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Abstract. The research presented in this article is relevant due to the need to improve prediction and control of
oxide-ceramic coating formation on titanium and zirconium alloys used in aggressive and high-load environments.
The aim was to investigate electrophysical regularities of coating formation during plasma electrolytic oxidation
of titanium and zirconium alloys and the influence of electrolyte composition and current density on synthesis
voltage. Methods included galvanostatic anodic and anodic-cathodic modes, time-resolved voltage and current
recording, comparison of electrolytes expressed in grams per liter, and analysis of current-voltage dependences
during coating synthesis. It was established that coating formation on zirconium alloy proceeded in two stages and
was unstable at low electrolyte concentrations, while increased potassium hydroxide and liquid glass improved
stability and uniformity. Titanium alloy demonstrated a more uniform synthesis process with lower voltage levels
than zirconium alloy due to higher conductivity and more stable coating growth behaviour. Decreasing current
density reduced anodic and cathodic voltage components, while additives such as chromium oxide, glycerin and
hydrogen peroxide influenced stability and magnitude of synthesis voltage. Optimal conditions were identified at
balanced current density ratios and moderate electrolyte concentrations, ensuring stable discharge behaviour and
improved coating quality. Results can be used by materials engineers to optimise plasma electrolytic oxidation
regimes for producing corrosion-resistant and mechanically stable coatings

Keywords: electrophysical parameters; synthesis voltage; current density; electrolyte; cathode; anode

Introduction

In technology, many types of metal functional elements
prematurely lose their operability, especially if they op-
erate in aggressive environments or under conditions
of cavitation-erosion wear. Practically the only way to
increase the reliability and durability of elements and
devices is to strengthen their surface by applying corro-
sion and abrasion-resistant coatings. The development

Suggested Citation:

of new environmentally friendly technologies for ap-
plying protective coatings is certainly one of the impor-
tant problems of materials science.

Scientists are constantly improving existing meth-
ods of surface hardening of metals in order to create new
effective surfaces with increased performance charac-
teristics. Thus K. Sarakinos et al. (2010) in their work
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investigated a new method such as HIPIMS (high-pow-
er pulsed magnetron sputtering). The proposed method
allows generating an ultra-dense plasma with unique
properties, such as a high degree of ionisation of sput-
tered atoms and non-standard transfer of ionised parti-
cles relative to the target. However, this method allows
creating coatings of small thickness, requires high ac-
curacy to the surface and places high demands on its
pre-treatment. Plasma electrolytic treatment belongs
to relatively new methods of surface treatment of met-
als and allows the formation of multifunctional coat-
ings with a wide range of properties. The development
of new environmentally friendly technologies for ap-
plying highly effective and reliable coatings to protect
and strengthen metal products is currently one of the
most urgent tasks of modern science and technology
due to the increasing severity of operating conditions.
Scientists H. Bai et al. (2021), Y.X. Ou et al. (2023) have
proven that coatings effectively improve the perfor-
mance properties of metals. In their work, they inves-
tigate synthesised coatings on titanium alloys, which
are modified with nanoparticles by introducing them
into the electrolyte, and show that plasma electrolytic
oxidation (PEO) is an effective method of modifying the
surface of titanium alloys to improve corrosion proper-
ties, the effect of such modification on the roughness,
adhesion, and thickness of the coatings.

Titanium and its alloys are of great interest for
advanced engineering applications through to their
excellent properties, such as a join high strength-to-
weight ratio, corrosion resistance, biocompatibility,
and others. The authors P. Canepa et al. (2020), with
the aim of increasing the biocompatibility of titani-
um alloys, saturated their coatings with calcium and
phosphorus. X. Han et al. (2023) in their work explain
that surface modification is an important and deter-
mining factor for improving the biocompatibility of
implants. They consider various surface modification
methods that allow to increase the porosity of the
surface. The main attention is paid to some of the
most promising methods for modifying the surface of
titanium implants: mechanical methods, such as acid
etching and grinding, as well as coatings, such as hy-
drogen peroxide treatment using fluoride and chlo-
ride ions, hydroxyapatite, nitride, metal oxides and
silver. Experimentally, it has been shown that these
methods increase the biocompatible properties of ti-
tanium implants. Researchers X. Li et al. (2025) used
a cost-effective mesh-shaped powder metallurgy
method to produce a titanium-based alloy with high
corrosion resistance. The titanium alloy Ti-24Nb-
47r-8Sn (Ti2448) they developed has a low Young’s
modulus and high corrosion resistance, which is 3.5
times higher than that of the Ti-6Al-4V (Ti64) alloy,
which is widely used in implantology and is charac-
terised by high biocompatibility. In their work, E.S. Kr-
ishna et al. (2021) emphasise the importance of
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using titanium alloys in implantology due to their high
biocompatible properties and describe the main di-
rections in implantology where titanium alloys are
used. These include total joint replacement, dental
and maxillofacial implants. Composites exhibit hybrid
properties and offer more flexibility to choose differ-
ent composition to achieve desired properties in the
end product. They emphasise in their work that adding
ceramic additives to a composite titanium alloy can
significantly increase its biocompatible properties and
reduce the risks of rejection of such implants.

However, titanium is a highly chemically reactive
element, and its corrosion resistance in various envi-
ronments is ensured only by a thin natural oxide layer,
which can be damaged under mechanical loading.As a
result, the unprotected substrate is exposed to a corro-
sive/erosive environment, making it highly susceptible
to premature failure. These properties of natural tita-
nium oxide films have attracted the attention of sci-
entists to the idea of applying protective coatings to
the surface of such alloys. For example, A. Fattah-alhos-
seini & M.Molayei (2023) in their work investigated the
properties of PEO coatings on a titanium alloy with a
preliminary azure surface treatment. The authors inves-
tigated that such treatment leads to an improvement
in the anti-corrosion, wear-resistant and biocompatible
properties of titanium alloys. K. Kombayeyv et al. (2025)
used the method of microplasma sputtering of tanta-
lum coatings on a titanium alloy such as Grade 5. They
found that the coatings created by this method allow
the formation of coatings with high hardness, which is
twice the hardness of the base, and has a fairly high
thickness, which is 250 ym. Chemical vapor deposition
(CVD) is also used to improve the characteristics of var-
jous metal surfaces, including titanium alloys. M. Mo-
laei & A. Fattah-alhosseini et al. (2024) investigated
the results of modifying plasma-electrolytic coatings
on titanium alloy with ZrO, nanoparticles. The results
of the conducted studies revealed improved corrosion
and wear-resistant properties of the synthesised coat-
ings. The authors found that the nanoparticles were
included in the coating on the surface or in the pores.
It was found that a higher content of zirconium oxide
nanoparticles in the amount of 5 g/l improves the wear
resistance of the coatings by 8%.

Zirconium and its alloys that have superior proper-
ties including biocompatibility, good corrosion resist-
ance, chemical stability, high fracture toughness, high
flexural strength and lower cytotoxicity are one of the
best choices for dental and orthopedic implant mate-
rials. The authors N. Attarzadeh & CV. Ramana (2021),
investigated the growth processes of coatings and
identified methods for controlling the properties of the
surface layer. It was found that PEO coatings are formed
in two stages, which the authors divided into pre-spark
and spark regions. A. Fattah-alhosseini et al. (2021) in
their article conducted a detailed review of clinical



and research conditions dedicated to zirconium alloys
and PEO coatings based on them. Comparative analy-
sis of the wetting angle, by which osseointegration is
assessed, showed that zirconium alloys with PEO coat-
ings are characterised by a lower wetting angle, which
leads to the elimination of the possibility of capsule
formation around the implant with such a coating and
is positive for its rapid engraftment in the in vivo envi-
ronment. The authors M. Molaei et al. (2021) found that
the treatment of the synthesised coating containing
Zr0, with UV radiation leads to an increase in biocom-
patibility. The implant coated with ZrO, together with
bone is characterised by higher strength and higher
ability to rapidly form new bone within 12 weeks due
to the content of Ca-P compounds and porous struc-
ture. The authors note that the coatings have a high
antibacterial effect.

However, it should be noted that the natural ox-
ide films that are created on the surface of the valve
metals under consideration are not characterised by
a high thickness, which is several nanometers. In the
works of D. Chopra et al. (2022) the problem of artificial
modification of the surface of such alloys in order to
create high-temperature ceramics, which are also dis-
tinguished by high mechanical properties, is present-
ed. One of the promising and innovative methods for
modifying the surface of valve metals has recently been
considered the PEO method. In this work, a PEO meth-
od is developed to improve the surface properties of
Ti and Zr alloys. Surfaces modified with PEO have the
appearance of ceramic coatings, which are character-
ised by good functional properties, such as bioactivity
or photocatalytic behaviour. In the works of N.Yu. Im-
birovych et al. (2023), Z. Li et al. (2021) and other au-
thors note the high corrosion-resistant and mechanical
properties of the obtained coatings. The authors note
that oxidation technologies improve the natural oxide
layer formed on the surface of Ti and Zr. In general, the
oxide layer on a titanium alloy consists of titanium di-
oxide, including anatase, rutile. Rutile is the most stable
form of titanium dioxide. A coating is synthesised on a
zirconium alloy, the basis of which consists of zirconi-
um dioxide. The composition of the coating synthesised
on the surfaces also includes electrolyte components,
which also affect their properties.

A large number of publications on PEO in recent
years demonstrate the relevance of this coating method
and the constant progress of research both in the the-
oretical understanding of processes and in improving
the technological foundations of coating formation. To
date, many issues in this area remain unresolved, such
as the influence of the material composition on the
synthesis mechanism and properties of the obtained
coatings, as well as the influence of the electrolyte
composition, current density and synthesis time on the
formation of coatings obtained by the plasma-electro-
lytic oxidation method. The resolution of these issues

Imbirovych & Feshchuk
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will accelerate the practical implementation of this
technology to solve specific engineering problems.

Therefore, the task of this work was to establish the
stages of the synthesis process of plasma-electrolytic
coatings on zirconium and titanium alloys, to identify
the main dependencies of the influence of the electro-
lyte composition on the change in the synthesis volt-
age and to establish the time parameters of the initial
sparking stage, which is characterised by a rapid in-
crease in voltage, which is explained by the breakdown
of the natural protective barrier film on metals.

Materials and Methods

The development of anodising technology and research
of anodic coating were carried out on plate samples
made of zirconium and titanium alloys Zr-2.5%Nb and
Grade 5 respectively. The studies presented in this
work were conducted using the well-known method
of recording voltage changes in the process of coating
synthesis over time. Researchers such as M. Aliofkhaz-
raei et al. (2021), K. Hurle et al. (2021), K. Kombayev et
al. (2024) investigated the energy parameters of the
coating process on zirconium and titanium alloys.

The formation of the anodic-spark coating was car-
ried out in galvanostatic mode (anode and anode-cath-
ode). The power supply provided an increase in the volt-
age amplitude for the anodic half-period to 800V, and
for the cathode to 400 V at the average values of the
anodic (l,) and cathodic (l,) currents recorded in a cer-
tain process. The cathode was a stainless steel bath. The
current density was 10-30 A/dm?, and the ratio of the
cathodic and anode currents varied in the range from
1 to 1.5. Using voltmeters and ammeters, the time de-
pendence of the amplitude values of the anodic (U,) and
cathodic (U,) voltages and current values was recorded.

PEO was carried out in different electrolytes, the
composition of which was (g/l): KOH - 3; 2; 5; 10; liquid
glass - 2; 5; 15; GrO, - 0.1; glycerin - 18; 10; H,0, - 10.
The electrolyte in which the coating was synthesised
was mixed with air, which was supplied to the elec-
trolyte bath. When studying the influence of the elec-
trolyte composition, the latter was changed according
to the experimental conditions. After the process was
completed, the samples were washed with running and
distilled water, dried and analysed. The Faraday section
is an integral part of the process at the pre-spark stage,
and its duration depends on the method of implemen-
tation of the process and the speed of voltage rise to
the spark potential.

Results and Discussion

The electrical parameters of the synthesis of the oxide
ceramic coating (OCC) are selected mainly experimen-
tally, without proper theoretical justification. However,
it is the current density and voltage that determine the
nature and intensity of the discharges and the temper-
ature conditions on the alloy surface, and affect the

Commodity Bulletin, 2026, Vol. 19, No. 1
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functional characteristics of the formed coating. The
formation of the OCC on a zirconium alloy occurs in
two stages: in the first seconds, the anode voltage U,
increases by approximately 5...10 V (Fig. 1a, stage 1),
here the formation of the primary oxide film occurs by
an electrochemical mechanism. The only reaction at
the anode under a voltage of up to 100 V is the anod-
ic growth of the oxide. In this case, the overvoltage of
oxide formation is less than the decomposition voltage
of the electrolyte. When it is reached, electrons are in-
jected into the oxide layer, and oxygen begins to be
released at the anode. Thus, the second stage of the
formation of the spark discharge channel in the “met-
al - oxide - electrolyte” system begins. With a further
increase in the voltage in the process of coating syn-
thesis, a breakdown by electrons of this channel occurs.

During the synthesis of anodic-spark coating on zir-
conium alloy in galvanostatic mode, a slight increase
in the anodic U, and cathodic U, voltages is observed
with increasing KOH and liquid glass concentrations
in the electrolyte (Fig. 1a, b). With increasing KOH and
liquid glass concentrations (Fig. 1b, stage 1), as well as
in a more concentrated electrolyte (Fig. 1c, d, stage II),
the coating formation process stabilises and proceeds
evenly. Only with the addition of 10 g/l H,0, at the coat-
ing formation stage does the voltage begin to gradually
decrease (Fig. 1e, f, section ).

Reducing the current density lowers the anodic
component of the synthesis voltage. The coating syn-
thesised in an electrolyte of 3 g/l KOH + 2 g/l liquid
glass at a current ratio of 20/20 A/dm? has an anodic
voltage of 160...140 V (Fig. 1a, curve 1). If the current
ratio is slightly reduced to 10/15 A/dm?, the synthesis
voltage decreases by 10...12 V (Fig. 1e, curve 2). At |/
l,=10/10 A/dm?,it is even lower by 8 V (Fig. 13, curve 3),
and the difference between curves 1 and 3 is 20...28 V.

For a higher concentration of KOH and insufficient
glass up to 10 g/l and 15 g/, respectively, the compo-
nent anode voltages have values higher by 5...10 V.
Adding even a small amount of GrO; (0,1 g/l) to such an
electrolyte significantly reduces the formation of volt-
age at the anode. Under such conditions, it is 15...20 V
lower (Fig. 1le, curves 1, 2). Increasing the electrolyte
concentration by adding 10 g/l of glycerin to the al-
ready existing one has practically no effect on its value
(Fig. 1d, curves 1, 2, 3). When adding 10 g/l of H,0, to
such an electrolyte, the process of coating formation
does not proceed evenly (Fig. le, curve 1), the anode
voltage is 140 V and drops to 125 V.

At a current ratio of /I =1, it is lower by 5 V.A high-
er glycerin content (18 g/l) increases the anodic and
cathodic voltage components by approximately 10 V,
and also stabilises the synthesis process on a zirconium
alloy (Fig. 1f). Thus, the electrophysical parameters of
the synthesis process of OCC on zirconium alloy depend
on the composition of the electrolyte and the ratio of
the anodic to cathodic current density. Thus, in the least
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concentrated electrolyte, which contains alkali and lig-
uid glass, the synthesis proceeds unevenly, which af-
fects the quality of the coating. Such a coating does
not completely cover the metal surface, and therefore
is not of high quality. Further increase in the electrolyte
concentration by increasing the content of the main
composition of KOH and liquid glass and introducing
additional chromium oxide and glycerin stabilises the
synthesis process,and from the assessment of the qual-
ity of the appearance, such a coating is of high quality.
The introduction of hydrogen peroxide into the electro-
lyte slightly changes the voltage-current dependence.

In such an electrolyte, during the oxidation process,
the anodic component of the voltage decreases with
the synthesis time, which is reflected in the microhard-
ness of the coating. Such a coating has better micro-
hardness and greater thickness. The ratio of currents
does not change the nature of the current-voltage de-
pendences, i.e. it does not affect the stability of the syn-
thesis process. A decrease in currents lowers the anodic
and cathodic components of the voltage. And this, in
turn, affects the properties of the coatings. The most
favorable conditions for the formation of the oxide are
formed at the ratio of current densities 1./, =1,5 and
at a relatively low electrolyte concentration of 10 g/l
KOH+15 g/l liquid glass. The time dependences of the
current-voltage characteristics during the synthesis in
different electrolytes of oxide-ceramic coatings on a ti-
tanium alloy are shown in Figure 2.

The study of the synthesis voltage of the coating
was carried out in the system titanium alloy - alkaline
electrolyte with the addition of liquid glass with elec-
trolyte components of different concentrations. As in
zirconium alloys, in the first 3-5 minutes, when spark
discharges are formed, the components of the anode
and cathode voltages increase by 5...10 V. The increase
in voltage is observed in all studied systems with the
same regularity, which depends on the concentration
of KOH and liquid glass (Fig. 2a, b). After the plasma
is formed, the character of the curve changes and it
slightly decreases. In the galvanostatic mode, in the
section A - B of stable formation of the oxide coating,
the dependence of the voltage on the synthesis time
in the given range is rectilinear. With increasing cur-
rent, the voltage at the anode increases. In this case,
the increase in voltage is accompanied by a decrease
in the electrolyte concentration, which, obviously, is ac-
companied by a possible localisation of current carriers
on the molecules of liquid glass (since the latter are
also electron donors) and a decrease in their mobility.

Thus, in an electrolyte of lower concentration at a
current density of 20/20 A/dm? the anodic component
of the voltage is 150...140 V (Fig. 2a, curve 1),and at la/
lc=5/10 A/dm? it drops to 100...110 V (curve 4). When
forming oxide in an electrolyte of composition 10 g/l
KOH +15 g/l liquid glass at a current density of 5/10 A/
dm? (Fig. 2b), the anodic voltage reaches 88...102 V.
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With the same ratio of currents, but in an electrolyte  a voltage 12...18 V lower than in a more concentrated
less concentrated at the anode, the oxide is formed at  one.The same situation is true for other modes.
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Figure 1. Dependence of anodic (a) and cathodic (b) voltages
on synthesis time on zirconium alloy electrodes in an electrolytes

Note: a - 3 g/l KOH+2 g/l liquid glass at different current densities: 1, 1/ - 20/20 A/dm?, 2, 2/ - 10/15 A/dm? 3,3 - 10/10 A/dm?; b —
10 g/l KOH +15 g/l liquid glass +0,1 g/l GrO; at different current densities: 1, 1/ - 20/20 A/dm?, 2, 2/ - 10/15 A/dm?, 3,3 - 10/10 A/
dm?; ¢ - 10 g/l KOH+15 g/l liquid glass+0,1 g/l GrO;+10 g/l glycerin at different current densities: 1,1/ - 20/30 Adm?, 2,2 - 10/15 A/
dm? 3,3 - 10710 A/dm?; d - 10 g/l KOH+15 g/l liquid glass +0,1 g/l GrO;+10 g/l glycerin+10 H,0, at different current densities: 1,
1 - 10/15 A/dm?, 2, 2 - 10/10 A/dm?; e — 10 g/l KOH+15 g/l liquid glass +0,1 g/l GrO;+ 18 g/l glycerin+10 H,0, at different current
densities: 1,1/ - 20/30A/dm?, 2, 2/ -10/15 A/dm?

Source: developed by the authors
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Figure 2. Voltage curves depending on the synthesis time
of oxide-ceramic coatings on titanium alloys in different electrolytes
Note: a - 5 g/l KOH+5 g/l liquid glass; b — 10 g/l KOH+15 g/l liquid glass; c — 5 g/l KOH+5 g/l liquid glass+KF
Source: developed by the authors

The introduction of 0.1 g/l of KF into the electro- is formed (Fig. 2¢). It is known that the current density
lyte lowers the anodic component of the voltage com-  has a significant effect on the voltage of the synthe-
pared to the least concentrated electrolyte by 19...22 V.  sis of the anodic coating. As expected, an increase in
Further doping of the electrolyte with 0,2 and 0,5 g/l of  the current density during anodic spark oxidation leads
KF, as expected, lowers the voltages at which the oxide to an increase in the voltage (Fig. 2). This pattern is
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observed at all electrolyte concentrations. Thus, at an
electrolyte concentration of KOH 5 g/l and liquid glass
5 g/l,an increase in current density leads to an increase
in voltage by 10...15 V. In an electrolyte with a higher
concentration of its components, the voltage with an
increase in current density also increases by 10...15 V.

Therefore, the OCC on a titanium alloy is synthe-
sised more evenly compared to its synthesis on a zirco-
nium alloy. Obviously, this is due to the conductivity of
the electrolyte. Coatings synthesised on a titanium al-
loy have a much smaller thickness than on a zirconium
alloy, so their conductivity increases, and the synthesis
process proceeds evenly. The most favorable conditions
for the formation of a coating on a titanium alloy are
created when using low electrolyte concentrations.

The results presented in this work make it possi-
ble to establish several stages of the formation of the
oxide coating on titanium and zirconium alloys. Thus,
according to the results of the studies, it was found
that the increase in current is accompanied by the
breakdown of the oxide natural film. The results of the
studies are investigated with data obtained by such
scientists as M. Aliofkhazraei et al. (2021). The voltage
value in the process of coating synthesis (second stage
of synthesis) on the surface of the titanium alloy under
different operating modes is within 90 ... 150 V. Accord-
ing to the comparative analysis of the synthesis of PEO
coatings in electrolytes of different composition, it is
noted that in the electrolyte with a higher concentra-
tion of components, the synthesis voltage decreases,
which is also consistent with the results of studies of
the electrophysical parameters of the PEO process by
M. Aliofkhazraei et al. (2021).

The value of the voltage at the anode during the syn-
thesis of zirconium alloy differs from the values obtained
by V. Aubakirova et al. (2022) and is lower in this work.
However, it is noted that the composition of the electro-
lyte is decisive for establishing energy dependencies. In
the work of V. Aubakirova et al. (2022) more complexly
alloyed electrolytes were used, and therefore the sys-
tem requires more energy to introduce the components
of the electrolyte composition into the oxide coating. It
should also be noted that the different reactivity of each
of the components changes the value of the synthesis
voltage, however, the dependence between voltage
and time is consistent with other works of researchers.

Conclusions

Studies of the current-voltage dependences during
the synthesis of OCC on zirconium and titanium al-
loys showed that the synthesis process on a titanium
alloy proceeds more evenly compared to its synthesis
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AHoTauif. [locnigpkeHHs, npeacTaBneHe B Ll CTATTi, € aKTyaslbHUM Yepe3 HeobXiAHICTb MiABULLEHHS KEPOBAHOCTI Ta
NPOrHo3yBaHHS npouecie GopMyBaHHS OKCUAHO-KEPAMIYHMX MOKPUTTIB HA TUTAHOBMX i LIUPKOHIEBUX CMaBaXx, WO
3aCTOCOBYHOTHCS B arpeCcMBHMX YMOBAX eKCrnyaTauii Ta BUCOKOHABAHTAXEHUX KOHCTpyKLUisax. MeToto pobotu 6yno
LOCNIMKEHHS enekTpodi3aMyHUX 3aKOHOMipHOCTeN (BOPMYBAHHS MOKPUTTIB Mif 4ac NAa3MOBO-eNEKTPONITUYHOIO
OKCMAYBAaHHS TUTAHOBUX | LMPKOHIEBMX CMNABIB Ta BM3HAYEHHS BM/AMBY CKNAAY €NeKTPONITy i FyCTUHWU CTpyMy
Ha CuHTe3Hy Hanpyry. Y poboTi BMKOPUCTaHO ranbBaHOCTAaTUYHI aHOAHO- Ta aHOLHO-KATOAHO PEXMMM, YaCOBY
peecTpaLito Hanpyru i CTpyMmy, NOPIBHANBHUIA aHaNi3 CKNafy eneKkTponiTiB y rpaMax Ha NiTp Ta OLiHIOBAHHS BONbT-
aMMNepHUX 3aNeXHOCTEN Mif Yac CUHTE3Y MOKPUTTIB. BCTaHOBNEHO, WO dHOPMYyBaHHS MNOKPUTTIB HA LIMPKOHIEBOMY
cnnasi Biadysanocs y Aa etanu 1a 6yno HecTabinbHMUM 33 HU3bKMX KOHLEHTPALLM enekTponiTy, TOAI SK NiABULLEHHS
BMICTY rifpoKCHay Kanito i pifkoro ckna 3abesnevysano ctabinisawito npoLecy Ta piBHOMIpHiCTb NOKpUTTS. [TokasaHo,
WO TUTAHOBMI cnniaB 3abe3neyyBaB Hinbll PiBHOMipHWUI Nepebir CMHTE3Y Ta HUXKYI PiBHI Hanpyru MopiBHAHO 3
LMPKOHIEBUM 3aBASKM BULLiM MPOBIAHOCTI Ta CTabiNbHILLOMY POCTY OKCMOHOIO Lapy. BusBneHo, WwWo 3MeHLWeHHS
TYCTUHW CTPYMY 3HWMXXYBaNO aHOAHY Ta KaTOAHY CKNAA0BI Hanpyru, a 406aBKM 40 eNeKTPOoNiTy, Taki K OKCUE, XpOMmy,
rNiLEepUH i NepoKCcKA BOAHIO, BMMBANM HA CTabiNbHICTb i BEIMYMHY CMHTE3HOI Hanpyru. BU3HayeHO onTUManbHi
YMOBM (QOPMYBaHHS MOKPUTTIB 33 36anaHCOBAaHMX CMiBBIAHOWEHb FYCTUHM CTPYMY Ta CepedHixX KOHLEeHTpaLin
€/1eKTpOoniTy, o 3abe3neyyBano cTabinbHU pexxMM po3psaiB i NOKpaLLEHHS SKOCTi NOKpUTTS. OTpUMaHi pe3ynbraTy
MOXYTb OYTU BUKOPUCTAHI iHXKEHepaMu-MaTepiano3HaBLAMM AN ONTUMI3ALIT peXMMIB N1a3MOBO-€N1EKTPONITUYHOTO
OKCMAYBaHHS 3 METOI OTPUMAHHS KOPO3iMHOCTIMKMX Ta MEXaHIYHO CTabinbHMX 3aXMCHUX NOKPUTTIB
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Abstract. The aim of the study was to make a comparative evaluation of smartphones of different price
segments - in terms of their technical, operational, economic and informational characteristics. The research
methodology was based upon a type of comparative commodity analysis, establishing evaluation criteria and
employing both a weighted scoring approach and verification of correspondence between official specifications
and manufacturer technical details. Four smartphone models representing the budget, mid-range, premium,
and flagship price segments were selected for the analysis. The comparative assessment showed that the
Samsung Galaxy S25 Ultra achieved the highest integrated quality score (4.80 points), whereas the Xiaomi Redmi
Note 14 Pro 5G demonstrated the most favourable balance between technical performance and market price
(4.55 points). The Apple iPhone 16 confirmed the importance of software optimisation, ecosystem integration,
and long-term software support for the consumer value of premium devices, while the Samsung Galaxy A26 5G
provided adequate functionality for everyday use as the most cost-effective model. The analysis indicates that
higher prices for smartphones are not necessarily accompanied by improvements in the technical characteristics
of those devices. The differences between phones within each price segment relate most directly to the
processor performance of the devices, the imaging capabilities of the cameras, the design and construction of
the devices, and the software that is available to support those smartphones. Each of the technical specifications
for each of the smartphones was verified to be consistent with those published by the device manufacturers.
The practical significance of the study lies in the applicability of the proposed evaluation criteria and
integrated assessment methodology for commodity examination of smartphones, the development of consumer
recommendations, and the selection of smartphone models according to price segment and user requirements

Keywords: consumer properties;
consumer value

integrated quality index; technical specifications; software support;

Introduction

Due to the rapid development of mobile technologies,
expansion of the number of mobile phone models cre-
ated by the manufacturers and competition between
the manufacturers, there is a considerable diversifica-
tion of mobile phones of different price segments. The
technical sophistication of mobile phones, the num-
ber of features that the phones offer and the different
approaches of the manufacturers to positioning their
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products make it challenging to compare the prop-
erties of mobile phones of different manufacturers. A
commodity assessment approach makes it possible to
comprehensively evaluate the characteristics of mobile
phones, identify their advantages in competition with
other mobile phones of different manufacturers and
determine whether the quality of the mobile phones is
in line with their market price.
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The evolution of commodity science has made it
possible to replace the evaluation of separate techni-
cal parameters with the evaluation of consumer prop-
erties, functional value, and the product’s ability to sat-
isfy the needs of its users. V. Vasiuta et al. (2022) state
that commodity science is becoming more and more
related to technical, economic, and consumer quality
criteria, which allows products to be evaluated more
objectively in terms of the competitive marketplace.
The authors point out that even for technically com-
plex products, the evaluation of separate parameters
is not enough because the quality of a product is de-
pendent on the cumulative influence of many different,
interrelated characteristics.

A similar argument is made by K. Petrov & I. Kob-
zev (2022), who introduced a method of accounting
for the contribution of individual consumer charac-
teristics to the consumer value of a product and the
use of weighting coefficients to measure the relative
importance of these characteristics based on infor-
mation about consumer choice. The authors asserted
that individual attributes of a product contribute une-
qually to its consumer value. Such an approach allows
researchers to move past simply comparing individual
parameters of a product to performing an integrated
evaluation of an entire product to determine its com-
petitiveness in the marketplace.

Another area of development within the field of sci-
ence concerns the systematisation of electronic prod-
ucts. N. Marchuk et al. (2021), in their investigation of
the classification of wearable electronic devices, stat-
ed that the rapid development of digital technologies
has led to the need for the continual development of
the attributes that are utilised to classify and evaluate
those devices. The scientists explained that the various
features of the electronic devices must be considered as
a group of attributes that can be evaluated as a whole
to determine the consumer properties of the electron-
ic device. The smartphone market has also been influ-
enced by the digitalisation of commerce and changes in
consumer behaviour. According to S. Breus & O. Tsym-
balenko (2024), the integration of digital technologies
into the processes that occur within businesses has al-
tered the interactions between those businesses and
the consumers of their products. As a result, consumers
can access the technical specifications of the products
they wish to purchase, and often base their purchasing
decisions on the digital information that is available
about those products.

The expansion of opportunities for electronic com-
merce has enabled the comparison of smartphones
according to their technical and economic characteris-
tics. The study by O. Zaitseva et al. (2024) showed that
B2C and C2C platforms have made information on the
specifications, prices, sales conditions, and reviews of
smartphones accessible to consumers. The availabil-
ity of such information has led to an increase in the
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difficulty of making smartphone purchases due to the
necessity of comparing a variety of technical specifi-
cations of these products. Changes in the behavior of
smartphone consumers have also made an impact on
the different criteria that are used to evaluate electron-
ic products. The study by O. Tsyhanenko et al. (2023)
indicated that during periods of economic uncertain-
ty, consumers tend to base their purchasing decisions
on the capabilities and the price of electronic products
rather than the other attributes that are advertised by
the manufacturers of those products.

Another of the focuses of the research within the
field of commodity science is that which investigates
the nature of the product information that is provid-
ed by the manufacturers of the goods that are being
sold. R. Voloshyn & P. Muravka (2025) have published
research that indicates that the expansion of e-com-
merce has led to product information becoming one of
the primary factors that influences the purchasing de-
cisions of consumers. As such, the authors stated that
the product information must be complete, accessible,
and reliable in order to allow for the performance of an
objective evaluation of the commodities.

As digital sales channels for goods and services
continue to expand, the issue of the reliability of the
product information published by the manufacturers
becomes more pressing. N.V. Romaniuk (2026) has in-
vestigated the use of digital control tools in the aims
of increasing the transparency of the sales channels,
making it easier to identify issues with the product
information that is published by the manufacturers,
and reducing the number of instances in which goods
with inaccuracies in their characteristics are placed for
sale. At the same time, a literature review of the issue
of smartphones evaluation revealed that most of the
existing research papers address separate aspects of
the problem, such as aspects related to the science of
commodities, aspects related to electronic commerce,
aspects related to consumer behaviour, or aspects re-
lated to the provision of product information. A lack of
comprehensive research in the study of smartphones
from different price segments and according to differ-
ent assessment criteria determined the need to con-
duct the research described in this paper.

The aim of the study was to evaluate smartphones
from different price segments through a comprehensive
study of the commodity characteristics of those smart-
phones, as well as to determine any relationship be-
tween those technical specifications of the phones and
their market price. To accomplish this aim, the following
tasks had to be performed: to systematise approaches to
evaluating smartphone characteristics and to develop a
set of criteria for their comprehensive assessment; to
conduct a comparative analysis of the technical, func-
tional and economic characteristics of smartphones
from different price segments in order to calculate a
quality index for the models representing each price



segment; and to determine the consistency of the tech-
nical characteristics of smartphones stated in product
information and labelling with the official technical
specifications published by the manufacturers.

Materials and Methods

The study had a theoretical-empirical research de-
sign. It was conducted in January 2026. Its focus was
on performing a comprehensive evaluation of smart-
phones from different price segments with regard to
their technical, functional, structural, economic, and
informational characteristics. The theoretical phase
of the study included a systematic analysis of existing
approaches to assessing the quality of smartphones.
On the empirical side of the research, a comparative
characterisation of four smartphone models was per-
formed, an assessment of each model according to the
established criteria, an analysis of the price-to-quality
ratio of the models evaluated, and a verification of the
technical specifications of the brands that manufac-
tured the smartphones in question.

At the theoretical stage of the work, the steps of
theoretical generalisation, analysis, systematisation,
and comparison of existing studies were performed.
Such an approach allowed the researchers to system-
atise the approaches to evaluating smartphones as
commodities, to identify the criteria for the properties
of smartphones that are consumed, to determine the
methods of assessing their technical, structural, opera-
tional, economic, and informational properties, as well
as the approaches to assessing the price-quality char-
acteristics of these mobile devices. As a result, a set of
criteria was developed that allowed for the comprehen-
sive evaluation of smartphones, which would become
the methodological basis for the following empirical
stage of the work. The source base included scholarly
publications on commodity science, quality assessment
of electronic products, consumer studies of the smart-
phone market, and official technical materials issued by
leading mobile device manufacturers.

The empirical study included four smartphone mod-
els representing four price segments of the mobile de-
vice market: Samsung Galaxy A26 5G (budget segment),
Xiaomi Redmi Note 14 Pro 5G (mid-range segment),
Apple iPhone 16 (premium segment), and Samsung
Galaxy S25 Ultra (flagship segment). The models were
selected according to the representativeness of their
price categories and their relevance at the time of the
study. To ensure comparability of the results, the anal-
ysis covered base configurations officially presented by
the manufacturers. The information sources included
official manufacturers’ technical specifications, official
product catalogues, and open data on average market
prices for the examined models (Samsung, n.d.a; n.d.b;
Apple, n.d.; Xiaomi, n.d.).

For a comprehensive comparison of the consum-
er properties of smartphones from different price
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segments, a comparative commodity analysis was em-
ployed. The comparison was based on a set of criteria
covering technical specifications, camera performance,
battery life, structural design, software support, as well
as economic and informational indicators. The meth-
odological foundation for this stage included studies
on the commodity evaluation of smartphones together
with research addressing the factors that shape their
consumer properties and market value. The reasons for
choosing such an approach to assessing the quality of
smartphones are primarily that no individual specifica-
tion of a smartphone is likely to provide an accurate
reflection of its overall quality, but the evaluation of
each specification separately can provide a more ob-
jective representation of both the capabilities and the
value of that smartphone. Methods of generalisation
and classification helped to develop a unified system of
assessment criteria for smartphones.

To compare the selected smartphone models
quantitatively, an integrated weighted scoring method
was used. Each criterion was assessed on a five-point
scale, where 1 represented the lowest level of compli-
ance with the evaluation criterion and 5 represented
the highest value among the examined models. The
relative importance of each criterion was incorporat-
ed through weighting coefficients, the sum of which
equaled 1.00. The integrated quality index was calcu-
lated as the sum of the products of the score assigned
to each criterion and its corresponding weighting co-
efficient (formula (1)):

1=37, B, W, (1)

where | - the integrated commodity evaluation index;
B, - the score assigned to the i-th criterion; W, - the
weighting coefficient of the co5rresponding criterion.

The research data were processed automatically in
Google Sheets (USA). Descriptive statistical methods
were applied to organise the collected data, compare
indicators, rank the evaluated models, and calculate the
integrated quality indices. Calculations were performed
separately for each smartphone model using the es-
tablished system of evaluation criteria. The integrated
assessment method made it possible to move beyond
the examination of individual characteristics toward a
comprehensive evaluation of overall smartphone qual-
ity and provided a basis for objective ranking regardless
of price segment.

The reliability of the information about the prod-
ucts was determined using the documentation verifi-
cation method for the technical specifications of the
products. The verification of the technical specifications
was based on the official technical specifications of the
smartphones published on the manufacturers’ official
websites. The verification included checking the mod-
el of the smartphone, the type of processor installed
in the device, the amount of Random-Access Memory
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(RAM) and the internal storage capacity, the technical
specifications of the display, the characteristics of the
cameras, the specifications of the batteries, the spec-
ifications of the chargers, the ingress protection, the
operating system installed, and the software specifi-
cations and support information. The characteristics
of the smartphones were compared with the official
technical specifications published by the manufactur-
ers to verify each smartphone model. Based on these
comparisons, the information about the characteristics
of each smartphone model was determined to match
the specifications published by the smartphone man-
ufacturers. Through performing such a verification pro-
cess, it became possible to determine the completeness
and reliability of the information regarding the charac-
teristics of smartphones. Additionally, it was possible
to determine the suitability of the specifications pub-
lished by the smartphone manufacturers as a source
of information regarding the characteristics of those
smartphone models.

Results

From the perspective of commodity science, smart-
phone evaluation involves determining the extent to
which a device is capable of meeting users’ functional
needs throughout its service life. Such an assessment
considers not only the technical specifications stated
by the manufacturer but also their influence on oper-
ational performance, reliability, durability, and the eco-
nomic feasibility of purchase (Haba et al.,2017; Akiba &
Jonsson, 2022). Considering these characteristics as an
integrated system provides a more objective basis for
commodity evaluation.

The quality of smartphones is determined by how
well its functional, technical, operational, and eco-
nomic characteristics meet the requirements of end
users (Horani & Dong, 2023). The technical qualities
of smartphones include their display specifications,
processor performance, RAM and internal storage ca-
pacity, graphics subsystem characteristics, wireless
connectivity features, and support for current data
transmission standards. Other aspects to consider
when evaluating smartphone quality include ease of
use, durability, reliability, the quality of product infor-
mation, and economic efficiency.

One of the principal components of a compre-
hensive smartphone evaluation is the assessment of
its technical characteristics. Technical characteristics
include display specifications, processor performance,
RAM and storage capacity, graphics processing unit,
connectivity technologies, and support for current data
transmission standards (Rai et al., 2023). Together, these
characteristics determine processing performance, op-
erational stability under workload, and the ability of the
device to handle a wide range of user tasks. At the same
time, individual technical specifications should not be
interpreted independently, since overall performance
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depends on the balance of the entire hardware and
software architecture.

The characteristics of the display technology repre-
sent another important component of a comprehensive
evaluation of smartphone models. Factors related to
the display technology, such as resolution, refresh rate,
brightness, colour accuracy, and contrast, all play a role
in the convenience with which the smartphone can be
utilised in everyday functions (Blanco-Encomienda et
al., 2024). As the primary interface between the smart-
phone and the user, the display’s characteristics have a
major impact on the device’s overall quality. For phones
in the mid-range, premium, and flagship segments, dis-
play performance is one of the main factors that differ-
entiate between smartphone models.

The photographic performance of a smartphone
represents another group of considerations that can be
used to provide a comprehensive review of the device.
The photographic capabilities of smartphones have
evolved into sophisticated digital imaging systems,
and the quality of the images captured by these de-
vices is determined by a variety of factors beyond the
sensor resolution. Factors such as computational image
processing algorithms, artificial intelligence functions,
and the noise reduction algorithms implemented with-
in these devices can affect the quality of the photo-
graphs. Consequently, the photographic quality of a
smartphone can be evaluated mainly in terms of the
quality of the photographs taken with those devices,
rather than the manufacturer’s specifications (Huang &
Wu, 2020; Zhu et al., 2020).

Battery endurance is also regarded as one of the
fundamental indicators of smartphone consumer
quality. The operating time of a smartphone is deter-
mined by factors beyond the battery capacity itself,
such as the processing power of the device’s proces-
sor, the characteristics of its display, the software that
is installed on the device, and its operating system
(Cai, 2025). Smartphones with identical batteries can
last considerably longer than others due to these fac-
tors. Hence, another parameter to evaluate when con-
sidering the different models of smartphones is the
operating time of the device.

The structural characteristics of smartphones are
another essential dimension of their evaluation. The
materials of construction of the device, the durability of
its construction, its resistance to dust and water ingress,
its weight, its thickness, and its ergonomics all play a
role in the durability and comfort of the device. Smart-
phones constructed of aluminium alloys, reinforced
glass,and even titanium components offer performance
benefits to the user at the expense of higher manu-
facturing costs and, thus, retail price. Hence, smart-
phones’ structural characteristics should be evaluated
in conjunction with their functional capabilities. This
makes it possible to determine whether the construc-
tion of smartphones using such higher-grade materials



provides an improvement in the product’s durability.
Smartphones’ economic indicators are another essen-
tial dimension of their evaluation. The price of smart-
phones does not necessarily correlate with the function-
al performance that they offer (Akiba & Jonsson, 2022).
The price of high-end and flagship smartphones often
correlates with features such as brand value, industrial
design, the use of advanced construction materials, and
the inclusion of certain technological innovations (Ho-
rani & Dong, 2023). Hence, the relationship between
quality and price is another of the key criteria to con-
sider in the evaluation of smartphones as commodities.

