 30BHILIHBOEKOHOMIYHMX OMepaLii Ta CApUSAM 3aXUCTY BHYTPILLHbOTO PUHKY.
NpoTe, HasiBHI MeTOAM eKCMepTU3M He 3aBXAM BiAMNOBiAaNM BUMOraM onepaTUBHOCTI, LOCTOBIPHOCTI Ta aAanTUBHOCTI
[L0 HOBMX BUKJIMKIB, LLLO aKTyani3yBano notpedy y BNpoBaAXXeHHI iHHOBALiMHMX Niaxo4iB.Y AoCniaXeHHi 00rpyHTOBaHO
MOX/IMBOCTI BOCKOHA/IEHHS TOBApO3HABYOi eKCMepTU3M Ha eTani MWUTHOTO KOHTPOJMIO LUASXOM BUKOPUCTAHHSA
IHCTPYMEHTaNbHUX | UMPOBUX TEXHONOTIM, 30aTHUX CYTTEBO MIABULUMTU PE3YbTaTUBHICTb eKCNepTHUX NpoLueayp.
[poBegeHo cucTemMaTM3aLilo Cy4aCHUMX METOAIB €KCMEepTHOro aHanisy Ta OuiHeHO iX BiANOBIAHICTb 3aBAAHHSAM
MWUTHOIO KOHTPOJII, @ TaKOX BM3HAYEHO NEpPCneKTUBM 3aCTOCYBAaHHS LMPPOBMX PillleHb i WTYYHOrO iHTENEeKTy B
aHanitnyHmx npouecax. CHopMOBAHO KOMMAEKC MPAKTUYHUX PEKOMEHAALIM LWOA0 Y3roAKEHHS HaLiOHaNbHUX
NiaxoniB i3 MiXKHAPOLHUMM CTAHAAPTaMU. 3aNpPOMNOHOBAHO CTBOPEHHS €4MHOI €N1eKTPOHHOI 6a3u JaHMX 3paskiB
TOBapiB, BUKOPUCTAHHS MOBiNbHMX 1abopaTopiit Ta po3pobaeHHs CTaHAAPTIB, aAANTOBAHMX A0 rMO6aNbHUX BUMOT, LLO
CNpUATUME NiABULLEHHIO ePEeKTUBHOCTI MUTHOIO KOHTPOJIIO Ta PO3LIMPEHHIO iHTErpaLimHUX MOXIMBOCTEN YKpaiHu
y CBiTOBIN TOPriBAi. [[pakTMYHE 3HAYEHHS AOCNIIKEHHS MONSrAE Y MOX/IMBOCTI 3aCTOCYBAHHS MOro pe3ynbratiB AN
MOAEpHi3aLii CMCTEMU MUTHOTO KOHTPOJH, ONTMUMI3aLii poboT1 MUTHMUX NabopaTopil, YAOCKOHANEHHS eneKTPOHHMX
6a3 AgaHWX | BNPOBAOXKEHHS MKHAPOAHO Y3roKeHWX METOAIB eKCrnepTw3W, WO NiACUAUTb eKOHOMIYHY be3neky
[epXaBu Ta CTUMY/OBaTUME PO3BUTOK 30BHILLHbOT TOPriBAi

Knio4oBi cnoBa: cTaHAapT; MUTO; TOBapO3HABYA OLLIHKA; PErynioBaHHs; LMdposizaLlis
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Abstract. The accumulation of plastic waste, particularly from single-use food packaging, poses a significant
environmental challenge, making it essential to explore alternative, sustainable packaging materials to reduce
ecological impact and preserve product quality. The aim of the study was to comparatively evaluate the
effectiveness of paper, biopolymer, polypropylene and experimental non-woven flax packaging in preserving the
freshness of wheat and rye bread using weight loss as an indicator of moisture exchange.The paper analysed the
environmental burden in Ukraine caused by the use of polymer materials in the baking industry, where packaging
consumption reaches about 9 billion units annually. It has been experimentally established that polypropylene
film provides the highest barrier properties, maintaining stable weight and high organoleptic indicators for
7 days. Traditional paper packaging proved to be the least effective due to high vapour permeability, leading to
a loss of up to 21% of moisture and rapid staling of products. Biopolymer bags demonstrated the ability to retain
moisture only for a short period (up to 3 days), after which their protective properties decrease significantly.
As an environmentally safer and functional alternative, paper made from oil flax cellulose can be considered
promising. Due to the dense structure of long fibres and the presence of natural antiseptic compounds (lignans),
such packaging may help extend bread freshness while aligning with the principles of the circular economy.
The practical value of the study lies in the scientific justification of the selection of biodegradable packaging
materials based on flax cellulose for bakery products, which can be applied in the food industry to reduce plastic
waste while maintaining product quality

Keywords: bakery products; staling kinetics; shelf life; biodegradable materials; flax cellulose; organoleptic
quality; barrier properties

Introduction

The global community faces one of the major environ-  S. Perreard et al. (2025) indicated continued growth in
mental challenges - the accumulation of persistent global plastic waste (from 205 million tons in 2021 to
plastic waste, which has a long-term and often irre- 225 million tons by 2025), highlighting the urgent need
versible impact on the environment and human health.  for circular economy strategies. According to a press re-

Suggested Citation:
Yaheliuk, Ya., & Chasnikoy, V. (2025). Moisture loss of bread in different packaging materials and the potential of flax-based
materials . Commodity Bulletin, 18(2), 53-67.doi: 10.62763/cb/2.2025.53.

Copyright © The Author(s). This is an open access article distributed under the terms of the
BY Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)

*Corresponding author


https://orcid.org/0000-0002-7428-0848
https://orcid.org/0009-0004-4008-9502
https://c-bulletin.com.ua/en

Moisture loss of bread in different packaging materials...

54

lease by the UN Environment Programme (UNEP, 2023),
plastic pollution could be reduced by 80% by 2040 if
countries and companies implement deep policy and
market changes using existing technologies. Support-
ing this transition, N.M. Samoilenko & Yu.S. Hadaye-
va (2025) explored current aspects of the development
and use of biopolymer materials for single-use pack-
aging, which represents a critical technological shift
towards more sustainable and environmentally friendly
alternatives. The authors concluded that despite the
high potential of polylactic acid (PLA) and its compos-
ites, their immediate large-scale implementation is hin-
dered by underdeveloped infrastructure for collection
and composting, higher production costs compared to
traditional plastics, and certain performance Llimita-
tions, which necessitates the development of advanced
materials using agricultural waste and nanotechnology.

Polymer materials used for bread packaging pre-
dominantly enter municipal solid waste streams after
short service life, creating an environmental burden.
According to the “Consumer basket”, the average annual
consumption of bakery products in Ukraine is 98.4 kg
per person. Data from the State Statistics Service of
Ukraine (2022) indicated that with a population of ap-
proximately 41.17 million people, the total annual vol-
ume of bakery product consumption exceeded 4 million
tons. Assuming that the average mass of one bread unit
is approximately 0.45 kg, this volume corresponds to
the need to package about 9 billion packaged units
per year. Such a mass scale causes a consistently high
demand for single-use packaging materials, which, in
the event of plastic dominance, leads to the genera-
tion of thousands of tons of non-degradable polymer
waste and necessitates the urgent search for alterna-
tive eco-friendly materials.

