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Abstract. To achieve high precision in the machining of complex-shaped parts, the correct
combination of technologies with the machining center is necessary, especially if it has only
3 axes, to obtain the best results. The present study focuses on technological assurance of
the mechanical processing of complex-shaped parts on Computer Numerical Control (CNC)
machining centers. The study proposes a methodology for optimizing the machining process
by implementing appropriate technological measures, such as tool selection, cutting
parameters, and cost-effective process planning. The proposed methodology aims to
enhance the quality and productivity of the machining process while minimizing the
production time and cost. The results of the study demonstrate the effectiveness of the
proposed methodology in improving the machining performance and achieving the desired
product quality.

Key words: CNC milling, technological assurance, complex surfaces, manufacturing efficiency,
three-axis machines.

Rezumat: Pentru a obtine o mare precizie in prelucrarea pieselor de forma complexa este
necesara combinarea corecta a tehnologiilor cu centrul de prelucrare, mai ales daca are doar
3 axe, pentru a obtine cele mai bune rezultate. Prezentul studiu se concentreaza pe asigurarea
tehnologica a procesului de prelucrare mecanica a pieselor de forma complexa pe centrele
de prelucrare cu comanda numericd. Studiul propune o metodologie de optimizare a
procesului de prelucrare prin implementarea masurilor tehnologice adecvate, cum ar fi
selectia sculelor, parametrii de taiere si planificarea procesului eficient din punct de vedere
al costurilor. Metodologia propusa urmareste sa sporeasca calitatea si productivitatea
procesului de prelucrare, minimizand in acelasi timp timpul si costul de productie. Rezultatele
studiului demonstreaza eficacitatea metodologiei propuse in imbunatatirea performantei de
prelucrare si atingerea calitatii dorite a produsului.

Cuvinte cheie: Frezare CNC, asigurare tehnologicd, suprafete complexe, eficientd in fabricatie,
masini cu trei axe.
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M. Bicioc 9

1. Introduction

Today, Computer Numerical Control (CNC) machining centers have become essential
in the modern mechanical processing industry. These machines are programmed to carry out
complex operations with increased precision and efficiency, reducing the need for manual
intervention and allowing for the production of superior quality products. To maximize
performance and minimize errors in the mechanical processing process, it is important to
ensure appropriate technology [1], choose and use durable tools [2,3], and ensure adequate
High-Speed Machining (HSM) [4,5].

The profitability of the machining process is an important concern for any modern
company. Additionally, the frequent change in quality conditions and the complexity of
prismatic bodies make the machining process more difficult and costly. In the case of parts
with complex shapes that require multiple technological operations, it is important to find
solutions to ensure the required quality and precision. This may involve the use of more
advanced machining technologies as well as the development of more efficient machining
strategies. Furthermore, it is important to consider the costs and time required for each
technological operation in order to achieve optimal profitability of the machining process.

The economic instability in recent years has made it difficult to acquire state-of-the-
art equipment, especially for small companies. In this situation, 3-axis CNC machines remain
a viable solution, offering many advantages in terms of serviceability and ease of use.
However, if we focus on machining complex parts, 3-axis machines have disadvantages, such
as ensuring precision, especially for the machining of complex parts, due to the limitation of
movement.

There is an impressive volume of studies and research in the field, which have focused
on various issues such as energy consumption [6], but a great emphasis has been placed on
optimizing the actual execution stage, leading to the development of different methods and
techniques of optimization [7,8]. In most cases, ensuring manufacturing processes is the
priority criterion throughout the manufacturing chain, responding promptly from the product
design stage, process planning, operation scheduling, tooling, and actual execution.

Therefore, the technological assurance of the machining process remains a problem
that can still be studied and improved, especially in the context of our goal to maintain
competitiveness and efficiency of the machining process on 3-axis machine tools in the
future. Due to the movement limitations of 3-axis CNC machines, parts with complex
surfaces require a different or rather particular approach due to areas that cannot be
described by a simple equation or a standard geometric form. The combinations of curves,
planes, sophisticated contours, and specific details represented by these surfaces create
difficulties for the traditional method of realization and manufacturing. Therefore, there is
an observed increase in the number of parts with complex shapes that become crucial in
the aesthetic functionality and performance of mechanisms in various industries, creating
new challenges for engineers.

Complex parts (Figure 1) have a wide range of applications in various industries and
sectors, including the automotive, aviation, aerospace, medicine, and pharmacy industries.
These parts are used as critical components such as engines, turbines, radiators, surgical
instruments, separation devices, or prostheses, to provide superior performance and
necessary solutions for users. As can be seen in modern industry, the use of complex-shaped
parts is a key element.

Journal of Engineering Science September, 2024, Vol. XXXI (3)



10 Technological assurance of the mechanical processing process of complex shaped parts on machining centers...

Figure 1. Assembly from different parts with complex shape [9].

In this context, ensuring the technological assurance of the machining process
becomes crucial, and investment in advanced technological solutions such as appropriate
software, strategies, or tools becomes the main element of success.

It is true that mechanical machining is an extremely important aspect in today's
industry, and companies need to pay special attention to the machining processes to ensure
efficient, precise, and high-quality production. In an increasingly competitive environment,
the quality and efficiency of the machining process make the difference between success and
failure. Therefore, it is important for companies to consider these aspects and invest in
advanced technologies and adequate technological assurance to maintain their
competitiveness.

Even though mechanical machining has made significant progress in recent decades,
there are still challenges in achieving precise machining operations, strict tolerances,
complex geometries, difficult-to-machine materials, or high productivity requirements,
especially for owners of older machines such as 3-axis CNC machining centers, which face
difficulties in performing certain operations. It is important to emphasize that technological
assurance is not just an optional choice but an imperative necessity for companies in the
machining industry.

As early as Wolfgang Kuehn. [10-13] pointed out that the digital factor, namely 3D
simulation and visualization software, is the key to development, which can be introduced at
various stages to improve product and process planning. Of course, since then, the software
has evolved into an intelligent CAD/CAM system [14], responding to simple but automated
CNC machine programming through the use of artificial intelligence and automatic learning.
There is a myriad of products on the market that develop three-dimensional models and offer
programming and toolpath visualization possibilities, or even the entire machine tool [9]. The
most well-known ones are: SolidCam, NX, ArtCAM, Mastercam, Esprit, PowerMill, Fusion 360,
each having specific features that make it difficult to choose the best software [15].

Journal of Engineering Science September, 2024, Vol. XXXI (3)



M. Bicioc 11

2.Materials and Methods
A case study was conducted for the development of this article, describing an existing
machining process on a complex component produced on a 3-axis machine. For the
experimental part, a 3D model was developed, used in ultrasonic welding installations for
plastic material. Figure 2 represents the machined model, consisting of a set of 3 components
labeled as 1, 2, and 3, each having a number of complex zones labeled as A, B, and C.

Figure 2. Analysis of the experimental model. The three components of the assembly are
numbered by the number 1, 2 and 3, and by the letters A, B and C their complex areas
are represented.

This model was created in Solidworks 2021 software.The process technology was
developed for the 3-axis machining center AWEA AF 1000, utilizing a total of 14 tools for
the execution of the work. The program for the technological process was created in
Solidcam 2016 and processing time for each component is presented in Table 1.

Table 1
Track Number of Number of Total time,
number Tools Installations min
1 11 3 120
2 11 3 164
3 11 4 173

Processing time for each component

To improve this manufacturing process, it is necessary to first conduct an analysis
following the steps mentioned above. After examining the program, it was identified that the
most costly stages are the roughing and finishing of the complex surfaces, Figure 3.

This operation is carried out using an 8 mm ball nose tool with parameters described
in table 2, using the HSS (High-Speed Steel) machining technique. The Paralel Cuts Constant
Z technique is a constant machining technique that allows for obtaining a uniform and precise
finish in a shorter time and with reduced effort.

This operation is carried out using an 8 mm ball nose tool with parameters described
in table 2, using the HSS (High-Speed Steel) machining technique. The Paralel Cuts Constant
Z technique is a constant machining technique that allows for obtaining a uniform and precise
finish in a shorter time and with reduced effort.

Journal of Engineering Science September, 2024, Vol. XXXI (3)



12 Technological assurance of the mechanical processing process of complex shaped parts on machining centers...

a) b)
Figure 3. The area with the longest processing time.
a) roughing operation; b) finishing operation.

Table 2
Tool parameters

Specification Information

Diameter 4 mm

Shank 4 mm

Cutter length 15 mm

Rotation speed 6500 rpm

Cutting Depth 1/3D

Cutting Width 1/2D

Single Edge Feed 0.15 mm

Within the presented research framework, the discussion of surface roughness is
focused on the universally recognized Rz.

Figure 4. Measurement of surface roughness using Form'Talysurf 50
(Taylor Hobson Co Ltd).

Journal of Engineering Science September, 2024, Vol. XXXI (3)
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3. Solving the fixing problem

The examination of the second and third models showed that, in addition to the long
processing times in the finishing and roughing operations, there is a problem with the fixation
of the components, resulting in small linear errors and the occurrence of vibrations.

Following the analysis, it has been decided to use a 10 mm tool for the finishing
operation. This decision was made due to the advantages offered by using a larger tool, such
as easier access along the machined surface and a reduction in the total processing time.

In order to ensure better fixation of the part during the operation, a technological
support has been developed. It is an essential component in the processing process, as it
ensures stability and accuracy in positioning the part.

Figure 5. Fixing problems.

The technological support (Figure 5) is composed of the mirrored surfaces of the
finished part, allowing for a solid and precise fixation of the part during the finishing
operation. This support is designed to maintain the part in a stable position and provide easy
access to the tool. Two technological holes were made to attach the support to the machine.

TN
e}

Figure 6. Technological support.
a) technological support; b) the assembly.
These holes are essential for proper mounting and fixation of the technological
support onto the machine. By using these holes, the support is fixed in a secure and stable

Journal of Engineering Science September, 2024, Vol. XXXI (3)



14 Technological assurance of the mechanical processing process of complex shaped parts on machining centers...

position, capable of withstanding the general forces and vibrations during the finishing
operation.

4. Results and Discussion
The values obtained from the data analysis for the two finishing options, the initial
one and the optimized one, are presented in Table 3 for comparation.

Table 3
The times obtained between the initial method and the optimized one
Finishing, min Fixation, min
The initial example 0:14:27 0:02:45
The optimized example 0:11:28 0:03:15

The data presented shows that in terms of finishing time, the optimized option
resulted in a reduction of approximately 3 minutes compared to the initial option. However,
the time required for fixing the part on the support slightly increased for the optimized
option. In terms of the quality of the obtained surfaces, the optimized option managed to
produce more uniform surfaces without visible defects compared to the initial option. Figures
7 and 8 display the acquired results, with a slight variation in the Rz parameter, which is 1.26
in the first figure and 1.24 in the second. These results suggest that optimizing the finishing
process led to an improvement in the quality of the processed surfaces, even though the
fixing time slightly increased.

It is important to mention that these data are estimations and may vary depending on
the machine and support specifications, as well as the quality and dimensions of the part.
Therefore, we can recommend testing and adjusting the finishing process for each individual
part to ensure maximum quality of the processed surfaces and optimization of processing
time.
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Figure 7. The micro-irregularities profile for the initial processing variant.

Journal of Engineering Science September, 2024, Vol. XXXI (3)



M. Bicioc 15

2.0 2.0

1.5 J 1.5

1.0 1.0
o AL
2 g0 il R LA L ” | AN o0 Z
SRt

1.0 -1.0

15 15

20 20

50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90
millimetres

Ra 0.2784 pm

Rz(DIN) 1.2433 pm!

Rz 1.2433 pm

Figure 8. The micro-irregularities profile for the optimized processing variant.

The necessity of using special fixing supports for complex parts is not limited to this
work alone, as exemplified in Wojnarowska's study [16]. For instance, in his research, he also
proposed a support system for processing medical objects with complex geometry, such as
cranial bone prostheses. He introduced a vacuum clamping system that proved the method's
utility in producing complex components on a 3-axis milling machine, achieving good results
in terms of surface roughness and precision. Additionally, a clamping support was put forth
by Adli [17] to secure the pieces in place and consistently enhance the grip on thin parts
during processing. In 2022, Ferchow [18] proposed integrated screw fixing supports, enabling
the attainment of surface roughness results with a maximum Ra value of 1.42 ym.

Ensuring precision and surface quality on 3-axis machines remains an ongoing area of
research. To address these parameters, Eckert [19] presented a new clamping system based
on a pneumatic chuck with three gripping jaws controlled by force to manage workpiece
deformation. This was combined with a visual model recognition system to ensure high
repeatability in positioning, achieving results with a repeatability of 0.1 pm.

Consequently, it can be confidently stated that clamping systems are imperative for
securing parts on 3-axis CNC machines, thereby enhancing surface precision and quality.
Furthermore, these systems provide rigid and precise fixation, eliminating unwanted
vibrations and movements during processing, thereby contributing to high-quality outcomes
and increased productivity.

5. Conclusions

In conclusion, the analysis of the data obtained from the modifications made to the
processing and fixing process of the parts showed that using a dedicated technical support
during processing and optimizing the finishing process can lead to a reduction in processing
time and an improvement in the quality of the obtained surfaces confirmed in the roughness
analyses.

However, it is important to consider the costs and efforts involved in designing and
manufacturing a dedicated technical support for each individual part in order to optimize the
processing process and ensure maximum quality of the processed surfaces.
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Furthermore, the optimization of the finishing process needs to be done on an
individual basis for each part, taking into consideration the machine and support
specifications, as well as the quality and dimensions of the part.

Therefore, these improvements can result in a significant enhancement of the
processing processes and the production of higher quality parts.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract. In this article, the conditions for obtaining monocrystals of CuGazsln,sSs, were
investigated, their optical absorption edge, electrical and photoelectric properties. Using the
criteria for the formation of new layered chalcogenides with octahedral and tetrahedral
coordination of cations, it was hypothesized that due to the replacement of half of the In
atoms in the CulnsSg spinel with Ga, which has a pronounced tendency to occupy the
tetrahedral B sites in a denser packing of S atoms, a layered phase is formed. Melting of a
stoichiometric mixture of Cu+2.5Ga+2.5In+8S led to the synthesis of a previously unknown
single-phase product with a layered crystalline structure. Since copper, gallium, and indium
sulfides are generally good photoconductors, it could be expected that the new compound
would also exhibit high photosensitivity. The aim of this work was to investigate the
conditions for obtaining of CuGa,sln,sSs single crystals, their optical absorption edge,
electrical and photoelectric properties.

Keywords: ternary semiconductors, optical absorption, photoluminescence, photoconductivity,

chalcogenides.

Rezumat. In acest articol, au fost investigate conditiile pentru obtinerea monocrystalelor de
CuGazslnzsSs, limita de absorbtie optica si proprietatile lor electrice si fotoelectrice. Folosind
criteriile pentru formarea noilor chalcogenide stratificate cu coordonare octaedrica si
tetraedrica a cationilo, s-a admis ca substituind jumatate dintre atomii de In din spinelul
CulnsSg cu Ga, care prezentau o tendinta pronuntata de a ocupa spatiile tetraedrice B intr-o
fmpachetare mai densa a atomilor de S, s-a format o faza stratificatd. Fuziunea unui amestec
stochiometric de Cu+2,5Ga+2,5In+8S a condus la sinteza unui produs monofazic necunoscut
anterior, cu o structura cristalind stratificata. Avand in vedere ca sulfatul de cupru, galiu si
indiu sunt, in general, buni fotoconductori, se putea astepta ca noul compus sa prezinte, de
asemenea, o sensibilitate fotoelectrica ridicata. Scopul acestei lucrari a fost de a investiga
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conditiile de obtinere a monocrystalelor de CuGa,;sln,sSs, limita de absorbtie optica si
proprietdtile lor electrice si fotoelectrice.

Cuvinte cheie: compusi ternari semiconductori, absorbtie opticd, fotoluminescentd,
fotoconductivitate, calcogenizi.

1. Introduction
Semiconductor sulfide compounds of the class A"B,"C}' (where A - Zn, Cd and B -

In, Ga) are actively researched due to their unique physical properties - intense
photoluminescence [1, 2] and high photosensitivity over a wide spectral range [2, 3]; they are
high-resistance and stable under normal atmospheric conditions. In particular, the optical
absorption, reflection, photovoltaic, and emission properties of ternary single crystals are
described [2-4], which include various polytypic modifications [5, 6]. It has been
demonstrated that CuGa,sIn,sSs single crystals in the form of low-resistance thin films are a
promising material for use in n-p type solar cells [7].

Criteria for the formation of new layered chalcogenides with octahedral and
tetrahedral coordination of cations are presented in [8-10]. The groups of layered crystals
according to their crystallochemical properties are also described in the generalization works
[11-14]. Another classification of layered crystals can be based on the type of the element
that serves as the source of anions. Substances containing chalcogens (S, Se, Te) as anions
also form groups of chalcogenides and are classified as semiconductors.

Layered chalcogenide structures occupy a special place in the theory and applicability
of solid-state materials. Various technological methods are used to obtain high-quality single
crystals of these compounds, and different experimental and well-established theoretical
methods are employed for structural studies. One of the most accessible technological
methods known in the literature is a method of chemical transport reactions. This method is
widely used for growing single crystals of various compounds from this family.

Monocrystals of CuGa,.In,.S; were obtained using chemical transport reactions in a

closed system with iodine as a transportation agent. The advantage of this method is
determined by the fact that chemical transport reactions occur at relatively low temperatures
compared to other direct methods. The method of chemical transport reactions allows for the
growth of single crystals with advanced parameters, of high quality, in the form of plates with
an optically high-quality exterior surface. The perfection of the surface and the alignment of
the main crystal faces enable the use of these crystals in devices, instruments, and for
investigations of physical properties without the need for mechanical surface processing.

2. Experimental methodology

As a source of materials for crystal growth, the easily volatile components of chemical
compounds can serve, which are subjected to thermal dissociation or appropriate recovery
on the growth surface.
In this case, the crystallization processes occur in two successive stages: 1) the release
(emission) of the substance as a result of the chemical decomposition reaction; 2) the
incorporation of atoms into the crystalline lattice.

For the selection of substances, reversible heterogeneous reactions are used, the
equilibrium constants of which, as usual, depend on temperature and the concentrations of
all gaseous compounds. This means that even with some changes in conditions, the reversible
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chemical process may occur, meaning that instead of crystallizing the substance, its
dissolution may take place.

Since gaseous products are released during decomposition reactions, a steady and
uniform process requires continuous removal, for which the use of flowing substances is
appropriate.

The amount of crystallized substance emitted in a unit of time is determined by the
yield of the decomposition reaction of the compound at a given temperature, the
concentrations of the components involved in the reaction, and the flow rate of the gas
mixture.

The method of transport reactions allows for the production of semiconductor
compounds in the form of imperfect and very small crystals, the purity of which is
unsatisfactory. Recrystallization of disaggregated compounds through melting or sublimation
methods proves, for various reasons, to be ineffective or impossible. In these cases,
interesting results can be achieved specifically by using the method of transfer reactions or
gas transport reactions.

The essence of transfer reactions lies in the following: when the gaseous reagent A
interacts with a solid, non-volatile substance that is to be processed at different temperatures
and partial pressures, compounds of varying composition and concentrations of gaseous
molecules, of the type ApXgq, can be formed. This means the following reaction may occur:

Xae)+ A > A X+ ALX L+ ALX 0+, 1)

where: X(TB) - the solid and non-volatile substance, A, - gaseous reagent, AX, - the formed
chemical compound, Ap.Xq., Ap..Xq.. - different compounds based on the composition and

concentrations of gaseous molecules.

Under these conditions, an equilibrium state is established among the different
compounds AyX,, characterized by fixed partial pressures of all gaseous compounds. If the
temperature of the system is instantaneously changed, the equilibrium state will be
disrupted, and the composition of the compounds in the mixture will change. With certain
fluctuations in temperature (pressure range), the decomposition of one of the gaseous
products may occur, resulting in the release of substance X.

Under these conditions, a state of equilibrium is established among the different
compounds ApXq, characterized by stable partial pressures of all gaseous compounds. If the
temperature of the system is instantaneously changed, the equilibrium state will be
disrupted, and the composition of the compounds in the mixture will change. During certain
temperature fluctuations (pressure ranges), the decomposition of one of the gaseous products
may occur, resulting in the elimination of substance X.

Based on the experiment, we can highlight the following thermodynamic features of
the growth conditions we used to obtain quality compounds and their application in studying
the modifications of the energy spectrum characteristics of charge carriers in the investigated
single crystals: in the process of crystal formation, the transport rate must not exceed their
growth rate; for the homogeneous growth of crystals, it is necessary to maintain a uniform
temperature distribution in the growth chamber. When transport occurs via diffusion, single
crystals with perfect faces are grown; a well-thought-out selection of transport conditions
allowed for the obtaining of crystals that correspond to the initial stoichiometry of the
compound [13, 15].
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The container consisted of quartz ampoules with an inner diameter of 15 mm and a
length of 15 cm. In some experiments, the starting material was a mixture of high purity
elemental components taken in stoichiometric ratios, while in other experiments a pre-
synthesized compound CuGa,,In,.S, Was used. In both cases, under a temperature regime of

870 - 820 °C, plate-like monocrystals of deep red color with thicknesses ranging from 2 to
100 ym and areas up to 80 mm? were grown. The crystals, similar to mica, could be easily
cleaved. The advantage of this method lies in the fact that chemical transport reactions occur
at relatively low temperatures compared to other direct methods. The chemical transport
reaction method enables the growth of single crystals with advanced parameters and high
quality, in the form of plates with optically high-quality surfaces. The perfection of the surface
and the alignment of the main crystal faces allow these crystals to be used in devices,
apparatus, and for investigations of physical properties without the need for mechanical
surface processing [16-19].

X-ray studies revealed that the obtained compound crystallizes in a hexagonal lattice
with parameters a = 3.82, ¢ = 30.6 A, and the C axis is oriented perpendicular to the plates.

The crystal structure of most layered chalcogenides with octahedral and tetrahedral
coordination of cations is described based on the closest hexagonal packing of anions, in
which cations are arranged in layers within octahedral and tetrahedral voids [8, 9]. In this
arrangement, a certain layer of voids remains completely free. The structural fragment
(packet) between two layers of voids is connected to the adjacent packets by van der Waals
forces. The obtained value of the ¢ parameter for CuGa,.In, .S, indicates the presence of two

five-layer packets (in terms of sulfur layers) in the unit cell. Rewriting the chemical formula
of the compound as CUy ,:Ga, 55,51, 54,555, it is evident that the average (per packet) cation

position filling factor amounts to 93.75%, meaning this substance is a type of defective
layered chalcogenides with octahedral and tetrahedral coordination and is likely a structural
analogue of the known crystal modification GalnS with unit cell parameters a = 3.8134 n ¢ =
30.656 A belonging to the space group P6 [20, 21]. In the latter substance, cations occupy
different layers in the packet with varying density, and the average filling factor is 83.33%.
The close values of the unit cell parameters of the two comparable compounds suggest that
in the obtained compound the ,excess” cations are distributed among the free vacancies in
the known structure leading to packet densification.

For the measurements, samples with coplanar indium electrodes and surface-barrier
structures (SBS) Pt—CuGa,,In,.S, - In were prepared. In these structures, the semi-

transparent platinum and dense indium contacts were deposited on opposite faces of the
plates by thermal vacuum evaporation. The indium electrode served as an ohmic contact,
while the platinum electrode functioned as a rectifying contact. To enhance the dark
conductivity of the CuGa,sln,sSs crystals they were subjected to thermal treatment at
temperatures of 600 - 650 °C for 10 - 15 min.

The dark specific resistance of specially undoped samples ranged from 3-10%° - 2-10%2
and 10°%-10% Ohm-cm along and perpendicular to c-axis, respectively. Annealing of the
crystals resulted in a reduction in resistivity p by up to 10 times. Measurement of the
thermoelectric voltage sign for the low-resistance samples indicated that the crystals exhibit
n-type conductivity.

The rectification ratio of the surface - barrier structures (SBS) at a voltage U =3V
amounts to 10 - 100 and 10*-10* for structures made from high-resistivity and low-resistivity
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crystals, respectively. The forward voltage corresponds to a positive potential on the platinum
electrode. The SBS structures generate a photovoltage of 0.47 - 0.86 V under illumination.

Based on the experiment, we can highlight the following thermodynamic features of
the growth conditions we used to obtain high-quality compounds and their application in
studying the modification of the energy spectrum characteristics of charge carriers in the
researched single crystals: in the process of crystal formation, the transport rate must not
exceed their growth rate; for the homogeneous growth of crystals, it is necessary to maintain
a uniform temperature distribution in the crystallization zone. When transport occurs through
diffusion, single crystals with perfect faces are grown; thoughtful selection of transport
conditions allowed for the attainment of crystals that correspond to the initial stoichiometry
of the compound.

From the results obtained and the advantages of growth, the method of chemical
transport reactions has proven to be the most technologically advanced for the studied
materials [14].

3. Results and Discussion

The forward branch of the current - voltage characteristic (I - U curve) of the SBS
structures with a low - resistivity base at voltages below 1 V is described by an exponential
dependence j ~ exp(eV/BkT), where the ideality factor B ranges from 1.6 to 2.3. When the
voltage increases, a transition to an ohmic dependence j~U occurs. Larger values of the
ideality factor indicate a tunnel-recombination mechanism for current flow through the space
charge region at the platinum - crystal interface. For some surface - barrier structures, a
region with a smoothly varying ideality factor was observed Figure 1, curve 4. This fact can
be attributed to a complex nature of the distribution of local centers with respect to energy;
however, detailing the charge transport mechanism requires further experiments and is a
separate task.

The forward branch of the | - U characteristics of the samples with a high-resistivity
base is also superlinear. When the voltage increases, it generally becomes linear and then
follows a power law dependence j~U, where n = 3.5 + 5.6 (Figure 1, curves 1-3). This type of
| = U characteristic indicates that at voltages U > 1V, the current flow is associated with
charge transport through the SBS base and is determined by space charge limited currents
with the presence of exponentially distributed traps in the crystal [21, 23]. The absence of a
linear region in the | - U characteristics of some samples with a thickness less than 10 uym is
attributed to the fact that due to the low concentration of free electrons, the injection current
exceeds the ohmic current even at low voltages.

The photocurrent spectra of SBS were studied in a photovoltaic mode using a load
with a resistance of 107 Ohm, as well as with a direct bias of +4.5 V. The photoconductivity
(PC) spectra were examined on coplanar CuGa,.In, .S, — In samples. The red PC edge (Figure

2, curves 1 and 2) of the crystals is approximately 1.9 eV, whereas for the SBS photovoltaic
effect it is approximately 2.0 eV. This discrepancy indicates that this semiconductor contains
photosensitive centers in the forbidden zone, which contribute to the photoconductivity for
hv<E,. The photoconductivity maximum at 2.2 eV corresponds to the excitation of electrons
from these localized states into the conduction band.
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Figure 1. Forward-bias region of the current- Figure 2. Spectra of photoconductivity of
voltage characteristics of the Pt - CuGa2.5In2.5S8 single crystals (1) and
CuGa2.5In2.558 In structure at 300 K. Crystal the spectral distribution of the
thickness: (1) 5 ym, (2) 7 ym, (3) 27 ym, photoresponse of surface-barrier
and (4) 4 ym. structures with a bias of + 4.5V (2).

The photocurrent of SBS with a low-resistance base is proportional to the number of
photons absorbed in the depleted region of the crystal, namely, it is related to the optical
absorption coefficient. By extrapolating the steep region of the low-energy wing of the
photocurrent spectrum for such samples (Figure 3, curve 4), we obtain a value for the band
gap width of CuGa,.In,.S,, which is approximately 2.23 eV.

This spectrum exhibits a maximum at 3.4 eV and a feature at 2.7 eV. On the high-nergy
side of this feature the growth of photosensitivity with increasing photon energy (hv)
becomes more gradual. This characteristic of the photocurrent spectrum and the significant
distance of the maximum from the photoresponse onset are apparently related to the
structural features of the allowed energy zones of CuGa,.In, .S, monocrystals.

The photoconductivity (PC) spectrum also exhibits a maximum at 3.4 eV and its slope
changes around hv = 2.7 eV. The possibility of observing features corresponding to interband
electronic transitions in the spectral distribution of the PC is likely due to the low surface
recombination rate, which allows the photocurrent to ,track” changes in the optical
absorption coefficient a. Indeed, layered crystals are characterized by low adsorption
capability, and at the (0001) face of the crystal the outer layer consists of anions with a 2-
charge, whose ion - covalent bonds are closed within the structural package, similarly to the
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bulk of the crystal. On such a surface, the conditions for recombination of non-equilibrium
electrons are, in the first approximation, the same as those in the bulk.

50

T >
40 hv,eV

Figure 3. Optical absorption edge of CuGa2.5In2.5S8 single crystals at 300 K (1) and 70 K
(2), and in a photovoltaic mode (3, 4) at 300 K, with thicknesses of 47 (1), 4 (2), 5 (3),
and 4 ym (4).

The photocurrent spectrum of SBS devices fabricated from specially undoped crystals
features a band with a full width at half maximum of 0.15-0.25 eV (depending on the crystal
thickness a, with values of d = 20+4 ym, respectively.

Since the base resistance in these structures is much higher than that of the load, the
condition for photocurrent generation is the light flux penetration into the bulk crystal and
excitation of photocurrent in the base.

The photocurrent spectrum of the SBS with a positive bias (Figure 2, curve 2)
corresponds to the crystal (base) photocurrent when light propagates along the charge
transport direction. Since for hv > E light is absorbed in the near-surface layer of the crystal,
this results in a decrease in the base photocurrent and the photocurrent of SBS devices
fabricated from specially undoped crystals.

The optical absorption edge of CuGa,In, .S, single crystals in the 1.95-2.2 eV region
is described by an exponential dependence a ~ exp(hv/A) where the parameter A is
temperature independent and equals 43 meV (Figure 3). The presence of an exponential
region in the absorption spectrum is characteristic for chalcopyrite type crystals (ZnS, CdS,
and other compounds based on these elements). However, the latter have generally higher A
values: such as 63 meV (CdIn,S,Se,), 65 meV (HgGalnS,), 44 meV (HgGalns,), 60 = 77 meV

(CdGalnS;) [1, 2], and 98 meV (Znin,S, ) [23]. This type of edge absorption, typical for various

multicomponent compounds, is attributed to the presence of the density of state tails near
the allowed energy bands caused by disorder in the cation sublattice [24].

4. Conclusions
The conditions for obtaining the new compound CuGa,.In,.S, were experimentally

established using the method of chemical transport reactions, with iodine as the transport
agent. This method allowed for the production of perfect single crystals with a high-quality
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optical surface. The advantage of this method lies in the fact that chemical transport reactions
occur at relatively low temperatures compared to other direct methods.

Single crystals of a new CuGa,sin,sS layered compound, with n-type conductivity and
good photoconductive properties, were grown using chemical transport reactions with iodine.
It was demonstrated that vacuum thermal treatment can significantly increase their dark
conductivity within a wide range. Based on this material, surface - barrier structures were
fabricated that exhibit a high rectification ratio and excellent photosensitivity.

The parameters of the hexagonal unit cell were determined, and the bandgap width
was assessed. The presence of photosensitive centers in CuGazsln,sSs crystals with a depth
of approximately 1.9 eV was established. The absorption edge of this material features an
extended exponential region with a characteristic parameter A =43 meV.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract. Asynchronous motors with six and more phases (usually n-three-phase) are
increasingly accepted in electric drive systems of road transport, marine and even
aeronautical transport. Multiphase machines are credited with multiple advantages such as:
less torque ripple, better power distribution per phase, higher efficiency and fault tolerance
capability compared to traditional three-phase machines. There are many publications, but
few of them are dedicated to the in-depth study of the multiphase motor (m>3) and especially
of the magnetic field in its air gap. The purpose of the present paper: the development of the
mathematical model of the magnetomotive force in the air gap of the six-phase asynchronous
machines, which determines the fundamental properties of the machine, the structure of the
magnetic field and the torque developed, the efficiency, the error tolerance. The research is
based on analytical studies and the results of suitable experimental measurements. The paper
presents the mathematical model for the harmonic analysis of the magnetomotive force in
the air gap of six-phase machines with possible variants of windings on the stator. Based on
this study, it was demonstrated that only n-three-phase machines with asymmetrically
arranged stator windings have the ability to attenuate higher harmonics with a major
negative effect on the developed torque, the applicability and efficiency of traditional tools
for reducing higher harmonics in the case of six-phase machines was confirmed. The results
of measurements carried out on samples of six-phase machines confirm the findings and
conclusions formulated in the paper.

Keywords: /nduction machine, six-phase machine, air-gap magnetomotive force, harmonic
analysis, asynchronous torques

Rezumat. Motoarele asincrone cu sase si mai multe faze (de regula, n-trifazate) tot mai des
sunt acceptate in cadrul sistemelor de actionare electrica a mijloacelor de transport rutier,
naval si chiar aeronautic. Masinilor multifazate Lli se atribuie multiple avantaje, cum ar fi:
ondularea mai mica a cuplului, distributia mai bund a puterii pe fazd, eficienta mai mare si
capacitatea de toleranta la erori in comparatie cu masinile trifazate traditionale. Sunt multe
publicatii, dar putine din acestea sunt consacrate studiului aprofundat al motorului multifazat
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(m>3) si in deosebi a campului magnetic in intrefierul acestuia. Scopul prezentei lucrari:
elaborarea modelului matematic al fortei magnetomotoare in intrefierul masinilor asincrone
hexafazate, care determina proprietatile fundamentale ale masinii, structura campului
magnetic si a cuplului dezvoltat, eficienta, toleranta la erori. Cercetarea se bazeaza pe studii
analitice si pe rezultate ale masuratorilor experimentale adecvate. in lucrare este prezentat
modelul matematic pentru analiza armonica a fortei magnetomotoare in intrefierul masinilor
hexafazate cu variante posibile de infasurari pe stator. In baza acestui studiu, s-a demonstrat
ca doar masinile n-trifazate cu infasurdri statorice dispuse asimetric dispun de capacitatea de
atenuare a armonicilor superioare cu efect negativ major asupra cuplului dezvoltat, s-a
confirmat aplicabilitatea si eficienta instrumentelor traditionale de reducere a armonicilor
superioare in cazul masinilor hexafazate. Rezultatele masuratorilor efectuate pe mostre de
masini hexafazate confirma constatdrile si concluziile formulate in lucrare.

Cuvinte cheie: Masina de inductie, masina hexafazatd, forta magnetomotoare in intrefier,
analiza armonicd, cupluri asincrone.

1. Introduction

Multiphase asynchronous motors (m>3) are becoming more and more popular for the
electric drive of road, marine and even aeronautical vehicles due to their advantages such as
less torque ripple, better power distribution per phase, efficiency higher and fault tolerance
compared to three-phase ones [1-3]. An increased preference is observed in the application
of n-three-phase machines which, in parallel with the simplicity of the construction and the
simplicity of the manufacturing technologies, which do not differ from those applied to the
production of conventional three-phase machines, add the operational advantages named
above [4-7]. They are distinguished by the arrangement on the stator of 2, 3 or more identical
three-phase sets of windings offset from each other at a predetermined angle (Figures 2b and 2c).

The study of the magnetic field in the air gap of electric motors has been an actual
problem throughout the historical course of their development. In the gap, the
electromagnetic and electromechanical transformations occur that determine the energy
parameters but also the quality of the machine's operating characteristics [9-12]. Multiphase
machines are no exception in this field either - especially n-three-phase ones. Results of the
fundamental analytical research of the three-phase induction machine can be found in the
works of R. Rihter [13], V. Radin [14], in the treatises of professors M. Covrig [10], A. Simion
[15], I. Boldea [16], S. Deaconu [17], |. Kopilov [18], |. Boldea and Nasar S.A. [19]. And in recent
publications the problem of the field and parasitic couples in the healthy regime and in the
operation with errors in the power system is widely discussed [11, 12, 20].

In several works, the six-phase machines, which will be discussed in this paper, are
attributed important advantages / performances regarding the reduction of the parasitic
harmonics of the induction in the air gap, which ensures a better uniformity of the developed
torque but also of reducing losses of energy in the machine compared to classic three-phase
machines. However, it seems that none of these works specifies to which type of six-phase
machines some or others of these advantages refer. The purpose of this paper is to determine
the most suitable variants of winding topographies/architectures to achieve optimal levels of
efficiency and reliability of electrical drive systems with n-three-phase induction machines.

Research objectives: a) performing a deep study of the harmonic structure of the
magnetomotive force (MMF) in the air gap of the n-three-phase induction machine, b)
defining the link between the harmonic structure, the type and parameters of the windings
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used, c) tracing the methods of eliminating or reducing the negative effect of the higher
harmonics of the MMF in six-phase machines (with various types of windings). The work is
oriented towards an analytical study accompanied by arguments based on the results of the
measurements performed on suitable experimental samples.

2. The magnetomotive force in the air gap of the induction machine with the
multiphase stator winding

One of the main concerns in the design of electric machines is centered on the correct
determination of the topology and constructive parameters of the windings, aiming to
minimize the content of existing harmonics in the waveform of the magnetomotive force of
the air gap.

The fundamental harmonic of the MMF results in a rotating magnetic flux and finally
creates a mechanical torque that produces the useful work [10]. At the same time, the
presence of higher spatial harmonics in the rotating wave of the MMF results in the formation
of parasitic asynchronous torques, accompanied by power losses and the reduction of the
energy efficiency of the machine. Another group of harmonics, of order multiple to 3, in the
case of n-three-phase machines, forms pulsating waves accompanied by additional losses in
the magnetic core, winding conductors and other metal parts [13-17]. In what follows,
analytically, the spectrum of spatial harmonics of MMF in the gap of n-three-phase type
machines will be determined. The final goal of the study being - highlighting the types of
windings advantageous from the point of view of the spectrum of higher harmonics that
produce parasitic asynchronous torques, with a significant negative impact on the machine’s
operating characteristics.

2.1 Magnetomotive force created by a single-phase winding

A single-phase winding (one coil), concentrated, with the number of turns w (Figure
1a) was examined. Each side of the coil occupies a slot of the ferromagnetic armatures, g=1,
and the distance between the sides corresponds to a polar step y=t. The number of pairs of
poles, formed by the magnetic field is p=1. If the current that runs through the coil is
sinusoidal and is described with the relation (1):

i(t) = [sin(mt), (1)
where: I, - is the amplitude of the current, w=27nf - the pulsation, and f - represents the
frequency of variation of the current intensity, then, the magnetomotive force along a polar
step is represented by the relation (2):

+29f 0<X<m

F(X) = 2 (2)
—%, if 0>X>—m

where:

Fo = I, wk,, sin(ot) =vV2I1wk,, sin(wt) = 2F,sin(wt) (3)
X = m- x/t - represents the distance along the curvature of the air gap, expressed in
electrical degrees, x - represents the coordinate in metric expression, ky - winding factor, | -
the effective value of the current intensity, w- the number of turns of the winding.

For a given value of the current, for example, when (o t = /2 and sin(ot) = 1), the
MME distribution along the air gap is shown graphically with a step diagram as in figure 1a,
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this curve being a symmetric periodic function, the Fourier expansion does not contain terms
of even order and is represented by the relation:

F(x) = Iwk sin(wt) [alcos— + aj cos (3 —) + -+ a, cos (v ?)] 4)
where a4, ay, ..., ay are the Fourier coefficients, which are defined as follows:
1 o+ 4 /2 4
a, = ;f_; cos(vX) dX = ;fon cos(vX) dX = —sin (%) (5)
Inserting into (4) the coefficients a , defined with relation (5), it results:
Fx) = 222 1w sin(ot) X[ e = cos (v =2 )] 6)

Thus, the MMF in the airs gap is represented by the fundamental harmonic (curve 1 in
Figure 1b) and a lot of higher spatial harmonics (e.g. curves 3 and 5 in Figure 1b).

} = A
A = -
3
5
=R A~ A | x
X N
T/3

sl 7

j T | \/ o)

/L » »
L i1 L

a)

Figure 1. a) Air gap geometry (with the winding placed in the notches); b) MMF
distribution along the air gap of an electric machine with a single-phase concentrated
winding (curve A), and the component harmonics: fundamental (curve 1) and higher ones
(curves 3 and 5).

From (6) it follows that a harmonic, with order number v, is described by the relation:
F, = F,,, sin(wt) cos (v %) = il w Kk, v sin(wt) cos (v —) (7)

The amplitude F,,, of the harmonic of order v can be related to the amplitude of the
fundamental F,, ; and then:

Foq k K.y
F, = ‘L’lkwv sin(wt) cos (v —) =F,1—
w.1

!

sm(wt) cos (T[X ) (8)

Here it was noted: k4, ky. — the winding factor, calculated for the fundamental and

harmonic respectively v, ki, , the winding factor for the harmonic v reported, F,,; = iI

amplitude of the fundamental.

From relation (8) it is observed that the amplitude F,, and the wavelength T,
decrease proportionally to the order number v of the harmonic. A higher harmonic varies in
time with the frequency f; but creates in the gap (v - p) pole pairs.