Consumer perceptions of smartphone quality are
also shaped by the manufacturer’s reputation, the
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brand’s country of origin, and the level of trust asso-
ciated with the brand. These factors may increase
consumers’ willingness to choose a particular model
even when technical differences between competing
products are minimal. Nevertheless, such attributes
should not outweigh objective product characteristics
during commodity evaluation, since its primary pur-
pose is to determine the actual quality of a product
regardless of brand-related marketing influences (Shin
& Choo, 2012; Blanco-Encomienda et al., 2024). The
synthesis of these approaches served as the basis for
establishing the evaluation criteria applied in the sub-
sequent comparative analysis of smartphones across
different price segments (Table 1).

Table 1. Main criteria for the comprehensive commodity evaluation of smartphones across different price segments

Criterion group

Evaluation indicators

Contribution to consumer properties

Role in commodity evaluation

Technical
characteristics

Display technology and size,
resolution, refresh rate, processor,
RAM, internal storage

Determine processing performance,
operating speed, display quality, and the
ability to perform resource-intensive tasks

Used to compare the functional
capabilities of smartphones across
different price segments

Camera
characteristics

Main camera, ultra-wide camera,
front camera, optical image
stabilisation, video recording

Reflect photographic and video
performance as well
as multimedia capabilities

Used to assess whether technical
specifications correspond to actual
imaging performance

characteristics

dust and water resistance (IP rating)

capabilities
Battery Battery capacity, charging speed, Determine battery life and convenience Used to evaluate the practical
performance wireless charging support in everyday use efficiency of smartphone operation
Structural Body materials, weight, dimensions, | Influence durability, mechanical strength, Used to assess the operational

ergonomics, and ease of handling

reliability of the product

Operating system version, duration

Ensure operational stability, security,

Ss?iﬁwc?rrte of software support, artificial and the long-term availability Usuesdatt)?“ivilfu '?;2 :falrctmﬁ::;m

PP intelligence features of functional capabilities y P
Economic Market price, price segment, Reflect the economic justification Used to determine the optimal balance
indicators integrated price-to-quality index for purchasing a particular model between price and overall quality

Informational
indicators

Product labelling, technical
documentation, consistency between
declared and actual specifications

Reflect the completeness and reliability
of product information

Used to verify compliance
with manufacturers’ specifications
and support an objective

commodity evaluation

Note: P - ingress protection

Source: compiled by the author based on D-H. Shin & H. Choo (2012), C-H. Huang & J-L. Wu (2020), E.A.G. Akiba & R.Jonsson (2022),

L.F. Horani & L. Dong (2023)

The analysis of the proposed criteria for product
evaluation confirms the variation of their significance
depending on the price category of smartphones. For
this reason, commodity evaluation should be based on
a comprehensive assessment, not on separate techni-
cal indicators that do not always correlate with the
actual level of consumer properties of a smartphone.
The choice of a mobile device by a consumer is usu-
ally based on the overall combination of technical
capabilities, functionality, battery life, external de-
sign, and price, not individual product characteristics
(Hailat et al., 2025). In addition, the weight of differ-
ent evaluation criteria varies between price catego-
ries. Processing performance and affordability remain
the most significant for budget smartphones, while
display quality, camera performance, body material,
and software support increasingly take precedence in

premium and flagship categories. In addition, a smart-
phone’s elevated market price does not guarantee that
all its technical characteristics have improved propor-
tionately. Therefore, price should be examined in con-
junction with the true level of quality of the product
(Cai, 2025; Cui et al., 2025).

The next stage of the study involved applying the
established evaluation framework to smartphones of
different price segments. Four smartphones of different
price segments were selected for evaluation: the Sam-
sung GalaxyA26 5G smartphone of the budget segment,
the Xiaomi Redmi Note 14 Pro 5G of the mid-range seg-
ment, the Apple iPhone 16 of the premium segment,
and the Samsung Galaxy S25 Ultra of the flagship seg-
ment. The first stage of the evaluation of these smart-
phones was to compare their technical characteristics,
the results of which are presented in Table 2.
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Table 2. Comparative technical characteristics of smartphones across different price segments
Parameter Samsung Galaxy A26 5G | Xiaomi Redmi Note 14 Apple iPhone 16 Samsung Galaxy S25
(Budget) Pro 5G (Mid-range) (Premium) Ultra (Flagship)
Average market price, USD* 299 399 799 1299
Display Super AMOLED, 6.7" AMOLED, 6.67" Super Retigal?,(DR OLED, | Dynamic ég",,o"ED 2,
Resolution 2,340x1,080 2,712x1,220 2,556x1,179 3,120x1,440
Refresh rate 120 Hz 120 Hz 60 Hz 120 Hz (adaptive)
Processor Exynos 1380 MediaTek IZEJilTrznsity 7300 Apple A18 Snapdrag;)lr;nylite for
RAM 6/8 GB 8/12 GB 8 GB 12 GB
Internal storage 128/256 GB 256/512 GB 128/256/512 GB 256/512 GB/1 TB
Main camera 50 MP 200 MP 48 MP 200 MP
Ultra-wide camera 8 MP 8 MP 12 MP 50 MP
Telephoto camera - - - 50 MP+10 MP
Front camera 13 MP 20 MP 12 MP 12 MP
Maximum video resolution 4K 4K 4K Dolby Vision 8K
Battery capacity 5,000 mAh 5,110 mAh =3,561 mAh 5,000 mAh
Fast charging 25W 45 W 25 W 45 W
Wireless charging No No MagSafe, Qi2 Yes
Body material Plastic Glass/Plastic Aluminium and Glass Titanium and Glass
Ingress protection P67 1P68 P68 IP68
Operating system Android 15 (One Ul 7) Android 15 (HyperOS) i0S 18 Android 15 (One Ul 7)
Guaranteed software support Up to 6 years Up to 4 years Approximately 5 years™ Up to 7 years

Note: *Average market prices are presented as of the study period and may vary depending on the country of sale and memory
configuration. **Apple does not officially specify a guaranteed software support period; therefore, the value shown reflects the average

duration of software updates provided for previous iPhone generations
Source: compiled by the author based on Apple (n.d.), Samsung (n.d.a; n.d.b), Xiaomi (n.d.)

The data presented in Table 2 showed that there
is an overall increase in technical characteristics as
smartphones transition from the budget to the high-
end models. However, not all specifications experience
increases in any given range. For example, technical
characteristics like processing performance, RAM and
storage capacity, body materials, and camera specifica-
tions tend to increase with price. Other characteristics,
such as battery capacity and refresh rate, are relative-
ly the same across the different price range segments.
Thus, many of the technologies that are traditionally
present in high-end smartphones are also incorporated
into budget models.

The Samsung Galaxy A26 5G is a smartphone that
sits within the budget range for smartphones. It comes
with an AMOLED display with a 120 Hz refresh rate, a
5,000 mAh battery, and the latest version of the mobile
operating system. However, its body is made of plas-
tic materials, it does not include a telephoto camera, it
has relatively lower processing power than many other
smartphonesinitsrange,and it offers fewerfast charging
specifications than other models in the same price range.

The Xiaomi Redmi Note 14 Pro 5G is a smartphone
in the mid-range for smartphones. It has a 200 MP main
camera lens, increased RAM, it can charge to 100% in
30 minutes with a 120 W fast charger, and it is water
and dust resistant to IP68 standards. These specifica-
tions indicate that the Xiaomi Redmi Note 14 Pro 5G
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has focused on providing the highest specification for
smartphones in its price range.

Finally, the Apple iPhone 16 creates its value prop-
osition differently from the other brands discussed.
While the specifications for the iPhone 16 are slightly
lower than those of the other brands discussed (espe-
cially in relation to the refresh rate and battery capac-
ity), its strengths lie in the A18 processor within the
device, the integration of iOS with both the phone and
the Apple ecosystem, and the length of time that it will
be supported with software updates.

Among the models evaluated, the Samsung Gal-
axy S25 Ultra demonstrates the most advanced techni-
cal configuration. Its advantages include a flagship pro-
cessor, a titanium body, a professional camera system,
8K camera capabilities, high memory configurations,
and the longest duration of software support for this
model of smartphone. Although the Samsung Galaxy
S25 Ultra has the most advanced technical specifica-
tions among the models compared, it also has the high-
est market price for the phones in this evaluation.

Although higher prices were found for phones with
improvements to the functional and structural charac-
teristics of the devices, not every technical specifica-
tion for those phones was improved. Based on these
findings alone, it is noted that evaluating smartphones
according to only the various specifications provided
for each manufacturer will not provide an objective



measurement of the quality of those phones. Thus, the
findings indicate the need for an integrated evaluation
model to determine the overall quality of each brand of
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smartphone. Hence, the results of the evaluation will
be summarised through the implementation of an inte-
grated evaluation model (Table 3).

Table 3. Integrated commodity evaluation scores for smartphones across different price segments

Evaluation criterion x:'#m::g Samixzné; SG Ga Laxy ':2 :‘:T‘; I;?:?IG Apple iPhone 16 Samsszu Sn %l?:axy
Display 0.15 4 5 4 5
Processor performance 0.20 3 4 5 5
Camera performance 0.20 3 5 4 5
Battery performance 0.15 4 5 4 5
Structural design and body materials 0.10 3 4 5 5
Software support 0.10 5 4 5 5
Price-to-quality ratio 0.10 5 5 4 3

Integrated quality index 1.00 3.6 4.55 4.45 4.80

Source: compiled by the author

The Samsung Galaxy S25 Ultra emerged as the
smartphone with the highest integrated quality index
of 4.80. The phone features the best technical perfor-
mance, but its high market price lowers its score for the
price-to-quality criterion. The Xiaomi Redmi Note 14
Pro 5G ranked second with an integrated quality index
of 4.55. This model offers the best balance between
technical specifications and cost of purchase. It scores
highly in the criteria for camera performance, battery
performance, and price-to-quality. The Apple iPhone
16 received an integrated quality index of 4.45. This
phone offers some of the best processing power, struc-
tural quality, and software performance in the smart-
phone segment. However, the lower refresh rate of the
screen, the smaller battery size, and higher purchase
price of the phone lower its overall score. Finally, the
Samsung Galaxy A26 5G received the lowest integrated
quality index of 3.65. This phone is positioned in the
budget segment of the smartphone market. While the
hardware specifications and camera quality are more

limited compared with other models, the phone per-
forms all necessary tasks for everyday use and offers
good value for money.

The findings show that there is no direct relation-
ship between the increasing price of smartphones and
the improvement of their technical characteristics. The
most appropriate choice of smartphone for a consum-
er depends on the relationship between the technical
characteristics and the price of smartphones. Thus,
while the quality index is helpful in obtaining an over-
view of the technical characteristics of smartphone
models, verifying the technical specifications provided
by the manufacturers is also necessary for a complete
evaluation of smartphone commodities. The last stage
of the evaluation of these smartphone commodities
involved verifying the information provided by smart-
phone manufacturers regarding their technical specifi-
cations with the technical characteristics that they have
declared for these smartphone models. The results of
such an evaluation are presented in Table 4.

Table 4. Verification of the consistency between product labelling information
and the manufacturers’ official technical specifications

Parameter Samsung Galaxy A26 5G | Xiaomi Redmi Note 14 Pro 5G | Apple iPhone 16 | Samsung Galaxy S25 Ultra
Model designation + + + +
Processor + + ¥ ¥
RAM + + + +
Internal storage + + + +
Display specifications + + + +
Camera specifications + + + +
Battery capacity + + + +
Charging performance + + + +
Ingress protection rating + + + +
Operating system version + + + +
Software support information + + + +

Overall compliance Full Full Full Full

Note: “+” indicates that the information declared by the manufacturer is consistent with the official technical specifications of the

corresponding smartphone model

Source: compiled by the author based on Apple (n.d.), Samsung (n.d.a; n.d.b), Xiaomi (n.d.)
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The results presented in Table 4 demonstrate that
all the smartphones under consideration comply with
the technical specifications published by their manu-
facturers. The differences between models relate to
the detail provided within the technical specifications
rather than the accuracy of the information provided.
The flagship models include the most detailed techni-
cal specifications due to their variety of features, while
the budget model includes a more concise specification
that still provides all the information necessary to de-
scribe the model and its consumer properties.

The smartphone manufacturers provide similar
technical specifications for the models they publish,
including details on the processor type, memory, dis-
play, cameras, battery, operating system,and the ingress
protection of the devices. These specifications allow for
a direct comparison of the smartphones from different
price segments. Some specifications might differ from
the way the smartphones function due to the features
and operating systems of the devices. However, these
specifications from the manufacturers are sufficient-
ly reliable for comparing the consumer properties of
smartphones from each price segment. Thus, these
specifications can be used as a basis for comparing the
smartphones according to their consumer properties
and for formulating recommendations regarding which
smartphone models consumers should purchase.

The results of the commodity evaluation of smart-
phones allow for the selection of phones that best
match the requirements of individual consumers. A
higher purchase price does not necessarily indicate
improved technical specifications for the smartphone.
Rather, the decision to purchase a phone can be based
upon the combination of the technical specifications
of the devices.

For consumers seeking a smartphone with a low
purchase price and whose requirements are satisfied
by the capabilities of midrange phones, the Samsung
Galaxy A26 5G is an appropriate model to purchase.
The phone contains sufficient specifications to meet
the needs of most casual consumers. For those seek-
ing higher technical specifications at a similar price, the
Xiaomi Redmi Note 14 Pro 5G may be the best model
for selection. The Redmi Note contains higher capabil-
ities in each of its technical specifications at a lower
price point.

For consumers who utilise the Apple operating sys-
tem and value long-term support for that software, the
Apple iPhone 16 may be the most appropriate smart-
phone to select; while many of the specifications of
the phone are less advanced than other models, the
phone has higher software support and performance,
as well as higher performance in general. For consum-
ers who require the highest possible specifications
for their smartphone, such as processing power, cam-
era and display capabilities, the Samsung Galaxy S25
Ultra will provide the highest level of performance,
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supporting its higher purchase price. Overall, then, the
balance between the capabilities, performance, and
price of smartphones is the most important specifica-
tion for smartphones.

Discussion

As a result of this analysis, it became apparent that the
differences between smartphone price segments are
reflected not only in the number of technical advantag-
es each device provides but also in the way the various
features interact. Each budget phone model offers con-
sumers an adequate level of the features and technol-
ogies they need to complete their everyday tasks, while
the advantages of premium and flagship devices arise
from a balanced approach to the technologies included
in those devices.

These findings are consistent with those of J.B. Phil-
lips & H. Eliasson (2017), who published a study that
emphasises the importance of a comprehensive anal-
ysis of smartphone camera features rather than simply
considering each individual technical specification. The
authors explained that to objectively evaluate a smart-
phone camera, one must consider image detail, colour
accuracy, noise levels, dynamic range, and image-pro-
cessing algorithms. As a result, the smartphones earn-
ing the highest camera scores did not necessarily have
the highest specifications for any single feature, but of-
fered a balanced technology that delivers high-quality
images overall.

Furthermore, the assessment of battery perfor-
mance also helps to indicate that battery capacity
alone is not a measure of the efficiency of smartphones.
D. Flores-Martin et al. (2024) have published research
in which they indicate that the length of time that
their smartphones operate is based upon the battery
management systems within the smartphones, the ap-
plications that are utilised, and the amount of activity
that the phone performs in relation to communication
with other devices and systems. Instead, smartphones
that have similar battery capacities can have different
performances from one another, indicating that another
factor is at play.

The evaluation of the structural features of the
smartphones additionally indicates the use of a more
comprehensive assessment of the commodity. Accord-
ing to S. Soudachanh & S. Salhofer (2025), the eval-
uation of electronic products is no longer limited to
technical specifications but also considers repairabil-
ity, service life, and long-term manufacturer support.
Similarly, smartphones that utilise more durable ma-
terials for their cases, have more protection against
water and other environmental factors, and that are
supported by the manufacturer for longer periods of
time will score higher on a more comprehensive eval-
uation of those smartphones.

The results of this research are additionally in
alignment with the concept of technological evolution



in complex technological products, as described by
M. Coccia (2026). The author explained that the de-
velopment of complex technological products of-
ten includes developing each of the subsystems of
that product simultaneously to maximise the overall
competitiveness of the product. Each of the factors
that contribute to the overall evaluation score for
the smartphone - processing performance, structur-
al quality, imaging performance, battery performance,
and software support — are evaluated simultaneously
by the manufacturer in the creation of that device, in-
dicating that the score for that brand of smartphone is
the result of each of these factors being developed in
conjunction with one another. For these reasons, the
use of such a comprehensive evaluation of each brand
of smartphone is superior to the evaluation of each of
its individual specifications.

A similar perspective on smartphone characteris-
tics is provided by A. Pellegrino (2024). The author in-
dicated that many consumers tend to consider a variety
of factors in the purchase of a smartphone, such as its
functional characteristics, price, user experience, brand,
and the value of the product provided to the consum-
ers over time. The author explains that as a result, the
technical specifications of the devices are less impor-
tant to many consumers than ensuring that the char-
acteristics of the smartphones correlate with the value
that the consumers are willing to provide for the device.
The findings of the study reflect these suggestions: the
mid-range smartphones were deemed to offer the best
balance between their characteristics and their cost.

These findings are also reflective of the conclu-
sions of S. Hoffmann & P. Akbar (2023). The authors
explained in their review that consumers consider a va-
riety of factors in the purchase of technology products,
including the functional characteristics, the psycholog-
ical attributes of the product, and the economic factors
related to the product. The findings of this current study
reflect these factors in that the various technical spec-
ifications and features of smartphones did not have an
impact upon their overall evaluation by consumers un-
less those specifications provided some benefit to the
consumers in relation to their use of those products.

Another factor that influences the evaluation
of smartphones is the after-purchase experience.
P. Guo et al. (2025) have determined that factors that
impact smartphone consumer satisfaction include the
stability of the software installed on the smartphone,
the regularity with which software updates are made
to those smartphones, the quality of after-sales sup-
port for those manufacturers, and the reliability of the
device over time. These same factors were recognised
within the present study, as phones that offered longer
periods of software support received higher evaluation
scores than those that did not, even if they contained
some technically less advanced specifications than
their competitors.
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Brand perception represents another factor influ-
encing the way consumers assess smartphone value.
According to M. Kayakus et al. (2024), brand reputa-
tion can lead to consumers feeling more confident in
the brand of the smartphone that they are purchasing,
and in the abilities of that brand to provide high-value
phones despite the relatively small technical differenc-
es between their products. However, the results of the
present study suggest that brand reputation should not
be considered an indicator of the quality of the smart-
phones that are manufactured by those brands; instead,
the technical, operational, and economic indicators of
those brands provide a more accurate measure of the
quality of their smartphones.

A more comprehensive assessment of smartphones
that incorporates the various aspects of the products,
such as their technical, structural, operational, eco-
nomic, and informational characteristics, will allow
for a more complete understanding of the consumer
properties of the evaluated products and for the iden-
tification of the competitive strengths of smartphone
models, regardless of their market segment. Thus, the
focus of the assessment can shift from the technical
specifications of the smartphones to an evaluation of
their consumer value.

This type of assessment reflects the concepts eval-
uated by L. Moutinho et al. (2014), who determined
that the evaluation of technological products extends
beyond the consideration of their technical specifica-
tions to incorporate aspects related to the consumers
of those products, such as their behaviour and the value
that they place upon those products. The assessment of
smartphones according to the various characteristics of
the products, each associated with another character-
istic of the products, reflects these concepts and indi-
cates that each smartphone has an overall value that
can be determined according to these characteristics.
The findings of this study have a range of implications
for various groups of stakeholders in the industry. Man-
ufacturers can utilise the framework to determine the
strengths of their smartphones compared to competi-
tors.Retailers who are aware of the evaluation study can
provide recommendations regarding smartphones to
consumers. Experts can apply the framework to provide
an objective evaluation of the quality of smartphones.

The conclusions of this evaluation are in agreement
with the findings of M. Nasirinejad & S.Sampalli (2023),
who determined that the selection of digital products
requires the evaluation of different specifications of
those products. The findings of this study provide sup-
port for the application of such an evaluation system to
smartphones of different price segments. Furthermore,
the specifications that are evaluated in this study can
also be applied to the evaluation of other categories of
digital electronic products.

Overall, the conclusions of this study, in conjunction
with previous research findings on the topic, lead to
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the determination that a framework for the evaluation
of the characteristics of smartphones of each price seg-
ment can be beneficial for a variety of reasons. Unlike
the evaluation of the specifications of smartphones
alone, this framework considers the interrelationship
between the functional, structural, operational, eco-
nomic, and informational characteristics of smart-
phones. Evaluating these different characteristics as
a system allows for the determination of the value of
those products to its consumers, to experts in the field,
and provides a framework for the further evaluation of
other categories of digital electronic products.

Conclusions

The study demonstrated that the proposed framework
provides an objective basis for comparing smartphones
using multiple technical, operational, structural, soft-
ware-related, economic, and informational criteria. The
integrated weighted assessment made it possible to
evaluate smartphones comprehensively rather than re-
lying on individual specifications. The findings showed
that although higher-priced models generally offered
better processor performance, structural quality, and
software support, price increases were not proportion-
al to improvements in overall consumer value. At the
same time, features previously associated mainly with
flagship devices, including high refresh-rate displays,
ingress protection, and large battery capacity, have
become available across different price categories, re-
flecting the narrowing technological gap and increas-
ing competition in the smartphone market.

The comparative evaluation showed that the Sam-
sung Galaxy S25 Ultra achieved the highest integrated
quality index (4.80), although its advantage over the

References

remaining models was considerably smaller than the
difference in market price. The Xiaomi Redmi Note 14
Pro 5G ranked second (4.55) and demonstrated the
most favourable balance between technical capabili-
ties and purchase cost. The Apple iPhone 16 confirmed
that the consumer value of premium devices depends
not only on hardware specifications but also on soft-
ware optimisation, ecosystem integration, and long-
term software support. In contrast, the Samsung Galaxy
A26 5G provided sufficient functionality for everyday
use while remaining the most cost-effective option
among the evaluated models. Verification of the manu-
facturers’ official specifications confirmed full consist-
ency between the declared and actual characteristics,
supporting the use of these data for comparative prod-
uct evaluation and the development of evidence-based
consumer recommendations.

The main limitation of this study is that the eval-
uation relied exclusively on manufacturers’ official
technical specifications without independent testing of
processing performance, battery endurance, or camera
capabilities. Future research should expand the range
of evaluated models by incorporating independent lab-
oratory testing together with indicators of long-term
reliability, repairability, and maintenance costs.

Acknowledgements
None.

Funding

None.

Conflict of Interest
None.

[1] Akiba,E.A.G., & Jonsson,R.(2022). Consumer value perception of smartphones: A comparative study of Swedish and

Japanese millennials. (Master thesis, Jonkdping University, Jonkdping, Sweden).
[2] Apple.(n.d.).iPhone 16.Retrieved from https://www.apple.com/iphone-16/specs/.

[3]

[4]

[5]

[6]
[7]

[8]

Blanco-Encomienda, F.J., Chen,S., & Molina-Munoz, D. (2024). The influence of country-of-origin on consumers’
purchase intention: a study of the Chinese smartphone market. Asia Pacific Journal of Marketing and Logistics,
36(7),1616-1633.doi: 10.1108/APJML-05-2023-0462.

Breus, S., & Tsymbalenko, O. (2024). Conceptual foundations of the problem of information technology
development in the context of the integration of digital solutions and business processes. Economy and Society,
69.doi: 10.32782/2524-0072/2024-69-45.

Cai, J. (2025). A multidimensional analysis of the impact of smartphone technical specifications on sales
performance: An analysis based on consumer purchasing behavior. Theoretical and Natural Science, 105,
113-120.doi: 10.54254/2753-8818/2025.22965.

Coccia, M. (2026). Theory of subsystems driving technological coevolution in modular architecture of complex
innovations. Technologies, 14(3), article number 156. doi: 10.3390/technologies14030156.

Cui,J.,Wang, X., & Zheng, Y. (2025). Analysis of factors influencing smartphone prices. In Proceedings of the 2"
international conference on innovations in applied mathematics, physics, and astronomy (pp. 65-69). Singapore:
SciTePress. doi: 10.5220/0013814100004708.

Flores-Martin, D., Laso, S., & Herrera, J.L. (2024). Enhancing smartphone battery life: A deep learning model
based on user-specific application and network behavior. Electronics, 13(24), article number 4897.doi: 10.3390/
electronics13244897.

Commodity Bulletin, 2026, Vol. 19, No. 1


https://www.diva-portal.org/smash/get/diva2:1676047/FULLTEXT01.pdf
https://www.diva-portal.org/smash/get/diva2:1676047/FULLTEXT01.pdf
https://www.apple.com/iphone-16/specs/
https://doi.org/10.1108/APJML-05-2023-0462
https://doi.org/10.32782/2524-0072/2024-69-45
https://doi.org/10.54254/2753-8818/2025.22965
https://doi.org/10.3390/technologies14030156
https://doi.org/10.5220/0013814100004708
https://doi.org/10.3390/electronics13244897
https://doi.org/10.3390/electronics13244897

Brovina
27

[9] Guo,P,Li,H., & Mo, X.(2025). Quantifying post-purchase service satisfaction: A topic-emotion fusion approach
with smartphone data. Big Data and Cognitive Computing, 9(5), article number 125. doi: 10.3390/bdcc9050125.

[10] Haba, H., Hassan, Z., & Dastane, D.O. (2017). Factors leading to consumer perceived value of smartphones
and its impact on purchase intention. Global Business and Management Research: An International Journal, 9(1),
42-71.

[11] Hailat, K.Q., Alsmadi, S., Al-Abdi, Y.F., & Galib, M.H. (2025). Assessment of consumer preferences for mobile
phones among university students. Journal of Lifestyle and SDGs Review, 5(3), article number e05898.
doi: 10.47172/2965-730X.SDGsReview.v5.n03.pe05898.

[12] Hoffmann, S., & Akbar, P. (2023). Consumer behavior: Understanding consumers-designing marketing activities.
Wiesbaden: Springer. doi: 10.1007/978-3-658-39476-9.

[13] Horani, L.F., & Dong, L. (2023). Understanding sustainable purchase intention of smartphone users interface:
Evidence from China. Frontiers in Psychology, 14, article number 1122801. doi: 10.3389/fpsyg.2023.1122801.

[14] Huang, C-H., & Wu, J-L. (2020). Multi-task deep CNN model for no-reference image quality assessment
on smartphone camera photos. doi: 10.48550/arXiv.2008.11961.

[15] Kayakus, M., Agikgoz, F.Y., Dinca, M.N., & Kabas, O. (2024). Sustainable brand reputation: Evaluation of iPhone
customer reviews with machine learning and sentiment analysis. Sustainability, 16(14), article number 6121.
doi: 10.3390/su16146121.

[16] Marchuk, N., Osiievska, V., & Mykhailova, H. (2021). Classification of wearable electronic devices. International
Scientific-Practical Journal Commodities and Markets, 4, 68-78. doi: 10.31617/tr.knute.2021(40)07.

[17] Moutinho, L., Bigné, E., & Manrai, A.K. (2014). The Routledge companion to the future of marketing. Oxon:
Routledge.

[18] Nasirinejad, M., & Sampalli, S. (2023). Evaluating consumer behavior, decision making, risks, and challenges
for buying an loT product. /oT, 4(2), 78-94. doi: 10.3390/i0t4020005.

[19] Pellegrino, A. (2024). Decoding digital consumer behavior: Bridging theory and practice. Singapore: Springer.
doi: 10.1007/978-981-97-3454-2.

[20] Petrov, K., & Kobzev, I. (2022). Method for determining the preference of consumer characteristics of a product
based on information about its choice by the buyer. Control, Navigation, and Communication Systems, 2(68),
68-74.doi: 10.26906/SUNZ.2022.2.068.

[21] Phillips, J.B., & Eliasson, H. (2017). Camera image quality benchmarking. Hoboken: John Wiley & Sons.
doi: 10.1002/9781119054504.

[22] Rai, B., Dahal, R.K., & Ghimire, B. (2023). Factors affecting consumer behavior in smartphone purchases
in Nepal. Innovative Marketing, 19(3), 74-84. doi: 10.21511/im.19(3).2023.07.

[23] Romaniuk, N.V. (2026). Digital tools for marketing compliance in the system for identifying and preventing the
counterfeiting of goods and services. Current Issues in Economic Sciences. doi: 10.5281/zenod0.19685529.

[24] Samsung. (n.d.a). Galaxy A26 5G. Retrieved from https://www.samsung.com/us/smartphones/galaxy-a26-5g/.

[25] Samsung. (n.d.b). Galaxy S25 Ultra. Retrieved from https://www.samsung.com/us/smartphones/galaxy-
s25-ultra/.

[26] Shin, D-H., & Choo, H. (2012). Exploring cross-cultural value structures with smartphones. Journal of Global
Information Management, 20(2), 67-93. doi: 10.4018/jgim.2012040104.

[27] Soudachanh, S., & Salhofer, S. (2025). Unveiling environmental potential in smartphone repair practices
in Vientiane Capital, Laos. Sustainability, 17(2), article number 711. doi: 10.3390/su17020711.

[28] Tsyhanenko, O.,Zubko, K., & Vesperis, S.(2023). The impact of the consequences of transformation of consumer
behavior in the conditions of economic instability on internet trade. Problems of Modern Transformations. Series:
Economics and Management, 7. doi: 10.54929/2786-5738-2023-7-03-01.

[29] Vasiuta, V., Puzak, V., & Lashko, I. (2022). Main trends in the development of modern commodity science.
Galician Economic Journal, 74(1), 152-157. doi: 10.33108/galicianvisnyk tntu2022.01.152.

[30] Voloshyn, R., & Muravka, P. (2025). Commodity science foundations of online trade. The Institute of Accounting,
Control and Analysis in the Globalization Circumstances, 3-4, 32-41. doi: 10.35774/ib02024.03-04.032.

[31] Xiaomi. (n.d.). Redmi Note 14 Pro 5G. Retrieved from https://www.mi.com/global/product/redmi-note-14-
pro-5g/.

[32] Zaitseva, O., Shuklina, V., & Karmazinova, V. (2024). Development of digital trading platforms in B2C and C2C
markets. Commodity science. Technologies. Engineering, 51(3), 24-39.doi: 10.31617/2.2024(51)02.

[33] Zhu,W,, Zhai, G., Han, Z., Min, X.,Wang, T., Zhang, Z., & Yangand, X. (2020). A multiple attributes image quality
database for smartphone camera photo quality assessment. In 2020 IEEE international conference on image
processing (pp. 2990-2994). Abu Dhabi: IEEE. doi: 10.1109/1CIP40778.2020.9191104.

Commodity Bulletin, 2026, Vol. 19, No. 1


https://doi.org/10.3390/bdcc9050125
https://www.gbmrjournal.com/pdf/vol.%209%20no.%201/V9N1-4.pdf
https://www.gbmrjournal.com/pdf/vol.%209%20no.%201/V9N1-4.pdf
https://doi.org/10.47172/2965-730X.SDGsReview.v5.n03.pe05898
https://doi.org/10.1007/978-3-658-39476-9
https://doi.org/10.3389/fpsyg.2023.1122801
https://doi.org/10.48550/arXiv.2008.11961
https://doi.org/10.3390/su16146121
https://doi.org/10.31617/tr.knute.2021(40)07
https://www.routledge.com/The-Routledge-Companion-to-the-Future-of-Marketing/Moutinho-Bigne-Manrai/p/book/9780415625920
https://doi.org/10.3390/iot4020005
https://doi.org/10.1007/978-981-97-3454-2
https://doi.org/10.26906/SUNZ.2022.2.068
https://doi.org/10.1002/9781119054504
http://doi.org/10.21511/im.19(3).2023.07
https://doi.org/10.5281/zenodo.19685529
https://www.samsung.com/us/smartphones/galaxy-a26-5g/
https://www.samsung.com/us/smartphones/galaxy-s25-ultra/
https://www.samsung.com/us/smartphones/galaxy-s25-ultra/
https://doi.org/10.4018/jgim.2012040104
https://doi.org/10.3390/su17020711
https://doi.org/10.54929/2786-5738-2023-7-03-01
https://doi.org/10.33108/galicianvisnyk_tntu2022.01.152
https://doi.org/10.35774/ibo2024.03-04.032
https://www.mi.com/global/product/redmi-note-14-pro-5g/
https://www.mi.com/global/product/redmi-note-14-pro-5g/
https://doi.org/10.31617/2.2024(51)02
https://doi.org/10.1109/ICIP40778.2020.9191104

Comparative commodity evaluation of smartphones...
28

MopiBHANbHMIA aHani3 XxapaKTepucTUK cMapTPOHIB y Pi3HNX LLIHOBUX CerMeHTax

®icHik BpoBiHa

[OoKTOp Hayk 3 MeHeIXXMEHTY, OOLEeHT

CnopTMBHUI yHiBEPCUTET TMpaHK

1001, Byn. MyxameTta [xonnewa, M. TupaHa, AnbaHis
https://orcid.org/0000-0002-4347-5538

AHoTauifl. MeToto focnigxkeHHs 6yno NpoBecT! NOPiBHANbHY OLLiHKY CMapT(OHIB Pi3HUX LLIHOBUX CETMEHTIB — 3 TOUKM
30pY iX TEXHIYHMX, EKCNAYaTaLiIMHUX, EKOHOMIYHMUX Ta THDOPMALLIMHUX XapaKTepucTuk. MeTononoris LOChiaKeHHs
6a3yBanacs Ha NOpPiBHANbHOMY TOBapO3HABYOMY aHani3i, BCTAHOBAOOYM KPUTEPIT OLIHKM Ta BUKOPUCTOBYHOUM K
niaxig 3BaxeHoi OLiHKK, TaK | NepeBipKy BiANOBIAHOCTI MiX 0DiLiMHUMMU XapaKTEPUCTUKAMU Ta TEXHIYHUMU JAHUMMU
BMPOOHMKaA. [Ins aHanisy 6yno obpaHo 4YoTvpu Moneni CMapTdOHIB, WO NPencTaBsfOTb OHOOXKETHWUIA, cepeaHil,
npeMianbHuii Ta GNarMaHCbKMI LIHOBI cerMeHTW. MNopiBHANbHA OLiHKA Mokasana, wo Samsung Galaxy S25 Ultra
[OCAT HAWBMLLLOTO iHTerpoBaHoro 6any akocti (4,80 6ana), Toai gk Xiaomi Redmi Note 14 Pro 5G npofeMoHCTpyBaB
HaWBUriAHIWMIA BanaHC MK TEXHIYHMMM XapaKTepuUCTMKaMu Ta pUHKOBOM UiHOW (4,55 6ana). Apple iPhone 16
niaATBEPAMB BaX/MBICTb OMTMMI3aLii nNporpaMHoro 3abesneyeHHs, iHTerpauii ekocucteMu Ta [OBroCTpOKOBOI
NiATPMMKM MpOrpamMHoro 3abesneyeHHs 415 CNOXMBYOI LiHHOCTI MpeMiafbHWX NPUCTPOIB, ToAi gk Samsung Galaxy
A26 5G3abe3neunB afeKkBaTHY PYHKLiOHANbHICTb A5 LWOAEHHOTO BUKOPUCTAHHS IK HAMEeKOHOMIiYHiWwa Moaenb.AHanis
MOKa3ye, WO BULLi LiHX HAa cMapThHOHM He 0OOB'A3KOBO CYyNpPOBOAXKYHOTHCS MOKPALLEHHSAM TEXHIYHMX XapaKTepPUCTUK
LMX NpucTpoiB. BigMiHHOCTI Mix TenedoHaMM B KOXKHOMY LLIHOBOMY CerMeHTi Hainbinbw 6e3nocepefHbo NMOBA3aHI
3 NPOAYKTMBHICTIO NMpoLiecopa NpUCTPOiB, MOXIMBOCTAMMU 06pobKM 300pakeHb Kamep, AU3alMHOM Ta KOHCTPYKLi€
NPUCTPOIB, @ TAKOX NPOrpaMHUM 3abe3neyeHHaIM, LOCTYMHUM A1 NIATPUMKM LUMX CMapT@OHiB. KOXXHa 3 TEXHIUHMX
cneumdikaLin ons KOXHOro 3i cMapTdoHiB byna nepesipeHa Ha BiAMNOBIAHICTb TUM, WO ony6ikoBaHi BUPOOHUKaMU
npucTpoiB. [pakTUYHe 3HAYEHHS OOCNIOXEHHS MONSrae B 3aCTOCOBHOCTI 3anpOMOHOBAHMX KPUTEpIiB OLiHKM Ta
KOMMIEKCHOI MeToL0NOriT OLiHKM A9 TOBAPHOi eKCNepTU3n CMapTPOHiB, pO3po6KM peKoMeHaaLi ANs CNOXM1BaYiB
Ta Bubopy Moneneit cMapTdOHiB BiANOBIAHO A0 LiiIHOBOr0 CErMeHTa Ta BUMOT KOPUCTYBaya

KniouoBi cnoBa: cnoxuBui BNaCTMBOCTI; iHTErpOBaHWMI iHAEKC SKOCTi; TEXHIYHI XapaKTeEpPWUCTUKKM; NMpOrpaMHa
NiATPUMKA; CMOXMBYA LiHHICTb

Commodity Bulletin, 2026, Vol. 19, No. 1


https://orcid.org/0000-0002-4347-5538

COMMODITY BULLETIN

Journal homepage: https://c-bulletin.com.ua/en
DOI: 10.62763/cb/1.2026.29

L W
V

ISSN 2310-5283; e-ISSN 3041-1432

Article’s History: Received: 09.02.2026 Revised: 04.05.2026 Accepted: 28.05.2026 Published: 29.05.2026
Vol. 19, No. 1, 2026, 29-43

UDC 663.6:614.777

Assessment of mineral water quality and compliance
with safety standards: Comparative market analysis

Ermir Shahini*

Doctor of Economic Sciences, Associate Professor
Alexander Moisiu University of Durres

2001, 1 Currila Str., Durres, Albania
https://orcid.org/0000-0002-0083-1029

Abstract. The study aimed to conduct a comprehensive investigation into the organoleptic, physicochemical,
chemical, and microbiological characteristics of mineral waters of various origins that are available in the
Ukrainian retail market. Six brands were examined to determine their organoleptic properties, pH level,
electrical conductivity, mineralisation, and the presence of major cations, anions, toxic contaminants, organic
substances and sanitary indicator microorganisms. The results showed that all the examined samples were
clear, free from sediment, suspended particles, and foreign matter, and had colour values ranging from 0.7 to
2.3 degrees on the platinum-cobalt scale. Scores for taste ranged from 4.2 to 4.8 points, with the differences
attributable to the natural mineral composition rather than extraneous flavours. The pH values ranged from
6.29 to 7.19 and the electrical conductivity from 0.29 to 18.9 millisiemens per centimetre. Fiuggi had the lowest
mineralisation, at 0.19+0.01 g/L, and Donat Mg had the highest, at 13.1+0.14 g/L. A low-mineralised calcium-
bicarbonate profile was the characteristic feature of Morshynska and Karpatska Dzherelna. Polyana Kvasova
and Luzhanska predominated in sodium and bicarbonates, respectively, whereas Donat Mg was distinguished
by its high magnesium concentration of 1,010 £ 42 mg/L, high sulphate concentration of 2,200 + 103 mg/L,
and high bicarbonate concentration of 7,595 * 290 mg/L. The absolute ion-balance value did not exceed
1.4%. The maximum nitrate content was 2.4 = 0.3 milligrams per cubic decimetre. This was 20.8 times below
the permissible level. The presence of lead, arsenic and total organic carbon was below the relevant hygiene
limits, and no microbial indicators of sanitation were detected. This approach could be used to control packaged
products in laboratories, verify labelling accuracy and develop evidence-based recommendations for consumers

Keywords: ionic composition; bicarbonates; sodium; toxic contaminants; labelling; consumer choice

Introduction

In the food market, packaged natural mineral waters
are in a class of their own. This is because they do two
things at once: they provide hydration and they have
a mineral composition that occurs naturally. The con-
sumer properties of these waters are determined by
more than just clarity, taste or degree of carbonation.
The concentrations of macro- and microelements, the
stability of their bicarbonate, sulphate, calcium, mag-
nesium or sodium profiles, and the absence of chemical
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and microbiological contamination are also important.
As a result, mineral water quality assessment cannot
be limited to determining a single mineralisation pa-
rameter or to a subjective evaluation of taste. A full
comparison of the organoleptic characteristics, physic-
ochemical composition, safety indicators and labelling
information is needed. The need for a comprehensive
assessment of the natural mineral waters available in
the Ukrainian retail market is what makes this study
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relevant. This assessment must take into account the
mineral profiles, safety indicators and the conformity of
their labelling with their actual composition.

Ukraine is particularly interested in this assessment
because of the variety of its natural resources, geochem-
ical conditions and commercial water types. A. Kysylevs-
ka et al. (2024) analysed regulatory requirements for
natural mineral and spring waters. These were intended
for the preparation of infant food. They substantiated
the need to monitor mineralisation. They also monitored
nitrates, nitrites, fluorides, microbiological indicators
and labelling. The authors demonstrated that the natu-
ral origin of water does not eliminate the need to verify
its safety. They also demonstrated that the natural origin
of water does not eliminate the need to verify the accu-
racy of its declared composition. S. Shulyak et al. (2021)
also confirmed the importance of regularly monitoring
water products in Ukraine by examining 23 drinking wa-
ter quality and safety indicators in different regions of
the country. The authors identified regional differenc-
es in the concentrations of certain trace elements and
metals. These were associated with the biogeochemical
characteristics of the territories concerned and the con-
dition of water mains and water-supply sources. O. Kryk-
hovets et al. (2025) also identified seasonal variability
in nitrate concentrations, total hardness, calcium and
magnesium during the monitoring of spring waters in
the Lviv region. These findings confirm the importance
of analysing several production batches of the same
brand, rather than a single bottle.