Bakery products are an important focus of food
packaging research due to their high consumption and
sensitivity to environmental conditions. M. Aravindan et
al. (2022) summarised key trends in regulating moisture
exchange to inhibit microbiological spoilage, confirm-
ing that freshness loss in bread begins in the first hours
after baking and is largely determined by the barrier
properties of the packaging material. The process of
bread staling is a multifaceted phenomenon primarily
driven by starch retrogradation and the continuous re-
distribution of moisture, which significantly impacts the
shelf life and structural integrity of the final product.
Y. Zhang et al. (2024) further elucidated these mech-
anisms by evaluating the effects of wheat oligopep-
tides on the baking and retrogradation properties of
bread rolls. Their research specifically focused on the
evaluation of crumb hardness, moisture content, and
starch crystallisation, demonstrating that maintaining
a stable moisture balance is crucial for suppressing the
formation of starch crystals during storage. T. Moham-
madi-Moghaddam et al. (2024) provide a comprehen-
sive review of bread staling, emphasising that moisture
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migration and redistribution are pivotal factors in the
deterioration of bread texture and quality during storage.

Traditional polymer materials provide high barrier
properties but create a significant environmental bur-
den. V. Kumar et al. (2022) experimentally confirmed
that polypropylene film demonstrated superior mois-
ture barrier performance and mechanical structural in-
tegrity compared to other polymer films used in food
packaging, establishing it as the most functionally
effective conventional option. Conversely, paper pack-
aging, while eco-friendly, faces limitations due to its
capillary-porous structure. N.M. Samoilenko & Yu.S. Ha-
dayeva (2025) explored biopolymer materials, noting
their potential for single-use packaging despite current
limitations in food quality impact studies. The rational
use of plant residues as raw materials is becoming a
critical technological shift. S. Yaheliuk et al. (2022) con-
ducted comprehensive research on the identification
and classification of crop residues for industrial use.Ag-
ricultural crops, specifically oil flax stalks, are valuable
sources of cellulose for biodegradable materials.

Modern literature indicates that mechanisms of
bread staling and packaging barrier properties are often
studied separately. Experimental comparative studies
evaluating the influence of different packaging types
on bread mass loss and sensory quality under identical
storage conditions remain limited. This gap justifies the
relevance of the present research. The aim of this study
was to experimentally evaluate bread mass loss and
organoleptic changes during storage in different pack-
aging materials as indicators of moisture exchange, and
to outline the prospects of plant-based packaging con-
cepts derived from flax processing residues.

Materials and Methods

The research objects were industrially produced bak-
ery products of the Kyivkhlib brand. Two types of bread
were selected for the study: rye bread “Domashnii Zhit-
nii”; wheat bread “Baton Molochnyi”. The product char-
acteristics, physical and chemical indicators (moisture,
acidity, porosity), nutritional value, composition, storage
conditions, and organoleptic indicators of the products
studied are presented in Table 1.

Four types of packaging materials were used in the
study: paper packaging sealed with starch paste; poly-
propylene film; and a biodegradable biopolymer bag,
experimental non-woven oil flax material. Paper pack-
aging was a capillary-porous material characterised by
high air and water vapour permeability. For this study,
sealing was performed using starch paste. Polypropyl-
ene film was a non-porous polymer material with low
water vapour permeability. The biodegradable biopoly-
mer bag was a polymer material with moderate barrier
properties. Experimental non-woven oil flax material
was a fibrous substrate produced from oil flax process-
ing residues. This material was characterised by a porous
structure and a specific surface density, which facilitates



moisture and gas exchange. The material contained
natural phenolic compounds, including lignans, inher-
ent to the fibre source. An alphanumeric coding system
was utilised for sample identification. The initial letter

Yaheliuk & Chasnikov
55

or combination signified the packaging material: P - pa-
per, B - biopolymer, PL - polypropylene, and NF - ex-
perimental non-woven flax fibre. The subsequent letter
indicates the bread variety: R - rye and W - wheat.

Table 1. Main characteristics of “Molochnyi” loaf and “Domashnii Zhytnii” rye bread

Type of bread Milk loaf, sliced Homemade rye bread
ST
* il ¥
Photo
Shelf life 3 days 5 days

DSTU standard

DSTU 4587:2023

DSTU 4583:2023

Physicochemical
parameters according

Crumb moisture content, %, not more than 34.0-45.5
Crumb acidity, degrees, not more than 3.5

Crumb moisture content, %, not more than 41.0-53.0
Crumb acidity, degrees, not more than 5.0-12.0

dry milk whey 0.9%, table margarine, flour improver

to DSTU Crumb porosity, %, not less than 68.0 Crumb porosity, %, not less than 46.0
Manufacturer TM “Kyivkhlib” TM “Kyivkhlib”
Premium-grade wheat flour, drinking water, sugar, L
, ; . o Wholemeal rye flour 41.6%, drinking water, first-grade
Ingredients bakers yeast, table salt, skimmed milk powder 0.9%, wheat flour, dry fermented rye malt 3.4%, sugar, sifted

(contains wheat flour), acidity regulator: lactic acid

rye flour 2.4%, table salt, compressed yeast

Nutritional value Dietary fibre: 2.6 g

Proteins: 8.1 g

Energy value per 100 g: 1146 kl / 270 kcal
Fats: 1.5 g - of which saturated 0.3 g
Carbohydrates: 55 g - of which sugars 5.2 g

Energy value per 100 g: 990 kJ / 234 kcal
Fats: 1.2 g - of which saturated 0.1 g
Carbohydrates: 45 g - of which sugars 4.3 g
Dietary fibre: 7.3 g
Proteins: 7.2 g

Salt: 1.1 g Salt: 1.2 g
- >+6°C >+6°C
Storage conditions <+28°C <+28°C

Shape: elongated, regular

Organoleptic
characteristics

Crust colour: light golden

Surface: smooth, without burnt areas

Crumb: soft, tender, fine-porous, white
Taste and aroma: slightly sweet, with a pronounced
milky flavour, without off-odours

Shape: elongated, regular
Surface: even, without cracks
Crust colour: dark brown
Crumb: elastic, evenly porous, dark
Taste and aroma: characteristic of rye bread, with a
slight sourness, without foreign tastes or odours

Source: compiled by the authors based on data from Kyivkhlib (n.d.a; n.d.b) and DSTU 4583:2023 (2023), DSTU 4587:2023 (2023)

Three separate bread samples were prepared for
each bread-packaging combination and assigned to
different storage periods (1, 3, and 7 days). Separate
samples were therefore used for each storage period
and each type of packaging. All experiments were con-
ducted in triplicate, and the values presented in the
tables represent average values of three independent
measurements. The samples were coded according to
the type of bread, packaging material, and storage time.
Rye bread samples in paper packaging were labelled
as PR1,PR3,and PR7; in biopolymer packaging as BR1,
BR3, and BR7; in polypropylene packaging as PLR1,
PLR3, and PLR7; and in experimental non-woven flax
packaging as NFR1, NFR3, and NFR7. Similar labelling
was used for wheat bread: PW1, PW3, and PW7 - paper
packaging; BW1,BW3,and BW7 - biopolymer packaging;
PLW1, PLW3, and PLW7 - polypropylene packaging; and
NFW1, NFW3, and NFW7 - non-woven flax packaging.