The magnetomotive force of a three-phase machine is defined by the MMF sum of
three phase windings, described based on relations (6) and (8). But the MMF of 6-, 9- or 12-
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phase machines (in general - of an n-three-phase machine) can be defined by the sum of the
MMF of n sets of three-phase windings offset from each other in space at a prescribed angle
0. Figures 2a, 2b and 2c show the orientation diagrams of the axes of the phase windings of
3- and 6-phase induction machines. Of course, the phase shift A of the phasors of the currents
passing through the phases of the three-phase sets of windings will have the value equal to
the gap 6, expressed in electrical degrees (Figures 2d, 2e and 2f). Figure 2 shows the
generalized diagram for a machine with 2p=2.

Starting from these considerations, in the following the relations describing the upper
harmonics (of order v) of the MMF are defined for each phase separately, then of a three-
phase set, later the variants practiced by six-phase composite windings are examined.

IA1 1AL

IB2

A2 e) IB1 f)

Figure 2. Stator winding type: a) three-phase; b) symmetrical hexaphase; ¢) asymmetrical
hexaphase; d)-f) the phasors of the phase currents in the respective windings.

2.2 MMF in the air gap of the three-phase induction machine

In the case of a three-phase set of windings (Figure 2a), the phases being marked, for
example, with A, B and C, are oriented under 120 electrical degrees to each other, and the
three-phase set as a whole has a spatial offset of 0 electrical degrees, in relation to the axis
defined as reference (6=0). Under these conditions, the relations for the v - order harmonic of
the phase MMF are presented as follows:

Ky
Fay = F1 -~ sin(wt — 0) cos (V ? —vo ) 9)
Fgy = Fi1 ki‘,’“’ sin(wt — 2?“ —0) cos (v ? -V (%ﬂ + 9) ) (10)
Fey = le%sin (oot—%n—e) cos (v %—v(%n+9)> (11)
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Under these conditions, the rotating components of the v-order harmonic of the MMF
(Fa,-direct and Fj,,-inverse) of the phase windings can be presented with relations (12)-(14):

Fay = Fay + Ffy = 5% [ginGp,, + (v = 1) 8) +sin(epy — 0+ D O] (12)

Foy = Fay + gy = 2255 fin (g, + v = 1) Z +0) + sin ((pz ~w+n(E- e))] (13)

Fey = F¢, + Fg, = le k‘”" [sin (<p1 +(v-1) (— + 9) + sm( @0, —(v+1) (4?“ — 9))] (14)

where: ¢4, = ot — VT - is the phase angle of the direct spin wave, and @,, = wt+ v? -

is the phase angle of the inverse rotating wave of the harmonic v.

Applying the decomposition sin(a + ) = sina - cosf3 + cosa - sinf3 and simplifying,
based on relations (12-14), the following convenient relations are obtained for a tabular
calculation of the components of the rotating wave of the MMF:

F, = T i sin(n) + kaycos(9r) ] (15)
Fy = Mo e sin(@a,) — KanCos(@sy) ] (16)
where kj,,Kk,,, ks, K4, - called harmonic coefficients, are defined relations (17):
(k,, = cos((v—1)8) + cos ((v -1) (2?“ + 6)) + cos ((v - 1) )
k,, = sin((v - 1)6) + sin ((v -1) (%ﬁ + 6)) + sin ((v - 1) )

1
K3, = cos((v + 1)9) + cos ((v +1) (Z?H + 9)) + cos ((v +1) (? + 9)) )

ey = sin((v + 1)0) + sin v+ 1) (24 0)) + sin (v + 1 (F+0)) =0

Table 1 shows the results of the calculations performed for a three-phase winding in
star connection for four scenarios of offset 6 of phase A in relation to the reference axis.

Following the analysis of the results, included in this table, it is found:

a) the harmonic coefficients in all the examined scenarios obtain the value O or #m,
where m is the number of phases of the winding, and the minus sign in front notifies a phase
shift of 180 electrical degrees of the respective rotating wave;

b) the even harmonic coefficients (k,,, k,,), for all examined values of the gap 6, have
zero value, regardless of the harmonic order. Therefore, the spin waves (forward and reverse)
in all the scenarios examined are sinusoidal (see relations (15) and (16));

c) MMF waves of order (2m - k + 1) have the direction of direct rotation, and those of
order (2m -k — 1) rotate in the opposite direction (they are of opposite sequence). Here k -
any integer.

\

Table 1
Calculated harmonic coefficients for a three-phase winding (m=3) with different values 0 of

the offset angle 6 with respect to the reference axis
The offset 0 of the three-phase set of windings with respect to the reference axis (6=0):
v Scenario1:0 =0° Scenario 2: 6 = 30° Scenario 3: 0 = 60° Scenario 4: 6=90°
ki.1 k2.1 k3.1 k4.1 k1.2 k2.2 k3.2 k4.2 k1.3 k2.3 k3.3 K4.3 k1.4 k2.4 k3.4 k4.4
1 3 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 0 0 3 0 0 0 -3 0 0 0 3 0 0 0 -3 0

W
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Continuation Table 1

7 3 0 0 0 -3 0 0 0 3 0 0 0 -3 0 0 0
9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
11 0 0 3 0 0 0 3 0 0 0 3 0 0 0 3 0
13 3 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0
15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
17 0 0 3 0 0 0 -3 0 0 0 3 0 0 0 -3 0
19 3 0 0 0 -3 0 0 0 3 0 0 0 -3 0 0 0
21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
23 0 0 3 0 0 0 3 0 0 0 3 0 0 0 3 0
25 3 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0
Note: v - harmonic number (order harmonic); k - harmonic coefficients.

2.3 MMF of the air gap of the six-phase induction machine

For a six-phase machine (Figures 2b and 2c) the harmonic coefficients are defined by
summing the coefficients calculated for the three-phase sets that make up the machine
winding. Table 2 shows the results of the calculations for four possible scenarios for the
execution of the six-phase winding: a) symmetrical double-three-phase type with the gap
between sets 6=0°, b) symmetrical type with 8=60°, c) and d) asymmetrical type with the gap
between sets of 30 or 90 electrical degrees. Only the values of the synthetic coefficients K1
and K3 are presented in the table, given the fact that the coefficients K2 and K4 in all the
examined scenarios have zero value.

Table 2
Calculated harmonic coefficients for 4 scenarios for making six-phase windings
SIX-PHASE
™ Double 3-phase Symmetric, 6= 60° Asymmetric, 6=30° Asymmetric, 6= 90°
K1=
v p K3=2 K1= K3= K1= K3= K1l= K3=
K1 k31 k11+k13 k31+k33 k11+k12 k31+k32 k11+k14 k31+k34
1 6 0 6 0 6 0 6 0
3 0 0 0 0 0 0 0 0
5 0 6 0 6 0 0 0 0
7 6 0 6 0 0 0 0 0
9 0 0 0 0 0 0 0 0
11 0 6 0 6 0 6 0 6
13 6 0 6 0 6 0 6 0
15 0 0 0 0 0 0 0 0
17 0 6 0 6 0 0 0 0
19 6 0 6 0 0 0 0 0
21 0 0 0 0 0 0 0 0
23 0 6 0 6 0 6 0 6
25 6 0 6 0 6 0 6 0

Note: v - harmonic number (order harmonic); k - harmonic coefficients; 8 - phase shift.

This calculation algorithm can also be applied to other machines from the n-three-
phase group: with 9, 12, 15, etc. phases. For example, the winding of the 12-phase machine
can be synthesized from 4 three-phase sets offset by 30 electrical degrees. The calculation
results demonstrate that the harmonic composition of the MMF will be similar to that of the
asymmetrical six-phase machine.
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Following the analysis of the obtained results (Table 2), the following practical
conclusions can be drawn regarding the harmonic structure of the MMF and respectively of
the magnetic field in the gap of an n-three-phase electric machine (it is about the spatial
harmonics because the phase currents are considered sinusoidal):

a) the magnetomotive force created in the gap by the phase windings of the multiphase
induction machine contains only odd harmonics whose order is determined by the relation: v=2k+1,
where k=0, 1, 2, 3, etc.;

b) in the case of n- three-phase machines (with 3, 6, 9, 12 etc. phases), the third order
harmonics in the phases of each three-phase set of windings have a gap of 0 between them, and do
not form rotating magnetic fields, they only form pulsating fields. This phenomenon refers to all
harmonic multiples of 3 (e.g. 3, 9, 15, 21, 27, 33..).

) increasing the number of three-phase sets within the multiphase stator winding
leads to the annihilation / disappearance of higher harmonics only when they are arranged
asymmetrically. For example, from the harmonic spectrum of the MMF of the asymmetric
hexaphase machine, the harmonics are missing: 5, 7, 17, 19, 29, 31 ... (k m*1), where k=1, 3,5 ...

d) thus, it is found that in an asymmetric hexaphase machine the first of the higher
harmonics of the MMF, which forms a rotating magnetic field, is the eleventh order. In the
case of the machine with m=12, the first in this sense is the 23 harmonic and has a relative
amplitude value of at most 4.3%;

e) the hexaphase machine with the double-three-phase winding or the symmetrical
n-three-phase type behaves like a simple three-phase machine, In the MMF harmonic
spectrum in these cases there are also waves of order 5 and 7, absent, moreover, in the case
of asymmetrical hexaphase winding.

3. Decreasing the magnitude of higher harmonics

The negative influence of higher harmonics, especially those of order 5 and 7 in the
case of double-three-phase or symmetrical six-phase machines, can be reduced by applying
the classical methods used in the construction of three-phase asynchronous machines [13,
18, 19]:

a) selection of the optimal number of sections q per pole and phase of the winding

b) the shortening of the opening y of the winding sections in relation to the diametral
polar pitch t, c) inclination of the slots on the rotor or stator.

3.1 Application of distributed winding

From relations (10) and (11) we can see a directly proportional dependence of the
amplitude of the MMF harmonics in relation to the winding factor k,, ,, which is the product
of the factors: distribution kg, and shortening kg Ky = Kqy * Ksey

The relation (18), derived for the calculation of the distribution factor [10,14,15],
includes only one parameter that can be manipulated - the number of slots per pole and
phase g in which the sides of the phase winding sections are arranged:

o = 0 (2°22) /(s (2) =sin (v52) /(0 5n (555 (18)

At the same time, it should be noted that increasing the number of phases m inevitably leads
to a decrease in the possibilities of maneuvering with this parameter.

Table 3 shows the results of calculating the distribution factor for 6 types of windings
for three-phase and six-phase machines, which differ by the number of phases m and the
value of the parameter g. The scenario is considered: windings with diametral pitch, stator
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slots without inclination. Based on these data, important conclusions can be drawn that must
be taken into account when designing multiphase machines:

a) in the case of windings with g=1, the distribution factor is unitary for the entire
spectrum of harmonics;

b) for symmetrical three-phase and six-phase machines, windings with at least 3
notches per pole and phase can be recommended, which ensure a significant reduction of the
most influential harmonics: 5, 7, 11 and 13;

¢) in the case of hexaphase machines with asymmetrically arranged winding, a g=2 is
sufficient to reduce harmonics 11 and 13. Harmonics 5, 7, 17, 19 are missing from the
harmonic spectrum of the MMF, and those of order 23, 25 and above are insignificant as
amplitude;

d) when applying distributed windings (gq>1) the fundamental harmonic of the MMF is
slightly reduced (s 4.5%), which is easily compensated by a few extra turns in the phase
winding.

Table 3
Change of the distribution factor according to the number of sections per phase and pole q
and the order number of the harmonic v. For case: windings with diametral pitch, stator
notches without inclination
Harmonic order v:

3

q 1 3 5 7 9 11 13 15 17 19 23 25
31 1 1 1 1 1 1 1 1 1 1 1 1
3 2 097 0707 0259 -0259 -0.707 -0.966 -0966 -0.707 -0.259 0259 0966 0.966
3 3 096 0667 0218 -0177 -0333 -0177 0.218 0.667 0.960 0960 0218 -0.177
6 1 1 1 1 1 1 1 1 1 1 1 1 1
6 2 099 0924 0793 0.609 0.383 0131 -0.131 -0.382 -0.609 -0.793 -0.991 -0.991
6 3 099 0911 0762 0.561 0.333  0.105 -0.096 -0.244 -0.323 -0.323 -0.095 0.105

Note: m - the number of phases.

3.2 Applying the pitch shortening procedure

The procedure of shortening the coils (winding sections) of phase y in relation to the
diametral opening (y=1) is applied to decrease the amplitude of only certain harmonics (one
or two). In this case, it is handled with the y parameter of the winding but also with the
winding mode (e.g. winding in two layers). The shortening factor is calculated with the
relation [10,15]:

kse = sin (v Bsc), (19)

where: ;. = y/T - is the relative value of the opening.

From (14) it follows that the harmonic with order number v can be canceled if y satisfies the
equation:
y = 2kt/v, k €N (20)
If the solution is executable (y constitutes an integer number of notches), then the
harmonic v does not appear in the expression of the induced electromotive voltages. For
example, for a relative step of 4/5, the 5th harmonic is excluded, and for a relative step of
6/7, the 7th harmonic is excluded. As a rule, the shortening is done in such a way as to
decrease two neighboring harmonics to the same extent. For example, when selecting the
step y/t=0.83, the 5th but also the 7th harmonic is significantly reduced. In this context,
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Figure 3 shows a parametric diagram of the relationship k. = f(v, Bsc), in which each curve
refers to a spatial harmonic indicated in the menu.

0,4
’ 5 7 1 11 13 17 19
0,35 :
1
B 013 = = == = == == Q
S 1
ﬁ 0,25 I —&—harmonic 5
= D S R harmonic 7
cC - 1
g;‘z 0,2 I harmonic 11
E% 0.15 1 harmonic 13
! : —&— harmonic 17
0,1 I —0— harmonic 19
I
0,05 :
1 Bsc
0 1 Relative value of the opening
0,75 0,8 0.83 0,85 0,9 0,95 1

Figure 3. Shortening factor diagram.

3.3 Application of notch tilting procedure
At low and medium powers, the third method of reducing the amplitude of the higher
harmonics of the MMF can be applied by tilting the rotor notches, if it is caged. The inclination
factor expresses the degree of reduction of the MMF harmonic amplitude in relation to the
inclination angle and is calculated with the relation [10,15]:
kin,v — sinvpy _ sin(by vpT/z;) (21)

vpy by vpT/z;

where: 2y = ?27“ - the angle of inclination of the notches / the displacement between the
c’ 42

ends of the notches, t. = 2pR/z, - pitch of notches, R- rotor radius, z, — the number of
notches on the rotor, b, = b/t. - the inclination expressed in steps of notches t..

1,2

kin
1 +p:2
w 0,8 p=3
oo
5 0,6
c p=1
Kel
© 0,4
=
S
S 0,2
v
0 Harmonic number
0 5 10 2 25
-0,2 \‘\o—o
-0,4

Figure 4. Chart of notch tilt factor k;, = f(v),
Note: p - the number of pole pairs.
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The inclination is usually done with a step or half a step of rotor notch. The efficiency
of the tilting procedure can be seen by analyzing the diagram in Figure 4, where the k;, =
f(v), diagrams are presented, calculated for 3 variants of the number of pole pairs with b, =
1 and z, = 28.

It is observed that tilting the notches by one tooth pitch leads, for example, in the case
of 6-pole machines to practically complete suppression of the upper harmonics, starting with
the seventh.

For a rotor winding, the winding factor will be defined with the relation: ky,ry = Kqry * Kiny-

At high powers the tilting procedure is not applied due to considerable additional
losses caused by the appearance of transverse (leakage) currents between the rotor bars
[13,14]. In these cases, the focus is on shortening the step of the stator winding, choosing
the number and optimal ratio of the notches on the stator and rotor.

4. Validation of results

4.1 Argumentation of the measurement methodology and harmonic analysis of MMF,
induction, magnetic flux and induced electromotive voltage

As noted above, the MMF and air-gap magnetic induction wave, determined by a stator
winding, carried by a sinusoidal current, contains, in addition to the fundamental harmonic, a
series of higher harmonics. From relation (8) it follows that the weight of each harmonic can
be appreciated by the ratio (k. /Vv) calculated for the winding, which determines the field
(denoted for example by A). The winding factor k., is calculated for the harmonic v. Each
harmonic of the magnetic induction in the gap causes / induces in a certain winding (denoted,
for example, with B), an electromotive voltage. The effective value or its magnitude is
weighted by the calculated ratio (k. /v). Here k. is the winding factor calculated for
winding B (in which the electromotive voltage is induced). Thus, the effective value or the
amplitude of the electromotive voltage, induced in the winding B by the harmonic v of the
magnetic field in the gap, created by the winding A, is weighted by the ratio ( Kyay * Kwpv/V2).

In the case of the symmetrical six-phase machine the coils of the phase windings (one
from each three-phase set) are arranged in the same slots. If a three-phase complete is
powered, it will create a magnetic field in the gap, which induces in the second three-phase
set electromotive voltages (EMV) identical to the self-induction electromotive voltages in the
first set [6,20,21]. The harmonic structure of this voltage is also identical (with small
deviations) to the harmonic structure of the air-gap induction and MMF. In this case ky,,, =
Kwbyv = Kwy, and the weight of EMV harmonics can be estimated with the ratio (k3 /v?).

Thus, the voltage induced in the secondary or self-induced in a stator phase can be
defined with the relation:

2

er(wt) = Emllsinwtzv[(k%") cos(v %)] (22)

For an angle wt = m/2, x=0 at which all harmonics reach the value +E,, ,, it will be obtained:
2 2 2 2 2

’ ’ ’ I} ’ ' 2
B = Emal1 - (32) +(%22) - (5) +(%9) -(5) + (%) -1 @
In the case of asymmetric hexaphase machines, the axes of the three-phase sets are offset by
30° electrical, therefore the phase voltages in the secondary will have a reduced amplitude
and a phase offset of (v-30°).
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4.2 Program of the experimental study

Taking into account the above, the following program of the experimental study were
defined:

1. Taking the oscillograms of the line and phase voltages on a six-phase machine in
induction mode with the aim of following the links between EMVs induced in the inductive
(powered) and induced (secondary) phases of the six-phase machines in induction mode;

2. Taking the oscillograms of the line and phase voltages on the three-phase machines,
their harmonic analysis to confirm the correctness of the calculation algorithm of the harmonic
structure of the MMF in the gap of the induction machines with different number of poles and
sections per pole and phase;

3. Taking the oscillograms of the phase voltages on the six-phase machines with
symmetrically and asymmetrically arranged windings, the harmonic analysis of the phase
voltages in order to determine the applicability of the developed calculation algorithm and
the confirmation of the results of the analytical study on the harmonic structure of the MMF
in the gap of n-three-phase machines;

4. Taking the oscillograms of the voltages between the nodes of the three-phase sets
of the windings in relation to the neutral wire of the power supply in order to obtain
experimental arguments regarding the value and orientation of the phasors of the MMF
harmonics of multiple order to 3.

The experimental tests were carried out on 4 induction machines, made on identical
constructive samples but with different stator windings: MA3F-1500 and MA3F-1000 - three-
phase machines with 4 and 6 poles, respectively; MA6F-SIM and MA6F-ASIM - 6-pole
hexaphase machines, with windings arranged symmetrically and asymmetrically,
respectively. The windings of the examined machines are executed with diametral pitch, y=t.
The machines' rotors are identical and each have 28 pitched notches.

The basic instrument used for measurements and harmonic analysis - oscilloscope
type FLUKE 190-204 SCOPOMETER 4CH 200MHz 2.5GS/s.

4.3 Analysis of the results of the experimental study
Figures 5, 6 and 7 show examples of oscillograms, taken in the idling regime of the
experimental samples described above.

21408 ms
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Amsidiv

0)
Figure 5. The MA6F-SIM six-phase machine in induction mode: a) and c) - voltage
diagram for the primary and secondary set respectively: red - line voltage, blue - phase
voltage, green - node voltage; b) and d) - the harmonic component of the phase voltages
of the primary and secondary sets, respectively.
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a) b)
Figure 6. Voltage diagram: line (red), phase (blue) and node (green):
a) machine MA3F-1000 rpm, b) machine MA3F-1500 rpm.
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Figure 7. Voltage diagram and their harmonic structure. MA6F-SIM machine with 6-phase
power supply, operating in idle mode: a) line and phase voltages: Ep; c1-red, Eaq01 -
blue, Eg, c2- gray, Egz 2 — green; b) the harmonic structure of the phase voltage Ep; 91; €)
voltage diagram of a three-phase set: Ep; ¢c; - red, Ea; 01 - blue, Eg1 02 - green, Egi n -
gray; d) the harmonic structure of the voltage Ey; 5

Table 4 shows the results of the harmonic analysis performed for each of the measured
voltages, using the software provided with the FLUKE 190-204 oscilloscope. The table also
includes the results of the calculations regarding the harmonic composition (TEM magnitude),
based on the relations deduced above (18, 13, 14, 16).

Table 4
Harmonic structure of self-induction electromotive voltages in a phase winding
Order v 1 3 5 7 9 11 13 15
Example 1 MA3F: 2p=4, m=3, q=3, br=1, Bsc=1, ksc=1
Kiyv 1 0.694 0.227 -0.185 -0.347 -0.185 0.227 0.694
Enfv, Calculating. 324 17.4 0.67 0.226 0482 0.092 0.01 0.700
Enfv, measured 324 20.2 2.37 1.78 1.78 0 0 0
Example 2 MA3F: 2p=6, m=3, q=2, br=1, Bsc=1
Kiyv 1 0.732 0.268 -0.268 -0.732 -1 -1 -0.732
Emtv, Calculating 327.5 19.5 0.94 0.48 2.16 2.71 1.94 0.78
E v, measured 327.5 19.6 4.2 1.2 1 2 1.2 0.7
Example 3 MAG6F-SIM: 2p=6, m=6, q=2, br=1, Bsc=1
Kiyv 1 0.732 0.268 -0.268 -0.732 -1 -1 -0.732
Enfy, calculating. 325 19.3 0.93 0.48 2.15 2.69 1.92 0.77
Emnfv, Measured 325 21 1.8 0.2 1.2 0.2 0.1 0.1
Example 4 MAG6f-ASIM: 2p=6, m=6, q=1, br=1, Bsc=1
Kiy.v 0.9812 0.8385 0.5904 0.3 0.03 -0.144 -0.221 -0.187
Enfv, Calculating. 319.3 25.91 0 0 0.004 0.057 0.096 0.052
Emtv, Measured 319.3 21 2.0 0 0 0 0 0

Note: v - harmonic number (order harmonic); E,¢y - the self-induction electromotive voltages; p - the number
of pole pairs; ki, , - the winding factor calculated for the harmonic v; MA3F - three-phase machines with 4 and
6 poles, respectively; MA6F-SIM - 6-pole hexaphase machines, with windings arranged symmetrically; MA6F-
ASIM - 6-pole hexaphase machines, with windings arranged asymmetrically.

Based on the results of the experimental tests and those obtained by calculation (table
4) it is found:
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- The harmonic structure of the voltages induced in the phase windings of the six-
phase machine in induction mode is identical to that of the voltages induced in the second
complete three-phase. Thus, for the assessment of the harmonic structure of self-induction
and induced voltages, the measurements performed on any of these three-phase sets
connected in a star with isolated nodes in relation to the neutral wire of the power supply
can be used.

- The line voltages do not contain higher harmonics, they keep the form of the line
voltage imposed by the power supply.

- The signal captured as a potential difference between the node of a three-phase
set and the neutral wire of the power supply comprises the entire spectrum of multiple
harmonics at 3, present in the phase voltage of the winding.

- In the case of machines with symmetrically arranged windings with six-phase
power supply, the potential difference between the nodes of the two three-phase sets is zero,
which confirms the fact that the phasors of the respective harmonics in all 6 phases coincide.
In the case of machines with asymmetrically arranged winding, the rated voltages (Ey; N2
and Ey; n1) have the same magnitude but are out of phase by 30°.

- The results of the measurements, carried out on experimental samples, largely
correspond to the quantities determined by calculations (according to the methodology
described in the paper) regarding the harmonic structure of the MMF, the magnetic field
created by it in the air gap of the six-phase machines, and the voltages induced in the phase
windings.

5. Conclusions

1. The mathematical model of the magnetomotive force in the air gap of the six-phase
asynchronous machine with various variants of the stator winding structure was developed.

2. Results of the measurements carried out on experimental samples confirm, to a
large extent, the accepted hypotheses and the relations proposed for the calculation of the
harmonic structure of the magnetic field in the air gap of the six-phase asynchronous
machines.

3. It has been shown that the harmonic structure of the MMF of six-phase induction
machines improves substantially compared to three-phase if the winding is arranged
asymmetrically. The 5%, 7t 17t 19™ order harmonics are suppressed.

4. The symmetrical six-phase induction machine from the point of view of the
harmonic structure of the MMF in the air gap is identical to a three-phase machine.

5. As effective tools for reducing the magnitude of the higher harmonics (parasites) of
the MMF in the air gap of the six-phase machine, the following can serve: the use of
distributed windings, the shortening of the winding step, the inclination of the rotor notches,
but also the selection of the optimal number of notches on the stator and rotor

The results of the present paper will be used in further research devoted to the study
of asynchronous torques created by higher spatial harmonics in the air gap and additional
loss reduction technologies in six-phase motors in healthy and fault operating regimes.
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Abstract. In this paper, there were deduced three new lifetime distributions of serial-parallel
and parallel-serial networks, their distribution being approached by means of analytical and
Monte-Carlo methods. The novelty of the distribution consists in the fact that the number of
subnets is random, governed by the Poisson and Logarithmic distributions, the lifetimes of
the units in each subnet being independent, identically, exponentially distributed random
variables, the number of units in each subnet is the same constant integer number. It was
shown that the most important theoretical characteristics of lifetime for such networks, as
the mean value, the variance, the survival/reliability function, my be approximated, with
desired accuracy, by the same corresponding characteristics, as the sample mean value,
sample variance, empirical survival/reliability function simulated by Monte-Carlo methods.
Results are illustrated tabularly and graphically for some concrete examples.

Keywords: mean value, variance, survival/reliability function, Monte-Carlo methods.

Abstract. In aceastd lucrare au fost deduse trei noi distributii de durata de viata a retelelor de
tip serial-paralel si paralel-serial, distributia acestora fiind abordata prin metode analitice si
metode Monte-Carlo. Noutatea distributiei consta in faptul ca numarul de subretele este
aleatoriu, guvernat de distributiile Poisson si Logaritmicd, duratele de viatd ale unitatilor din
fiecare subretea fiind variabile aleatoare independente, identic, exponential distribuite,
numarul de unitati din fiecare subretea. este acelasi numar intreg constant. S-a aratat ca cele
mai importante caracteristici teoretice ale duratei de viata pentru astfel de retele, precum
valoarea medie, varianta, functia de supravietuire/fiabilitate, pot fi aproximate, cu acuratetea
dorita, prin caracteristicile corespunzdtoare: valoarea medie a esantionului, varianta
esantionului si functia empirica de supravietuire/fiabilitate, simulate prin metode Monte-
Carlo. Rezultatele sunt ilustrate tabelar si grafic pentru unele exemple concrete.

Cuvinte cheie: valoare medie, variantd, functie de supravietuire/fiabilitate, metode Monte-Carlo.

1. Introduction

Serial-parallel and parallel-serial networks are usually found in many works [1-3] as a
subsystem within complex networks, such as Wi-Fi, computers, and communication networks.
The overall reliability of these larger networks depends on the reliability of these subnets [4].
Although these network types have been extensively studied, existing research
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predominantly relies on static probabilistic models [5-6]. These models assume constant
probabilities of network units remaining operational over time, with a fixed number of units
[5] Architecturally, the structure of serial-parallel and parallel-serial networks is shown and
described in the source [7].

However, the ever-changing nature of modern networks requires a more flexible
approach. Networks are influenced by various factors, including environmental shifts, user
behavior, and hardware wear and tear. All of these elements can affect the reliability of
network components. As a result, there is an increasing demand for models that account for
the dynamic nature of network reliability, considering fluctuations in operational
probabilities and variations in the number of network units. In this context, research on serial-
parallel and parallel-serial networks offers significant insights into the reliability of dynamic
networks [8]. By examining how these simpler network architectures behave in changing
environments, researchers can create more robust models for analyzing and predicting the
reliability of complex networks. This empowers network engineers to design more resilient
systems capable of withstanding the challenges posed by real-world conditions.

In this paper, we consider the dynamic mathematical models of serial-parallel (type A)
networks and parallel-serial (type B) networks [9]. For the study we will take variants (type A
or B) in which the network units have exponentially distributed lifetimes being independent,
identically distributed random variables (i.i.d.r.v.) with the cumulative distribution function
(c.d.f) F(x) and the number of units in each subnet being the same and equal to N22.

Also, the number of subnets is a random variable M of PSD classes, independent of
lifetimes of units.

2. Notions and auxiliary results
As the number of subnets is a variable of PSD classes [10], with Poisson or Logarithmic
distribution, we will define according to the source [11] the Power Series Distribution.

Definition 1. We say that M is a Power Series Distributed random variable with power series
function A(w) = Y. =0 am@™ and power parameter of the distribution w, shortly M € PSD, if

m
m

Alw)’
h . m . . .
where the power series Y50 a@™ is convergent with radius of convergence a positive

P(M =m) = a,=>0m=012..w € (0,1),

number 7. As real networks invariably include at least one subnet, or each subnet contains
at least one unit, the distribution of parameters must be O-truncated. So, as a PSD, O-
truncated Poisson(w) and Log(w) distributions be represented as in [9] in this way.

Table 1
The representative elements of the PSD class for Poisson and Logarithmic truncated
distributions

Distribution am W A(w) T
Poisson*(w), 1 _ w e® —1 +00
w>0 {E,form—l,Z,...,
0, form = 0.

1 — —
o< {E'form =12, ° mmey

0, form=0.
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Then, according to the paper [9] we have the following:

Proposition 1. The lifetime cumulative distribution functions (c.d.f.) for networks of type A and B,
that we will call distributions of type Min(Max) — PSD and Max(Min) — PSD can be calculated
respectively by the general formulas

B(m(l—(F(x))N)>

Fe_p,(x)=]1— 1) I10 400y (%) 1)
B w(l—(l—F(x))N)
Fp—s(x) = < B(w) > I[O,+oo) (x) (2)

where: F(x) is a c.d.f. of lifetime for each unit of subnet, N is the number of units in each of M
subnets and B(w) is a power series function of r.v. M.

We will denote the reliability function, also known as the survival function, of a network by
R(x), where R(x) = 1 — F(x). Also, we denote by R,_, (x) the reliability of the serial-parallel
network, and by R,_s(x) - the reliability of parallel-serial network. The reliability functions
of the respective networks can be calculated by the formulas:

B(w(l—(F(x))N)>

B(w)

Rs_p(x) = Ij0,+00)(X) + I (—c0,0 (%) (3)

B<w(1—(1—F(x))N)>
B(w)

R, s(x) =|1- Tj0,400) (%) + I (_ oo 0) () 4)

3. Exponential Min(Max)-Poisson and Max(Min)-Poisson mixed distributions as a lifetime
distributions
Thus, let consider that F(x) = (1 — e ™)Ijg 10 (x), x > 0. If M~Poisson*(w), then
o™ .
P(M =m) = E/(e‘*’ — 1), B(w) = (e® — 1) . So, for (1), by knowing the formula of the
function B(w), we have that:
w<1—(1—e_’1x)N)

e®—-1

Fop(2)=[1-5 = 10,400 (%) (5)

Deriving Error! Reference source not found. with respect to x, we obtain that the probability
density function (p.d.f) f;_,(x) given by the following formula:

—(1-e—2x N)_
N_lew<1 (1 e ) Ax

—Ax
fop(r) = X220 < 0.4y (%) ©)
In the same way we find that lifetime c.d.f. for networks of parallel-serial type:
ew(l_e-uvx)_l
F, (x) = lTI I, 400y (X) (7)

and its p.d.f. density function:

Nw;{ew(l—e_’lN")—ANx

fos @) =22 Ly () ®)

Due to the fact that lifetime of the Serial-Parallel distribution is a r.v.
Uso=min[max(Xiz, X1z,...Xwn), max(Xzs, Xiz...Xn2), .., max(Xmz, X1z,...Xmy)]
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and lifetime of the Parallel-Serial distribution is a r.v.

Vp.s =max[min(X11, Xzz,...Xm), m/'n(Xﬂ, X1z,...XNz), ooy m/'n(XMl, X12,...XMN)],
where: lifetimes of /-th unit in the j-th subnet Xj are i.i.d.r.v, X ~ exp{A}, A>0, for i=1,2,..,N, N is
the number of units in each subnet, and the number of all subnets is a r.v. M~Poisson(w), w >
0 we say that their corresponding distributions are called, respectively, Exponential Min(Max)-
Poisson and Max(Min)-Poisson mixed distributions.
Another important indicator is the hazard function [12], also known as failure rate function,
that is denoted, for example in the case of Network of type A, by hs_,,(x) and given by the

formula hs_,(x) = fs_p(x) (1 — Fs_p(x)). Applying the last formula to the cases we study,

we get
—ax\V
Newi(1—e-2x N—-1 w(l—(l—e ) )—Ax
hy_p(x) = 22T 9)
ew(l—(l—e ) )_1
and
N w(l—e_}“Nx)—ANx
hp—s(x) = ewe(l_el_e—/wx) (10)

Remark 1. The lifetime distribution for parallel-serial networks will be excluded from our
research because this distribution coincides with the distribution proposed and studied in the
paper [13], as a lifetime distribution Exponential Max-Poisson mixed distribution.

Remark 2. Another distribution functions and pdf of the rv. Us, and V,., for different
combination are presented in the paper [3].

So, in the following, we will analyze from a statistical point of view, including through Monte
Carlo validation, the serial-parallel type model, thus bringing a new lifetime distribution of
serial- parallel networks. Thus, using general formula for lifetime p.d.f. (6) we will
calculate, for our needs, the theoretical mean value and variance numerically, by means of
System Mathematica 14.0, because our distribution depend, in fact, of 3 parameters: A, w and
N. After we get the results, we will simulate in Mathematica these random variables using
Monte-Carlo methods and check how well they approximate the theoretical mean value and
the theoretical dispersion [14].

The Monte Carlo simulation algorithm in our case may be described as following:

Step 1: Generate a sample of N values based on exponential distribution with parameter A.

Step 2: Take the maximum value of sample generated at the Step 1.

Step 3: Generate the value of M using a zero-truncated Poisson distribution with parameter w.
Step 4: Generate a sample of M values by repeating M times the Steps 1-2.

Step 5: Take the minimum value of the sample created at the Step 4.

Step 6: Calculate, according to the Central Limit Theorem for independent and identically
distributed random variables [15], the value k=[(0X:1«2/€)*]+1, where ¢ is the standard
deviation of lifetime Us.,,, Xiq42is the I-a/2 quantile for standard normal distribution N(0,1)
and € is the desired error of approximation for theoretical mean value EU., taking a=0.05
and €=0.01.

Step 7: Generate a sample of k values by repeating steps 4-5 k times.

Step 8: Calculate the mean value EU,_,of the sample generated at the 7™ step to
approximate the theoretical mean value EUs.,.
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Step 9: Calculate the variance D U,_,, of sample generated at the 7™ step to approximate
the value of DU.,,.

Table 2
Simulated vs theoretical values of mean and dispersion for Serial-Parallel model with

M~Poisson’(w),i.e.P(M =m) = ——2" m=12,..,0 > 0

w A N EU,_, ET,., DU,_, DU,

0.5 125 3 1348149323 1338431878 0888013261  0.872941761
0.5 125 5 1701888703 1703793221 0925795556  0.934127344
0.5 125 8 204654821 2044372993 0946212854 0942520703
0.5 215 3 0783777285 0788386991 051509177  0.520160698
0.5 215 5 098782637 0985834986  0.536698953  0.535302996
0.5 215 8 1187243735 1195373996  0.547304826  0.557221324
0.5 365 3 046033396 0460613746 0302799361  0.302450773
0.5 365 5 0582155058  0.581128178  0.315834387  0.315438699
0.5 365 8 0700233886  0.699444238 0324542748 0320289999
2 125 3 1034266589 1037160726 0724065222 072071219

2 125 5 1368218002 1.369974019 0760181813 0761771466
2 125 8 1702108973 1.69811621 078666366 0789075721
2 215 3 0601482708  0.600396316 0419109425 0.415211898
2 215 5 0796446843 0794904434 0442090831 043995408

2 215 8 0991439749 0989627481 0460112171 0460228158
2 365 3 0354989223  0.355135287  0.247767369 0247998247
2 365 5 0468843135 046996092 026090492  0.262020569
2 365 8 0582949722  0.584418392 0269372425 0268073442
10 125 3 0459026258 0459073661 0.234353946 0234169648
10 125 5 0736948531 073813245 0279303413 027924198

Note: N - the number of units in each of M subnets; EU_,, - the theoretical mean value; EU,_,, - the mean
value calculated with Monte-Carlo simulated values; DU,_,, - the theoretical variance; D Us_, - the variance
calculated with Monte-Carlo simulated values.

In the Table 2 is shown how for lifetime p.d.f.  (6) we calculated the theoretical mean value
EUs_, and variance DUs_, numerically, using the Wolfram Mathematica 14.0 soft, depending
on the values of the parameters A, w and N. After that, we simulated them in Wolfram
Mathematica using Monte-Carlo methods described in the algorithm above, and obtained for
the same parameters, that the empirical mean IE’US\_p and empirical variance DTJS\_p
approximate the theoretical mean value and the theoretical dispersion very accurate,
respecting the proposed admissible error €=0.01. Also, we will follow the similarity in the
graphic representation that follows.

It is easy to see how the number of simulations influences the resulting data by
viewing the constructed empirical functions. For this we chose two values for the number of
simulations k, the first case k = 50, and the second case k = 20735. The difference between
the two cases is that for the second case the number k is calculated according to the Central
Limit Theorem [15], as stipulated in the algorithm. In the Figure 2b, we notice that for the
same parameters, when the number k was deduced according to the formula the empirical
distribution function approximates the theoretical cumulative distribution very well, and for
the larger number of iterations (simulated values) they tend to coincide.
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Figure 2. Survival function for w = 0.5,4 = 1.25,N = 3,¢ = 0.01.

4. Exponential Min(Max)-Logarithmic and Exponential Max(Min)- Logarithmic mixed

distributions as a lifetime distributions

With a similar approach as for the previous case, the study is extended with a new
case where the value of M, the number of subnetworks, will be generated using the
logarithmic distribution. With the appropriate substitutions, the following results F(x) =

(1= € )ljg 400 (), x > 0.1 M~Log(w), and P(M =m) = - “0<w<1,Bw)=

—In(1 — w) then, for Error! Reference source not found.) by knowing the formula of the
function B(w) and substituting it, we get that:
ln(w((1—e-'1x)N—1)+1)

In(1-w)

Fs_p,(x)=]1—-

Ijo,+00) (%) (11)

The first derivative of F(x) from Error! Reference source not found. yields the distribution

density function f(x) and it is represented by the formula:
Niw(1—e *H)N-1

1—(1—e_x’1)N)—l)ln(l—a))e“

fs—p(x) = (w( (12)

In the same way, we calculate the lifetime distribution function F(x) for networks of
parallel-serial type:

In(1+ —1+(e‘x}“)N )
Fp_S(x) - ( (ln(l—a)) ) )

The distribution’s density function can be represented as following:

(13)

AwN(e XN
(1_(e—x}.)N)(p—1>ln(1—w)

fp—s(x) = ( (14)
Following a similar approach as in the initial case, we utilize the same formula to deduce

the hazard function, also known as the failure rate function:
AwN(1—-e *HN-1

h __ 15
s-p (%) exl(w(l—e—x’l)N—w+1)1‘1(“)(1—9_“)1\]—“’“) )
and
AwNe ANx
hp—s(x) T (weN*— g 1)(In(1-w) —In(we—NX—g+1)) (16)

In similar fashion, we analyze the next case. With respect to all the given constraints and by
an analogous to the first part procedure, we will perform an analysis from a statistical point
of view, including validation through Monte Carlo simulation, of the serial-parallel type
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model and the parallel-serial type model. The main goal is to emphasize the two new lifetime
distribution of serial- parallel and parallel-serial networks.

Table 3

Simulated vs theoretical values of mean and dispersion for serial-parallel model with
M~Log(w),i.e., P(M =m) =

1 ] o™
-In(1-w) m

m=12,...,0<w<1

w A N EUs_p EU,_, DU, DU,
0.15 1.25 3 1.428972 1420671 0.919236 0.916434
0.15 1.25 5 1.784603 1.790588 0.957371 0.962266
0.15 1.25 8 2132027 2136382 0.976682 0.978806
0.15 215 3 0.829977 0.837779 0.534452 0.53958
0.15 215 5 1.03809 1.037251 0.555081 0.55459
0.15 215 8 1.238298 1.232948 0.567016 0.568323
0.15 3.65 3 0.48913 0.488425 0.314865 0.311441
0.15 3.65 5 0.611045 0.604446 0.326281 0.319532
0.15 3.65 8 0.729456 0.730239 0.333657 0.336813
0.45 1.25 3 1324674 1320241 0.882955 0.883411
0.45 1.25 5 1.676801 1.678226 0.919081 0.920216
0.45 1.25 8 2.022778 2.029045 0.942711 0.947784
0.45 215 3 0.771506 0.765819 0.514974 0.508486
0.45 215 5 0.975403 0.975921 0.534888 0.535843
0.45 215 8 11747 1.173953 0.549026 0.548143
0.45 3.65 3 0.454441 045114 0.303259 0.300944
0.45 3.65 5 0.574409 0.571679 0.315466 0.312011
0.45 3.65 8 0.691618 0.6897 0.322884 0.32016
0.95 1.25 3 0.893229 0.89389 0.741071 0.741699
0.95 1.25 5 1.212151 1.21096 0.796375 0.790388
0.95 1.25 8 1.534569 1533734 0.8263 0.824371
0.95 215 3 0.520795 0.521037 0431974 0433642
0.95 215 5 0.704601 0.705342 0459721 0.460441
0.95 215 8 0.894015 0.891345 0482631 0.476985
0.95 3.65 3 0.30735 0.3059 0.25542 0.25435
0.95 3.65 5 0415546 0415356 0.272264 0.27161
0.95 3.65 8 0.524733 0.525343 0.281704 0.281689

Note: N - the number of units in each of M subnets; EU,_,

- the theoretical mean value; EUs_, - the mean

value calculated with Monte-Carlo simulated values; DU,_,, - the theoretical variance; D U,_,, - the variance
calculated with Monte-Carlo simulated values.