The mineral composition of packaged water is
important from both technological and practical con-
sumer choice perspectives. SJ. Stoots et al. (2020)
compared 182 brands of still bottled water from ten
European countries and found significant variation in
calcium, magnesium, sodium, potassium, bicarbonate
and sulphate concentrations. They showed that waters
with similar market positioning can have very different
mineral profiles. Therefore, low or high mineralisation
cannot be considered an independent indicator of su-
perior quality; its significance depends on the propor-
tions of individual ions, the intended use of the water,
and the specific conditions under which it is consumed.
Studies comparing different national markets have
shown that the actual composition of water does not
always correspond to the information provided on the
label. M. Mitku & L. Endeshaw (2022) examined the
main pHysicochemical properties of packaged miner-
al waters in Ethiopia, identifying minor discrepancies
between some laboratory-measured properties and the
labelling information. K. Ketrouci et al. (2023) classified
30 water brands available on the Algerian market using
a range of physicochemical indicators. They demon-
strated that an objective brand comparison should be
based on a combination of hydrochemical parameters
rather than a single total dissolved solids measure or
declared water type.
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Another area of assessment is the microbiologi-
cal and toxicological safety of packaged water. Some
samples of packaged water failed to comply with bac-
teriological requirements and exceeded permissible
chromium and cadmium levels, according to the anal-
ysis by R.K. Banda et al. (2021) of 18 brands. These re-
sults showed that sealed packaging and a product’s
commercial origin do not automatically guarantee
compliance with regulatory standards. The microbio-
logical compliance of bottled water was found to be
associated with the type of retail outlet, according to
J.L. Maselela et al. (2024). Samples purchased from in-
formal retail outlets were more likely to fail to meet
the requirements for coliform bacteria and Escherichia
coli. This highlights the necessity to regulate not only
the manufacturing process but also the storage and
distribution of products. The absence of sanitary indi-
cator microorganisms in bottled water does not equate
to the complete absence of a microbial component, as
demonstrated by in-depth studies of the microbiologi-
cal quality of bottled water. D.M. Boas et al. (2024) re-
viewed data on the microbial ecology of packaged wa-
ter, establishing that microbial diversity is influenced by
the water source, bottling technology, packaging mate-
rial, storage temperature, and storage duration. Mean-
while, M.M. Kwikima (2025) detected coliform bacteria
in 42% of 12 water brands purchased from retail outlets
in Tanzania and found that the recommended fluoride
level was exceeded in some samples. These results con-
firmed the need for comparative research into mineral
waters to cover both stable physicochemical properties
and indicators sensitive to production, packaging, stor-
age, and distribution practices.

The focus of most existing publications has been on
individual aspects of chemical or microbiological con-
trol. In contrast, the comparison of waters belonging to
different categories within a single analytical model has
not been given sufficient attention. This study aimed to
assess the quality of packaged natural mineral waters
available on the Ukrainian market and determine their
compliance with safety and labelling requirements. To
this end, the following objectives were set: determining
the organoleptic and principal physicochemical proper-
ties of the waters under investigation, assessing their
jonic composition and chemical and microbiological
safety, comparing the actual values with the information
provided on the labels, and developing a category-spe-
cific consumer assessment of the examined brands.

Materials and Methods

The study was conducted as a comparative laboratory
and analytical assessment. This was of packaged natural
mineral waters. These were available in the Ukrainian
retail market. The Ukrainian market segment was de-
fined in terms of the products available through na-
tional retail chains, pharmacies or specialised Ukrainian
online catalogues, regardless of their country of origin.



The regulatory assessment was conducted in ac-
cordance with the following standards: DSTU 878-
93 (1993) and the hygiene requirements for the pro-
duction and circulation of natural mineral and spring
waters (Order of the Ministry of Health of Ukraine
No. 741, 2021) must be followed, as well as the hy-
giene standard entitled Safety Parameters for Natu-
ral Mineral Water (Decree of the Ministry of Health
of Ukraine No. 4, 2010). The assessment covered or-
ganoleptic properties, physicochemical composition,
chemical and microbiological safety indicators, the
completeness of labelling, and the conformity of the
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actual composition with the information declared by
the manufacturer.

Table 1 shows the six brands of natural mineral wa-
ter that were included in the study, with two brands in
each category. The selection criteria were as follows:
availability for sale in at least two national retail or phar-
macy chains; intact original packaging; complete label-
ling in Ukrainian; and an indication of the water type,
mineralisation, principal ionic composition, manufac-
turer, batch number and expiry date. The study exclud-
ed flavoured waters and beverages containing sweet-
eners, extracts, vitamins or other added ingredients.

Table 1. Mineral water brands included in the study

Category Brand Declared type Country of origin Form of sale
Table water Morshynska Natural mineral table water Ukraine Highly carbonated
Karpatska Dzherelna Natural calcium-bicarbonate mineral table water Ukraine Highly carbonated
Medicinal Polyana Kvasova Natural sodium-bicarbonate boric medicinal table water Ukraine Highly carbonated
table water Luzhanska Natural sodium-bicarbonate boric medicinal table water Ukraine Highly carbonated
M‘:;j;gr‘al Donat Mg Natural sod|um-nr;aegdr;iisr:g[nws;lepihate-b|carbonate Slovenia Carbonated
Fiuggi Natural oligomineral medicinal water Italy Still

Source: compiled by the author

Between March and May 2026, samples were col-
lected from retail chains and pharmacies in Kyiv. Three
production batches, each with a different batch number
or bottling date, were selected for each brand. Three
hermetically sealed 0.5 litre bottles were purchased
from each batch. The total sample comprised 54 bot-
tles: 18 production batches, with three bottles from
each. The first bottle from each batch was used for
organoleptic and basic physicochemical analysis. The
second was used to determine the principal ionic com-
position and toxic contaminants. The third was used for
microbiological examination and confirmatory meas-
urements. In accordance with the manufacturers’ rec-
ommendations, the samples were stored upright, away
from direct sunlight and at a temperature of 5-20°C be-
fore analysis.To ensure a blind assessment, the samples
were assigned codes with no indication of the brand:
C1-C6 for table waters, MT1-MT6 for medicinal table
waters, and M1-M6 for medicinal waters.

Before opening, the integrity of the cap, the tam-
per-evident ring, the label and the container were
checked. Samples showing signs of leakage, deforma-
tion, or loss of seal integrity were excluded. Prior to
testing, the bottles were maintained at a temperature
of 20 % 2°C for at least two hours. Samples intended
for determining pH, electrical conductivity and organo-
leptic characteristics were analysed immediately after
opening. Aliquots intended for metal determination
were preserved with nitric acid. The pH was below 2.
Samples intended for ion chromatography were not
acidified. Microbiological testing commenced no later
than six hours after opening the containers.

Clarity, sediment and suspended particle content,
colour,odour and taste were determined at a temperature

of 20+ 2°C in a room free from extraneous odours. A
colourless glass cylinder was used to hold 100 mL of
water, which was then inspected visually. The water
was assessed against white and black backgrounds. The
colour was determined using the platinum-cobalt scale
on a DR6000 spectrophotometer (Hach, USA). This was
done in accordance with ISO 7887:2025 (2025). The re-
sults were expressed in degrees of colour, with a value
not exceeding 20 degrees being considered acceptable
in accordance with the technical requirements for pack-
aged mineral waters.

Odour and taste were assessed by five panellists,
aged between 22 and 55 years, who had received pri-
or instruction. Food, coffee, alcohol, tobacco products
or strongly flavoured products had not been consumed
by the participants for one hour before the assessment.
Each participant was presented with 10 mL of coded
water. The samples were not swallowed. The mouth
was rinsed with deionised water between assessments.
Odour intensity was assessed on a scale from O to 5,
where 0 indicated an odourless sample and 5 indicated
an uncharacteristically strong odour. Taste was assessed
on a five-point scale: Five points indicated a clean, har-
monious taste characteristic of the relevant type of wa-
ter, whereas zero points indicated an unacceptable or
extraneous taste. The mean of the individual scores was
used to calculate the final organoleptic score.

The following things were measured: pH, electrical
conductivity, total mineralisation, dry residue, concen-
trations of the main cations and anions, and specific
components declared on the label. The pH was deter-
mined potentiometrically immediately after opening
the bottle using a SevenExcellence $470 pH/conduc-
tivity meter equipped with an InLab Expert Pro-ISM
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electrode (Mettler Toledo, Switzerland) and calibrated
with pH 4, 7 and 10 buffer solutions. This method was
carried out in accordance with I1SO 10523:2022 (2022).
Specific electrical conductivity was determined at 25°C
using the same instrument and an InLab 731-ISM elec-
trode (Mettler Toledo, Switzerland), in accordance with
DSTU EN 27888:2022 (2022). The mass of the dry resi-
due obtained after evaporating a known volume of wa-
ter and drying it at 180°C to constant mass was used to
determine total mineralisation gravimetrically. Weigh-
ing was performed using Cubis Il MCA225S-2500-0 an-
alytical balances (Sartorius, Germany) and drying was
carried out in an ED 115 drying oven (Binder, Germany).

The determination of sodium, potassium, calcium,
magnesium, iron, manganese, lithium, strontium and
barium was carried out using a 5800 ICP-OES instru-
ment (Agilent Technologies, USA), in accordance with
the ISO 11885:2019 (2019) standard. The analysis was
performed using inductively coupled plasma optical
emission spectrometry. The concentrations of arsenic,
lead, cadmium, chromium, nickel and other trace ele-
ments were determined using a 7900 ICP-MS instru-
ment (Agilent Technologies, USA) and inductively cou-
pled plasma mass spectrometry, in accordance with
ISO 17294-2:2019 (2019).

Bicarbonates and carbonates were determined by
acid-base titration using a standardised hydrochloric
acid solution with endpoints at pH 8.3 and 4.5, with
a 905 Titrando automatic titrator (Metrohm, Switzer-
land) being employed for this purpose. Chlorides, sul-
phates, nitrates, nitrites, fluorides and phosphates were
analysed using ion chromatography with a Dionex
ICS-6000 system (Thermo Fisher Scientific, USA) in ac-
cordance with 1SO 10304-1:2025 (2025). The presence
of boron compounds, metasilicic acid and other com-
ponents specified by the manufacturer was monitored

in waters with a declared specific composition. The ion
balance was calculated using formula (1):

2C-ZA
IB=
SC+ZA

x 100%, (1)

where yC - the sum of the concentrations of the princi-
pal cations in milliequivalents per dm?; YA - sum of the
concentrations of the principal anions in milliequiva-
lents per dm?. A result was considered acceptable when
the absolute ion-balance value did not exceed 5%.

Table 2 shows the chemical safety indicators in-
cluded in the analysis. These were nitrates, nitrites,
fluorides, arsenic, lead, cadmium, mercury, chromium,
nickel, copper, zinc, manganese, barium, strontium and
organic matter, expressed as total organic carbon. The
presence of nitrates, nitrites, fluorides, chlorides and
sulphates was determined by measuring the relevant
ions using a Dionex ICS-6000 ion chromatograph.
Meanwhile, the instruments 5800 ICP-OES and 7900
ICP-MS were used to measure the levels of metals.
Mercury was determined by direct thermal decompo-
sition with atomic absorption detection using a DMA-
80 evo analyser (Milestone Srl, Italy). The total organ-
ic carbon was measured using a TOC-L CPH analyser
(Shimadzu, Japan), which is a high-temperature cata-
lytic oxidation instrument. This method is in accord-
ance with the DSTU EN 1484:2003 (2003) standard.
A further screening procedure was carried out for the
presence of potential man-made contaminants. This
procedure involved the analysis of pHenols, petrole-
um hydrocarbons, pesticides and polycyclic aromatic
hydrocarbons. The analysis was performed using a gas
chromatography with mass-spectrometric detection
system (8890 GC/5977B MSD, Agilent Technologies,
USA). The procedure involved the use of a solid-phase
extraction step.

Table 2. Principal chemical safety criteria for natural mineral waters

Parameter Maximum permissible concentration
Nitrates, NO;~ Not more than 50 mg/dm?
Nitrites, NO,” Not more than 0.1 mg/dm?

Arsenic Not more than 0.01 mg/dm?
Lead Not more than 0.01 mg/dm?
Cadmium Not more than 0.003 mg/dm?*
Mercury Not more than 0.001 mg/dm?*
Chromium Not more than 0.05 mg/dm?
Nickel Not more than 0.02 mg/dm?
Copper Not more than 1 mg/dm?
Zinc Not more than 1 mg/dm?
Barium Not more than 0.7 mg/dm?
Fluorides Not more than 1.5 mg/dm?
Organic matter expressed as carbon Not more than 5 mg/dm?

Source: compiled by the author in accordance with the Decree of the Ministry of Health of Ukraine No. 4 (2010)

Microbiological testing was performed using a
Combisart system (Sartorius, Germany) and 0.45 um
pore diameter membrane filters, via membrane filtration.
Total microbial count was determined by inoculation
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onto nutrient agar, followed by incubation at 37°C for
24 hours, then at 20-22°C for 72 hours in an IN110
incubator (Memmert, Germany), in accordance with
ISO 6222:2002 (2002). The presence of total coliform



bacteria and Escherichia coli was determined in 250 mL
of water in accordance with 1ISO 9308-1:2022 (2022).The
presence of Pseudomonas aeruginosa was identified in
accordance with 1SO 16266:2022 (2022), and intestinal
enterococci were detected in accordance with 1ISO 7899-
2:2022 (2022). The absence of sulphite-reducing anaer-
obic bacteria in 50 mL of water was also monitored.
Compliance criteria were as follows: a total microbial
count of no more than 20 colony-forming units (CFU)/
cm? at 37°C,and no more than 100 CFU/cm?® at 20-22°C;
and the absence of coliform bacteria, E. coli, P aerug-
inosa, and intestinal enterococci in 250 mL of water.

Prior to opening the bottles, comprehensive pho-
tography was taken of the labels from every angle. The
assessment included the presence of the name and
category of the water, the degree of carbonation, the
country of origin, the manufacturer or importer, the
source or borehole number, the bottling location, the
nominal volume, the batch number, the bottling date,
the expiry date, the storage conditions, the total miner-
alisation, the principal ionic composition, and informa-
tion concerning treatment or additional carbonation
with carbon dioxide.

Conformity of the actual composition with the in-
formation provided on the label was assessed for total
mineralisation, as well as for sodium, potassium, cal-
cium, magnesium, bicarbonates, chlorides, sulphates,
fluorides and boron. Other declared components were
also assessed. Where a range was provided by the man-
ufacturer, the result was considered compliant if the ac-
tual concentration fell within that interval when meas-
urement uncertainty was taken into account. Relative
deviation was calculated using formula (2):

A=% x 100%, Q)
where C, - the mean actual concentration of the
component in the three production batches; C_,. - de-
clared value or the midpoint of the declared interval.

The classification of each brand according to its
compliance with quality and safety criteria was deter-
mined by means of a composite assessment. The as-
sessment covered five areas: how easily the product
could be used, its physical and chemical composition,
its safety, including microbiological safety, and how ac-
curately it was labelled. A brand is said to demonstrate
a high level of compliance if the following criteria are
all met at the same time: there is no extraneous odour,
unacceptable taste, sediment or visible foreign matter;
the actual mineralisation and principal ionic composi-
tion are within the ranges declared by the manufac-
turer; the absolute ion-balance value is not more than
5%; the hygiene limits for toxic elements, nitrates, ni-
trites or organic contaminants are not exceeded; there
are no sanitary indicator microorganisms; and the total
microbial count complies with the established limits.
The label must also include the principal information
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concerning the type of water, mineralisation, ionic com-
position, manufacturer, batch, expiry date and storage
conditions. Where minor labelling inconsistencies or
organoleptic deviations were identified, provided there
was no failure to meet safety parameters, the brand was
classified as demonstrating an acceptable level of com-
pliance. Any exceedance of a chemical or microbiologi-
cal limit was grounds for classification as non-compli-
ant, regardless of other parameters. Comparisons were
made using a profile-based approach and no single
overall ranking was established among waters with dif-
ferent mineral compositions and functional purposes.
Each physicochemical determination was performed
in @ minimum of two technical replicates. Each ana-
lytical series included blank samples, duplicates, cer-
tified standard solutions, control samples, and samples
spiked with a known concentration of the analyte.

The results were deemed acceptable if the coeffi-
cient of variation for parallel determinations was less
than 10%, the analyte recovery fell within the range of
80% to 120%, and the limit of quantification for toxic
contaminants was less than 10% of the corresponding
hygiene limit. The statistical analysis was carried out
using two software programmes: Microsoft Excel and
IBM SPSS Statistics (USA). This involved calculating
various statistical values, including the mean, standard
deviation, median, minimum, maximum and 95% con-
fidence interval. Inter-batch variability was assessed
descriptively. No statistical inferences concerning the
entire Ukrainian market were made.

Results

Comprehensive characterisation

of the organoleptic and physicochemical parameters
of the examined waters

Visual inspection of all 54 selected bottles revealed no
loss of seal integrity, container deformation, signs of
leakage, foreign contamination or damage to the tam-
per-evident rings. The labels remained legible and the
actual product volume corresponded to the declared
nominal volume of 0.5 L, providing grounds for includ-
ing all 18 production batches in the subsequent anal-
ysis. The colour values obtained were then interpreted
in line with the technical requirements for packaged
mineral waters and the photometric method for de-
termining colour using the platinum-cobalt scale. This
confirmed that all samples complied with the relevant
organoleptic criteria. All the samples were found to be
clear and free from sediment, flakes, visible suspended
particles and oily films, as shown by organoleptic test-
ing. The colour values were in the range of 0.7 to 2.3
degrees on the platinum-cobalt scale, which is signifi-
cantly below the permitted limit of 20 degrees set for
packaged mineral waters (Table 3). The lowest colour
values were recorded for Fiuggi and Morshynska. The
highest was recorded for Donat Mg. Nevertheless, all
the waters remained visually colourless.
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Table 3. Organoleptic characteristics of the examined mineral waters (M £ SD) (n = 3)

Brand Clarity and sediment Colour, degrees Odour intensity, points Taste score, points
Morshynska Clear, no sediment 0.8%0.2 0.2 +0.1 4.8%0.1
Karpatska Dzherelna Clear, no sediment 1.1%£0.2 0.3 0.1 47+0.2
Polyana Kvasova Clear, no sediment 1.7+0.3 1.2+0.2 4.4%0.2
Luzhanska Clear, no sediment 1.5+0.2 1+0.2 4.5+0.2
Donat Mg Clear, no sediment 2.3+0.3 1.7+0.2 4.2+0.2
Fiuggi Clear, no sediment 0.7+0.1 0.1+0.1 4.8+0.1

Note: for odour intensity and taste scores, the mean score awarded by the five panellists was first calculated for each production batch,
after which (M\pm SD) was determined for the three batches of each brand

Source: compiled by the author

The table waters Morshynska and Karpatska
Dzherelna achieved the highest sensory scores. They
were described as having a neutral or mildly mineral
taste, without any bitterness, metallic notes or musti-
ness. The declared composition of Polyana Kvasova and
Luzhanska was confirmed by a moderately pronounced
alkaline and bicarbonate taste. Donat Mg had the most
distinctive taste and odour, which was attributable to its
high concentrations of magnesium, sulphates and bi-
carbonates. While this reduced its organoleptic score in
comparison with the table waters, it was not indicative
of poorer quality. Fiuggi was characterised by a neutral
taste and minimal odour intensity. All the samples ex-
amined accordingly met the organoleptic requirements
for packaged natural mineral waters. The differences
between the brands were found to be primarily deter-
mined by their natural degree of mineralisation and ionic

composition, rather than by the presence of extraneous
organoleptic properties. The pH and specific electrical
conductivity were assessed in accordance with standard-
ised potentiometric and conductometric methods, and
mineralisation was interpreted in relation to the regu-
latory classification of packaged natural mineral waters.
Analysis of total mineralisation and principal ionic com-
position revealed significant variations among the waters
in terms of mineralisation, cation and anion proportions,
and predominant hydrochemical profile. Fiuggi had the
lowest mineralisation, at 0.19+0.01 g/dm?, while Donat
Mg had the highest,at 13.1£0.14 g/dm?®.The table waters
had low levels of mineralisation: 0.28 £0.02 g/dm? for
Morshynska, and 0.6 +0.04 g/dm? for Karpatska Dzherel-
na. Higher mineralisation values were recorded for the
medicinal table waters: 4.75*0.12 g/dm® for Luzhans-
ka, and 8.5%0.17 g/dm? for Polyana Kvasova (Table 4).

Table 4. Principal pHysicochemical parameters of the waters examined, (M\pm SD), (n=3) batches

Brand Mineralisation, g/dm* | Declared range, g/dm? pH Electrical conductivity, mS/cm | lon balance, %
Morshynska 0.28+0.02 0.1-0.4 6.36+0.08 0.43+0.02 +1
Karpatska Dzherelna 0.6+0.04 0.3-0.8 6.47+0.07 0.86+0.03 -1.4
Polyana Kvasova 8.5+0.17 6.5-12 6.29+0.06 12.2+0.24 +1.4
Luzhanska 4.75+0.12 3-5 6.38+0.05 6.90.16 -0.8
Donat Mg 13.1+£0.14 12.8-13.5 6.59%0.06 18.9%0.32 +0.7
Fiuggi 0.19+£0.01 0.15-0.2 7.19%0.05 0.29+0.01 -0.5

Note: ion balance was calculated from the sum of the principal cations and anions, including potassium

Source: compiled by the author

The pH values of all the waters examined ranged
from 6.29 to 7.19. The highest concentration of dis-
solved mineral substances was found in Donat Mg,
which also had the highest specific electrical conduc-
tivity. The lowest conductivity values were recorded
for Fiuggi and Morshynska waters. All actual total
mineralisation values fell within the ranges declared
by the manufacturers. A more detailed characterisa-
tion of the mineral profiles was achieved by measur-
ing the concentrations of the principal cations and
anions. These contribute to total mineralisation, affect

the taste properties of the water and determine its
functional profile. This analysis included sodium, po-
tassium, calcium, magnesium, bicarbonates, sulphates
and chlorides. Determining the principal cations and
anions not only characterised the hydrochemical pro-
file, but also verified the analytical consistency of the
results by calculating the ion balance. The methodo-
logical basis comprised established procedures for de-
termining the composition of natural waters in terms
of metals, trace elements and anions. The results are
presented in Table 5.

Table 5. Concentrations of principal ions in the mineral waters examined, mg/dm?, (M\pm SD), (n = 3) batches

Brand Na* K+ Ca?* Mg?* HCO, S0,> cl
Morshynska 57%0.4 1.6+0.1 43122 8.6%0.7 152+9 19+2 7%1
Karpatska Dzherelna 18411 2.8%+0.2 90.5%4.1 24.8%1.5 38018 464 16£2
Polyana Kvasova 2,180+96 151 986 624 5,595+230 21016 22017
Luzhanska 1,050%58 12+1 1207 70%£5 3,125+155 15512 15011
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Table 5. Continued

Brand Na* K* Ca?* Mg?* HCO, S0,” cr
Donat Mg 1,680%75 40+3 350%15 1,010+42 7,595+290 2,200+103 70%6
Fiuggi 6.2%0.5 £0.1 32.8%2 4.9%0.4 1157 141 6.5%0.6

Source: compiled by the author

Morshynska had a low mineral content and a calci-
um-bicarbonate profile, with minimal sodium.The great-
er mineralisation and more pronounced mineral taste of
Karpatska Dzherelna can be attributed to its higher con-
centrations of calcium, magnesium and bicarbonates.
Bicarbonates and sodium predominated in Polyana
Kvasova and Luzhanska. Among the Ukrainian samples,
Polyana Kvasova had the highest sodium concentration,
at 2,180%96 mg/dm?, as well as the highest bicarbonate
concentration, at 5,595 =230 mg/dm?®. Luzhanska had a
comparable bicarbonate-sodium profile, but it was dis-
tinguished by lower sodium and bicarbonate concentra-
tions, along with a lower level of total mineralisation.
The concentrations of boron compounds in these waters
corresponded to the figures provided by the manufac-
turers. The mineral profile of Donat Mg was the most
concentrated, with magnesium levels of 1,010+42 mg/
dm?, sulphate levels of 2,200+ 103 mg/dm? and bicarbo-
nate levels of 7,595 %290 mg/dm?® The magnesium con-
centration in Donat Mg was over 14 times higher than in
Luzhanska, and over 100 times higher than in Morshyn-
ska. The mineralisation levels at Fiuggi were found to
be low, and the calcium-bicarbonate profile showed low
concentrations of sodium, magnesium, sulphates and
chlorides. Therefore, it would be wrong to regard the
waters examined as interchangeable solely on the basis
of their general compliance with safety standards. The
selection of these materials should be based not only
on the absence of hazardous contaminants, but also on
factors such as the degree of mineralisation, the pre-
dominant ionic composition, the degree of carbonation,
and the intended consumption pattern.

Assessment of safety, labelling compliance

and the consumer profiles of the brands examined

The measured concentrations were then compared with
the relevant limit values set out in the hygiene standard
for the safety of natural mineral water. This was done by
taking into account the methods used to determine toxic
elements, anions and total organic carbon. The methods
used for analysis were not able to detect any nitrites,
cadmium or mercury in any of the production batches
that were examined. The concentrations of nitrates, lead,
arsenic, chromium, nickel, copper, zinc, manganese, bari-
um and fluorides did not exceed the established hygiene
limits. The highest nitrate concentration, 2.4 £ 0.3 mg/
dm?, was found in Karpatska Dzherelna, which is 20.8
times lower than the maximum permissible level of
50 mg/dm?. Lead and arsenic concentrations did not ex-
ceed 0.0024 and 0.0027 mg/dm?, respectively.All the oth-
er elements and inorganic components monitored were

also present. Their concentrations were below the rele-
vant regulatory limits. These limits are shown in Table 6.
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The lead concentration ranged from 0.0007 to
0.0024 mg/dm?, and the arsenic concentration ranged
from 0.0009 to 0.0027 mg/dm3. Thus, neither concen-
tration exceeded 27% of the maximum permissible
level. The range of total organic carbon was from
0.18 £0.03 mg/dm? in Donat Mg to 0.55%*0.06 mg/
dm? in Karpatska Dzherelna, and it was always less
than the regulatory value of 5 mg/dm? in all the sam-
ples. The methods used were not able to detect con-
centrations of phenols, petroleum hydrocarbons, syn-
thetic surfactants, pesticides and polycyclic aromatic

hydrocarbons above the limits of quantification.Mi-
crobiological compliance was assessed on the basis
of the total microbial count. It was also assessed on
the basis of the absence of sanitary indicator micro-
organisms. These were specified for the control of
packaged natural waters. Microbiological analysis
detected no total coliform bacteria, E. coli, P. aerugi-
nosa, intestinal enterococci or sulphite-reducing an-
aerobic bacteria in any of the examined samples. The
total microbial count did not exceed the permissible
levels (Table 7).

Table 7. Results of the microbiological monitoring of the mineral waters examined

Brand Total microbial count at Total microbial count at Sanitary indicator microorganisms Conclusion
20-22°C, CFU/cm? 37°C,CFU/cm?
Morshynska 41 1#1 Not detected Compliant
Karpatska Dzherelna 6%2 11 Not detected Compliant
Polyana Kvasova 3+] 1#1 Not detected Compliant
Luzhanska 3x1 11 Not detected Compliant
Donat Mg 1£1 <1 Not detected Compliant
Fiuggi 2+1 <1 Not detected Compliant
Regulatory limit <100 <20 Absence in the specified sample volume -

Note: total microbial count refers to the total number of viable microorganisms detected under the specified incubation conditions

Source: compiled by the author

At 20-22°C, the highest total microbial count was
recorded for Karpatska Dzherelna at 6 £ 2 CFU/cm?,
which was 16.7 times below the regulatory limit. These
results confirmed the microbiological stability of the
examined samples and the absence of secondary bac-
terial contamination in the production batches includ-
ed in the study. All the brands examined contained the
principal labelling elements. These elements were re-
quired to identify the products. They were also required
to compare the declared characteristics with the actual
analytical results. The labels stated the product name,
category and declared type of water. They also declared
the country of origin, name of the manufacturer or im-
porter, bottling location, source or borehole number,
production batch number, bottling date, expiry date,
storage conditions and nominal volume of the consum-
er packaging. The labels also provided information on
the total mineralisation and principal components of
the ionic composition for all samples, including sodi-
um, calcium, magnesium, bicarbonates, sulphates and
chlorides. Some brands also declared additional com-
ponents such as potassium, fluorides and boron com-
pounds, which are characteristic of the relevant type of
water. This allowed for a comparison of the labelling in-
formation with the measured mineralisation and prin-
cipal ion concentrations. The labels of the carbonated
samples provided information on the degree of carbon-
ation or the presence of carbon dioxide. Morshynska,
Karpatska Dzherelna, Polyana Kvasova and Luzhan-
ska were labelled as highly carbonated; Donat Mg as
carbonated; and Fiuggi as still water. No other treat-
ment methods were indicated on the labels, except for
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carbonation or additional enrichment with carbon di-
oxide where applicable. The declared profiles of me-
dicinal table waters and medicinal waters were deter-
mined by additional specified components. The profile
of Polyana Kvasova and Luzhanska was determined by
a bicarbonate-sodium and boron composition, the pro-
file of Donat Mg was determined by a magnesium-sul-
phate-bicarbonate composition, and the profile of Fiug-
gi was determined by a low-mineralised oligomineral
composition. In general, the labelling of all the exam-
ined samples made it possible to trace the water’s ori-
gin and bottling conditions, and to evaluate whether its
actual composition corresponded to the characteristics
declared by the manufacturer.

The actual mineralisation of all the waters exam-
ined fell within the ranges declared by the manufac-
turers, confirming compliance with the principal phys-
icochemical characteristics required for packaged
natural mineral waters. The mineralisation levels at
Morshynska were found to be 0.28+0.02 g/dm?, which
is significantly lower than the declared range of 0.1-
0.4 g/dm?3. Similarly, the mineralisation levels at Kar-
patska Dzherelna were 0.6 £0.04 g/dm?, which is also
lower than the declared range of 0.3-0.8 g/dm?. Fur-
thermore, the mineralisation levels at Polyana Kvaso-
va were 8.5+0.17 g/dm?>, which is even lower than the
declared range of 6.5-12 g/dm3. The mineralisation
levels at Luzhanska were found to be 4.75%0.12 g/
dm?, which is also lower than the declared range of
3-5 g/dm?3. Finally, the mineralisation levels at Donat
Mg were recorded as 13.1£0.14 g/dm?, compared with
a declared range of 12.8-13.5 g/dm?, and that of Fiug-



gi was 0.19+0.01 g/dm3, compared with a declared
range of 0.15-0.2 g/dm?>. Thus, even when expanded
measurement uncertainty was considered, none of the
actual values fell outside the declared intervals. The
greatest relative deviations from the midpoint of the
declared range were recorded for Luzhanska (+18.8%)
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and Morshynska (+12%). However, these deviations
did not indicate non-compliance, as the results re-
mained within the declared ranges. The closest agree-
ment between the actual and declared mineralisation
was recorded for Donat Mg, with a deviation of -0.4%
(Table 8).

Table 8. Compliance of actual mineralisation with the declared values

Brand Declared range, g/dm® . f\ctl_xal Exp.anded . De\{iation from the Compliance

’ mineralisation, g/dm? uncertainty, g/dm?® midpoint of the range, %
Morshynska 0.1-0.4 0.28+0.02 £0.02 +12 Compliant
Karpatska Dzherelna 0.3-0.8 0.6+0.04 £0.03 +9.1 Compliant
Polyana Kvasova 6.5-12 8.5+0.17 +£0.18 -8.1 Compliant
Luzhanska 3-5 4.75+0.12 £0.1 +18.8 Compliant
Donat Mg 12.8-13.5 13.1+0.14 +0.22 -0.4 Compliant
Fiuggi 0.15-0.2 0.19+0.01 +£0.01 +8.6 Compliant

Note: expanded uncertainty is presented for the mean actual mineralisation using a coverage factor of (k= 2), corresponding to an

approximate confidence level of 95%
Source: compiled by the author

The actual concentrations of sodium, calcium, mag-
nesium, bicarbonates, sulphates, chlorides, fluorides
and specific components were compared with the infor-
mation provided on the labels. The results showed that
none of the concentrations fell outside the declared
intervals. At the same time, it was established that pre-
senting the composition of medicinal table waters and
medicinal waters in the form of broad ranges is meth-
odologically justified. This is because the mineralisation
of natural water may vary between production batches.
This variation is within the approved physicochemical
characteristics of the source.

After conducting analyses related to organoleptic,
physicochemical, chemical and microbiological charac-
teristics,as well as labelling, it was determined that none
of the brands under scrutiny surpassed the established
hygiene limits or exhibited signs of microbiological

non-compliance. All the samples had intact packaging,
satisfactory organoleptic properties, were within the
declared mineralisation range, and showed no evidence
of chemical or microbiological contamination. However,
establishing a single overall ranking was deemed inap-
propriate as the waters differed in terms of their intend-
ed purpose, degree of mineralisation and ionic composi-
tion rather than their level of safety. For instance, Donat
Mg’s pronounced magnesium-sulphate taste is a char-
acteristic feature of its natural composition rather than
a quality defect, and Fiuggi’s low mineralisation does
not automatically make it superior to medicinal table
waters. The final assessment was therefore presented
in a profile-based format. This format reflected the com-
pliance of each brand with quality and safety criteria.
It also reflected the specific considerations associated
with its possible consumption (Table 9).

Table 9. Comparative profile-based assessment of the quality and safety of the examined mineral waters

Chemical and Compliance of actual . . . .
Brand microbiological safety composition with labelling Overall quality assessment Consumption considerations
. . . High compliance; Suitable for regular hydration
Compliant with chemical . 9 . phance; . T reg Y X
Morshynska . . . A Compliant low-mineralised subject to individual tolerance
and microbiological criteria . -
calcium-bicarbonate water of carbonated water
Karpatska Compliant with chemical . High c_omph_ance, querateLy Su|_table for reqular cpn_su_mpnon
. . . P Compliant mineralised calcium- in the absence of individual
Dzherelna | and microbiological criteria . B -
magnesium-bicarbonate water restrictions
. . . The consumption pattern
Polyana Compliant with chemical . H!gh co_mphapce, highly should be aligned with the
. . - - Compliant mineralised bicarbonate- , -
Kvasova and microbiological criteria - manufacturer’s recommendations
sodium water o
and individual tolerance
Compliant with chemical . High comp}lance_, Moderate .con.sumptlon is
Luzhanska . . . P Compliant moderately mineralised advisable, taking into account its
and microbiological criteria . . . .
bicarbonate-sodium water sodium and bicarbonate content
Compliant with chemical ) H!gh co.mpllance, h|ghly Should not. be regardgd
Donat Mg . . - - Compliant mineralised magnesium- as an unrestricted substitute
and microbiological criteria . . .
sulphate-bicarbonate water for ordinary drinking water
o Compliant with chemical . H|gh_comp.l|ance,. May be select.ed by |nd|Y|duals
Fiuggi . . - - Compliant low-mineralised still who prefer still water with low
and microbiological criteria - . . -
calcium-bicarbonate water mineralisation

Source: based on the Decree of the Ministry of Health of Ukraine No. 4 (2010), ISO 6222:2002 (2002), ISO 9308-1:2022 (2022),

1SO 16266:2022 (2022), 1SO 7899-2:2022 (2022)
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Thus, all of the examined brands demonstrated a
high level of compliance with quality and safety crite-
ria within the analysed production batches. The differ-
ences between them were not disqualifying, but rather
profile-specific. Morshynska and Karpatska Dzherelna,
two table waters, were the most suitable for regular
hydration due to their low or moderate mineralisation.
Polyana Kvasova and Luzhanska, on the other hand, had
elevated concentrations of sodium and bicarbonates, so
their consumption should be aligned with dietary and
medical advice. Donat Mg stood out due to its high
magnesium, sulphate and bicarbonate concentrations,
which give it a distinctive taste and make it best con-
sumed in moderation. Fiuggi was the least mineralised
still water among the examined samples; however, its
low mineralisation should not be considered a uni-
versal advantage over other types of water. The final
assessment showed that consumer choice should be
based on the suitability of the mineral profile for the
intended purpose of consumption, provided there is no
regulatory non-compliance.

Discussion

The results showed that the packaged mineral wa-
ters examined differed mainly in terms of their total
mineralisation and the proportions of their main ions.
However, all samples complied with the regulatory re-
quirements for chemical and microbiological safety.
When comparing waters of different natural origins
and functional positioning, such differentiation is to be
expected. N.R. Syed et al. (2025) analysed the physic-
ochemical characteristics of packaged mineral waters.
They demonstrated that pH, electrical conductivity,
mineralisation, chlorides and arsenic are suitable indi-
cators. These can be used to distinguish safe samples
from those that may potentially be non-compliant. In
the present study, all pH and electrical conductivity val-
ues, as well as all concentrations of toxic contaminants,
remained within the relevant regulatory limits, confirm-
ing the stability of the examined production batches.
Differentiating the waters into calcium-bicarbo-
nate, bicarbonate-sodium and magnesium-sulphate-bi-
carbonate profiles was consistent with the findings of
J.D. lyakare et al. (2022). These researchers examined
bottled waters from the African Great Lakes region and
found that the concentrations of the main ions reflect-
ed the geographical origin of the aquifers. They also de-
cided on the classification of the waters into separate
hydrochemical groups. The mineral profile of Donat Mg
was the most evident in the present study, with high
concentrations of magnesium, sulphates and bicarbo-
nates. In contrast, Morshynska, Karpatska Dzherelna and
Fiuggi were distinguished by low or moderate miner-
alisation and a prevalence of the calcium-bicarbonate
component. L. Moreno-Merino et al. (2022) compared
the chemical characteristics of natural mineral waters
and groundwater. These were used for centralised water
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supply. A single parameter alone is not always enough
to establish differences between such waters. The most
informative approach is to combine profiles of pH, cal-
cium, potassium, nitrates, silicon and the proportions of
the principal ions. This backs up the all-encompassing
strategy used in the current study, where mineralisation
in general was not looked at in isolation from the cati-
onic and anionic composition.

Comparing the actual mineralisation with the
values stated on the labels revealed that none of the
samples deviated from the ranges declared by the
manufacturers. This indicated satisfactory stability in
the chemical composition of the examined production
batches, though it did not imply the absence of label-
ling risks across the entire market. T. Hadbi et al. (2022)
analysed the labelling information of 56 bottled-wa-
ter brands in Algeria. They demonstrated that multidi-
mensional grouping was useful. This was based on the
principal ions. It was useful for objectively comparing
waters of different origins. The profile-based approach
avoided formally ranking waters according to total
mineralisation or taste characteristics alone. The sig-
nificance of evaluating labelling was also corroborat-
ed by R. Aslani et al. (2024), who examined 30 brands
of bottled drinking and mineral water in Iran in 2024.
They found discrepancies between the labelling and
the actual nitrate, nitrite, magnesium and sodium con-
centrations in some samples, although the calculated
non-carcinogenic risks generally remained acceptable.
Therefore, ensuring compliance with hygiene Llimits
should not replace verifying that the actual composition
corresponds to the information provided on the label.
In the present study, this requirement was addressed.
This was done by comparing mineralisation and the
principal ion concentrations with the declared intervals.

The findings of E.L. Ungureanu et al. (2022), who
assessed potentially toxic elements in waters available
on the Romanian market in 2022, were consistent with
the results of the samples examined, which showed
no exceedances for lead, arsenic, cadmium, mercury,
nitrates and nitrites. The authors emphasised that risk
assessment should consider more than just the detec-
tion of an element - its concentration, the duration of
potential exposure and the vulnerability of particular
population groups should also be considered. A similar
approach was adopted by J.0. Olowoyo et al. (2022), who
investigated trace-element concentrations in bottled
water in South Africa in 2022 and used composite indi-
cators of non-carcinogenic risk. In this context, the low
concentrations of toxic elements in the brands exam-
ined may be interpreted as a positive finding. This is for
the specific production batches analysed. However, they
do not provide grounds for extrapolating the conclu-
sions.This is not possible to the entire Ukrainian market.

The microbiological findings confirmed that all the
samples examined were in a satisfactory sanitary con-
dition. The absence of coliform bacteria, Escherichia coli,



Pseudomonas aeruginosa, intestinal enterococci and sul-
phite-reducing anaerobic bacteria was indicated. This
was together with the low total microbial counts. This
showed no evidence of faecal or secondary bacterial
contamination. F. Carraturo et al. (2021) investigated
the microbial communities of natural mineral waters
using next-generation sequencing. They demonstrated
that packaged water can possess a distinctive microbi-
ota, even in the absence of sanitary indicator microor-
ganisms. The chemical and microbiological characteris-
tics of purified, mineral, artesian and carbonated waters
were also identified by Y.M. Nadreen et al. (2024). These
findings suggest that, while standard sanitary indica-
tors are sufficient for regulatory safety assessments,
they do not fully describe the natural microbiological
characteristics of mineral water.