The number in the sample code indicates the storage
duration in days. Each sample was weighed and evalu-
ated once after the corresponding storage period.

All samples were stored at a constant temperature
of 12°Cin a room without direct sunlight. The storage
conditions complied with the manufacturer’s recom-
mendations.All samples were packaged under identical
conditions immediately after purchase. The condition of
the bread was assessed after 1 day; after 3 days; after 7
days of storage, which allowed the dynamics of weight
loss and organoleptic changes to be tracked. Changes
in bread moisture content were assessed indirectly by
periodically weighing samples on electronic scales.
Since weight loss during storage occurs mainly due to
water evaporation, the shrinkage index was taken as an
indicator of moisture loss. For paper packaging, addi-
tional weight loss associated with the drying of starch
paste was taken into account. For the organoleptic
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evaluation of bread samples, a 5-point scale was used
for each indicator. Each quality indicator has five levels,
expressed in points as follows: 5 — excellent quality; 4 -
good quality; 3 - satisfactory quality; 2 — unsatisfactory
quality; 1 - poor quality (DSTU 9188:2022, 2022).

Evaluated indicators:

* mass loss: weight change (in grams and percent)
as the main indicator of moisture loss. For paper pack-
aging, the following measurements were made relative
to the weight recorded after the paste dried on day 1;

e organoleptic indicators: softness/hardness, aro-
ma, presence of mould.

Statistical analysis was applied to the experimental
data to evaluate differences in bread quality parame-
ters across packaging types and storage periods. To
quantitatively assess changes in the moisture content
of rye bread during storage in different types of pack-
aging, statistical processing of experimental data was
performed. The mean weight loss and standard devi-
ation of the samples were determined. The arithme-
tic method was calculated as the sum of the weight
loss values divided by the number of samples in the

BR1
Packaging type:
Biopolymer bag

Type of bread: Rye

PLR1
Packaging type:
Polypropylene film
Type of bread: Rye

Packaging type: Paper bag

respective series. The standard deviation was deter-
mined using the formula:

_ ’Z(xi—f)z
s= n-1 °’ (1)

where x, - the individual value of mass loss, x - the av-
erage value, n - the number of samples. This evaluation
approach made it possible to compare the effectiveness
of the tested packaging materials in preserving bread
quality during storage.

Results

The results of the experiment were analysed with re-
gard to packaging type, bread type, and storage du-
ration. Changes in the weight of bread slices during
storage were measured directly. Since the main rea-
son for weight reduction in bakery products is water
evaporation, weight change was considered an indirect
indicator of moisture loss. The visual appearance and
weighing results of the rye bread control samples after
1 day of storage in different types of packaging are
presented in Figure 1.

NFR1
Packaging type:
Experimental
non-woven flax packaging
Type of bread: Rye

PR1

Type of bread: Rye

Figure 1. Samples of rye bread after 1 day of packaging

Source: compiled by the authors

Paper packaging (PR1) showed an 11.3% mass loss
(5 g) due to the porosity of the material and the drying
out of the gelatinised starch. Intense moisture evap-
oration led to lower ratings for aroma (4 points) and
crumb condition (4 points), which corresponds to good
quality with initial signs of loss of softness. Biopoly-
mer packaging (BR1) showed zero weight loss (0%),
ensuring complete moisture retention inside. High air-
tightness allowed the product to retain its excellent
quality: the aroma and crumb condition were rated at
5 points, with no signs of staling. Polypropylene pack-
aging (PLR1) also eliminated moisture loss (0%), en-
suring the stability of physical and chemical proper-
ties. The sample received the highest scores for aroma
(5 points) and crumb (5 points), noting maximum elas-
ticity and the most pronounced aroma of fresh bread.
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Experimental flax packaging (NFR1) showed moderate
moisture loss — 5.2% (2 g), which was lower than in
paper packaging but higher than in hermetic polymer
materials. The breathable structure of the non-woven
flax material allowed partial moisture exchange with
the environment, preventing excessive condensation
inside the package. Despite some dehydration, the
sample retained good sensory quality: the aroma was
rated at 4 points and the crumb condition at 5 points,
indicating excellent crumb elasticity and acceptable
freshness at this stage of storage. The visual appear-
ance and weighing results of the rye bread control
samples after 3 days of storage in different types of
packaging are presented in Figure 2.

The paper packaging (PR3) showed a 12.5% loss
in weight (4 g) compared to the weight after 24 hours,



when the paste dried, which led to significant staling
due to intense dehydration, although the sample re-
mained less hard than the wheat counterpart. There
was no mould, but due to drying, the aroma became
faint (3 points - satisfactory quality), and the crumb
lost its elasticity and became hard (2 points - unsat-
isfactory quality). The biopolymer bag (BR3) ensured
moderate softness despite a 10% loss in weight (4 g).
The sample did not show critical staling and showed
no signs of mould, although its elasticity was slightly
inferior to that of the fresh product: the aroma was
rated at 4 points, and the condition of the crumb at
4 points, which corresponds to good quality. The poly-
propylene film (PLR3) demonstrated absolute weight
stability (0% loss), which allowed the moisture inside
to be completely preserved. The bread retained max-
imum softness, no mould, and the most pronounced

PLR3
Packaging type:
Polypropylene film
Type of bread: Rye

BR3
Packaging type:
Biopolymer bag

Type of bread: Rye

Packaging type: Paper bag
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aroma, receiving the highest scores — 5 points (ex-
cellent quality) for both indicators. The experimen-
tal flax packaging (NFR3) demonstrated moderate
moisture loss - 10% (4 g) after 3 days of storage. The
breathable structure of the non-woven flax material
provided limited resistance to moisture migration
over time, resulting in gradual dehydration of the
bread. Nevertheless, the material prevented excessive
moisture accumulation and condensation inside the
package. The aroma and crumb condition were rated
at 3 points (satisfactory quality), indicating noticeable
staling and loss of softness, although the bread re-
mained acceptable for consumption and did not show
signs of mould development. The visual appearance
and weighing results of the rye bread control samples
after 7 days of storage in different types of packaging
are presented in Figure 3.