Table 3 presents the calculation of the theoretical mean and variance for the lifetime

probability density function (p.d.f) given in equation (6). We repeated the numerical
calculations using Wolfram Mathematica 14.0, based on the parameters A, w, and N.
Subsequently, we simulated these values using Monte Carlo methods as described in the
preceding algorithm. The results confirm one more time that the empirical mean IET]:p and
empirical variance ]D)/U_s\_p closely approximate the theoretical values, adhering to the
proposed admissible error of €=0.01. The following graphical representation further

demonstrates this similarity.
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Figure 3. Survival function graph for w = 0.5,4 = 1.15,N = 3, = 0.01.

In the following table of values and graphical example, we observe how well the empirical
functions approximates the theoretical values for parallel-serial networks with M~Log(w).

Table 4

Simulated vs theoretical values of mean and dispersion for serial-parallel model with

M~Log(w),i.e., P(M =m) =

1

— 2 m=12,....0<w<1
—-Inl-w) m

w A N EV,_s EV, s DV, DV, s
0.25 1.25 3 0.28581 0.28576 0.275492 0.277106
0.25 1.25 5 0.171706 0.170882 0.165372 0.164594
0.25 1.25 8 0.107111 0.107962 0.103412 0.102547
0.5 2.15 3 0.183798 0.183041 0.169445 0.168233
0.5 2.15 5 0.110467 0.111056 0.101673 0.101606
0.5 2.15 8 0.069047 0.068979 0.063599 0.063494
0.85 3.15 3 0.166029 0.166184 0.135527 0.135488
0.85 3.15 5 0.0997884 0.100007 0.0813673  0.081666
0.85 3.15 8 0.0623611 0.0623248  0.0508497  0.0506674

Note: N - the number of units in each of M subnets; EV,_,, - the theoretical mean value; EV,_, - the mean
value calculated with Monte-Carlo simulated values; DV,_j, - the theoretical variance; D V_, - the variance
calculated with Monte-Carlo simulated values.

For Table 4, we proceeded analogously to the steps for Tables 2 and 3, only we
reduced the size of the displayed data set, but we note that the results are just as good,
respecting the chosen error. So we continued to compute numerically in Wolfram
Mathematica according to the parameters A, w, and N the calculation of the theoretical mean
and variance, this time according to the lifetime probability density function (p.d.f.) given in
equation (8) for parallel-serial model. As expected, the theoretical and empirical results tend
to coincide. Even better, we see these results interpreted graphically below.

What we see in Figure 4 is that for k = 34447 simulations, calculated according to the
Central Limit Theorem [15], with the help of Wolfram Mathematica 14.0 software we obtained
these estimates of the empirical and theoretical survival function. We notice that for sufficient
number of simulations, these two functions tend to coincide.
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Figure 4. Survival function for w = 0.5,4 = 1.25,N = 3, = 0.01

5. Conclusion

The changing nature and evolution of networks encountered in engineering today lead
to an increased demand for dynamic reliability analysis models. These models are complex
and different in operation, requiring the models to be tailored to the problem, the network
structure and how the subnets and units work. Starting from the goal of analyzing the
reliability of networks with serial-parallel and parallel-serial architecture, we managed to
derive 3 new lifetime distributions, distributions approached by analytical and empirical
methods.

The studied dynamic networks have serial-parallel or parallel-serial architecture, each
time the number of subnets being a random variable M of PSD classes, with Poisson or
Logarithmic distribution. The number of units in each subnet is constant, greater than or
equal to 2, the lifetimes of the units in each subnet being independent, identically,
exponentially distributed random variables. In the aforementioned conditions, based on the
general formulas for the calculation of the c.d.f, the calculation formulas for the cumulative
distribution function, the reliability function and the hazard for these new three lifetime
distributions were deduced.

Next, based on the deduced formulas, the theoretical mean value and the theoretical
dispersion were calculated numerically, implementing the corresponding functions available
in Wolfram Mathematica. Also, with the help of this software we simulated for the same
parameters, random variables through the Monte-Carlo method and obtained the empirical
mean and the empirical dispersion. We have presented the obtained data in tabular and
graphical form, from where we can see that the theoretical and empirical values are very
close, the difference between them does not exceed the admissible error shifted by us in the
algorithm, and for a fairly large sample, these values tend to coincide. Thus, we validated the
obtained theoretical results.
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Abstract. The paper presents the results of developing a scheme for synchronous pulse-width
modulation (PWM) of signals in dual voltage source diode-clamped inverters (VSDCls) used
in grid-tied, transformer-based photovoltaic (PV) stations. This scheme is based on the
continuous regulation of the switching frequency of the inverters relative to the magnitude
of the DC voltages of the PV strings, ensuring equivalence of switching losses across each
inverter. The proposed control and PWM techniques ensure the elimination of even-order
harmonics and subharmonics in spectra of voltage at inverter-side windings of power
transformer, helping to increase the operating efficiency of inverter-based PV stations.
Simulation results showed a behavior of operation of dual-VSDCl-based PV installations with
the proposed control strategy.

Keywords: control and modulation strategy, photovoltaic station, spectral analysis, switching
frequency, voltage source diode-clamped inverter, voltage synchronization.

Abstract. Lucrarea prezinta rezultatele dezvoltdrii schemei de modulatie sincrona a latimii de
impulsuri (PWM) a semnalelor duale invertoarelor de tensiune cu diode clampate (VSDCls)
ale statiilor fotovoltaice (PV) bazate pe transformator obosit de retea, bazata pe reglarea
continua a frecventei de comutare a invertoarelor fata de marimea tensiunilor continue ale
sirurilor fotovoltaice in conditia echivalentei pierderilor de comutare in fiecare invertor.
Tehnicile de control si PWM propuse asigura eliminarea armonicilor de ordin egal si
subarmonicilor in spectrele de tensiune la infdsurdrile de pe partea invertorului ale
transformatorului de putere, ajutand la cresterea eficientei de functionare a statiilor
fotovoltaice bazate pe invertori. Rezultatele simularii au aratat un comportament de
functionare a instalatiilor fotovoltaice bazate pe VSDCI dual cu strategia de control propusa.

Cuvinte cheie: strategie de control si modulatie, statie fotovoltaicd, analizd spectrald, frecventa
de comutare, invertor de tensiune cu diodd clampate, sincronizare de tensiune.

1. Introduction

Photovoltaic stations are very popular installations in the area of renewable electrical
energy [1-4], including large grid-tied photovoltaic power plants, integrated into the
medium-voltage and high-voltage power supply systems [3].
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Voltage source inverters of various topologies are the main work-horses of
photovoltaic (PV) systems, providing controlled conversion of dc voltage from PV strings into
the required ac voltage for electrical energy consumers [5-11], including multilevel inverters
[5,9], modular topologies of inverters [6], two-level inverters [7], three-level inverters [8], and
multiphase inverters [10,11]. Also, powerful PV systems based on cascaded inverters should
be mentioned [12-16], including standard cascaded inverters [12,13], and multilevel cascaded
inverters [14-16].

Thus, the performance of PV stations depends on the pulsewidth modulation (PWM)
strategies used to regulate the inverters. To ensure synchronization and symmetry of voltage
waveforms of PV inverters at increased power levels, original schemes of synchronous
modulation have been developed for control of inverters of some structures of PV systems
[17-23], based on dual diode-clamped inverters [17,19,23], based on two standard three-
phase inverters specifically connected to windings of the power transformer [18], and based
on triple modulated inverters [20-22].

Accordingly, this paper provides the results of research of topology of PV installation
based on two voltage source diode-clamped inverters (VSDCls) adjusted by the modified
control strategy based on flexible regulation of switching frequency (SwF) of VSDCIs in
function of value of dc voltage of PV strings.

2. Structure and basic control and modulation schemes of VSDCI

Fig. 1,a shows topology of VSDCI. Fig. 1b presents the base voltage space vectors V 1
+ V 7 (marked by big arrows) of each VSDCI [17,23], and this control scheme assures
elimination of common-mode voltage in PV systems on the base of VSDCI [17, 19, 20, 23].
Figs. 2 — 3 present switching state sequence and the base voltages of VSDCI adjusted by
continuous (CPWM) and discontinuous (DPWM) synchronous PWM, Figures 2 and 3 [23].

V2(0+-)

AY|
PAl

V3(-+0) V1(+0-)

vie= 0

VA(-04) V6(+-0)

AL
7

V5(0-+)

b)
Figure 1. Topology of VSDCI (a), and its voltage space vectors (b) [17].

Basic set of control functions for determination of pulse patterns of VSDCls for PV
generation includes four formulas (1) - (4), where m is coefficient of PWM of VSDCI, and ¢ is
duration of sub-interval which is in dependence of the SwF of VSDCI [17,23]. Figure 4
demonstrates switching sequence of VSDCl inside the 60° clock interval, and the
corresponding pole V5 V4, and line V,, voltages of VSDCI controlled by the scheme of CPWM [17].
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Figure 2. Switching state sequence and the  Figure 3. Switching state sequence and the
base voltages of VSDCI adjusted by the base voltages of VSDCI adjusted by the
scheme of synchronous space-vector CPWM sche-me of synchronous space-vector
[23]. DPWM [23].
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Figure 4. Contol pulses sequence and the base voltages of VSDCI regulated by
algorithms of synchronous continuous PWM [17].

3. Grid-tied PV installation with dual VSDCls

Figure 5 shows the structure of grid-tied PV system with two modulated VSDCls
supplied by dc voltages of two strings of PV panels [23]. The outputs of VSDCls are tied with
the inverter-side windings of the power transformer.

To provide rational operation of inverter-based PV systems, operating modulation
index m of two VSDCls should be controlled in accordance with formula connecting the
highest value of dc-voltage Vic-nigres, minimum value of modulation index mm,, corresponding
to this regime, and operating magnitude of dc voltage Vic.ioner:

m= (mmin Vdc-highest)/ Vidc-tower (5)
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Figure 5. Structure of PV station with two modulated VSDCls.

At the same time, to increase the operating efficiency of photovoltaic stations, it is
advisable to smoothly regulate the SwF of each modulated VSDCI depending on the voltage
magnitude of dc sources (provided that the switching losses of the two inverters are equal
approximately). In particular, if PV station is supplied by the higher (highest) dc voltage V.
nighest, the VSDCls should be operated at lower SwF (at the rated SwF Fy of VSDCIs), and if
VSDCls are supplied by the lower dc-voltage Viciowe, theirs SwF F; can be increased
correspondingly.

Figures 6 - 11 present the base voltages (pole voltages Vi, Vi, line voltage Vg,
common-mode voltage Vy, and winding voltage Vi (with its spectrum) of PV station with two
VSDCls (Figure 5), regulated by algorithms of continuous (CPWM) and discontinuous (DPWM)
synch-ronous PWM. The fundamental frequency of grid-tied PV station is F = 50.0 Hz.
Diagrams in Figures 6 - 7 correspond to a case of relatively low dc voltage of PV panels,
diagrams in Figures 8 — 9 correspond to a case of medium value of dc voltage of PV strings,
and diagrams in Figures 10 - 11 correspond to a case of relatively high dc voltage. So, SwWF
of VSDClIs has been chosen for these cases in accordance with the mentioned above
conditions of flexible regulation of system.
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Figure 6. Waveforms of the base voltages
(a), and spectrum of the winding voltage
(b) in PV system with relatively low dc
voltage (CPWM, m = 0.9, F, = 1.6 kHz).

Figure 7. Waveforms of the base voltages
(a
in PV system with relatively low dc voltage

), and spectrum of the winding voltage (b)

(DPWM, m = 0.9, F. = 1.6 kHz).
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Figure 8. Voltage waveforms (a), and
spectrum of the winding voltage (b) in PV
installation with medium dc voltage of PV

strings (CPWM, m = 0.75, Fs= 1.35 kHz).
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Figure 9. Voltage waveforms (a), and
spectrum of the winding voltage (b) in PV
installation with medium dc voltage of PV

strings (DPWM, m = 0.75, Fs = 1.35 kHz).
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Figure 10. Waveforms of the base voltages  Figure 11. Waveforms of the base voltages
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in PV installation with relatively high dc in PV installation with relatively high dc
voltage of PV strings (CPWM, m = 0.6, F; = voltage of PV strings (DPWM, m = 0.6, F; =
1.1 kHz). 1.1 kH2).

The presented in Figures 6 - 11 results of modeling and simulation of system with two
VSDClIs show that the winding voltage Vis has quarter-wave symmetry, and in its spectrum
there are no even harmonics and subharmonics in the analyzed regimes of regulation of grid-
tied PV installation.

Also, it is necessary to mention about specific two-stage control mode of operation of
modulated VSDCls in the zone of the highest modulation indices m of inverters (in the zone
of overmodulation), if m > 0.907 [19]. Thus, boundary values of two indices of PWM of VSDCls
for standard two-stage regulation of inverters during overmodulation are equal to
Mgy, =0.907 and m,, =0.952 ([19], My, =1 inthis case). In particular, basic PWM functions

of VSDCls for determination of duration of pulse control signals (1) - (4) include two special
correcting  indices  of  overmodulation Ky, =[1-(M—-my,)/(My2—My1)]  and

Kov2 = [1_(m_mov2)/(1_mov2)] [19].

Therefore, regimes of overmodulation of VSDCls during flexible regulation of PV
system correspond, in accordance with (5), to the case of relatively low dc voltage of PV
panels of VSDCI-based photovoltaic station. As an example of operation of VSDCls in the zone
of overmodulation, Figures 12 - 13 show pole voltages V,, V,, line voltage V., common-mode
voltage Vo, and winding voltage V,s (with its spectrum) of PV station with dual VSDCls (Figure
5), regulated by algorithms of continuous (CPWM, Figure 12) and discontinuous (DPWM,
Figure 13) synchronous PWM. Modulation index of VSDCls is equal to m = 0.945, SwF of
inverters is equal to 1.7 kHz, and it corresponds to operation of inverters in the first part of
the overmodulation zone. The fundamental frequency of grid-tied PV system is F =50 Hz. The
presented in Figures 12 - 13 diagrams prove the fact of quarter-wave symmetry of the base
voltages in this control zone.

Figure 14 shows the results of calculating the Total Harmonic Distortion factor of the

100
winding voltage Vo (THD = (1/Vy )(kz Vas, /k)2)%®) as a function of modulation index m of
! o

dual VSDCls, calculated for three values of SwF of VSDCls chosen in accordance with the
mentioned above strategy of flexible control of the SwF of VSDCls.

The data presented in Figure 14 show that for the presented topology of PV station
regulation of dual VSDCls by flexible algorithms of discontinuous synchronous PWM (DPWM)
assure providing better value of THD factor at medium and higher coefficients of modulation
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of two VSDCls. In particular, for the analyzed cases, THD factor is better by the using of DPWM
for control of VSDCls, if m > 0.45 (case of relatively low dc voltage and relatively high SwF),
if m> 0.5 (case of the medium magnitudes of dc voltage and medium SwF of VSDCls), and if

Flexible synchronous requlation of power electronic blocks of transformer-based photovoltaic stations

m > 0.55 (case of relatively high dc voltage and
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Figure 12. Waveforms of the base voltages
(@), and spectrum of the winding voltage (b)
in PV system with relatively low dc voltage
and overmodulation control zone of VSDCls
(CPWM, m = 0.945, F; = 1.7 kHz).
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4.Conclusion

The developed strategy of control and synchronous PWM of two VSDCls of grid-tied
PV stations, based on continuous regulation of SwF of VSDCls in function of current
magnitude of dc voltage of PV strings under condition of equivalence of switching losses in
each inverter, assures providing an improvement of harmonic composition of the winding
voltage of the multi-winding power transformer, thereby helping to reduce losses and to
increase the efficiency of operation of PV stations. Simulation results show, that
discontinuous scheme of synchronous PWM, applied for regulation of dual VSDCls, insures a
better spectral composition of the winding voltage compared to the using of continuous
scheme of synchronous pulsewidth modulation, if modulation index of VSDCls for the
corresponding control regimes has medium and upper medium values.
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Abstract. Sometimes, in practice, simple solutions of quick preliminary estimation of basic
characteristics of a computer network are needed. In this aim, the backbone subnet and server
set of wide area computer networks are examined. Based on Jackson’s partitioning theorem
and considering the linear dependence of the costs of channels, routers, and servers on their
performance, a simplified analytical model for these components of the network is defined.
Using this model, two optimization problems are formulated: minimizing the average
response time to user requests of data processing and minimizing the summary cost of
servers, channels and routers of the computer network. For both problems, analytical
solutions regarding the necessary performances of channels, routers and servers are
obtained. As expected, in the obtained analytical solutions, the equations for the optimization
criteria of the two problems coincide, only their form being different. Calculations of
performances according to these solutions are simple and can be done, for example, in MS
Excel. Because the obtained in this way performances are positive real numbers, and the
allowed performances of concerned entities are discrete ones, further adjustment of the
solution in question, depending of the case, may be necessary. For such an adjustment, two
algorithms are proposed. One of them solves the problem by reducing it to that of backpack.
Another solves the problem based on the use of resource concentration rule.

Keywords: algorithm, channel, cost, optimization, response time, router, server.

Rezumat. Uneori, in practica, sunt necesare solutii simple de estimare rapida preliminara a
caracteristicilor de baza ale unei retele de calculatoare. Tn acest scop, se examineaza
subreteaua si setul de servere ale retelelor de calculatoare de arie larga. Pe baza teoremei de
partitionare a lui Jackson si luand in considerare dependenta liniara a costurilor canalelor,
ruterelor si serverelor de performanta acestora, este definit un model analitic simplificat al
acestor componente ale retelei. Folosind acest model, se formuleaza doua probleme de
optimizare: minimizarea duratei medii de raspuns la solicitarile utilizatorilor de prelucrare a
datelor si minimizarea costului sumar al serverelor, canalelor si ruterelor retelei de
calculatoare. Pentru ambele probleme sunt obtinute solutii analitice privind performantele
necesare ale canalelor, ruterelor si serverelor. Cum era de asteptat, in solutiile analitice
obtinute, ecuatiile pentru criteriile de optimizare ale celor doua probleme coincid, fiind
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diferita doar forma lor. Calculele performantelor conform acestor solutii sunt simple si se pot
face, de exemplu, in MS Excel. Deoarece performantele astfel obtinute sunt numere reale
pozitive, iar performantele admise ale entitatilor retelei sunt discrete, poate fi necesara, in
functie de caz, o ajustare ulterioara a solutiei in cauza. Pentru o astfel de ajustare, sunt
propusi doi algoritmi. Unul dintre acestia rezolva problema reducand-o la cea a rucsacului.
Celalalt rezolva problema pe baza aplicarii regulii de concentrare a resurselor.

Cuvinte cheie: algoritm, canal, cost, duratd de rdspuns, optimizare, ruter, server.

1. Introduction

The creation and development of computer networks involves considerable expenses.
Minimizing these expenses is important. For this purpose many researches are carried out.

In a general form, the problem of computer networks synthesis consists in determining
of their topology, of the number, deployment, productivity, operating regimes and functions
of servers and communication nodes, the capacity of data transfer channels, the distribution
of user requests between servers and the ways of data transfer and routing in the network,
which would ensure the extreme of the accepted optimization criterion for the required
quality of serving requests.

For large networks, the mathematical formalization and overall solution of the
problem is very difficult. That is why various simplifications are usually resorted to, including
the disaggregation of the general problem into several sub-problems.

In the field, models and algorithms are developed, several analytical solutions are
obtained. It is especially the case to mention the Jackson partitioning theorem [1], the
conservation law and the square root law of L. Kleinrock [2], the Gordon-Newell theorem [3],
the algorithm of J. Buzen [4], the BCMP networks [5], the MVA method proposed by H. Reiser
and S. Lavenberg and later developed by J. McKenna [6], the MVAC algorithm proposed by A.
Conway, De Souza E Silva and S.S. Lavenberg [7], and the DAC algorithm developed by De
Souza E Silva and S.S. Lavenberg [8]. Cloud processing has involved separate research with
data centers [9, 10]. For example, the reliability of data centers is discussed in [11], and the
placement of virtual machines for cloud data centers is explored in [12]. Also, researches in
soft defined networks (SDN) is gaining momentum [13], including the choosing of the SDN
operating system for cloud data centers [14].

However, the proposed methods and algorithms are, as a rule, relatively laborious, and
sometimes in practice simple solutions are useful for quick preliminary estimation of basic
characteristics of a network. The purpose of this paper is to propose simple ways of preliminary
determination of approximate necessary performances of the common-use components of
computer networks.

2. A Simplified Model of Computer Networks

From the multitude of computer network synthesis aspects, the model includes those
related to estimating the necessary capacity of their servers, data transfer channels (hereafter
channels) and routers. The model is an extension of the one proposed by L. Kleinrock for
channels [2].

The process of computer network operation has a stochastic character. That is why
their research uses, as a rule, the stochastic approach with the application of methods and
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results of the theory of queues. For this purpose, computer networks are examined as
networks of queues. Notes:

- rate g of the summary flow of requests to servers;

- rate y of the summary flow of packets generated by user requests and the responses

to them;

- the mean number g of packets per request, g = /5,

- the number of channels - &, routers - k. and servers - ks;

- packet rate through channel / - A, and router j - A;;

- rate Ay of requests to server [;

- average size V; of a packet transmitted through channel /;

- the average retention of a packet at channel /i - T, and at router j - T;

- the average retention of a request at the server [ - T and in the network - T;

- summary cost C of channels, routers and servers.

Also, linear dependences are considered:

- of the channel i cost C; by its data transfer speed d; [2]

Ci=cady i =1,k 1)
- of the ruter j cost C; by its packet processing rate pj;

Cy = Capdg, j = L ky, (2)
- of the server [ cost Cy by its request processing rate s

Ca = Cophst, L = 1, ks, ©)

where ¢, ¢; and ¢y are coefficients of proportionality.

Moreover, it is considered that flows A, (i = 1,k.), 4; (j = 1,k,) and A« (I = 1, k) are
elementary, and the times of packet transmission by channels, of packet processing by
routers, and of request processing by servers are exponentially distributed.

It will be examined the steady-state operation of the network, which exists if the

relationships occur:

Uei > ﬂrcf, i=1, kc; i > A'f/"j =1, kr’ Ust > 151’ l= 1, ks’ (4)

where u.; = di/V; is the packet transmission rate by channel i, i = 1, k.

Under the conditions and assumptions defined above, a computer network can be
examined as an open exponential network of queues with a homogeneous flow of requests
operating in steady state.

According to the Jackson partition theorem [1], any open exponential network of
queues can be investigated as a set of isolated exponential queuing systems. Then the
average time T; of a request in the queuing system / of the network is determined [15]
according to the relation T;= 1/(u; — 4), where 4, is the request flow rate, and y; - the request
serving rate by station /. So, the relations take place:

T, = Vi i =1,k.; 5
ci — dL _//LCLVL’l - o ( )
T R (6)
i =—,1 =1, ;
" Hri = Ari "
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Usi — lsi
Taking into account Eq. (1)-(3) and Eg. (5)-(7), is obtained:
kl’

- )'CIVI ;tri - ﬁ’si .
Y SarSan i San S A S A s A ) g

=1 i=1 Mri ri

K, K
C C +C +C Zcu i + Zcri:uri +chi:usi' (9)
i=1 i=1 i=1

The queuing network model is determined by Eq. (8) and Eq. (9) and conditions of InEq.
(4). With this model, two problems of determining the performance required for common-use
components of computer networks are usually of interest:

- minimizing the average time T in the network of the requests of data processing;

- minimizing the summary cost C of servers, channels and routers of the computer network.

These are explored in Sections 3 and 4, respectively.

3. Minimizing the Average Response Time to User Requests

Problem 1. Let’s, for the model {Eq. (8), Eq. (9)} and conditions of InEq. (4), the
parameters are known: C; 8; v ; ke, ki ks; A, Vi, Coy 8 = 1, ke; Ay iy 1 = l_kr Asi, Csiy 1 = 1_ks
where C is the maximum allowed total cost of servers, channels and routers of the network.
It is required to determine the necessary performances dj, i = 1, k. of channels, those s, i =
1, k, of routers and those s, i = 1, ks of network servers that would minimize the average
response time T to data processing requests at the total cost C of servers, channels and routers
which would not exceed the given value C, i.e.:

1( & K A _
T__(Zd /1v Z ) +gz A.J_)mm (10)

=1 i-1 M ri i=1 /US|

upon compliance with the restriction

K, K
C Zcm ci + Zcriluri +chi:usi < C (11)
i=1 i=1

in conditions of InEq. (4).

Solving. From the essence of the problem, it is obvious that the solution of the problem
corresponds to the limit value in Eq. (11), that is, C = C. Then the problem {Eq. (10), Eq. (11)}
can be solved using the method of Lagrange multipliers. The respective Lagrangian L is

1 v, & 4, LA, 2 2 .
LZ?(Zdi—&M 1P Jyrs +g§usi—zsij+l(zc°' '+§C”ﬂ”+gcs‘ﬂfc ) (12

i=1 i=1 i ri

the conditioned optimization problem {Eq. (10), Eq. (11)} reducing to an unconditioned
optimization problem - minimizing L. Here y is the Lagrange multiplier.

The Lagrangian L contains k. + k. + ks +1 unknowns: y; di, i = 1,k,, us i = 1,k, and
Us, i = 1, k. To minimize L, the partial derivatives of L with respect to the unknowns are
determined; they are equalized to 0, resulting a system of k. + k; + ks +1 equations. By solving
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this system, the analytical expressions for the performances d;, i = 1, k., us, i = 1, k,- and ys,
i =1,k can be obtained. One has:

G W R VRPN

oy 7 (d—aV.)

Cl 1

i—i —_lri 2+Zcri:O’ i:l,kr
a'uri /4 (:uri _ﬂ“ri) (13)
ﬁ g _ﬂ’si

== TG =0, i :1’kr
a:usi Y (:usi _ﬂsi)z

L & g q -
——ZCCI i +zcri/uri +zcsi:usi -C =0.
i=1 i=1

From the equations of the first Lline of Eqg. (13), are obtained
AV

(d ﬂ’uvl) I=1LK., from where
iz
ANy
i CI | 7/ch (14)
For steady-state operation (see InEq. (4)), only the "+" sign should be considered in Eqg.

(14). Thus,

d = AV, + /’kivi i=1k.. (15)
7ZCci

Similarly, from the equations of the second line of Eq. (13), taking into account InEq.

(4), it is obtained
=+ A ,i=1k. (16)
7//’{Cri

Respectively, from the equations of the third line of Eq. (13), taking into account the
conditions of InEg. (4), one has

= A+ (17)

SI

Substituting d; (i = 1, k), i (i = 1,k,) and us (i = 1, kg) from the last line of Eq. (13)
with expressions of Eq. (15), Eqg. (16) and Eq. (17), respectively, it is obtained

K K

1 C* cha CI i Zcrl ri zscm 5|

i= i= i= . (1 8)

ke ke ks
M Z V Cciﬂ’civi + z V Criﬂ‘ri + Z V ngi;Lsi

i=1 i=1 i=1

|~
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Substituting in Eq. (14)-(16) ]/\/; by the expression of Eq. (16), are obtained:

d; = AV +H{YANM fey, 1=1Kk, (19)
wy = A, +H A e, =1k, (20)
/Usi :ﬂ’si—i_H\/gﬂ’si/Csi’ I :1’ks’ (21)
where
K, K, K,

C’ - Z Cciﬂ'civi - Z Cri/lri - Z Csi/lsi
— i=1 i=1 i=1
ke Ky ks :
Z V Cciﬂ'civi + z V Criﬂ“ri + Z‘\/ gcsiﬂ‘si
i=1 i=1 i=1

Substituting expressions of Eq. (19), Eq. (20) and Eq. (21) ford.i (i = 1, k.), uni (i = 1, k,.)

and us (i = 1, k) in Eq. (10), the expression for the optimal value T of T is obtained

ke K, K 2
(ZM‘FZ v Cridi +Z ngiﬂsij
* i=1 i=1 i

T = ! ! (22)

K, K, K, .
V[C* - chiﬂcivi - Zcriﬂ’ri - chiﬂ’sij
i—L i—L i=1

The analytical solution of the problem is constituted by Eq. (19)-(22).

It should be noted that the value of the time T can also be determined according to
Eqg. (10), that is, the relations {Eq. (10), Eq. (19)-(21)} can also be used as a solution. The
expected values of quantities T, d; (i = 1,k.), u (i = 1,k,) and us (i = 1, k) can be calculated
relatively easily, including in MS Excel.

Remark 1. Of course, the values of quantities d; (i = 1, k), us (i = 1,k,) and s (i =
1,k,), obtained according to Eq. (19)-(21), are positive real numbers, and the allowed
performances of channels, routers and servers that could be used in the network are discrete
ones, belonging to a finite set. Therefore, further adjustment of the solution in question,
depending of the case, may be necessary.

It is useful to present the Eq. (22) in the form

H

T= 7IC"-B) (23)
where
K, k, K, 2
A= (Z\/ CidaVi + Z\/ Cridyi + Z\/ 9CAs J (24)
i-1 i—1 i-1
and

ke K ks
B =Y CidiVi+ D Cidii + D Culg. (25)
i=1 i=1 i=1
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From Eq. (24) and Eq. (25), it can be seen that if conditions of InEq. (4) are not taken
into account, then the expressions for determining the values of the quantities A and B do
not depend on the capacities of channels, routers and servers. Also, the value of the average
response time T to data processing requests is inversely proportional to the maximum
allowed summary cost C* of channels, routers and servers. So, the smaller the value of the
difference AC = C - C will be, the smaller the value of the difference AT=T" - T will be,
where C and T are the values of quantities C and T at allowed values of performances of
channels, routers and servers of the network. From here, the essence of the problem of the
necessary adjustment of the solution of Problem 1 mentioned in Remark 1 it follows.

Problem 2 - adjusting the solution of Problem 1. Let the initial data of Problem 1 and
also the increasing strings of performances of common-use components that can be used in
the network are known: D, i = 1,n, of the given data transfer speeds of channels; D,;, i =
1,n, of packet processing rates by routers and Dy, i = 1,n, of request processing rates by
servers. It is required to adjust the solution of problem {Eq. (10), Eq. (11)} obtained according
to Eq. (19)-(21) so that, at allowed values of performances of common-use entities (channels,
routers and servers) of the network and respecting the conditions of InEq. (4), to minimize
the value AC=C - C.

Solving the problem by reducing it to that of backpack. Obviously, the adjusted solution
(performances allowed for common-use components) should be as close as possible to the
original one. Therefore, it is unlikely to be appropriate to increase the performance of a
component by more than the next value in the range of allowed performances.

This aspect is the basis of Algorithm 1 for the heuristic solution of Problem 2:

1. Initial data: C, T; Dy, i = 1,n; Dy i = 1,1, Dsiy i = 1,1g; €y Ay Vi, diy i = 1, kg iy Ay iy 8 = 1, ko5,
Csi, ﬂsi, Msi, i= Tks
2. h:=max{D,,i = 1,n,; Dy,i = 1,n,; Dg,i = 1,ns} + 1.

3. Dc,nc+1 = h; Dr,nr+1 = h; Ds,ns+1 = h.

4. Taking into account conditions of InEq. (4), are determined:

Ugi=2z| min {D., = A} i=1kg;
Z=1Nc41

Upi=2z| min {Drz 2 ﬁ*ri};i =1,k;;
z=1n,+1

ug:=z| min_{D, = Ay}, i = 1, k;.
zZ=1ng4q

5 u.= max {usbi=1k.;u.:= max {fu},i =1k ug= max {ugli=1kg;
) 1=1,Ks

1=Lkc =LKy
6. Ifuc=n.+1oru=n+1orus;=ns+1, then the problem has no solutions, because the conditions
of InEq (4) of network steady-state operation are not met.
7. The performances allowed for common-use components are determined according to the solution
of Problem 1:

dvi: = Dczl{Dcz <d; < Dc,z+1}r Ze =2z,0 = 1,k¢;

fyit = Drzl{Drz <d; < Dr,z+1}' zri = 2,0 = 1, ky;

=

fisi: = Dszl{Dsz <d; < Ds,z+1}: z5i=21=1k

1%]

8. The minimum reasonable performances for common-use entities are determined:

d;:= max{De, ; d},i=1kg
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ﬁri: = maX{Drun-; :dri}Ji =1 kr;
Ui = maX{Dsusi; Hsi},i =1,k

9. The summary costs C are determined at the minimum reasonable performances for common-use
entities:

K, ke
C ZCCI ci +Zcriﬁri +chiﬁsi'
i=1 i=1
10. The reserve AC of available fmanual resources is determined:
AC =C* - C.

11. For each of common-use component / of the network, the additional cost is determined when
replacing its current performance with the next one from the allowed series of performances:
a) if d; < d;, then AC,; = cc;(Dcz +1 — Dez,,), Otherwise ACi =0, i = 1,k;
b) if iy < tyi, then AG,; == ¢;{(Dy ;.41 — Dyz,), Otherwise AC; =0, i =1, k,;
Q) if fig; < pgi, then ACy; = ¢5;(Ds ;41 — Dsz;), Otherwise AG;; =0, i =1, ks.
12. An algorithm for solving the backpack problem is applied: among sizes AC.; (i = 1, k), AG, (i =
1,k,) and AG; (i = 1, k) to select the ones which would minimize AC=C - C".

Solving the problem using the resource concentration rule. Obviously, if C" # C, then the
time T must be calculated according to Eqg. (10) and not to Eq. (22) or, equivalently, to Eq.
(23). Therefore, in such cases, taking into account the opportunity to concentrate the
resources [2], when increasing the performance it is appropriate to base on the rule:
component / is preferable to component j, if AC/AT(i) < AG/AT()), where AT{j) is the decrease
in time T caused by the increase AC; in the cost of component j. Following this rule is all the
more successful the higher the values of the quantities n,, n-and ns.. Another solves the
problem based on the resource concentration rule

This rule is the basis of Algorithm 2 for the heuristic solution of Problem 2:

1-11. Steps 1-11 coincide with Steps 1-11 of Algorithm 1.

12. ga=AC/AT(GN),i = 1,k.; gi=AC/AT(N),i = 1, k,; gsi= AC/AT(S,), i = 1, ks.

13. Arrangement of quantities g, i = 1,k.; s, i = 1,k, and gs, i = 1,k in ascending order forming
two arrays: a;, b, i = 1, k. + k, + ks where a; specifies the type (c, r or s), and b; - the order number
of the capacity of the common-use network component in the respective performances’ string
(1, k., 1k, or 1, k).

14. Increase to the next performance in the performances’ series in ascending order of b; up to
bilmin{AGC; 2 0}. The adjusted solution is obtained,

4. Minimizing the Total Cost of Network Components

Problem 3. Let, for the model {Eq. (8), Eq. (9)} and conditions of InEq. (4), the
parameters are known: T'; 8; 7 ke, ki ks; Ac, Vi, Co, 1 = 1, ke Ay Gy =1,k As, G5 1 = 1, kg,
where T is the maximum allowed average response time to data processing requests. It is
required to determine the necessary capacities d;, i = 1, k. of channels, those ;i = 1, k, of
routers and those us, i = 1, kg of network servers that would ensure a minimum summary cost
C of channels, routers and servers of the network at the average response time T to data
processing requests in the network that would not exceed the given value T, i.e.:

C= ch. a+ Zcr.ur. + ch.ﬂs. — min (26)

i=1 i=1
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upon compliance with the restriction

1< & & Ay .
T——(Zd —/1v Z /1 +9). AJST (27)

=1 l i=1 lLlsi — /i

in conditions of InEq. (4).

Solving. From the essence of the problem, it is obvious that the solution corresponds
to the limit value in Eq. (27), that is, T=T. Then the problem {Eq. (26), Eq. (27)} can be solved
using the method of Lagrange multipliers. The respective Lagrangian L is

N AV o .
L= ZCC. .+Zcr.ur.+ch.ﬂs.+z( [Zd /W+Z gD, __S';L_]—T ). (28)

i=1 i My — Ay i-1 M

The Lagrangian L contains k. + k; + ks + 1 unknowns: y; d, i = 1, k; us, i = 1, k, and ps
i =1, k. The partial derivatives of L with respect to unknowns equalized to O are:

LSS A\ R w73

adCi /4 (d ﬂ'CIVI)

L

aluri 7 (luri _ﬁ’ri)

i—Cn-‘r-g—;(' ﬂs' 220, |=:|-,kr (29)
Otts v (ug=24)

& ﬁ“civi
et
oL 7 di — AV,

1
x v e
Zl:url ﬂ’+gz /1

Similarly to the determination of expressions of Eq. (15)-(17), from the first three lines
of Eq. (29) and taking into account the observance of conditions of InEq. (4) of operation in
the steady state, it is obtained:

d, = AV, + Z}’E‘V‘, i=1k; (30)
Hii :ﬂ‘ri + Zﬂ'ri v :L—r’ (31)
7’Cri
A -
pg =2+ |5 i1k (2)
7’Cri

Substituting d, i = 1, k.; us i = 1, k, and us, i = 1, kg, from the last line of Eq. (29) with
expressions of Eq. (30)-(32), respectively, as a result of some simple transformations, one
obtains
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\/}_ Z\/CCI civi +Z\/Cr| ri +§ gcsiﬂ“si | (33)
T

Substituting in Eq. (30)-(32) ]/\/; by the expression of Eq. (33), one has:

V.
d =4V + M,izl,kc, (34)
T }Cci
G,c.A. . —
= A+ =1k (35)
T 7’Cri
= a1+ NG T (36)
T 7’Csi

where

G Zcm ci I+ZC” rI+ZCS' si*

Substituting expressions of Eq. (34), Eq. (35) and Eq. (36) ford, (i = 1,k.), ui (i = 1, k;)
and us (i = 1, k) in Eqg. (26), the expression for the optimal value C of quantity C, one has

K, K ks 2
C Zcm civi +Zcr| ri + Z gCSI Si * (Z Vcciﬂ“civi + Z\/ erﬂ“rj + Z V ngiﬂ“sij : (37
i=1 j=1 i=1

The analytical solution of the problem is constituted by Eq. (34)-(37). It should be
noted that the value of cost C can also be determined according to Eq. (26), i.e. the relations
{Eq. (26), Eq. (34)-(36)} can also be used as a solution. The expected values of the quantities
C,di(i=1k.),u: (i =1,k,) and us (i = 1, k) can be calculated relatively easily, including in
MS Excel.

Remark 2. Of course, the values of quantities d;, i = 1,k.; s i = 1,k, and us, i = 1, kg
obtained according to Eq. (34)-(36), are positive real numbers, and the performances for
channels, routers and servers that could be used in the network are discrete ones, belonging
to a finite set. Therefore, an additional adjustment of the solution may be necessary.

Eqg. (33) can be presented in the form

C =—+B. (38)

Comparing Eq. (23) and Eq. (38), it can be seen that they coincide, differing only in
their form. Thus, the relationships between the quantities T and C for Problems 1 and 3 are
the same.

From Eq. (24) and Eq. (25), it can be seen that if conditions of InEq. (4) are not taken
into account, then the expressions for determining the values of quantities A and B do not
depend on the capacities of channels, routers and servers. Also, the value of the summary
cost C of core components of the network is inversely proportional to the average response
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time T to data processing requests. So the smaller the value of difference AT=T" - Twill be,
the smaller the value of the difference AC = C - C’, where C and T are the values of
quantities C and T at allowed values of capacities of core components of the network. From
here, the essence of the problem of necessary adjustment of the solution of Problem 3
mentioned in Remark 2.

Problem 4 - adjusting the solution of Problem 3. Let the initial data of Problem 3 and
also the increasing strings of capacities of components that can be used in the network are
known: D, i = 1,n, of data transfer rates of channels, D,, i = 1,n, of packet processing rates
by routers and Dy, i = 1, n, of request processing rates by servers. It is required to adjust the
solution of problem {Eq. (22), Eq. (23)} obtained according to Eg. (30)-(32) so that, at allowed
values of capacities of core entities of the network and respecting the conditions of InEq. (4),
to minimize the value AT=T" - T.

Solving. The adjustment of the solution of Problem 3, so that the allowed capacities of
channels, routers and servers are used, is performed in a similar way to that described in
Algorithms 1 and 2 of the adjustment of the solution of Problem 1, but reversing the roles of
Tand C.