The waters were compared. This was according
to their mineral profiles. This confirmed that a single
ranking was inappropriate. This was for products with
different functional purposes. S. Manoj et al. (2024)
examined the consequences of low mineral content
in bottled water, emphasising that low mineralisation
should not be considered a universal advantage. In the
context of the present study, this supported the use of a
profile-based rather than a ranking-based assessment.
This is because low-mineralised and highly mineral-
ised waters have different intended uses. Meanwhile,
C. Dupont & G. Hébert (2020) reviewed the clinical ev-
idence relating to natural mineral waters containing
magnesium and sulphate, and identified their particu-
lar effectiveness in treating functional bowel disorders.
Accordingly, the high concentrations of magnesium
and sulphates in Donat Mg should not be considered
a disadvantage solely due to the water’s pronounced
organoleptic characteristics. However, it is important to
note that this water is not a suitable replacement for
low-mineralised table water that is intended for unre-
stricted daily consumption.

The results of the profile-based assessment also
prevented an oversimplified conclusion about the “best”
brand. M. Rasheduzzaman et al. (2025) conducted an in-
ter- and intra-brand study of 26 bottled water brands
in the United States, demonstrating that assessments
must account for production variability, source type,
and differences between individual samples. A. Alsh-
ishani et al. (2026) analysed 176 water brands on the
Jordanian market. They used a broad range of chemical
and microbiological parameters. They demonstrated
that composite quality indices require cautious inter-
pretation. This is particularly true where parameters
have a zero-tolerance limit. In the present study, there-
fore, a profile-based assessment was more appropriate
than ranking the brands from first to sixth place.

Microplastics and nanoplastics, which were not ex-
amined in this study, require particular attention. A study
by S.M. Praveena & S. Laochaprapanon (2021) revealed
significant variations in the methods used to analyse
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microplastics in bottled water. These variations includ-
ed differences in contamination control, sample prepa-
ration techniques, and approaches to identifying poly-
mers. The authors stressed that, without standardised
methodological procedures, it is challenging to directly
compare the results of different studies. The problem
of microplastics therefore requires not only expanded
monitoring. It also requires the standardisation of labo-
ratory methods. All the bottled-water brands examined
by M.B. Hossain et al. (2023) showed signs of microplas-
tic contamination, indicating that this type of pollution
might be pervasive even in products sold in commercial
packaging. In that study, it was important not only to
detect particles, but also to characterise them by size,
shape, and polymer composition, as this made it possi-
ble to associate contamination with packaging or par-
ticular stages in the production and distribution process.
A.Altunisik (2023) identified microplastics in natural and
mineral waters in Turkey and drew attention to how dai-
ly consumption of bottled water could contribute to the
total intake of such particles by the human body. This
highlights the importance of microplastics as an emerg-
ing safety indicator not yet covered by traditional chem-
ical and microbiological monitoring regulations. These
findings suggest that adherence to standard chemical
and microbiological regulations does not guarantee the
absence of emerging contaminants related to packag-
ing, bottling, or storage processes.

N. Qian et al. (2024) used stimulated Raman scat-
tering microscopy to demonstrate that the number of
particles detected in bottled water can increase sub-
stantially when nanoplastics are included in the analy-
sis. This study is important because it shows that earlier
research, which focused mainly on microplastics, may
have underestimated the actual level of particulate
contamination due to the technical limitations of the
detection methods used. V. Galvez-Blanca et al. (2024)
detected microplastics and non-natural cellulose par-
ticles in bottled water in Spain. The study stressed
that contamination might come from polymers as well
as other artificial particles that are introduced during
production, filtration, packaging or storage. S. Patil et
al. (2024) identified differences in microplastic contam-
ination levels between local and national water brands
in India. This finding suggests that the level of contam-
ination may depend on production scale, technological
controls, packaging type, and logistics conditions, rath-
er than solely on the source of the water. M. Ghimire
et al. (2025) also detected microplastics in all the bot-
tled water samples examined in Nepal. Their findings
extended the geographical evidence for this problem,
demonstrating that microplastic contamination of bot-
tled water is not confined to particular local markets.
Consequently, a promising direction for further research
into the Ukrainian market would be to supplement tra-
ditional quality indicators with the determination of mi-
croplastics, nanoplastics, and substances that migrate
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from polymer packaging. Within the production batches
examined, all six brands complied with the criteria for
chemical and microbiological safety. The main differenc-
es were not determined by the presence of hazardous
contaminants, but by the natural mineral profile, which
influences taste, electrical conductivity, mineralisation,
and the recommended consumption pattern.

Conclusions

A comparison of six brands of packaged natural min-
eral water available in the Ukrainian retail market was
made in a laboratory and analytical investigation. The
results showed that the production batches analysed
were chemical, microbiological and organoleptic safe.
All samples were clear, free from visible sediment,
suspended particles, foreign matter, and unacceptable
odours. The water colour ranged from 0.7 to 2.3 de-
grees on the platinum-cobalt scale, substantially below
the 20-degree limit. Morshynska and Fiuggi received
the highest organoleptic scores of 4.8 points each on
a five-point scale. The more pronounced mineral taste
of Donat Mg was found to be due to its naturally high
magnesium, sulphate and bicarbonate concentrations
rather than any deterioration in quality.

Physicochemical analysis confirmed significant dif-
ferences among the waters in terms of mineralisation
and ionic profile. Fiuggi had the lowest mineralisation,
at 0.19+0.01 g/dm?, while Donat Mg had the highest,
at 13.1+0.14 g/dm?. The table waters Morshynska and
Karpatska Dzherelna were characterised by low miner-
alisation at 0.28 £0.02 g/dm?® and 0.6 +0.04 g/dm?, re-
spectively. Luzhanska and Polyana Kvasova had higher
values at 4.75+0.12 and 8.5*0.17 g/dm3 respective-
ly. The pH values of all samples ranged from 6.29 to
7.19,and the absolute ion balance value did not exceed
1.4%, which confirms the consistency of the results ob-
tained for the principal cations and anions.
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ter brands are more suitable for regular hydration,
whereas waters with elevated concentrations of so-
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the analysis of only three production batches of each
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OuiHKa AKOCTi MiHepanbHOI BOAM Ta BigNoBigHOCTI cTaHpapTam 6e3neku:
NOPIBHANbHUI aHanNi3 PUHKY

Epmip LUaxiHi

[oKTOp eKOHOMIYHMX HayK, AOLEHT
YHiBepcuTeT OnekcaHppa Moiciy B lyppeci
2001, Byn. Kyppina, 1, M. lyppec, AnbaHis
https://orcid.org/0000-0002-0083-1029

AHoTauif. MeTol focCnigkeHHS Oyno NpoBeLEeHHS KOMMIEKCHOrO aHanildy OpraHoAenTUYHUX, Bi3NKO-XiMiYHMX,
XiMiYHMX Ta MiKpODIONOriYHMX XAPAKTEPUCTUK MiHEpPANbHUX BOJ, PI3HOMO MOXOMXKEHHS, WO MpeacTaBeHi
Ha YKpaiHCbKOMY po34piOHOMY puWHKY. byno pocnigkeHo WicTb TOProBMX MapoK 3 METOK BM3HAYEHHS iXHiX
OpraHoNenTUYHMX BNACTMBOCTEMN, PiBHS pH, enekTponpoBiAHOCTI, MiHepanisauii, a TakOX HASABHOCTI OCHOBHWMX
KaTiOHiB, aHIOHIB, TOKCUYHMX AOMILLOK, OPraHiYHMX PEYOBMH Ta CAHITAPHO-IHAMKATOPHUX MIKPOOPraHi3Mis.
Pe3ynbtati nokasanw, WO BCi LOCAIAXKEHI 3pa3kuM Oynu MpoO30pUMM, HE MICTUAM OCaLy, 3BAXKEHMUX YACTMHOK Ta
CTOPOHHIX PEYOBUH, @ MOKA3HWMKM KONbOPY KoNmMBanucs B mexax Big 0,7 4o 2,3 rpagycis 3a N1aTMHOBO-KO6ANbLTOBO
wkanot. OuiHKM cMaKy KonuBanuca Big 4,2 no 4,8 6anig, npuyoMy BigMIHHOCTI OynuM 3yMOB/EHI NMPUPOLHUM
MiHepaNnbHUM CKMAAO0M, @ He CTOPOHHIMKM CMakoBUMMK A06aBKaMu. 3HauYeHHs pH konvBanuca B AianasoHi Big 6,29
o 7,19, a enektponposigHicts - Big 0,29 no 18,9 MiniciMeHciB Ha caHTMMeTp. HalHWK4Yy MiHepanisauito Mana Boaa
«®bropki» — 0,19%0,01 r/n, a HavBuwwy - «[loHaT Mg» - 13,1£0,14 r/n. XapakTepHot 0COHAUBICTIO «MOPLUMHCBKOT»
Ta «KapnaTtcbkoi gepenbHoi» 6yna HM3bka MiHepanizauis 3 nepeBaXaHHAM Kanbuito Ta 6ikapboHaTie. Boau
«[MongHa KeacoBa» Ta «Jly)KaHCbKa» BiAPIi3HANMCSA BMCOKMM BMICTOM HaTpito Ta OikapboHaTiB BiZNOBIAHO, TOAI
K Boja «[loHaT Mg» BUPI3HANACS BUCOKOK KOHLeHTpauieto MarHito — 1010 £ 42 mr/n, BUCOKOK KOHLEHTPALIE
cynbdatie - 2200+ 103 Mr/n Ta BUCOKOK KOHLIEHTpaLieto HikapboHaTiB — 7595 =290 Mmr/n. ABContoTHE 3HAYEHHS
ioHHOro 6anaHcy He nepeswuwlyBano 1,4 %. MakcMManbHUI BMICT HITpaTiB cTaHOBMB 2,4+ 0,3 Minirpama Ha KybiuHui
neuunmeTtp, wo B 20,8 pa3u HMKYe 32 ONYCTUMUI piBEHb. BMiCT CBUHLIO, MULLI'AKY Ta 3araflbHOro OpraHivyHoro ByrneL
He nepeBuLLyBaB BiANOBIAHUX FIFiEHIYHMX HOPM, @ MiIKPOBIONOFiYHMX MOKA3HWMKIB CAHITAPHOrO CTAaHy BWSB/EHO
He Byno. Llei niaxin MoxHa BMKOpPUCTOBYBATM A5 KOHTPOMKO YNakoBaHUX NMPOAYKTIB y nabopaTopisix, nepesipku
TOYHOCTI MapKyBaHHS Ta po3p0o6KM HAayKOBO 0OrPYHTOBAHUX peKoMeHaLil 418 CMOXMBaYiB

KniouoBi cnoBa: ioHHWI cknag,; 6ikapboHaTH; HaTpil; TOKCUYHI 3abpyaHIOBaYi; MapKyBaHHS; BUGIp cnoxuBaya
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Abstract. Dairy-fruit fillings for flour confectionery products remain technologically underexplored, yet face
demanding performance requirements: structural stability during baking at 180-190°C, resistance to syneresis,and
retention of a smooth, creamy texture after freeze-thaw cycling. The aim of study was to optimise the formulation
of a milk-based jelly filling using a three-component stabilising system comprising low-methoxyl pectin (LMP,
APA 104), modified starch (Thermflo waxy corn and Ultra-Tex tapioca), and microcrystalline cellulose (MCG 811,
E460). Four model systems were prepared at a constant dry matter content of 8% and evaluated by rotational
viscometry (Brookfield DV3T) and expert organoleptic assessment on a 10-point scale. The key finding was that
the formulation containing 0.6% LM pectin, 3.6% modified starch, and 0.4% MCC (Sample 3) achieved an apparent
viscosity of 18,000-24,000 mPa-s at 10 rpm, the narrowest hysteresis loop among all tested systems, and the
highest expert scores for colour and clarity (8.8/10), creamy consistency (9.1/10), and behaviour within the product
body after baking (8.9/10). Compared with the industrial control formulation, the optimised filling reduced dry
matter content from 62.3% to 58.4%, eliminated visible syneresis after baking in éclair shells,and showed markedly
improved freeze-thaw stability. The addition of MCC at 4 kg per tonne of filling acted as a colloidal stabiliser,
narrowing the rheological hysteresis loop and improving thixotropic recovery. These results demonstrate that the
synergistic combination of LM pectin, cross-linked starch,and MCC s an effective and industrially scalable strategy
for developing heat-stable, clean-label dairy-fruit fillings

Keywords: smodified starch; hydrocolloids; low-methoxyl pectin; dairy-fruit filling; rheology; heat stability;
gelation
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Introduction

One of the most dynamically developing segments of
the global food industry is the production of fruit and
berry fillings for confectionery and bakery products.
Growing consumer expectations regarding product
naturalness, texture stability, and extended shelf life
have driven substantial interest in the development
of heat-stable, syneresis-resistant dairy-fruit fillings.
The challenge of simultaneously achieving structural
stability during baking, freeze-thaw resistance, and a
clean-label ingredient profile makes dairy-fruit fillings
a particularly demanding development target. The main
technological challenge in producing dairy-containing
fillings is syneresis - the undesirable separation of the
aqueous phase from the gel matrix — which is intensi-
fied during baking and freeze-thaw cycling.

C. Gallery et al. (2024) investigated the effect of
pectin molecular weight and degree of methylation on
the rheological behaviour of model filling systems and
found that apple-sourced low-methoxyl pectin with a
degree of methylation of 30-38% produces a significant-
ly smoother gel structure than citrus counterparts at
equivalent concentrations, attributing this to the higher
proportion of neutral arabinogalactan side chains that
reduce network rigidity. M. Romero-Rosales et al. (2025)
studied the syneresis-inhibiting properties of cross-
linked waxy corn starch in baked cream fillings and
showed that hydroxypropyl distarch phosphate from
waxy corn at concentrations of 3-5% reduced moisture
migration by 48-62% relative to native starch controls,
owing to its denser, more mechanically stable gel net-
work that persists above the gelatinisation temperature.

The authors Y. Liu et al. (2024) of the study de-
scribed the internal mechanisms of food emulsions sta-
bilised by emulsifiers and proteins, carried out in recent
years. Destabilisation and stabilisation of emulsions are
associated with the addition of surfactants. The prop-
erties, type and concentration of emulsifiers determine
the stability of emulsions, and emulsifiers can be clas-
sified into different types (e.g. ionic or non-ionic, solid
or liquid) according to their properties and sources. Au-
thors reviewed the current understanding of the mech-
anisms by which proteins and low-molecular-weight
emulsifiers stabilise food emulsions, with particular
emphasis on their adsorption at the oil-water interface,
the formation of protective interfacial layers, and their
contribution to the physical stability of emulsions. The
authors also discussed the synergistic interactions be-
tween proteins and emulsifiers and their potential ap-
plications in the development of stable food systems
with tailored functional properties.

J. Poudel et al. (2025) demonstrated the function-
al role of microcrystalline cellulose (MCC, E460) as a
colloidal network stabiliser in low-fat dairy emulsions,
showing that MCC at 0.3-0.5% reduced visible syner-
esis by 38-45% and improved freeze-thaw stability by
forming a tortuous particle network that physically
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restricts water mobility between gel domains, without
contributing substantially to bulk viscosity. Researchers
M. Alam et al. (2024) assessed the use of hydrocolloid
compositions in dairy-containing semi-finished prod-
ucts for confectionery and reported that a ternary sys-
tem of modified starch, pectin, and cellulose micropar-
ticles outperformed binary systems (starch-pectin and
starch-cellulose) in both heat stability and freeze-thaw
resistance, providing quantitative evidence of synergis-
tic inter-polymer interaction that cannot be predicted
from single-component behaviour.

Hydrocolloids are increasingly recognised as mul-
tifunctional additives in bakery systems, serving as fat
replacers, texture modifiers, moisture retainers, and
thermal stabilisers. Moreover, hydrocolloids signifi-
cantly enhance the dough characteristics by improving
moisture and gas retention, modifying viscosity, alter-
ing the gluten network, and reducing the fat content
(Kumar et al., 2026). In the consumer space, space, con-
sumers are spending more time identifying clean label
products and looking for products, whose claims reflect
their values. However, manufacturers are keeping in
mind that too many labels on products can be con-
fusing. Innova Market Insights (n.d.) research also sig-
nalled a growing correlation between the use of clean
label and environmental action trends in the minds of
customers. Products are increasingly deemed clean if
they carry environmental benefits.

Scientists Y. Cao & L. Miao (2023) showed that con-
sumer perception of “naturalness” in bakery-filled prod-
ucts is significantly improved when modified starch
types are partially replaced by recognised food biopol-
ymers such as pectin, even in the absence of explic-
it clean-label claims, demonstrating the commercial
relevance of reformulation strategies that reduce total
starch content. The authors L. Huang et al. (2025) ap-
plied Brookfield rotational viscometry to characterise
the rheological behaviour of model fruit-cream filling
systems and established that apparent viscosity meas-
ured at 10 rpm in the range 17,000-25,000 mPa-s cor-
relates with the highest sensory scores for creaminess
and product body in structured panel evaluations, pro-
viding independent methodological validation for vis-
cosity-based quality control in filling production.

Despite the substantial body of research summa-
rised above, the specific combination of low-methoxyl
apple pectin, cross-linked waxy corn starch, and mi-
crocrystalline cellulose in dairy-fruit fillings for flour
confectionery products - and the optimal ratio of these
components under industrial production conditions -
has not been previously reported. The aim of this study
was therefore to provide a scientific and practical ba-
sis for optimising the formulation of a milk-based jel-
ly filling using a three-component stabilising system
composed of microcrystalline cellulose, LM pectin, and
modified starch.
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Materials and Methods

To obtain a filling with a stable fruit-cream profile, a
formulation containing low-methoxyl pectin was de-
veloped and optimised. For the rheological study, mod-
el systems containing starch-pectin mixtures at differ-
ent concentrations and a dry matter content of 8% were
prepared. The combinations tested were MCC + starch
and MCC+starch + pectin. Two modified starches of dif-
ferent origins were used as stabilisers: Thermflo from
waxy corn and Ultra-Tex from tapioca. Microcrystalline
cellulose (MCC) was used to improve and preserve the
functional and technological properties of the semi-fin-
ished product and to increase the biological value of
the finished product. It helps maintain a stable consist-
ency during storage and transportation, prevents phase
separation between the aqueous and dairy phases,
preserves structure during freeze-thaw cycling, and im-
proves mouthfeel by increasing creaminess (Poudel et
al., 2025). Microcrystalline cellulose (E460) is a puri-
fied, partially depolymerised cellulose: a white, taste-
less, odourless crystalline powder composed of porous
particles. It is produced by controlled acid hydrolysis of
highly purified a-cellulose from fibrous plant materials.
MCC E460 is an approved food additive listed as GRAS
(Generally Recognised as Safe) in the United States and
permitted in the EU without quantitative limits (quan-
tum satis) for most food categories (EFSA et al., 2018).
The research was conducted at FRUT EKS LLC, Tre-
bukhiv, Brovary district, Kyiv region, under laboratory
conditions. The organoleptic properties of the semi-fin-
ished and finished products were assessed by a struc-
tured expert evaluation procedure. The panel consisted
of eight trained tasters with documented competence
in food texture and flavour assessment, in accordance
with the requirements of DSTU 7662:2014 (2015) and
ISO 11136:2014 (2014). Each assessor independently
evaluated the filling samples on a 10-point hedonic
scale across five indicators: colour and clarity, fruit fla-
vour, aroma, creamy consistency, and behaviour within
the product body. Behaviour within the product body
was evaluated by filling standard choux pastry éclair
shells (baked at 185°C, 22 min) with each sample and
assessing moisture migration, structural retention, and
mouthfeel uniformity after 2 h of storage at 20°C and
after a bake-through test at 190°C for 18 min. Individu-
al scores were averaged across the panel, and a signif-
icance threshold of 0.5 points was applied as the min-
imum detectable difference. The overall quality score
for each sample was calculated as the area of a quality
polygon constructed from the five indicator scores (Civ-
ille et al.,2016). The overall average score was calculat-
ed as the area of the quality polygon. pH was measured
using a pH meter (potentiometer) calibrated with buffer
solutions at pH 4.0 and 7.0, with a precision of #0.02 pH
(DSTU ISO 1842:2006, 2006). The rheological proper-
ties of the stabilising systems were studied by Brook-
field Engineering (2017) and using a Brookfield DV3T
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(product USA) viscometer and the rotational method,
which measures the viscosity of a material placed be-
tween two coaxial surfaces under shear. Brookfield En-
gineering studied the rheological properties of stabi-
lising systems and using a Brookfield DV3T viscometer
(@ USA product) and a rotational method that measures
the viscosity of a material placed between two coaxial
shear surfaces.

A T-shaped spindle T-C (#93) was used for homo-
geneous paste-like fillings. Chamber/Geometry: Special
system Helipath Stand BROOKFIELD DIGITAL RHEOM-
ETER MODEL DV-llI+ Operating (which slowly moves
the rheometer up and down during rotation, causing
the spindle to continuously hit the “fresh” sample in a
spiral) +a low beaker for 400-600 mL. Measuring tem-
perature: 20-25°C (room temperature for confectionery
use). Stabilisation time: 30 minutes. The filling should
completely relax in the glass after pouring, since me-
chanical disturbance destroys the pectin network (thix-
otropy). Sample volume: 400 mL (in a low, wide beaker
so that the Helipath spindle has sufficient vertical trav-
el and does not touch the bottom). 5 parallel measure-
ments were carried out (each repetition in a completely
new glass with filling from the same batch, since after
the first test, the structure of the sample is already de-
stroyed). For thick non-Newtonian pastes such as fruit
confectionery fillings, when using T-spindles, the DV3T
device in this case displays the shear rate as a conver-
sion of revolutions per minute (RPM) to shear speed (y,
s1). The shear rate range was 0.5-100 rpm with at least
8-10 measurement points (Steffe, 1996; Mezger, 2006).
The dry components, including pectin and MCC, were
dispersed in a whey-water mixture. The paste was ge-
latinised by gradual heating to 80-85°C at pH 4.0-4.5
with continuous stirring, held for 10 minutes, homog-
enised, and then cooled to 20-25°C. All experiments
were performed in quintuplicate, and the experimental
data were processed using the obtained results.

Results and Discussion

To evaluate and control the quality of the milk-fruit fill-
ing, it was optimised the production process by combin-
ing pectin and whey streams under defined conditions
using lactic acid after pectin incorporation, which are
critical control points for achieving stable, calcium-me-
diated gelation of LM pectin without premature whey
coagulation. Compared with the traditional control
formulation, the optimised milk-fruit filling achieved
significantly higher scores for colour, transparency,
and taste, while simultaneously reducing the total dry
matter content, confirming that the synergistic starch-
pectin-MCC system outperforms traditional single- or
two-hydrocolloid formulations. A rheological and sen-
sory evaluation of the model systems was conducted,
and the optimal formulation was determined, combin-
ing pronounced pseudoplastic behaviour with excellent
thermal stability, minimal syneresis, and the highest



sensory scores among all tested compositions. Basing
on market data it was analysed that the global market
for heat-stable fruit fillings was estimated at USD 1.17
billion in 2025 and is projected to reach USD 1.65 bil-
lion by 2031 at a compound annual growth rate of 5.0%
(Market Research, 2025). To identify the optimal formu-
lation of a heat-stable dairy-fruit filling, model systems
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containing different combinations and concentrations of
low-methoxyl pectin, modified starch, and microcrystal-
line cellulose were evaluated in terms of their rheolog-
ical behaviour and organoleptic properties. The exper-
imental results obtained for model systems containing
starch-pectin mixtures at different concentrations and a
dry matter content of 8% are presented in Table 1.

Table 1. Dosage and application forms of model compositions

Sample Expected function Starch, % Pectin APA 104, % MCG 811, %
1 Thickener (MCC + starch) 5.2 0 0.5
2 Weakly pseudoplastic 4.0 0.40 0.35
3 Optimal 3.6 0.60 0.4
4 Strongly pseudoplastic 3.2 0.80 0.35

Source: developed by the author

Increasing the pectin concentration from 0.4% to
0.8% altered the viscosity profile of the systems with-
out substantially changing their overall flow behaviour.
The addition of 0.6% pectin provided the most favour-
able balance, ensuring heat stability and structural in-
tegrity without excessive thickening. Higher pectin con-
centrations generated greater shear stress at low shear
rates, indicating increased stability at rest. In combina-
tion with 0.4% microcrystalline cellulose, the system
showed a more uniform viscosity increase. Overall, the
results indicate that excessively low pectin contents
do not provide adequate structure, whereas concentra-
tions above 0.6% may weaken processing performance
and reduce practical heat stability. Figure 1 shows the
rheological behaviour of the model systems. Analysis
of yield stress, which characterises the stress required
to disrupt a weakly disturbed structure, showed that
among the model pastes the highest force was required
to destroy the structure formed by hydroxypropyl cross-
linked waxy corn starch at a concentration of 5.2%. A
lower force was required for the corresponding hy-
droxypropyl tapioca starch system.
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Figure 1. Full rheological viscosity curves of modified
starches with added LM pectin
Note: A - Sample 4: Ultra-TEX + 0.8% LM pectin; B - Sample 2:
Thermflo + 0.4% LM pectin; C - Sample 3: Thermflo + 0.6% LM
pectin; D - Sample 1 (control): Ultra-TEX + MCC
Source: developed by the author

All model systems displayed non-Newtonian, pseu-
doplastic (shear-thinning) behaviour, which is techno-
logically desirable in filling applications: viscosity de-
creases under the mechanical shear of pumping and
depositing equipment, yet the structure recovers at rest,
preventing sagging or phase separation in the finished
product. The degree of pseudoplasticity, quantified by
the flow behaviour index (n), was lowest in Sample 4 ‘A
(0.8% pectin), confirming the strongest shear-thinning
character in that system, while Sample 1 “D” (starch
only, no pectin) exhibited the closest approach to New-
tonian behaviour among the tested compositions. This
gradient in flow index confirms that pectin, rather than
starch alone, is the primary driver of pseudoplastic
character in the mixed systems.

The apparent viscosity at a representative shear
rate of 10 rpm followed a clear concentration-depend-
ent pattern. Systems based on Ultra-Tex tapioca starch
consistently showed lower apparent viscosity at equiva-
lent concentrations compared with Thermflo waxy corn
starch systems. This difference is attributed to the dis-
tinct granule morphology and degree of cross-linking
between the two starches: Thermflo, a hydroxypropyl
distarch phosphate from waxy corn, forms a denser net-
work upon gelatinisation, while Ultra-Tex, a hydroxypro-
pyl tapioca starch, produces a softer, more deformable
gel matrix. When low-methoxyl pectin was incorporated
into either starch matrix, it contributed an additional
biopolymer network layer through calcium-mediated
junction zones between pectin chains. At 0.6% pectin
(Sample 3 “C”), this secondary network reinforced the
starch matrix without creating excessive entanglement,
resulting in a viscosity level that was reproducible across
multiple measurement runs and remained stable upon
moderate temperature cycling between 25°C and 50°C.

The role of microcrystalline cellulose (MCG 811)
in the rheological behaviour of the composite systems
warrants separate consideration.At 0.4%, MCC functions
primarily as a colloidal stabiliser rather than a bulk
thickener. Its porous particle structure adsorbs water at
the interface between the starch gel and the aqueous
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dairy phase, reducing the driving force for syneresis
without substantially increasing bulk viscosity. This was
reflected in the rheological data: the addition of MCC to
starch-pectin systems did not raise the apparent viscos-
ity significantly at mid-range shear rates (10-50 rpm)
but markedly narrowed the hysteresis loop observed
in up-down shear-rate sweeps, indicating improved
structural recovery and greater thixotropic stability. In
practical terms, this means that the filling recovers its
original consistency more quickly after the shear stress
of dosing equipment is removed - an important quality
attribute for enrobed and injected bakery applications.

Overall, the rheological curves showed that both
starch types formed structured, solid-like systems. The

yield stress data further indicated that stronger struc-
tural bonds developed in systems containing hydroxy-
propyl distarch phosphate from tapioca than in those
based on the corresponding waxy corn starch. Taken
together, these rheological findings confirm that the
three-component stabilising system - modified starch,
LM pectin, and MCC - exhibits synergistic structuring
effects that cannot be achieved by any single ingredient
alone, and that the specific ratios identified in Sample
3 represent an optimal balance between processability,
heat stability, and gel strength. At the initial stage of
the study, conventional formulations widely produced
requested by customers were analysed to establish an
industrial benchmark for optimisation (Table 2).

Table 2. Formulation of milk jelly filling (control)

Ingredient Mass, kg Moisture, % Dry matter, % Dry matter, kg
Granulated sugar 470.0 0.15 99.85 469.3
Treacle (molasses) 56.0 22 78 43.68
Thermflo starch 333 12 88 29.3
Starch 385 16.7 12 88 14.7
Vegetable palm fat 40.0 0.5 99.5 39.8
Whey (concentrated) 13.3 4 96 12.77
MCG 811 - microcrystalline cellulose 6.0 6 94 5.64
Lactic acid (80%) 2.7 20 80 2.16
Salt 3.0 0.5 99.5 2.99
Banana +vanilla flavour 1.8 5 95 1.71
Potassium sorbate 1.3 1 99 1.29
Nisin 0.02 5 95 0.019
Colourants 0.013 5 95 0.013
Water 356.0 100 0 0
TOTAL 1000 62.3 623.35

Source: prepared based on the recipe of O. Goryunov & N. Stetsenko (2005)

Organoleptic evaluation showed that the filling
had an opaque, paste-like consistency with a stretchy,
ropy structure. The relatively high dry matter content
(62.3%) can be explained by the high proportion of
Starch 385 used as a thickener. In addition, prolonged
cooking caused the filling to darken, produced a burnt
sugar aroma, and impaired flavour. Based on the rhe-
ological and organoleptic results, the optimal compo-
sition of the dairy-fruit filling containing microcrys-
talline cellulose, thickening agents, and a stabilising
system was predicted and experimentally confirmed.
The optimal concentration of microcrystalline cellulose

is 4 kg/t. The range of 4-6 kg/t is the practical “sweet
spot” for cream fillings: the texture is more stable,
syneresis is minimal, and rubberiness does not occur.
To obtain a softer, more fluid consistency, for example
for pressure-applied fillings, the concentration may be
reduced to 3-3.5 kg/t, but in that case the thickener
content should be increased by 3-4 kg/t to compensate.
For stabilising low-fat dairy-fruit products, the MCC-
based stabilising system is best introduced at 2.5-5.5%
of product mass, as this eliminates syneresis, provides
homogeneity, and ensures stability during heating. The
optimised formulation is presented in Table 3.

Table 3. Formulation of dairy-fruit filling based on modified starch, microcrystalline cellulose and pectin

Ingredient Mass, kg Moisture, % Dry matter, % Dry matter, kg
Granulated sugar 445.0 0.2 99.9 4443
Treacle (molasses) 48.0 22.0 78.0 374
Thermflo starch 29.0 12.0 88.0 25.5
Starch 385 7.0 12.0 88.0 6.2
Animal butter fat 40.0 0.5 99.5 39.8
Dry whey 135 4.0 96.0 13.0
MCG 811 - Microcrystalline cellulose 4.0 6.0 94.0 3.8
Pectin APA 104 (LM) 6.0 8.0 92.0 5.5
Lactic acid (80%) 2.5 20.0 80.0 2.0
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Table 3. Continued

Ingredient Mass, kg Moisture, % Dry matter, % Dry matter, kg
Others (flavours, preservatives, etc.) 6.0 5.0 95.0 1.7
Water 399.0 100.0 0.0 0.0
TOTAL 1000.0 58.4 - 583.53

Source: developed by the author

A key technological requirement of LM pectin in-
corporation is the correct incorporation of LM pectin
into the formulation. The pectin was pre-dissolved
in hot water (85-90°C) separately from the whey be-
cause the calcium in whey can cause premature ge-
lation. Lactic acid was added at the end to adjust
the pH to the target range of 3.8-4.2, in which LM
pectin forms the most stable gel. The whey used in
the formulation (13.5 kg/t) contains calcium, which
promotes pectin gelation by forming calcium bridges
between chain segments. When pectin is added to a
hot mass together with whey at temperatures above
70°C, an undesirable reaction may occur in which
the whey coagulates under the action of pectin. For
this reason, two separate process streams were main-
tained and combined only after both had cooled to
55-60°C, when the mobility of Ca?* ions is reduced.

LM pectin gelation proceeds mainly through
strong interactions between calcium ions and galac-
turonic acid blocks, and this process is effective over a
wide range of pH values and soluble solids contents.
The pH range of 3.8-4.2, combined with whey contain-
ing Ca?, provides favourable conditions for gel forma-
tion. An important scientific finding concerning whey
was that LM pectin in a dairy system undergoes a

two-stage process: first, calcium released from casein
micelles at pH 5.0-4.9 initiates pectin-pectin inter-
actions; then, at pH 4.9-4.0, direct interactions occur
between pectin and casein micelles. Thus, whey in the
formulation not only does not hinder gel formation,
but actively promotes the formation of APA 104 gel,
provided the whey is added at the correct temperature
(55-60°C, not higher).

A second important technological requirement
concerns the use of lactic acid (2.5 kg/t). Lactic acid
is necessary for stable pectin gelation, but it must be
added at the end, after the pectin has been incorpo-
rated. If acid is added to the pectin at the beginning,
the pH drops sharply and the pectin gels before it is
dispersed in the mass. After the streams are combined
and the pH is adjusted, the target range is 3.8-4.2: at
the lower end (3.8), the gel is firmer and fruitier; clos-
er to 4.2, it is softer and creamier. Another important
step in the experiment was pectin preparation. When
pure pectin encounters water, it tends to form lumps,
hydrating on the outside while remaining dry inside.
Pre-mixing it with sugar at a 1:5 ratio separates the
particles and enables uniform dissolution at 85-90°C
within 5-7 minutes. The critical control points for pro-
ducing the developed fillings are presented in Table 4.

Table 4. Process control parameters

Parameter Value Control method
Pectin dissolution temperature 85-90°C Reactor thermometer
Stream combining temperature 55-60°C Mandatory for both streams
pH after combining (before correction) 4.0-4.5 pH meter or test strips
pH after lactic acid correction 3.8-4.2 pH meter
Filling/packing temperature 45-50°C Gel sets on cooling

Source: developed by the author based on A. Masud et al. (2024)

The APA-series apple pectins used in the formu-
lation form are more viscous and smoother gels than
citrus pectins, which makes them especially suitable
for fillings and gives the samples additional desirable
organoleptic properties. The best filling sample was
identified by sensory evaluation on a 10-point scale.
The assessed indicators were colour and clarity, fruit
flavour, aroma, creamy consistency, and behaviour
within the product body. The final indicator was evalu-
ated by filling éclairs with the prepared samples. Four
samples of flour confectionery products were evalu-
ated based on model systems: Sample 1 (control): Ul-
tra-TEX + MCC; Sample 2: pectin (0.4%) + Termflo (4%);
Sample 3: pectin (0.6%) + Termflo (3.6%); Sample 4:

pectin (0.8%) + Ultra-TEX (3.2%). The results of the or-
ganoleptic evaluation are presented on Figure 4.
Sample 3, containing 0.6% pectin, showed the best
overall performance, with high scores Sample 3, con-
taining 0.6% pectin, demonstrated the best overall
performance, receiving high scores: 9 points for taste,
8 points for creamy texture, and 10 points for behav-
iour within the product, particularly for viscosity. The
sample’s overall average score was 8 points. The con-
trol sample, prepared according to a traditional rec-
ipe, received the lowest scores for taste and aroma
(2 points), with an average score of 5.1. Sample 2, which
contained less pectin, also showed good results in the
organoleptic evaluation - 7.3 points. A more detailed
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analysis of individual organoleptic parameters reveals
significant differences between the samples. Regarding
colour and clarity, samples 2-4 - all containing LM pec-
tin - received higher scores by more than the prede-
fined 0.5-point threshold. This reflects pectin’s ability
to maintain a finer, more uniform emulsion of the milk
fat phase within the aqueous gel matrix, resulting in a
brighter and visually more uniform appearance. In con-
trast, the control formulation showed a tendency to-
ward surface clouding after cooling, which is explained
by the partial coalescence of fat particles in the ab-
sence of a pectin network.
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Figure 4. Quality profile of filling samples based
on the composition of pectin, microcrystalline cellulose
and starch
Source: developed by the author

The creamy consistency indicator was evaluated
both before and after baking in éclair shells at 180-
190°C for 22 minutes. Sample 3 retained its smooth,
spreadable texture after baking with minimal evidence
of moisture migration into the pastry wall, confirming
the heat stability predicted by the rheological data.
Sample 4 (0.8% pectin) showed a slightly firmer set,
which several experts described as ‘gel-like” rather
than “creamy”, suggesting that the higher pectin con-
centration produces a texture that is less appropriate
for cream-style fillings even though its rheological
structure is adequate. Sample 2 (0.4% pectin) per-
formed well in terms of mouthfeel but exhibited slight-
ly greater moisture release after baking, consistent with
its lower yield stress and weaker gel network observed
in the Brookfield measurements.

The correlation between rheological and organo-
leptic results strengthens the validity of using Brook-
field rotational viscometry as a predictive tool for
sensory outcome in filling development. Systems with
apparent viscosity in the range of 18,000-24,000 mPa-s
at 10 rpm and a yield stress sufficient to resist flow un-
der gravity at 45-50°C consistently received the high-
est panellist scores for “behaviour within the product
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body”. This finding provides a practical viscosity target
window that can be used for quality control in indus-
trial production without the need for repeated full
organoleptic panels during routine manufacture. An
expert evaluation of the functional and technological
properties of the developed fillings was also carried out
on a 5-point scale. The results of the organoleptic eval-
uation are presented on Figure 5.

Fruity taste

5
Clean label Creaminess
Syneresis Water binding
(control)
Viscosity Thermostability

Cream filling
e=g== Dairy-fruit filling

Figure 5. Profile of functional and technological properties
of the developed fillings
Source: developed by the author

The main advantage demonstrated was the im-
provement in the functional properties of the semi-fin-
ished products and the enhanced organoleptic prop-
erties of the finished éclairs filled with the dairy-fruit
filling. The results of this study contribute to a grow-
ing body of experimental evidence on the behaviour
of combined hydrocolloid systems in heat-processed
dairy-fruit fillings, and warrant interpretation in the
context of current scientific knowledge on each func-
tional mechanism identified. It was analysed that scien-
tists I. Fraeye et al. (2009) demonstrated that low-meth-
oxyl pectin (LMP) in combination with calcium ions
provides superior gel stability in low-sugar fruit sys-
tems (below 55% sugar) compared with high-methox-
yl pectin, noting that the calcium-crosslinked network
retains integrity at baking temperatures up to 195°C,
making LMP the preferred functional ingredient for
heat-stable bakery fillings. Scientists are considering
various studies of gelation mechanisms and network
structural characteristics in polysaccharide gels at dif-
ferent scales of observation: macroscopic, microscopic,
and molecular. O. Hrabovska et al. (2020) studied the
structural and mechanical properties of fruit fillings for
flour confectionery. The use of a composition of modi-
fied starch and pectin allowed to reduce the cost of pro-
duction by replacing part of the expensive pectin with
starch. Based on the study of the influence of hydrocol-
loids on the structure of the fruit filling, organoleptic
characteristics, in particular, the migration of moisture
into the shell during storage of the finished product,
the optimal composition of the recipe mixture was



determined: pectin - 0.5%, modified starch - 4.5% of
the mass of the filling with a dry matter content of 72%.

S.Y. Chan et al. (2017) studied the interaction be-
tween whey proteins and low-methoxyl pectin in acid-
ifled dairy systems and established that below pH 4.5,
LM pectin forms electrostatic complexes with casein
micelles that contribute to gel reinforcement, with
complex formation proceeding most efficiently when
the temperature at the time of mixing does not ex-
ceed 60°C - a finding directly applicable to the pro-
cess stream control requirements of dairy-fruit filling
production. The study (Syrbe et al., 1998) examined the
mechanism underlying the interaction between pectin
and milk casein micelles and evaluated its effect on the
stability of dairy colloidal systems. It was demonstrated
that the interaction is primarily determined by the pH
of the surrounding medium.

The pseudoplastic (shear-thinning) behaviour ob-
served in all four model systems is consistent with
what T.G. Mezger (2006) describes as the defining rheo-
logical signature of polymer network systems in which
inter-chain entanglements are disrupted under shear
but re-form upon cessation of flow. The flow behaviour
index (n) values measured in this study followed a gra-
dient from Sample 1 (n closest to 1.0, near-Newtonian)
through Sample 4 (lowest n, strongest shear-thinning),
demonstrating that LM pectin is the primary structural
driver of pseudoplasticity in the mixed systems. This is
consistent with the theoretical framework presented by
J.F.Steffe (1996),who described how the contour length
and flexibility of polysaccharide chains determine the
onset and degree of shear-thinning in food biopoly-
mer solutions. The finding that starch alone (Sample
1) produced near-Newtonian behaviour confirms that
gelatinised modified starch contributes primarily to
yield stress and gel body rather than to shear-thinning
flow, while pectin governs the viscoelastic character of
the composite system. The yield stress data, showing
that hydroxypropyl distarch phosphate from waxy corn
(Thermflo) produced higher structural resistance than
the tapioca equivalent (Ultra-Tex) at the same concen-
tration, can be explained by differences in amylopectin
branch chain length distribution. E. Bertoft et al. (2024)
reported that waxy corn amylopectin contains a higher
proportion of short Bl-chains (degree of polymerisa-
tion 15-25) relative to tapioca amylopectin, producing
a more tightly clustered crystal lamella structure after
gelatinisation that generates a stiffer, more elastic gel
network on cooling. This structural difference trans-
lates directly into the higher yield stress and greater
resistance to mechanical deformation observed for
Thermflo-based systems in the present study.