NFR3
Packaging type:
Experimental non-woven flax
packaging
Type of bread: Rye

PR3

Type of bread: Rye
-—_-__'

Figure 2. Samples of rye bread after 3 days of packaging

Source: compiled by the authors

PR7 BR7
Packaging type: Packaging type:
Paper bag Biopolymer bag

Type of bread: Rye

NFR7
Packaging type:
Experimental non-woven flax
packaging
Type of bread: Rye

PLR7
Packaging type:
Polypropylene film
Type of bread: Rye

Figure 3. Samples of rye bread after 7 days of packaging

Source: compiled by the authors
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In paper packaging (PR7), the sample almost com-
pletely lost its consumer properties due to critical
dehydration: its weight decreased by 21% (8 g). The
sample became very hard and resembled a cracker-like
structure, which corresponds to a crumb condition rat-
ing of 1 point (poor quality). The aroma became barely
noticeable, although there were no foreign impurities
(1 point - poor quality), and there was no mould. In a
biopolymer bag (BR7), the sample showed a significant
loss of mass - 20% (7 g), which led to the product be-
coming stale. However, compared to paper packaging,
the bread did not become as hard, and its aroma was
preserved somewhat better (3 points for aroma - sat-
isfactory quality). The condition of the crumb due to
significant moisture loss and starch retrogradation was
rated at 2 points (unsatisfactory quality), no signs of
mould were found. Polypropylene film (PLR7) proved
to be the most effective, recording a minimal weight
loss of only 2.7% (1 g). Due to its high moisture con-
tent, the bread remained acceptable for consumption,
retaining relative softness and the most pronounced
aroma among all samples. The organoleptic indicators

of aroma and crumb condition remain at 4 points (good
quality), no signs of microbiological spoilage were
recorded. Experimental non-woven flax packaging
(NFR7) demonstrated intermediate performance af-
ter 7 days of storage. The sample showed weight loss
of 16.3% (7 g), indicating gradual dehydration due to
the breathable structure of the material. Compared to
paper packaging, the bread did not reach a critically
dry, cracker-like structure, but significant staling oc-
curred. The aroma and crumb condition were rated at
2 points (unsatisfactory quality), indicating noticeable
loss of sensory and structural properties. The bread had
partially lost its characteristic smell and had become
noticeably hard, although no mould development was
observed. These results indicate that flax packaging
provides moderate moisture retention but does not
prevent staling during prolonged storage.

The quantitative data regarding mass loss (as an
indicator of moisture dynamics) and the organoleptic
evaluation of rye bread samples over the seven-day
storage period across different packaging types are
summarised in Table 2.

Table 2. Dynamics of weight change (as an indicator of moisture loss) and organoleptic indicators
of rye bread over 1, 3 and 7 days depending on packaging

Indicator PR1 PR3 PR7 BR1 | BR3 | BR7 | PLR1 PLR3 PLR7 NFR1 | NFR3 NFR7
Initial weight, g 44/39* | 37/32* | 43/38* 37 40 35 39 36 37 38 40 43
Weight after storage, g 39 28 30 37 36 28 39 36 36 36 36 36
(\':v";g;‘: e ig)s’sg 5 4 8 0o | 4 | 7 0 0 1 2 4 7
Aroma, points 4 1 5 4 3 5 5 4 4 3 2
Crumb texture, points 4 1 5 4 2 5 5 4 5 3 2

Note: *weight loss in paper packaging after 1 day is due to the drying of the paste. Abbreviations: PR1, PR3, PR7 - rye bread stored
in paper packaging for 1, 3 and 7 days, respectively; BR1, BR3, BR7 - rye bread stored in biopolymer packaging for 1, 3 and 7 days,
respectively; PLR1, PLR3, PLR7 - rye bread stored in polypropylene packaging for 1, 3 and 7 days, respectively; NFR1, NFR3, NFR7 -
rye bread stored in experimental non-woven flax packaging for 1, 3 and 7 days, respectively. Separate samples were used for each

storage period
Source: compiled by the authors based on experimental data

The statistical analysis of moisture dynamics for
rye bread was conducted based on the experimental
data presented in Table 2. At the initial stage of storage
(after 1 day), the average values obtained from three
independent measurements were analysed. In these
cases, the average weight loss was 0 g for biopoly-
mer and polypropylene packaging and moderate for
flax packaging with a standard deviation of s=0 g. A
zero standard deviation indicates a complete absence
of variability within the sample at this stage: both ma-
terials demonstrated high airtightness and completely
eliminated moisture loss during the first 24 hours. Pa-
per packaging was not included in the statistical anal-
ysis after 1 day due to additional mass loss associated
with paste drying rather than only moisture migration.
Therefore, the statistical comparison was performed
starting from the 3-day storage period.

The comparative analysis confirmed a significant
gradient in dehydration intensity depending on the
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barrier properties of the material. Paper packaging ex-
hibited the highest intensity of moisture loss, with an
average weight reduction of 4.5 g, which is attributed
to its high vapour permeability and capillary-porous
structure. Biopolymer packaging demonstrated interme-
diate performance with an average loss of 3.5 g, while
polypropylene film remained the most effective barrier,
limiting the average moisture loss to only 0.5 g. Exper-
imental flax packaging demonstrated intermediate be-
haviour between paper and biopolymer materials due
to its porous but thicker fibre structure, which provid-
ed controlled moisture exchange with the environment.
The calculated standard deviation (s) is identical for all
considered packaging types at this stage. This uniform
level of dispersion indicates a consistent and predictable
rate of moisture migration within the rye bread crumb
across the different samples. The transition from a zero
deviation on the first day to s=0.71 g on the third day
suggests the onset of active moisture redistribution



processes, although the variations remain minimal. ULti-
mately, these results underscore that while the absolute
moisture retention capacity differs drastically by materi-
al, the internal dynamics of staling in rye bread follow a

PLW1 BW1
Packaging type: Packaging type:
Polypropylene film Biopolymer bag

Type of bread: Weat

Type of bread: Weat

Type of bread: Weat
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stable structural pattern during the middle storage pe-
riod. The visual appearance and weighing results of the
wheat bread control samples after 1 day of storage in
different types of packaging are presented in Figure 4.

PW1 NFW1
Packaging type: Packaging type: Experimental
Paper bag non-woven flax packaging

Type of bread: Weat

Figure 4. Samples of wheat bread after 1 day of packaging

Source: compiled by the authors

Paper packaging (PW1) showed a 14.3% mass loss
(4 g) after 1 day due to the porosity of the material
and the drying out of the gelatinised starch. Intense
moisture evaporation led to lower ratings for aroma
(3 points) and crumb condition (3 points), which cor-
responds to satisfactory quality with noticeable loss
of softness and a perceptible reduction in freshness at
this early stage of storage. Despite this, the aroma was
rated at 3 points (satisfactory quality) and the crumb
condition also at 3 points (satisfactory quality), sug-
gesting that wheat bread proved more susceptible to
detectable quality change than rye bread under the
same packaging conditions at this early stage.