5. Conclusions

Because of considerable expenses with the creation and development of computer
networks, it is important their minimization. Moreover, sometimes it is useful the quick
preliminary estimation of basic characteristics of the network. In this aim, taking into account
the Jackson’s partitioning theorem [1] and considering the linear dependence of the costs of
channels, routers, and servers on their performance, a simplified analytical model of the
backbone subnet and server set of wide area computer networks is defined. Based on this
model, two optimization problems are formulated: minimizing the average response time to
user requests of data processing and minimizing the summary cost of servers, channels and
routers of the computer network. For these problems, simple analytical solutions regarding
the necessary performances of channels, routers and servers are obtained. In the analytical
solutions, the equations for the optimization criteria of the two problems differ only in their
form. Knowing the initial data, the performances of common-use components of computer
networks can be calculated, for example, in MS Excel.

Obtained in this way performances are positive real numbers. Usually they do not
coincide with the allowed performances of channels, routers and servers, which take values
from a series of discrete numbers. This is why, if necessary, the problem of adjusting the
obtained values of performances of analytical solutions to the allowed discrete performances
of the common-use network components, is formulated. To solve it, two algorithms are
proposed: by reducing the initial problem to that of backpack and by using the resource
concentration rule. The first of them is exact, but relatively complex, and the second one is
simple, but not exact.
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Abstract. In the realm of health and wellness, the integration of data-driven technology and
artificial intelligence (Al) has opened up new possibilities for personalized and data-driven
approaches. HN-Assistant, a software application designed to analyze an individual's
nutritional state and provide tailored recommendations, offers a powerful tool for promoting
healthy eating habits. The HN-Assistant can also analyze how good a food product is at
covering the estimated nutrient requirements. However, when combined with the capabilities
of advanced Al assistants based on LLMs, the potential for comprehensive and insightful
nutritional guidance is taken to new heights. This paper describes an attempt at integrating
the proprietary software application HN-Assistant with GPT-40 to empower final users to
make better nutritional decisions. The application was built in R programming language
using the Shiny package, and the interaction between HN-Assistant and GPT-4o0 is based on
an APl in Python.

Keywords: software application; data-driven analytics; nutrition; artificial intelligence; large
language model.

Rezumat. In domeniul sanatatii si al bunastarii, integrarea tehnologiei bazate pe date si a
pe date. HN-Assistant, o aplicatie software conceputd pentru a analiza starea nutritionala a
unui individ si pentru a oferi recomandari personalizate, reprezinta un instrument puternic
pentru promovarea obiceiurilor alimentare sanatoase. HN-Assistant poate analiza, de
asemenea, cat de bun este un produs alimentar pentru a acoperi cerintele estimate de
nutrienti. Cu toate acestea, atunci cand sunt combinate cu capacitatile asistentilor Al avansati
bazati pe LLM, potentialul de indrumare nutritionala cuprinzatoare si perspicace este dus la
noi culmi. Aceasta lucrare descrie o incercare de integrare a aplicatiei software proprietare
HN-Assistant cu GPT-40 pentru a permite utilizatorilor finali sa ia decizii nutritionale mai
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bune. Aplicatia a fost construitd in limbajul de programare R folosind pachetul Shiny, iar
interactiunea dintre HN-Assistant si GPT-40 se bazeaza pe un API in Python.

Cuvinte cheie: aplicatie software; analiza bazatd pe date; nutritie; inteligentd artificiald; model
de limbaj mare.

1. Introduction

In today's fast-paced world, it can be challenging to make informed decisions.
Fortunately, technological advancements have led to the development of software
applications that aid users in making more knowledgeable decisions, especially when
combined with the capabilities of large language models (LLMs). One of the areas which can
benefit from such a combination is healthy nutrition.

With many food choices available today, determining which options genuinely benefit
our health can be challenging. International organizations like the European Food Safety
Authority (EFSA) [1], the Food and Drug Administration (FDA) [2], the World Health
Organization (WHO) [3], and others play a vital role in providing recommendations for healthy
nutrition. These organizations use their expertise and global reach to develop evidence-based
guidelines that inform policies, regulations, and public health initiatives. By promoting safe
and nutritious food choices, these recommendations contribute to the well-being of
populations worldwide and help address global health challenges. Individuals, policymakers,
and food industry stakeholders must rely on and implement these recommendations to foster
healthier eating habits and improve public health on a global scale.

The web-based software application Healthy Nutrition Assistant (HN-Assistant) [4,5]
was the first step towards helping users make more informed decisions about their nutrition.
It excels in calculating essential parameters such as Body Mass Index (BMI) [6,7], Basal
Metabolic Rate (BMR) [8-10], and Total Daily Energy Expenditure (TDEE) [11,12]. It also
provides detailed recommendations for daily macronutrients, vitamins, and mineral
requirements based on an individual's unique profile.

By generating visual representations of the nutrient distribution through radar charts,
the HN-Assistant offers a clear and concise overview of the nutritional adequacy of a given
food product or dietary plan.

The application was built using concepts primarily based on EFSA recommendations.

The integration of data-driven software applications like HN-Assistant with
multimodal language models such as GPT-4o0 represents the next step in the advancement
of personalized nutrition. HN-Assistant provides detailed nutritional evaluations based on
user data, while GPT-40 can interpret and expand on these evaluations through natural
language processing and multimodal capabilities.

This paper presents the mentioned software application and elaborates on its
integration with an LLM, GPT-40. The obtained synergy seems to offer a more comprehensive
approach to nutritional guidance.

2. Materials and Methods

The HN-Assistant data-driven software application was built using the Shiny(R)
package [13]. This package provides various tools and functionalities for creating an
interactive and visually appealing nutrition application. With Shiny, developers can easily
incorporate data visualization techniques, such as charts, graphs, and interactive dashboards,
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to present nutritional information more engagingly and understandably. These visualizations
can help users comprehend complex nutritional data and make more informed food choices.

Furthermore, Shiny applications can be easily deployed across various platforms,
including desktops, smartphones, and tablets, making them accessible to a broader audience.
This flexibility ensures that users can access the application whenever and wherever they
need it, whether grocery shopping, dining out, or cooking at home. The application’s
convenience and portability further encourage users to engage with it regularly and
consistently make healthier choices.

The LLM model used in this research is a generative pre-trained transformer (i.e., GPT-
40) [14], and the interaction between HN-Assistant and GPT-40 is based on an application
programming interface (API) in Python [15].

3. Integrating the software application with an LLM

3.1. Multimodal language models: a versatile tool

Multimodal language models like GPT-40 can process and generate text, images, and
other data types, making them versatile tools for interpretation and communication. These
models can analyze complex datasets, translate technical information into user-friendly
language, and provide context-aware recommendations. Their ability to engage in interactive
dialogue enhances user experience by offering personalized and adaptive advice.

3.2. Synergistic integration

Integrating HN-Assistant with GPT-40 allows for a more dynamic and interactive
nutritional counseling experience. The data-driven insights from HN-Assistant can be
seamlessly translated into actionable advice through GPT-40's language capabilities. For
instance, when HN-Assistant outputs nutritional deficiencies, GPT-40 can suggest specific
foods or dietary adjustments to address these gaps, tailoring the advice to individual
preferences and cultural contexts.

The integration provides a holistic user experience by combining precise data analysis
with intuitive communication. Users receive not only raw data but also comprehensible
guidance that considers their lifestyle and goals. This interactive approach can increase user
engagement and adherence to nutritional recommendations.

The integrated system can adapt recommendations in real time through continuous
learning and feedback mechanisms. As users input new data or preferences, the system can
refine its advice, ensuring that nutritional guidance remains relevant and practical. This
adaptability is crucial in addressing the dynamic nature of individual dietary needs.

3.3. Challenges and considerations

Despite the potential benefits, integrating HN-Assistant with a multimodal LLM poses
challenges. Ensuring data privacy and security is paramount, as sensitive health information
is involved. Additionally, the system must be designed to avoid biases and inaccuracies that
could arise from algorithmic processing. Continuous updates and validation against current
nutritional science are necessary to maintain the credibility and reliability of the guidance
provided.
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4. Results

4.1. The use of the HN-Assistant application alone

The created software application prompts the user to input general information such
as age, gender, weight, height, and level of physical activity (Figure 1).

HN Assistant =

How to use this application

Input Your Data:
User Nutrition Evaluation Gender:

Male v
Food Product Evaluation

Age (years):

L4 Results
58
Glossary

Height (cm):

Useful Links
Useful Links 169

Body Weight (kg):

74

Physical Activity Level:

Moderate Activity v

Evaluate

Figure 1. The interface for the input of the user data.

The application is also able to evaluate a food product of interest by inputting data
available on the food product label (Figure 2).

Proteins (g per 100g):
Food Product Evaluation

14 Resu
Fats (g per 100g):

Carbohydrates (g per 100g):

Fibre (g per 100g):

Vitamins

Vitamin A (mcg per 100g):

Vitamin D (mcg per 100g):

Vitamin E (mg per 100g):

Vitamin K (mcg per 100g):

Figure 2. The interface for the input of nutrient content of a food product.

Based on this information, the application estimates several basic parameters
concerning the user's nutritional state (e.g., BMI, BMR, and TDEE). It classifies the nutritional
status of the user (e.g., normal or over/underweight, obesity, or malnutrition). Based on input
information, it will also calculate daily nutrient requirements (e.g., macronutrients, vitamins,
and minerals). The results of the analysis and estimations can be visualized by pressing the
‘Results’ icon on the left vertical panel of the application (Figures 1 and 2).

Table 1 presents the results provided by HN-Assistant for a 58-year-old male, 1.69 cm
tall, weighing 74 kg, and showing moderate physical activity.
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Table 1

Estimation results for a 58-year-old individual

Main Nutritional State Parameters

Your Body Mass Index is 25.9. Nutritional State - Overweight.

Your Basal Metabolic Rate equals 1648 kcal.

Based on Your Physical Activity Your Total Daily Energy Expenditure represents 2637

kcal.

Nutrient Requirements

Your Daily Macronutrient Requirements

Nutrient Requirement
Proteins (g) 61.40
Fats (g) 87.90
Polyunsaturated Fats (g) 29.30
Carbohydrates(g) 263.70
Added Sugars (max. g) 10.00
Fibre (g) 32.00
Your Daily Vitamin Requirements

Vitamin Requirement
Vitamin A (ug) 700.00
Vitamin D (ug) 15.00
Vitamin E (mq) 12.00
Vitamin K (pqg) 70.00
Thiamin (B1) (mQg) 1.10
Riboflavin (B;) (mg) 17.67
Niacin (Bs) (mq) 17.67
Pyridoxine (Bs) (MQ) 18.77
Folate (Bs) (ug) 330.00
Cobolamin (B1,) (ug) 3.40
Vitamin C (mg) 110.00
Your Daily Mineral Requirements

Mineral Requirement
Potassium (mg) 3500.00
Calcium (mg) 950.00
Iron (mQ) 11.00
Zinc (mq) 16.00

Then, the input of information concerning a food product of interest is followed. This
information is available on the product label and is quantified for 100 g/mL. The application
will estimate the coverage rate of certain nutrients by 100 g of product, comparing it with
the requirements values calculated in the previous step. The results can be visualized in the
‘Results’ section as radial diagrams for three groups of nutrients: macronutrients, vitamins,
and minerals. Figures 3 to 5 depict these results for a food product consisting of 100 g of tofu
and 100 g of banana.
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Fats

Carbohydrates

Fibre

Figure 3. Macronutrient coverage by the product.

Vitamin K

Vitamin E

Vitamin D

Riboflavin (B2)

1 Vitamin A

0.5

Miacin (B3)

Vitamin C
Pyridoxine (B&)

Cobaolamin (B12)
Folate (B9)

Figure 4. Vitamin coverage by the product.

Calcium

Potassium

Zinc

Figure 5. Mineral coverage by the product.
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4.2. Results of coupling HN-Assistant and GPT-40

While HN-Assistant's quantitative analysis and data visualization capabilities are
impressive, Al assistants like GPT-40 bring complementary skills to the table. These language
models, trained on vast amounts of data, possess a wealth of knowledge spanning various
domains, including nutrition, health, and wellness. They can provide in-depth explanations,
contextual information, and evidence-based insights that enhance the understanding and
practical application of the numerical data provided by HN-Assistant. A Python API is used to
interact with GPT-4o0.

Figure 6 presents the prompt passed to the LLM.

I will provide you the evaluation results using a proprietary
software application for a male 58 years old, 1.69 cm tall,
weighing 74 kg, with a moderate level of physical activity.
You should comment the results and provide nutrition
recommendations. The application also provides
conclusions concerning how much a certain product
covers certain nutrition requirements. | will provide the
results of the evaluation of a food product with the main
components, tofu and banana, 100 g each. The results are
three radial diagrams. Comment about how good this
product is for the person evaluated. Provide a conclusion
up to 100 words long. The diagrams are as follows: {the
diagrams}.

Figure 6. The prompt passed to the LLM.

Figures 7 and 8 illustrate the output generated by GPT-40 when information from the
HN-Assistant is provided.

The evaluation indicates a BMI of 25.9, classifying as
overweight. To manage weight, consider a balanced diet
with a slight calorie deficit. Focus on whole foods, lean
proteins, and plenty of vegetables to meet your
macronutrient needs. Limit added sugars to 10g/day.
Ensure adequate intake of fiber (32g) and essential
vitamins and minerals, particularly Vitamin D (15mcg),
Vitamin C (110mg), and calcium (950mg). Regular physical
activity is beneficial, so maintain or increase your current
level. Hydration and portion control are also key.
Consulting a nutritionist for personalized advice could be
advantageous.

Figure 7. The GPT-40 output concerning nutrition recommendations for the evaluated
individual (by HN-Assistant).

The tofu and banana combination provides a balanced
profile of macronutrients, with moderate protein and
carbohydrate content. However, it falls short in covering
vitamin needs, particularly Vitamin D, B12, and C. Mineral
coverage is limited, especially in zinc and iron. This product
can be a part of a balanced diet but should be
complemented with other foods rich in essential vitamins
and minerals to meet daily requirements. Including leafy
greens, nuts, and fortified foods can help achieve a more
comprehensive nutritional intake.

Figure 8. The GPT-40 output concerning the conclusion about the analyzed food product
(by HN-Assistant).
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As can be noticed from the prompt (Figure 6), the LLM was limited to providing short
outputs (i.e., up to 100 words). This was done for brevity. When necessary, this limit can be
modified.

4. Discussion

Integrating HN-Assistant with multimodal language models like GPT-40 heralds a
transformative era in personalized nutrition. This synergy merges precision in data-driven
analysis with the adaptability and engagement of advanced language processing, offering a
comprehensive approach to dietary management that can significantly enhance individual
health outcomes.

By combining analytical capabilities with interpretative power, users receive not just
raw data but also personalized, actionable insights. This integration allows for a nuanced
understanding of nutritional needs, considering individual factors such as lifestyle,
preferences, and health goals. For instance, when HN-Assistant identifies a deficiency in a
particular nutrient, GPT-40 can suggest foods or meal plans tailored to the user’s dietary
habits and cultural context, leading to more effective dietary changes and improved
adherence.

The interactive nature of GPT-40 enhances user engagement by providing
explanations, answering questions, and adapting recommendations in real-time. This
dialogue-based approach demystifies complex nutritional concepts, making them more
accessible and less intimidating for users. As a result, individuals are more likely to
understand and follow the guidance provided, leading to better health outcomes. Moreover,
the system's ability to adapt to user feedback and changing circumstances ensures that the
advice remains relevant and effective over time.

One standout feature is the capacity for real-time adaptation. As users input new data,
the system can instantly adjust its recommendations, ensuring ongoing support that aligns
with current needs and goals. Such adaptability is crucial in addressing the fluid nature of
human health and lifestyle changes.

Despite its potential, the integration is not without challenges. Ensuring privacy and
security of user data is critical, especially given the sensitivity of health-related information.
Robust measures must protect against data breaches and unauthorized access. The system
must also minimize biases and inaccuracies, which could lead to inappropriate
recommendations. Continuous validation against current nutritional science is necessary to
maintain credibility and reliability.

An additional way to improve the results of the integration would be adding a retrieval
augmented generation (RAG) module. This supposes the creation of a vector database
containing relevant information concerning nutritional aspects (e.g., based on information
from credible sources like [1-3]) and supplementing the query passed to the LLM with the
information from this database using semantic similarity [16-18].

As technology evolves, integrating data-driven applications with multimodal models
will likely become more sophisticated [19-21]. Future iterations could incorporate additional
data sources, such as biometric sensors or genetic information, to provide even more
personalized and precise nutritional guidance. Expanding the system's capabilities to include
mental health and wellness support could offer a holistic approach to health management.
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5. Conclusions

The integration of HN-Assistant with multimodal language models like GPT-4o0
represents a significant advancement in personalized nutrition. By combining precise data
analysis with adaptive, user-friendly communication, this approach has the potential to
revolutionize dietary management, promote healthier lifestyles, and improve individual well-
being. As we continue to refine and expand these technologies, their impact on public health
and individual empowerment will grow, contributing to a healthier, more informed society.
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Abstract. The article presents research results on identifying the causes of landslide
deformations along the M21 road, Brest-Chisindau-Poltava in the Republic of Moldova, using
Maslov's physico-technical theory of creep, along with proposals for their stabilization. It
highlights the geomorphological and geological characteristics contributing to landslide
formation, focusing on the rheological properties of clayey soils. The studies included
stability calculations based on laboratory investigations aimed at determining strength and
rheological properties. Results demonstrated the dependence between soil moisture and
structural cohesion, influencing landslide resistance and creep deformations. Proposed
values for residual strength characteristics of clayey soils ensure long-term stability of deep
excavation slopes without creep deformations, as well as values allowing economically
feasible excavations with partial reduction of structural cohesion without compromising
slope stability during operation.

Keywords: loss of stability, rheology, soil strength, physico-technical theory, creep.

Rezumat. in articol sunt prezentate rezultatele cercetirile pentru identificarea cauzelor
deformarilor de alunecare de-a lungul drumului M21 Brest-Chisinau-Poltava din Republica
Moldova, folosind teoria fizico-tehnica de fluaj propusa de Maslov. N.N., precum si propuneri
de stabilizare a acestora. S-au evidentiat caracteristicile geomorfologice si geologice care
contribuie la formarea alunecdrilor, cu accent pe proprietdtile reologice ale pamanturilor
argiloase. Studiile au inclus calcule de stabilitate folosind rezultatele investigatiilor de
laborator care aveau ca scop determinarea proprietatilor de rezistenta si celor reologie.
Rezultatele au demonstrat dependenta intre umiditatea pamantului si coeziunea structurala,
influentand rezistenta la alunecare si dezvoltarea deformdrilor de fluaj. Au fost propuse
valorile caracteristicilor de rezistenta reziduald a pamanturilor argiloase care ar asigura
stabilitatea de lunga duratd a taluzurilor sapaturilor adanci, fara a prezenta deformatii de
fluaj, precum si valorile acestora care ar permite realizarea economica a sapadturilor, cu
reducerea partiald a coeziunii structurale, insa fara a afecta stabilitatea taluzurilor pe durata
de exploatare.

Cuvinte cheie: pierderea stabilitdtii, reologie, rezistenta pdmantului, teoria fizico-tehnicd, fluaj.
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1. Introduction
In the practice of construction and operation of roads from Republic of Moldova there
are many problems due to numerous incidents of landslide processes (Figures 1 and 2).

W
R

Figure 1. Landslide processes along the M21 road, Brest-Chisinau-Poltava
Foto: Polcanov Vladimir, May 2015.

Figure 2. Deformation of the left slope of the deep excavation at PC1441+00 of the M21

road, Brest-Chisinau-Poltava
Foto: Cirlan Alexandru, April 2017.

The geomorphological features of the territory determine the execution of deep
excavations for the roads design. Undercutting often leads to the development of landslides,
which can develop even on the slopes with inclination 5-6°.

In Republic of Moldova were recorded more than 16 thousand landslides. Most of them
occupy the middle and upper side of slopes and develop in sand-clay rocks of middle-
Sarmatian age (NiS;). Typically, landslides are generated on ancient and old landslide
displacements, therefore, development of today landslides has inherited character.
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Analysis of nature and manifestation conditions of landslide processes on the territory
of Republic of Moldova revealed the role of rheological processes in the breaking the stability
of natural slopes. At the same time, research has shown that the slopes stability of the road
excavations was not studied enough [1].

The need to obtain reliable theories regarding the behavior of earth masses to solve
complex engineering problems was postulated as early as Karl von Terzaghi's 1925
publication [2].

In the 1930s, the necessity to address practical problems, particularly the failure of
some French dams and the commencement of construction works for the support structures
of the hydroelectric power plant on the Svir River in Russia, situated on a thick layer of clays,
prompted further research in this direction.

At the end of the 1930s, began the study of rheological processes of soils to determine
the types and nature of soil deformations. These deformations were classified into: initially
conditioned instantaneous deformations (reversible and irreversible); stable creep
(attenuated) and progressive creep, as presented in various studies [3, 4].

Henkel D. J. [5] and Suklje L. [6, 7] obtained the long-term strength curve, similar to
those presented by other researchers, comparing the soil strength at the moment of slope
failure with that before failure. They found that over 50-55 years, the soil strength decreased
by 2.5-3 times.

Peterson R. provided clear examples of slope failures occurring 1/2-4 years after
construction due to a reduction in their strength by up to 50%, as a result of the gradual
decrease in soil strength over time [8].

The study of the rheological properties of soils is closely linked to the concept of "soil
strength.” Dr. B. Tiedemann first presented results on determining residual strength of intact
clay structures [9]. Similar tests were conducted by Dr. M.J. Hvorslev in 1937 on two clays
consolidated from suspension [10]. In 1952, J. MacNeil Turnbull provided practical guidance
for the approximate determination of residual strength in some compacted soils [11].

Skempton AW. [12, pp. 79-80], while studying the stability of slopes and
embankments formed from overconsolidated English clays, addressed the issue of peak and
residual strength, as slope stability directly depends on these characteristics. According to
Skempton A\W.'s findings, the value of residual cohesion is very small or approximately zero.
In other words, during the transition from peak to residual strength, the structural cohesion
is completely depleted, and the internal friction angle decreases by 1-2°, and in some cases
even by 10°. This statement by Skempton A.W. was contested by several renowned scholars,
notably Maslov N.N.,, who demonstrated that structural cohesion in soils cannot be
completely excluded, a point later agreed upon by Skempton A.W. in subsequent works.

Of particular interest is Maslov N.N.'s theory of soil strength, which posits that soil
strength depends on the internal friction angle ¢, determined by the state of compaction-
moisture and the total cohesion divided into structural cohesion C, which does not depend
on the soil's compaction-moisture state, and viscous (hydrocolloidal) cohesion 2.,
characteristic for each compaction-moisture state [4, 13].

In the study of landslide soil strength by scholars from the Goldstein M.N. school,
based on the stable effect of loading regimes on strength, the concept of "long-term strength
limit" was analyzed as the minimum possible value of strength for infinitely slow
deformations during the formation and development of landslides. The reduction in shear
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strength is explained by increased clay moisture in the shear zone and the realignment of
clay particles parallel to the shear direction [14-16].

Marinescu C. mentioned in his work that shear strength is a complex function resulting
from the combination of two functions expressing interdependent processes: the physico-
chemical characteristics of the soil and the manner in which it is loaded over time
[17, pp. 95-96].

Christensen R.W. links clay deformation processes to a combination of recoverable
deformations resulting from the bending and rotation of individual particles, and non-
recoverable deformations resulting from the relative movement between adjacent particles
at their contact points [18].

Considering that strength is largely determined by the duration of loading, some
scholars, such as Cristescu S.L., Stefanica M., Marin M. [19], presenting classical aspects of
rheology, emphasize the real-world applicability of these concepts.

In addition to applied static loads, practical and theoretical interest also focuses on
dynamic loads such as earthquakes, vibrations, etc. Research by Hu H., Yu D., Gu H. [20] in
this direction has enabled the determination of rheological characteristics and the
development of a rheological model that considers objective factors such as climate, weather,
geological conditions, terrain features, etc.

The present work is focused on identifying the causes of landslide deformation along
the M21 road Brest-Chisinau-Poltava in connection with its upcoming reconstruction and the
need for such design solutions that will ensure its long-term safe operation.

2. Materials and Methods

For preventing the landslides in the future was identified the following main
objectives of research:

» were studied the causes of landslide deformation in deep excavations,

* were received the design values for rheological properties of clay soils involved in

landslide movement,

« were proved the economically viable and reliable profiles for slope excavations.

Soil analysis was mainly carried out on samples of the natural structure selected in
the target areas destroyed by landslides. Some of the samples were tested after prolonged
moisturizing in a sand bath. Indicators of physical properties of soils were determined by
standard methods.

To obtain the values of strength characteristics, the direct shear tests were carried out
by “fast shear” method.

The rheological characteristics: “creep threshold" and "coefficient of viscosity" were
obtained by "constant deformation rate” method proposed by prof. Maslov N.N. [13]. The long-
term strength parameters were set in accordance with the views of prof. Goldstein M.N. and
his disciples: Turovskaya A.Y., Chernenko N.B., Timofeeva T.A [21, 22].

3. The results of the research

The peculiarities of geomorphological conditions of M21 road Brest-Chisinau-Poltava
within the territory of the Republic of Moldova, which borders Ukraine, requires designing a
significant number of road embankments, with height from 3-6 up to 15-20 meters and with
deep excavations from 6 to 24 meters.

In areas where red-brown silty clay (aldlQu.v) are a part of geological structure, these
soil layers are involved in active deformation. As a result, for these areas are characteristic
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steep, close vertical, walls of breakdowns with height 12 and more meters. Below, in the clay
rocks (N1S;) strains are characterized by plastic flow.

Based on the results of field work, existing cross-sections were built and compared
with design cross-sections to identify the causes of slope deformations (Figure 3).

N

TPV 1380 [ 1660 ] 1500 ] 22.00 [Distance, m

Figure 3. Schematic cross-section of left slope excavation:
1 - existing cross-section; 2 - design cross-section.

An analysis of the available material revealed the deformation confined to the watered
clay sequence. Their main reason is the considerable steepness of slopes that the design was
administered without regard to characteristics of clay rocks, causing the possibility of creep
deformation and strength reduction of clay soil in time under the influence of long-acting
shear stresses, as well as processes of weathering and additional moisture during rainfalls or
other precipitations.

In order to study rheological parameters, soil sampling and laboratory tests were
performed to determine: soil strength, creep threshold, and coefficient of viscosity.

The research results for strength of clays revealed natural moisture content in the
range of solid consistency is primarily manifested discreteness factor that reflects the
structural and textural characteristics of soil and degree of impairment of structural
connections through natural zones of weakening defining the nature of deformation of hard
clays, and the overlapping impact on the strength of strata of density, moisture content and
consistency.

This is true not only for the majority of the studied landslides Neogene-Quaternary
clay rocks in Moldova, but for Neogene clays of Odessa and Caucasus, which are forming
landslide slopes. Factor of consistence, reflecting the role of hydrocolloidal cohesion in the
overall cohesion and coefficient of viscosity, begins to manifest itself in transition from solid
samples in to a semi-solid and semi-plastic state, and it's more determining for the character
of deformation in plastic clays.

An approximate relationship t = f (/) has been used for the samples, tested by the
method of “prepared surface of shift”, which simulates the loss of structural cohesion. Using
the method of density-moisture by prof. Maslov N.N., dependence of internal friction angle
and hydrocolloidal cohesion on the consistency was obtained (Figure 4).

The performed studies of the strength properties allowed at this stage to disclose the
excavation with recommended design strength characteristics [23]:
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Figure 4. Graphs of the dependence of hydrocolloidal cohesion (5,) and the angle of
internal friction (¢w) on consistency (/.)

e excluding the time factor and the presence of weak areas, with possible failure of
cohesion due to the additional moisturizing: for the depth h<l5m - ¢=16°;
(=44kPa; for h>15m - ¢=16°; (=5,+0.5-C=85kPa;

e including the time factor: for the depth h<l5m, ¢=16°; 5,=20kPa; for h>15m -
values of residual strength ¢=10°; 5,=9kPa;

In order to study the possibility of transition of the clay soils, which are forming the

slopes of the excavations, in the state of creep, were determined by "creep threshold” values.

According to Maslov N.N. [4, 13], its theoretical expression is defined by Eq. (1):

Tlim = pn : tg(ﬂw +CC (1)

The process of creep in all cases will proceed under the influence of the remaining
part of the shear stress Ar, defined by Eq. (2):

Arzr—r,im:r—(pn-tg(pW+Cc) (2)

in the above expressions:

2, — hydrocolloidal cohesion, kPa;

C. - structural cohesion, kPa;

¢@w — true angle of internal friction, degree;
pn» — normal stress, kPa.

In most cases applied to the Neogene clays in Moldova, the local environment deprives
us from the possibility of direct use of theoretical expression of determining the values of the
"creep threshold" for natural soil structure. In these conditions, it is associated with
exceptional heterogeneity of the rock.

It should be noted that despite the presence of considerable research in "creep
threshold” this issue couldn’t be considered fully resolved to this day. It attributes this fact,
in particular, to an undisclosed feature of the nature of hard structural cohesion (C,).

Rigid structural cohesion connections may have ionic nature; defined by cementation,
crystallization, etc. In all cases, they are irreversible. However, studies carried out by Acad.
Kazarnovskii V.D. show that hydrocolloidal nature of cohesion (5,) in clay soils of hard and
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semi-solid consistence, which we encounter in the study of rocks that form the slopes of
Moldova, may also condition the nature of the irreversible fragile shear strain. Thus, it is
possible to determine to greater or lesser degree, the value of "creep threshold”’, like the rigid
connection of the structural cohesion (C,). This question is still not studied enough. However,
in terms of rheological analysis, it has a primary importance.

In these circumstances, there is no way to fully trust the theoretical schemes and
necessity to establish calculated values of "creep threshold” for the selected species of soil
experimentally. Experiments were carried out on a "constant speed” by the method of
Sotnikov S.N., improved by Polcanov V.N. It was performed more than 50 experiments lasting
from 1 to 40 days at a speed v=a-10%...a-10"®’m/s. The samples were tested at natural moisture
content, and after, were moisturized in boxes with wet sand. This allowed determination of
the "creep threshold” in the range from solid to semi-plastic consistence and plotting graphs
of it dependency on the consistency (Figure 5).

Tiim’ 1059
Pa

3.0 \
N

2.5 \
AN
2.0 X NA
b %\ i 3
NN

1 R
0.5 ™~ —a

0 \j\&\
-0.3 -0.2 -0.1 0 0.1 0.2 03 04 I

Figure 5. The graphs of dependence between "creep threshold” (tim) of Neogene clays
from cover layer and consistency (/.), for diferent values of vertical loading, by tests with
v=5.8-10""m/s:

1 - for vertical loading p=1x10°Pa; 2 - for p=2x10°Pa; 3 - for p=3x10°Pa.

Following the processing of the experimental data were obtained the expressions
characterizing "creep threshold” (win) for clays from different zones of the landslide massif.
These expressions are presented in Eq. (3):

Zima = 0,16, +40kPa _ 5 over (ayer:

Timz =0,25p, +75KPa _ 11 tha bedrock layer; (3)

Zims = 0,09p, +9kPa _ for the landslide displacement zone.

These equations have been used during the rheological analysis. The possibility of
development of creep deformation in the fundamental and cover stratum, as well as in the
weakened area of their contact.
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For the forecast of speed of creep deformation in slope excavation was used the
dependence between viscosity and consistency. This allowed to establish the speed of the
displacement of the cover array applied to the calculated index of liquidity (/).

Given the exceptional importance of the calculations for estimating the rate of creep
surveyed landslides, similar calculations were performed for different values of the coefficient
of viscosity (n) and degree of preservation primary structure of the soil (Figures 6-7).
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Figure 6. The graphs of dependence Figure 7. The graphs of dependence
between speed of creep deformation (v between speed of creep deformation (vo)
and structural cohesion (C) for different and coefficient of viscosity (n) at different
values of coefficient of viscosity (n): values of structural cohesion (C):
1 - for n=10'*Pa-s; 1 - for C=0.08-10° Pa;
2 - for n=5-10%"Pa-s; 2 - for C=0.06-10° Pa;
3 - for n=10'2Pa-s; 3 - for C=0.04-10° Pa;
4 - for n=10**Pa-s. 4 - for C=0.02-10°Pa;
5 - for C=0Pa.

It was found that in a soil with hard structural cohesion (C) defined by value
approximatively equal to C=10kPa, speed of landslide displacement is practically zero.
Essential value has the viscosity of the soil: if C=8 kPa, and n=10"! Pa-s, vo=60cm/year; at the
same values of C. and n=10% Pa-s, vo=0.

Comparison of theoretical speeds creep deformation and actual field data for the
dynamics of the landslide deformations on the surveyed sites has given satisfactory results.

In other words, the calculations and field studies were indicate the possibility of
landslide movement with intensity of the order of several centimeters per year, followed by
acceleration in time as a result of constant manifestation of creep.

As noted above, development of active deformation of slopes excavations is due to
fall of watered strength in clay soils as a result of creep processes under the influence of
tangential stresses caused by excessive steepness of slopes. In connection with the areas for
future reconstruction on the results of exploration and of the research proposed by
typification of the excavations by their geological structure. At the same time, based on the
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available materials and complexity of engineering-geological conditions, the following type’s
solutions were offered:

1. excavations, disclosed in homogeneous soils;

2. excavations, disclosed in sand-clay soils;

3. excavations, disclosed in difficult conditions, macroscopically homogeneous,

sometimes watered, sand-clay soils.

For excavations with the known geological structure were constructed profiles of
equal slope stability (with safety factor K=1.2), taking into account the rheological
characteristics of clay soils, obtained during the executed researches (Figure 8).

e
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soil loam Sand Clay

Figure 8. The cross-sections of excavation on P14375-14379, designed taking into
account the rheological properties of soils:
1 - for C:=9kPa, ¢$=5° (respectively 5=0.09p,+9kPa);
2 - for C:=40kPa, $=9° (respectively S=0.16p,+40kPa);
3 - for C=65kPa, $=12° (respectively $=0.21p,+65kPa);
4 - for slope ratio 1:1.5.

As it is known, the real stability reserve is determined by the validity of the selected
characteristics. Because of this, the main difficulty is to assess the accumulation time critical
deformation, which in turn depends on the adopted "parameters” long-term strength ("creep
threshold”, "residual strength” and others.) The latter does not have a clear definition and
require concretization and the accumulation of research results.

4. Conclusions and recommendations

1. Studies were show clay rocks in the bedrock have high values of rheological
parameters. As a consequence, the development of the creep deformation in the strata at the
depth of the bed-rock clays without visible surfaces of weakening were excluded.

2. The emergence of local surface displacements accrues at the cover stratum, which do
not affect the overall stability of the slope.

3. Development of creep deformation by the weakened zones was confirmed by
landslide manifestations, which took place on the slopes of excavations.

4. Essential influence on the speed of displacement was rendered by the coefficient of
viscosity of soil (n). When n=8-10*'Pa-s, and the value of structural cohesion C=8kPa, the
displacement speed can reach values v=60cm/year. With the same value of the structural
cohesion and the coefficient of viscosity n=5-10*Pa-s - the rate of displacement is reduced
to zero.
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5. Excavations, whose cross sections were designed based on the average statistical
strength values (5=0.29p+65kPa) were found to be unstable. The deformations of their slopes
were traced after 10 years on all the studied areas of the road.

6. The study of the rheological properties of the soil ensures the right choice of design
parameters for design strength profiles slopes of deep excavations and allows to prove the
need of protection measures to prevent the possibility of creep deformation.

7. Disclosure excavations by residual strength (5=0.09p+9kPa) eliminates the possibility
of further development of deformation, it is uneconomical and impractical.

8. Long-term slope stability is provided by the disclosure of excavations in view of the
rheological properties of soils. In these cases, the equilibrium condition is reached, assuming
the partial destruction of the structural cohesion (5=0.16p+40kPa).

9. Disclosure of excavations on these parameters strength is economically feasible and
ensures the safety of traffic and the service life of linear structures.

10. In some particular areas, the disclosure of excavations considering rheological
characteristics of soils will require considerable land allotment. Therefore, in such areas to
ensure long-term stability is recommended to provide lightweight retaining structures
designed for active pressure under limiting conditions in combination with an appropriate
drainage system.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract. The increasing levels of chromium (VI) ions in textile wastewater pose significant
environmental challenges, necessitating effective treatment methods. This study evaluates
the biosorption potential of sugarcane bagasse (SCB) and lemongrass (LM), both individually
and in blend form, for the removal of chromium (VI) ions. Batch adsorption experiments were
conducted to assess the impact of contact time and adsorbent dosage on removal efficiency.
BET analysis revealed that the blend had the highest surface area (1047.885 m?/g), enhancing
its adsorption capacity, while FTIR spectroscopy identified key functional groups such as
hydroxyl and carbonyl that facilitate metal binding. Results indicated that the blend exhibited
superior adsorption capacity, with kinetic studies showing that the adsorption process
followed a Pseudo-second order model, suggesting chemisorption as the dominant
mechanism. Isotherm analyses indicated that the Langmuir model best-described adsorption
on SCB, while the Freundlich model was more suitable for LM and the blend. This research
recommends the practical application of SCB and LM in wastewater treatment and
encourages further investigation into their potential for removing other heavy metals,
highlighting a sustainable approach to environmental remediation.

Keywords: Chromium, Biosorption, Sugarcane, Bagasse, Lemongrass, Wastewater, Adsorption.

Rezumat. Nivelurile crescande de ioni de crom (VI) in apele uzate din industria textila
reprezinta provocari semnificative de mediu, necesitand metode eficiente de tratare. Acest
studiu evalueaza potentialul de biosorbtie al borhotului de trestie de zahar (SCB) si
lemongrass (LM), atat individual, cat si sub forma de amestec, pentru indepartarea ionilor de
crom (VI). A fost efectuata adsorbtia in loturi pentru a evalua impactul timpului de contact si
al dozei de adsorbant asupra eficientei de indepadrtare. Analiza BET a ardtat ca amestecul a
avut cea mai mare suprafatd (1047,885 m?/g), sporind capacitatea sa de adsorbtie, in timp ce
spectroscopia FTIR a identificat grupuri functionale cheie, cum ar fi hidroxil si carbonil, care
faciliteaza legarea metalelor. Rezultatele au indicat ca amestecul a prezentat o capacitate de
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adsorbtie superioard, studiile cinetice aratand ca procesul de adsorbtie a urmat un model de
ordinul pseudo-doi, sugerand chimisorbtia ca mecanism dominant. Analiza izotermelor a
indicat ca modelul Langmuir a descris cel mai bine adsorbtia pe SCB, in timp ce modelul
Freundlich a fost mai potrivit pentru LM si amestec. Aceasta cercetare recomanda aplicarea
practica a SCB si LM in tratarea apelor uzate si incurajeaza investigarea ulterioara a
potentialului lor de indepdrtare a altor metale grele, evidentiind o abordare durabila a
remedierii mediului.

Cuvinte cheie: crom, biosorbtie, trestie de zahdr, borhot, lemongrass, ape uzate, adsorbtie.

1. Introduction

Water pollution has become one of the most critical environmental challenges, largely
due to the discharge of toxic and hazardous chemicals from industrial activities [1]. As
industrial development accelerates, substantial amounts of wastewater and domestic sewage
containing metal ions are released into water bodies worldwide, significantly contributing to
water pollution [2]. Metals released from industries such as tanning, sewage treatment,
refining, pharmaceuticals, and textiles accumulate in soil ecosystems, adversely affecting the
diversity, density, and physiological functioning of soil microbes [3]. Among numerous heavy
metal pollutants, cadmium (Cd), lead (Pb), mercury (Hg), arsenic (As), and chromium (Cr) have
been identified as top priorities due to their high toxicity and significant implications for
public health [4]. Notably, chromium exists primarily in two forms: trivalent Cr (lll) and
hexavalent Cr (VI). The relationship between these forms is significantly influenced by
environmental pH and oxidative characteristics. Public concern centers particularly on Cr (VI)
ions, which is 100 times more hazardous than Cr (Ill) ions and poses serious health risks due
to its carcinogenic, mutagenic, and teratogenic properties. The U.S. Environmental Protection
Agency (EPA) has established a Llimit of 0.05 mg/L for Cr (VI) in drinking water, while the
maximum allowable concentration in industrial wastewater is set at 0.1 mg/L [5].

To protect environmental and public health, it is essential to eliminate heavy metals,
commonly used in various industries, from water and wastewater through effective treatment
techniques. Several control technologies have been developed to treat metal-contaminated
water, including chemical precipitation, ion exchange, membrane filtration, coagulation-
flocculation, and solvent extraction. However, these methods face challenges such as high
operational costs, significant energy requirements, low efficiency, and the generation of large
quantities of toxic sludge [6]. Consequently, there is an urgent need for more viable and
sustainable approaches to remove heavy metals from wastewater.