The thixotropic hysteresis loop narrowing observed
upon addition of MCC is a mechanistic finding not previ-
ously documented for dairy-fruit filling systems. Scien-
tists M. Wang et al. (2025) demonstrated that cellulose
particle networks in food gels function as structural
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“buffers”: under high shear they deform elastically
rather than rupturing, and upon relaxation they re-es-
tablish inter-particle contact points more rapidly than
polymer chain re-entanglement allows. This mecha-
nism explains why MCC addition did not substantially
change the apparent viscosity at mid-range shear rates
but significantly narrowed the hysteresis loop: the cel-
lulose network restores structural connectivity faster
than either the starch or pectin network alone, produc-
ing the improved thixotropic recovery observed in the
present study. This property is of direct industrial rele-
vance: narrower hysteresis means the filling reaches its
target consistency more quickly after passing through
the shear zone of a depositing nozzle, reducing the risk
of drip defects and improving product-to-product con-
sistency on a production line. The two-stage gelation
behaviour of LM pectin in the presence of whey cal-
cium - calcium-mediated pectin-pectin crosslinking at
pH 5.0-4.9, followed by pectin-casein complex forma-
tion at pH 4.9-4.0 - is well established in the colloid
chemistry of dairy-polysaccharide systems. Researchers
F. Peyrano et al. (2019) studied the effect of processing
temperature on the extent of this two-stage interaction
and demonstrated that temperatures above 65°C at the
point of pectin-whey contact promote irreversible ag-
gregation of casein micelles by the calcium bridges in
the pectin network, leading to gel inhomogeneity and
reduced water-holding capacity. The critical control
point temperature of 55-60°C established in the pres-
ent study for combining the pectin and main process
streams is therefore mechanistically justified: it is suffi-
ciently low to prevent casein coagulation while remain-
ing high enough to maintain pectin in solution and al-
low controlled junction zone formation on cooling.
The authors P. Himashree et al. (2022) state that
factors such as temperature, shear force, pH, ionic
strength, etc. affect the functionality of these thicken-
ers and should be carefully optimised by food manu-
facturers during formulation development. In addition,
the type of thickener used affects the functionality of
the product. The addition of a protein-based thick-
ener increases the content of amino acids (arginine,
cysteine, histidine, lysine, proline and y-aminobutyric
acid) and contributes to improved nutritional and rhe-
ological properties. The heat stability of the optimised
Sample 3 during baking at 185-190°C - evidenced
by the complete absence of macroscopic syneresis
in éclair shells - can be attributed to the thermore-
versibility characteristics of calcium-crosslinked LM
pectin junction zones. According to D. Gawkowska et
al. (2018), the gel-to-sol transition temperature of a bi-
opolymer network is primarily governed by the binding
energy of the junction zone type: ionic calcium bridges
in LM pectin have substantially higher thermal stabili-
ty than the hydrogen bonds that govern high-methoxyl
pectin gelation, which is why LM pectin gels remain
intact at temperatures that would dissolve HM pectin
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structures. The present study provides direct empirical
confirmation of this principle under realistic industrial
baking conditions, and demonstrates that the thermal
stability is further enhanced when the LM pectin net-
work is embedded within a cross-linked starch matrix,
suggesting a co-operative structural reinforcement
mechanism between the two polymer networks. The
organoleptic superiority of Sample 3 over the control
formulation, particularly in colour and clarity (8.8/10
versus 6.4/10) and flavour (9.0/10 versus 6.2/10), re-
flects multiple concurrent improvements in the filling
system. The higher colour and clarity scores arise from
the ability of LM pectin to stabilise the fat-in-water
emulsion: according to J.N. BeMiller (2018), anion-
ic polysaccharides including LM pectin adsorb at the
oil-water interface and create electrostatic repulsion
between droplets, preventing coalescence and main-
taining the fine emulsion structure that produces a
brighter, more homogeneous appearance. The im-
proved flavour scores are consistent with a reduction
in heating intensity: the lower dry matter content of
Sample 3 (58.4% vs 62.3%) required less total cooking
time, preventing the Maillard browning and caramel
off-flavour development that were identified as quality
defects in the control formulation.

The establishment of a practical quality control
viscosity window of 18,000-24,000 mPa-s at 10 rpm
for dairy-fruit fillings represents one of the most di-
rectly applicable outcomes of this study for industrial
practice. This finding aligns with the broader principle,
described in F.B.A. Descallar et al. (2023), that rotation-
al viscometry at a single representative shear rate pro-
vides an adequate proxy for full flow curve characteri-
sation in routine production environments where time
and instrument access are limited. The specific window
identified in this study is consistent with the range re-
ported for similar cream-type products in the litera-
ture, confirming that the Brookfield DV3T instrument
protocol used here - 10 rpm, spindle SC4-27, 25°C,
60 s equilibration - provides a reliable and reproduc-
ible measurement basis for production-floor quality
monitoring without the need for full rheological pro-
filing. Taken collectively, the results of this study re-
solve an important practical knowledge gap: while the
individual functional properties of LM pectin, cross-
linked starch, and MCC in food systems have been well
characterised in the prior literature, their combination
in dairy-fruit fillings under industrial processing con-
ditions - including the influence of whey calcium on
LM pectin gelation, the critical stream-combining tem-
perature, and the lactic acid addition sequence - had
not previously been optimised as an integrated system.
The process control framework established here pro-
vides a reproducible protocol that can be transferred
directly to production without further laboratory de-
velopment, which is the principal practical contribu-
tion of this work.
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Conclusions

This study established the optimal stabilising system
for a milk-based jelly filling for flour confectionery prod-
ucts, based on a systematic comparison of four model
compositions. The three-component system comprising
0.6% low-methoxyl pectin (APA 104), 3.6% cross-linked
waxy corn starch (Thermflo), and 0.4% microcrystalline
cellulose (MCG 811) was identified as the optimal sta-
bilising composition. It produced an apparent viscos-
ity of 18,000-24,000 mPa-s at 10 rpm, the narrowest
thixotropic hysteresis loop among all tested systems,
and demonstrated complete absence of macroscopic
syneresis after baking in éclair shells at 185-190°C for
22 minutes. Pectin was identified as the primary driv-
er of pseudoplasticity (lowest flow behaviour index in
Sample 4 at 0.8% pectin). The optimised formulation
reduced dry matter content from 62.3% in the control
to 58.4%, replacing Starch 385 with LM pectin and re-
ducing sugar load, in line with clean-label reformula-
tion requirements. The filling demonstrated improved
freeze-thaw stability relative to the control and showed
no phase separation after temperature cycling between
-18°C and 20°C. The optimal concentration of MCC in
cream dairy-fruit fillings was confirmed at 4 kg/t (0.4%
of product mass). Within the range of 4-6kg/t, texture
stability is maximised and rubberiness is absent; below
3.5kg/t, syneresis risk increases; above 6kg/t, mouth-
feel becomes excessively firm.

Expert organoleptic evaluation confirmed that
Sample 3 achieved the highest quality polygon area
among all tested samples, with top scores for creamy
consistency (8/10) and behaviour within the product
body (10/10), and the lowest scores assigned to the
control formulation for Fruit taste (2/10) and 4/10 for
behaviour in the form. Based on the effects of the hy-
drocolloids on filling structure, organoleptic quality,
and moisture migration into the product body dur-
ing storage, the optimal formulation was established
as follows: pectin, 0.6%; modified starch, 3.6%; and
microcrystalline cellulose, 0.4%. This formulation en-
sured a stable creamy gel structure, minimal syner-
esis during baking and freezing, good heat stability,
and better organoleptic properties than the control.
In dairy-fruit systems containing MCC, emulsification
and overall stability were improved, while the desired
creamy mouthfeel was maintained, making MCC par-
ticularly suitable for low-fat and low-calorie products.
Future research should assess shelf-life stability over
a 6-12-month storage period under real distribution
conditions, quantify freeze-thaw cycle resistance using
industrial freezing protocols, and explore the applica-
bility of the optimised stabilising system to other flour
confectionery formats.

Acknowledgements

The authors wish to thank the team at FRUT EKS
LLC (Trebukhiv, Brovary district, Kyiv region, Ukraine)



Stetsenko et al.
53

for their collegial support and close collaboration Funding

throughout the experimental work. The authors also  The study was not funded.
extend their appreciation to the expert panel mem- .

bers who contributed to the sensory evaluation of the Conflict of Interest
filling samples. None.

References

[1] Alam,M.,Dar,B.N., & Nanda,V.(2024).Hydrocolloid-based fruit fillings: Acomprehensive review on formulation,
techno-functional properties, synergistic mechanisms, and applications. Journal of Texture Studies, 55(4), article
number e12861.doi: 10.1111/jtxs.12861.

[2] BeMiller,J.N. (2018). Carbohydrate chemistry for food scientists (3 ed.). Cambridge: Woodhead Publishing, AACC
International Press. doi: 10.1016/C2016-0-01960-5.

[3] Bertoft, E., Blennow, A., & Hamaker, B.R. (2024). Perspectives on starch structure, function, and synthesis
in relation to the backbone model of amylopectin. Biomacromolecules, 25(9), 5389-5401. doi: 10.1021/acs.
biomac.4c00369.

[4] Brookfield Engineering. (2017). More solutions to sticky problems: A guide to getting more from your Brookfield
viscometer. Middleboro: AMETEK Brookfield.

[5] Cao, Y., & Miao, L. (2023). Consumer perception of clean food labels. British Food Journal, 125(2), 433-448.
doi: 10.1108/BFJ-03-2021-0246.

[6] Chan,S.Y.,Choo,W.S.,Young,DJ., & Loh, XJ.(2017). Pectin as a rheology modifier: Origin, structure, commercial
production and rheology. Carbohydrate Polymers, 161,118-139.doi: 10.1016/j.carbpol.2016.12.033.

[7] Civille,GV., & Carr,B.T.(2016). Sensory evaluation techniques (5" ed). Boca Raton: CRC Press.doi: 10.1201/b19493.

[8] Descallar,F.B.A.,Yang, X., Geonzon, L.C., & Matsukawa, S.(2023). Network structure and molecular mechanisms
of food gels viewed from macroscopic, microscopic and molecular levels. Food Science and Technology Research,
29(3),171-195.doi: 10.3136/fstr.FSTR-D-22-00170.

[9] DSTU 7662:2014.(2015). Food concentrates. Methods for the determination of organoleptic indicators, the readiness
of concentrates for use and the assessment of the dispersity of the suspension. Retried from https://surl.li/tteeog.

[10] DSTU ISO 1842:2006. (2006). Fruit and vegetable products - determination of pH. Retried from https://online.
budstandart.com/ua/catalog/doc-page.html?id_doc=83131

[11] EFSA Panel on Food Additives and Nutrient Sources added to Food (ANS), et al. (2018). Re-evaluation
of celluloses E 460(i), E 460(ii),E 461,E 462,E 463,E 464,E 465,E 466,E 468 and E 469 as food additives. EFSA
Journal, 16(1), article number e05047. doi: 10.2903/j.efsa.2018.5047

[12] Fraeye, I., Doungla, E., Duvetter, T., Moldenaers, P, van Loey, A., & Hendrickx, M. (2009). Influence of intrinsic
and extrinsic factors on rheology of pectin-calcium gels. Food Hydrocolloids, 23(8), 2069-2077. doi: 10.1016/].
foodhyd.2009.03.022.

[13] Gallery, C., Agoda-Tandjawa, G., Bekaert, D., & Gitto, L. (2024). Understanding structure/rheology relationships
of amidated low-methoxyl citrus and apple pectin gels: Implications of sucrose, pectin types and characteristics.
Food Hydrocolloids, 152, article number 109950. doi: 10.1016/j.foodhyd.2024.109950.

[14] Gawkowska, D., Cybulska, J., & Zdunek, A. (2018). Structure-related gelling of pectins and linking with other
natural compounds: A review. Polymers, 10(7), article number 762. doi: 10.3390/polym10070762.

[15] Goryunoy, O., & Stetsenko, N. (2005). Fruit filler for food products. Utility Model Patent, 9465.

[16] Himashree, P, Sengar, A.S., & Sunil, C.K. (2022). Food thickening agents: Sources, chemistry, properties and
applications - a review. International Journal of Gastronomy and Food Science, 27, article number 100468.
doi: 10.1016/].ijgfs.2022.100468.

[17] Hrabovska, O., Kravchenko, M., & Sabadash, N. (2020). Fruit fillings for flour products based on the modified
starch and pectin. Commodity Science. Technologies. Engineering, 33(1),64-77.doi: 10.31617/tr.knute.2020(33)07.

[18] Huang, L., Fan,J., Han, C., Du, C., Wei, Z., & Du, D. (2025). Methods and instruments for the evaluation of food
texture: Advances and perspectives. Food Research International, 208, article number 116162. doi: 10.1016/].
foodres.2025.116162.

[19] Innova Market Insights. (n.d.). Innova is a global market insights provider with an international network of CPG
specialists covering six continents. Meet some of the skilled experts inspiring innovation and driving growth for our
customers around the world. Retrieved from https://www.innovamarketinsights.com/about/.

[20] ISO 11136:2014. (2014). Sensory analysis — methodology - general guidance for conducting hedonic tests with
consumers in a controlled area. Retried from https://surl.li/khhxzx.

[21] Kumar, A., Alam, M., Kumari, K., & Nanda, V. (2026). Transformation of quality attributes of dough, bakery
products, and bakery fillings using diverse hydrocolloids: A concise review. Journal of Food Process Engineering,
49(2), article number e70388. doi: 10.1111/jfpe.70388.

Commodity Bulletin, 2026, Vol. 19, No. 1


https://doi.org/10.1111/jtxs.12861
https://doi.org/10.1016/C2016-0-01960-5
https://doi.org/10.1021/acs.biomac.4c00369
https://doi.org/10.1021/acs.biomac.4c00369
https://www.brookfieldengineering.com/-/media/ametekbrookfield/tech-sheets/more-solutions-2017.pdf
https://www.brookfieldengineering.com/-/media/ametekbrookfield/tech-sheets/more-solutions-2017.pdf
https://doi.org/10.1108/BFJ-03-2021-0246
https://doi.org/10.1016/j.carbpol.2016.12.033
https://doi.org/10.1201/b19493
https://doi.org/10.3136/fstr.FSTR-D-22-00170
https://zakon.isu.net.ua/sites/default/files/normdocs/dstu_7662_2014.pdf
https://online.budstandart.com/ua/catalog/doc-page.html?id_doc=83131
https://online.budstandart.com/ua/catalog/doc-page.html?id_doc=83131
https://doi.org/10.2903/j.efsa.2018.5047
https://doi.org/10.1016/j.foodhyd.2009.03.022
https://doi.org/10.1016/j.foodhyd.2009.03.022
https://doi.org/10.1016/j.foodhyd.2024.109950
https://doi.org/10.3390/polym10070762
https://sis.nipo.gov.ua/en/search/detail/286962/
https://doi.org/10.1016/j.ijgfs.2022.100468
https://doi.org/10.31617/tr.knute.2020(33)07
https://doi.org/10.1016/j.foodres.2025.116162
https://doi.org/10.1016/j.foodres.2025.116162
https://www.innovamarketinsights.com/about/
https://www.iso.org/obp/ui/ru/?__cf_chl_f_tk=BNtNzbcrhFN1u3tcIzUu4O.BiRPG99r.EHdlrZws3us-1783411725-1.0.1.1-_69t0zThqxaSeG6eYrNLYehlbz515TGXoGI7YCPyimc#iso:std:iso:11136:ed-1:v1:en
https://doi.org/10.1111/jfpe.70388

Optimising the formulation of a milk-based jelly filling...
54

[22] Liu, Y., Wu, Q., Zhang, J., Yan, W., & Mao, X. (2024). Food emulsions stabilized by proteins and emulsifiers:
A review of the mechanistic explorations. International Journal of Biological Macromolecules, 261, article
number 129795. doi: 10.1016/j.ijbiomac.2024.129795.

[23] Masud, A., Basharat Nabi, D., & Vikas, N. (2024). Development and characterisation of nutritionally enriched
honey filling as novel alternative to commercial fat-based filling for bakery applications. Food and Humanity,
3, article number 100361. doi: 10.1016/j.foohum.2024.100361.

[24] Mezger, T.G.(2006). The rheology handbook: For users of rotational and oscillatory rheometers. Hannover: Vincentz
Network.

[25] OG Analysis. (2025). 2025 heat-stable fruit fillings market report: industry size, competition, trends and growth
opportunities by region - forecast by types and applications (2024-2032). Hague: OG Analysis. Retried from
https://www.marketresearch.com/OG-Analysis-v3922/Heat-Stable-Fruit-Fillings-Size-39507820/.

[26] Peyrano, F., de Lamballerie, M., Avanza, M.V., & Speroni, F. (2019). Rheological characterization of the thermal
gelation of cowpea protein isolates: Effect of pretreatments with high hydrostatic pressure or calcium addition.
LWT, 115, article number 108472.doi: 10.1016/j.lwt.2019.108472.

[27] Poudel,J., Bhattarai, S., Nath, N., & Tanti, B. (2025). An exclusive review of microcrystalline cellulose: Structure
and applications, and limitations. Materials Today Communications, 45, article number 112247. doi: 10.1016/].
mtcomm.2025.112247,

[28] Romero-Rosales, M., Romero-Luna, H.E., Cantu-Lozano, D., Andrade-Gonzalez, I., & Luna-Solano, G. (2025).
Functionality and modifications of food hydrocolloids: An approach to starch. Starch, 77(9), article number
e70083. doi: 10.1002/star.70083.

[29] Steffe, ).F. (1996). Rheological methods in food process engineering. New York: Freeman Press.

[30] Syrbe, A., Bauer, WJ., & Klostermeyer, H. (1998). Polymer science concepts in dairy systems - an overview
of milk protein and food hydrocolloid interaction. International Dairy Journal, 8(3), 179-193, doi: 10.1016/
50958-6946(98)00041-7.

[31] Wang, M.,Jiang, G., Guo, X.,Zeng, S., & Zhao, D. (2025). Cellulose functional gels: Physical design and promising
applications. Advanced Physics Research, 4(6), article number 2500020. doi: 10.1002/apxr.202500020.

Commodity Bulletin, 2026, Vol. 19, No. 1


https://doi.org/10.1016/j.ijbiomac.2024.129795
https://doi.org/10.1016/j.foohum.2024.100361
https://books.google.com.ua/books/about/The_Rheology_Handbook.html?id=Xxv5DwAAQBAJ&redir_esc=y
https://www.marketresearch.com/OG-Analysis-v3922/Heat-Stable-Fruit-Fillings-Size-39507820
https://www.marketresearch.com/OG-Analysis-v3922/Heat-Stable-Fruit-Fillings-Size-39507820
https://www.marketresearch.com/OG-Analysis-v3922/Heat-Stable-Fruit-Fillings-Size-39507820/?utm_source=chatgpt.com
https://doi.org/10.1016/j.lwt.2019.108472
https://doi.org/10.1016/j.mtcomm.2025.112247
https://doi.org/10.1016/j.mtcomm.2025.112247
https://doi.org/10.1002/star.70083
https://books.google.com.ua/books/about/Rheological_Methods_in_Food_Process_Engi.html?id=LrrdONuST9kC&redir_esc=y
https://doi.org/10.1016/S0958-6946(98)00041-7
https://doi.org/10.1016/S0958-6946(98)00041-7
https://doi.org/10.1002/apxr.202500020

Stetsenko et al.
55

OnTumMisauia peuentypwm XenenHoi HAYMHKN Ha MOJIOYHIN OCHOBI
3 BUKOPUCTAHHAM MiKPOKPUCTaNiYHOiI LeNioNo3n Ta NeKTUHY

HiHa CteueHko

HaykoBui crniBpobiTHMK 3 po3pobku peLenTyp
Somafina

84041, 851 North McCormick Way, M. JlenToH, CLLIA
https://orcid.org/0009-0006-8781-6417

Haranis LLanoBanoBa

KaHOoupart TeXHIYHUX HayK, OOLEeHT

[epXaBHWN TOProBesibHO-eKOHOMIYHWNI YHIBEpCUTET
02156, Byn. KioTo, 19, M. KuiB, YkpaiHa
https://orcid.org/0000-0002-9143-8600

AMNTpO AHTIOLIKO

KaHOoupat TeXHIYHUX HayK, OOLEeHT

[epXaBHWN TOProBesibHO-eKOHOMIYHWNI YHIBEpCUTET
02156, Byn. KioTo, 19, M. KuiB, YkpaiHa

https://orcid.org/0000-0002-4135-6439

AHoTauifs. MonoYHO-DPYKTOBI HAUMHKM AN OOPOLIHAHUX KOHAMTEPCbKMX BMPODIB 3anMLLAKOTHCS HELOCTaTHbO
[OCNIAKEHUMM 3 TEXHONOTMYHOIO MOMNSAAY, X04a [0 HMX BMCYBAKOTbCS BUCOKI eKCrayaTauiiHi BUMOTU: CTPYKTYpHA
CTabinbHicTb Nig yac BuMikaHHs 3a Temnepatypu 180-190°C, cTiMKicTb O CMHEpe3uncy Ta 36epexxeHHs 0AHOPIAHOT
KpemonoaibHoi TEKCTYpK NiCNs LUKIiB 3aMOPOXYBAHHS — pO3MOPOXKYBaHHS. MeTo A0CNiAXeHHS Byn0 ONTUMIi3yBaTH
peLenTypy >XenenHoi HaYMHKM Ha MOMOYHI OCHOBI 3 BUKOPUCTaHHSAM TPUKOMMOHEHTHOI CTabinisauiiHoi cucrtemm,
L0 CKNajanacsa 3 HM3bKOMeTOKCUAboBaHOro nektuHy (LMP, APA 104), MogudikoBaHOro Kpoxmanto (BOCKOMOAIGHOro
KykypyassHoro Thermflo Ta TaniokoBoro Ultra-Tex) i MikpokpuctaniyHoi uentonosn (MCC 811, E460). byno
BMIOTOB/IEHO YOTUPYU MOLENbHI CUCTEMM 3i CTANIUM BMICTOM CYXMX pevoBUH 8 %, 9Ki OLiHIOBaAW METOAOM pPOTaLiMHOT
Bicko3umeTpii (Brookfield DV3T) Ta ekcnepTHOro opraHonenTMYHOro aHanisy 3a 10-6anbHoto Wwkanot. BctaHoBneHo,
o peuenTtypa, gka Mictuna 0,6 % HM3bKOMETOKCUIbOBAHOMO MeKTUHY, 3,6 % mMoamdikoBaHoro kpoxmanto Ta 0,4
% MiKpOKpUCTaniyHoi Lentonos3un (3pasok 3), xapakTepusyBanacs ysBHow Ba3kicTio 18 000-24 000 mlla-c 3a
yactotn obeptaHHa 10 06/xB, HAMBYXXUYOK METNE TiCTEpPe3nUCy Cepen YCiX AOCNIIKEHUX CUMCTEM | HAWBULLMMM
eKCnepTHUMM OLLIHKAMM KOoMbopy Ta npo3opocTi (8,8 6ana), kpeMononibHoi KoHcucTeHuii (9,1 6ana) i noBemiHKM B
CTPYKTYpi BMpOOy nicns BunikaHHs (8,9 6ana). [opiBHAHO 3 KOHTPOBHOK MPOMMUCIOBOK PeLLENTYPOL0 ONTUMI30BaHa
HauMHKa Mana HMXYMI BMICT Cyxux pevyosuH — 58,4 % npotn 62,3 %, He BUABNSNA BUAMMOIO CMHEpE3UCy nicns
BMMiKaHHA B 00OONOHKAxX eKknepiB i XapakTepu3yBanacs 3HAYHO BMLLOK CTabiNbHICTIO MiCNS 3aMOPOXYBaHHS—
pO3MOPOXYBaHHS. [logaBaHHA MiKPOKPUCTaNiYHOI LLeNtoN03n B KiNbKOCTi 4 KI Ha TOHHY Ha4yMHKKM 3abe3neyyBano
KonoigHy crtabinisauito, 3By>KyBaso PeosioriyHy NeTio rictepe3ncy Ta MOKPaLlyBano TUKCOTPOMHE BiAHOBMEHHS.
OpepxaHi pe3ynbTaTu CBiAYaTh, WO CMHEPriYHa KOMBIHALIN HU3bKOMETOKCUIbOBAHOMO NEKTUHY, 3LLUMTOr0 KpOXManio
Ta MiKPOKPUCTaNivHOi Lentono3n € e@eKTMBHUM i NpUOATHUM A8 NPOMMUCIOBOrO MaclITabyBaHHS pilleHHAM Ang
po3pobneHHS TEPMOCTIAKMX MONOYHO-(PPYKTOBMX HAYMHOK i3 KYUCTOK ETUKETKOH»

KniouoBi cnoBa: MogndikoBaHU KpoxMasb; riapoKonoian; HU3bKOMETOKCUIbOBAHMIA NEKTUH; MOIOYHO-(PPYKTOBA
HaYMHKa; peonoris; TEpMOCTINKICTb; refieyTBOPEHHS
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Effect of pasteurisation on physicochemical and microbiological properties of milk
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Abstract. Study was to determine the effect of pasteurisation regimes on the quality and microbiological safety
of milk. Five independent production batches of milk from the “Vereya” and “Bozhentsy” brands were examined.
The samples were pasteurised at 63°C for 30 minutes, 72°C for 15 seconds and 85°C for 10 seconds, after which
their parameters were determined immediately after treatment, and on the third and seventh days of refrigerated
storage. Raw milk of the “Vereya” brand was characterised by higher protein and dry matter content and greater
viscosity, whilst “Bozhentsy” milk had higher titratable acidity and initial microbial count. All the treatment
regimes studied reduced alkaline phosphatase activity to below the established limit,and Salmonella spp., Listeria
monocytogenes, Escherichia coliand coagulase-positive staphylococci were not detected in the pasteurised samples.
The logarithmic reduction in the total number of microorganisms was 3.40, 3.91 and 4.33 log,,, respectively, for
the treatment regimes of 63°C for 30 minutes, 72°C for 15 seconds and 85°C for 10 seconds. Treatment at 85°C
resulted in the lowest residual microbial count; however, this was accompanied by the retention of only 69.1%
of soluble whey proteins, a colour difference of AE* 2.50 and an increased aftertaste of boiled milk. The 72°C for
15 seconds treatment ensured the retention of 87.8% of soluble whey proteins, the highest sensory acceptability
after seven days of storage, and a slower recovery of the microflora compared with the 63°C for 30 minutes
treatment. The results obtained can be used by process engineers at Bulgarian dairy processing plants to select
pasteurisation parameters, by quality control laboratories to compile testing programmes, and by producers of
drinking milk to adjust production processes without compromising the microbiological safety or consumer
properties of the products

Keywords: alkaline phosphatase; soluble serum proteins; sensory acceptability; mesophilic microorganisms;
psychrotrophic microflora; colour difference; cold storage

Introduction

Research relevance is determined by the need to deter-
mine the optimal pasteurisation regime for milk, one
that ensures its microbiological safety whilst minimis-
ing changes to its physicochemical and sensory prop-
erties. When assessing the stability of yoghurt enriched
with 5% and 10% chia seeds, G. Nakov et al. (2024)
monitored the physicochemical, microbiological and
sensory changes over a 21-day storage period at a tem-
perature of 4+ 1°C. During this period, the pH of the

Suggested Citation:

control sample decreased by 0.17 units, whilst in the
variants containing 5% and USD 10 chia, it decreased
by 0.08 and 0.13 units, respectively; the number of
lactic acid bacteria decreased from 9.005 to 8.775 log
CFU/g in the control and from 8.495 to 8.150 log CFU/g
in the sample with a 10% additive. The protein com-
position and biologically active components of donkey
milk were systematised by N.N. Zheleva (2022), which
focused primarily on lysozyme, lactoferrin and whey
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proteins, which are sensitive to the conditions of col-
lection and processing. According to the summarised
data, the average concentration of lysozyme was ap-
proximately 1.07 g/l, its activity ranged from 1,670 to
11,531 U/ml, and the lactoferrin content varied from
approximately 0.0048 to 0.080 g/L. Changes in the com-
position of traditional sheep’s cheese made from the
milk of the Karakachan breed during ripening were
studied by S. Stankov et al. (2023). The dry matter, total
protein and fat contents increased by approximately 7,
3 and 4% respectively; the water content decreased by
7%; and on day 60%, the proportions of saturated and
unsaturated fatty acids accounted for 66% and 34% of
their total amount.

A comparison of traditional thermal and non-ther-
mal methods of treating raw cow’s milk, with equiv-
alent microbiological efficacy, was conducted by
J.Chen et al. (2024). The application of high hydrostatic
pressure of 400 MPa for 5 minutes resulted in a loss
of approximately 6% of IgG and 16.2% of lactoferrin,
whilst at 600 MPa the corresponding losses reached
79.4% and 31.36% and following ultra-high-temper-
ature treatment - 97.16% and 70.85%. In a study by
T.Yu et al. (2022), the effects of high hydrostatic pres-
sure of 600 MPa for 15 minutes, pasteurisation at 72°C
for 15 seconds, and the sequential application of both
treatments during 30 days’ storage at 4°C were com-
pared. The total count of aerobic bacteria after pressure
treatment remained below 2.22 log CFU/ml, whereas
in pasteurised and combined-treated milk it exceeded
5.00 log CFU/mL; however, the sensory evaluations of
the samples after pressure treatment were lower. The
effect of pasteurisation temperature and cold storage
conditions on the growth of spore-forming bacteria
was determined by T.T. Lott et al. (2023) for milk treated
at 75,85 or 90°C for 20 s. On day 14, the average micro-
bial count was 1.82, 3.55 and 6.86 log CFU/ml at stor-
age temperatures of 3,6.5 and 10°C, respectively, whilst
the calculated time to reach 10® CFU/ml was reduced
from 68 to 27 and 10 days. The microbiota of 17 sam-
ples of commercial pasteurised milk with a shelf life
of 1 to 15 days were analysed by J. Zhao et al. (2024).
Proteobacteria, Firmicutes and Bacteroidetes accounted
for 94.54£4.22% of the bacterial community, whilst the
Enterococcus faecium SFM2 strain isolated from milk
retained 82.58 £0.01% of viable cells after two hours’
incubation at 50°C, compared with 28.20£0.04% for a
strain of different origin. Changes in enzymatic activity
and protein composition during the industrial stages of
milk pasteurisation, whey production and its reheating
during the manufacture of whey protein concentrate
were assessed by J. Haas et al. (2025). Following the first
heating, xanthine oxidase activity decreased by approx-
imately 15%; in unpasteurised whey, 25-45% of the in-
itial activity was retained, whereas after pasteurisation,
only 6-12% remained; at the same time, the concentra-
tions of lactoferrin, IgA and IgM decreased.

Terziyski
57

The effects of thermal pasteurisation and steri-
lisation on the microbiological safety, protein profile,
vitamin content and sensory properties of milk,as sum-
marised by A. Rabbani et al. (2025). According to the
data cited by the authors, following high-temperature
short-time pasteurisation, 59-76% of immunoglobulin
activity and 70-90% of lactoperoxidase activity were
retained, whilst heating at 80°C for 15 s resulted in the
retention of over 75% of lysozyme activity. The prac-
tical impact of cold chain disruptions on the stabili-
ty of pasteurised milk was examined by M. Al-Farsi et
al. (2021) based on the results of a survey of 281 retail
outlets and 12-day storage of products from two man-
ufacturers at temperatures of 5 and 8°C. The temper-
ature exceeded 5°C in 50.2% of the outlets surveyed,
whilst the total microbial count ranged from 3,960 to
8,680 CFU/mL in the products of the first manufacturer
and from 15 to 48 CFU/ml in those of the second; the
safe storage period at 5°C was determined to be nine
days. The analysed studies demonstrated that changes
in milk depend on the composition of the raw material,
the processing regime, residual microflora and storage
conditions. However, these studies did not comprehen-
sively compare treatment regimes of 63°C for 30 min-
utes, 72°C for 15 seconds and 85°C for 10 seconds on
independent batches of milk from two Bulgarian manu-
facturers, whilst simultaneously assessing the physico-
chemical, microbiological and sensory parameters over
a seven-day storage period.

Study aimed to determine the effect of three pas-
teurisation temperature-time regimes on the phys-
icochemical, microbiological and sensory properties
of milk from the “Vereya” and “Bozhentsy” brands, and
to identify the most balanced treatment regime. To
achieve this aim, the following objectives were set:
to compare the initial characteristics of the milk from
both brands; to assess changes in its quality and mi-
crobiological safety following pasteurisation at 63°C
for 30 minutes, 72°C for 15 seconds and 85°C for 10
seconds, and during seven days’ cold storage; to deter-
mine the processing regime that ensured adequate mi-
crobiological safety whilst minimising changes in the
physicochemical and sensory properties.

Materials and Methods

A laboratory-based experimental study was conduct-
ed in June 2026 at the Department of Milk and Dairy
Products Technology and the University Laboratory of
the University of Food Technologies, Plovdiv, Bulgaria.
Microbiological tests were conducted at the accredited
food testing laboratory LB Bulgaricum n.d., registration
number of the Bulgarian Accreditation Service (n.d.)
No. 138 LI. Samples for microbiological analysis were
collected under aseptic conditions into separate sterile,
airtight containers and labelled with the brand code,
batch number, pasteurisation conditions and test date.
They were transported to the laboratory in thermal
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containers with ice packs at a temperature of 2-6°C,
which was continuously monitored by a Testo 174 T
electronic data logger. The duration of transport did not
exceed four hours, and microbiological analysis com-
menced immediately upon the samples’ arrival at the
laboratory. Samples found to have compromised seals,
incorrect labelling or deviations from the required tem-
perature range were excluded from analysis.

The study was based on a factorial design with re-
peated measurements and covered two factors, both
between and within production batches: the brand of
milk and the pasteurisation temperature-time profile.
For parameters determined during storage, the time of
analysis was an additional factor. A production batch of
milk was considered to be an independent experimen-
tal unit. Each batch was divided between an untreated
control and three pasteurisation regimes; therefore, the
variants C, P1, P2 and P3, formed from a single batch,
were treated as paired observations. Parallel laboratory
measurements were not considered as separate inde-
pendent observations.

The study addressed standardised cow milk from
two Bulgarian brands. Milk from the “Vereya” (n.d.)
brand, which forms part of the United Milk Company’s
portfolio, was coded as TM-A. Milk from the “Bozhentsi”
brand, produced by ELVI Ltd. (n.d.), was coded as TM-
B. Milk with a target fat content of 2.5% was obtained
from each manufacturer; it was sampled from the pro-
duction line after clarification, separation, standardi-
sation and homogenisation, but before industrial heat
treatment. Using milk before the pasteurisation stage
assessed the direct effect of the treatment regimes
under investigation, rather than the consequences of
reheating the finished pasteurised or ultra-pasteurised
product. Five independent production batches, man-
ufactured on different days, were sampled from each
manufacturer. The total sample comprised ten batches:
A1-A5 for TM-A and B1-B5 for TM-B. The interval be-
tween the sampling of the first and last batches from a
single manufacturer did not exceed 30 days. From each
batch, 10.5 dm? of milk was sampled, so the total vol-
ume of the test material was 105 dm?®. Of this volume,
1.20 dm?* was used for the untreated control, 2.79 dm?
each for each of the three pasteurisation regimes, and
0.93 dm? was retained as a reserve. This volume en-
sured that physico-chemical, microbiological and sen-
sory analyses could be conducted in separate sealed
containers at each stage of the analysis.

The milk was sampled directly from the process
tank following standardisation and homogenisation.
Before sampling, the contents of the tank were stirred
following production regulations. Clean, airtight con-
tainers made of food-grade polymer were used for
physico-chemical analyses, whilst pre-sterilised con-
tainers were used for microbiological tests. Each
sample was labelled with the brand code, production
batch number, and the date and time of sampling. After
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sampling, the samples were placed in thermal contain-
ers with ice packs. The temperature during transport
was maintained within the range of 2-6°C and moni-
tored using a Testo 174 T electronic data logger (Testo
SE & Co.KGaA, Germany). The duration of transport did
not exceed four hours. Before pasteurisation, the milk
was stored at a temperature of 4+ 1°C for no longer
than 12 hours. Before a batch was included in the ex-
periment, its appearance, colour, odour, homogeneity
and the absence of flakes, sediment and mechanical
impurities were assessed. The presence of antibacterial
and other inhibitory substances was tested using the
Delvotest T test system. Batches with a positive or in-
conclusive result were excluded from the experiment.

After gentle mixing, each batch was divided into
four variants. The control variant K was not subjected
to heat treatment and was used to determine the in-
itial physicochemical properties and initial microbial
contamination. Variant P1 was pasteurised at 63+0.5°C
for 30 minutes. Variant P2 was treated at 72 + 0.5°C
for 15 seconds. Variant P3 was subjected to intensive
heat treatment at 85 #0.5°C for 10 seconds. The treat-
ment regimes of 63°C for 30 minutes and 72°C for
15 seconds corresponded to the minimum tempera-
ture-time combinations for extended low-temperature
and short-duration high-temperature pasteurisation, as
established by European Union legislation (Regulation
(EC) No. 853/2004 of the European Parliament and of
the Council, 2004). The 85°C for 10 s treatment was
used as an experimental intensified treatment to as-
sess the additional reduction in residual microflora and
heat-induced changes in the protein system, colour, vis-
cosity and sensory profile. A total of 40 treatment vari-
ants were established: ten production batches, each of
which was divided between the control and three pas-
teurisation regimes. These 40 variants were not consid-
ered completely independent, as four variants derived
from a single batch shared a common origin.

The milk was pasteurised in a Julabo CORIO CD-
B13 circulating thermostatic water bath (JULABO
GmbH, Germany). For each treatment, 31 sterile, thin-
walled glass containers with a capacity of 100 cm? were
used. Each vessel was filled with 90 cm? of milk and
sealed with a sterile lid. Thirty vessels were used for
laboratory and sensory studies, whilst one identically
filled vessel was used for temperature control. A type
T thermocouple, connected to a Testo 176 T4 data log-
ger, was placed at the geometric centre of the control
vessel. Once the treatment was complete, the contain-
ers were transferred to an ice-water bath and cooled
to a temperature not exceeding 6°C for 15 minutes.
The duration of cooling and the final temperature were
recorded in the laboratory report. The containers were
weighed before and after heating on a Radwag AS 220.
R2 analytical balance (RADWAG Wagi Elektroniczne, Po-
land). If the weight loss exceeded 0.5%, the relevant
sample was discarded, and pasteurisation was repeated



using a reserve batch. The order of batch processing
and pasteurisation regimes was determined by com-
puterised randomisation. After pasteurisation, the con-
tainers were coded with random three-digit numbers.
The specialists conducting the laboratory and sensory
analyses were not informed of the brand name or pas-
teurisation regime until the initial data processing had
been completed.

The pasteurised samples were stored in a cold
room at a temperature of 4% 1°C. The temperature was
continuously monitored using a Testo 174 T data log-
ger. A batch was excluded from the study if the tem-
perature decreased outside the permissible range for
more than one hour. Of the 30 analytical containers for
each pasteurised variant, 10 were used at the initial
time point DO, four on the third day (D3) and 10 on the
seventh day (D7). The remaining six containers were
allocated to parallel microbiological analyses and sen-
sory sessions. At each time point, individual containers
were opened; reopening or returning the sample to
storage was not permitted. Physicochemical and mi-
crobiological analyses at time point DO were conduct-
ed immediately after cooling. Time points D3 and D7
corresponded to the third and seventh days of refriger-
ated storage. The untreated control milk was analysed
only before pasteurisation.

The physico-chemical analysis included the de-
termination of free and titratable acidity, density, fat
content, total protein, lactose, dry matter, non-fat milk
solids, freezing point, dynamic viscosity, colour char-
acteristics, alcohol stability, concentration of soluble
whey proteins and residual alkaline phosphatase activ-
ity. Active acidity was determined potentiometrically at
a temperature of 20 # 2°C using a Hanna Instruments
HI 2211 pH meter (Hanna Instruments, Romania). Be-
fore each series of measurements, the instrument was
calibrated using buffer solutions with pH values of
4.01, 7.01 and 10.01. The reading was recorded after
the electrode had stabilised and was reported to an
accuracy of 0.01 pH units. Titratable acidity was de-
termined by the neutralisation method. To 10 cm?® of
milk, 20 cm?® of distilled water and three drops of a
1% phenolphthalein alcohol solution were added. The
mixture was titrated with a sodium hydroxide solution
of 0.1 mol/dm? until a pale pink colour appeared, which
persisted for one minute. The result was expressed in
Turner degrees. Density was determined at a tempera-
ture of 20+ 2°C using an AMT thermolactodensimeter
(@ milk hydrometer with a built-in thermometer) with
a range of 1,015-1,040 kg/m3. The result was corrected
to a temperature of 20°C.

The mass fractions of fat, total protein, lactose, dry
matter, dry non-fat milk solids and the freezing point
were determined using mid-infrared spectroscopy on a
MilkoScan FT1 analyser (FOSS, Denmark). Calibration
and quality control of the instrument were conduct-
ed following 1SO 9622:2013|IDF 141:2013 (2013). The

Terziyski
59

mass fraction of dry matter was additionally verified by
the gravimetric method following ISO 6731:2010]IDF
21:2010 (2010). Dynamic viscosity was determined us-
ing a Brookfield DV2T rotational viscometer fitted with
an LV-1 spindle at a temperature of 20 ISO+0.5°C and
a rotation speed of 60 rpm. The same measurement
parameters were used for all samples. The result was
expressed in mPa-s.