The biopolymer bag (BW1) ensured complete
preservation of the initial weight (0% loss), which pre-
vented staling at the initial stage. The condition of the
crumb and the aroma received 4 points (good quali-
ty), as the product retained its softness and pleasant
aroma, which was noticeably more intense than in
paper packaging. Polypropylene film (PLW1) showed
the best results: there was no change in weight (0%),
thanks to which the bread retained a condition as
close as possible to freshly baked. The aroma and soft-
ness indicators received the highest rating - 5 points
(excellent quality), the product was characterised by
a pronounced aroma and the highest elasticity of the
crumb among all the samples studied. Experimen-
tal flax packaging (NFW1) demonstrated moderate
moisture loss after 1 day of wheat bread storage. The
sample lost 4.0% of its initial weight (1 g), which was
significantly lower than that of paper packaging and
comparable to the results obtained for biopolymer

packaging. The breathable structure of the non-woven
flax material allowed limited moisture exchange with
the environment, preventing both excessive drying
and moisture accumulation inside the package. The
aroma and crumb condition were rated at 4 points
(good quality), indicating that the packaging provid-
ed sufficient protection and preserved the sensory
and structural properties of the wheat bread at this
stage of storage. The visual appearance and weigh-
ing results of the wheat bread control samples after
3 days of storage in different types of packaging are
presented in Figure 5.

In paper packaging (PW3), the weight decreased by
4.5% (1 g) relative to the indicators after the paste dried.
Despite the relatively small loss of mass compared to
rye bread, which is explained by the lower initial mois-
ture content of the loaf,the product became very dry and
brittle. The aroma completely disappeared (2 points -
unsatisfactory quality), and the crumb became hard
and brittle (2 points - unsatisfactory quality), with no
mould. The biopolymer bag (BW3) showed a significant
loss of mass - 12.5% (3 g), which led to a noticeable
deterioration in texture. The product became stale at
the edges, although the central part of the crumb still
retains its ability to deform (3 points - satisfactory
quality). The bread aroma was only partially preserved
(2 points - unsatisfactory quality), no signs of microbio-
logical spoilage were found. Polypropylene film (PLW3)
provided the best quality preservation, despite a slight
weight loss of 4.5% (1 g). The bread remains quite soft
(5 points - excellent quality) and retains the active
pleasant aroma of a fresh product (5 points - excellent
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quality), with no signs of mould. Experimental non-wo-
ven flax packaging (NFW3) demonstrated moderate
moisture loss after 3 days of wheat bread storage. The
sample showed a 7.4% weight loss (2 @), indicating
gradual moisture migration through the breathable
structure of the non-woven flax material. Compared to
paper packaging, the bread did not become as dry and
brittle, although noticeable staling occurred. The aroma

PLW3 BW3
Packaging type: Packaging type:
Polypropylene film Biopolymer bag

Type of bread: Weat Type of bread: Weat

and crumb condition were rated at 3 points (satisfacto-
ry quality), indicating a perceptible reduction in fresh-
ness and crumb elasticity; however, the bread remained
acceptable for consumption at this stage of storage. No
mould development was observed. The visual appear-
ance and weighing results of the wheat bread control
samples after 7 days of storage in different types of
packaging are presented in Figure 6.

PW3 NFW3
Packaging type: Packaging type: Experimental
Paper bag non-woven flax packaging

Type of bread: Weat Type of bread: Weat

Figure 5. Samples of wheat bread 3 days after packaging

Source: compiled by the authors

PW7 BW7
Packaging type: Packaging type:
Paper bag Biopolymer bag

Type of bread: Weat Type of bread: Weat

%

PLW7 NFW7
Packaging type:  Packaging type: Experimental
Polypropylene film  non-woven flax packaging

Type of bread: Weat Type of bread: Weat

Figure 6. Samples of wheat bread 7 days after packaging

Source: compiled by the authors

In paper packaging (PW7), a loss of 8.7% of mass
(2 g) relative to the stabilised weight was recorded after
the paste dried. Due to prolonged moisture exchange
with the environment, the product finally turned into a
cracker. Organoleptic indicators reached minimum val-
ues: there was no aroma (1 point - poor quality),and the
crumb became hard and inflexible (1 point - poor qual-
ity). No mould was detected. The biopolymer bag (BW7)
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showed the most intense dehydration - the weight loss
was 17.4% (4 g). Despite the presence of a slight bread
aroma (2 points - unsatisfactory quality), the condi-
tion of the crumb is characterised as “dry,” which cor-
responds to 1 point (poor quality) on the organoleptic
evaluation scale. The high vapour permeability of the
material at this stage did not provide adequate pro-
tection against staling. The polypropylene film (PLW7)



once again confirmed its high barrier properties: the
weight of the sample did not change (0% loss) through-
out the observation period. The bread retained a soft
structure suitable for consumption and a pronounced
aroma. The condition of the crumb and the aroma were
rated at 4 points (good quality), which is the best result
among all packaging options on the seventh day. No
traces of mould were found. The experimental non-wo-
ven flax packaging (NFW7) demonstrated a moderate
moisture loss of 8.3% (2 g) after 7 days of storage.
Despite relatively moderate dehydration compared
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to paper and biopolymer packaging, significant staling
occurred. The aroma was rated at 2 points (unsatis-
factory quality), and the crumb condition declined to
1 point (poor quality), indicating a substantial loss of
structural integrity and sensory properties. No mould
development was observed during the storage period.

The quantitative data regarding mass loss (as an
indicator of moisture dynamics) and the organoleptic
evaluation of wheat bread samples over the seven-day
storage period across different packaging types are
summarised in Table 3.

Table 3. Dynamics of weight change (as an indicator of moisture loss) and organoleptic indicators
of wheat bread over 1, 3, and 7 days depending on packaging

Indicator PW1 | PW3 | PW7 | BWL | BW3 | BW7 | PLW1 | PLW3 | PLW7 | NFWL | NFW3 | NFW7

Initial weight,g | 28/24* | 27/22* | 28/23* | 22 | 24 | 23 | 24 2 21 25 27 24

Weight aftge”torage’ 24 21 21 2 | 21| 19 24 21 21 24 25 2

Moisture loss 4 1 2 0 3 4 0 1 0 1 2 2
(weight loss), g

Aroma, points 3 2 1 4 2 2 5 5 4 4 3 2

Crumb texture, 3 2 1 4 3 1 5 5 4 4 3 1

points

Note: *weight loss in paper packaging after 1 day is due to the drying of the paste. Abbreviations: PW1, PW3, PW7 -wheat bread
stored in paper packaging for 1, 3 and 7 days, respectively; BW1, BW3, BW7 - wheat bread stored in biopolymer packaging for 1,
3 and 7 days, respectively; PLW1, PLW3, PLW7 - wheat bread stored in polypropylene packaging for 1, 3 and 7 days, respectively;
NFW1, NFW3, NFW7 - wheat read stored in experimental non-woven flax packaging for 1, 3 and 7 days, respectively. Separate

samples were used for each storage period
Source: compiled by the authors based on experimental data