Among these methods, biosorption has gained attention as a promising alternative
due to its advantages, including the regeneration of biosorbents, potential for metal recovery,
minimization of toxic sludge, high removal efficiency, and low operational costs. Biosorption
is a physiochemical process that occurs naturally in certain biomass, allowing these materials
to passively concentrate and bind pollutants onto their cellular structures. While the
application of biomass in environmental cleanup has been established for some time,
researchers and engineers aim to harness this phenomenon as an economical solution for
removing toxic heavy metals from industrial wastewater [7]. Recent studies have investigated
various biomass-based adsorbents, including cyanobacterial biomass [8], Streptomyces
rimosus [9], peanut husk [10], eucalyptus bark [11], sugarcane bagasse (SCB), and orange peel
composites [12], as well as Eucalyptus tereticornis composites [13] for effectively removing
heavy metals from wastewater.
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Sugarcane, SCB (Saccharum officinarum) is a lignocellulosic tropical plant extensively
cultivated in regions such as Brazil, India, China, Mexico, and South Africa, making it a vital
component of the global sugar industry [14]. Following sugar extraction through chewing or
refining, large quantities of bagasse are produced, which is often incinerated for energy
generation. Sugarcane bagasse consists of approximately 46% cellulose, 24.5%
hemicellulose, and 19.95% lignin [15]. The biosorbents derived from SCB contain various
functional groups, including -COOH, -OH, -NH2, -OCH3, and -SH, facilitating the attraction
and binding of pollutants through chelation, complexation, coordination, and hydrogen
bonding [16].

Lemongrass (LM), scientifically known as Cymbopogon citratus, is a perennial grass that
can grow up to 1.5 meters tall, with multiple stiff stems arising from rhizomatous rootstock.
Commonly used in local cuisine and in the manufacture of soap and candles due to its citrus
scent, lemongrass belongs to the Cymbopogon section of the Andropogoneae in the family
Poaceae. It contains various compounds, including terpenes, flavonoids, and alkaloids,
depending on its habitat. The oil extracted from lemongrass has been utilized to treat various
ailments, including coughs, colds, rheumatism, digestive issues, bladder problems, and as a
mouthwash for toothaches and sore gums [17]. Additionally, lemongrass (LM) serves as a
biosorbent due to its functional groups, such as carbonyl, carboxyl, and hydroxyl, which
facilitate the removal of hazardous pollutants [18].

Given their unique chemical compositions and availability, SCB and LM were selected
as representative biosorbents for this study. To the best of the author’s knowledge, no data
have been published on the removal of Cr (VI) ions using SCB and LM individually or in
combination. The primary aim of this study is to evaluate the performance of SCB, LM, and
their blend in removing Cr (VI) ions from textile wastewater. The effects of contact time and
adsorbent dosage on adsorption capacity will be determined using batch systems, and the
optimal conditions for Cr (VI) ions removal will be assessed through Response Surface
Methodology (Central Composite Design) utilizing Design Expert version 13. The biosorption
data will be analyzed and reported using various equilibrium isotherm and kinetic models.

2. Materials and methods

2.1. Materials and Chemicals

In this study, all materials and chemicals were of commercial and analytical grade
purity, purchased from BDH Chemicals Ltd. (Poole, England), and were used without further
purification. Aquatron A4000 distilled water was utilized for standardization and
preparation of all samples to mitigate potential interference from other ions and impurities.
The equipment employed included a magnetic stirrer, beakers, filter paper, and sample
bottles.

2.2. Collection of Wastewater

This research focused on two natural and renewable lignocellulosic fibers. Sugarcane
bagasse was collected from a sugarcane juice vendor on the Ahmadu Bello University campus
in Zaria, while lemongrass was harvested in Funtua Town, Katsina State, Nigeria. Both
biomasses were identified at the Herbarium section of the Biological Science Department at
Ahmadu Bello University, Zaria, Kaduna, Nigeria. The sugarcane bagasse (SCB) and
lemongrass (LM) were meticulously washed with tap water followed by distilled water to
eliminate adhering dirt and other particulate matter. The cleaned biomasses were dried at
room temperature and then in an oven at 65°C until a consistent weight was achieved. The
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dried biomass was finely crushed into a powder and sieved to a particle size of € 1.44 mm.
The fine powder was immersed in 0.1 M NaOH for 24 hours to remove impurities, increase
the surface area of the biosorbent, and activate more functional groups. After 24 hours, the
biosorbents were thoroughly rinsed with distilled water until a neutral pH was obtained. The
NaOH-treated biomass was further dried in an oven at 45°C for 6 hours and stored in sealed
polythene bags for subsequent use.

2.3. Collection and Preparation of Biosorbent

Samples were collected from wastewater discharges originating from the textile
industry using a ten-liter plastic jerry can. Collection occurred between 9 AM and 1 PM,
representing peak flow periods due to high production levels. The samples were transported
to the laboratory for heavy metal and biosorption studies, with pH and temperature measured
at the point of collection.

2.4. Characterization of Biosorbents

The surface area, pore size distribution, and pore volume were measured using the
Brunauer-Emmett-Teller (BET) analysis method, based on nitrogen adsorption-desorption at
liquid nitrogen temperature, conducted with Quantachrome NovaWin version 11.3. The
surface morphology of both loaded and unloaded SCB, LM, and their composites was
examined before and after Cr (VI) uptake using Scanning Electron Microscopy (SEM, Thermo
Scientific Quanta 650). The existing chemical functional groups involved in the biosorption
of Cr (VI) onto SCB, LM, and their blend were detected by Fourier Transform Infrared (FTIR)
spectroscopy (240FS, Agilent) before and after uptake, with samples analyzed in the range of
4000-500 cm™ at room temperature.

2.5. Batch Sorption Experiment

2.5.1. Optimization Conditions for Biosorption

The optimum conditions for the biosorption of Cr (VI) ions onto SCB, LM, and their
blend were determined using Central Composite Design (CCD). CCD is commonly employed
under Response Surface Methodology (RSM) due to its suitability for fitting quadratic
surfaces. It involves a combination of factorial points, center points, and axial points, which
are effective for process optimization. Optimization studies investigated the effects of
experimental factors, such as contact time and adsorbent dosage, on the adsorption capacity
of Cr (VI) ions using SCB, LM, and their blend. The effect of contact time was explored within
the range of 20-120 min, while the effect of adsorbent dosage was studied within the range
of 0.1-0.9 g.

2.5.2. Biosorption Experiment

Batch experiments were carried out in 50 mL beakers. A specific amount of SCB, LM,
and their blend, according to the design formulation of CCD, was added to 25 mL of the Cr
(VI) wastewater solution. The resulting solutions were stirred vigorously with a magnetic
stirrer at 150 rpm for a predetermined period until equilibrium was reached. After equilibrium
was achieved, the biomasses were separated from the solutions using Whatman filter paper,
and the concentration of the supernatant was determined using Atomic Absorption
Spectrometry (AAS). The quantity of metals adsorbed was calculated using Equation 1:
) B (1)

Qe = —
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where: qg. is the adsorption capacity (mg/g), C; and C. are the initial and equilibrium
concentration (mg/L) of metal ions, respectively. V and m represent the solution volume and
mass (g) of the adsorbent respectively.

2.6. Equilibrium Adsorption Isotherm Models

Adsorption isotherms describe the equilibrium relationship between the quantity of
sorbate (metal ions) sorbed by the biosorbent and the concentration in the equilibrium
solution at constant temperature [4]. They provide valuable information regarding the
mechanism and nature of the adsorption process and facilitate the evaluation of the
feasibility of the adsorption process for a given application. In this work, commonly used
isotherm models, including Langmuir, Freundlich, and Temkin, were employed to interpret Cr
(V1) ions sorption and understand the mechanism of biosorption on SCB, LM, and their blend.
The experimental data were fitted into these equilibrium isotherm models.

2.6.1. Langmuir Isotherm Model

The Langmuir isotherm model is based on the assumption that sorption occurs over
energetically homogeneous sites of the biosorbent, resulting in a monolayer coverage. The
non-linear form of the Langmuir equation is given in Equation 2:

mbce
Qe = Z+Tce ()

where: Ce is the equilibrium concentration of metal ion (mg/L); g. is the amount of
metal ion adsorbed per unit weight of adsorbent material at equilibrium (mg/g); b is the
Langmuir constant (L/mg) which represents the adsorbate’s degree of adsorption affinity, and
gm is the maximum adsorption capacity (mg/g) associated with full monolayer cover. The
Langmuir isotherm is characterized by essential properties that can be related in terms of a
dimensionless separation factor R.. This factor allows the prediction of the form of adsorption
isotherm, providing insights into whether the sorption process is favorable or not.
Specifically, the process is considered unfavorable when R, >1, linear when R, =1, favorable
in the interval O< R.<1 and irreversible when R, =0 [19]. The separation factor R.can be

calculated using equation 3.
_ 1
T 14bC,

R, (3)

where: G, is the initial metal concentration (mg/L) and b is the Langmuir constant.

2.6.2. Freundlich Isotherm Model

The Freundlich isotherm model assumes an exponential decrease in the biosorption
energy with increasing surface coverage. It is applicable to heterogeneous surfaces with
negligible interactions between sorbed molecules. The model is expressed in Equation 4:

1
qe = KrC,/m(4)

where: C. is the equilibrium concentration (mg/L); g is the amount of metal ion
adsorbed per unit weight (mg/g); Kr and n are Freundlich constants indicating the sorption
capacity. The favorability of the Freundlich model was determined by n. Values of n in the
range of 1-10 indicate favorable adsorption, while n<1 indicates unfavorable adsorption and

the parameter 1/n is an empirical factor that relates to the biosorption intensity [20].
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2.6.3. Temkin Isotherm Model

The Temkin isotherm model assumes a uniform distribution of binding energies over
a number of adsorption sites [21]. The non-linear form of the Temkin is represented in
Equation 5:

RT
qe = Eln(KTCe) (5)

where: B = IZ—T with the universal gas constant, R = 8.314 J/mol.K, and T as the absolute
T

temperature in Kelvin; br is the Temkin isotherm constant; g (mg/g) is the amount of metal
ions absorbed onto the adsorbent at equilibrium. The Temkin parameters A and B are the
equilibrium binding energy and constant heat of sorption respectively.

2.7. Adsorption Kinetic Models

Analyzing kinetic models in biosorption studies is critical for understanding the
reaction pathways, mechanisms, and process dynamics. It aids in determining the
physiochemical interactions, mass transport, and rate-determining phases in the biosorption
process. Additionally, understanding the kinetics of metal sorption is essential for optimizing
sorption processes, reactor dimensions, and residence times [6]. Therefore, to evaluate the
rate and mechanism of metal biosorption, the experimental kinetic data were analyzed using
various reaction rate and diffusion models, including the Pseudo-first-order, Pseudo-second-
order, and Elovich kinetic models.

2.7.1. Pseudo-First-Order Kinetic Model

The Pseudo-first-order (PFO) kinetic model, proposed by Lagergren (1898), is based on
the assumption that the sorption rate is proportional to the number of free available sites
(Lee et al., 2014). It is typically employed to analyze kinetic behavior at the initial stages of
the biosorption process, and its non-linear form is expressed in Equation 6:

qr = qe(1 —e™"1") (6)
where: kq is the PFO rate constant (min 1); g: and ge are the amount of metal ion
sorbed at time t and at equilibrium (mg/g), respectively.

2.7.2. Pseudo-Second-Order Kinetics

The Pseudo-second-order (PSO) model assumes that chemical reactions occur
between the metal ions and the biosorbent, resulting in the formation of strong covalent
bonds [14]. The non-linear PSO kinetic model is mathematically represented by Equation 7:

_ kZ qg t (7)

- 1+k2qe
where: k; is the PSO rate constant in g/(mg/min), qt and g. are the amount of metal
ion adsorbed at time (t), and at equilibrium in mg/g, respectively.

q:

2.7.3. Elovich Kinetic Model

The Elovich kinetic model, which considers the surface as energetically
heterogeneous, is frequently employed to interpret adsorption kinetics. It effectively
describes second-order kinetics and was originally developed to explain the kinetics of gas
chemisorption on solids [22]. The Elovich kinetic model can be expressed in Equation 8:

q¢ = 7In(ab) + >In(t) (8)
where: a is the initial adsorption rate in mg/(g'min) and b is the constant.
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2.8. Statistical Analysis

In general, the data were fitted into the respective models to obtain corresponding
slopes and intercepts from the plot of g; versus In(t), by non-linear regression method using
R-square values to ascertain to the suitability of the model to fit the adsorption experiment
data.

3. Results and discussions

3.1. Characterization of the Biosorbent

3.1.1. Analysis of Brunauer-Emmet-Teller (BET)

The quality of biosorbents is strongly indicated by a high surface area as it correlates
directly with the adsorption capacity. The Brunauer-Emmett-Teller (BET) technique was
employed to quantify the surface area, pore diameter, and pore volume [23]. The average
values for BET surface area, total pore volume, and pore size for SCB, LM and their blend are
provided in Table 1. For SCB, the surface area, pore volume, and pore size were determined
to be 501.999 m%/g, 0.253 cm®/g and 2.10 nm, respectively. These values were discovered to
be considerably higher reported by [24] and [25], with the exception of the pore size, which
closely aligned with the findings of [25]. LM exhibited a specific surface area of 811.761 m?%/g,
a pore volume of 0.406 cm?/g and a pore size of 2.125 nm. These values were in accordance
with the findings of [26]. Comparatively, the blend of SCB and LM demonstrated a higher
surface area and pore volume, measuring 1047.885 m?/g and 0.544 cm?/g, respectively. This
implies that the composite may possess enhanced metal adsorption capabilities and
increased metal uptake, attributed to its larger surface area [12].

Table 1
Biosorbent surface area, pore volume, pore diameter
Biosorbent BET Surface area (m?%/g) Pore volume (cm?/g) Pore size (nm)
Sugarcane bagasse 501.999 0.253 2.100
Lemongrass 811.761 0.406 2.125
Blend 1067.885 0.544 2.105

3.1.2. Analysis of the Fourier Transform Infrared (FTIR) Spectra

The FTIR spectra of SCB, LM and their blend before and after Cr (VI) uptake were
studied to qualitatively determine the major functional groups on the surface of the
adsorbent. The spectral analysis covered a wavelength range from 4000 to 500 cm™ as shown
in Figures 1 and 2 for SCB, LM and their blend respectively. The infrared (IR) spectrum
obtained from FTIR of SCB displayed a number of different absorption peaks. Distinct peaks
were identified in the FTIR spectra of SCB, specifically at 3292, 2906, 1603, 1379, 1259, 1036,
and 916 cm™. The peak at 3292 cm corresponds to the O-H stretching of hydroxyl groups in
Cellulose 1, as reported by [27]. The presence of peak at 2906 cm™ indicates C-H stretching of
alkane groups, while the increased intensity at 1603 cm™, associated with C=0 stretching,
suggests the uptake of Cr (VI) metals, potential pollutants in wastewater [14]. The peak at
1512 cm™ is linked to the C=C carboxylic groups of aromatic rings, and the range from 2311
to 1841 cm™ indicates C=C stretching vibrations of lignin aromatic rings [12]. The intense
1036 cm™ peak represents C-O stretching vibration of cellulose, lignin, and hemicellulose
[27]. According to the study, these major functional groups, which include hydroxyl, carbonyl,
and aromatic rings, play an important role in Cr (VI) sorption. They are actively involved in
binding interactions with metal ions, and the spectral changes imply the creation of metal
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complexes. Complexation interactions are seen as the primary driving factor underlying the
sorption mechanism, as supported by [14, 27, 28].
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Figure 5. FTIR spectra obtained before and after adsorption of Cr (VI) using sugarcane
bagasse (left) and lemongrass (right).
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Figure 6. FTIR spectra of a blend derived from SCB and LM before and after adsorption of
Cr (VI) ions.

3.1.3. Analysis of the Scanning Electron Microscopy (SEM) Images

Scanning electron microscopy (SEM) analysis was conducted on SCB, LM and their
blend before and after the sorption of Cr (VI) ions to examine the resulting changes in the
surface morphology. The observed changes are shown in Figures 3, 4 and 5 for SCB, LM and
their blend, respectively. The figures illustrate the surface texture and porosity which include
wide openings and large pores both before and after Cr (VI) ions uptake. The uneven surfaces
are attributed to the presence of parallel grooves and cracks, and granules with irregularly
shaped cavities and voids. The rough and porous surface before sorption may offer possible
sorption sites for the uptake of Cr (VI) ions [29]. The analysis of surface morphology indicates
that SCB exhibits larger pore sizes before Cr (VI) uptake (Figure 3 (LHS)) compared to SCB
after Cr (VI) ions uptake, where fewer pores are observed (Figure 3 (RHS)). This reduction in
pore size may be because the pores have been filled due to the uptake of Cr (VI) ions by the
SCB [14]. The surface morphology of LM after Cr (VI) ions uptake, as shown in Figure 4 (RHS),
reveals significant changes, transforming coarse particle sizes into finer ones, when
compared to the rough and uneven surface before Cr (VI) ions uptake in Figure 4 (LHS). These
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changes could be as a result of the deposition of Cr (VI) ions onto the surface of LM. Similar
observation was reported in the work of [15]. The micrographs surface of the blend material
in Figure 5 (LHS) exhibited larger pores, rough and uneven surface because of a hydrolysis
reaction occurring on the surface of the blend material [15]. In Figure 5 (RHS), the surface
became smoother with less porosity, which is likely attributed to the entrapment of Cr (VI)
ions on the surface of the blend material [30].

Ps

Figure 3. SEM micrographs of sugarcane bagasse before

Figure 4. SEM micrographs of lemongrass before (left) and after (right) Cr (VI) uptake.
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Figure 5. SEM mcrographs of a composite derived from SCB and LM before (Left) and after
(right) Cr (VI) uptake.

3.2. Optimization studies of the metal removal
3.2.1. Fitting process model statistical analysis
The optimum level of process parameters, such as contact time and adsorbent dosage

were obtained with the CCD experimental design. The interactive effect of contact time and
adsorbent dosage on the adsorption capacity was subsequently studied. Statistical software,
specifically design expert version 13.5, was used for the regression analysis of the data to
evaluate the statistical significance of the quadratic model. The analysis of variance ANOVA
for the response surface model of Cr (VI) ions adsorption on SCB, LM and their blend are
presented in Table 2. The analysis of variance (ANOVA) results from Table 2 indicates that
the analyzed variables fall within an acceptable range. ANOVA was used to verify the
quadratic models, revealing the ability to predict Cr (VI) ions uptake. The equations of the
models, generated after interpreting the experimental data for the biosorption Cr (VI) ions by
SCB, LM and the blend are presented in Equations 9, 10 and 11, respectively.

qCr =0.408865 + 0.003639A + 0.058496B + 0.000778AB - 0.000022A? - 0.042756B2(9)
gqCr=1.63198 - 0.007455A - 0.410243B - 0.001238AB + 0.000042A* + 0.362925B? (10)
qCr=0.369950 + 0.010817A + 2.31205B + 0.001132AB - 0.000059A? -2.08442B* (11)

where: gPb and qCr are the predicted adsorption capacities for Pb (II) and Cr (VI) ions
respectively, the actual values of the test variables, contact time and adsorbent dosage are
represented by A and B respectively. The coefficient involving two factors, namely (AB) and
(A? and B?) signifies the interaction between these two parameters and the quadratic effect.
The negative sign in front of the term indicates an antagonistic effect, whereas the positive
sign indicates a synergistic effect [31]. The correlation coefficient (R% was used to evaluate
the model fitness. The closer the R? is to 1, the stronger the model and the better it predicts
the response [25]. The P and F values indicate the significance of the regression coefficients
and the overall significance of the model. The model term is considered significant if the P
value is < 0.05 [32]. The results presented in Table 2 showed that the regression was
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statistically significant for the adsorption of Cr (VI) ions using SCB, with an F value of 707.49
and prob > F (<0.0001).

Table 2
Summary of the ANOVA results for the adsorption of Cr (VI) ions using SCB, LM and their
blend as an adsorbent

Parameters Sugarcane bagasse = Lemongrass Composite
Model <0.0001 <0.0001 <0.0001
Standard deviation 0.0067 0.0101 0.0209
Mean 0.5632 1.25 1.28
Coefficient of variance 1.2000 0.8139 1.63

R? 0.9898 0.9955 0.9959
Adjusted R? 0.9825 0.9923 0.9930
Predicted R? 0.9402 0.9783 0.9791
Adequate precision 33.2072 48.7025 51.7078
Lack of fit 0.1277 0.3357 0.2903

In equation 9, the correlation coefficient R? (0.9898) value for the adsorption of Cr (VI)
using SCB, was found to be close to 1 and in reasonable agreement with the adjusted
correlation coefficient (Adjusted R?=0.9825), indicating high model significance. While the
predicted R? (0.9402) is not as high, but the model remains significant.

The term adequate precision (AP) ratio corresponds to the target’s response variable
under varying noise conditions. An AP value greater than 4 is desirable. The reproducibility
of the model is indicated by the coefficient of variance (CV). It is calculated as the ratio of the
stand error of the estimate to the mean value of the response. The model is deemed
reproducible if the value is less than 10% [31]. The model F-value for the adsorption of Cr
(VI) ions was found to be 310.19, implying that the model is significant. Additionally, Prob >
F values less than 0.05 indicate that the model terms are significant at 95% confidence level.
The R? value of Cr (VI) ions was found to be 0.9955, which is close to unity, is desirable and
in reasonable agreement with the adjusted R? value of 0.9923 for Cr (VI) ions. The term
“adequate precision” (AP) ratio refers to the response variable concerning the target under
varying noise conditions. The adequate precision (AP) obtained for the adsorption of Cr (VI)
ions using LM was found to be 48.7025. An AP value higher than 4 is desirable [31]. The
results also from Table 2, for the adsorption of Cr (VI) ions using the blend of SCB and LM
indicate that the regression is statistically significant, with an F value of 343.43 for Cr (VI)
ions, and a prob > F value less than 0.0001. The term is considered significant if the P value
< 0.05. The R? value of Cr (VI) ions was found to be 0.9959, indicating that the values are
desirable and are close to unity.

The value of R? for Cr (V1) ions (0.9959), and the predicted R? of 0.9197 for Cr (VI) ions
adsorption are also in good agreement with the adjusted R? 0.9930. The response variable in
respect to the goal under changing noise levels is referred to as the "adequate precision” (AP)
ratio.

The adequate precision (AP) for Cr (VI) ion adsorption using a blend from SCB and LM
was 51.7078. An AP value greater than 4 is considered desirable [31]. According to the
summary of ANOVA results presented in Table 2, the independent variable (contact time and
adsorbent dosage) are significant terms for the adsorption of Cr (VI) ions from textile
wastewater using SCB, LM and a blend derived from SCB and LM.
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Figure 6. A parity plot showing the actual Figure 7. A parity plot showing the actual
and predicted values for the adsorption of  and predicted values for the adsorption of
Cr (V1) ions using SCB as adsorbent. Cr (VI) ions using LM as adsorbent.

To show the correlation between actual and predicted values, a parity plot is employed
to show the relationship for the adsorption of Cr (VI) ions using SCB, LM, and the blend
derived from SCB and LM in Figures 6, 7, and 8, respectively. For a model to be reliable, it
should accurately predict the response when compared with the experimental data. As
shown, there is a significant correlation between the actual and predicted values, suggesting
that the generated models successfully capture the relationship between the adsorption
variables (contact time and adsorbent dosage) and the metal uptake rate.
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Figure 8. A parity plot showing the actual and predicted values for the adsorption of Cr
(V1) ions using a blend derived from SCB and LM as an adsorbent.

The parity plots of SCB, LM, and their blend reveal that the data points cluster around
the diagonal line, implying a satisfactory agreement between the predicted and the actual
values. This suggests that the models generated successfully capture the relationship
between the independent adsorption variables (contact time and adsorbent dosage) and the
adsorption capacity. The model for SCB exhibits a high correlation coefficient (R?) of 0.9898
for Cr (VI) ions adsorption, indicating the suitability and accuracy of the models in predicting
the adsorption capacity under variable conditions of contact time and adsorbent dosage. The
model equation for Cr (VI) ions is statistically significant, as the Prob. >F values are less than
0.05, and the R? value is 0.9898. Similarly, the high correlation coefficient R? for LM in the
adsorption of Cr (VI) ions indicates the suitability and accuracy of the model, being close to
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unity. The closer the R2 value is to unity, the stronger and better the model predicts the
response. Moreover, the high correlation coefficient R? of 0.9959 for the adsorption of Cr (VI)
ions using the blend further indicates a well-fitted model that can predict the adsorption
capacity with reasonable certainty under independent variables such as contact and
adsorbent dosage. In conclusion, the parity plots exhibit a satisfactory correlation between
the actual and the predicted values for SCB, LM, and the blend derived from SCB and LM.

3.2.2. Effect of Model Variables and Their Interactions
The three-dimensional response surface plots are essential for determining the
optimum values of the variables and illustrating the interaction between contact time (A) and
adsorbent dosage (B) on the adsorption capacity (q, mg/g) of biosorbent during the adsorption
of Cr (VI) ions from textile wastewater using SCB, LM and a blend derived from SCB and LM
at room temperature, as presented in Figure 9 and Figure 10, respectively.

AC Cr (mg/g)
AC Cr (mg/q)
o
a

0. .
; : ¢t Time (mi 0.
B: Adsorbent Dosage . A ConctTime.{frin) B: Adsorbent Dosage ; 40 A: Contact Time (min)

01 20

01 20

Figure 9. 3D response surface plot for the adsorption of Cr (V) ions on SCB (left) and LM
(right).

In analyzing the objective functions in relation to the optimal operating conditions of
the biosorption system, the variation of the process parameters were considered
(independent variables) and the influence on the previously established experimental field,
provided that the biosorption capacity (g, mg/g) are maximized. The primary goal of the
response surface is to efficiently track the optimum values of variables, maximizing the
response. Through the analysis of the plots, the best response range can be calculated. Each
response plot represents an infinite number of combinations of two test variable with the
other maintained constant [33]. Analyzing the 3D plots, the quantities of Cr (VI) adsorbed by
SCB, LM and their blend per unit gram were 0.61, 0.89 and 1.56 mg/q, respectively.

Lemongrass demonstrated a greater absorption of Cr (VI) ions compared to sugarcane
bagasse, attributed to the higher affinity of Cr (VI) ions towards the biosorbent. Significantly,
the blend displayed enhanced performance, surpassing the individual materials, which
indicates improved affinity for Pb (Il) ions when the materials are combined. The plots show
the optimal conditions for the adsorption of Cr (VI) ions from textile wastewater, using SCB,
LM and their blend are observed at a contact time of 82, 69 and 71 min, respectively and at
an adsorbent dosage of 0.62, 0.58 and 0.45 g. A desirability value of 1.00, 0.821 and 1.00 was
obtained after optimizing both process variables i.e. contact time and adsorbent dosage. The
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desired objective of this numerical optimization was to maximize the adsorption capacity too.
The effect of contact time on the adsorption capacity of Cr (VI) using SCB, LM and their blend
was studied within the range 20-120 min and the results presented in Figures 9 and 10 were
analyzed. It shows that the adsorption of Cr (VI) using SCB increased with an increase in
contact time and then slightly decreased after equilibrium was attained at 82 min of agitation.
Subsequently, a decline in the adsorption capacity was observed.

Adsorption Capacity Cr (mg/g)

Figure 10. 3D response surface plot for the adsorption of Cr (VI) ions onto a blend derived
from SCB and LM.

Similarly, using LM as a biosorbent for the adsorption of Cr (VI) ions, the adsorption
capacity increased with an increase in contact time and then slightly decreased after which
equilibrium was attained at 70 min of agitation. Subsequently, a decline in the adsorption
capacity was observed. For the adsorption of Cr (VI) ions using the blend derived from SCB
and LM, the adsorption capacity of Cr (VI) ions increased rapidly with an increase in contact
time, reaching equilibrium at 71 min of agitation, however, beyond this point, there was no
substantial change observed with further increase with time. This finding aligns with the
result reported by [13, 20, 34, 35]. This trend may be attributed to the large number of vacant
sites available at the beginning of the process, which eventually become saturated, resulting
in a constant adsorption capacity. After attaining equilibrium, the adsorption process may
slow down because of the saturation of binding sites on the adsorbent surface [36]. Generally,
the uptake of metal increased with an increase in contact time and then ceased due to the
saturation of the binding sites on the cell surface [37].

The effect of adsorbent dosage on the adsorption of Cr (VI) using SCB, LM, and their
blend was studied by varying the dosage from 0.1 to 0.7 g, as illustrated in Figures 9 and 10.
For the adsorption of Cr (VI) ions using SCB, it was observed that adsorption capacity increases
with an increase in adsorbent dosage until an optimum dosage was reached at 0.62 g.
Similarly, the adsorption of Cr (VI) ions using LM increases with an increase in the amount of
adsorbent dosage until an equilibrium dosage is attained at 0.58. The adsorption capacity of
Cr (VI) increases over time, reaching a plateau at an equilibrium dosage of 0.45 g, and then
becoming constant with no notable changes observed upon increasing the dosage. This
increase could be attributed to the overall increase in the surface area of the biosorbent,
which in turn increased the number of available binding sites for adsorption [38]. However,
as the initial adsorbent dose increases and the number of active sites for ion binding
increases, providing easier penetration of metal into the active sites and consequently, the
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resultant adsorption also increases, and after a certain value, the increase of the amount of
the adsorbent does not affect the adsorption process because of saturation of active sites
[39]. A similar results were reported by [1, 13, 19].

3.3. Adsorption Isotherm and Kinetic Models

The experimental data were fitted into the non-linear isotherms and kinetic models
employed for this study, employing a non-linear curve fitting tool in OriginPro 9 software. In
each case, the best model considered was the one with the highest correlation coefficient R?
and lowest chi-square X2 values. The closer the R? values are to unity, the higher the goodness
of fit, and the lower the Chi-square values, the better the fit [14].

3.3.1. Adsorption Isotherms

The isotherm parameters, as well as the correlation coefficients (R?) and chi-square
(X?) values derived from Figure 11 for the adsorption isotherms of Cr (VI) ions using SCB, as
shown in Table 3, indicating that all three models fit the experimental data. The Langmuir
isotherm offers the best fit among the models, with low reduced chi-square values of 0.00027
for Cr (VI) ions, and large adjusted R? values of 0.9873. This suggests that the Langmuir
isotherm is more suitable for describing the adsorption of Cr (VI) ions using sugarcane
bagasse than the other two isotherm models. This implies that Cr (VI) ions adsorption follows
the monolayer adsorption, in which all metal binding sites have the same energy levels and
there are no interactions between the adsorbed metals, nor is there any transmigration of
sorbate within the surface area plane [40]. Similar results were reported by Pagala on the
adsorption of Pb (II) and Cr (VI) ions using sugarcane bagasse [41]. Additionally, Kumar et al.
reported similar results for the adsorption of Cr (VI) ions onto groundnut shells [42].
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Figure 11. Non-linear models for the adsorption isotherm of Cr (VI) ions using SCB (left)
and LM (right).

The maximum adsorption capacities for Cr (VI) ions were estimated using Langmuir
isotherm and were found to be 2.68 mg/g, with a Langmuir constant of 0.1160 L/mg. The
dimensionless separation factor R.is used to analyze the adsorption process’s favorability,
with Cr (VI) values of 0.7455. These values describe a favorable adsorption isotherm. The R,
values indicate the order of isotherm: R >1signifies an unfavorable isotherm, R,=1 indicates
linear isotherm, R.<1 denotes favorable isotherm while R=0 signifies an irreversible isotherm [43].

Similarly, the adsorption isotherm parameters reported in Table 3 show that Cr (VI)
biosorption follows the Freundlich isotherm as evident by higher values of R?(0.9858) and
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Figure 12. Non-linear models for the adsorption isotherm of Cr (VI) using a blend derived
from sugarcane bagasse and lemongrass.

lower reduced chi-square (0.00082) values when compared to other isotherms. It means
that the fitted model followed heterogeneous and multilayer adsorption of Cr (VI) ions on

the surface of the LM. The findings were consistent with those previously reported by El

Dean et al.’s work on Cr (VI) ions adsorption on SCB [20]. The maximum adsorption

capacities (qm), for Cr (VI) ions were estimated using Langmuir and found to be 4.153 mg/q,

as indicated in Table 3. The separation factor R, ranges from 0O to 1, indicating favorable

biosorption of Cr (VI) ions on LM with values 0.7355. The R, values imply that Langmuir
adsorption is reversible (R.=0), favorable (O<R.<1), linear (R:=1) or unfavorable (R.>1) [17].

Table 3
Adsorption isotherm constants for adsorption of Cr (VI) ions
Qm K.
Biosorbent mg L R? X2
) )
Langmuir SCB 2.6750 0.1160 0.9873 0.00027
LM 4,153 0.1222 09813 0.001
Blend 1.4397 2.1289 0.8698 0.0169
1/n Kf (%) RZ XZ
Freundlich SCB 0.8630 0.2760 0.9835 0.00035
LM 0.8601 0.4492 0.9858 0.00082
Blend 0.4246 0.9237 0.9679 0.0055
b () ki) R? X
Temkin SCB 3.195 2.526 0.9852 0.00032
LM 2.838 41776 0.8867 0.0065
Blend 6.1777 3.1396 0.6954 0.0396

Note: Q,, = maximum monolayer adsorption capacity; K. = Langmuir Constant; K¢ = Freundlich constant; R?=
correlation coefficient; X2= Chi square; n is the adsorption intensity; Kr binding energy; b = heat of adsorption;
L = Liter; mg/g = Milligram per gram; J/mol = joule per mole.

For the blend material, the reduced chi-square and adjusted correlation coefficient (R?)
values obtained from Figure 12 for Cr (VI) ions adsorption using a blend formed from SCB and
LM, as shown in Table 3, indicate that all three models show a good fit with the experimental
data. Freundlich shows the best fit with a higher R? value of 0.9679 and a low reduced chi-
square 0.0055. This shows that the Freundlich isotherm is more suitable for describing the
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adsorption of Cr (VI) ions. This implies the fitted model followed heterogeneous and
multilayer adsorption of Cr (VI) ions on the surface of the adsorbent. Similar results were
previously reported by [20] in their work on the adsorption of Cr (VI) ions on SCB. The
maximum adsorption capacities (qm), as calculated by Langmuir were determined to be
1.4397 mg/g Cr (VI) ions, as shown in Table 3. The dimensionless separation factor R, as
indicated in Table 3, falls within the range of 0-1, showing favorable Cr (VI) ions biosorption
on the blend derived from SCB and LM, with values 0.1376. The value of R, indicates the type
of isotherm to be either unfavorable (R.>1), linear (R.=1), favorable (0<R.<1) or irreversible
(R=0) [20]. The Temkin isotherm has the least fit among the three isotherms as shown in
Table 3 for Cr (VI) adsorption using SCB, LM and their blend.

3.3.2. Adsorption Kinetics
To further understand the adsorption mechanism of Cr (VI) on SCB, LM and their
blend, the kinetic models used in this work were applied to the experimental data. Non-
linear fits of these models are illustrated in Figures 13 and 14, while Table 4 presents the
parameters obtained from the model fits.
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Figure 13. Non-linear adsorption kinetics models applied for the adsorption of Cr (VI) ions
onto SCB (a) and LM (b).
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Figure 14. Non-linear adsorption kinetics models applied for the adsorption of Cr (VI) onto
a blend derived from sugarcane bagasse and lemongrass.
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The parameters extracted from Figure 13 and presented in Table 4 reveal that the
correlation coefficient RZand reduced chi-square X2 values for PFO, PSO, and Elovich kinetic
models indicate that all kinetic models showed a good fit. However, for Cr (VI) ions adsorption
using SCB, the PSO, exhibiting the highest correlation coefficient of 0.9975 for Cr (VI), which
is closer to unity, shows a better fit. This model predicts an equilibrium Cr (VI) ions uptake of
0.57655 mg/g, which is in agreement with the experimentally obtained value of 0.62 mg/g.
The PSO kinetic model shows the best fit with the adjusted R? value of 0.9996, along with a
low chi-square value of 0.00013 for Cr (VI) ions adsorption using LM. This model predicts an
equilibrium uptake of 1.01404 mg/gfor Cr (VI), closely aligning with experimentally obtained
values.

Table 4
Adsorption kinetic model constants for Cr (VI) ions
Biosorbent K. Q. (0 R? X?
PFO SCB 0.1286 0.62 0.576 0.9939 0.0003
LM 0.097 0.89 0.954 0.9991 0.0006
blend 0.108 1.49 1414 0.9947 0.0017
Biosorbent K2 Q. o R? X?
PSO SCB 0.595 0.62 0.602 0.9975 0.00013
LM 0.220 0.89 1.014 0.9996  0.0001
Blend 0.1699 1.49 1.498 09987 0.0004
Biosorbent A B - R? X?
Elovich SCB 2.001 12.402 - 0.9834 0.0009
LM 69.95 11.53 - 0.9971 0.0004
Blend 4904 5.344 - 0.9918 0.00262

Note: Q. = experimental adsorption capacity; Q,= predicted adsorption capacity; K; = PFO constant; K2 PSO

constant; R?= correlation coefficient; X?= Chi-square; L = Liter; mg/g = Milligram per gram; J/mol = joule per
mole.

Similarly, the PSO kinetic model exhibits adjusted R? values of 0.09987, along with
reduced chi-square values of 0.00043 for Cr (VI) ions adsorption using the blend material.
This model predicts equilibrium Cr (V1) ions uptake of 1.497 mg/g which closely aligns with
the experimentally obtained value of 1.49 mg/g. The closer the R? value is to unity, the better
the fit. Notably, The PSO stands out as the best fit among the three models tested (in Figures
13 and 14) for Cr (VI) ions adsorption using SCB, LM, and their blend, implying that the active
sites on the adsorbent surface significantly influence the adsorption capacity. The findings
obtained were in good agreement with previous studies, which also reported that the
adsorption process of Cr (VI) ions followed the PSO kinetic model following the literature [41,
42 44, 45].

4. Conclusions

This study has demonstrated the significant potential of sugarcane bagasse (SCB) and
lemongrass (LM) as effective biosorbents for the removal of chromium (VI) ions from textile
wastewater. The results indicate that both materials exhibit substantial adsorption capacities,
with their blend demonstrating superior performance. Characterization techniques, including
BET analysis and FTIR, provided critical insights into the biosorbents’ properties. The BET
analysis revealed high surface areas for SCB (501.999 m?/g), lemongrass (811.761 m?%/qg), and
their blend (1047.885 m?/qg), which are essential for maximizing adsorption efficiency. The
FTIR analysis identified significant functional groups, such as hydroxyl and carbonyl, crucial
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for binding Cr (VI) ions, suggesting strong chemical interactions that enhance biosorption
effectiveness.

In addition to the characterization results, the kinetic studies showed that the
adsorption of Cr (VI) ions followed the Pseudo-second order model for all biosorbents,
indicating that the process is significantly influenced by the availability of active sites on the
adsorbent surfaces. This model’s high correlation coefficients suggest that chemisorption is
the dominant mechanism for Cr (VI) ions uptake. Moreover, isotherm analysis revealed that
the Langmuir isotherm provided the best fit for SCB, indicating monolayer adsorption on
homogeneous sites, while the Freundlich isotherm was more appropriate for lemongrass and
the blend, suggesting heterogeneous and multilayer adsorption. These findings highlight the
complexity of the interactions between the biosorbents and chromium (VI) ions, underscoring
the diverse mechanisms involved in the adsorption process.

Overall, the findings of this research contribute significantly to the understanding of
biosorption technology and promote the use of sustainable materials in wastewater
treatment processes. SCB and LM emerge as viable options for the remediation of chromium
(V) ions, paving the way for further investigations into their application for other heavy
metals. This study encourages a shift towards environmentally friendly practices in
wastewater management, reinforcing the potential of natural biosorbents in mitigating
pollution and protecting water resources.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract. Due to food security issues associated to use of animal proteins and the rising
demand for non-animal-based fining agents, the wine industry is becoming more interested
in developing alternatives to conventional protein fining. This study evaluated the effects of
several protein fining agents on the color and phenolic content of Rara Neagra red wine.
Wines that were fined with proteins from potatoes and peas were contrasted with gelatin
treated wines and untreated control wines. Variations in color and phenolic content revealed
that plant and animal proteins had different capacities for clarification and interaction with
colorless phenolics and anthocyanins, which had significant effects on color characteristics.
The experimental study revealed that, in comparison to gelatin, potato and pea protein
extracts were more protective in lowering the overall polyphenol level of Rara Neagra wines.
Similar to other proteinaceous fining agents, the acquired data demonstrated a minor
decrease in color intensity and a low decrease in the quantity of total anthocyanins. Overall,
results showed that potato protein and pea protein could be used as effective fining
alternatives to animal proteins, and their effectiveness should be researched in different
variations depending on the chemical composition or variety of the wines.

Keywords: clarification, chromatic indices, plant protein, stabilization.