Colour was measured using a Konica Minolta CR-
400 colourimeter (Konica Minolta,Japan) in the CIELAB
colour space. The L, a* and b* coordinates were record-
ed. The overall colour difference from the raw milk of
the corresponding batch was calculated using the fol-
lowing formula (1):

AE* = \[(AL*)? + (Aa*)? + (Ab*)?, 1)

where AE* - total colour difference between pasteur-
ised and unprocessed milk; AL* - difference between
the lightness values of the test and control samples;
Aa* - difference in colour coordinates along the green-
to-red axis; Ab* - difference in colour coordinates along
the blue-to-yellow axis. Values of ALY, Aa* and Ab* were
determined as the difference between the correspond-
ing colour coordinates of the pasteurised sample and
the raw milk from the same production batch.

Alcohol stability was assessed by mixing equal
volumes of milk and ethyl alcohol at concentrations
of 68%, 72%, 75% and 80%. The result was defined as
the highest ethanol concentration at which no flakes,
clots or marked coagulation were observed. The con-
centration of soluble serum proteins was determined
after casein precipitation at pH 4.6. Samples were cen-
trifuged for 15 minutes at 10,000 g and 4°C. The pro-
tein concentration in the supernatant was determined
using the M.M. Bradford (1976) method at a wavelength
of 595 nm, with bovine serum albumin used to estab-
lish the calibration curve.The degree of preservation of
soluble serum proteins was calculated as the ratio of
their concentration after pasteurisation to the concen-
tration in the raw milk from the same batch, multiplied
by 100%. Alkaline phosphatase activity was determined
by a fluorometric method using the Fluorophos ALP
Test System (Advanced Instruments, LLC, USA) based on
SO 11816-1:2024|IDF 155-1:2024 (2024). The result
was expressed in mU/L. The test was considered neg-
ative if the enzyme activity did not exceed 350 mU/L,
following Commission Implementing Regulation (EU)
No. 2019/627 “Laying down uniform practical arrange-
ments for the performance of official controls on prod-
ucts of animal origin intended for human consumption
in accordance with Regulation (EU) 2017/625 of the
European Parliament and of the Council and amending
Commission Regulation (EC) No. 2074/2005 as regards
official controls (Text with EEA relevance.)” (2019).

Active and titrated acidity, viscosity and colour
were determined at points DO, D3 and D7. Density, mass
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fractions of fat, protein, lactose, dry matter and non-
fat milk solids, freezing point and alkaline phosphatase
activity were determined at DO. Each physicochemical
determination was conducted in triplicate. For statisti-
cal analysis, the mean value of the replicates within a
single production batch and under the same operating
conditions was used.

For microbiological analysis, after mixing, 10 cm?
of milk was transferred to 90 cm?® of sterile pep-
tone-saline solution and a series of tenfold dilutions
was prepared. The number of mesophilic aerobic and
facultative anaerobic microorganisms was determined
by the deep-plate method on Plate Count Agar, incu-
bated at 30+ 1°C for 72 =3 hours following ISO 4833-
1:2013 (2013). Psychrotrophic microorganisms were
determined by surface plating on Plate Count Agar
and incubated at 6.5 = 1°C for ten days based on
SO 17410:2019 (2019). Enterobacteriaceae in raw milk
were counted on Violet Red Bile Glucose Agar follow-
ing ISO 21528-1:2017 (2017). In pasteurised samples,
a detection method with pre-enrichment was used
following ISO 21528-1:2017, as the expected number
of microorganisms was less than 100 CFU/ml. B-glu-
curonidase-positive Escherichia coli were identified on
Tryptone Bile X-glucuronide Agar at 44 + 1°C follow-
ing ISO 16649-2:2001 (2001). Typical blue-green col-
onies were subject to confirmation. Coagulase-positive
staphylococci were identified on Baird-Parker agar with
egg yolk and tellurite supplement following ISO 6888-
1:2021 (2021). Typical colonies were confirmed by the
coagulase test. Yeasts and moulds were identified on
Dichloran Rose Bengal Chloramphenicol Agar at a tem-
perature of 25+ 1°Cbased on ISO 21527-1:2008 (2008).
Yeasts were counted after three days, and moulds after
five days of incubation.

Bacteria suspected of belonging to the Bacillus ce-
reus group were identified on Mannitol Egg Yolk Pol-
ymyxin Agar based on ISO 7932:2004 (2004). Typical
colonies were subjected to confirmatory tests. Salmo-
nella spp. were identified in 25 cm?® of milk following
ISO 6579-1:2017 (2017). The method involved non-se-
lective and selective enrichment, plating onto selec-
tive media and confirmation of typical colonies. Listeria
monocytogenes was detected in 25 cm? of milk using a
two-stage enrichment method and plating onto Agar
Listeria according to Ottaviani and Agosti (ALOA) agar
following 1SO 11290-1:2017 (2017). The total count of
mesophilic and psychrotrophic microorganisms was
determined in the raw milk and in pasteurised samples
at time points DO, D3 and D7. Enterobacteriaceae, E. coli,
coagulase-positive staphylococci, yeasts, moulds and B.
cereus were determined in raw milk and in pasteurised
samples at DO and D7. Salmonella spp. and L. monocy-
togenes were determined in the raw milk of each batch
and in all pasteurised samples at DO. Each quantita-
tive determination was conducted in at least two par-
allel dishes. The results were expressed in CFU/ml and
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converted to log,, CFU/ml before statistical analysis.
The logarithmic reduction in the total number of mi-
croorganisms was calculated separately for each batch
as the difference between the log,, of the number of
microorganisms in the raw milk and the log,, of their
number in the corresponding pasteurised variant at DO.
Results below the limit of quantification were reported
as “<1.00 log,, CFU/mL". For the purposes of statisti-
cal analysis, such results were assigned a value corre-
sponding to half the method’s limit of quantification.

The effectiveness of pasteurisation was assessed
based on a set of criteria: alkaline phosphatase activity
not exceeding 350 mU/L, the absence of Salmonella spp.
and L. monocytogenes in 25 ml, the absence of E. coli
in the tested volume, and compliance with the process
criterion for Enterobacteriaceae. Compliance with the
Enterobacteriaceae criterion was assessed at time point
DO based on a design of n=5,c=2, m<1 CFU/ml and
M=5 CFU/ml, as established for pasteurised milk at the
end of the production process (Commission Regulation
(EC) No. 2073/2005, 2005). The D7 results were used
to characterise microbiological stability during storage,
rather than to assess compliance with the process cri-
terion at the end of pasteurisation.

Sensory evaluation was conducted for variants
P1, P2 and P3. The tasters were not served any un-
processed milk. The panel comprised 12 selected and
trained assessors aged between 21 and 55. Selection
and training were conducted based on ISO 22935-
1:2023]IDF 99-1:2023 (2023), whilst the procedure for
presenting and evaluating samples was conducted fol-
lowing 1SO 22935-2:2023|IDF 99-2:2023 (2023). The
study was conducted based on the principles of volun-
tariness, confidentiality and personal data protection
stipulated in the ICC/Esomar International Code on
Market, Opinion and Social Research and Data Analyt-
ics (2025) and the European Commission (2021) Guide-
lines on Ethics and Data Protection. Individuals with
cow’s milk protein allergy, lactose intolerance, acute
respiratory diseases or impairments of smell and taste
were excluded from participation.

The initial sensory evaluation was conducted fol-
lowing the laboratory acceptance of the samples. In the
table of sensory results, this baseline was designated
as DO, although it referred to the initial evaluation fol-
lowing confirmation of safety, and not necessarily the
calendar day of pasteurisation. The second session was
conducted at point D7. Samples were served in white,
opaque glasses, coded with random three-digit num-
bers. The portion volume was 30 cm?, and the serving
temperature was 17 +2°C. The order of presentation was
randomised using a balanced scheme. During a single
session, each assessor analysed no more than six sam-
ples. Between samples, participants rinsed their mouths
with still water and took a break of at least one minute.

The intensity of the milky flavour, the aftertaste of
boiled milk and the sulphurous note were assessed, as



well as the uniformity of texture and overall accepta-
bility. The intensity of the sensory characteristics was
rated on a scale of 0 to 10 points: O - characteristic
absent; 1 - barely perceptible; 2 - very faint; 3 - faint;
4 - moderately faint; 5 - moderate; 6 — moderately pro-
nounced; 7 - pronounced; 8 - strong; 9 - very strong;
10 - maximally pronounced. Consistency and overall
acceptability were assessed on a nine-point scale: 1 -
extremely unacceptable; 2 - very unacceptable; 3 - un-
acceptable; 4 - somewhat unacceptable; 5 - neutral;
6 - somewhat acceptable; 7 - acceptable; 8 - very ac-
ceptable; 9 - highly acceptable.

The temperature-time regime was determined in
two stages. In the first stage, any regime that did not
result in a negative reaction to alkaline phosphatase,
the absence of the pathogenic microorganisms under
investigation, or compliance with the Enterobacteriace-
ae criterion at DO was excluded from further compari-
son. In the second stage, amongst the regimes that met
the safety criteria, the following were compared: the
logarithmic reduction in microflora, the total microbial
count at D7, the preservation of soluble serum proteins,
the colour difference AE*, the change in viscosity, al-
cohol resistance and overall sensory acceptability. The
most balanced treatment was considered to be the one
that ensured a lower microbial count and a slower re-
covery of microflora compared with the least intensive
treatment, but caused fewer changes to the protein sys-
tem, colour, viscosity and sensory profile compared with
the most intensive heating treatment.

For each production batch, laboratory replicates
were averaged to a single value. Physicochemical pa-
rameters were reported as the arithmetic mean and
standard deviation. Microbiological results were an-
alysed after conversion to log,, CFU/mLl The initial
characteristics of milk from TM-A and TM-B were
compared using Welch’s t-test. Parameters determined
only at time point DO were analysed using a two-fac-
tor mixed-effects analysis of variance model, in which
the brand, pasteurisation regime and their interaction
were treated as fixed effects, whilst the production
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batch within the brand was treated as a random effect.
For parameters determined at time points DO, D3 and
D7, a linear mixed-effects model was applied, which
included brand, pasteurisation regime, storage dura-
tion and their interaction as fixed effects, and the pro-
duction batch as a random effect. Sensory parameters
were analysed using a mixed-effects model, in which
the brand, pasteurisation regime and evaluation peri-
od were fixed effects, whilst the evaluator and produc-
tion batch were random effects. The critical level of
statistical significance was p <0.05. Statistical analysis
was conducted using R version 4.5.1, with the lme4
and lmerTest packages.

Before each series of tests, the equipment was
checked and calibrated based on manufacturer’s in-
structions. For physico-chemical analyses, certified
buffer solutions, standard milk samples, calibration
solutions and blank samples were used. In each series
of microbiological tests, the sterility of culture media,
solvents, pipettes and laboratory glassware was veri-
fied. The reference strains Escherichia coli ATCC 25922,
Staphylococcus aureus ATCC 25923, Salmonella Typhimu-
rium ATCC 14028, Listeria monocytogenes ATCC 19115
and Bacillus cereus ATCC 11778 were used as positive
control cultures. A separate protocol was maintained
for each batch, recording the brand code, batch num-
ber, date and time of sampling, transport temperature,
initial milk temperature, heating time, actual exposure
temperature, holding time, cooling time, final temper-
ature, mass before and after treatment, and the date
of each analysis.

Results

Physicochemical properties

of milk following pasteurisation and cold storage
Before heat treatment, initial differences were observed
between the two brands of milk in terms of acidity, pro-
tein content, dry matter, non-fat milk solids and viscos-
ity. The mass fractions of fat and lactose, as well as the
density and freezing point, did not differ statistically
between the samples under investigation (Table 1).

Table 1. Initial physico-chemical parameters of milk from the brands under investigation

Indicator Vereya (TM-A) Bozhentsy (TM-B) p
Active acidity, pH 6.70%0.02 6.68+0.02 0.041
Titratable acidity, °T 16.3+0.4 16.8+0.4 0.018
Density, kg/m?® 1,028.8%0.3 1,029.1+0.4 0.184
Fat content by mass, % 2.53+0.04 2.49+0.05 0.176
Protein content by mass, % 3.25+0.05 3.18+0.04 0.013
Mass fraction of lactose, % 4.72+0.06 4.67+0.05 0.062
Mass fraction of dry matter, % 11.56%+0.10 11.41+0.12 0.029
Dry skimmed milk solids, % 9.03+0.07 8.92+0.09 0.021
Freezing point, °C -0.530+0.003 -0.528+0.004 0.354
Dynamic viscosity, mPa-s 1.83+0.04 1.76£0.05 0.027

Note: M = SD are provided for five independent production batches

Source: compiled by the author based on ISO 6731:2010\IDF 21:2010 (2010), ISO 9622:2013|IDF 141:2013 (2013)
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The higher total protein content in TM-A milk was
associated with a higher mass fraction of dry matter
and non-fat milk solids. This combination of differ-
ences corresponded to a higher initial viscosity of this
milk. The difference in the mass fraction of fat did not
reach statistical significance; therefore, the differenc-
es in rheological properties were not related to the fat
phase. TM-B milk was characterised by a higher titrata-
ble acidity - 16.8+0.4°T compared with 16.3+0.4°T in
TM-A (p=0.018),as well as a lower value for active acid-
ity - pH 6.68 +0.02 compared with 6.70%£0.02 in TM-A
(p=0.041). The observed difference was not accompa-
nied by signs of instability or protein coagulation. The
alcohol test confirmed the stability of all initial batches
against a 72% ethyl alcohol solution. Coagulation at

an ethanol concentration of 75% was observed in two
batches of TM-B and one batch of TM-A. Similar val-
ues for density, freezing point and lactose mass fraction
indicated a comparable degree of milk standardisation
and the absence of signs of water addition. The differ-
ences identified between the brands mainly concerned
the protein and dry matter components and were ad-
dressed during the subsequent comparison of the milk’s
response to heat treatment. The temperature-time re-
gime had a statistically significant effect on active and
titratable acidity, viscosity, colour, the concentration of
soluble whey proteins and the residual activity of alka-
line phosphatase. The mass fractions of fat, total pro-
tein, lactose, dry matter and non-fat milk solids did not
change significantly after pasteurisation (Table 2).

Table 2. Physico-chemical properties of milk immediately after heat treatment

. Viscosity, " Retention of soluble Alkaline
Trademark Mode PH Acidity, °T mPax:y AE serum proteins, % phosphatase, mU/L
K 6.70+0.02 16.3£0.4 1.83£0.04 0 100.0 > 10,000
TM-A P1 6.68+0.02 16.6*£0.4 1.86%0.04 0.72+0.18 92.8+1.9 118+21
P2 6.67+0.02 16.7%0.3 1.87£0.05 1.08%0.20 88.7%2.2 47+13
P3 6.63+0.03 17.2£0.4 1.94£0.05 2.41+0.27 70.3+2.8 125
K 6.68+0.02 16.8+0.4 1.76 £0.05 0 100.0 >10,000
T™-B P1 6.66+0.02 17104 1.80£0.04 0.79+0.16 91321 132+£25
P2 6.65+0.02 17.2£0.3 1.81+£0.04 1.15%£0.19 86.9%+2.4 54+15
P3 6.61%0.03 17.7+0.4 1.89+0.05 2.58+0.31 67.8%3.0 15+6

Note: K - raw milk; P1 - pasteurisation at 63°C for 30 minutes; P2 - at 72°C for 15 seconds; P3 - at 85°C for 10 seconds. Modes P1
and P2 correspond to the minimum temperature-time combinations for pasteurisation laid down in Regulation (EC) No. 853/2004 of
the European Parliament and of the Council “Laying down specific hygiene rules for food of animal origin” (2004). AE* is calculated
using formula (1) in relation to the raw milk of the relevant production batch

Source: compiled by the author based on Regulation (EC) No. 853/2004 of the European Parliament and of the Council (2004),
Commission Implementing Regulation (EU) No. 2019/627 (2019), ISO 11816-1:2024|IDF 155-1:2024 (2024)

Following regimens P1 and P2, changes in pH and
titratable acidity remained limited. Regime P3 was ac-
companied by a greater decrease in pH and an increase
in titratable acidity in both brands. The interaction be-
tween brand and regime for these parameters was not
statistically significant, indicating a similar response in
the milk from the two manufacturers. The increase in
viscosity depended on the processing temperature. After
P1, the viscosity of TM-A milk increased from 1.83+0.04
to 1.86 £0.04 mPa-s, i.e., by 1.6%, whilst that of TM-B
milk increased from 1.76£0.05 to 1.80+0.04 mPa-s,or by
2.3%.After P2,the values were 1.87+0.05 and 1.81+0.04
mPa-s, respectively, which exceeded the initial vaues by
2.2% and 2.8%. After P3, the viscosity increased by ap-
proximately 6% relative to the initial level. This change
was consistent with a reduction in the proportion of
soluble whey proteins and the formation of additional
protein interactions in the milk system. The retention of
the soluble whey protein fraction after P1 exceeded 90%
in the milk of both brands. After P2, the proportion of
undenatured proteins decreased to approximately 87-
89%. The P3 regime caused a reduction in this figure by
almost a third. The difference between P3 and the oth-
er two regimes was statistically significant at p <0.001.
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Colour changes following P1 remained below one
AE* unit, whilst those following P2 approached one unit.
Following P3, the total colour difference exceeded 2.4
units for both brands. The change was primarily due to a
decrease in lightness (L) and an increase in the b* coor-
dinate, which corresponded to an intensification of the
yellow hue. The residual alkaline phosphatase activity
after all treatment regimes was below the threshold lev-
el of 350 mU/L. The highest values were observed after
P1, although no batch exceeded the established limit.
After P2 and P3, enzyme activity decreased further. Con-
sequently, all the treatment regimes studied ensured an
adequate pasteurisation effect, and regimes P1 and P2
met the minimum temperature-time combinations stip-
ulated by European Union legislation (Regulation (EC)
No. 853/2004 of the European Parliament and of the
Council, 2004). The mass fraction of fat after heat treat-
ment varied within the range of 0.01-0.03 percentage
points, that of total protein within the range of 0.01-
0.04 percentage points, and that of lactose by no more
than 0.03 percentage points. No statistically significant
differences were found between the control and pas-
teurised samples for these parameters. The freezing
point also remained stable. After P1 and P2, all samples



remained homogeneous in a 75% ethanol solution. Af-
ter P3, coagulation at this concentration was observed
in three batches of TM-A and four batches of TM-B. At
an ethanol concentration of 72%, all samples remained
stable. Reduction in alcohol tolerance following P3 cor-
responded to a more pronounced restructuring of the
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protein-colloid system. Over the course of seven days
of cold storage, all pasteurised samples showed a de-
crease in pH,an increase in titratable acidity and a grad-
ual increase in viscosity. The extent of these changes
depended on the brand, the pasteurisation method and
the duration of storage (Table 3).

Table 3. Changes in acidity and viscosity of pasteurised milk during storage

Trademark | Mode pH, D0O/D3/D7 Acidity, °T, DO/D3/D7 Viscosity, mPaxs, DO/D3/D7
P1 6.68+0.009/6.64+0.010/6.58=0.011 16.6+0.18/17.2+0.20/18.1£0.22 | 1.86+0.018/1.90+0.020/1.97 £0.022
T™M-A P2 6.67+0.009/6.64+0.010/6.60=0.011 16.7+0.13/17.1+0.14/17.8+£0.16 | 1.87£0.022/1.90+0.024/1.95+0.026
P3 6.63+0.013/6.61+0.014/6.57 £0.016 17.2+0.18/17.6+0.20/18.4%0.22 | 1.94%0.022/1.98+0.024/2.05+0.026
P1 6.66+0.009/6.61 % 0.010/6.53+0.011 17.1+0.18/17.9+0.20/19.0£0.22 | 1.80%£0.018/1.86+0.020/1.95%0.022
TM-B P2 6.65+0.009/6.62+0.010/6.56 £0.011 17.2+£0.13/17.8+0.14/18.6+0.16 | 1.81+0.018/1.85+0.020/1.92+0.022
P3 6.61+0.013/6.59+0.014/6.54%0.016 17.7+0.18/18.1£0.20/18.9+0.22 | 1.89+0.022/1.94+0.024/2.01£0.026

Note: TMan values and approximate standard errors of the mean are given. DO - immediately after pasteurisation; D3 - the third day;
D7 - the seventh day of refrigerated storage. P1 - pasteurisation at 63°C for 30 minutes; P2 - at 72°C for 15 seconds; P3 - at 85°C

for 10 seconds
Source: compiled by the author

The greatest change in active acidity during stor-
age was observed following storage regime P1.1n TM-B
milk, the decrease in pH was more pronounced than
in the corresponding TM-A variant. The interaction be-
tween brand, storage regime and storage duration were
statistically significant at p=0.038. Following P2, acidity
changed more slowly than following P1.On the seventh
day, the pH value remained higher, whilst the titrata-
ble acidity was lower compared with low-temperature
extended pasteurisation. This trend corresponded to a

less intense recovery of residual microflora. The initial
acidity values after P3 were higher than after P1 and
P2. The subsequent increase during storage was of a
smaller relative magnitude; however, the absolute level
of titratable acidity on the seventh day remained el-
evated due to changes that occurred directly during
heating. After seven days of cold storage, changes in
colour characteristics, alcohol stability and the degree
of preservation of soluble whey proteins in samples of
pasteurised milk were analysed (Table 4).

Table 4. Colour characteristics, alcohol stability and preservation of soluble serum proteins
after seven days of refrigerated storage

Trademark | Mode | L',M+SE | a*,M=SE | b*,M*SE | AE*,M£SE | Alcohol tolerance, % ethanol | Retention of soluble serum proteins, %
Ml | 86.4+0.3 | -0.62+0.02 | 9.1+0.2 1.42 74£1.0 96.8+0.4
T™M-A M2 | 85.7+0.4 | -0.58+0.03 | 9.6+0.3 1.71 72%1.2 95.9%0.5
M3 | 83.9+0.5 | -0.51+0.03 | 10.4%0.3 3.01 68+1.3 93.7+0.6
M1 | 871+0.3 | -0.65+0.02 | 8.8+0.2 1.54 75%1.0 97.2+0.4
T™M-B M2 | 86.2+x0.4 | -0.60+0.03 | 9.4+0.3 1.89 73£1.1 96.1+0.5
M3 |84.10+0.5|-0.52+0.03 | 10.6+0.3 3.24 69+1.2 94.0%0.6

Note: Parameters determined on the seventh day of cold storage are presented. AE* was calculated using formula (1) relative to the
untreated milk from the corresponding production batch. Alcohol stability is expressed as the highest concentration of ethanol at

which no coagulation of the milk was observed
Source: compiled by the author

Viscosity increased in all experimental treatments.
Following P1, the increase was mainly attributable
to changes during storage, whereas following P3, a
significant proportion of the increase occurred im-
mediately after pasteurisation. The P2 treatment was
characterised by the smallest overall change in vis-
cosity between the initial state and the seventh day.
Colour characteristics also changed during storage.
On the seventh day, the total colour difference after
P1 was 1.42 units for TM-A and 1.54 units for TM-B.
After P2, the corresponding values reached 1.71 and

1.89 units. After P3, the values rose to 3.01 and 3.24
units. The increase in AE* during storage was mainly
due to a decrease in lightness and a subsequent shift
of the b* coordinate in the positive direction. The pro-
portion of soluble whey proteins on the seventh day
decreased further by 1.8-2.7 percentage points after
P1 and P2, and by 3.6-4.1 percentage points after P3.
The decrease following storage was less pronounced
than the changes resulting directly from pasteurisa-
tion but confirmed the ongoing restructuring of the
protein system.
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Microbiological safety, sensory properties and a
comprehensive assessment of pasteurisation methods
Before pasteurisation, TM-B milk was characterised by
a higher total count of mesophilic and psychrotrophic
microorganisms. Salmonella spp. and Listeria monocy-
togenes were not detected in any of the source batches
(Table 5). The average count of mesophilic aerobic and
facultative anaerobic microorganisms in raw milk was
5.42 log,, CFU/cm*® for TM-A and 5.61 log,, CFU/cm?
for TM-B. The average count of psychrotrophic microor-
ganisms was 4.11 and 4.29 log,, CFU/cm?, respective-
ly. The difference between the brands was statistically

significant at p<0.05. Enterobacteriaceae in the raw milk
were detected at levels of 2.72 log,, CFU/cm® in TM-A
and 2.91 log,, CFU/cm? in TM-B. Low numbers of B-glu-
curonidase-positive E. coli were detected in two batches
of TM-A and three batches of TM-B. Coagulase-positive
staphylococci were detected in all batches, but their
numbers did not exceed 2.1 log,, CFU/cm?. Presumptive
Bacillus cereus group bacteria were detected at levels
of 1.47-1.58 log,, CFU/cm?. All pasteurisation regimes
resulted in a significant reduction in the total number
of vegetative microflorae. The extent of the reduction
increased with rising treatment temperature.

Table 5. Changes in the mesophilic and psychrotrophic microflora of pasteurised milk

Trademark | Mode Logarithmic reduction following Mesophilic microorganisms, log,, | Psychrotrophic microorganisms, log,, CFU/
pasteurisation, M*SE CFU/cm?®, D0/D3/D7, MSE cm?®,D0/D3/D7, M£SE
P1 3.39+0.08 2.03+0.07/2.81+0.09/4.08+0.12 <1.00/1.92+0.08/3.11+0.11
T™M-A P2 3.88+0.07 1.54%0.06/2.34+0.08/3.49+0.10 <1.00/1.56%0.07/2.66 +0.09
P3 4.30+0.06 1.12+0.05/1.78++0.07/2.86+0.09 <1.00/1.18+0.06/2.05+0.08
P1 3.40£0.09 2.21+0.08/3.04+0.10/4.37+0.13 <1.00/2.16+0.09/3.39+0.12
T™M-B P2 3.93%0.08 1.68+0.07/2.51+0.09/3.71£0.11 <1.00/1.73+0.08/2.85+0.10
P3 4.36+0.07 1.25+0.06/1.94+0.08/3.02+0.10 <1.00/1.30%0.07/2.17 £0.09

Note: a value of < 1.00 corresponded to a quantity below the limit of quantification. Note. DO - immediately after pasteurisation;
D3 - the third day; D7 - the seventh day of refrigerated storage. Value of < 1.00 corresponds to a microorganism count below the limit

of quantification

Source: compiled by the author based on I1SO 16649-2:2001 (2001), ISO 7932:2004 (2004), ISO 4833-1:2013 (2013), ISO 21528-
1:2017 (2017), I1SO 21528-2:2017 (2017), ISO 6579-1:2017 (2017), I1SO 17410:2019 (2019), ISO 6888-1:2021 (2021), Bulgarian

Accreditation Service (n.d.), LB Bulgaricum (n.d.)

After P1, the total number of mesophilic microor-
ganisms decreased by an average of 3.40 logarithmic
units. After P2, the reduction was close to four logarith-
mic units,and after P3 it exceeded 4.3 logarithmic units.
The effect of the treatment regime was statistically sig-
nificant at p < 0.001. Immediately after pasteurisation,
psychrotrophic microorganisms were detected below
the limit of quantification in all variants. By the third
day, their growth had resumed in all groups; however,
the rate of accumulation depended on the treatment
regime. The fastest increase was observed after P1, and
the slowest after P3. On the seventh day, the difference
between P1 and P2 in terms of the total number of
mesophilic microorganisms was approximately 0.6-0.7
logarithmic units. The difference between P2 and P3
was smaller. The observed trends indicated that short-
term pasteurisation at 72°Cresulted in a lower residual
microbial count and a slower rate of its recovery than
the 63°C treatment for 30 minutes.

TM-B milk was characterised by higher rates of
microbial regrowth during storage, regardless of the
storage conditions. On the seventh day, the difference
between the brands was statistically significant for the
total number of mesophilic microorganisms and psy-
chrotrophic microflora. An interaction between brand
and storage conditions was observed for the total mi-
crobial count at p=0.041. Immediately after pasteuri-
sation at time point DO, Enterobacteriaceae, E. coli and
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coagulase-positive staphylococci were not detected
in any of the samples analysed. In each group, all five
production batches had an Enterobacteriaceae count
below 1 CFU/cm?. Consequently, the number of sam-
ples with values between m and M was c=0, and with
values above M was 0. Consequently, all pasteurisation
regimes met the procedural criterion for Enterobacte-
riaceae:n=5,c=2,m<1 CFU/cm3, M =5 CFU/cm?, as stip-
ulated in Commission Regulation (EC) No. 2073/2005
“On microbiological criteria for foodstuffs (Text with
EEA relevance)” (2005). On the seventh day, Enterobac-
teriaceae remained below the limit of quantification in
all variants of P2 and P3. Following P1, isolated colo-
nies were detected in two batches of TM-B; however,
the average count did not exceed 10 CFU/cm?. Yeast
and mould were not detected after pasteurisation or
were below the limit of quantification. On the seventh
day, low numbers were detected mainly after P1. After
P2, the count remained lower, and after P3, no colonies
formed in most batches.

The number of presumptive Bacillus cereus bacte-
ria decreased to a lesser extent after pasteurisation
than the number of non-spore-forming microflora.
After P1, the count was 1.22-1.34 log,, CFU/cm?; af-
ter P2, 1.18-1.31 log,, CFU/cm?; and after P3, 1.15-
1.27 log,, CFU/cm®. The limited difference between
the treatment regimes corresponded to the surviv-
al of heat-resistant spores. On the seventh day, the



number of Bacillus cereus increased slightly, but did
not exceed 1.7 log,, CFU/cm?. The increase was great-
est after P1. The result confirmed that the increase in
pasteurisation temperature mainly affected vegetative
cells, whilst the spore fraction was preserved under all
conditions. Salmonella spp. and Listeria monocytogenes
were not detected in any of the pasteurised samples.
The absence of pathogenic microorganisms, E. coli
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and coagulase-positive staphylococci, was consist-
ent with a negative reaction to alkaline phosphatase.
The sensory profile depended on the intensity of the
heat treatment and the duration of storage. Modes P1
and P2 retained the distinct milky flavour and aroma,
whilst after P3 there was an increase in the aftertaste
of boiled milk, a sulphurous note and changes in con-
sistency (Table 6).

Table 6. Sensory characteristics of milk after pasteurisation and storage

Trademark | Mode Milk taste, DO/D7 aftertaste of boiled milk, DO/D7 Consistency, DO/D7 Overall perception, DO/D7
ni 8.3/74 1.3/1.7 8.2/75 8.4/7.2
TM-A M2 8.4/7.9 1.6/1.9 8.3/7.9 8.5/7.8
M3 7.4/7.0 4.1/4.5 7.8/74 7.3/7.1
M1 8.0/7.0 1.4/1.9 79/7.1 8.0/6.8
TM-B M2 8.2/7.6 1.8/2.1 8.0/7.6 8.2/7.5
M3 7.1/6.7 4.4/4.8 7.5/7.0 7.0/6.8

Note: DO - initial sensory session conducted following the completion of laboratory testing and confirmation of the safety of the
pasteurised samples; the designation DO in this table does not necessarily correspond to the calendar day of pasteurisation. D7 -
sensory evaluation after seven days of refrigerated storage. P1 - pasteurisation at 63°C for 30 minutes; P2 - at 72°C for 15 seconds;

P3 - at 85°C for 10 seconds

Source: compiled by the author based on ISO 22935-1:2023|IDF 99-1:2023 (2023), ISO 22935-2:2023|IDF 99-2:2023 (2023)

Immediately after processing, the highest overall
acceptability was recorded for treatment P2. The dif-
ference between P1 and P2 was not statistically signif-
icant at the initial stage but became significant after
seven days of storage. The decline in acceptability of
P1 was associated with a reduction in the purity of the
aroma, a weakening of the milky flavour and a change
in consistency. Regime P3 received lower ratings as ear-
ly as the day of pasteurisation. The main difference was
an increase in the intensity of the boiled milk aftertaste.
In addition, a sulphurous note was detected, with an av-
erage intensity of 2.7 points for TM-A and 3.0 points for
TM-B. After P1 and P2, this indicator did not exceed 1.2
points. The overall acceptability of TM-A milk was high-
er than that of TM-B, although the difference depended
on the storage conditions and duration. After P2, the
difference between the brands was smaller than after
P1. The interaction between brand, storage conditions
and duration were statistically significant at p =0.044.

After seven days, the greatest decrease in overall ac-
ceptability was observed after P1. The deterioration in
the sensory profile coincided with a more rapid increase
in mesophilic and psychrotrophic microflora and an in-
crease in titratable acidity. After P3, the overall rating
changed less, but remained lower due to thermal char-
acteristics formed during heating. Mode P2 ensured the
greatest stability of sensory characteristics throughout
storage. On the seventh day, the milky flavour remained
pronounced, and the intensity of the boiled milk af-
tertaste did not exceed 2.1 points. The consistency re-
mained uniform at a level of over 7.5 points. uAn in-
tegrated comparison was conducted among treatment
regimes that met the microbiological safety criteria and
were characterised by a negative reaction to alkaline
phosphatase. The main criteria were the logarithmic
reduction in microflora, its recovery during storage, the
preservation of soluble serum proteins, colour change
and overall sensory acceptability (Table 7).

Table 7. Summary performance indicators for temperature-time regimes

Indicator 01 63°C, 30 min 0272°C,15s 0385°C,10s

Average logarithmic reduction in microflora 3.40 391 4.33
Total count of microorganisms on D7, log,, CFU/cm?* 4.23 3.60 294
Retention of soluble serum proteins, % 921 87.8 69.1
Colour difference AE* at DO 0.76 1.12 2.50
Overall acceptability at DO, points 8.2 8.4 7.2
Overall acceptability at D7, points 7.0 7.7 7.0

Alkaline phosphatase activity Below 350 mU/L Below 350 mU/L Below 350 mU/L

Source: compiled by the author

Mode P1 ensured the standard pasteurisation ef-
fect and the greatest preservation of the soluble whey
protein fraction. At the same time, the most intense

recovery of mesophilic and psychrotrophic microflora
was observed during the seven days following P1. This
process was accompanied by a more rapid decrease in
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pH, an increase in titratable acidity and a reduction in
sensory acceptability. Regime P3 resulted in the great-
est logarithmic reduction in the total number of mi-
croorganisms and the lowest microbial count on the
seventh day. At the same time, following this regime,
the greatest loss of soluble whey proteins, an increase
in viscosity, a reduction in alcohol resistance, a marked
change in colour and the development of a thermal
off-flavour were observed. Regime P2 occupied an
intermediate position in terms of microbiological ef-
ficacy, but outperformed P1 in terms of stability dur-
ing cold storage. The difference between P2 and P3 in
terms of residual microbial count was statistically sig-
nificant; however, both regimes ensured the absence
of indicator and pathogenic microorganisms. Follow-
ing Mode P2, the retention of soluble whey proteins
remained higher than after Mode P3, whilst changes
in colour, viscosity and sensory profile were less pro-
nounced. On the seventh day, Mode P2 was character-
ised by the highest overall acceptability among the
modes studied.

Mixed-effects models confirmed a significant effect
of the pasteurisation regime on alkaline phosphatase
activity, soluble serum protein concentration, viscosity,
colour difference, total microbial count and sensory ac-
ceptability at p<0.001. The effect of brand was signifi-
cant for the initial protein content, dry matter, viscosity,
initial microbial contamination and changes in acidity
during storage. No statistically significant interaction
between brand and storage conditions was found for
the mass fraction of fat, protein, lactose, dry matter and
alkaline phosphatase activity. For the microbial count
on the seventh day, the rate of pH change and over-
all sensory acceptability, such an interaction was sig-
nificant. The observed relationship indicated varying
intensities of post-pasteurisation changes in the milk
of the two brands under identical storage conditions.
Based on the combined microbiological, physico-chem-
ical and sensory parameters, the 72°C for 15 s treat-
ment ensured compliance with safety criteria, a lower
rate of recovery of residual microflora compared with
the 63°C for 30 minutes,and a lesser degree of changes
in the protein system and consumer properties com-
pared with the 85°C for 10 seconds treatment. This
treatment was identified as the temperature-time com-
bination with the smallest overall deviation in quality
parameters among the variants that ensured adequate
microbiological efficacy.

Discussion

Absence of statistically significant changes in the
mass fraction of fat, total protein, lactose, dry matter
and non-fat milk solids following pasteurisation in-
dicated that the main compositional characteristics
of milk were preserved under the tested conditions. A
similar pattern was observed by S. Lalwani et al. (2024),
who, when comparing high-temperature short-time
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pasteurisation, enhanced pasteurisation, extended
shelf-life treatment and ultra-high-temperature heat-
ing, found limited losses of macronutrients and total
mineral content. At the same time, the authors recorded
a reduction in the concentrations of vitamins B,, B, and
B,, and ionised calcium following enhanced pasteuri-
sation, suggesting the possibility of changes in compo-
nents not covered by the study.

Fact that the total mass fraction of protein re-
mained unchanged did not imply the absence of struc-
tural changes in the protein system. The retention of
soluble serum proteins was 92.1% after treatment at
63°C for 30 minutes, 87.8% after treatment at 72°C for
15 seconds, and 69.1% after treatment at 85°C for 10
seconds. Thus, raising the temperature to 85°C did not
result in a quantitative loss of total protein, but led to
the transition of a portion of the serum proteins from a
soluble state to denatured and aggregated forms. The
observed simultaneous increase in viscosity and de-
crease in alcohol resistance following the 85°C treat-
ment confirmed a restructuring of the protein-colloidal
system, rather than a change in total protein concen-
tration. The results were consistent with the findings of
S.Lalwani et al. (2024), who observed an increase in the
size of casein micelles following industrial heat treat-
ment of milk, although they did not detect a significant
effect of the treatment regimes studied on its overall
physical stability. The discrepancy between these data
and the reduction in alcohol resistance observed in the
samples studied may have been due to the use of the
intensive treatment regime at 85°C for 10 s, the initial
composition of the milk, and the sensitivity of the alco-
hol test to changes in the salt and protein balance.

Observed reduction in the proportion of soluble se-
rum proteins does not provide grounds for directly con-
cluding that there is a corresponding decrease in the
nutritional value or digestibility of milk. According to a
review by M. Fatih et al. (2021), heat treatment altered
the structure of milk proteins and the nature of their
digestion in model systems; however, studies involving
adults were few in number, varied in terms of treatment
regimens, and were associated with a moderate or high
risk of systematic error. Some studies reported chang-
es in post-consumption amino acid kinetics and dietary
nitrogen retention, but no generalised long-term phys-
iological effect was established. Therefore, in present-
ed study, the preservation of soluble serum proteins
should be regarded as an indicator of the intensity of
the technological impact and the structural nativeness
of the protein fraction, rather than as a direct indicator
of the product’s digestibility.

The change in colour following the 85°C treatment
was greater than that observed after the other two pas-
teurisation treatments. The overall colour difference im-
mediately after treatment averaged 2.50 units, where-
as after treatments at 63 and 72°C, the values were
0.76 and 1.12 units respectively. The intensification



of the yellow hue and the reduction in lightness may
have been associated with thermal denaturation of
proteins, changes in the dispersibility of the colloidal
phase, and the initial stages of the Maillard reaction.
H. Bi et al. (2023) demonstrated that the intensity of
the Maillard reaction in lactose-free milk depended on
both pasteurisation and the temperature of subsequent
storage. In this study, furozin, 5-hydroxymethylfurfural,
intrinsic fluorescence and colour were monitored, and
the degree of lactose hydrolysis reached 97.08%. When
comparing these results, it was necessary to address
that the hydrolysis of lactose produced glucose and ga-
lactose, which had a higher reactivity than the original
lactose. Therefore, the colour change in standardised
milk following the 85°C treatment indicated an intensi-
fication of thermal transformations, but did not confirm
the formation of specific Maillard reaction products
without their chromatographic determination.

The validity of this caveat was confirmed by Y. Li et
al. (2021), who quantified furozin, furfurols and ad-
vanced glycation end-products following low-tem-
perature prolonged, high-temperature short-time, ul-
tra-high-temperature and in-vessel sterilisation of milk.
The authors established a relationship between the ac-
cumulation of early, intermediate and final Maillard re-
action products and the intensity of the heat treatment.
During seven days’storage, colour difference values con-
tinued to increase, particularly following intensive pas-
teurisation. A similar effect of the combination of time
and temperature was observed by C. Tyl et al. (2024) for
standard and low-lactose ultra-high-temperature milk,
which was stored at 4, 20 and 30°C for 30-90 days. The
most pronounced darkening was observed in low-lac-
tose milk stored at 30°C, with the sensory panel being
able to distinguish between fresh and stored samples
as early as 30 days. Although the duration and temper-
ature in this study did not correspond to the conditions
of the experiment conducted, the results confirmed that
thermal changes did not cease once the product had
left the pasteuriser and could continue during storage.

R. Ding et al. (2020), in a study of milk pasteurised
at temperatures ranging from 72 to 85°C with varying
exposure times, identified six dominant types and 18
genera of bacteria. The proportion of Pseudomonas ex-
ceeded 42% in all samples, and six genera of micro-
organisms showed statistically significant correlations
with amino acids, fatty acids and volatile compounds
in milk. These findings explained why an increase in
the total microbial count in the samples studied was
accompanied by changes in odour, taste and acidity: the
residual microflora could influence not only safety but
also the development of sensory defects.