The results of the statistical analysis showed the
stability of the moisture-retaining properties of wheat
bread during storage, which was evaluated using the
sample standard deviation (s). At the initial stage of
storage (after 1 day), samples of wheat bread were
analysed for paper, biopolymer and polypropylene
packaging, as well as for experimental non-woven flax
packaging. In the case of polypropylene film, the av-
erage weight loss was 0 g with a standard deviation
of s=0 g. A zero standard deviation indicates a com-
plete absence of variability within the sample at this
stage: the material demonstrated high airtightness
and completely eliminated moisture loss during the
first 24 hours. For biopolymer packaging, the average
weight loss was 0.33 g with a standard deviation of
s=0.58 g (losses for the samples were 0 g,1 g,and O g,
respectively). Experimental non-woven flax packaging
demonstrated small but measurable moisture loss at
this stage, indicating limited moisture exchange due
to the breathable structure of the material. Paper
packaging was not included in the statistical analy-
sis after 1 day due to additional mass loss associated
with paste drying rather than only moisture migration.
Therefore, the statistical analysis was continued for
the 3-day storage period. The comparative analysis of
average values (x) after three days of storage reveals
distinct patterns of dehydration. Biopolymer packaging

exhibited the highest intensity of uniform moisture
loss, with an average value of 3 g and a standard devi-
ation of s. Similarly, paper packaging showed a highly
uniform but lower average loss of 1 g (s), which is ex-
plained by the critical dehydration already reached in
the first days, after which further weight change sta-
bilised. Polypropylene film continued to demonstrate
the best protective properties with a minimal average
loss of 0.5 g and a deviation of s=0.71 g, indicating
high structural stability and resistance to staling. Ex-
perimental non-woven flax packaging demonstrated
intermediate average moisture loss values between
paper and biopolymer packaging, confirming its mod-
erate barrier properties and controlled moisture per-
meability. The organoleptic assessment documented in
Tables 2 and 3 correlates directly with the physical dy-
namics of moisture loss. A comparative analysis of Do-
mashnii Zhytnii rye bread and Molochnyi loaf reveals
distinct patterns in their staling processes, likely relat-
ed to the specific structural characteristics of the crumb.
In general, the rye samples exhibited higher texture
stability and a more gradual decline in softness com-
pared to the wheat loaf, suggesting superior resistance
to structural degradation during storage. To provide a
clear quantitative visualisation of these changes, the
dynamics of weight loss for rye bread (expressed as a
percentage of initial mass) are presented in Figure 7.
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Figure 7. Dynamics of average weight loss of rye bread in different types of packaging

Source: compiled by the authors based on experimental data

While rye bread showed a more gradual decline in
quality, the Molochnyi wheat bread was characterised by
a more intense loss of softness and a faster deterioration
of aromatic properties, which was already evident in the
early stages of storage (Table 3). This accelerated staling is

closely associated with a lower initial moisture content and
the faster rate of wheat starch retrogradation compared to
rye samples. To analyse the physical manifestation of these
changes, the dynamics of weight loss for the wheat loaf
in different packaging materials are illustrated in Figure 8.

B 1day
14.29% B 3 days
Paper 455% 7 days
8.70% 21.05% Y
g
IS) . 0.00%
g Biopolymer . 12.50%
@ 17.39%
a
G
.00%
2 Polypropylene 0.00 4.55%
Z 0.00%
Experimental 4.00%
non-woven flax —— 7-41%
packaging | 8.33%
0.00% 5.00% 10.00% 15.00% 20.00%

% weight loss of bread

Figure 8. Dynamics of average weight loss of wheat loaf in different types of packaging

Source: compiled by the authors based on experimental data

The data presented in Figure 7 and Figure 8 con-
firm that bread type is an important factor in resistance
to staling. The marked difference in the rate of loss of
consumer properties between the rye and wheat sam-
ples is fundamentally rooted in their distinct physical
and chemical characteristics. These findings underscore
the necessity of accounting for specific recipe compo-
nents and the structural features of the crumb when
assessing aging processes and predicting the shelf
life of bread during storage. Ultimately, for both bread
types, the choice of packaging - specifically high-barri-
er materials like polypropylene - remains the primary
defence against moisture loss and quality degrada-
tion. The results clearly demonstrate a direct correla-
tion between the type of packaging material and the
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preservation of bread freshness, expressed in mini-
mised weight loss as an indicator of moisture loss.
Paper packaging demonstrated the weakest pro-
tective performance across both bread types, a result
fully consistent with established knowledge on the
capillary-porous structure of cellulose-based materi-
als. As V.A. Osyka et al. (2019) established, the micro-
structural characteristics of paper fibres - specifically
their through-pore network - directly limit the mate-
rial’s resistance to water vapour diffusion, accelerating
starch retrogradation and staling. The experimental
data of the present study confirmed this mechanism:
rye bread in paper packaging underwent the most in-
tensive dehydration among all tested materials at both
the three- and seven-day timepoints. The contrast with



wheat bread was particularly informative from a phys-
icochemical standpoint: wheat bread reached a state
of critical dehydration earlier and at lower absolute
moisture losses, as its lower initial moisture content
was exhausted more rapidly. This differential response
between bread types in paper packaging was closely
connected to their fundamental compositional differ-
ences. Research by T. Alpers et al. (2021) comparing rye
and wheat bread staling demonstrated that the relative
crystallinity of starch in rye sourdough bread increased
more slowly than in wheat bread. Additionally, the
higher content of non-starch polysaccharides - includ-
ing pentosans, 3-glucan, and arabinoxylan - in rye flour
led to higher water-absorbing properties. This provides
a structural explanation for the greater moisture-re-
taining capacity and slower quality decline of rye bread
during storage.

Biopolymer packaging exhibited intermediate bar-
rier properties - performing comparably to polypropyl-
ene during the first 24 hours but showing substantial
moisture migration over the longer term. This pattern
of good short-term protection followed by progressive
barrier failure aligned with the general limitations at-
tributed to biodegradable packaging materials in the
scientific literature. Most biodegradable biopolymers
have lower moisture barrier properties than conven-
tional plastics due to their chemical structure, as not-
ed by B. Mishra et al. (2024), which places them in an
inherently intermediate position between polypropyl-
ene and uncoated paper. N.M. Samoilenko & Yu.S. Ha-
dayeva (2025) reached an analogous conclusion, noting
that despite the high potential of PLA-based materials,
performance limitations in moisture-sensitive food ap-
plications remain a critical constraint on their adoption.
Across all timepoints, rye bread consistently exhibited
greater absolute moisture losses than wheat bread
under identical biopolymer packaging conditions, fur-
ther highlighting the role of bread-intrinsic factors -
such as higher initial moisture content and the acidity
of rye bread - in modulating the rate of dehydration.
Although the biopolymer material demonstrated ade-
quate vapour barrier capacity in the short term, its pro-
tective properties deteriorated significantly beyond the
three-day threshold, limiting its practical suitability to
short retail cycles.