Abstract. Preocuparea tot mai mare a industriei vinului cu privire la dezvoltarea alternativelor
de tratare complexa a vinurilor se datoreaza problemelor de siguranta alimentara asociate
utilizarii proteinelor animale si a cererii pentru agenti de tratare de origine ne animaliera.
Acest studiu a evaluat efectele mai multor agenti de tratare proteici asupra culorii si
continutului de compusi fenolici al vinului Rara Neagra. Vinurile tratate cu proteine din cartofi
si mazare au fost comparate cu vinurile tratate cu gelatina si vinurile martor netratate.
Variatiile de culoare si continutul de polifenoli au aratat ca proteinele vegetale si animale au
capacitati diferite de limpezire si interactiune cu polifenolii incolori si antocieni, avand efecte
semnificative asupra caracteristicilor culorii. Studiul experimental a aratat ca, in comparatie
cu gelatina, extractele proteice de cartofi si mazdare au fost mai protectoare in scaderea
nivelului general de polifenoli din vinurile Rara Neagra. Similar altor agenti de limpezire
proteici, datele obtinute au demonstrat o scadere minora a intensitatii culorii si o scddere
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nesemnificativa a cantitatii de antocieni. In ansamblu, rezultatele au aratat ca proteina din
cartofi si proteina din mazare ar putea fi folosite ca alternative eficiente de limpezire, iar
eficacitatea acestora ar trebui cercetata in diferite variatii, in functie de compozitia chimica
sau soiul de struguri.

Cuvinte-cheie: limpezire, caracteristici cromatica, proteine vegetale, stabilizare.

1. Introduction

Wine is an extremely complex medium, where polyphenols have a crucial impact on
its final physicochemical and sensory properties [1]. The chemical diversity of polyphenols in
grapes and wines is countless. With varying degrees of hydroxylation, substitutions, and even
the formation of adducts between them, any family can exist in free or conjugated forms [2,3].
The primary chemical components that give wines their organoleptic qualities—such as color,
bitterness, and astringency—especially in red wines, are phenolic compounds [4]. Since red
wine's color is the first thing people notice about it, it has a significant impact on consumer
preferences and purchasing decisions, making it one of the most crucial factors in
determining its quality [5].

Anthocyanins are responsible of the diversity of red wines color, and their profile can
be utilized as an analytical method to verify authenticity. Condensed tannins and flavan-3-
ols, on the other hand, are important substances because of their effects on color stabilization
as well as their astringent and bitterness qualities [6,7]. The primary function of other
phenolics, such as flavonols and hydroxycinnamic acids, may be considered that of co-
pigmentation, which aids in color evolution and stabilization, is directly tied to the
anthocyanin composition of wine and the interactions between them or with other wine
components (mostly colorless phenolics) [8,9].

Numerous factors influence the types and quantities of the various phenolic
compounds found in grapes [1-4]. In particular, viticulture methods, environmental factors
(soil, climate), and disease diseases all have a significant impact on the polyphenolic
composition of grapes [10]. However, the winemaking technique and varietal or genetic
variances [11] are certainly among the most significant variables. Controlling and regulating
the phenolic composition during vinification is therefore essential to producing full-bodied
red wines with stable, rich colors and balanced bitter and astringent characteristics [9,12].

The presence of microorganisms (bacteria and yeast), tartrate crystals, remaining
grape peel and pulp, and aggregation of macromolecules (mostly pectin and protein
components) produced during the fermentative maceration process are the main causes of
wines' turbidity and instability after fermentation [13]. Wine's natural slow precipitation and
sedimentation are determined by the presence of colloidal unstable molecules at advanced
stages of vinification, which are linked to the formation of less soluble phenolic compounds
that tend to co-aggregate gradually over time [14]. In order to prevent changes in taste,
flavor, or color before bottling and consumption, the variety of particles that cause hazes and
deposits must be eliminated or stabilized. These particles can aggregate coloring matter and
uncolored phenolics, affecting the wines' sensory quality [13,14].

In oenology, fining agent clarification is a widespread procedure that involves adding
an exogenous material to a turbid wine that uses flocculation or adsorption to precipitate
other suspended particles [15]. By removing or lowering content of certain phenolic
components of colloidal type linked to oxidation processes or harsh taste sensations, the
primary advantages focus on improving the wine's limpidity, color stability, and mouthfeel
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perception [16,17]. Nevertheless, this is a significant problem for red wines with low phenolic
content since excessive clarifying might harm the stabilizing processes linked to tiny solutes
and macromolecules that mostly affect color [18-20].

The tendency of protein fining agents to interact with wine phenolics and their varied
affinity for various phenolic classes make them highly desirable among clarifying additives
for wine fining [13,14,17,21,22]. Different studies show that certain phenolic compounds may
be significantly reduced by commonly used fining agents in the wine sector, such as
bentonite, gelatine, casein, egg albumin, and PVPP [5,15-22]. However, it has also been
shown that gelatine fining treatments had no noticeable effect on the phenolic level and
composition of wine. Yet due to their potential for causing allergies or food intolerance,
conventional animal-derived fining agents, such as milk and egg proteins, have been more
strictly requlated by the European Union in the past ten years, even though their effectiveness
[14,23,24]. This is why alternative approaches for clarifying white, rose, and red wines have
been recently suggested as plant-derived macromolecules including proteins, cell wall
material, or fiber from various vegetal sources [13,14,19,23-27].

In the last decades, socioeconomic changes and globalization have led the industrial
environment to develop products adapted to the changing interests of consumers. This new
generation has more options and access to information, which means they have access to
good products with a higher value. Growing consumers concern about health and
environmental issues is leading to increased interest in the use of alternative food additives.
In the wine industry, the preference for ecological, "vegan”, bio-dynamic, alternative and
more sustainable wines is getting popular [24,27].

The International Organization of Vine and Wine reports that currently around 53
million tons of grapes are processed globally, and global wine production is estimated at an
average value of 244.1 million hectoliters [24,28]. According to the data of the National Vine
and Wine Office of the Republic of Moldova, in 2022, 280 thousand tons of grapes were
processed, which were converted into about 1.9 million hectoliters of wine, and about 55%
were destined for export [29]. These data demonstrate that the wine industry is a primary
one with potential for development, therefore it becomes even more important to connect
the quality of wine to the demands of consumers [30], thus contributing to the harmlessness
and sustainability of the food industry. For this reason, there is a growing interest in finding
alternative wine fining agents to replace potentially allergenic animal-derived proteins and
to avoid the legal obligation of indicating their presence on the label [27,30]. Moreover, some
diets, such as vegetarians or vegans, do not accept foods or beverages treated with animal
products [27].

The innovative solutions currently proposed for the fining of wines with materials of
plant origin are in the sights of wine producers and consumers for various reasons. They
certainly solve some of the problems that have led to the need for plant-based treatment
agents, such as the lack of labeling requirements for animal-based adjuvants, and provide a
solution to consumer demands for products that are vegetarian/vegan friendly [24,30].

Considering the allergenic issues with using animal proteins in order to clarify the
wines and the increased demand for vegan wines, new researches are needed to promote
alternative wine fining agents like plant extracted proteins.

The purpose of this research was to investigate the effects of alternative oenological
additives: use of plant-based fining agents (patatin and pea protein) compared to gelatin
(pork origin) and their action on the phenolic compounds content and color indices of Rara
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Neagra red dry wine using spectrophotometric method, as well as the physical-chemical and
sensorial assessment.

2. Materials and Methods

The Rara Neagra variety belongs to the group of autochthonous (Moldovan-Romanian)
varieties and represents a major interest for oenologists [31].

Grapes of Rara Neagra variety from Purcari region, harvest 2023, were technologically
processed according to the classic vinification scheme under micro winery conditions at the
Department of Oenology and Chemistry, Technical University of Moldova. At the completion
of the fermentation-maceration process, the must was pressed in a pneumatic press and the
young wine was directed to post-fermentation. After the post-fermentation period, the dry
red wines were added 40 mg/L of SO, and subjected to physicochemical analyses.

The research focused on the influence of protein fining agents of vegetable origin
from potatoes (Vegecoll, Laffort) and from peas (Clear V, Perdomini IOC) on the evolution of
the phenolic complex of the studied wine. For comparison, a preparation of animal origin was
also used (gelatin - ErbiGel, Erbsloh Geisenheim GmbH). The principle of the method
consisted in the fact that the protein adjuvant interacts with the tannins present in the wine,
canceling the electric charge of these substances [13,32]. This process causes the formation
of insoluble flocs, for the efficient sedimentation of which bentonite (GranuBent, Erbsloh
Geisenheim GmbH) was used. The optimal doses of administered adjuvants were determined
empirically, the samples were refrigerated and analyzed for the presence of disorders, as well
as subjected to the tannin test [13].

The physico-chemical and quality indices of the grapes and raw material wines were
established by modern analysis methods recommended in the national [33] and international
official International Organization of Vine and Wine (OIV) practices [34].

The sensory analysis of the samples was carried out by a group of 12 tasters, which
provided the description of the sensorial profile. Each descriptor was scored by points
between 1 (least felt) and 10 (most felt) and then recorded in a special descriptive evaluation
sheet [35].

The content of total phenolic substances was determined by the UV-Vis
spectrophotometry method with the Folin-Ciocalteu reagent [36], gallic acid (Sigma-Aldrich)
being used as a calibration substance. Prior to determination of phenolic compounds, the red
wines were centrifuged at 8000 rpm for 15 min. The calibration curve and the regression
equation (y = 1.378x + 0.0423) were used to determine the concentrations of total phenolic
substances in the studied wines. There were no essential deviations from the calibration
curve, which is also demonstrated by the coefficient R =0.9898.

The total content of anthocyanins was determined spectrophotometrically by the
method of dilution in ethyl alcohol acidified with HCL and measuring the absorbance at
wavelength 520 nm. The method is based on the principle of balance between the colored
and colorless forms of anthocyanins present in an acidic environment. Anthocyanin content
was calculated based on the difference in optical absorbance at a wavelength of 520 nm,
which is obtained by adding two buffer solutions (pH 0.6 and 3.5) and an alcoholic solution
of HCL 0.1 % in the sample [37,38].

Chromatic features were measured spectrophotometrically using quartz cuvettes with
1 mm optical length. The UV-Vis spectrophotometer was used to measure the absorption and
transmission of light in the UV spectrum and the visibility of samples. The phenomenon of
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light radiation adsorption by its passage through adsorbent media is governed by the
fundamental Lambert-Beer law expressed as follows: the intensity of a monochromatic flux
of a certain wavelength passing through a colored solution decreases proportionally with the
concentration and the thickness of the layer of liquid [39].

The analysis of the color parameters of Rara Neagra red wines samples subjected to
treatment with protein additives of different origin was carried out by the usual
spectrophotometric method recommended by the OIV [34]. The intensity of the color results
from the summation of the absorbances of the red, yellow and blue pigments which have a
maximum absorption at the wavelengths 520 nm, 420 nm and 620 nm, respectively Eq. (1).
The color hue results from the overlap of the red color measured at 520 nm over the yellow
color measured at 420 nm Eg. (2). The color composition represents the percentage
contribution of each of the three components and is given by A4, Asyo and Aszo Eq. (3-5) from
the coloring intensity (l). The proportion of the red color, produced by free and bound
anthocyanins in the spectrum form of flavylium cations (dA) Eq. (6), was calculated using the
formula described by Glories [10]:

Ic = Agzo + Asz0 + Asz0 1)
_ Aszo
He = As20 (2)
Y =220 5 100% (3)
R = %2 X 100% 4)
B =220 % 100% (5)
— [1 — Aa20t4620
dA =1 XA ] X 100% (6)
where:
A420 - the absorbance value at 420 nm, characterizes the yellow (Y) component of
the colour;
A520 - the absorbance value at 520 nm, characterizes the red (R) component of the
colour;
A620 - the absorbance value at 620 nm, characterizes the blue (B) component of the
colour.

The statistical processing and mathematical modeling of the experimental results was
carried out to exclude the results with accidental errors and those with a high level of
uncertainty [40]. For this purpose, 3-4 parallel measurements were performed, the results
were subjected to dispersion and correlative statistical processing, which was carried out
through the MS Excel and ANOVA programs with the statistical significance threshold of p <
0.05, and the Q test was used to establish the degree of conformity of the experimental
results.

3. Results and Discussion

The experimental study carried out allowed determining the influence of fining
treatment operations on specific physicochemical indices. The results of the physicochemical
analyzes of the investigated wines obtained under micro vinification conditions and with the
addition of fining agents of different origins are presented in Table 1.
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Table 1
The variation of the physicochemical parameters of the Rara Neagra wine samples
Physicochemical parameter Control Vegecoll Clear-V ErbiGel
Concentration of alcohol, % vol. 1395+ 0.11 13.90%£0.12 13.90+0.11 13.85+0.11

Mass concentration of titratable acids, g/L 5.78+0.12 5.33%0.10  5.39%0.08 5.6£0.12
Mass concentration of volatile acids, g/L 0.64+0.08 0.61+0.08 0.66%0.11 0.62%0.06
pH 3.91+0.01 3.901+0.01 3.901+0.01 3.904%0.01

Thus, it was found that depending on the fining agent used, the physicochemical
parameters of the Rara Neagra wine also vary. The concentration of the volume alcohol,
expressed in %vol in the treated samples showed insignificant deviations from the control
sample ranging 0.05- 0.1 units. The mass concentration of titratable acids in the treated wine
samples decreases between 0.18-0.45 units. The mass concentration of volatile acids in the
control sample is 0.64 g/L, after treatment with Vegecoll this indicates a decrease of 0.03 g/L,
with ErbiGel 0.02 g/L, and in the case of treatment with Clear-V volatile acidity increased by
0.02 g/L. Regarding the pH value, the values are approximately the same with unsignificant
deviations.

The results of the wine samples organoleptic analysis demonstrated that the average
notes obtained by the wines treated in laboratory conditions vary depending on the
clarification agent used (Figure 1).
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Figure 1. The sensorial scores for the Rara Neagra wine samples.

From the above diagram it can be concluded that visually, the highest score was given
to the wine sample treated with Vegecoll (13 points), the lowest score to the untreated
control sample. Clarifying agents have proven their effectiveness by significantly improving
wine clarity. The highest score for the aromatic profile was given to the sample treated with
ErbiGel (28 points), also the highest score was given to the sample treated with ErbiGel (39
points) for the taste parameter. The lowest score for harmony descriptor was given to the
sample treated with Clear-V (9 points), the other samples accumulated equal scores - 10
points. Overall, the best score was given to the Rara Neagra wine sample treated with ErbiGel
(89 points), and the lowest score to Vegecoll (79 points).

In order to evaluate the phenolic compounds features of Rara Neagra wine, the
samples treated with vegetable and animal fining agents were subjected to UV-Vis analysis
(Figure 2).

Journal of Engineering Science September, 2024, Vol. XXXI (3)



Influence of Potato and Pea Protein Fining on the Chromatic Profile Features of Rara Neagra Wine 123

0.3
ErbiGel
0.25
Vegecoll
0.2
W
(=]
S Clear-V
= 0.15
=]
(%]
=)
<C Control
0.1
0.05
0
350 450 500 550 600 650 700

Wavelength, nm

Figura 2. UV/VIS spectra of studied Rara Neagra wine samples.

From Figure 2 it can be observed that the maximum absorption of the analyzed
samples is at the wavelength of 524 nm. The sample with the highest absorption is the
sample where was used the pea protein fining agent (Clear-V), and the sample treated with
ErbiGel (pork protein) recorded the lowest absorbance values.

The chromatic characteristics of the wines refer to the color of the wines, pointing out
the intensity and hue of the color that reproduce the "appearance” and the brilliance of the
color of the wine [39]. Based on the results obtained from the spectrophotometric analysis,
the chromatic parameters of the wines were calculated: the color intensity and the color hue.
The hue is related to the nature of the flavonic and anthocyanin pigments that give the wine
its color, age and degree of technological treatments of the wine [10].

According to Ribéreau-Gayon, a young red wine's hue value ranges from 0.5 to 0.7,
although it can rise to 1.3 as it ages [10]. In fact, the presence of anthocyanins in young wine
gives it a vivid crimson color with violaceous reflections [6]. Because of increased content of
tannins in an aged red wine, the color has an orange reflection [9].

Depending on the wine type, color intensity levels typically range from three to
eighteen [10]. The anthocyanins in red wines have a strong correlation with the visible
spectra of absorption. These anthocyanins contribute significantly to the wine's aging process
by polymerizing with tannins [6,8,9]. We determined the values that characterize red wine
color based on the absorption spectra, the obtained results were within the typical hue value
range.

From the results shown in Figure 3, where the values of the chromatic parameters in
dynamics is represented, we notice that during technological processing, both the color
intensity and the color hue decrease. Color intensity ranges between 5.08-7.20, which is a
lower content compared to other researches carried out on Rara Neagra wines [41-43].

Regarding the color hue, the values are in the range 0.6720-0.6943, being consistent
with data provided by other researches on the color intensity of Rara Neagra wines [41-43].

Analyzing the average data obtained for the coloring intensity Figure 3, it can be
observed that the reported differences between the applied treatment agents are
insignificant from a statistical point of view (decrease by 3.2% for adjuvants of vegetable
origin and 2.5% for gelatin). In case of color hue, the decrease is much significant: 34.4% for
gelatin use and 29.5% for patatin and pea protein.
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Figure 3. Variation of chromatic parameters I and Hc in dependance of fining agent.

Thus, it can be stated that fining treatment doesn’t have significant influence on the
color intensity, although an important decrease is noticed for the color hue, which mean that
fining treatments reduced the compounds that give orange reflections to wine (i.e. flavones,
tannins), giving the wine a bright red colour due to the anthocyanins. Our results confirmed
previous findings that reported color parameters in Rara Neagra dry red wines [41-43], even
though individual variations that could be attributed to the fining technique, selected dose
and nature of fining agent.

The colour parameters were calculated according to Eqg. 3-5, the results are illustrated
in Figure 4. Yellow-colored components (A40) varied between 44.09% for wines treated with
vegetal protein, 44.92% for wines treated with gelatin compared to 45.00% in control sample
(Figure 4).
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Figure 4. Intensity of yellow (A40), red (Aszo), blue (Asxo) colours, and spectrum form (dA) of
Rara Neagra wine with different fining agents.

The red-colored phenolic components (Asy) ranged between and 39.37% and 39.83%
compared to the control sample - 38.89%, which demonstrates unsignificant statistical
changes of red-coloured components (i.e. anthocyanins).

Regarding the spectrum form (dA), which describes the proportion of the red color,
produced by flavylium cations of free and bound anthocyanins, from Figure 4 we can notice
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a 10.6% decrease in case of gelatin fining treatment and 5.5% lower values for wines treated
with vegetal proteins. The spectrum form (dA) of red wines has values ranging between 40
and 60% for young wines, which implies that the higher the value, the more predominant the
red color of the wine is. Normally, in red wines, the concentration of total phenolic
compounds can be mostly up to 2.5 g/L [10]. More than 200 phenolic compounds have been
found, and they are thought to be the fundamental ingredients of wines. Flavonoids and
nonflavonoids are the two main phenolic groups found in grapes and wine [1,2].

From Figure 5 it can be observed that, through the Rara Neagra wine samples treated
with different types of fining agents, the highest amount of total polyphenolic content is in
the sample treated with pea protein Clear-V (787.37 mg GAE/L), and it decreased the most in
the sample treated with gelatin ErbiGel (642.24 mg GAE/L).

The obtained results confirm a variation in the polyphenolic content amongst tested
wines, which can be explained by the different technological treatment applied, as expected.
Comparisons with other data of wines from Moldova and Romania is difficult since only
phenolic content, antioxidant proprieties and chromatic characteristics of Rara Neagra wines
are available [41-45], but no information regarding influence of plant derived fining agents
on chromatic profile of the wines, except studies on other varieties [15-19,20,22,26].
However, the obtained concentration ranges are in agreement with the values reported in
available literature [41-46], i.e., numerous factors, including variety, harvesting method,
winemaking, meteorological and ecological factors, influence the variation in total phenol
content.

1200
—
T
w 979.7
o 1000
E

787.4
E—; 200 751.1
2z 642.2
(=
2 600
=
=
g 400
=
(=1
™
E 200
a
£
= 0
Control ErbiGel Vegecoll Clear-\

Fining agents added to wine samples
Figure 5. The polyphenolic content of Rara Neagra wine treated with different fining

agents.

Analyzing the average data obtained for the total phenolic content in Rara Neagra dry
red wine, the biggest difference is recorded in the case of the sample treated with gelatin -
34.4%. In the samples treated with adjuvants of vegetal origin, there is a lower decrease: -
23.3% in the case of patatin and -19.6% in the case of pea protein.

Gathering the color of red wines is a much more complex process compared to the
process of the white wines; not only the flavones, phenolic acids and tannins participate in
obtaining the color, but also important and diversified amounts of anthocyanins. The most
important are the anthocyanins that give the red-blue color of the wines [10,12].
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Figure 6. The anthocyanin content of Rara Neagra wine treated with different fining

agents.

Anthocyanins, the visible phenolic compounds (pigments), accumulate in grapes skin
and give the color of red wines. The Rara Neagra variety is characterized by an average
containing of phenolic compounds which can be processed in order to obtain light red wines
[44]. From the data presented in Figure 6, we can see that the most significant decrease in
anthocyanins was recorded for the version where it was treated with gelatin - by 7.7%
compared to the control, meanwhile the additives of vegetable origin showed a smaller
decrease of anthocyanins: patatin - with 3.8% and pea protein - with 5.8%.

Previous studies reported Rara Neagra wine to have lower anthocyanins content than
wines from other red varieties [41-45], nevertheless all values are within the normal range
of anthocyanins (200-500 mg CE/L).

4. Conclusions

As a result of the experimental research, it was found that dry red wines obtained from
the Rara Neagra grape variety are characterized by a relatively low content of phenolic
substances and, although the wines are young, an intensive oxidation reaction took place
with the accumulation of oxidized compounds. The treatment with protein agents of various
origin had a positive impact on the structure of the polyphenolic complex, the treated wines
being described by a more advanced content in anthocyanins and a lower content in oxidized
and condensed compounds compared to the control sample.

The wine samples physicochemical parameters didn’t show significant deviations and
the organoleptic analysis demonstrated that the average scores obtained by the treated wines
varied depending on the clarification agent used, the best score was given to the sample
treated with gelatin, while the lowest score was given to the sample treated with patatin.

Potato and pea protein extracts were more protective in reducing the total polyphenol
content of Rara Neagra wines compared to gelatin. Treatments with these two plant proteins
showed a lower decrease of total anthocyanins content and slightly decreased the color
intensity similar to other proteinaceous fining agents. Meanwhile, although it was stated that
fining treatment doesn’t have significant influence on the color intensity, an important
decrease is noticed for the color hue, which mean that fining treatments reduced the
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compounds that give orange reflections to wine (i.e. flavones, tannins), giving the wine a
bright red color due to the anthocyanins.

Overall, results showed that potato protein and pea protein could be used as effective
fining agents alternatives to animal proteins such as gelatin, and their effectiveness should
be researched in different variations depending on the chemical composition or variety of the
wines.
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Abstract. Spent grain is a component of grain that consists primarily of its shells and is a by-
product of the production of beer or ethyl alcohol. It is characterized by a diverse chemical
composition, mainly composed of proteins and dietary fibers and, to a lesser extent, lipids,
minerals, phenolic compounds, as well as B vitamins and vitamin E. In its native form, it is a
product with a high moisture content, which makes it unsuitable for long-term storage. In this
connection, several problems arise that worsen the economic and environmental situation at
the global level. This article presents effective methods of processing spent grain to prevent
negative consequences associated with its irrational use. Possibilities for the application of
used spent grain in the food industry are also presented: bakery and pasta, confectionery, the
meat and dairy industry, as well as the production of beverages. Thus, the integration of spent
grain in the food composition will lead to solving the economic and environmental difficulties
that have appeared in the last decades; it will allow the development of a functional food
market, which will lead to the improvement of the quality of the population life by
strengthening the trend of good nutrition and reducing the negative impact on the
environment.

Keywords: spent grain, waste, biological value, bioprocessing, food products.

Rezumat. Borhotul este o componenta a cerealelor, care consta in principal din coaja acestora
si este un subprodus al productiei de bere sau etanol. Se caracterizeaza printr-o compozitie
chimica diversa, alcatuita in principal din proteine si fibre alimentare si, intr-o mai mica
masura, din lipide, minerale si compusi fenolici, precum si din vitaminele grupei B si vitamina
E.Tn forma sa nativa, prezintd un produs cu un continut ridicat de umiditate, ceea ce il face
nepotrivit pentru depozitarea pe termen lung. Acest fapt ridica o serie de probleme care
agraveaza situatia economica si de mediu la nivel global. In acest articol sunt prezentate
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metode eficiente de prelucrare a borhotului pentru a preveni consecintele negative asociate
cu utilizarea Llui irationala. De asemenea, sunt prezentate posibilitati de aplicare ale
borhotului in industria alimentara: panificatie si paste fdinoase, cofetdrie, industria carnii si a
produselor lactate, precum si productia de bauturi. Astfel, integrarea borhotului in compozitia
alimentelor va conduce la rezolvarea dificultatilor economice si de mediu care au aparut in
ultimele decenii; va permite dezvoltarea unei piete de alimente functionale, ceea ce va duce
la imbunatatirea calitatii vietii populatiei prin consolidarea tendintei de bunad nutritie si
reducerea impactului negativ asupra mediului.

Cuvinte cheie: borhot, deseuri, valoare biologicd, bioprocesare, produse alimentare.

1. Introduction

Every year the world population increases, which, in turn, directly affects all spheres of
human life, in particular, nutrition, both individual and whole social groups, as well as
countries and continents. According to the World Bank, in the period from 2000 to 2022, the
population growth varies from year to year in the range from 0.8 to 1.4% worldwide [1]. On
this basis, not only the need for food but also the quantity of production at the industrial level
is increasing. Along with the augmentation in population and annual volumes of produced
and consumed products, there is also an increase in food waste, which has recently been
considered a global environmental and economic problem that has affected the whole world
and every part of it.

It is generally accepted that annually about 1/3 (30%) of the manufactured food
products do not find their direct use, i.e.,are lost, which is approximately more than one billion
tonnes of products annually [2]. Also, if we consider the annual food waste per capita, in
industrialized countries this figure is 95-115 kg/year, while in African and South Asian
countries food waste per person is much lower (more than 10 times) and ranges from 6-11
kg/year [3]. In developing countries, the causes of food losses and waste are financial,
technical, production, and organizational constraints, which are caused by the weak
economies of the countries. At the same time, the listed constraints contribute to the
aggravation of the current economic situation. In countries with developed economies and
food industries, the cause of food waste is the human factor, i.e. consumers who buy excessive
quantities of products daily, which are then thrown away, but this also affects the economic
component of the countries.

In addition to the economic problem, it should be noted that unused food has a
detrimental effect on the global ecological system. This entails a number of changes: climate
restructuring, deterioration of air quality, water quality, and other vital components. These
changes lead to a lower quality of life in general.

In addition, it should be noted that food loss and waste generation can occur at
different stages of the production chain, which is based on the “farm to fork” strategy:

¢ In the fields, farms, and other components of agriculture.

e During the processing of raw materials into finished products.

e At the point of Retailing directly to the consumer or wholesale to intermediary
organizations.

e At the point of storage and domestic use by consumers.

According to the Food and Agriculture Organization of the United Nations, the
percentage of food waste at the mentioned sites in Europe is 23% for the agricultural sector,
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17% is due to waste resulting from the processing of raw materials, 9% is due to losses at the
point of sale and the highest percentage is due to consumer losses (52%) [4].

In this way, there is a need to find solutions to minimize all kinds of losses in the
industrial process of food products, which is rapidly developing every year within the food
industry. This is reflected in various developments related to zero-waste production, which
implies the use of by-products of food processing, such as fruit and vegetable pomace, press
cake and grist, spent grain, and other things that can be reused in food production.

The above is one side of the current situation in the food industry and the food market.
The other side is represented by the increasing demand for healthy and improved products.
This can be explained both by the above-mentioned problems and personal preferences, most
of which are aimed at taking care of one's health through proper and, importantly, safe
nutrition. It follows that a manufacturer interested in selling its goods will look for ways and
methods that will allow it to produce appropriate food products without incurring material
losses. One such solution may be the use of edible by-products in the technology of certain
products, which will reduce production costs and, in some cases, increase the nutritional value
of the product. As this trend grows, there is a high probability that over time the amount of
food waste will be significantly lower. This fact will have a direct favorable impact on the
ecological state of our planet and the health of the population, as well as on the economic
performance of countries.

Referring to the points mentioned above, the main objective of this work was to choose
a bibliographic analysis of waste-free technologies, namely the possibility of using spent grain
in food products, which can contribute to the reduction of production waste and increase the
biological value of the food into which it will be integrated.

2. Definition and classification

Spent grain is a by-product of beer, ethanol, and other alcoholic beverages such as
whisky production [5,6]. Spent grain is the components of grain consisting mainly of its shells
which are not soluble [7]. To date, it is brewer’s spent grain that has gained the most
popularity, as evidenced by a significant number of scientific papers [5-7]. This type of waste
is formed after malt mashing, i.e. at the stage of mixing milled malt with drinking water and
soaking at certain temperatures, with further filtration. Therefore, the water-insoluble fraction
is the brewer’s spent grain, and the liquid part is wort, which is directed to further
technological operations for beer production [7].

The spent grain produced at the initial stages of beer production accounts for 85% of
the total amount of secondary products that are generated during all the technological stages
of production of this beverage, which indicates a high level of losses and the corresponding
economic and environmental problems associated with its utilization [7]. Other sources
mention that when producing beer in quantities equal to 1000 t, the numerical value of solid
waste generated varies from 137 to 173 t. However, solid brewing waste includes not only
brewer’s spent grain but also a certain amount of yeast, which at the end of its life activity
has precipitated [8]. In any case, unused components account for approximately one-sixth of
the product produced, reflecting significant technological losses that directly affect the
economy of the enterprise, reducing its efficiency.

Thus, for example, in the period from 2020 to 2022, the production of beer from malt
in the Republic of Moldova averaged 8372 thousand dal, distributed by year as follows: 2022-
8418.3 thousand dal, 2021- 8790.8 thousand dal and 2020- 7901.1 thousand dal [9]. Based
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on the above information, it can be assumed that the amount of solid waste averaged 14511.5
t for the mentioned years. The numerical values of solid waste and beer from 2020 to 2022
are displayed in Figure 2.

2022 =

2021 =

Year

2020 =m

100 200 300 400 500 600 700 800 90,0 100,0

Total production, thousand tons

B Solid waste OBeer
Figure 1. Production of beer and solid waste, thousand tons (2020-2022) [8,9].

The spent grain can also be obtained in whisky production at the end of the malt
mashing step. Due to the expansion of the range and variety of raw materials used (different
types of cereal crops and their mixtures) for beer making, the number of types of spent grain
obtained is also increasing. Thus, it can be obtained from barley and rye, oats, maize, wheat,
and rice [6].

In the case of the alcohol industry, the appropriately named spent grain is a secondary
raw material or a waste product resulting from ethanol production. The production of
alcoholic spent grain is similar to the above type. It is formed during the filtration of mash,
which is a mixture of the initial grain raw materials with water, which has undergone the
stages of cooking and saccharification. The spent grain obtained during alcohol production
has a dense, homogeneous consistency with specific organoleptic indicators such as taste and
smell, as well as color from dark yellow to brown. The percentage of spent grain obtained
during ethanol production is also quite high. It varies from 60 to 65% of the original grain
weight, which in physical units can be represented as 18-19.5 kg/day of alcohol produced [10].

3. Chemical composition

Referring to the above-mentioned, spent grain has interested researchers from
different parts of the world, because, being a by-product of brewing and ethyl alcohol
production, they are not used further in production, but represent production waste and have
some negative consequences: a decrease in the output of finished products and, accordingly,
the profit of producers and, no less importantly, affect the environmental situation of both
individual countries and the world. It is stated that 70% is distributed for animal feed as an
alternative to zero-waste production, 10% is processed into biogas and the remaining 20% is
disposed of in landfills [11]. In addition, it was found that spent grain has a rich chemical
composition, which provoked even more interest in this secondary product. The chemical
composition of spent grain can vary depending on the quality and type of grain raw material
used, the time of harvest, and the malting and mashing conditions. Nevertheless, spent grain
contains a high amount of macro- and micronutrients such as proteins and, respectively,
substitutable and essential amino acids in their composition, fats and fatty acids, polyphenolic
compounds, vitamins and minerals, and at the same time dietary fiber [12]. For this reason,
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new research work is increasingly being observed in the food and agricultural industries,
medicine, and other fields to determine the potential of recycling this type of waste with
maximum benefits for people and the environment.

Due to the structure of the raw material used in beer production and alcohol
production, namely malt, the chemical composition of the resulting spent grain is due to its
high biological value and it is common to consider this by-product as a lignocellulosic
material. This is since the spent grain is predominantly the outer component of the grain (the
shell), from which follows an increased content of dietary fibers such as cellulose (a
polysaccharide of a linear structure consisting of glucose residues), hemicellulose and lignin
(@ phenolic polymer), which are insoluble dietary fibers. Their quantity can reach up to 50% of
the total weight of the spent grain. Regarding hemicellulose, it should be mentioned that in
spent grain it is contained in the form of arabinoxylans, non-starch biopolymers, which are
present in all parts of cereals and consist of arabinose and xylose. In brewer’s spent grain, the
arabinoxylan content can reach up to 40 percent of the total dry matter. In addition, the spent
grain has a high monosaccharide content in terms of dry matter, in particular glucose, xylose,
and arabinose. In addition to fiber, spent grains are also rich in proteins, the content of which
varies from 15 to 25%, and to a lesser extent in fats and residual endosperm starch [13,14].
The proteins of spent grain include about 30% of essential amino acids, which cannot be
synthesized by the animal organism, but play an important role in the life support of these
organisms, including the human organism. The most common essential amino acid included
in the composition of spent grain is lysine. In addition to lysine, essential amino acids in spent
grain include leucine and isoleucine, methionine, tryptophan, phenylalanine, and threonine,
while non-essential amino acids include cysteine, glycine, proline, tyrosine, serine and others
[7]. The most common Llipids found in the composition of spent grain are triglycerides and
their content varies from 55 to 67% (in the case of brewer’s spent grain), the content of free
fatty acids is inferior to triglycerides and is 18-30% (typical for brewer’s spent grain). Free
fatty acids include linoleic acid, which is an essential fatty acid (w-6), as well as oleic acid (w
-9), stearic acid, and palmitic acid. In addition, lipid composition acts as a source of volatile
compounds, including acetic acid, butyric and propionic acids [15]. Moreover, compounds of
phenolic origin can be found in the composition of spent grain, which is most represented in
the form of ferulic and p-Coumaric acids [16].

Other elements included in spent grain include vitamins and minerals-microelements
required by the human body in milligrams and micrograms to support its vital functions. The
minerals include silicon, calcium, cobalt, copper, iron, magnesium, phosphorus, potassium,
selenium, sodium, sulfur, and manganese. The vitamin composition is mainly represented by
water-soluble B vitamins (for example, biotin, pantothenic and folic acids, thiamin, riboflavin,
and others) and fat-soluble tocopherols (vitamin E) [14].

4. Biological value

Having considered the chemical composition of spent grain and its peculiarities, it is
possible to assert the high biological importance of this by-product, which should not be
ignored, but on the contrary to consider in more detail and determine the possible favorable
effects on the health and life activity of the population. With its high fiber and protein content,
as well as the presence of essential amino acids and fatty acids, vitamins, minerals, and
phenolic components, spent grain can be analyzed as a potential ingredient in food products.
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Hence a need to investigate the health benefits to the human body of both spent grain as a
whole and its constituent components [11-14].

4.1 Dietary fiber

Dietary fiber is a class of substances in which polysaccharides, specifically
carbohydrates with three or more monomers, occupy the major part. However, the exception
is lignin, which refers to phenolic compounds. A distinctive feature of this class is that they
are resistant to the influence of endogenous enzymes of the digestive tract, as a consequence
of which they are not broken down and assimilated by the small intestine, but still fulfill their
role affecting the organism [17].

The composition of spent grain consists largely of insoluble dietary fiber, which
includes cellulose, hemicellulose, and lignin, and to a lesser extent, soluble fiber. A major part
of soluble fiber is identified as 8-glucans, which range from 4.7 to 13.4% of all carbohydrates
in barley brewer’s spent grain [15].

Research has been conducted for many years related to dietary fibers and their effects
on the human body. They have the potential to reduce low-density cholesterol [18], to
minimize the risk associated with diseases such as coronary heart disease, diabetes mellitus,
and obesity, and also dietary fiber can improve intestinal peristalsis, which has a beneficial
effect on the entire gastrointestinal tract [19, 20]. Regarding the differentiation of fiber into
soluble and insoluble fiber, some differences have also been found in their effects on the
body: soluble dietary fiber has immunomodulatory and anti-inflammatory effects, while
insoluble fiber stimulates the intestine, being the main source of energy for its microbiota
[21-23].

4.2 Proteins and amino acids

Proteins are biopolymers whose monomers are amino acids linked by peptide bonds.
These substances play an integral part in the formation and repair of cells and tissues and are
part of salts that are involved in maintaining osmotic balance. Also, amino acids form various
complex protein molecules (glycoproteins, nucleoproteins, lipoproteins), hormones, enzymes,
antibodies, and other protective components of the immune system, which allow our body to
function normally [24].

Traditionally, the biological value of protein is determined based on its amino acid
composition (qualitative and quantitative, as well as the ratio of essential to substituted
amino acids), while taking into account individual human needs and the degree of digestibility
and bioavailability of this type of protein by the body [25]. Despite the lack of precise data
concerning the quality of spent grain proteins, we should not neglect the fact that in its
composition the percentage of protein can reach 30%, which is not inferior to some types of
food products of animal origin. It should also be added that brewer’s spent grain from barley
contains 7 essential amino acids (lysine and leucine have the highest proportion) and 11 non-
essential amino acids in varying amounts, of which histidine and glutamic acid are
predominant [7].

In turn, in addition to the fact that amino acids are part of proteins and fulfill a building
function in the human body, the deficiency of each of them leads to a number of negative
consequences that can be avoided with proper nutrition, which includes not only the
necessary qualitative composition of amino acids but also a sufficient amount of them. For
example, lysine has an antiviral effect, is able to reduce the level of triglycerides, and ensures
the growth of bone tissue. Its deficiency contributes to a decrease in the number of red blood
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cells and hemoglobin, provokes a lack of calcification of bones, and degenerative changes in
muscles, liver, and lungs can be observed. Considering the fact that it is found in relatively
small amounts in cereals and the daily requirement is high, its elevated content in brewer’s
spent grain may be one of the solutions to this problem [26].

4.3 Lipids and fatty acids

Lipids are organic high molecular-weight substances consisting of fatty acids and
glycerol esters. One of the main functions of these nutrients is to saturate the body with
energy, as well as the ability to reserve it. Other functions include plastic (they are part of cell
membranes), thermal insulation, and regulatory functions (fats are precursors of steroid
hormones), in addition to being carriers of fat-soluble vitamins [24].

The biological value of fats, as well as proteins, is directly related to their constituent
parts, i.e. it is determined by the presence of essential fatty acids, both quantitatively and
qualitatively, as well as their bioavailability [24].

Based on the lipid composition of spent grain, in which triglycerides and a smaller
amount of free fatty acids predominate, it can be concluded that this product has a fairly high
energy value directly due to neutral fats (triglycerides) and nutritional value due to free
essential fatty acids (w-6), as well as monounsaturated fatty acids [15,24]. Several studies
have shown that consumption of foods containing linoleic acid leads to a reduction in low-
density lipoprotein levels, consequently minimizing the risks of cardiovascular disease
[15,24,27]. In addition, linoleic acid can reduce the level of triglycerides in the blood
consumed with food and restrain the occurrence of cardiac arrhythmias [27]. In addition to
the above, w-6 fatty acids preserve the integrity of cell membranes, intensify the synthesis of
hormone-Llike substances, reduce psycho-emotional stress, and strengthen the functional
state of the dermis [28].

Despite the fact that oleic acid, which is a part of spent grain is not an essential fatty
acid, it, as a monounsaturated acid, has a number of positive effects on the body: it has a
preventive effect against heart attacks, regulates blood cholesterol and carbohydrate
metabolism, improves memory, and has anti-inflammatory effects [28].

4.4 Phenolic compounds

Phenolic substances are the most widespread group of natural biologically active
substances, the number of which exceeds 8000 compounds. They also belong to the main
classes of secondary metabolites of plants [29]. From the chemical point of view, phenolic
compounds are substances consisting of a benzene (aromatic) ring and one or more hydroxyl
groups (-OH), in particular their derivatives [30]. This class of compounds is widely known for
its biological properties, which include: antioxidant, anti-inflammatory, and antimicrobial
abilities, can act as cardiovascular and neuroprotective agents, and helps to reduce the risk of
cancer and diabetes [29].

Ferulic and p-coumaric acids have been identified as the main phenolic compounds in
the composition of spent grain, which belong to the hydroxycinnamic acid group, formed from
cinnamic acid, and, most often in a bound state [16,31]. Hydroxycinnamic acids have a simple
chemical structure with a C6-C3 phenylpropanoid at the base and the carboxyl group located
in the side chain [29].

In turn, hydroxycinnamic acids, as phenolic compounds, have all the above
physiological properties and contribute to the quality of life. For example, these acids play
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an important role in the prevention of coronary heart disease due to their ability to inhibit
oxidative changes in low-density lipoproteins and total cholesterol [32].

So, the presence of hydroxycinnamic acids in the composition of spent grain also
suggests an increased biological value of this industrial waste, which raises even more
interest for further research on its integration into food products.