A limited reduction in the number of presumptive
Bacillus cereus group bacteria following an increase in
temperature confirmed the heat resistance of the spore
fraction. K. Medjahdi et al. (2025) identified aerobic
spore-forming bacteria as one of the main causes of
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premature spoilage of pasteurised milk. Spores could
enter the milk at the farm, survive pasteurisation, persist
in the production environment, germinate under refrig-
eration conditions and produce proteolytic and lipolytic
enzymes. Therefore, increasing the pasteurisation tem-
perature from 72 to 85°C did not eliminate the need to
monitorthe qualityofrawmaterials,the sanitarycondition
of equipment and post-pasteurisation contamination.

Significance of initial quality of the raw materi-
al was confirmed by differences between the brands.
Milk from TM-B had a higher initial level of microbial
contamination and was characterised by more intense
recovery of mesophilic and psychrotrophic microflora
on the seventh day. F. Enayaty-Ahangar et al. (2021)
demonstrated that the optimal strategy for extending
shelf life depended on the production volume of the
enterprise and the quality of raw milk obtained from
different suppliers. The models proposed by the au-
thors addressed simultaneous application of incentives
for farms with low spore counts and the introduction
of spore-removal technologies at the processing plant.
Consequently, the same pasteurisation regime did not
guarantee the same shelf life for milk with different in-
itial levels and compositions of contamination.

The risk of spores re-entering from the produc-
tion environment was also not eliminated by increas-
ing the pasteurisation temperature. C. Pretorius &
E.M. Buys (2021) found that simulated on-site decon-
tamination had a significant effect on over 98% of Bacil-
lus cereus spores, but around 0.1% remained intact. The
survival of a small proportion of viable spores was of
technological significance due to the possibility of their
subsequent attachment, germination and the formation
of sources of recontamination. In the laboratory exper-
iment conducted, secondary contamination was mini-
mised using sealed containers; therefore, the actual
dynamics of the microflora on an industrial production
line might additionally depend on the effectiveness of
washing, disinfection and the aseptic conditions of the
areas downstream of the pasteuriser. The identified re-
lationship between temperature, protein changes and
the sensory profile was consistent with the findings
of R. Shi et al. (2025), according to which traditional
high-temperature methods increased microbiological
stability but could cause losses in natural flavour and
changes in nutritional components. The authors con-
sidered new thermal and non-thermal technologies as
ways of reducing the severity of such changes; however,
their application required a separate technological and
economic justification for each specific product.

Results of cheese studies also confirmed that
the sensory effects of pasteurisation depend on the
product’s structure. D. Tadjine et al. (2020) investigat-
ed the effect of pasteurising cow’s and goat’s milk on
the yield and physicochemical characteristics of fresh
cheese. A. Rezaei et al. (2020) established a statisti-
cally significant effect of pasteurisation and ripening
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temperature on acidity, dry matter, fat, protein, proteol-
ysis, lipolysis and the sensory properties of traditional
Motal cheese. The direct applicability of these findings
to drinking milk was limited due to the concentration of
solids, enzymatic processes and the prolonged ripening
of cheeses; however, both studies confirmed that the
initial milk matrix determined the product’s response
to heat treatment. The dependence of the results on
product composition was also observed in the study by
K. Pudtikajorn et al. (2021), in which pasteurised cow’s
milk was enriched with nanoliposomes containing fat
from tuna eyes and evaluated over ten days for physi-
cal, chemical, microbiological and sensory parameters.
The presence of an additional lipid phase altered the
stability and perception of the product; therefore, the
results obtained for standardised milk without enrich-
ing components cannot automatically be extrapolated
to functional milk drinks.

S.F. Tan et al. (2020) found that cow’s and goat’s
milk retained their microbiological suitability for 22
days at 8°C following high-pressure treatment. In pas-
teurised goat’s milk at the end of storage, the number
of psychrotrophic bacteria reached 9.0 x 108 CFU/ml,
whilst the total microbial count was 3.5 x 108 CFU/mL.
Compared with the data obtained, this confirmed that
a reduction in residual psychrotrophic microflora could
extend the shelf life without the need for a treatment
regime that caused significant denaturation of serum
proteins. G. Liu et al. (2020) compared high hydrostat-
ic pressure of 600 MPa for 5 minutes, combined with
microfiltration, against traditional treatment regimes
of 63°C for 30 minutes and 72°C for 15 seconds. The
evaluation covered microbiological inactivation, vola-
tile compounds, protein denaturation, simulated gastric
digestion and sensory properties after eight days of
storage. This comprehensive approach was consistent
with the rationale of the study, as the processing re-
gime was evaluated not based on a single safety in-
dicator, but based on a combination of microbiologi-
cal and consumer characteristics. The combination of
short-duration pasteurisation with high pressure was
investigated by H. Gong et al. (2024). Treating donkey’s
milk at 75°C for 15 s, followed by the application of a
pressure of 300 MPa, extended the shelf life by 85.71%,
preserved lysozyme, a-lactalbumin and (-lactoglob-
ulin, and reduced the total plate count, coliforms and
Staphylococcus aureus. Above 400 MPa, physical stabil-
ity deteriorated; this, similar to the 85°C condition in
presented study, indicated the existence of a limit to
the intensity of the treatment, outside of which any ad-
ditional microbiological efficacy was accompanied by
undesirable structural changes.

The potential of this combined approach was also
confirmed by the findings of C.F. Balthazar et al. (2022).
Pasteurisation of sheep’s milk using omic and con-
ventional heating resulted in a reduction in microflo-
ra of at least 4.2 logarithmic units, but omic heating
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required 72-73% less energy. Over the course of 15
days’ storage, the composition of the bacterial commu-
nity changed: in raw milk, Staphylococcus initially pre-
dominated, whilst Pseudomonas predominated at the
end of storage. This confirmed the need to assess not
only the initial reduction in microorganisms but also
the structure of the residual microbiota during stor-
age. AWM. Alsaedi et al. (2023) proposed non-thermal
treatment of milk using a moderate electric field at
temperatures below 42°C. Under optimal parameters
of 29.8 V/cm and a flow rate of 0.018 kg/s, energy con-
sumption was reduced by 98.58%, specific energy con-
sumption by 98.51%, and the duration of the process
by 99.09% compared with conventional pasteurisation.
These results demonstrated the potential for reduc-
ing the thermal load; however, industrial application
required confirmation of microbiological safety for
different batches of raw materials, an assessment of
electrochemical changes, and verification of stability
during storage.

J.A.Ansari et al.(2020) considered the use of ultravi-
olet treatment of already pasteurised skimmed milk as
an additional control measure against psychrotrophic
spore-forming bacteria. This approach did not replace
primary pasteurisation, but could be used as a barrier
technology to reduce residual microflora. A limitation
of UV treatment of milk remained its optical opacity;
therefore, its effectiveness depended on the reactor de-
sign, layer thickness, agitation and the dose delivered.
The approach that came closest to practical implemen-
tation of the results was the combination of pasteuri-
sation with microfiltration. S. Gammoh et al. (2026), fol-
lowing the implementation of appropriate hygiene and
production practices and a hazard analysis system, used
membranes with pore sizes of 0.8 and 0.45 um. The re-
frigerated storage life of whole milk was approximately
two weeks, and that of milk with a fat content of 2%
was approximately three weeks; denaturation of a-lac-
talbumin and f-lactoglobulin remained negligible.
These results supported the advisability of maintaining
a 72°C treatment for 15 s with a further reduction in
bacterial load, rather than raising the temperature to a
level at which the proportion of soluble whey proteins
decreased to 69.1%.

Thus, the results of the comparison confirmed that
the optimal pasteurisation regime should be deter-
mined not only by the level of microbial inactivation,
but also by considering the preservation of the protein
fraction, the physico-chemical properties and the sen-
sory acceptability of the product. The most balanced
regime was found to be 72°C for 15 s, which ensured
sufficient microbiological safety, a negative alkaline
phosphatase reaction, the preservation of 87.8% of sol-
uble whey proteins and the highest acceptability on the
seventh day of storage. This demonstrates the advis-
ability of applying the concept of minimum sufficient
heat treatment, whilst further extension of the shelf life



should be achieved primarily through quality control of
raw materials, prevention of post-pasteurisation con-
tamination, and the combination of pasteurisation with
additional barrier technologies. At the same time, the
findings require industrial validation, considering the
seasonality of raw materials, cold chain conditions, the
characteristics of processing equipment and a broader
range of quality indicators.

Conclusions

Study found that the temperature-time profile of pas-
teurisation determined the nature of changes in the
physicochemical, microbiological and sensory char-
acteristics of milk from the “Vereya” and “Bozhentsy”
brands. The initial samples differed in terms of protein
content, dry matter, viscosity, titratable acidity and in-
itial microbial contamination; however, the direction
of the changes following heat treatment was similar
for both brands. Pasteurisation at 63°C for 30 minutes
resulted in a reduction in the total number of micro-
organisms by an average of 3.40 logarithmic units and
the preservation of 92.1% of soluble whey proteins.
At the same time, during seven days of refrigerated
storage following this treatment, the most intense
recovery of mesophilic and psychrotrophic microflora,
an increase in titratable acidity and a decrease in sen-
sory acceptability were recorded. The 85°C treatment
for 10 s resulted in the greatest microbiological re-
duction, amounting to 4.33 logarithmic units, and the
lowest residual microbial count on the seventh day. At
the same time, it was found that only 69.1% of solu-
ble whey proteins were retained, the colour difference
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increased to 2.50 units, viscosity increased, alcoholre-
sistance decreased, and the aftertaste of boiled milk
became more pronounced.

Pasteurisation at 72°C for 15 seconds resulted in
a reduction in microflora of 3.91 logarithmic units, the
retention of 87.8% of soluble whey proteins, a nega-
tive reaction to alkaline phosphatase, and the absence
of the pathogenic and indicator microorganisms under
investigation. Under this treatment regime, the highest
sensory acceptability was recorded after seven days of
storage, along with smaller changes in colour, viscosity
and acidity compared with the more intense heating
treatment. Consequently, the 72°C for 15 seconds treat-
ment was identified as the most balanced in terms of
the trade-off between safety and the preservation of
consumer properties. The limitations of the study were
related to the use of products from only two manufac-
turers, five batches of each brand and a seven-day ob-
servation period. Further studies should cover a larger
number of manufacturers, seasonal milk batches, differ-
ent fat contents, an extended analysis of vitamins and
volatile compounds, as well as the simulation of indus-
trial pasteurisation and packaging conditions.
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BnanB nacrepu3sauii Ha ¢pisnko-xiMiuHi Ta Mikpob6ionoriyHi BnacTmBocTi Mosnoka

Feopri Tepsiicbknin

[OKTOp TEXHIYHUX HayK, CTapLUN aCUCTEHT
VHiBEpCUTET Xap4OBUX TEXHOSOTIN

4002, 6ynbe. Mapiua 26, M. lNMnosaue, bonrapis
https://orcid.org/0009-0003-6847-4480

AHoTauif. [locnigkeHHs Mano Ha MeTi BU3HAYMTU BMIMB PEXMMIB nactepusauii Ha SKiCTb Ta MikpobionoriyHy
6e3neky Monoka. byno pocnifxeHo MaTb He3anexHUMX BUPOOHMYMX NapTii MONOKa TOProBMX Mapok «Bepes» Ta
«boxeHUi». 3pa3ku nactepusysanu npu Temnepartypi 63°C npotarom 30 xBunuH, 72°C npotarom 15 cekyHa Ta
85°C npotarom 10 cekyHz, nicng 4oro ix napamMeTpu BM3HaYanu odpasy nicnsg obpobku, a TaKoX Ha TpeTii Ta
CbOMMIA AHi 36epiraHHs B xonoannbHuUKY. Cupe MoIoko Mapku «Bepes» xapakTepusyBanocs BULLMM BMICTOM 6Ginka
Ta CYXOi pevyoBMHU, @ TAaKOX BinNbLIOK BA3KICTIO, TOAI K MONOKO «BOXeHLUi» Mano BULLY TUTPYBAHY KUCIOTHICTb Ta
MOYaTKOBY MiKpOOHY KiNbKiCTb. YCi AOCNimKeH] pexummn 06pobKM 3HU3UAM aKTUBHICTb NYXKHOI docdaTtasm Huxue
BCTaHOBNEHOI Mexi, a Salmonella spp., Listeria monocytogenes, Escherichia coli Ta K0aryna3zono3uTtuBHI CTadiOKOKK
y NacTepu3oBaHUX 3paskax He Bynu BuaBneHi. lorapudmMiyHe 3MEHLIEHHS 3arasbHOi KiNIbKOCTi MiKpoopraHi3mis
craHosuno 3,40,3,91 1a 4,33 log,, BiANOBiAHO Ana pexummie 06pobku npu TemnepaTtypi 63°C npotarom 30 XBUAKH,
72°C npotarom 15 cekyHp 1a 85°C npotarom 10 cekyHa. O6pobka npu 85°C npussena Ao HaMHMXKYOI 3aIULIKOBOI
KinbKocCTi MikpobiB; ofHaK Le CynpoBOAXyBanocs 36epexeHHaM nuwe 69,1 % po3unmHHMX 6inKiB CMPOBATKM,
pi3Huueto B konbopi AE™ 2,50 Ta nocuneHHaM nicngcMaky kun'syeHoro monoka. O6pobka npu 72°C npotarom 15
cekyH 3abesneunna 36epexeHHs 87,8 % po3unmHHMX BiNKiB CMPOBATKW, HAMBULLY CEHCOPHY MPUIAHATHICTb Micns
CceMu OHiB 3bepiraHHs Ta NoBiNbHile BiAHOBAEHHS MiKPO(@NOpKU NOPIBHAHO 3 06pobkoto npu 63°C npotarom 30
xBUAMH. OTpUMaHi pe3ynsTati MOXYTb BYTU BUMKOPUCTaHI iHXEHepaMMU-TEXHONOraMM Ha BONTapCbKMX MOMOYHMX
3aBojax Ana BubOpy MapameTpiB nactepusauii, 1abopaTopiaMM KOHTPOMKO SKOCTI ANS CKNAfAAHHS Mporpam
BMNpoOyBaHb, @ TaKOXX BUPOOHMKAMM NMUTHOTO MOJOKA AN KOPUIyBaHHS BMPOOGHMYMX npoueciB 6e3 wkoan ans
MikpobionoriyHoi 6e3nekn Ym CnoXMBUMX BNACTMBOCTEN NPOAYKLi

KniouoBi cnoBa: nyxHa docdartasza; po3unHHi HiNKM CUPOBATKM KPOBI; CEHCOPHA MPUMHATHICTb; Me30diNbHi
MiKpOOPpraHi3mu; NncuxpoTpodHa Mikpodnopa; pisHMLUA B KONbOpi; 306epiraHHs B Xonogi
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Abstract. The relevance of the study is determined by the practical need to reduce weft yarn consumption while
preserving the structural stability, tensile performance and commodity quality of a material that combines woven
longitudinal strips with looped weft connections. The purpose of the article was to determine the influence of
weft yarn tension on the physical, mechanical and structural properties of woven-knitted textile material article
10c2 produced on a Metap-160 laboratory machine. Polyester warp yarns with a linear density of 24.5 tex and
multifilament polyester weft yarns with a linear density of 8.4 tex were used for the experimental samples. Weft
tension was varied from 9.2 to 14.8 cN per yarn by changing the number and position of the regulating weights
on the levers of the weft regulator. The study evaluated breaking force and breaking elongation in the warp and
weft directions, the breaking characteristics of weft yarns withdrawn from the material, the projected length of the
weft yarn in the plane of the material, the actual weft consumption per insertion, the produced width, the width
of an individual woven-knitted strip, thickness, abrasion resistance, air permeability and the stability of the phase
structure of the woven areas. It was established that within the investigated interval an increase in weft tension
does not cause critical deterioration of the main performance indicators. The projected weft length decreased
from 13.38 to 13.11 mm per insertion, the actual weft consumption from 15.28 to 14.81 mm per insertion, and the
coefficient of weft consumption from 1.142 to 1.130, while the produced width decreased from 164.8 to 160.4 cm.
The obtained relationships substantiate a multi-criteria approach in which weft tension is applied as a resource-
saving factor only in combination with dimensional control of the material
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Introduction

Modern textile production increasingly requires struc-
tural solutions that combine stable mechanical behav-
iour with economical use of raw materials. For fabrics
made from synthetic filament yarns, a small saving of
yarn length per insertion becomes substantial when
it is multiplied by industrial production lengths. The
problem, however, is not purely economic. Excessive
yarn consumption changes fabric geometry and mass
per unit area and can influence air permeability, bend-
ing behaviour and dimensional stability, whereas an
excessive reduction of the yarn reserve generates lo-
cal stresses, unstable loop formation and narrowing of
the material. Woven-knitted materials are particularly
sensitive to this balance, because in them the weft si-
multaneously fills the shed inside the longitudinal wo-
ven strips and forms the loop columns that join those
strips into a continuous sheet. The technological task is
therefore to identify a controlled range of weft tension
that saves raw material without creating defects or re-
ducing consumer quality.

Recent experimental work has clarified how the pa-
rameters of the weft system govern fabric behaviour.
M. Ayele et al. (2024) applied a full factorial design to
plain woven fabric and showed that weft tension, to-
gether with weft yarn type and weft density, alters the
porous structure of the fabric and consequently its ther-
mal resistance, thermal conductivity and air permeabil-
ity. The same research group (Kassaw & Ayele, 2024)
established that an increase in weft and warp tension
raises the surface roughness of the fabric and reduces
its drape, which means that tension has to be treated as
a quality-forming variable and not merely as a machine
setting. S. Vasile et al. (2024) compared hemp-inen fab-
rics of different weaves and weft types and found that
the tensile properties remained statistically unchanged
when hemp weft replaced flax, while air permeabili-
ty and moisture management differed significantly;
this demonstrates that different groups of proper-
ties do not respond uniformly to one constructional
change. N. Mandre et al. (2021) reported that a higher
number of weft yarns per centimetre reduces the air
permeability of denim fabrics but simultaneously im-
proves their abrasion resistance, which again indicates
a trade-off rather than a uniform improvement. Earli-
er, M. Magsood et al. (2016) and M. Umair et al. (2016)
modelled the influence of weave structure and thread
density on the mechanical and comfort properties of
woven fabrics and confirmed the statistical significance
of these constructional factors.

For looped structures the closest analogy is provid-
ed by Ukrainian research on warp-knitted fabrics with
laid-in weft. L. Melnyk et al. (2016) showed that the vari-
ant of the weft filling yarn changes the structural param-
eters and mechanical properties of warp-knitted fabric.
In a later study O. Kyzymchuk et al. (2023) demonstrat-
ed that the type of weft yarn and the threading order
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of the additional yarn system determine the elastici-
ty, dimensional stability and thermal comfort of elastic
warp-knitted bands. These works consistently confirm
that a yarn laid into a looped structure is a full partici-
pant in structure formation rather than a passive filling.

At the same time, three questions remain unre-
solved in the cited studies. First, the effect of tension
has been quantified for a weft that performs a single
function inside a woven or a knitted structure, but not
for a weft that simultaneously forms the woven and
the looped areas of one material. Second, the yarn
length actually incorporated into the three-dimen-
sional looped connection has not been separated from
the yarn length visible in the plane of the material, so
raw-material economy is estimated from a projection
rather than from real consumption. Third, the influence
of weft tension on the produced width - the parame-
ter that in practice limits any tension-based saving -
has not been quantified for woven-knitted materials
formed on machines of the Metap type.

Accordingly, this article sought to clarify how varia-
tions in weft yarn tension, applied during the formation
of woven-knitted material article 10c2 on a Metap-160
laboratory machine, translate into measurable changes
in its mechanical, structural and dimensional behaviour.
To achieve this purpose, three tasks were set: (1) to es-
tablish how weft tension within the interval of 9.2-14.8
cN per yarn affects the tensile characteristics of the
material and of the weft yarns withdrawn from it; (2) to
determine the projected and the actual weft consump-
tion per insertion, the coefficient of weft consumption
and the accompanying changes in the width of the ma-
terial and of an individual woven-knitted strip; (3) to
substantiate the criteria for selecting a tension regime
that combines raw-material economy with the dimen-
sional and commodity requirements for the material.

Materials and Methods

The experimental research was conducted in 2025 on a
Metap-160 laboratory machine (Elitex, Czech Repuplic).
The object of the study was woven-knitted textile ma-
terial article 10c2, formed as a system of longitudinal
woven strips joined across the width of the material by
loop columns of weft yarns. Polyester yarns with a linear
density of 24.5 tex were used in the warp system, and
multifilament polyester yarns with a linear density of
8.4 tex were used in the weft system. The setting con-
tained 3,498 warp yarns and 317 weft yarns; the nomi-
nal density of the material was 22 yarns/cm in the warp
direction and 44 yarns/cm in the weft direction. The in-
vestigated weft tension range was 9.2-14.8 cN per yarn.
These parameters were selected because the material is
formed within this interval without visible defects, while
the differences in yarn consumption remain measurable.

Weft yarn tension was regulated by changing the
number of weights and their position on the levers of



the weft regulator. The operating principle of the reg-
ulator is based on the balance of moments acting on
the movable unit of the weft beam: on one side of the
system a torque is created by the tension of the weft
yarns,and on the other side the system is loaded by the
gravity force of the weft beam with the roller and by
the moments created by the regulating weights. Chang-
ing the mass or the lever arm of the weights makes
it possible to establish a different average tension of
the weft yarns. In this research the regulator was used
to obtain a sequence of six tension regimes within the
investigated interval.

Before testing, the samples were conditioned
in the standard atmosphere in accordance with
SO 139:2005 (2005). The breaking force and breaking
elongation of the material in the warp and weft direc-
tions were determined by the strip method in accordance
with ISO 13934-1:2013 (2013),and the breaking charac-
teristics of the weft yarns withdrawn from the material
in accordance with ISO 2062:2009 (2009). Thickness was
measured in accordance with 1ISO 5084:1996 (1996), air
permeability in accordance with ISO 9237:1995 (1995)
and abrasion resistance by the Martindale method in
accordance with 1SO 12947-2:2016 (2016). The phase
structure of the woven areas was assessed qualitatively
on enlarged images of the material.

The projected length of the weft yarn was meas-
ured on enlarged images of the material structure
and characterises the length of the yarn path visible
in the plane of the textile sheet. Because woven-knit-
ted material has a three-dimensional structure, this
projection does not represent the whole yarn length
incorporated into the looped connections. To deter-
mine the actual weft consumption, two adjacent strips
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with the loop column between them were cut from
the material so that the weft yarns could be with-
drawn with minimal disturbance of their shape. The
length of the withdrawn weft yarns was measured on
a section corresponding to 100 insertions and recalcu-
lated per one insertion. This procedure makes it pos-
sible to separate the geometric projection from the
actual consumption.

To interpret the difference between the projected
and the actual weft length, the coefficient of weft con-
sumption was used:

ch= la/lp’ (1)

where K, - the coefficient of weft consumption; {, -
the actual weft consumption per insertion, mm; [, - the
projected length of the weft yarn in the plane of the
material, mm. A value above unity indicates that an ad-
ditional yarn length is stored in the three-dimensional
looped structure, and a decrease of the coefficient with
increasing tension is interpreted as a more compact
placement of the weft yarn in the material.

Each indicator was determined in five replicate
measurements (n=5) for every tension regime. The re-
sults are presented as arithmetic means; the standard
deviation and the 95% confidence interval are given
in the notes to the figures and tables. The significance
of the differences between the tension regimes was
assessed by one-way analysis of variance (ANOVA) with
Tukey’s HSD post-hoc test at a significance level of
p £0.05. The measured indicators were combined into
four groups, so that a tension regime could be assessed
simultaneously by its structural, economic, mechanical
and commodity consequences (Table 1).

Table 1. Methodological matrix of the measured indicators

Group of indicators

Measured / calculated indicator

Purpose of evaluation

Structural

Produced material width; width of an individual
woven-knitted strip; arrangement of the strips

To control dimensional stability and the risk
of narrowing

Yarn consumption

Projected weft length; actual withdrawn weft length;
coefficient of weft consumption K,

To estimate raw-material economy and the yarn
reserve stored in the structure

Mechanical

Breaking force and breaking elongation in the warp and weft
directions; breaking force of the withdrawn weft yarns

To verify that resource saving does
not reduce strength

Commodity quality

Thickness, air permeability, abrasion resistance,
phase structure of the woven areas

To confirm the preservation
of use-related properties

Technological decision

Comparison of all indicators across the tension regimes

To select a balanced tension range instead
of a regime based on a single property

Source: compiled by the authors

Such a combination of groups was applied because
a tension regime cannot be considered rational if it
saves yarn but causes unacceptable narrowing or a loss
of performance. The experimental design did not aim
to replace a full industrial optimisation; its purpose
was to establish the direction and the practical signif-
icance of the changes in the properties of the material
when weft tension is varied within a technologically
acceptable interval.

Results and Discussion

Initially, the analysis focused on tensile characteristics.
Figure 1 presents the dependence of the breaking force
and the breaking elongation of the woven-knitted mate-
rial and of the withdrawn weft yarns on the weft yarn ten-
sion. The curves show no abrupt decrease in the strength
of the material as tension increases within the investi-
gated range. The breaking force in the weft direction ris-
es over the first part of the interval, reaches a maximum
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in the region of 9.9-10.7 cN per yarn and then settles
at a level that remains above the value recorded at the
lowest tension. The breaking force in the warp direction
behaves in the same manner but with a considerably
smaller amplitude, which is expected because the warp
system is not directly affected by the weft regulator and
reacts only through the change in the geometry of the
strips. The breaking force of the weft yarns withdrawn
from the material follows the same pattern, and this is
the key argument for the technological admissibility of
the interval: if the higher tension damaged the filaments
or disturbed loop formation, the withdrawn yarns would
lose strength before the material did. The absence of such
a loss indicates that the investigated tension values do
not exceed the deformation reserve of the polyester weft.
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Figure 1. Tensile characteristics of the woven-knitted
material and of the weft yarns as a function
of weft yarn tension

Note: K, - weft yarn tension, cN per yarn; P, P, - breaking
force of the material in the weft and in the warp direction, N; P,,
P,, - breaking elongation of the material in the weft and in the
warp direction, mm (P, - plotted with a scale factor of 3); P, -
breaking force of the weft yarns withdrawn from the material, cN.
Each point is the arithmetic mean of measurements (n = 5); the
standart deviation did not exceed 4% of the mean value
Source: developed by the authors on the basis of the
experimental data

The behaviour of the elongation curves is less
monotonic. Both the weft-wise and the warp-wise
breaking elongation pass through a local extremum in
the region of 10-11 cN per yarn and then decrease grad-
ually, the weft-wise elongation decreasing more notice-
ably. This is consistent with the structural role of the
weft in the investigated material: elongation in the weft
direction is realised mainly by straightening the loops
of the connections between the strips, so a reduction
of the loop reserve reduces the deformation capacity of
the structure before it reduces its strength. The prac-
tical conclusion is that elongation, not strength, is the
first indicator to react to an increase in tension, and it
is therefore elongation that should be monitored when
the interval is extended beyond the values investigated
here. The most pronounced changes were found for weft
yarn consumption and for the width parameters (Fig. 2).
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Figure 2. Width parameters of the material and weft yarn
consumption as a function of weft yarn tension
Note: K, - weft yarn tension, cN per yarn; B, - width of the
produced material,cm; B, - width of an individual woven-knitted
strip, mm; 1, - projected length of the weft yarn per insertion,
mm; L, - actual weft consumption per insertion, mm. Each point
is the arithmetic mean of measurements (n=>5); the standard

deviation did not exceed 3% of the mean value
Source: developed by the authors on the basis of the
experimental data

All four curves in Figure 2 decrease monotonical-
ly, but their shapes differ. The projected weft length
falls from 13.38 to 13.11 mm per insertion, that is by
0.27 mm or approximately 2.02%, and its curve flattens
after 11 cN per yarn: the yarn path visible in the plane
of the material approaches a geometric limit deter-
mined by the spacing of the strips and can no longer
be shortened by tension alone. The actual withdrawn
length falls from 15.28 to 14.81 mm per insertion, that
is by 0.47 mm or approximately 3.08%, and its decrease
is steepest in the region of 9.9-11.8 cN per yarn. The
difference between the two curves is exactly the yarn
reserve stored in the three-dimensional geometry of
the loops, and the fact that the actual length decreases
by half again as much as the projection shows that it is
this reserve, and not the in-plane path, that responds
to tension. A saving of 0.47 mm per insertion may seem
negligible at the level of a single pick, but at 317 weft
yarns per setting it becomes a measurable raw-material
factor over industrial production length.

The width curves reveal the cost of that saving. The
width of the produced material decreases from 164.8
to 160.4 cm, that is by 4.4 cm or approximately 2.67%,
and the width of an individual woven-knitted strip
decreases in almost the same proportion, from about
5.03 to about 4.88 mm. The proportional character of
these two reductions is informative: the material does
not narrow because the strips are drawn closer to one
another while remaining unchanged, but because the
strips themselves contract as the looped connection
tightens. The transverse contraction is thus distributed
over the whole width rather than concentrated in the
connections, which explains why the arrangement of
the strips remains regular and why the phase structure
of the woven areas was assessed as stable throughout
the interval. It also explains the shape of the width



curve: the steepest fall of the material width coincides
with the steepest fall of the actual weft consumption,in
the region of 9.9-11.8 cN per yarn, confirming that both
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effects have a single structural cause. The summarised
influence of weft tension on the measured indicators is
given in Table 2.

Table 2. Tnfluence of weft yarn tension on the indicators of the woven-knitted material

Indicator Lower tension (9.2 cN/yarn) Higher tension (14.8 cN/yarn) / direction of change
Projected weft length in Fhe pl_ane 13.38 13.11; decrease by 0.27 mm (about 2.02%)
of the material, mm per insertion

Actual weft consumption, mm per insertion 15.28 14.81; decrease by 0.47 mm (about 3.08%)
Coefficient of weft consumption K| 1.142 1'13.0; slight redu_c'uon (.)f the yarn reserve

we in the three-dimensional structure

Produced material width, cm 164.8 160.4; decrease by 4.4 cm (about 2.67 %)
Width of an individual woven-knitted strip, mm about 5.03 about 4.88; decrease of about 3.0%

Tensile characteristics of the material
and of the withdrawn weft yarns

Reference level

No critical deterioration detected; elongation reacts earlier
than breaking force

Thickness, air permeability, abrasion resistance,
phase structure

Reference level

No critical changes detected

Note: the values are arithmetic means of * standard deviation of five replicate measurements (n=5). K, - coefficient of weft

consumption calculated by formula (1)

Source: developed by the authors on the basis of the experimental data

The coefficient of weft consumption supports the
structural interpretation of these changes. At the low-
er tension it equals 1.142, and at the higher tension it
decreases to 1.130, so the yarn reserve stored in the
looped connection falls from about 14.2% to about
13.0% of the projected length. The change is moder-
ate, and this is precisely why the tensile characteris-
tics remain stable: the connection retains roughly nine
tenths of its initial reserve. A sharper decrease of the
coefficient would indicate that the looped connection
is losing its capacity to accommodate deformation and
is becoming vulnerable to rupture; in the investigated
interval the coefficient moves in the direction of ration-
alisation without reaching that state. This also shows
why the coefficient, rather than the absolute saving, is
the more informative control parameter: it is dimen-
sionless and therefore transferable to other articles
and yarn linear densities.

The observed relationships between weft tension,
yarn consumption and width agree with the classical
geometric and structural models of textile materials.
F.T. Peirce (1937) showed that the quantity of yarn con-
tained in a unit area of fabric is not a free parameter
but a function of the geometry imposed during forma-
tion, and JW.S. Hearle (1969) extended this reasoning
to show how deformation applied at yarn level is trans-
ferred to fabric level; both principles are directly visible
in the present data, where a change in the formation
tension of a single yarn system reappears as a coordi-
nated change in weft consumption, strip width and pro-
duced width. B.K. Behera & P.K. Hari (2010) further not-
ed that the same nominal construction can be realised
with different yarn reserves depending on the tension
regime, which is exactly the behaviour captured here by
the coefficient of weft consumption.

For the looped part of the structure, the results
agree with loop-formation theory. DJ. Spencer (2001)

described the balance between yarn feeding tension,
loop length and dimensional stability, and showed that
the length of yarn fed per loop is the primary variable
from which the dimensional characteristics of a knitted
structure follow; in the investigated material this vari-
able is quantified by the coefficient K|, which fell from
1.142 to 1.130 as tension increased. The moderate size
of that change explains why the tensile characteristics
remained stable: the looped connection retained most
of its feeding reserve rather than being drawn to its
structural limit.

The results for thickness, air permeability, abra-
sion resistance and the phase structure of the woven
areas were treated as control indicators of commodity
quality, and none of them changed critically over the
investigated interval. The stability of air permeability
is consistent with the porosity approach of R.T. Ogula-
ta (2006): the moderate reduction of the weft reserve
did not close the inter-yarn voids to a degree that
would restrict air passage, because the voids of this
material are formed mainly by the spacing between
the strips, which remains regular. The stability of abra-
sion resistance has the same explanation: the surface
exposed to the abradant is formed by the woven are-
as, whose phase structure was preserved. R.B. Buyuk-
bayraktar (2021) reported a comparable pattern for
self-stitched double fabrics, in which the stitching
arrangement changed air permeability more than ten-
sile strength; the present material shows the same
asymmetry, because the looped connection governs
consumption and width, while the woven strips govern
strength and abrasion resistance.

Compared with the published data,the obtained re-
sults are consistent in direction but differ in the object
and in the controlled variable. E.K. Ceven et al. (2021)
reported for drapery fabrics that a higher weft density
increases tearing strength but reduces air permeability;

Commodity Bulletin, 2026, Vol. 19, No. 1



Study of the influence of weft yarn tension on the properties...

78

in the present material a comparable compaction of
the weft,achieved through tension rather than through
density, produced no critical change in either indicator,
because compaction here affects the looped connec-
tion rather than the woven area that governs strength
and permeability. S. Golomeova Longurova et al. (2022)
showed that the dimensional stability of a woven fab-
ric after processing depends on structural parameters
such as yarn density and cover factor; the present ma-
terial shows that a comparable dimensional response,
the narrowing of the produced width, can already
be induced during formation by weft tension alone,
before any post-treatment is applied. W. Mengie et
al. (2024) modelled the surface roughness of twill fab-
ric as a function of weft count and weft density and
found both factors statistically significant; the present
results extend this logic by showing that weft tension,
not only weft count or density, is a variable that a pro-
ducer can use to influence the compactness of the
structure, although here the resulting change of width
is a stronger practical constraint than any change of
surface texture.

In the field of looped textile structures, K. Sin-
gal et al. (2024) showed that the elasticity of a knit-
ted fabric is an emergent property of the local stitch
topology and can be programmed stitch by stitch; the
present study extends that logic from the topology of
the stitch to the tension with which the yarn is fed
into it, and adds a quantitative link between that ten-
sion, the actual yarn consumption and the produced
width, which stitch-level models do not by themselves

provide. X. Ding et al. (2024) represented a knitted fab-
ric as a hierarchy of yarn-level loops and showed that
fabric-level extensibility is governed by the reserve
length stored at each loop, which is the same mecha-
nism that the coefficient K, quantifies for the looped
connections of the present material. S.E. Gonzalez et
al. (2025) further showed that a knitted structure pass-
es from a soft to a stiff mechanical response once the
loops are packed tightly enough to jam against one
another; the moderate decrease of K. observed here,
from 1.142 to 1.130, indicates that the investigated
tension interval keeps the looped connection well be-
low that jamming threshold, which is consistent with
the absence of a critical loss of tensile performance.

From a commodity-science perspective, the key
result is the possibility of obtaining raw-material
economy without reducing consumer quality. Resource
saving in this context is not a simple reduction of
material input but a controlled technological decision,
theadmissibility of whichisverified by quality indicators.
The study also demonstrates the value of measuring
the actual weft consumption instead of relying on
the projected yarn length: if only the projection were
considered, the saving would be underestimated by
about a third, and the yarn stored in the looped structure
would remain outside the calculation. The withdrawal
method used here can therefore be recommended for
other materials in which a yarn reserve in loops or
spatial connections is technologically significant. The
corresponding practical criteria for choosing a tension
regime are summarised in Table 3.

Table 3. Practical criteria for selecting a weft tension regime

Criterion Positive effect of higher tension

Risk / required control

Decrease of the yarn length

Actual weft consumption } . .
incorporated per insertion

The saving must be calculated from the withdrawn yarn,
not from the projection

More compact placement of the

fficient of nsumption X .
Coefficient of weft consumptio weft in the looped connection

A sharp decrease signals the loss of the deformation reserve
of the connection

Material width and strip width More compact structure

Excessive narrowing may violate the width tolerance of the article

No critical deterioration within

Tensile char risti . . .
ensile characteristics the investigated interval

Breaking elongation reacts before breaking force and must
be rechecked for other yarns and densities

Air permeability, thickness,
abrasion resistance

No critical changes
in the tested samples

Porosity-related properties should be monitored whenever
the regime is changed

Source: compiled by the authors on the basis of the obtained results

Several limitations of the obtained results should
be noted. The study covered one material article, one
yarn composition and one laboratory machine, and the
investigated tension interval, although technologically
acceptable for this sample, does not represent the full
range of possible settings. The conclusions about the
commodity indicators are based on the comparative
control of quality characteristics rather than on a com-
plete factorial model of the process, so the interaction
between weft tension and other formation parame-
ters remains outside the scope of this work. The sta-
bility of the tensile characteristics also should not be
transferred automatically to yarns with lower breaking
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strength, higher friction or elastomeric components, for
which the deformation reserve of the looped connec-
tion is likely to behave differently.

Taken together, the results show that weft tension
in a woven-knitted material performs two coordinated
functions: it stabilises yarn feeding and loop forma-
tion, and it determines how much yarn is incorporat-
ed into the structure. These functions do not conflict
within the investigated interval, because the reduc-
tion of the yarn reserve remains moderate and the
structure retains its strength and its use-related prop-
erties. What limits the regime is not the mechanical
behaviour of the material but its width, and this is the



parameter that converts a purely economic decision
into a technological one.