Experimental non-woven flax packaging occupied
a position between biopolymer and paper packag-
ing in terms of moisture retention, with notable per-
formance differences between bread types. For wheat
bread, its protective capacity was broadly comparable
to that of biopolymer packaging, whereas for the more
moisture-rich rye bread, losses at the final timepoint
approached those observed in the biopolymer variant.
The inherent breathability of the non-woven flax sub-
strate, while contributing to moisture exchange with
the environment, simultaneously prevented the con-
densation and humidity accumulation that represents
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a recognised spoilage risk in hermetically sealed poly-
propylene packaging. Importantly, no microbiological
spoilage was observed in flax-packaged samples across
either bread type throughout the experiment - an out-
come that may be attributable, at least in part, to the
phenolic compounds including lignans present in flax,
whose antimicrobial and antioxidant properties have
been documented by F. Gai et al. (2023). This functional
characteristic distinguishes flax-based packaging from
conventional synthetic alternatives and is particularly
relevant for fresh bakery products, where the balance
between moisture retention and microbial safety is
critical. The higher inter-sample variability observed
for this material, in comparison to the more homoge-
neous synthetic options, reflected the structural het-
erogeneity inherent to a first-generation, unoptimised
non-woven substrate and indicated that targeted im-
provements in fibre processing and web density could
substantially enhance barrier consistency in subsequent
development stages. The experimental non-woven flax
packaging, taken as a whole, demonstrated sufficient
functional potential to justify continued research as a
sustainable short-term bakery packaging material. Its
plant-based origin, biodegradable character, and the
natural bioactivity of its constituent fibres collectively
position it as a candidate for the fresh bread retail seg-
ment, where a balance between environmental sustain-
ability and functional adequacy is increasingly required
by both regulators and consumers.

Given Ukraine’s significant agricultural potential
and the possibility of using plant residues as raw mate-
rials, flax paper can be considered a promising packag-
ing material for food products, particularly bakery prod-
ucts. Environmental and economic feasibility: oil flax is
a renewable agricultural crop with a short growth cycle
(1 year versus 30-50 years for trees). Ukraine has a huge
amount of unused flax straw, which is a cheap and ac-
cessible raw material. Using these residues reduces the
cost of packaging and solves the problem of deforesta-
tion (Yaheliuk et al., 2022).

Flax-based paper can be considered a promising
compromise between breathability and moisture re-
sistance. It may help reduce the disadvantages of con-
ventional plastic and ordinary paper packaging, while
contributing to longer freshness preservation and com-
pliance with environmental requirements. The tech-
nology for producing biodegradable kraft paper from
oilseed flax waste combines affordable Ukrainian raw
materials, environmentally friendly processes, and the
necessary operational properties, forming a real alter-
native to plastic for the large-tonnage segment of bak-
ery product packaging. Scaling up such packaging can
significantly reduce plastic waste in the bakery product
supply chain and provide a resource-saving alternative
for high-quality packaging. Other innovative approach-
es discussed by A. Pasqualone (2019) included modified
materials and nanotechnology to reduce moisture loss.
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The results of the experiment clearly indicated
that the type of packaging material plays a crucial role
in preserving the freshness of bakery products and
slowing down the staling process. It was found that
polypropylene film exhibited the best barrier proper-
ties, maintaining the quality of bread throughout the
storage period due to its high impermeability. This is
consistent with the findings of J. Cheng et al. (2024),
who emphasised the importance of polymer materials
as the most effective barriers to moisture and gases in
food packaging. Biopolymer packaging, while effective
during the initial stages of storage, failed to maintain
its barrier properties over the long term, which aligns
with the limitations of such materials when compared
to traditional plastics. This is in agreement with the
work of A. Panou & I.K. Karabagias (2023), who noted
that biopolymers generally exhibit poorer moisture va-
pour permeability compared to polypropylene, limiting
their effectiveness for long-term storage.

Additionally, PM. Junaid et al. (2025) highlight-
ed the need for improvements in biopolymer systems
to enhance their functionality, particularly in packag-
ing moisture-sensitive foods. Experimental flax-based
packaging, despite high variability between samples
due to the material’'s heterogeneity, showed significant
potential for sustainable short-term bakery packaging.
Flax packaging also demonstrated promising moisture
retention for wheat bread, supporting the findings of
S. Roy & J-W. Rhim (2022), who highlighted the natu-
ral antimicrobial properties of flax fibre, which could
help in preventing microbial spoilage. The study also
demonstrated that the composition of the bread was
an important factor in determining the rate of quality
loss during storage. Rye bread exhibited better struc-
tural stability and slower organoleptic deterioration
compared to wheat, which was likely due to the higher
content of non-starch polysaccharides in rye flour, pro-
viding greater water-binding capacity. Such composi-
tional effects have also been acknowledged in research
comparing moisture behaviour in diverse food polymer
systems (Venkatesan, 2025).

The obtained results demonstrated that the exper-
imental non-woven oil flax material occupied an in-
termediate position between conventional paper and
biopolymer packaging in terms of moisture retention,
while showing no signs of microbiological spoilage
throughout the 7-day storage period for both rye and
wheat bread. This performance can be partly attribut-
ed to the natural phenolic compounds, particularly lig-
nans, present in flax fibres, which are known for their
antimicrobial and antioxidant properties. Comparative
studies confirm that the choice of packaging material
significantly influences moisture migration and the ki-
netics of bread staling.V. Gigante et al. (2023) reviewed
innovative cellulose- and lignin-based materials for
bread packaging and highlighted that such biobased
substrates, despite their inherent porosity, can provide
a balanced moisture and gas exchange when properly
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designed, often outperforming uncoated paper while
avoiding excessive condensation typical of highly im-
permeable synthetic films. An important intrinsic factor
modulating these effects is bread composition itself.
Rye bread exhibited greater structural stability and
slower loss of organoleptic quality compared to wheat
bread, consistent with the higher content of non-starch
polysaccharides (pentosans, arabinoxylans, and B-glu-
cans) in rye flour, which enhance water-binding ca-
pacity and slow starch retrogradation. E. Nordlund et
al. (2016) demonstrated that these compositional and
structural differences lead to distinct disintegration
patterns and moisture distribution behaviours between
rye and wheat breads, explaining the observed slow-
er staling kinetics in rye samples across all packag-
ing types in the present study. The absence of mould
growth in flax-packaged samples is particularly note-
worthy. Similar effects have been reported with active
cellulose-based materials. N. Noshirvani et al. (2017)
developed a carboxymethyl cellulose-chitosan-ZnO
nanocomposite film that effectively extended bread
shelf life by suppressing microbial growth through con-
trolled release of antimicrobial agents while regulating
moisture exchange. Their findings support the potential
of cellulose-derived matrices enriched with bioactive
compounds to simultaneously address moisture loss
and microbiological spoilage.