4.5 Vitamins and minerals

Micronutrients, which include vitamins and minerals, are essential substances for
maintaining the normal functioning of all body systems, i.e. they are biologically important
elements for humans [33]. Although a small number of micronutrients is sufficient to maintain
the vital activity of the organism relative to the needs for proteins, fats, or carbohydrates, their
deficiency can lead to serious disorders, some of which cannot be determined at the initial
stages. For example, vitamin E deficiency can provoke the development of Bassen-Kornzweig
syndrome (a disorder in which fats and fat-soluble vitamins from food cannot be absorbed),
leading to ataxia and systemic pathology-mucoviscidosis. Alternatively, potassium deficiency
is one of the causes of cardiac dysfunction [33].

Based on all of the above, it is appropriate to conclude that in terms of its functional
features, spent grain is of great importance for the health and normal functioning of the
human body, which is explained by the main components included in its composition.
However, since this type of by-product is not recommended for human consumption in its
native state, it is possible to ensure its maximum nutritional value through the production of
certain food products - foods enriched with spent grain. In this case, the biological value will
not only not be lost or reduced, but, on the contrary, may even be increased.

5. Spoilage and preservation methods

Despite the above-mentioned advantages of the composition of spent grain as a
potential ingredient in the food industry and concerning the human body, the peculiarities of
the chemical composition also generate several difficulties that can induce serious problems.
In such cases, not only the quality of the waste but also its quantity plays a role. Thus, based
on the previous information, malt processing generates a significant amount of spent grain as
waste: per 100 kg of malt, approximately 100-130 kg of spent grain with a high water content
(70-80%) are generated. Due to high moisture content during storage, the spent grains sour
and lose their nutritional value [34]. In addition to high moisture content, spent grains are
rich in polysaccharides and proteins, which makes them more vulnerable to microorganisms
and becomes an attractive growth medium for them. In one study, spent grain was stored for
thirty days at room temperature, and eight isolates of some fungal genera, including
Aspergillus, Fusarium, Penicillium, Rhizopus, and Mucor, were found [7]. This fact hurts the safety
and stability of the spent grain, as high concentrations of these fungi contribute to the
accumulation of mycotoxins with strong toxicity. Also, despite its microbiological stability
after production, the spent grain is subject to rapid multiplication of microaerophilic and
anaerobic microorganisms, which reduces both the stability and safety of the waste. In
addition to the reduced shelf life in native form, the transport of wet spent grain is also
difficult and materially expensive [7]. Accordingly, when considering spent grain as a
component of food products, their stabilization and optimization of storage conditions are
necessary.

One of the directions of spent grain stabilization is the reduction of moisture content,
which can be achieved by drying. In some countries, beer-producing companies use special
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installations that allow to reduce the moisture level in the spent grain and this is done in two
stages. In the first stage, the moisture level is reduced to 65% and below by pressing, while
the second stage reduces the moisture content to below 10% [13]. The mechanical dewatering
of the spent grain in the first stage can be done in two ways: using a press-screw separator
or a hydrocyclone thickener [34].

As a second step, that is drying, several methods have been proposed: freeze-drying,
drying oven, and superheated steam drying [7]. The analysis of the chemical composition of
the spent grain after lyophilization application did not reveal significant changes, which may
indicate that the nutritional value of the secondary product is preserved. However, freeze-
drying of the spent grain was not economically efficient. The drying oven also showed no
changes in the chemical composition of the spent grain and is considered to be a fairly
acceptable method of drying them, despite its energy intensity. It should be noted that the
temperature in the chamber oven should not exceed 60 °C, as higher temperatures can lead
to an unpleasant taste and a strong color change (darkening). There is also a risk of increasing
the temperature of the grain as it approaches the exit of the drying chamber, which may
contribute to the burning of the dried sample [7].

As an alternative method of drying, superheated steam has started to be used. By its
specificity, it is more economical and effective, because this method uses less energy due to
the circulation of steam in a closed circuit than in a drying oven, but the degree of extraction
of organic compounds increases. In addition, the use of superheated steam reduces carbon
emissions into the environment and minimizes the risk of explosion [13]. When using this
method, attention should be paid to the rate at which the steam passes through the material
and the temperature inside the unit, as excessively high temperatures (around 180 °C) have
been shown to affect starch gelatinization [7, 13].

Other methods to extend the shelf life of spent grain include the following: cold
preservation and preservation with food acids [7,13]. Freezing or cold preservation was found
to be impractical because freezing requires large production areas and significant energy
costs to maintain a certain sub-zero temperature. Also, changes in the quantitative content of
arabinose have been found during freezing [7,13,14].

Solutions of lactic, acetic, formic, and benzoic acids were used for the preservation of

spent grain with food acids. Increased efficiency of benzoic and methanoic acids application
is highlighted.
Despite the positive results in increasing shelf life, the application of this technology may
affect the demand for the product in which the acid-treated spent grain will be used. This is
because there is currently a trend towards the consumption of products based on natural
ingredients, with so-called “clean labeling” [7].

Summarizing the above, we can conclude that the most attractive method of extending
the shelf life of spent grain is drying, which allows us to obtain a fairly stable product with
minimal changes in composition and with acceptable energy costs. However, given that the
drying process has several variations, it is necessary to choose the most appropriate method
for a particular case in order to achieve the highest results from the process.

6. Nutrient extraction

Based on the chemical composition analysis and the conclusions drawn earlier, it is
necessary to consider ways of extracting those nutrients contained in the spent grain for their
further use for various purposes, such as food fortification the creation of bioactive
supplements, and so on. This will not only diversify the market but also allow to use of food
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industry waste, which will have a favorable impact on the environmental situation in the
countries and will have a positive impact on the economic component of individual industries
that generate this type of waste [34,35].

6.1 Protein extraction

One of the peculiarities of spent grain at the time of its obtaining is its high moisture
content (70-80%), which makes it necessary to perform an additional operation. This
treatment includes the drying process and allows for prolonging the stability of the product,
reduces its volume, and facilitate the processing of the material for the extraction of protein
substances [34,35]. After the initial processing of the component used, a number of methods
are applied to allow the extraction of protein products, of which alkaline extraction is the
most widely used. In addition to drying, prior to the extraction process, the spent grain may
be subjected to various pre-treatments to facilitate the release of protein from the spent grain
structure. These can include degreasing, particle size reduction by grinding, enzymatic
hydrolysis, and ultrasound. In addition, enzymatic hydrolysis and ultrasound can be applied
as independent extraction methods [35].

Alkaline extraction is a sufficiently studied method for protein extraction not only from
spent grain but also from other agricultural products. The essence of the method is that the
alkaline medium provides solubilization of protein, thus changing its configuration, charge,
and,accordingly, interaction with other substances [35]. One of the most used alkalis is sodium
hydroxide in the obtaining of protein components. The main parameters of this method that
determine its efficiency are the type and concentration of the alkali used, the extraction
temperature, the ratio of solid and liquid phases, as well as the values of the isoelectric point
at which protein precipitation occurs. By modifying the above conditions of the method, a
rather wide range of protein extraction yields (18-82%) was obtained, and the values of its
purity varied from 37 to 69% [35].

Since the composition of spent grain, in addition to large amounts of protein, also
contains significant concentrations of hemicellulose, the method of extraction with the help
of acids and reducing agents, such as sulfuric acid and sodium bisulfite, is used. This increases
the solubility of proteins and facilitates their release by hydrolysis of the said polysaccharide
and breaking disulfide bonds in proteins [38]. In addition to acids, this extraction method
involves autoclaving the material at temperatures ranging from 121 to 130 °C and lasting 30-
60 min, resulting in an accelerated process of decomposition of cell wall components. When
acid extraction was used, the yield of protein substances was 63-90%, which is superior to the
previous method, but the protein purity was reduced and was 24-39% [35].

Another method of protein extraction from the composition of spent grain is solvent
extraction. Among the tested methods, the following two methods were considered
specifically for spent grain: deep eutectic solvents (DES) and extraction in the presence of
pressurized solvents. Deep eutectic solvents simplify the process of protein extraction due to
the possibility of fractionating and dissolving lignin and starch, which are part of the material
used [37]. When deep eutectic solvents are used, the heating parameters include a
temperature of 80 °Cfor 4 h (lLow temperatures and long-time intervals), while if solvents are
used in combination with pressure, the heating is carried out at higher temperatures (150 °C)
and the duration is shortened accordingly. The proteins are then separated into a liquid
fraction. The disadvantage of these methods may be the violation of functional characteristics
of proteins due to the impact of high temperatures, as well as the need to analyze the
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maximum permissible concentrations of each type of solvent and additional studies of their
toxicity and impact on the human body. At the same time, the degree of protein extraction by
these methods varies from 69-79% depending on the solvents used [35].

Hydrothermal and subcritical methods, which use water as a solvent, can be considered
environmentally friendly and chemical-free methods of protein extraction from spent grain.
In the case of hydrothermal extraction, high or low temperatures are applied at short and
long-time intervals, respectively, to facilitate protein extraction. Subcritical extraction uses
water brought to a temperature above 100 °C and not converted to vapor by a special
pressurized system. According to the results of the analyses carried out, the protein yields
were similar and, in some cases, higher than those of acid and alkaline extractions. For
example, using hydrothermal protein release, 66% of the protein compounds were extracted
and the protein purity was 53%. The treatment was carried out for 24 h at 60 °C [35, 38].
Subcritical extraction conditions allowed the colloidal dissolution of about 78% of proteins
from the spent grain. These conditions implied a temperature regime of 180-185 °C
maintained for 150 min [39].

Enzymatic extraction is designed to solubilize protein by breaking down carbohydrates
and proteins in their matrix, resulting in partially degraded protein in the process of hydrolysis
(protein hydrolysate). Carbohydrase and protease enzymes are used to perform the above
actions.The yield of extracts in this method is quite wide and ranges from 31-86%, and protein
purity is mostly equated to 40% [35].

It was also found that the use of ultrasound treatment had a positive effect on the
amount of protein released. In one study, the yield increased from 46 to 86% after ultrasound
treatment with a power of 250 W and a duration of 20 min at the time of alkaline extraction
[40]. The use of microwave radiation during alkaline extraction also helps to increase the
extraction rate of protein compounds. In addition, the use of microwaves during hydrothermal
extraction provided an extract yield of about 90%. These values were achieved as a result of
a ten-minute exposure at 110 °C and a maximum microwave power of 1800 W [35, 41].

6.2 Extraction of carbohydrates

As for the extraction of proteins, so for the extraction of polysaccharides from spent
grain, chemical and enzymatic extraction methods with or without primary treatment are
mainly used, less often combined, as the full range of their action is not yet fully understood
[7,42].To date, when choosing a method of extraction of components that will later become
part of the technological chain for the production of food items, preference is given to
enzymatic methods. This is due to a number of factors related to the safety of the extract
obtained.Firstly, the use of enzymes allows for closer monitoring of the process and the nature
of the components released. Secondly, it will allow for greater preservation of nutritional value
and environmental friendliness, which will present food products containing extracts
obtained by this method in a more favorable light to consumers. Thirdly, the enzymatic
extraction process does not generate potentially toxic by-products, which also makes it more
stable and environmentally friendly [43].

However, difficulty arises during extraction due to the complexity of the structure of
the polymers comprising the spent grain, hence a complex of enzymes must be used to fully
hydrolyze them. For example, the final degradation of hemicelluloses will require the use of
several different enzymes, which are of the following types: xylanase, 8-xylosidase, feruloyl
esterase, acetyl esterase, glucuronidase, glucuronoyl esterase and a-L-arabinofuranosidase [7].
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In addition to studies on the extraction processes of components from spent grain,
various methods are also being investigated to facilitate the extraction of these components.
These include the use of microwave radiation or ultrasound, as well as extrusion processing
[7]- Thus, one of the works considered the effect of physical and thermal primary treatments,
relying on the improvement of extraction yield and efficiency. These treatments were
represented by grinding and exposure to microwaves. Microwave treatment combined with
acids and alkalis proved to be the most effective method. In this type of treatment at a
temperature of 160 °Cfor 10 min and in the presence of sodium hydroxide, the polysaccharide
yield was 49%, while the physical treatment by grinding did not significantly change the
monosaccharide yield [44].

Ultrasound can also be used as a stand-alone method, which is used for the isolation
of arabinoxylans. When comparing this method with alkaline extraction, it was observed that
the use of ultrasound waves helps to shorten the process time and is consequently a less
energy-intensive method [7].

6.3 Extraction of phenolic compounds

Phenolic compounds, being natural biologically active substances, are components
that can significantly increase the functional value of products, which is currently one of the
directions in the creation of innovative food items. Therefore, there is a need to search for
new methods of their production and growing interest in the study of alternative sources of
phenols and their derivatives. One of the solutions may be the extraction of phenolic
compounds from spent grain, which is carried out by various methods, each of which has a
number of its features. Modern developments are based on the use of advanced extraction
methods: microwave radiation, hydrolysis in the presence of acids, saponification with sodium
hydroxide, as well as liquid and solid-liquid extraction. Most often the isolation of phenolic
acids from the composition of spent grain resorts to solid-liquid extraction, which is due to
the convenience of its implementation, a significant degree of efficiency, and a wide range of
applications [13]. The methods of obtaining phenolic compounds from spent grain by solid-
liquid extraction include extraction in a hot water bath using different solvents: methanol,
acetone, ethanol, hexane, ethyl acetate, and direct water separately, as well as a mixture of
methanol, ethanol, and acetone with water. From all the experiments carried out, the highest
yield of phenols was found in the extract obtained using 60% acetone as solvent. At the same
time, all the extracts obtained irrespective of the solvents used showed antioxidant activity
to different degrees, which can be considered as a positive aspect of the method. Another
method of solid-liquid extraction of phenolic components, as well as other constituents of
spent grain, is enzymatic hydrolysis. As mentioned above, this method can preserve the
bioactive capacity of the extracted components and at the same time will be more
environmentally friendly compared to chemically extracted substances [13,45].

The next extraction method can be identified as high-intensity ultrasound, which
improves the release of complex chemicals found in plants, particularly phenols, through
cavitation [46]. This method uses high sound power at low frequencies, which favors
compression and decompression of the liquid medium, from which follows the destruction of
the cell wall, which in turn increases mass transfer [47]. Also, microwave technology can
contribute to the efficiency of extraction of polyphenols from spent grain by heating the
internal water molecules. The superheating of the molecules leads to the destruction of the
cell wall of the sample, which helps to facilitate the release of the associated compounds [48].
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Other methods by which phenolic compounds can be extracted from spent grain
include high-pressure methods. In combination with pressure, different solvents are used,
which differ in their physicochemical characteristics such as viscosity, density and dielectric
constant.Also, by modifying the pressure and temperature parameters, it is possible to achieve
different polarity of the solvent and, consequently, influence its ability to solvate ions or
molecules of the soluble components [49]. The ohmic heating technology can also be
considered as a method for extraction of phenolic compounds from spent grain. The method
is based on the supply of electricity through the extraction medium, which is dispersed as
heat due to the electrical resistance of its components, which promotes electroporation and
electrical destruction of cell structures. This in turn promotes better mass transfer between
sample and solvent [47].

In this way, among the current technologies for extraction of phenolic components,
ultrasound and high-pressure fluid extraction are popular methods. However, methods such
as microwave radiation extraction, ohmic heating and pulsed electric field are less well
studied, hence there is an additional need to analyze them for further insights and data to
draw appropriate conclusions on their feasibility and effectiveness for extraction of phenolic
compounds [47].

6.4 Lipid extraction

As mentioned above, spent grain has various chemical compositions, which also
include free fatty acids in sufficient quantities [15]. In addition, fatty acids can be essential,
i.e. substances necessary for the human body, which it cannot synthesize on its own, but must
be obtained from food. This fact is important for the food industry, as the extraction of free
essential fatty acids inherent in spent grain can be a good solution for food fortification and
additional utilization of by-products.

In its essence, the extraction of lipid compounds is a method aimed at breaking ester
bonds with other material components, such as proteins or phenolic substances. Consequently,
it is predominantly a method to be performed in an integrated manner, i.e. to affect not only
lipid fractions but also related substances [42]. At the same time, despite the complexity of
the spent grain fraction matrix, one work attempted to extract fats by simple extraction. For
this purpose, an alcohol solution with a volume fraction of 20 vol.% was used and the
extraction was carried out for 24 h at room temperature. As a result, the authors were able to
extract 5 fatty acids, of which 2 were essential fatty acids. These fatty acids included: palmitic,
stearic, oleic, linoleic, and linolenic acids [50].

Extraction in the presence of a mixture consisting of chloroform and methanol in a
ratio 2:1 was also applied. The spent grain was previously ground into fine particles of small
size,and after the addition of the mixture, extraction was carried out for 30 s under conditions
of high-speed homogenizer. According to the results of the experiment, the composition of
fatty acids that were able to be released into the extract was presented in the following
proportions: polyunsaturated fatty acids made up the majority of the extract (50-55%),
followed by saturated acids in the amount of 25-30% and a smaller proportion was occupied
by monounsaturated fatty acids (15-20%). The qualitative composition was represented by
linoleic (50%), palmitic (25%), oleic (15%), linolenic (5%) and stearic (<5%) acids and traces of
docosahexaenoic, eicosapentaenoic and arachidonic acids (w-3 and w-6) were also found
[42,51].
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An enzymatic method of lipid extraction from spent grain was also tested, in which the
spent grain sample was fermented with Bacillus subtilis culture for two days at 37 °C. The data
collected were analyzed in comparison with the extract obtained from unfermented spent
grain, after which the authors found that the amount of palmitic and linolenic acids extracted
was independent of the treatment under the influence of biological catalysts (in this case,
microorganisms), while oleic and stearic acids were dependent (the yield of oleic fatty acid
increased after biocatalytic treatment, while that of stearic acid decreased) [42,52].

Referring to the above-mentioned, it can be concluded that spent grain is a good
material for efficient extraction of its macronutrients as well as phenolic compounds, which
forms an additional area of application of this by-product. Expanding the scope of use will
reduce the amount of utilized waste and consequently reduce the negative impact on the
environment.

7. Disposal methods and other applications

Given the volumes of spent grain produced in the beer or ethanol production process,
there is increasing talk about the need to dispose of them without landfilling in huge
quantities or to recycle them to minimize environmental pollution [53]. As discussed above,
one alternative would be to use the spent grain as a material for extracting useful substances,
but either way, some of the waste is left behind and eventually disposed of in landfills. Thus,
today the most frequently used methods of utilization of spent grain are: disposal in landfills,
use in its initial state in animal husbandry, production of various feed mixtures with high
protein content using starter, preservation for extending shelf life by silage, drying or
mechanical dehydration, as well as the use of spent grain as organic fertilizer and soil
ameliorant [53].

For example, raw brewer’s spent grain without additional treatment has been used for
feeding both domestic animals and poultry for quite a long time, but as a rule, their purpose
is narrowed down to feeding ruminants. However, as a result of special treatment, brewer’s
spent grain can become an excellent feed additive for other mammals and birds. Today there
is a demand for a feed additive called “Probiocel”, which is used as an additional source of
nutrients for fattening piglets, broilers, and laying hens. This additive is produced by
homogenizing brewer’s spent grain with bran, digesting the resulting mixture with especially
isolated Bacillus subtilis bacteria, which in turn partially process dietary fiber into digestible
carbohydrates. Selenium is then added and after fermentation, the resulting mixture is dried
to extend the shelf life of this supplement. In this form, it can be stored for a year. It also has
a positive effect on the animal, both on its health and physiological features [54]. Despite the
positive aspects, in some countries the feeding of spent grain to animals is being minimized
due to some restrictions, for example, a reduction in the number of farms and people involved
in animal husbandry, and stricter legislation that requires spent grain producers to have a
certificate of quality and appropriate documentation that allows them to distribute spent
grain as an alternative livestock nutritional supplement [16].

Another method of spent grain utilization is disposal to landfills or special polygons
(about 20% of the amount of spent grain produced). However, this method is one of the least
preferable,as it is associated with numerous environmental problems: air and water pollution,
unpleasant odors, and associated health hazards [11,16]. It has been noted that the disposal
of one tonne of brewer’s spent grain releases an equivalent of 513 kg of CO, into the
atmosphere [55]. Such indicators are disappointing and even dangerous for the ecology of the
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world and, therefore, require measures to eliminate this problem, which is caused by the
amount of waste produced, its increased moisture and reduced shelf life, and costly
conservation. Thus, it is necessary to consider the concept of bioprocessing of brewing and
distillery by-products (spent grain) to ensure environmental and economic prosperity [16].

As an example of bioprocessing of spent grain, its application as a solid biofuel for
energy generation can be considered, but for this purpose, the spent grain needs to be dried
beforehand [16]. Also, in one study, bio-oil, hydrogen, and ethane were produced by pyrolysis
of spent grain [56]. Another study reported the use of spent grain to produce bio-oil and bio-
coal by hydrothermal liquefaction [57]. In addition, the spent grain can be modified by
biological processes (e.g., anaerobic digestion or fermentation) into biogas and bioethanol
appropriately [58, 59].

Also due to its high content of polysaccharides, proteins, vitamins, and minerals, spent
grain can be an optimal medium for the cultivation of various microorganisms such as fungi
and bacteria [16]. Experiments have been repeatedly carried out to grow different
microorganisms using spent grain, aiming to produce a range of enzymes: amylase, cellulase,
hemicellulase, protease, and enzymes that promote lignin degradation [60]. In addition to the
production of enzymes, during the cultivation of microorganisms, spent grain can be
transformed into the following chemical components: lactic and succinic acid, itaconate, and
xylitol [16].

It can be added that spent grain can be used to produce building materials for wooden
buildings, such as bricks, or the production of pulp and paper, due to its rich chemical
composition, namely fibers [61]. In many studies, brewer’s spent grain has been able to
produce paper towels, business cards, and cellulose pulp properly [62,63]. In addition, the
spent grain has been tested as an adsorbent for the removal of pollutants from wastewater,
for example, synthetic dyes used in the textile and pulp and paper industries have been
removed [64].

Thus, the problem of utilization of spent grain, as well as other by-products of
production, is at the peak of discussions and search for solutions, since the increase in
discarded waste is directly related to the worsening environmental situation in the world. This
is why it is necessary to expand the use or utilization of spent grain, which will reduce the
carbon dioxide emissions generated during the decomposition of spent grain when they are
buried.

8. Application in the food industry

For many reasons, it was proposed to study the properties of spent grain concerning
food products in different areas: bakery, pasta and confectionery products, milk and dairy
products, meat products, etc. This is explained by the chemical composition of spent grain,
which allows it to be classified as a biologically valuable product but is not sufficiently
acceptable for human consumption as an independent product in its native form, in terms of
its taste, which creates the need for its integration into other food products, as auxiliary raw
materials. Given the limited shelf life and the need for large spaces for its storage, various
methods for its processing are also being developed to obtain optimal moisture levels to
extend shelf life and further use in the food industry, as already mentioned earlier. Also,
population growth and the corresponding expansion of the food industry sector are becoming
compelling reasons to search for alternative technologies, which will make it possible to
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obtain highly nutritious products at fairly low prices and without harm to human health and
the environment [6].

In this case, the purpose of this chapter and the work as a whole is to consider the
currently known ways of the use of spent grain in various products suitable for human
nutrition, with its technological properties and behavior at the time of processing of products
into which spent grain were introduced.

8.1. Production of bakery, pasta, and confectionery products

The production of bread and other bakery products is one of the main areas of the food
industry, which ensures the daily satisfaction of the needs of the majority of the population
[66]. The variety of these products is becoming wider every year, which is associated with the
dietary characteristics of consumers or their taste needs (for example, gluten intolerance or
lack of desire to eat products with chemically derived additives). It follows that the addition
of spent grain in the production of baked items can make them competitive and bring
innovative food products with increased nutritional value to the market, which is a desirable
aspect in the development of the food sector and, in particular, the bakery industry [67].

In one of the studies, two types of bread were produced using spent grain. In the first
case, the spent grain was added directly to the dough; in the second case, at the initial stage,
a sourdough was produced from the spent grain, which was subsequently added to the dough.
In both cases, the spent grain content was 15%, and the samples were characterized by a high
fiber content: 11.9% in the spent grain flour added to the dough and 12.1% in the sourdough
flour. In terms of mineral composition, sourdough bread made from spent grain turned out to
be more enriched compared to bread with the addition of flour from the same spent grain.
For example, the calcium content in sourdough bread was 107.9 mg/100 g, while in bread
without sourdough this figure was 98.9 mg /100 g, magnesium values were 12.7 mg/100 g
and 11.6 mg/100 g, respectively, and potassium - 100.4 mg/100 g and 98.9 md/100 g. Bread
acidity was also higher in the sample using sourdough (pH 5.3 versus 5.8) [65]. It was also
noted that with an increase in the percentage of spent grain from 0 to 20% with its further
use in the production of bread, the content of some mineral compounds also increases: the
amount of calcium increased from 76.44 mg/100g to 150.93 mg/100 g, magnesium - from
87.12 mg/100 gto 176.81 mg/100 g and potassium -from 116.04 mg/100 g to 225.49 mg/100
g [66].

Another study analyzed bread made from spent grain starter through fermentation for
eight days. The content of spent grain in the sourdough was 25, 50, 75% and the sourdough
was exclusively based on spent grain (100%). Based on the results of the experiment, it was
determined that sourdough bread with low concentrations of spent grain (25 and 50%) was
distinguished by relatively high porosity, acidity, and corresponding moisture content when
compared with a sample made from 100% sourdough. In addition, the bacteriostatic
properties of the product were revealed due to the addition of spent grain, which is due to
the presence of early signs of spoilage in the sample without the addition of spent grain
(control sample). And the introduction of spent grain into bread made it possible to increase
its shelf life by 1-2 days, due to a decrease in the activity of microorganisms that cause
spoilage of bread [67].

However, it was found that replacing wheat flour with spent grain flour causes some
technological deterioration: a decrease in gluten yield with a worsening of its quality and, as
a consequence, a reduction in the sedimentation ability and stability of the dough along with
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an increase in its softening. These negative aspects were justified by the duration of kneading
the dough (longer than kneading wheat dough), the increased content of protein and dietary
fiber, as well as the increased force to stretch the dough, which was increased. Based on this,
the authors identified the optimal content of spent grain in bread made from wheat flour, at
which the bread will not differ significantly in appearance, crust condition, and crumb
properties. This can be achieved by adding 10% spent grain, however, in any case, color
changes in the product are observed, which is associated with the characteristics of the raw
materials used (from the usual light cream color, the sample moved to a brown color, the
intensity of which directly depended on the concentration of the added spent grain: darker
with increasing and lighter when decreasing) [6,68].

The following studies demonstrated the relationship between the amount of spent
grain used and the physical properties of the resulting bread. Thus, the water absorption
capacity of the product increased with increasing concentration of the introduced by-product:
at 0% this value was equal to 58.40 mL/100 g, and at 20% the content was already 66.67
mL/100 g. Experts argued this by the composition of the raw materials, that is, the increased
content of protein substances and non-starch polysaccharides, which are capable of absorbing
large amounts of moisture [68]. High concentrations of proteins and dietary fiber also affected
the duration of the kneading, increasing it several times (from 3.43 min to 17.57 min) [69].
Changes in the weight and volume of the finished product were also demonstrated: with an
increase in the added spent grain, the weight of the bread increased from 127.58 g to 148.85
g, while the volume decreased from 2.92 cm?/g to 2.46 cm3/g. This is again due to the spent
grain’s richness in protein and fiber, which absorb large volumes of water, giving the product
a firmer and more durable structure. According to organoleptic characteristics, the same trend
is observed, that is a lower acceptability of the product with growing concentration of spent
grain in it. This is justified by the darker color, malt aroma and, as well as crumb texture
[6,66,69].

As for pasta products, the addition of spent grain is a good option to increase the
nutritional value with minimal changes in functional properties, despite the concentration of
25% [6]. One study analyzed pasta recipes with the addition of two types of spent grain:
einkorn and tritordeum. The resulting pasta had a higher content of protein and dietary fiber,
in particular 8-glucans, and some changes in antioxidant activity were also detected, with its
increase. From an organoleptic point of view, these products turned out to be very acceptable [70].

Just like for the production of bread, when developing fortified pasta, two different
fractions of spent grain were used: one containing 10-20% dietary fiber and the second
containing 5-10% protein. Their quality was assessed based on a number of characteristics:
relative chemical composition, optimal cooking time, sensory indicators. Thus, the addition of
the protein fraction contributed to the production of pasta with a protein component content
of about 18%, and fiber values exceeding 8%. In both cases, the color of the paste was
significantly darker than the control sample. The optimal cooking time until the products were
ready varied from 11 min to 13.5 min. In terms of the degree of elasticity when bitten, these
pasta products were rated adequately [71].

Another similar study, based on the development of pasta by adding the protein and
fiber fraction of spent grain products has been created with stronger gluten structure and
binding characteristics, high hardness and elasticity, as well as dough viscosity, which is
characterized by tensile strength, while glycemic index indicators were reduced. In addition,
pasta products into which spent grain fiber was integrated showed lower cooking loss values
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(3.47%), which was due to the amount of spent grain used in their production, according to
the authors [72].

As a new direction in the pasta industry, we can highlight the work of Romanian
researchers who tested the use of flour from spent grain and spelled flour (a type of dinkel
wheat), which currently has low demand in the production of these flour-based products. The
spent grain used in the study is a by-product of whiskey production, which was subsequently
dried at 50 °C for 24 h, then crushed and sifted to a particle size of less than 200 um.The goal
of the work of Romanian experts was to increase the nutritional value of pasta through the
introduction of two new types of flour: spent grain and hulled wheat. When mixing the dough,
different amounts of spent grain were used to determine the optimal concentration based on
sensory and physicochemical quality indicators. In conclusion, the authors finalized that from
all analyses performed, the most acceptable results were achieved in the case of the sample
that was produced by adding 10% spent grain [73].

Regarding the introduction of spent grain into the cookie dough composition, work was
carried out aimed at determining the relationship between the size of the introduced particles
and the quality of the finished product. As a result, medium- and large-sized particles
demonstrated higher quality indicators compared to the fine fraction. For example, the
distribution coefficient of raw materials in the mass of cookies was higher, as well as the
organoleptic characteristics were more acceptable [74].

In one of the works, in the production of biscuits, replacing part of the wheat flour with
spent grain in various ratios (0, 10, 20, and 30%). Samples containing a 20% concentration of
spent grain tended to reduce hydrolysis and glycemic index, as well as a decrease in total
starch when compared to the reference sample. In addition, changes in the percentage of
dough composition, reducing the amount of wheat flour and replacing it with spent grain,
contributed to an increase in the nutritional value of the finished products such as a
significant growth in the content of proteins and bioactive compounds (phenolic acids) [75].

Among other things, the mechanism of the effect of thermally and mechanically
untreated raw spent grain on the quality of biscuits was analyzed. Wheat flour in the dough
was replaced by 15, 25, and 50% brewer's spent grain, the purpose of which was to evaluate
the effect of concentrations on the content of nutrients (protein and dietary fiber),
microbiological stability, and the sensory characteristics of the finished product. The authors
recommend using spent grain to increase the nutritional value of cookies but in conditions of
maintaining optimal replacement percentages, which should not exceed 25%. This will
preserve acceptable organoleptic characteristics without compromising microbiological
stability [76].

In the technology for the production of sugar cookies, wheat flour was replaced with
spent grain obtained as a by-product during the production of ethyl alcohol in different ratios,
which varied from 5 % to 12%. At the same time, the density of the dough changed from 1.32
g/cm® to 1.26 g/cm?, and the humidity increased from 16.6% to 19%, since raw spent grain
with a high moisture content was used. However,the authors note improvements in the quality
indicators of the finished product: the density of the cookies decreased by 17.4%, the swelling
capacity increased by 18.3% with a dosage of spent grain from ethanol production equal to
10%. In terms of physiological value, experimental examples are superior to control samples
due to the content of essential amino acids represented by threonine, valine, isoleucine,
leucine, and lysine, mineral compounds, such as calcium and phosphorus, as well as an
increase in the concentrations of protein, fat and dietary fiber. Raising the fat content is a
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positive aspect of this technology since it will reduce the amount of additional fat, and this,
in turn, contributes to the production of a more affordable product [10].

In other work, spent grain flour was also used to partially replace wheat flour and
increase the nutritional value of the finished muffins. Flour was added when forming the
emulsion in various quantities: 5,10,15,and 20% of the total raw material content. The quality
indicators of the finished products are represented by physicochemical (alkalinity, moisture
content, weight loss of the product during baking, and specific volume) and sensory
characteristics. Researchers recommend that to preserve organoleptic and physicochemical
parameters, as well as to increase the nutritional value of muffins, a 15% concentration of
brewer’s spent grain flour should be used as the maximum amount [77].

Also, an attempt was made to introduce raw crushed brewer’s spent grain into the
recipe for gingerbread products in order to enrich the product. The quantitative content of
spent grain, which replaced 1st grade wheat flour, was 5, 10, 15, 20 and 25%. Based on the
results of the analysis, it was found that an increase in the dosage of spent grain leads to a
gradual improvement in the firmness properties of the dough due to protein substances,
which enhance the strength of the flour and result in greater firmness of the dough. From the
point of view of sensory characteristics, the resulting products with the additive differed from
the control sample without the addition of spent grain: they acquired a darker shade, malt
flavor, and aroma. In terms of nutritional value, the experimental samples are superior to the
control sample, since the addition of spent grain contributed to an increase in the content of
protein, dietary fiber, mineral compounds (iron, zinc, manganese), and vitamins (mainly group
B and vitamin E). From a microbiological point of view, no violations of requirements and
standards were identified. As a result of the experiments, researchers recommend replacing
1st-grade wheat flour with crushed raw brewer’s spent grain in an amount equal to 20% when
producing gingerbread [78].

8.2. Dairy food production

In the production technology of dairy products, in comparison with bakery and other
flour products, cereal crops are quite rare, which makes the use of spent grain more difficult
[79]. However, despite this fact, many studies have been carried out aimed at using spent grain
in the production of yogurt and cheese, to obtain a more enriched food item and expand the
range of dairy products.

Thus, spent grain in various proportions was used as a substitute for fermentation in
the production of yogurt. At the same time, a significant decrease in syneresis of the product
was noted, a reduction in the duration of fermentation with an increase in the viscosity of
yogurt. Products with the addition of 5% and 10% spent grain were characterized as maximum
quality yoghurt, taking into account acidity and the development of lactic acid bacteria during
storage, as well as rheological properties. However, higher byproduct concentrations (15-20%)
resulted in a more stable dispersion system with reduced liquid separation and flowability of
the finished product. In conclusion, the authors recommend the use of 10% spent grain in
yogurt as the optimal amount, which will maintain fluidity and other physicochemical
indicators at a good level, but with further study of its sensory characteristics, in particular
the taste of yogurt [79].

Spent grain was used as an additive in the production of yoghurt in percentages of 2,
4,6, 8,and 10%, and yoghurt without added brewer’s spent grain was chosen as a reference
sample.With an increase in the concentration of applied spent grain, significant changes were
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noted in the chemical composition, microbiological component, as well as in sensory
characteristics. The sample with 10% added brewer's spent grain showed the highest
quantitative contents of protein, fat, fiber, ash, and pH, but at the same time had the lowest
values of titratable acidity, the number of lactic acid bacteria, and organoleptic parameters.
The product remained organoleptically acceptable when the spent grain concentration was
increased to a maximum of 8% (at 8% and 10% there were reduced sensory scores). Thus,
researchers recommend the use of spent grains to fortify yogurt [80].

In another study, spent grain was used to add processed cheese to Karish cheese.
Replacement was made out in the following sizes: 10, 20, 30, 40 and 50%. The analysis was
carried out to evaluate the physicochemical, microbiological, and organoleptic characteristics
of processed cheeses with the addition of various amounts of brewer’s spent grain. The
indicators were determined both for a freshly prepared product and during storage for 3
months, monthly. As in the previous experiment, significant changes were observed in the
listed indicators with an increase in the percentage of spent grain in the processed cheese.
The sample consisting of 50% brewer's spent grain was determined to be the sample with the
highest dry matter content, pH value, and the best rheological properties, but relative to other
samples it demonstrated lower titratable acidity and oil separation. Moreover, according to
sensory analyses, all samples were assessed as acceptable, based on which the authors
concluded that the use of brewer’s spent grain is a good way to obtain a functional food product
with beneficial properties for consumer health [81].

8.3. Manufacture of meat and fish products

Today, products of animal origin, such as meat of animals, poultry, and fish, are
characterized by frequent price increases, which in developing countries becomes a problem
and leads to a reduction in consumption of this type of food. This in turn contributes to the
development of various deficiencies and subsequent diseases caused by a lack of macro-and
microelements present in meat (for example, iron deficiency anemia). Based on this,
manufacturers are looking for ways to reduce the cost of meat products by replacing the
components of the recipe with cheaper raw materials, which provide the necessary
technological characteristics of the products. However, replacing raw materials (meat) with
components of plant or synthetic origin leads to a decrease in the nutritional value and quality
of manufactured products. Thus, the use of spent grain can become an alternative to currently
available meat substitutes and at the same time maintain or increase the biological value of
the product and reduce cost.

For example, in one of the works, the recipe for minced meat semi-finished products
was optimized by introducing dry and frozen brewer's spent grain. The dry brewer's spent grain
was used without preliminary hydration and substituted the bread according to the recipe in
various proportions. Kyiv cutlets were chosen as a reference sample. The frozen spent grain
was not subjected to defrosting or hydration and was introduced at the last stage of adding
raw materials, based on the recipe. Three types of meat products were produced: Kyiv cutlets,
rump steaks, and beefsteaks, in the compositions of which a certain type of raw material was
replaced with frozen brewer’s spent grain in different quantities. As in the case of dry spent
grain, frozen spent grain served as a substitute for wheat bread in Kyiv cutlets. In rump steaks
spent grain replaced hydrated soy protein and in beefsteaks-parts of beef and lard were
substituted [82].
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Based on the data obtained on sensory quality indicators and amino acid composition,
experts recommend introducing into production activities samples with improved taste and
external characteristics, as well as a higher amino acid balance, which is represented by the
following experimentally obtained samples:

e Kyiv cutlets with a quantitative content of dried brewer’s spent grain of 4%.
e Kyiv cutlets with frozen brewer’s spent grain in the amount of 4%.
e Beefsteaks using frozen brewer’s spent grain in an amount equal to 6.9% [82].

Next, an analysis was carried out of the chemical composition, nutritional value, and
shelf life of the above-recommended semi-finished meat products with the addition of
brewer’s spent grain. Based on the results of the entire research work, the authors have not
changed their recommendations for the use of brewer’s spent grain in dried and frozen form.
The percentage of dry and frozen spent grain equal to 4% in Kyiv cutlets, as well as frozen
spent grain of 6.9% in beefsteaks, will increase the biological value of finished meat products,
improve their organoleptic characteristics, increase product yield by reducing losses during
heat treatment, and also minimize costs the listed semi-finished products [82].

The goal of the next work was to develop a new recipe and corresponding technology
for the production of a meat product from chilled chicken using spent grain. Based on this, in
further development, the dried spent grain was ground using a laboratory mill, followed by
sifting to obtain flour. In this investigation, the most acceptable concentration of brewer’s
spent grain flour in a chicken meat and lard product was determined and was 3%. A similar
product was chosen as a comparison sample, in which wheat flour took the place of spent
grain flour. According to the results, the control sample was inferior to the product with the
addition of spent grain according to several criteria: paler color, less pleasant taste,and weakly
perceptible aroma, as well as a small amount of carbohydrates and dietary fiber [83].

In the production of fish items, attempts have also been made to integrate spent grain
into their composition. Thus, in one of the works, to improve the functional, technological,and
sensory properties of minced fish, it was proposed to use dry brewer's spent grain in molded
fish products, as a raw material that can enrich the products with protein, carbohydrates, in
particular dietary fiber, some minerals and vitamins, as well as lipids. During the study, it was
noted that an increase in the concentration of brewer’s spent grain in the minced fish system
leads to an improvement in its water-holding capacity. When analyzing losses during heat
treatment of minced meat, there was a tendency to reduce them with a growth in the
percentage of spent grain, which increases the yield of the finished product. In terms of
sensory characteristics, the highest scores were received by samples containing 3 and 4% dry
spent grain. Tasters noted the presence in these samples of a color similar to pork meat, the
absence of a fishy smell, and the appearance of a bready aroma. As for the finished products
made from this type of minced meat, a regular, round shape with an even contour was noted,
but in products with the addition of 8 and 10% spent grain, small cracks and inclusions of
brewer’s spent grain were observed. The color of the products, similar to the previous
indicators, changed as the dosage of spent grain increased: 1% - unattractive appearance due
to the gray color on the surface, but when cut, white meat was observed, 3 and 4% - yellow-
brown crust with light meat on the cut, 5 and 6% - gray color on the section. In conclusion,
the researchers noticed that the introduction of dried and ground brewer’s spent grain into
fish products has a beneficial effect on their functional and technological properties. The
values of 3 and 4% by weight of the mixture were taken as the optimal percentage of spent
grain in minced fish [84].
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The general idea of all conducted works is to increase the nutritional value of food
items while simultaneously maintaining all quality indicators and reducing the price of
finished products. The authors of the mentioned studies demonstrated that the use of brewer’s
spent grain in the technology of these products can serve as an integral part of the food
industry. It should be noted that the successful implementation of this direction requires
additional research and development aimed at optimizing technology and creating new
formulations, and it is also important to ensure high-quality control of spent grain to avoid
adverse consequences associated with product safety. Consequently, the use of spent grain, in
particular brewer's spent grain, in the production technology of food items is a promising
direction for increasing the functional value of products while simultaneously reducing cost
and maintaining quality indicators. Successful implementation of this area can ensure the
development of the food industry and sustainable public health by improving the quality of
nutrition.