Conclusions

The research established that weft yarn tension is a
controllable technological factor of structure formation
in woven-knitted material produced on a Metap-160
machine, and that its effect is realised primarily
through the yarn reserve stored in the looped connec-
tions between the woven strips rather than through the
strength of the material. Within the interval of 9.2-4.8
cN per yarn the mechanical and commodity indicators
retained the levels required for the article, and the first
characteristic to respond to an increase in tension was
breaking elongation, which reflects the gradual reduc-
tion of the deformation reserve of the loops. Quanti-
tatively, weft consumption, the coefficient of weft con-
sumption and the produced width all responded to the
increase in tension in the same direction, with the re-
duction in actual consumption exceeding that of the
visible projection by nearly half again, which confirms
that most of the saving comes from the yarn reserve
of the loops rather than from the in-plane path of the
weft. The accompanying transverse contraction was
distributed proportionally across the whole width of
the material rather than concentrated at the connec-
tions between strips, which is why raw-material saving
under increased tension cannot be treated separately
from the resulting narrowing of the finished material.
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For the production of woven-knitted materials of
this type it is advisable to apply a multi-criteria sys-
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cient of weft consumption, the width of the material,
the tensile characteristics and the group of commodity
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raw-material economy without compromising the con-
firmed quality of the finished material. Further research
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yarns with elastomeric components; at constructing a
factorial model of the joint influence of weft tension,
warp tension and take-up on the yarn reserve of the
looped connection; and at verifying the established re-
lationships under industrial conditions, where machine
speed, the condition of the yarn packages and the pa-
rameters of the production environment can change
the actual tension profile.
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AHoOTaLif. AKTYanbHICTb LOCNIIKEHHS 3yMOB/IEHA NPAKTUYHOK NOTPE6O 3MEHLLUTM BUTPATY NiTKANIbHOT (YTOKOBOI)
HWUTKM 33 YMOBM 30epexeHHs CTPYKTYPHOI CTabinbHOCTI, PO3PUBHMX XapaKTEPUCTMK i TOBApO3HaBYOi SAKOCTI
MaTtepiany, Wo NOEAHYE NO3A0BXHI TKaHi Mpyrv 3 neTeflbHUMMU 3€AHAHHAMM YTOKY. MeTol cTaTTi 6yno BM3HAYUTK
BMJIMB HATATY HUTOK YTOKY Ha hi3nYHI,MEXaHiYHi Ta CTPYKTYpPHI BNaCTMBOCTi TKAHO-B'13aHOI0 TEKCTUNbHOIO MaTepiany
aptukyny 10c2, BupobneHoro Ha nabopatopHii MawuHi Metap-160. [Ins oTpUMaHHS eKcnepuMeHTanbHUX 3paskiB
BMKOPUCTaHO noniedipHi HUTKM OCHOBM NiHIMHOI rycTuHK 24,5 Tekc i noniedipHi MynbTUdIiNaMeHTHI HUTKKU YTOKY
NiHIAHOI rycTUHM 8,4 Tekc. HaTar yToKy 3MiHI0Banu B Mexax Big 9,2 no 14,8 cH Ha HUTKY WASXOM 3MiHM KiNbKOCTi Ta
NMOMOXEHHS PerynBaibHUX BaHTAXIB HA BaXensax perynsaropa yToky. Y poboTi OuiHEHO pO3pMBHE HABAHTAXKEHHS
Ta pO3pMBHE BUAOBXEHHS 32 OCHOBOI W YTOKOM, PO3PUBHI XapakTepUCTUKM HUTOK YTOKY, BUIYYEHUX 3 MaTepiany,
NPOEKLIMHY OOBXWHY HUTKM YTOKY B MJOWMHI MaTepiany, GakTUyHy BMUTPaTy YTOKY Ha OAHE MNpPOKNA[AHHS,
WMPUHY BMpOBNEeHOro martepiany, LWWMPUHY OKPEMOrO TKAHO-BSI3aHOrO Npyra, TOBLUMHY, CTiIMKICTb A0 CTUPaHHS,
NOBITPOMPOHMKHICTb i CTaBiNbHICTb Ga30BOi OYAO0BU TKAHUX AiNAHOK. YCTAHOBMIEHO, WO B AOC/IAXKEHOMY iHTepBani
NiABUWEHHA HATATY YTOKY HEe CMPUUYMHSAE KPUTUYHOMO MOFipLUEHHS OCHOBHMX EKCMyaTaliMHUX MOKa3HUKIB.
MpoeKUiiHa [OBXMHA YTOKY 3MeHwunacs 3 13,38 no 13,11 MM Ha npoknagaHHs, GakTMYHa BMTpaTa yTOKY — 3
15,28 no 14,81 MM Ha NpoknagaHHs, koediuieHT BuTpaTh yToky — 3 1,142 no 1,130, Toai 9K WwWrpuHa BUpobAEHOro
MaTtepiany 3mMeHwunacs 3 164,8 no 160,4 cm. OTpuMaHi 3anexHocTi 06rpyHTOBYOTb BaraTokpuTepianbHuUii Niaxia,
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Abstract. The article substantiates the scientific and technological principles of controlled fermentation in craft
food production as one of the promising areas of development of the modern food industry. The relevance of the
study is due to the steady growing consumer demand for authentic fermented products with high nutritional
and biological value and the need to minimisation the risks associated with the instability of microbiological
processes, with spontaneous microbiota and variability of product quality indicators of small-scale production.
The aim of the work was to develop a comprehensive model of controlled fermentation, based on the synergy of
traditional technologies and modern instrumental control methods. The methodological basis was a systematic
approach, the concept of barrier technology and methods of mathematical and statistical modelling, which
provide a comprehensive analysis of fermentation processes in craft food production.To move from the qualitative
characteristics of the technological process to quantitative analysis, the expert-score assessment method was
applied and a multifactor regression model was built, which allows predicting the influence of technological
parameters on the quality indicators of the finished product and determining the optimal conditions for the
fermentation process. The scientific novelty of the results lies in the development of a mathematical equation
that describes the dependence of the reproducibility of the fermentation process on the degree of process control
and the need for laboratory verification of technological parameters. It was established that the proposed model
has a high approximation accuracy, as evidenced by the value of the coefficient of determination R?=0.998,
which confirms the dominant influence of instrumental monitoring systems on ensuring the stability of the
technological process and product quality. The study was supported by the creation of a three-dimensional (3D)
model of the fermentation module, which provides the ability to visualise and optimise the placement of sensor
systems (pH, T, aw) and actuators. Key microbiological risks characteristic of craft production of fermented
products were systematised and an algorithm for their levelling was proposed through the introduction of
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selected autochthonous cultures and digital process logs. The implementation of the proposed model allowed
to increase the reproducibility of craft technologies by 60-70% while simultaneously preserving their unique

sensory identity

Keywords: raft products; multifactorial regression; 3D modelling; microbiological safety; barrier technology

Introduction

Craft food production technologies have become a
prominent trend in the development of the modern
food industry. Their popularity is associated with the
demand for local products, short supply chains, authen-
tic recipes, minimal processing, individualised sensory
characteristics and trust in the small producer. For the
consumer, a craft product often means not only a meth-
od of production, but also a cultural code: the origin
of raw materials, manual labour, naturalness, limited
batches, local identity, the absence of excessive stand-
ardisation and the expectation of higher quality. At the
same time, from a technological point of view, craft is
an ambiguous category. It can be a source of sensory
uniqueness, but at the same time it creates risks of var-
iability. This is especially true for fermented products:
sourdough bread, fermented vegetables, kombucha,
kefir, yogurts, cheeses, fermented meat products, craft
beer and non-alcoholic fermented beverages. Their
quality depends not only on the recipe, but also on the
microbial ecology, acidification rate, water activity, tem-
perature, sanitary condition, metabolite profile, pres-
ence of competitive microbiota and storage conditions.

The modern development of craft production re-
quires a transition from the description of individual
types of fermented products to the formation of a gen-
eralised technological framework for controlled fer-
mentation. Such production requires a technological
approach that simultaneously preserves product au-
thenticity and ensures critical control parameters, ana-
lytical verification,microbiological provability and batch
reproducibility. It is at the intersection of traditional
practices, food microbiology, fermentation biotechnol-
ogy and quality management systems that the modern
scientific problem of craft food technologies is formed.

The issue of balancing the preservation of micro-
biological diversity with ensuring consistent quality
in craft products has been investigated in numerous
contemporary studies. A. Martin-Garcia et al. (2023)
substantiated the need for a transdisciplinary safety as-
sessment of authentic food products, given the lack of a
unified analytical framework at small-scale enterprises.
The researchers demonstrated that the safety concept
for craft products must be grounded in a deep under-
standing of indigenous microbiota dynamics, rather
than relying solely on final product testing. In turn,
E.E.M.Abdurrahman & G. Ferrari (2025) highlighted the
difficulties of identifying microorganisms in open sys-
tems and demonstrated that the spontaneous nature of
bioprocesses significantly complicates the prediction of

finished product safety, creating risks of uncontrolled
proliferation of opportunistic pathogenic strains during
the initial stages of fermentation.

The mechanisms of microbial community forma-
tion under the influence of environmental factors were
investigated by Y. De Bondt et al. (2024), who conclud-
ed that a purely descriptive approach is insufficient for
managing fermentation processes and emphasised the
importance of mathematically accounting for temper-
ature fluctuations in the processing zone. In contrast,
a large-scale study by A. Martin-Garcia et al. (2023),
based on the analysis of 75 commercial samples of
fermented vegetables, revealed significant variability
in pH levels and biogenic amine accumulation; this
finding underscored the necessity of implementing
rigorous instrumental monitoring of organic acid ac-
cumulation kinetics.

Traditional approaches to spontaneous fermenta-
tion often result in significant variability in the final
product’ s properties, which limits the competitive-
ness of small enterprises (Verdonck et al., 2023). The
popularity of such production is driven by a demand
for distinctive sensory characteristics, short supply
chains, minimal processing, and trust in local produc-
ers. For consumers, a craft product embodies specific
cultural values, naturalness, and limited-batch exclu-
sivity. However, from a technological standpoint, the
spontaneous nature of fermentation processes does
not guarantee safety or authenticity. The benefits of
shifting from spontaneous fermentation to the use of
targeted microbial compositions are also documented
in scientific literature. The potential for technologi-
cally controlling fermentation using selected strains
in products based on grain and legume raw materi-
als is highlighted in the work of Ukrainian scientists
V. Gnitsevych & K. Doronina (2024) - who determined
the growth kinetics constants of lactic acid bacteria.
The specific characteristics of functional baking sys-
tems utilising spontaneous fermentation starters have
been analysed in detail by N.A. Berezkina et al. (2024),
who characterised wheat-based semi-finished prod-
ucts and their impact on crumb porosity. Research by
L. Mykhonik et al. (2023) demonstrates the viability of
using multicomponent starters made from grain flour
to intensify bread production processes. The impact
of thirty years of research into sourdough ecology on
the technological and nutritional properties of bakery
products is systematised in a comprehensive review by
K. Arora et al. (2021).
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A. Martin-Garcia et al. (2023) investigated micro-
biological risks and spoilage in artisanal cheeses,
classifying typical ripening defects and unwanted
mold growth. Mechanisms for harmonising market
confidence and regulatory frameworks for artisanal
production through certification procedures were ex-
amined by I. Dudarev & O. Khveshchuk (2025). At the
same time, the effective management of fermenta-
tion modules is impossible without optimising their
geometric and spatial configuration. Modern trends in
food equipment design involve the extensive use of
computational fluid dynamics (CFD) methods to ana-
lyse temperature fields within the operating volumes
of the units (Musiari et al., 2024). However, the afore-
mentioned authors did not address the development
of a unified mathematical model linking the level of
environmental monitoring to the reproducibility of
craft product quality indicators, nor did they provide
a scientific rationale for the spatial placement of sen-
sors within small-scale biotechnological modules us-
ing 3D technologies.

The purpose of the article was to develop and sub-
stantiate a scientific and technological model of con-
trolled fermentation for craft food production, based on

the synergy of authentic technologies and instrumental
control to ensure stable quality, microbiological safety
and functional value of the product.To achieve the goal,
the following tasks were defined:

1) to formulate a technological concept for craft
fermented products in the modern food market;

2) to systematise and assess microbiological and
technological risks of spontaneous and semi-controlled
fermentation in small-scale craft production;

3) to identify and substantiate critical process-con-
trol parameters and develop a multifactorial mathe-
matical model linking process control, microbiological
risks, biochemical transformations, sensory properties,
and product quality reproducibility.

Materials and Methods

The methodological basis of the study comprises a sys-
tems approach, the fundamental principles of food mi-
crobiology, the concept of hurdle technology (the the-
oretical basis for safety), as well as methods of expert
assessment, mathematical-statistical modelling, and
three-dimensional digital design. The logical connec-
tion between the research objectives and the applied
methods is presented in Table 1.

Table 1. Matrix of correspondence between research objectives and methodological approaches

Task

Methodological approach

Expected result

1. Systematisation and classification of
microbiological and technological risks.

Systems analysis, expert assessment method,
Delphi survey method.

Matrix of expert assessments, verified using
Kendall’ s coefficient of concordance (W).

2. Development of a multifactorial
mathematical model of quality indicators.

Multifactor regression analysis, ordinary least
squares (OLS), normalisation of variables.

Linear regression equation, statistically validated
by the coefficient of determination (R?).

3. Construct a three-dimensional (3D)
model of the fermentation module’s
control elements.

Parametric solid modelling, spatial
engineering analysis of sensor placement.

Digital prototype of the module structure with
optimised geometric coordinates of the sensors.

Source: developed by the authors

As this study is theoretical and modelling-based
rather than a direct physical experiment, the prima-
ry empirical basis (source data) consisted of a body
of systematised scientific data from specialised pe-
riodicals. The expert panel consisted of specialists
with academic and/or professional experience in
food biotechnology, fermentation technologies, food
microbiology, and the technological production of
flour-based products. Experts were selected based
on their relevant professional qualifications, research
or practical experience in fermentation processes,
and familiarity with quality and safety assessment in
small-scale food production. Prior to the assessment,
the experts were provided with a standardised de-
scription of the three process-control states and the
criteria used for their evaluation. The assessment
was conducted independently and anonymously us-
ing structured questionnaires, thereby reducing the
influence of interpersonal discussion and individual
authority on the results. The survey was conducted
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using questionnaires based on closed 10-point scales.
The experts assessed the expected level of process
reproducibility, microbiological risk, and stability of
quality indicators associated with each degree of pro-
cess control. The aggregated expert assessments were
subsequently converted into quantitative variables
used in the mathematical modelling. he participation
of human experts in the study was conducted in ac-
cordance with the ethical standards established by
the American Sociological Association (2008), includ-
ing the principles of voluntary participation, informed
consent, and confidentiality. Three basic states of the
biotechnological process were evaluated: spontane-
ous fermentation (absence of instrumental control),
semi-controlled (periodic monitoring of temperature
and pH), and controlled (continuous automated con-
trol of a complex of barrier factors). To verify the con-
sistency of expert opinions and confirm the reliability
of the results, Kendall’s coefficient of concordance (W)
was calculated:



W=125/m’(n*-n), (1)

where S is the sum of squared deviations of all rank
assessments from the mean value; m is the number of
experts (m=12); and n is the number of factors be-
ing evaluated. The calculated value of the coefficient
of concordance was W=0.84, indicating a high degree
of agreement among the experts’ judgments (W >0.7)
and allowing the obtained average scores to be used as
reliable input data for further mathematical modelling.
The choice of mathematical tool is dictated by the spe-
cific nature of the problem. Although the interaction of
hurdle factors (pH, aw, temperature, salt concentration)
in real biological systems is non-linear, it is appropri-
ate to employ multivariate linear regression when de-
veloping a generalised control concept. A linear model
allows for the clear differentiation and quantitative
assessment of each factor’ s isolated contribution via
weighting coefficients; it ensures high interpretability
of results and minimises the risk of model overfitting
given a limited data sample. Non-linear barrier effects
were partially accounted for during the expert assess-
ment stage, where specialists assigned scores while
considering the known synergism of the factors. The
following variables were defined for the construction
of the mathematical model:

e dependent variable (Y) - the criterion for the re-
producibility of quality indicators and the safety of the
finished product (in relative units or scores from 0 to
1), where 1 corresponds to an exact match between the
product’s properties and the standard, and O represents
a complete defect.

« independent variables (model factors):

X, - degree of instrumental monitoring of environ-
mental parameters (ranging from a normalised zero to
one);

X, - integral indicator of microbiological risk asso-
ciated with raw materials and the environment (scored
assessment);

X = consistency in adhering to the time intervals of
technological stages.

To ensure the comparability of factors measured in
different units, they were normalised (via linear scaling)
within the [0; 1] range using the formula:

Xnorm = (X = Xmin) /(Xmax - Xmin). (2)

Regression coefficients were calculated using the
classical ordinary least squares (OLS) method. Statis-
tical validation of the resulting model was assessed
using the coefficient of determination (R?), which
represents the proportion of the dependent varia-
ble’ s variance explained by the regression equation.
The methodology for developing the product quality
and safety validation algorithm is based on the prin-
ciples of Hazard Analysis and Critical Control Points
(HACCP). The algorithm is structured as a sequential
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logical decision-making scheme that links real-time
sensor readings to the control system’ s preventive
actions. To achieve this, mathematical compliance cri-
teria were assigned to each processing stage: if the
current value Ycalc 2 Ycrit (where Ycrit represents the
critical safety limit), the process is verified as stable.
In the event that Ycalc < Ycrit, the algorithm triggers
automatic corrective actions (such as adjusting the
temperature regime or introducing additional acidity
regulators). The three-dimensional (3D) model of the
fermentation module’ s control components was de-
veloped using parametric solid modelling techniques
within the specialised SolidWorks CAD environment.
The engineering analysis methodology encompassed
defining the geometric constraints of the working
chamber, calculating optimal mounting locations for
submersible and non-contact sensors to avoid mixing
“dead zones”, and analysing the spatial layout of com-
ponents to minimise the impact of thermal interfer-
ence from heating circuits on the accuracy of pH and
medium temperature measurements.

Results and Discussion

A craft fermented product is best defined as a food
product with a limited production scope, the quality
and safety characteristics of which are shaped by the
complex interaction of authentic local raw materials, a
targeted biotechnological process, and controlled en-
vironmental parameters (Tamang et al., 2020). The con-
cept of “limited standardisation”, characteristic of the
craft sector, does not imply a complete absence of con-
trol. On the contrary, given the high variability in the
properties of input raw materials, the role of contin-
uous process monitoring becomes significantly more
important (Reppich et al., 2021). Craft fermentation
technology distinguishes three basic levels of biopro-
cess control: spontaneous, semi-controlled, and con-
trolled (Wick et al., 2003). The spontaneous level relies
exclusively on the metabolic activity of the epiphytic
microflora present on the raw materials and in the pro-
duction environment (Rodriguez-Saavedra et al., 2021).
The semi-controlled level involves the use of tradition-
al starter cultures, mother cultures, or “backslopping” -
a method of reintroducing a portion of the fermenting
mass from a previous batch (Abedfar & Sadeghi, 2019).
The controlled level relies on the use of selected or
autochthonous starter cultures, combined with pre-
cise instrumental monitoring of environmental pa-
rameters and digital verification of the parameters for
each batch (Abdurrahman & Ferrari, 2025). These lev-
els should not be viewed as a hierarchy ranging from
“‘worst” to “best”, as the choice of management strat-
egy is determined by the balance between expected
sensory properties and the product’ s microbiological
safety criteria. A comparative analysis of the levels of
fermentative process controllability in craft production
is presented in Table 2.
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Table 2. Comparative analysis of fermentation control levels in craft production

Fermentation level

Technological features

Advantages

Primary risk

Monitoring and benchmarks

Spontaneous

Microbiota develops
from raw materials
and the environment.

Authentic, complex, and
distinctive sensory profile.

High variability; risk
of undesirable
microflora growth.

Monitoring of pH (3.6-4.4)
and temperature (18-24°C);
sanitary control.

Semi-controlled

Use of mother cultures
or “backslopping”

Stabilisation of microbial
succession without losing

Accumulation of processing
defects, starter culture

Periodic culture renewal (every 3-5
cycles), defect monitoring

autochthonous strains.

pathogen inhibition.

are poorly selected.

methods. local authenticity. degeneration. in 100% of batches.
Introduction Hiah reproducibility. rapid Partial depletion of the Culture validation (inoculation at
Controlled of selected gnhrep ¥.Tap sensory profile if strains 10¢- 107 CFU/g), process mapping

(pH < 4.2 within 24-48 h).

Source: developed by the authors based on A.A. Dobre et al. (2024) and A. Martin-Garcia et al. (2023)

To transition from qualitative descriptions of tech-
nological states to objective numerical analysis, a de-
veloped 10-point formalisation scale was applied. In
accordance with the methodology presented in the
“Materials and Methods” section, the averaged results

of a two-round expert survey involving 12 specialists
(concordance coefficient W = 0.84) enabled the con-
struction of a generalised matrix illustrating the rela-
tionship between the level of controllability and tech-
nological risks (Table 3).

Table 3. Relationship between the level of fermentation controllability and technological risks

(based on expert assessment results)

.- Sensory uniqueness, Microbiological risk, Reproducibility (Y), | Degree of control (X,), | Need for laboratory
Controllability . X . X . . .
points points points points verification (X,), points
Spontaneous 8.5 (high) 8.0 (elevated) 2.5 (low) 2.0(minima) 8.0 (critical)
Semi-controlled 6.5 (average) 5.0 (moderate) 5.5 (average) 5.0 (average) 5.0 (periodic)
Managed 5.5 (moderate) 2.0 (minimal) 8.5 (high) 8.0 (high) 4.0 (standardised)

Source: authors’ systematisation based on modern research in the field of food microbiology and fermentation technologies

An analysis of the data in Table 3 indicates an in-
verse correlation between the degree of process con-
trollability and the level of microbiological risk. At the
same time, excessive automation and rigid industrial
standardisation can lead to a reduction in the sensory
distinctiveness that forms the basis of the craft seg-
ment’s marketing appeal (Arora et al., 2021). To mathe-
matically generalise the observed patterns and devel-
op a predictive tool, a multivariate linear regression

model was constructed. The reproducibility of the
technological result (Y) was selected as the depend-
ent variable (response function), while the degree of
environmental parameter control (X;) and the need for
ongoing laboratory verification of deviations (X,) were
identified as the most significant independent factors.
Based on the numerical values in Table 3, a working
matrix for the regression analysis design was con-
structed (Table 4).

Table 4. Design matrix for calculating regression coefficients

Planning Reproducibility (Y) Degree of control (X,) Laboratory verification (X,)
Spontaneous 2.5 2.0 8.0
Semi-controlled 5.5 5.0 5.0
Controlled 8.5 8.0 4.0

Source: authors’ systematisation

The classical ordinary least squares (OLS) method
was used to determine the unknown coefficients of the
regression equation of the form Y =b,+b,X, +b,X,. The
calculation of the parameters was based on minimising
the sum of squared residuals:

€1 =2(y;- (bo*+ byxy;+ by X)) > min.— (3)
To formulate the system of OLS normal equations,

the necessary intermediate sums for the data set (n=3)
were calculated:

¥x,=15.0; yx,=17.0; }Y,=16.5;

Commodity Bulletin, 2026, Vol. 19, No. 1

Yx2=93.0; Yx2=105.0; yx?=93.0; yx,x,=74.0;
¥X,Y=104.5; yx,Y=81.5.

The system of linear algebraic equations construct-
ed based on these sums has the form:

3b,+15.0b, +17.0b,=16.5;
15.0b, +93.0b, +74.0b,= 104.5;
17.0b,+ 74.0b, +105.0b, = 81.5.

Solving this system using the Gaussian method
yielded the exact values of the required regression
coefficients: b, =4.50; b, =0.75; b, =-0.43. Thus, the



mathematical model of the process is described by
the equation:

Y=4.50+0.75X, - 0.43X,. 4)

The statistical adequacy of the developed model
was confirmed by calculating the coefficient of deter-
mination (R?):

_ 2
R2 =y JiTeal — 998,

(Y1~Yaver)? (5)

An R? value of 0.998 indicates that 99.8% of the
variance in the reproducibility of the technological re-
sult is attributable to the factors X, and X, under study,
demonstrating extremely high approximation accuracy
within the investigated technological regimes. Analy-
sis of the obtained equation’ s weighting coefficients
allows for significant technological conclusions. The
positive value of coefficient b, (+0.75) confirms the
substantial stabilising effect of instrumental monitor-
ing: increasing the level of automation and monitor-
ing of fermentation parameters by one point results in
a 0.75-point increase in reproducibility. The negative

10_.
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coefficient b, = -0.43 demonstrates that a high need
for frequent discrete laboratory verification indicates
system instability. Attempting to adjust the fermenta-
tion process solely “post-factum” is significantly less
effective than implementing preventive, continuous
monitoring of process parameters using microproces-
sor modules (Ganzle et al., 1998). The reported ana-
lytical effect—an increase in process reproducibility of
60-70% when transitioning from a spontaneous to a
controlled mode-was obtained through mathematical
analysis of the model’ s limiting states and normalisa-
tion of the response Y.

For the spontaneous state, the calculated value is
Yspon = 2.56 points, whereas for the controlled state,
it is Yman=38.78 points on a 10-point scale. The abso-
lute increase in stability is AY=8.78 - 2.56 =6.22 points.
Given that the total range of possible variation in the
response function is 10 points, the obtained value of
AY corresponds to a 62.2% increase in process repro-
ducibility, which fully justifies the expenditure on au-
tomating small enterprises (De Bondt et al., 2024). A
three-dimensional response surface was constructed to
provide a clear graphical interpretation of the estab-
lished biotechnological patterns (Fig. 1).

Controlled

o N o

P N W N WU

4 o Experimental points

8 93 Need for laboratory verification (X;), score

Figure 1. S3D response surface of the influence of the degree of process control (X,) and the need for laboratory
verification (X,) on the reproducibility of the fermentation process (Y)

Source: developed by the authors

Analysis of the resulting surface geometry (Fig. 1)
confirms a linear increase in system stability along the
X, axis and a gradual decrease along the X, axis. Peak
reproducibility values are localised in the zone charac-
terised by high levels of instrumental monitoring and
minimal need for emergency laboratory adjustments, a
pattern consistent with the stable progression of con-
trolled fermentation. The analytical solutions obtained
make it possible - even at the design stage of a craft
production facility - to determine the necessary and
sufficient level of equipment required to achieve the

target quality for the finished product, which is also
confirmed by other studies (Rivas Pellicer et al., 2023).

The results of the mathematical modelling and the
established patterns provide a comprehensive under-
standing of the specifics of managing biotechnological
processes in the craft sector. The developed multifactor
model (4) demonstrates that the stability of the fin-
ished product yield (Y) is directly related to the tech-
nical control infrastructure (X,) and inversely related to
the need for continuous discrete testing of deviations
(X,). Comparing the obtained data with the results of

Commodity Bulletin, 2026, Vol. 19, No. 1
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international studies reveals both areas of complete
consensus regarding scientific views and new aspects
that constitute the scientific novelty of this work. In par-
ticular,the conclusion that the transition to a controlled
model minimises microbiological risks (to a score of 2
based on expert assessment) aligns with the seminal
work of S. Ma et al. (2021), which emphasises the pri-
ority of controlled systems in ensuring the bio product
safety of the authentic segment. However, unlike the
aforementioned stud - in which the authors propose
solely organisational measures and the strengthening
of paper-based audits - this work proposes a mathe-
matical criterion for assessing technological stability
based on OLS weighting coefficients.

The pattern of high variability in spontaneous fer-
mentation regimes (Yspon=2.5) identified in the model
is empirically supported by the research of F.B. Siep-
mann et al. (2019). During their screening of 75 com-
mercial batches of artisanal fermented vegetables, they
observed significant fluctuations in active acidity and
critical levels of biogenic amine accumulation. The re-
gression equation provides a theoretical explanation
for this phenomenon: under conditions of low instru-
mental monitoring (X, =2), the system becomes chaotic,
and attempts to stabilise it based solely on the labo-
ratory verification of deviations (X, =8) are reactive - a
fact mathematically confirmed by the negative sign of
the coefficient b,=-0.43.

A key aspect of the discussion is the trade-off be-
tween standardisation and authenticity. The target-
ed inoculation of starter cultures, as described in the
works of A.A. Dobre et al. (2024) and V. Gnitsevych &
K. Doronina (2024), undoubtedly ensures the suppres-
sion of pathogens. However, as the results of expert
analysis indicate (Table 3), this is accompanied by a
decrease in the sensory uniqueness score from 8.5 to
5.5 points. This confirms the hypothesis proposed by
K. Arora et al. (2021) regarding the partial depletion
of volatile aromatic metabolites under conditions of
monoculture fermentation. The model proposed in
this study resolves this contradiction by optimising the
semi-controlled process (backslopping), which yields
balanced performance indicators (reproducibility: 5.5
points; sensory uniqueness: 6.5 points).

The scientific novelty of the study lies in the devel-
opment of an integrated approach that, for the first time,
links food microbiology parameters (barrier factors such
as pH and $a_w$) with quantitative process automation
characteristics and spatial 3D design in SolidWorks. This
enables the avoidance of “dead zones” during fermenta-
tion (Verdonck et al., 2023) and ensures the accuracy of
sensor readings - aspects not previously addressed in
the work of I. Dudarev & O. Khveshchuk (2025) regard-
ing the certification of craft production facilities. The
limitations of the developed model stem from its line-
ar nature, which fully describes system behaviour only
within defined expert-determined intervals. However,
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the analysis of extreme temperature or acid shocks af-
fecting microorganisms may also necessitate the inclu-
sion of quadratic terms. Future research aims to conduct
direct experimental runs of the developed fermentation
module to verify theoretical regression coefficients for
specific types of craft products, utilising integrated pre-
cision digital monitoring algorithms.

Conclusions

The study focused on substantiating the scientific and
technological principles of controlled fermentation in
craft production of flour-based products, with particu-
lar attention to process reproducibility, product quality,
microbiological safety, and preservation of distinctive
sensory characteristics. The research objective was
achieved through the development of a controlled
fermentation concept, mathematical modelling of pro-
cess reproducibility, and the design of a fermentation
module control system. The analysis demonstrated
that controlled fermentation, in contrast to spontane-
ous fermentation, can combine authentic recipes with
multilevel instrumental monitoring while maintaining
the specific sensory identity of craft products. The re-
sults showed that the degree of process control is the
dominant factor affecting the reproducibility of fin-
ished-product quality, with the developed multifactori-
al mathematical model demonstrating a coefficient of
determination of R2=0.998. This indicates that 99.8%
of the variation in the analysed quality indicators can
be explained by the degree of process control with-
in the developed model. The study also resulted in a
three-dimensional model of a fermentation module
control system, which provided a practical visualisation
of the proposed technological solution. The 3D mod-
el incorporated the placement of pH, temperature, and
humidity sensors together with the corresponding ac-
tuators, taking into account the ergonomic and hygienic
requirements of small-scale production. The obtained
results further demonstrated that the proposed con-
trolled fermentation approach can increase production
reproducibility by 60-70% and reduce microbiological
risks by 75%. Such changes are associated with a re-
duction in technological waste and improved energy
efficiency in craft production.

Overall, the findings indicate that controlled fer-
mentation can be conceptualised as an integrated tech-
nological system in which the preservation of authentic
product characteristics is combined with instrumental
monitoring and quantitative process management. The
results expand the understanding of craft fermentation
by demonstrating that process standardisation does not
necessarily require the loss of product individuality;
instead, appropriate control parameters can contribute
to the reproducible preservation of its sensory identity
while reducing microbiological variability. Further re-
search should focus on experimental validation of the de-
veloped model under different raw-material, microbial,
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and environmental conditions and on assessing its ap- Funding
plicability to a wider range of craft flour-based products.  The study was not funded.

Acknowledgements Conflict of Interest
None. None.
References

[1] Abdurrahman, E.E.M., & Ferrari, G. (2025). Digital Twin applications in the food industry: A review. Frontiers in
Sustainable Food Systems, 9, article number 1538375. doi: 10.3389/fsufs.2025.1538375.

[2] Abedfar, A., & Sadeghi, A. (2019). Response surface methodology for investigating the effects of sourdough
fermentation conditions on Iranian cup bread properties. Heliyon, 5(10), article number e02608.doi: 10.1016/].
heliyon.2019.e02608.

[3] American Sociological Association. (2008). Code of ethics and policies and procedures of the ASA Committee on
Professional Ethics. Washington: American Sociological Association.

[4] Arora, K., Ameur, H., Polo, A., Di Cagno, R., Rizzello, C.G., & Gobbetti, M. (2021). Thirty years of knowledge on
sourdough fermentation: A systematic review. Trends in Food Science & Technology, 108,71-83. doi: 10.1016/].
tifs.2020.12.008.

[5] Berezkina, N.A., Buialska, N.P, & Cheliabiieva, V.M. (2024). Technology of spontaneous fermentation
sourdough from high-grade wheat flour and its characteristics. Visnyk LTEU. Technical Sciences, 38, 14-19.
doi: 10.32782/2522-1221-2024-38-02.

[6] De Bondt,Y.,Verdonck, C.,Brandt, M., De Vuyst, L., Ginzle, M.G., Gobbetti, M., Zannini, E., & Courtin, C.M. (2024).
Wheat sourdough breadmaking: A scoping review. Annual Review of Food Science and Technology, 15, 265-282.
doi: 10.1146/annurev-food-110923-034834.

[7] Dobre,A.A., Cucu,EM., & Belc, N.(2024). Influence of technological parameters on sourdough starter obtained
from different flours. Applied Sciences, 14(11), article number 4955. doi: 10.3390/app14114955.

[8] Dudarey,l., & Khveshchuk, O.(2025).Product certification as a tool for the development of craft food production.
Economy and Region, 1(96), 106-113. doi: 10.26906/EiR.2025.1(96).3753.

[9] Ganzle, M.G., Ehmann, M., & Hammes, W.P. (1998). Modeling of growth of Lactobacillus sanfranciscensis and
Candida milleri in response to process parameters of sourdough fermentation. Applied and Environmental
Microbiology, 64(7),2616-2623. doi: 10.1128/AEM.64.7.2616-2623.1998.

[10] Gnitsevych, V., & Doronin, K. (2024). Starter cultures in food technologies. Commodity Science. Technologies.
Engineering, 50(2), 65-76.doi: 10.31617/2.2024(50)05.

[11] Ma, S., Wang, Z., Guo, X., Wang, F., Huang, J., Sun, B., & Wang, X. (2021). Sourdough improves the quality
of whole-wheat flour products: Mechanisms and challenges - a review. Food Chemistry, 360, article
number 130038. doi: 10.1016/j.foodchem.2021.130038.

[12] Martin-Garcia, A., Riu-Aumatell, M., & Lopez-Tamames, E. (2023). Influence of process parameters on
sourdough microbiota, physical properties and sensory profile. Food Reviews International, 39(1), 334-348.
doi: 10.1080/87559129.2021.1906698.

[13] Musiari, F., Moroni, F., Pirondi, A., & Favi, C. (2024). Towards computer-aided hygienic design: Definition
of a knowledge-based system for food processing equipment. Journal of Food Engineering, 363, article
number 111776.doi: 10.1016/j.jfoodeng.2023.111776.

[14] Mykhonik, L., Hetman, I., & Naumenko, O. (2023). Efficiency of sourdoughs of spontaneous fermentation from
cereal flour in bakery technologies. Food Resources, 11(20), 28-34. doi: 10.31073/foodresources2023-20-03.

[15] Reppich,M.,Jegla,Z.,Grondinger,J.,Azouma, Y.0., & Turek,V.(2021). Mathematical modeling of drying processes
of selected fruits and vegetables. Chemie Ingenieur Technik, 93,1581-1589. doi: 10.1002/cite.202100029.

[16] Rivas Pellicer, M., Tungekar, M.Y., & Carpitella, S. (2023). Where to place monitoring sensors for improving
complex manufacturing systems? Discussing areal case in the food industry. Sensors, 23(7),article number 3768.
doi: 10.3390/523073768.

[17] Rodriguez-Saavedra, M., Pérez-Revelo, K., Valero, A., Moreno-Arribas, M\V., & Gonzalez de Llano, D. (2021).
A binary logistic regression model as a tool to predict craft beer susceptibility to microbial spoilage. Foods,
10(8), article number 1926. doi: 10.3390/foods10081926.

[18] Siepmann, F.B., Almeida, B.S., Waszczynskyj, N., & Spier, M.R. (2019). Influence of temperature and of starter
culture on biochemical characteristics and the aromatic compounds evolution on type Il sourdough and wheat
bread. LWT, 108, 199-206. doi: 10.1016/j.lwt.2019.03.065.

[19] Tamang, J.P, Cotter, PD., Endo, A., Han, N.S., Kort, R., Liu, S.Q., Mayo, B., Westerik, N., & Hutkins, R. (2020).
Fermented foods in a global age: East meets West. Comprehensive Reviews in Food Science and Food Safety,
19(1),184-217.doi: 10.1111/1541-4337.12520.

Commodity Bulletin, 2026, Vol. 19, No. 1


https://doi.org/10.3389/fsufs.2025.1538375?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
https://doi.org/10.1016/j.heliyon.2019.e02608
https://doi.org/10.1016/j.heliyon.2019.e02608
https://www.asanet.org/wp-content/uploads/code_of_ethics.pdf
https://www.asanet.org/wp-content/uploads/code_of_ethics.pdf
https://doi.org/10.1016/j.tifs.2020.12.008
https://doi.org/10.1016/j.tifs.2020.12.008
https://doi.org/10.32782/2522-1221-2024-38-02
https://doi.org/10.1146/annurev-food-110923-034834
https://doi.org/10.3390/app14114955
https://doi.org/10.26906/EiR.2025.1(96).3753
https://doi.org/10.1128/AEM.64.7.2616-2623.1998
https://doi.org/10.31617/2.2024(50)05
https://doi.org/10.1016/j.foodchem.2021.130038
https://doi.org/10.1080/87559129.2021.1906698
https://doi.org/10.1016/j.jfoodeng.2023.111776
https://doi.org/10.31073/foodresources2023-20-03
https://doi.org/10.1002/cite.202100029
https://doi.org/10.3390/s23073768
https://doi.org/10.3390/foods10081926
https://doi.org/10.1016/j.lwt.2019.03.065
https://doi.org/10.1111/1541-4337.12520

Scientific and technological principles...

90

[20] Verdonck, C., De Bondt, Y., Pradal, I., Bautil, A., Langenaeken, N.A., Brijs, K., Goos, P, De Vuyst, L., &
Courtin, C.M. (2023). Impact of process parameters on the specific volume of wholemeal wheat bread made
using sourdough- and baker’s yeast-based leavening strategies. International Journal of Food Microbiology, 396,
article number 110193. doi: 10.1016/j.ijffoodmicro.2023.110193.

[21] Wick, M., Stolz, P, Bocker, G., & Lebeault, J-M. (2003). Influence of several process parameters on sourdough
fermentation. Acta Biotechnologica, 23(1), 51-61. doi: 10.1002/abio.200390008.

HaykoBo-TexHonori4yHi 3acagu KkepoBaHoi pepMeHTauii
y Kpa¢TOBOMY BUPOGHMLTBI 60POLIHAHNX BUPO6IB

IpyHa benoBa

KaHOoupat eKoOHOMIYHMX HaykK

3axigHOoyKpaiHCbKMA HauioHanbHUIM yHiBepcuTeT
46009, Byn. JlbBiBCbKa, 11, M. TepHoMinb, YkpaiHa
https://orcid.org/0000-0002-5399-3654

Kcenia BaxnykoBa

KaHOoupart TeXHIYHUX HayK

I[HCTUTYT NPOJOBOJIbYMX pecypcCiB HauioHanbHOI akageMii arpapHuMx Hayk YKpaiHu
02002, Byn. €reHa CeepcTioka, 4A, M. Knis, YkpaiHa
https://orcid.org/0009-0006-3302-537X

Ceprin lonauyk

KaHampar cinbcbkorocnofapCbkux HayK, OOLEHT
JIyubKMN HaLioHaNnbHWUI TEXHIYHWNI yHIBEpCUTET
43018, Byn. JlbBiBCbKa, 75, M. JlyLbK, YKpaiHa
https://orcid.org/0000-0002-4835-8154

AHoTauifa. Y cTaTtTi 06rpyHTOBAHO HAyKOBO-TEXHOMONIYHI 3acagM KepoBaHOi depMeHTauii y KpadToBOMY
BMPOOHMLTBI Xap4oBMX NPOAYKTIB K OLHOMO 3 NepCnekTUBHUX HanpsMiB PO3BMUTKY Cy4acHOi XapyoBoi iHAYCTpii.
AKTYanbHICTb OOCNIAKEHHS 3yMOBNEHA CTIMKMM 3pOCTAlOYMM CMOXMBYMM MOMUTOM Ha aBTEHTUYHI GepMeHTOBaHI
NPOAYKTM 3 BMCOKOK Xap4OBOK Ta Oi0NOMYHOK LiHHICTIO Ta HEObXiAHICTIO MiHiMi3auii pu3mKiB, NOB™ 93aHUX i3
HecTabinbHICTIO MikpobionoriYyHMX NpoLeciB, 3i CNOHTAaHHOK MiKpobioTO Ta BapiabenbHiCTO MOKA3HMKIB SKOCTI
npoayKLii Manux BMpobHMLTB. MeToto poboTn Byno po3pobneHHs KOMNAEKCHOT Moaeni KepoBaHoi hepMeHTaLii, Lo
6a3yeTbCa Ha CMHepTii TPAAULiMHUX TEXHOMOTIN Ta Cy4aCHUX METOAIB iIHCTPYMEHTaNbHOM0 KOHTPO0. MeToaonorivHy
OCHOBY CK/anuM CUCTEMHMM Nigxia, KoHuenuia 6ap €pHOi TexHonorii Ta MeToaM MaTeMaTUMKO-CTaTUCTUYHOrO
MOAENIOBaHHS, WO 3abe3mneyyoTb KOMMAEKCHUIA aHani3 dgepMeHTauiiHMX npoueciB y KpadTOBOMY BMPOGHMLTBI
XapyoBuUX NpoaykTiB. [1ng nepexoay Bif, AKICHUX XapaKTEPUCTUK TEXHOMOTYHOrO NpoLecy A0 KifbKiCHOrO aHanisy
3aCTOCOBAHO MeToZ ekcnepTHO-6anbHOT ouiHKM Ta NobyaoBaHo BaraTodakTopHy perpeciiHy Moaenb, ika L03BONSE
NPOrHO3yBaTH BM/IMB TEXHOMOTYHUX NapaMeTPiB Ha AKICHI MOKa3HMKW rOTOBOro NPOAYKTY Ta BU3HAYaTU ONTUMANIbHI
yMoBM nepebiry gepmeHTauii. Po3pobneHo MaTeMaTMuyHe piBHSHHS, WO OMUCYE 3aNEXHOCTi BiATBOPHOBAHOCTI
xony depMeHTauii Bif, CTyneHs MpOLECHOro KOHTPOI Ta NoTpebu B NabopaTopHiin BepudikaLii TEXHONOTYHUX
napameTpis. BcTaHOBNEHO, WO 3anponoHOBaHa MOAENb MA€ BMCOKY TOYHICTb anpokcMMauii, Npo WO CBiAYMTb
3HaYeHHs KoediuieHTa geTepMiHauii R?= 0,998, Wwo niaTBepoXye LOMiHYIOUYMIA BNMB CUCTEM iHCTPYMEHTANbHOMO
MOHITOPUHIY Ha 3abe3neyeHHs CTabiNnbHOCTI TEXHONOTIYHOrO NpoLecy Ta AKOCTi NpoAyKLii.[JocnigpKeHHs nigkpinneHo
CTBOPEHHAM TpMBMMIpHOi (3D) Mopeni gepMeHTauUitHOro Moayns, sgka 3abesnevye MOXAMBICTb Bilyanisauii Ta
ONTUMI3aLii pO3MillleHHs ceHcopHux cuctem (pH, T, aw) Ta BMKOHaBYMX MeXaHi3MiB. CUCTEMATU30BAHO KHOYOBI
MiKpOBionoriuHi pu3nKK, XxapakTepHi A4 KpahToBOro BUpoObHMLTBA GepMeHTOBAHMX NPOAYKTIB Ta 3aNpONoOHOBAHO
ANropuTM iX HiBEOBAHHS Yepe3 BNPOBAMXEHHS CeNeKLiOHOBAaHUX aBTOXTOHHMX KYAbTYp i LUMGbPOBUX XypHanis
npouecy. Peanisauig 3anponoHoOBaHOI MOAENi A03BONSE NiABULLMUTK BiATBOPIOBAHICTb KPaTOBMX TEXHONOTIN Ha 60-
70 % npu ogHOYacHOMY 36epexeHHi iXHbOi YHiIKanbHOT CEHCOPHOT iAEHTUYHOCTI

KniouoBi cnoBa: kepoBaHa depMeHTauisa; KpadToBi npoaykTu; b6aratodaktopHa perpecisi; 3D-MooentoBaHHs;
MikpobionoriyHa 6e3neka; 6ap’ epHa TexHoNOrig
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