These characteristics - bioactivity, biodegrada-
bility, and accessible raw material base - positioned
flax-based packaging as a candidate for the short-term
fresh bread retail segment, where a balance between
environmental sustainability and functional adequacy
was increasingly required. Further research focused on
standardising substrate structure and evaluating per-
formance under variable storage conditions appeared
both scientifically warranted and practically relevant.

Conclusions

Based on the results of the experimental study of the
influence of different types of packaging materials on
the dynamics of moisture content changes and organo-
leptic characteristics of rye and wheat bread during
7 days of storage at a temperature of 12°C, the fol-
lowing conclusions were obtained. The type of pack-
aging material was confirmed as a critical determinant
of moisture retention and the rate of physical staling
in bakery products. The four materials tested formed
a clear performance hierarchy, with polypropylene
film providing the most effective moisture barrier and
conventional paper the least, while biopolymer and
experimental non-woven flax packaging occupied in-
termediate positions with distinct functional profiles.
Polypropylene film ensured the highest preservation
of both weight and organoleptic quality across the
full storage period for both bread types, demonstrat-
ing exceptional uniformity and predictability of barrier
performance. Its primary limitation was the hermetic
character of the material, which may create conditions



favouring condensation and microbiological spoilage
under elevated temperature or humidity — an aspect
that requires further investigation. Paper packaging
proved inadequate for storage beyond one to two days,
producing the most severe dehydration and complete
loss of consumer properties by day 7. Its high vapour
permeability accelerated starch retrogradation and led
to irreversible structural degradation of the crumb in
both bread types. Biopolymer packaging demonstrated
adequate short-term protection, effectively comparable
to polypropylene within the first 24 hours, but failed to
sustain its barrier properties over the longer term.

The experimental non-woven flax packaging, as a
first-generation prototype substrate, showed promising
results that warranted further research. Despite higher
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of rye and wheat bread revealed that bread composition
was an independent factor influencing the rate of qual-
ity loss. Rye bread exhibited greater structural stability
and slower organoleptic deterioration, attributable to
its higher non-starch polysaccharide content and wa-
ter-binding capacity, while wheat bread was more sen-
sitive to dehydration due to its lower initial moisture
content and faster starch retrogradation. The results
obtained provided a scientific basis for the informed se-
lection of packaging materials for fresh bakery products.
Further research should focus on improving the struc-
ture and processing of flax material to enhance its uni-
formity and stability, which will significantly improve its
barrier properties for extended bread storage.
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Brpata Bonoru xni6om B pisHNX nakyBanbHUX MaTepianax
Ta NoTeHLian MaTepianiB Ha OCHOBI IbOHY

CeitnaHa flreniok
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AHoOTaLifA. HakonuyeHHsa N1acTMKOBUX BiAXOAiB, 30KpeMa Bif 0AHOPA30BOi YNAKOBKM A5 MPOLYKTIB XapyyBaHHS, €
3HAYHOI EKOJOrYHOK NPOBAEMOLD, WO POBUTL HEODOXIAHMM MOLYK aNbTEPHATUBHMX, CTAIMX NAKyBaJIbHUX MaTepianis
[NS 3MEHLUEeHHS eKOJOriYHOro BMMBY Ta 30epexeHHs AKOCTi NpoaykTiB. MeTow AocnigxkeHHs Oyno nopiBHSMbHE
OLLiHIOBaHHS edeKTMBHOCTI NanepoBoi, biononiMepHoi, MoONiNPONiNeHoBOI Ta eKCNepUMEHTaNIbHOI HETKAHOI INSHOI
YyNaKoBKM B 30epexKeHHi CBIKOCTI MLWEHWYHOro Ta XXMUTHbOrO XN1iba, BUKOPUCTOBYKOUM BTpaTy Macu K iHAMKATOP
06MiHy Bonoroto. Y poboTi 6yno npoaHanizoBaHO eKoNoriYHe HaBaHTaXKEHHS B YKpaiHi, CnpUYnHeEHe BUKOPUCTAHHAM
noniMepHux mMaTepianiB B Nekapcbkii NPOMMUCIOBOCTI, A€ CMOXMBAHHS YNaKOBKK Aocsrae 6113bko 9 MApa, oauHULb
Ha pik. EkcnepvMeHTanbHO BCTAHOBMEHO, WO NOMiNponineHoBa nniBka 3abesnevye Havkpalli 6apepHi BNacTmBoCTi,
36epiratoun cTabinbHy Macy i BUCOKI OpraHoNenTUYHI MOKa3HMKKM NpoTarom 7 AHiB. TpaaumuiviHe nanepoBe NakyBaHHS
BMSIBUIOCb HaiMeHW edeKTUBHUM Yepe3 BMCOKY MapOMpPOHMKHICTb, WO NPU3BOAMUTL A0 BTpaTh Ao 21 % BonorocTi
Ta WBKWAOKOrO CTapiHHA MpoaykTiB. biononiMepHi naketu NpoAeMOHCTPYBaNM 343THICTb YTPUMYBATU BOMOrY /uLLE
KOpOTKWIA nepiog, (L0 3 AHIB), NiCNg YOro iX 3aXMCHi BNACTUBOCTI 3HAYHO 3HMXKYHOTbCS. SIK eKonoriyHo H6e3neyHa Ta
(dyHKLiOHaNbHa anbTepHaTMBA, Nanip Ha OCHOBI NIISHOI LEeNno3n Moxe OyTM nepcnekTMBHUM. 3aBASKM LLbHIN
CTPYKTYpi OOBrMX BOJMIOKOH Ta HASIBHOCTI MPUPOAHUX AHTUCENTUYHWMX CMOAYK (NirHaHM), Take MaKyBaHHS MOXe
[LONOMOITU NPOAOBXMUTK CBIXICTb XNiba, BiANOBIAAYM NPUHLMMIAM LUPKYNSPHOI €KOHOMIKM. NpakTUUYHA LiHHICTb
LOCNIIKEHHS NONATraE B HAYKOBOMY 00rpyHTyBaHHiI BUOOpy 6iopo3KnafiHMX NaKyBabHWX MaTepianisB Ha OCHOBI INSHOI
Lenno3un ans xnibobynoyHux Bupobis, WO MOXYTb OYTM BUKOPUCTAHI B Xap4oBiii MPOMMUCIOBOCTI A1 3MEHLLEHHS
N1acTUKOBMX BiAXOAIB NpU 36epexeHHi SKOCTi NPOAYKTIB

Kniouosi cnoBa: xni6obynoyHi BUpobu; KiHETUKA CTapiHHA; TepMiH 36epiraHHs; 6iopo3knagHi mMaTtepianu; nngHa
LLeNIt0103a; OpraHoNenTUYHa sIKiCTb; 6apepHi BNAaCTUBOCTI
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