9. Conclusions

Spent grain, a byproduct of beer and alcohol production is rich in nutrients but poses

storage and disposal challenges due to its high moisture and protein content. These factors
lead to rapid spoilage and environmental issues, such as CO; emissions and unpleasant odors
during inadequate storage. Effective storage methods include refrigeration, chemical
treatment, and dehydration, with drying emerging as the most promising approach to extend
shelf life and preserve nutritional value.
The disposal of spent grain primarily impacts the agricultural sector, as it is commonly used
in livestock feed. However, declining farm numbers and regulatory changes are complicating
this use, often resulting in landfill disposal, which raises environmental concerns.
Bioprocessing spent grain for biofuels and food products offers a sustainable alternative,
expanding the potential for functional foods that improve public health.

Particularly promising is the use of spent grain in flour products like bread, pasta, and
pastries, where it can replace part of traditional flour, enhancing product quality and
nutritional content. Additionally, spent grain can be incorporated into meat and dairy,
products, improving their nutritional profiles and reducing costs, especially in economically
disadvantaged regions.

Overall, spent grain presents a multifaceted solution to environmental, economic, and
nutritional challenges. Continued research, educational initiatives, and international
collaboration will be crucial in maximizing its potential, promoting sustainable development,
and enhancing public health.
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Abstract. Waste management in the agro-industrial sector is a significant issue that demands
a thoughtful and multifaceted approach, not only to prevent environmental contamination
with harmful substances but also to produce value-added products. The selection of waste
treatment technology should be based on the waste's nature, composition, and initial
quantities, which are determined by the primary production cycle, raw materials, and applied
conditions. This study focuses on exploring innovative methods to enhance the conversion
rate and efficiency of organic waste biomass by incorporating small amounts of biologically
active substances into the fermentation mix. The research also examines the impact of
natural plant-based additives on various types of biomass within the agro-industrial sector.
In agricultural areas where industries produce wine, spirits, beer, and juices, liquid waste is
continuously produced in a state of ongoing digestion. This requires strict measures to
prevent its direct disposal into landfills, water bodies, or other environmental compartments,
as such actions could disrupt the natural balance of soil microorganisms, plants, and other
organisms. Present-day methods for handling solid organic waste often include its
application in agriculture, incineration, anaerobic digestion, composting, and related
processes. Liquid waste from the agro-industrial sector can be treated through processes like
sedimentation, settling, and anaerobic fermentation.

Keywords: waste, agro-industrial sector, management, value-added products, wine, spirits, beer.

Rezumat. Gestionarea deseurilor din sectorul agroindustrial este o problema importanta care
necesitd o abordare inteligentd si complexd, pentru a preveni poluarea mediului cu
componente toxice, dar si pentru a obtine produse cu valoare adaugata. Tehnologia de tratare
a deseurilor trebuie selectata in functie de natura, compozitia si cantitatile initiale ale
deseurilor, care depind de ciclul principal de productie, de materiile prime si de conditiile
aplicate. Prezentul studiu se concentreaza pe investigarea metodelor originale de crestere a
ratei de conversie si a gradului de conversie a biomasei deseurilor organice, utilizarea unor
cantitati mici de substante biologic active introduse in amestecul fermentat. S-a urmadrit
efectul unor aditivi de origine vegetald naturala, introdusi in diferite tipuri de biomasa din
sectorul agroindustrial. Concret, in regiunile agricole cu industrii producatoare de vin, bauturi
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spirtoase, bere si sucuri, deseurile lichide sunt generate in stare de digestie continua, ceea
ce fnseamna prevenirea stricta a deversarilor direct in gropile de gunoi, apa sau alte
compartimente de mediu, deoarece pot incalca normele naturale. echilibrul microbiotei
solului, al plantelor si al altor organisme vii. Metodele existente de gestionare a deseurilor
organice solide fsi asuma aplicarea in agricultura, ardere, digestie anaeroba, compostare etc.
Deseurile lichide din sectorul agroindustrial pot fi tratate prin sedimentare, decantare,
fermentare anaeroba etc.

Cuvinte cheie: deseuri, sector agroindustrial, management, produse cu valoare addugatd, vin,
bduturi spirtoase, bere.

1. Introduction

In recent years, the food industry has experienced unprecedented development, which
is correlated with the rapid increase in the quantity of agricultural waste. Clearly,
environmental issues and the negative impact of agricultural waste have become a major
concern. Agricultural waste has considerable applicability due to its high resilience, low costs,
availability, and ease of reuse. One of the primary environmental challenges facing today's
society is the ongoing rise in the volume of organic waste. These alarming aspects have led
to the necessity of designing sustainable development that suggests maintaining harmony
and balance between humans and nature while promoting socio-economic progress. The
circular bioeconomy for producing high-value products has attracted interest due to emerging
policies focused on the reuse and sustainable recovery of underutilized local raw materials
in various countries.

Beer, a fermented beverage with ancient origins, is currently the fifth most consumed
drink worldwide. In 2018, global beer consumption across 170 major countries and regions
was approximately 1.8879 billion hL [1]. According to reports [2], global beer production in
the same year surpassed 1.94 billion hL, highlighting the significant economic impact of the
beer manufacturing industry. Modern beer production is largely conducted on a large scale,
yielding substantial amounts of beer and by-products.
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Figure 1. Beer production process [3,4].
The larger red arrows indicate the steps where the main brewery by-products are removed.
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The beer production process involves several sequential steps: grinding grains,
mashing, filtering, boiling, fermenting, maturation, and packaging (Figure 1) [3,4]. The
primary objective of this process is to convert starch from grains into simple sugars, extract
these sugars, and ferment them using yeast to produce a lightly carbonated beverage with
varying alcohol content.The first and most abundant by-product in the brewing process is
generated after mashing. During this stage, spent grains are separated and removed once the
liquid produced in mashing, known as wort, is extracted. Another type of waste is created
after the wort boiling stage, where the thermal denaturation of proteins occurs, causing high
molecular weight proteins to precipitate, forming a waste product known as hot trub. This
hot trub, which contains spent hops, is separated and removed from the wort. Following this,
yeast is added to initiate fermentation. Once fermentation is complete, most of the yeast is
removed from the young beer, producing another by-product called spent beer yeast. Before
the beer is packaged, it is typically filtered through diatomaceous earth or cellulose filters to
eliminate any remaining yeast residues [3, 4].

2. Characteristics of biomass resulting from the brewing industry and reuse

possibilities

Brewer's spent grain (BSG) is a low-value by-product of the brewing industry,
generated in substantial quantities each year. BSG is the solid residue left from barley malt
after wort production and represents around 85% of all residues produced by breweries [4].

This solid by-product contains water-insoluble proteins, along with the pericarp hull
and seed coating from the original barley grain [5]. The dry matter of BSG consists of
approximately 20% proteins and 70% fibers, with a negligible starch content. Due to its high
protein content, BSG has potential applications similar to whey proteins, offering various
health benefits to consumers. Additionally, BSG is rich in phenolic compounds, particularly
ferulic acid and p-coumaric acid [6], as well as oligosaccharides and polysaccharides. Recent
research suggests that dietary phenolic compounds may have anticancer, anti-inflammatory,
and antioxidant properties [7,8], which has sparked significant interest in plant phenolics
among the food industry, scientists and consumers.

BSG contains hydroxycinnamic acids such as ferulic acid, p-coumaric acid, and caffeic
acid, all of which possess bioactive properties like antioxidant, anti-inflammatory, anti-
atherogenic and anticancer effects [8]. Research shows that adding BSG to animal feed can
boost milk production, increase milk fat content, and supply essential amino acids [9]. In
human food applications, incorporating BSG into items like cakes and snacks has been shown
to raise protein and fiber levels, although it can also significantly alter taste and texture [10].
BSG is increasingly recognized as a valuable source of fiber, protein and phenolic compounds
like ferulic, p-coumaric, and caffeic acids [11].

As a complex material made up of lignocellulosic biomass, BSG is rich in proteins (20-
30%), fibers (30-70%), lipids, vitamins and minerals and contains around 12-28% lignin, 12-
25% cellulose and 28% non-cellulosic polysaccharides, primarily arabinoxylans [12,13].
Previous studies have thoroughly reviewed and documented the chemical composition of
BSG [9]. On average, around 14 kg of BSG is produced per hectoliter of wort, with a moisture
content ranging between 75% and 90% [14]. The ash content in spent brewer's grains
typically ranges from 2% to 7.9% [9]. BSG also contains vitamins, minerals, a variety of amino
acids, oligo- and polysaccharides and a rich array of phenolic compounds [15]. Among the
phenolic acids, BSG has particularly high levels of ferulic acid (1860-1948 mg/g) and p-
coumaric acid (565-794 mg/g) [16], as well as sinapic, caffeic and syringic acids.
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According to Mussatto et al. [10], BSG can be classified as a lignocellulosic material,
composed of cellulose (a linear homopolymer of glucose units), hemicellulose, and lignin (a
polyphenolic macromolecule), which together make up nearly 50% of the BSG by weight, as
shown in Table 1. On a dry weight basis, BSG contains a considerable amount of
monosaccharides, including significant quantities of glucose, xylose and arabinose.
Hemicellulose, primarily composed of arabinoxylan (AX), is the dominant component of BSG,
constituting up to 40% of its dry weight [16].

Table 1
Composition of BSG
Components of BSG (g/kg dry mass)
Proteins Ash Lianin Cellulose Hemicellulose Research
9 (glucose) Xylose Arabinose conducted
153 46 278 168 199 85 [10]
240 24 119 254 - - [17]
246 12 217 219 206 90 [18]
- 46 169 253 - - [19]
247 42 194 217 136 56 [20]

Phenolic profile of BSG. Phenolic acids, primarily hydroxybenzoic acids and
hydroxycinnamic acids, are secondary metabolites in plants, predominantly found in
vegetables. These compounds have gained considerable research attention due to their
anticancer, anti-inflammatory and antioxidant properties [10].

BSG is considered a significant source of phenolic acids, as the outer layers of barley
grains contain substantial amounts of these compounds [10]. Notably, p-coumaric and ferulic
acids (Figure 2) [23] are present in high concentrations in BSG. So, p-coumaric acid is present
in both forms, with a free concentration of 0.48 + 0.06 and a much higher bound concentration
of 652.27 + 160.5 and ferulic acid shows a minimal free form concentration of 0.072 £ 0.51
but exhibits a significantly high bound concentration of 3739.42 + 270.80 [21, 23]. Research
indicates that the ferulic acid content in BSG ranges from 1860 to 1948 ug/g, while p-
coumaric acid content varies between 565 and 794 pg/g [21]. The total phenolic content in
BSG can also vary depending on the type of malt used [20, 22]. Recent studies have revealed
that the majority of bioactive phenolic acids in BSG are found in bound form [23]. A different
study also found that ferulic acid and p-cumaric acid were detected in elevated
concentrations compared to AX and BSG includes substantial quantities of other bioactive
compounds such as catechin, quinic acid and syringic acid [23].
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Figure 2. Structure of p-coumaric and ferulic acids (CioH1004).
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Chen and Ho [24] demonstrated the antioxidant potential of ferulic acid using the
DPPH and Rancimat methods. Their findings showed that although ferulic acid possesses
antioxidant properties, it is less potent than caffeic acid and a-tocopherol [25]. Caffeic acid,
in particular, has been identified as a powerful in vitro antioxidant and radical scavenger,
effectively neutralizing DPPH and superoxide anions [25]. Furthermore, research using the
DPPH assay has ranked several hydroxycinnamic acids by their antioxidant effectiveness in
the following order: caffeic acid > sinapic acid = ferulic acid > ferulates > p-coumaric acid [26].

Both ferulic and caffeic acids exhibit strong antioxidant potential at low
concentrations, with the ability to neutralize various free radicals. These phenolic acids
scavenge reactive oxygen and nitrogen species, showing concentration-dependent activity
against NO, superoxide, and ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid))
radicals. While caffeic acid was found to be more effective in scavenging DPPH radicals,
ferulic acid performed better at scavenging ABTS and NO radicals [27].

In addition to their antioxidant properties, growing evidence suggests that phenolic
acids may have anticancer effects. Caffeic acid, for instance, has shown antiproliferative
activity against various cancer cell lines, including breast gland adenocarcinoma,
lymphoblastic leukemia [28], and cervical cancer cells [28, 29]. The COX-2 (cyclooxygenase-2)
assay has been used to assess the anticancer potential of these compounds. Overexpression
of COX-2, which converts arachidonic acid to prostaglandins, serves a crucial role in
inflammation and cancer development. Researc has demonstrated that phenolic acids such
as caffeic acid [30] and vanillic acid [31], along with polyphenols like epigallocatechin-3-
gallate [32] and quercetin [33], inhibit COX-2 expression, potentially lowering cancer risk.

Incorporation of Brewer’s Spent Grain (BSG) in Animal Feed and Food. As previously
mentioned, BSG contains approximately 20% protein and 70% fiber, making it a valuable raw
material or food ingredient [10]. It is especially beneficial in animal feed, particularly for
ruminants. When paired with cost-effective nitrogen sources like urea, BSG can supply all
essential amino acids required by ruminants [34]. This high nutritional value makes BSG a
significant component in animal feed formulations.

Beyond its use in animal feed, BSG has been successfully incorporated into various
human food products due to its low cost and rich nutritional profile. BSG is especially suitable
for products like cookies and ready-to-eat snacks, where an increase in dietary fiber is desired
[10]. In 1978, researchers explored the use of BSG in cookies by replacing flour with BSG at
levels ranging from 5% to 60% [35]. It was found that adding 40% BSG significantly enhanced
the cookies' physical qualities. This level of supplementation resulted in a 74% increase in
nitrogen and a tenfold increase in crude fiber content. A study published in 2002 supported
these findings, demonstrating that adding BSG (at 5-25%) to cookies significantly boosted
the dietary fiber content [36].

However, it was concluded that 20% BSG was the optimal level for maintaining the
sensory and structural properties of commercially available snacks. When BSG protein
hydrolysates are incorporated into food, there may be concerns about the bitter taste of
certain peptides, caused by their hydrophobic amino acid content [37].

Hot Trub. Another byproduct of beer production is hot trub, which refers to the
sediments formed during wort boiling. The particle size of hot trub is between 30 and 80 um
[38, 39]. This insoluble precipitate is mainly made up of colloidal proteins that solidify during
the boiling process, forming complexes with the polyphenols naturally found in the wort. Hot
trub also includes complex carbohydrates, lipids, minerals, tannins, hop remnants, and
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smaller malt particles [40]. These residues make up approximately 0.2-0.4% of the wort
volume and are generally removed prior to fermentation. It's worth noting that hops, which
contribute to the trub, are added and removed at various stages of brewing, with
approximately 85% of hops used in beer production ending up as byproducts [41].

Hot trub contains a high level of moisture (80-90%), a dry matter content of about 15-
20%, and a low ash content (2-5%) [41]. While its primary component is high molecular
weight proteins, it also has a high carbon content due to the significant amount of reducing
sugars (20%) present [39]. The protein content of hot trub can vary depending on the brewery
but generally ranges from 40% to 70% [41, 42].

The formation of trub is an essential step in brewing, as removing polyphenols and
soluble proteins is crucial to prevent the formation of insoluble complexes. These precipitates
are undesirable in filtered pale beers, which are expected to be bright and clear [40].

Spent Brewer’s Yeast (BSY). Residual brewer’s yeast, also known as BSY, is the second
largest byproduct in the beer manufacturing process, comprising up to 15% of total
byproducts generated [42]. This yeast is recovered through sedimentation before beer
maturation in the final stage of secondary fermentation [43]. Yeast can be reused up to six
times in the brewing process. The Saccharomyces cerevisiae yeast, introduced at the start of
fermentation, undergoes numerous divisions, resulting in a significant increase in yeast
biomass. The growth rate of yeast depends on fermentation conditions in the brewery, with
BSY contributing to beer losses ranging from 1.5% to 3% of the total beer volume produced
[44]. On average, 0.6-0.8 lb/bbl (2.7 kg/m?) of yeast residue is generated from lager
fermentation [41].

Yeast cells are rich in proteins (49%), carbohydrates (40%), minerals, vitamins (7%) and
lipids (4%) [45]. BSY typically has a moisture content of 74%-86% and its dry matter content
ranges from 10% to 16%, depending on the brewery [39]. The mineral residue (ash) content
in spent yeast varies from 2% to 8.5%, with yeast richer in phosphate when it has been reused
fewer times. Additionally, BSY is abundant in polyphenolic compounds and B vitamins,
particularly Bs, By, Bs, Bs, and Bs [46]. The carbon content in BSY is high, accounting for 45%-
47% of the dry matter, and the carbon-to-nitrogen ratio of the residue is around 5.1-5.8 [39].

3. Characteristics of biomass resulting from the wine industry and reuse possibilities

Grapes are one of the most important fruit crops grown worldwide [47]. Grape
production was estimated at approximately 77.8 million tons in 2018 [49]. According to FAO
statistics, grapes are the most widespread fruit crop in the world [49].

Reports from the International Organization of Vine and Wine (OIV) show that 292
million L of wine were produced globally in 2018 [48]. The United States, Australia, Italy,
Spain, France, and Germany are the main grape-producing countries [48]. Spain, China, Italy,
Turkey, and France collectively contribute 50% of the total wine production worldwide [48].

In recent years, there has been a drastic shift in consumer demand. There is a growing
preference for naturally processed products without additives and those that are safe [49].
Consumers prefer safer, tastier, and traditional products that are accepted as natural without
other additives [49]. Therefore, replacing currently used synthetic food antioxidants (many of
which are suspected of being carcinogenic) with natural ones is of interest to food
technologists. Grape waste can be used to extract polyphenols for use in foods [50, 51].
Polyphenols not only exhibit antioxidant activity but also have other properties such as
anticancer, antiallergic, antimutagenic, and anti-aging activities [52, 53].
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Grape pomace, skins, stems, and seeds are among the major wastes generated by the
wine industry. In addition, significant amounts of wastewater, wine yeast, shoots, and some
filter residues generated by the wine industry are among the major causes of environmental
degradation [54], as they lead to the emission of volatile organic compounds (VOCs),
increased chemical oxygen demand infiltration of complex effluents with varied
physicochemical properties into soils [55].

The toxicological effects of winemaking byproducts have been reported on terrestrial
plants and aquatic organisms even at high dilutions, implying the need for proper treatment
of wine industry waste [56]. Currently, wine industry waste is directed by producers either
towards composting or disposal, but it could serve as a source for producing many
bioproducts [57, 58, 59] (Figure 3).
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Figure 3. Valorization options for wine byproducts [57-59].

In addition to traditional uses limited to the fertilizer and biofuel industries, these
byproducts could serve for obtaining food additives, including compounds with antimicrobial
properties, preservatives, antioxidants for the production of functional foods, dietary
supplements, nutraceuticals, medical remedies, and cosmetic products (Figure 3). The
increasing need for energy and waste valorization through eco-friendly processes is pushing
the transition from general practices to sustainable circular approaches [60].

Several recent studies have highlighted these wine byproducts as a good opportunity
for recovering antioxidant compounds, which could subsequently be used as nutraceuticals
and ingredients for functional foods [61-64]. Polyphenol-rich extracts obtained from grape
skins and seeds [65-68] can also be sourced from grape pomace for polysaccharides and fibers
[55,69,70]. Similarly, grape stems, obtained after destemming, emerge as an important source
of phenolic compounds [71-74], particularly stilbenes [55,75,76].

Several in vivo and in vitro studies with phenolic compounds present in wine and
grape pomace have demonstrated significant health-promoting effects, such as
neuroprotection for preventing cognitive and mental disorders [77, 78], prevention of
cardiovascular diseases [80, 81], reduction of insulin resistance [82], and antiproliferative
action against cancer cells [83].
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Functional ingredients are obtained through aqueous or alcoholic solvent extraction
processes [65,66,71,82,84], and more recently, through supercritical CO, extraction [85, 86].
These processes present technical difficulties for industrial scaling, especially due to the
perishability of these products and waste logistics.

Considering the issue of winemaking waste, the search for a viable solution for
utilizing byproducts to obtain ingredients with enhanced biological value necessitated
conducting a study on processing winemaking waste to preserve their functionality through
dehydration processes, which will allow for their further valorization. Additionally, it is
necessary to develop efficient extraction techniques to achieve good recoveries of the
compounds.

Chemical composition of grape pomace. Grape pomace represents the dehydrated
byproduct from the pressing of grapes (Vitis vinifera L.) during the wine and grape juice
production process. It contains the pulp, skins, seeds, peduncles, and possibly fragments of
stems (the woody support of the grape cluster) [77]. Grape pomace contains a high
concentration of phenolic compounds, as not all of these substances are fully extracted
during winemaking [88]. These phenolic compounds, which are secondary plant metabolites,
are known for their potential health benefits, including antioxidant, antimicrobial, antiviral,
and anti-inflammatory properties [76]. Due to these attributes, grape pomace offers an
affordable source of valuable phytochemicals, which can be utilized across various sectors
such as pharmaceuticals, cosmetics, and the food industry [88]. With increased attention to
the sustainability of agricultural practices, efforts have been made to utilize extracts from
grape pomace in various industry fields. It has been demonstrated that spent grape pomace,
after the extraction of bioactive compounds, can undergo procedures for the extraction of
condensed tannins, recommended for adhesive production [87]. The elemental composition
of grape pomace is presented in Figure 4.
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Figure 4. Elemental composition of grape pomace, macroelements and microelements.
*Composed by the author based on bibliographic sources [ 88,89].

As shown in Figure 4, grape pomace is an important source of iron, potassium, and
manganese, as well as copper and zinc. It is low in elements such as sodium and calcium.
Grape pomace can serve as a good source of essential minerals, as it does not accumulate
elements that pose health risks.

The fatty acid composition of grape pomace is presented in Table 2 [90 - 94].
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Table 2
Fatty Acid Composition of Grape Pomace”
Fatty acids, g/kg
g
kX N Q < =
$ ¢ & 3 & = & § § &
Gape § § o ® g © ©§& ¢ T uf
Pomace .2 K ¥ Y o 2 = 'S o g
= [=] = o— 2 o — [ = "‘;,‘ o=
£ £ o = Qo ° S a ‘= £
s £ & © £ g 8 g 2 £
o Iy - 3 < i >
Raw 29 0.06 1.8 6.6 29 0.2 0.07 0.07 0.02 4.4
Dried 3.2 0.07 1.9 7.2 31.8 0.2 0.08 0.08 0.03 4.9

*Composed by the author based on bibliographic sources [90-94]

According to the data presented in Table 2, grape pomace primarily contains linoleic
acid (70.9%), oleic acid (16.1%), palmitic acid (7.1%), and stearic acid (4.3%) [92]. Erucic acid
is absent. There is a significant amount of vitamin E (4.4 mg/kg in raw pomace, 4.9 mg/kg in
dried pomace)[94]. It was found that the total fatty acid content in grape pomace constitutes
75% [90, 91].

The amino acid composition of grape pomace is presented in Table 3 [90-96].

Table 3
Amino acid composition of grape pomace
£ £ z B
c c (] <
Pomace o § £ § o € = £ =8 £ & £ E g o g
E 9o & @ £ © £ ¥ £ £ € & 8B S £ =
g £ 2 © F 3 &£ £ 2 2 8 & 3 > 5 8
T F g 2 =2 9 2 AP+ < < < © O w a
Raw,
a/kg 49 43 13 45 47 81 42 25 68 65 55 6.3 5.5 8 45 44
Dried,
a/kg 54 47 14 49 52 89 46 28 74 71 6 69 214 87 49 48

*Composed by the author based on bibliographic sources [90-96]

Grape pomace has a significant content of glutamic acid (19.5 g/kg raw pomace, 21.4
g/kg dried pomace) and aspartic acid (6.3 g/kg and 6.9 g/kg, respectively) [92]. It also contains
a notable amount of essential amino acids. However, most studies demonstrate that the
nitrogen digestibility of grape pomace is moderate, varying from 16.3% in rabbits to 82.1%
in fish [94]. In pigs, this indicator ranges from 47.7% to 68.1%, and for poultry, it is between
61% and 78% [91].

Polyphenol composition of grape pomace. Research suggests that the chemical
makeup of grapes is shaped by both environmental conditions and grape varieties [55].
Various studies have explored the characteristics of carbohydrate polymers found in grape
skins [95] and grape stems [96]. Grape pomace, known for its high polyphenol content, has
been studied as a source of antioxidants. Since the “French paradox” was observed [97],
numerous studies have emphasized the positive effects of grape or wine polyphenols on
human health [98]. he general composition of several grape pomaces has also been
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documented [95, 99]. Grape pomace contains components that inhibit the proliferation of
Caco-2 and HT-29 cancer cells by inducing apoptosis, has potent free radical scavenging
activity, and may provide protection against certain cancers [100].

Chemical characterization of grape pomace is necessary to evaluate their potential,
determine extraction yields, and ensure quality control. Various phenolic compounds,
representative of different structural types, have been identified. Profiles of phenolic
compounds recovered from different winery wastes are dominated by gallic acid, catechin,
and epicatechin. Additionally, hydroxytyrosol, tyrosol, cyanidin glycosides, and various
phenolic acids such as caffeic, protocatechuic, syringic, vanillic, o-coumaric, and p-coumaric
acids have been identified [101]. Different extraction systems quantitatively but not
qualitatively alter the phenolic composition of grape pomace extracts.

Biological characterization involves antioxidant and antimicrobial tests for all extracts
and seed oil, with the ability to inhibit a-glucosidase, a-amylase, a-tyrosinase, and ChE
enzymes, along with anti-inflammatory activity and macrophage release stimulation [103].

The content of anthocyanins and flavan-3-ols in grape phenolic extracts varies
depending on the grape variety and whether the extract comes from whole fruit or fermented
pomace. However, all grape phenolic extracts significantly inhibit glucosyltransferases B and
C (70-85% inhibition) at concentrations up to 62.5 pg/mL (P < 0.01) [102]. Additionally, these
extracts reduce the glycolytic pH drop caused by Streptococcus mutans without affecting
bacterial viability, likely due to partial inhibition of F-ATPase activity (30-65% inhibition at
125 pg/mL; P < 0.01) [102]. Notably, fermented pomace extracts displayed similar or superior
biological activity compared to whole fruit extracts [104]. These findings suggest that grape
phenolic extracts, particularly from pomace, are highly effective against specific virulence
traits of S. mutans, even with significant variations in their phenolic content.

Phenolic compounds are primarily synthesized from carbohydrates via the shikimic
acid and acetate pathways. Shikimic acid leads to cinnamic acids and their derivatives
through transamination and deamination. Acetates lead to polyketides or polyacetates
(malonate). The structure of phenolic compounds ranges from a single aromatic nucleus with
low molecular weight to complex tannins with very high molecular weight, depending on the
nature of the carbon skeleton and the length of the aliphatic chain attached to the benzene
nucleus [105]. Phenolic compounds are capable of conjugation with sugars or organic acids.
Phenolic compounds can be divided into two major groups: flavonoids and non-flavonoids.

Flavonoids are a group of polyphenolic compounds consisting of 15 carbon atoms
arranged in a C6-C3-C6 structure, where two aromatic rings are linked by a three-carbon
bridge. They are the most abundant among all phenolic compounds. They are the most
prevalent phenolic compounds and serve various functions in plants as secondary
metabolites, including roles in UV protection, pigmentation, nitrogen fixation, and resistance
to diseases. This C6-C3-C6 structure results from two synthetic pathways of phenolic
compounds (Figure 5) [105]. The B ring and the three-carbon bridge form a phenylpropanoid
unit, produced from phenylalanine through the shikimic acid pathway, while the A ring is
derived from the condensation of three acetate units via the malonic acid pathway. The fusion
of these two parts involves the condensation of a phenylpropanoid, 4-coumaroyl, with three
malonyl-CoA, each contributing two carbon atoms. The reaction is catalyzed by chalcone
synthase, thus generating tetrahydroxychalcone, which can subsequently generate all
flavonoids [105].
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Figure 5. Flavonoid structure.

There are several groups of flavonoids, the main ones being flavones, flavonols,
flavan-3-ols, isoflavones, flavanones, and anthocyanidins (Figure 6) [106]. Isoflavones are not
present in grapes. The basic structure of flavonoids can undergo many substitutions, with
hydroxyl groups typically at positions 4, 5, and 7. Most flavonoids exist as glycosides, varying
greatly depending on the species and the nature of the sugars. Substitutions alter the
solubility of flavonoids; hydroxylations and glycosylations generally make the compounds
more hydrophilic, while other substituents, such as methylation, make them more lipophilic [106].

Flavonols are often highly widespread compounds. Flavonols such as myricetin,
quercetin, and kaempferol are usually present as O-glycosides. The bond is most frequently
at position 3 of the aromatic C ring, though substitutions at positions 5, 7, 4’, 3°, and 5’ are
possible [106]. The number of aglycones is limited, but there is a substantial number of
derivatives. For example, kaempferol alone has over 200 conjugates with different osidic
fragments. There is strong variability in flavonol concentration depending on the season and
the grape variety considered. Their structure is planar. Four flavonols are predominantly
present in grapes: kaempferol, quercetin (5-10 mg/kg), myricetin, and isorhamnetin.
Quercetin derivatives are always predominant. The average maximum flavonol content in
grapes is around 50 mg/kg but varies between 10 and 285 mg/kg [105].

Flavanones are the first products of the flavonoid biosynthesis pathway. They are
characterized by the absence of double bonding between C2 and C3 and by the presence of
a chiral center at C2. Most naturally occurring flavanones have the B ring attached to the
aromatic C ring. The structure of flavanones is highly reactive, leading to hydroxylation, O-
methylation, and glycosylation reactions. Flavanones are present in grapes at concentrations
of a few mg/kg [106].

OH

Anthocyanin glycoside Flavan-3-ol Flavonol
(Malvidin 3-O-beta-D- ((+)-Catechin) (Quercetin)
glucoside)
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Figure 6. Main classes of flavonoids.

Flavan-3-ols are the most structurally complex group of flavonoids. They include
simple monomers like (+)-catechin and its isomer (-)-epicatechin, as well as larger oligomers
and polymers known as proanthocyanidins [107]. Proanthocyanidins are formed from
catechin and epicatechin with oxidative couplings between C4 positions of the heterocycle
and Cé or C8 of the adjacent monomer. Procyanidin oligomers consist of 2 to 5 catechin or
epicatechin units, while polymers contain 6 or more units. Additionally, flavan-3-ols can be
esterified with gallic acid or, alternatively, hydroxylated to form gallo-catechins and
gallotannins. Flavan-3-ols in grapes are primarily found as polymers. Seed tannins are
composed of proanthocyanidins (polymers of catechin and epicatechin), partially galloylated,
while those in grape skins also contain prodelfinidins (polymers of gallo-catechin and
epigallocatechin) [108]. The average number of monomer units, defined as the average
degree of polymerization (DPm), can reach up to 18 in a seed-derived fraction and approaches
30 units in a grape skin extract [108].

Flavones are structurally very similar to flavonols, with the difference being the
absence of a hydroxyl group at C3. There are also many possible substitutions for flavones,
such as hydroxylation, methylation, O- and C-alkylation, and glycosylation. Flavones are
mainly present as glycosides. Grapes contain very small amounts of flavones [106, 107].

Anthocyanidins are widely present in the plant kingdom, primarily as glycosides, and
are found exclusively in the skins of black grapes (absent in white grapes) [109]. They are
responsible for red, blue, and purple colors depending on the pH of the environment [110].
These compounds are involved in protecting plants against excessive sunlight. The most
common anthocyanidins are pelargonidin, cyanidin, delphinidin, peonidin, and malvidin, but
these compounds are present only as glycosylated conjugates, anthocyanins. Anthocyanidins
can form conjugates with hydroxycinnamic acids and organic acids (malic acid and acetic
acid) [111]. Unlike other species (hybrids) with high levels of diglucosylated anthocyanins at
C-3" and C-5’, Vitis vinifera contains only traces of these compounds. This is due to the
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predominant presence of 3-monoglucoside anthocyanidins, especially malvidin 3-O-
glucoside and its acyl derivatives [112]. Anthocyanins are present in grapes with average
contents ranging from 500 to 3,000 mg/kg, but can reach up to 5,000 mg/kg [110].

Non-flavonoids. The main non-flavonoids of nutritional importance are phenolic acids,
hydroxycinnamic acids, and stilbenes (Figure 7) [113].

0 OH 0
HO. LOH /_Q \)LOH
HO H04©’/ HO
OH
OH OH
Hydroxybenzoic acid Stilbene Hydroxycinnamic acid

(Gallic acid) (trans-resveratrol) (Caffeic acid)
Figure 7. Structure of main non-flavonoids.

Phenolic acids. Hydroxybenzoic acids have a C6-C1 structure, consisting of a benzene ring
attached to an aliphatic chain. These include vanillic acid, syringic acid, gentisic acid, and gallic acid
[114]. The primary compound is gallic acid, which is found in grapes between 100 and 230 mg/kg
[105, 109].

Hydroxycinnamic acids. Cinnamic acid is a C6-C3 compound formed through the
deamination of phenylalanine, a process catalyzed by phenylalanine ammonia-lyase. This
reaction produces p-coumaric acid through the hydroxylation of cinnamic acid. Both cinnamic
acid and hydroxycinnamic acids are commonly referred to as phenylpropanoids. Their basic
structure consists of a benzene ring attached to a 3-carbon aliphatic chain, often featuring
one or more hydroxyl groups that may be esterified with an aliphatic alcohol [115]. The most
common hydroxycinnamic acids include caffeic, p-coumaric, ferulic, and sinapic acids. These
compounds are produced through a series of hydroxylation and methylation reactions. They
often accumulate in plants as esters of tartaric acid, forming compounds such as coutaric (an
ester of p-coumaric acid), caftaric (an ester of caffeic acid), and fertaric acid (an ester of ferulic
acid). These esters play significant roles in plant metabolism and contribute to the
antioxidant properties of various foods and beverages [115]. These constituents are primarily
found in the pulp of grape berries. The major hydroxycinnamic acid in grapes is caftaric acid
(caffeoyl tartaric ester), which can be found at levels of approximately 200 mg/kg [116].

Stilbenes are polyphenolic compounds with a C6-C2-Cé6 structure, two benzene rings
linked by a methylene bridge. They are produced by plants in response to fungal, bacterial,
or viral attacks, as demonstrated for trans-resveratrol [117]. Resveratrol is synthesized by
condensing 4-coumaroyl with 3 malonyl CoA, each providing 2 carbon atoms. The reaction is
catalyzed by stilbene synthase, with the products being the same as for flavonoid synthesis,
the only difference being the enzyme that catalyzes the reaction. Resveratrol in its cis- and
trans- forms is found in plant tissues, mainly as trans-resveratrol-3-O-glucoside [118].
Oligomeric forms of stilbenes, such as pallidol and viniferin, have also been identified in
grapes, and more recently, a tetramer of resveratrol, hopeaphenol [119].

The content of catechins and proanthocyanidins (catechin oligomers) varies depending
on the type of grape. In table grapes, the content of these compounds ranges from 243 to
1,108 mg/kg, with over 89% generally located in the seeds [120]. Table 4 presents the
distribution of polyphenolic compounds according to the different parts of red grape berries.
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Table 4
Distribution of polyphenolic compounds in grapes (mg/kg)
Compounds Pulp Skin Seeds
Tannins Traces 100-500 1000-6000
Anthocyanins - 500-3000 -
Phenolic Acids 20-170 50-200 -

*Composed by the author based on bibliographic sources [120-123]

This distribution confirms that the grape pomace resulting from the winemaking
process is an extremely concentrated source of bioactive compounds.

Tannins in grape pomace are primarily composed of proanthocyanidins or catechin
tannins. These compounds are made up of monomeric or polymeric units of flavan-3-ols [61].

Proanthocyanidins, also known as condensed tannins, are synthesized as secondary
polyphenolic metabolites through the flavonoid biosynthetic pathway. Discovered in 1947 by
Jacques Masquelier, who developed and patented techniques for extracting oligomeric
procyanidins from pine bark and grape seeds, proanthocyanidins continue to attract attention
due to their biological and physiological properties [121]. They are composed of procyanidin
and prodelfinidin units linked together by a C4-C8 bond (Figure 8) [122,123].

However, the high polyphenol content is a disadvantage for using pomace as animal
feed and may pose potential pollution issues when used as soil fertilizer.

Antioxidant and microbiostatic properties of CBA from grape pomace. Numerous
studies demonstrate the effectiveness of CBA extracted from grape pomace on health,
particularly due to their antioxidant, anti-inflammatory, and microbiostatic effects related to
the significant CBA content [124]. The antioxidant activity of grape pomace extracts was
evaluated in obese male mice with diet-induced obesity (ODI) by measuring their oxygen
radical absorption capacity (ORAC) [125]. Male ODI mice were randomly assigned to one of
three treatment groups (n = 12): a normal diet group (DN), a high-fat diet group (Gr), and a
high-fat diet group supplemented with grape pomace extracts (GrTS). After 12 weeks of
treatment, the mice in the high-fat diet groups gained 29% more weight compared to those
in the DN group. Supplementation with grape pomace extracts, estimated at 250 mg/kg/day
(GrTS group), reduced plasma levels of C-reactive protein by 15.5% in mice fed a high-fat diet,
suggesting a potential anti-inflammatory effect [125]. Grape pomace extracts (GPE)
demonstrate anti-inflammatory effects in diet-induced obesity, largely due to their high
content of polyphenolic compounds and anthocyanins, measured at 475.4 mg of gallic acid
equivalent/g and 156.9 mg of cyanidin 3-glucoside equivalent/g, respectively [124, 125]. GPE
also contains catechin (28.6 mg/g) and epicatechin (24.5 mg/g), as well as other antioxidants,
including quercetin (1.6 mg/q), trans-resveratrol (60 ug/g), gallic acid (867.2 ug/qg), coutaric
acid (511.8 pg/q), p-hydroxybenzoic acid (408.3 ug/g), and protocatechuic acid (371.5 ug/q).
The antioxidant activity, as measured by the ORAC assay, was 4133 umol TE/g [125].

A recent study examined the effectiveness of antioxidant supplements in reducing
oxidative stress [126], particularly focusing on the impact of grape beverages and extracts on
oxidative stress markers in athletes. The study detailed the polyphenolic doses, participant
demographics, and exercise protocols used [126].

Grape pomace extracts were also tested for their antibacterial properties against
several strains, including Bacillus cereus, Bacillus coagulans, Bacillus subtilis, Staphylococcus
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Figure 8. Structures of flavan-3-ols and proanthocyanidins - main constituents of grape
seed extract: (+)-catechin (1), (-)-epicatechin (2), proanthocyanidin B1 (3), B2 (4), B3 (5), B4
(6), and C1 (7)
aureus, strains of Escherichia coli and Pseudomonas aeruginosa [53]. The results showed that
Gram-positive bacteria were inhibited at concentrations of 850-1000 ppm, while Gram-

negative bacteria required 1250-1500 ppm for inhibition [52].

Additionally, since a significant amount of polyphenols are not absorbed in the small
intestine, their interaction with colonic microbiota was studied. The influence of polyphenolic
extracts on the growth of Lactobacillus acidophilus CECT 903 was investigated in vitro through
agar diffusion tests and liquid medium cultures. Grape phenolic extracts and some standard
phenolic compounds (caffeic, gallic, tannic acids, catechin, epicatechin, and quercetin) were
tested. None of the tested phenolic compounds exerted an inhibitory effect on Lactobacillus
acidophilus growth at a maximum concentration of 5000 pg/disk diffusion tests in agar. It was
found that the phenolic extract from grape pomace (1 mg/mL) induced a significant increase
in Lactobacillus acidophilus biomass in liquid culture media [127].
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Phenolic compounds in grape pomace undoubtedly have therapeutic properties,
particularly for certain chronic conditions such as atherosclerosis, diabetes, hypertension, and
some types of cancer [128]. Among the mechanisms of action of phenolic compounds
involved in the prevention of chronic pathologies are:

1. Grape pomace demonstrates significant antioxidant activity, as measured by ABTSe
and DPPHe assays, as well as H,0, scavenging tests. This high level of antioxidant activity is
strongly associated with the presence of flavan-3-ols, phenolic acids, and ethyl gallate.
Additionally, grape skin has been shown to exert cellular antioxidant effects on
adenocarcinoma cells, with an ECso value of 56.4 mg total phenolic content (TPC)/mL, which
is closely linked to the presence of flavonols and anthocyanins [129].

2. A saving effect on endogenous antioxidants (vitamin E, vitamin C, 3-carotene, etc.) [130].

3. A saving effect on antioxidant enzymes (SOD - superoxide dismutase, catalase,
SeGSHPx - glutathione peroxidase) [131].

4. A significant effect on reducing cholesterol and rebalancing blood lipids high
density lipoproteins (HDL) and low - density lipoproteins (LDL) [132].

5. Chelation effect on oxidation cofactors, fatty acids, and certain metal ions (Fe?*
Cu?) [133].

6. An inhibitory effect on oxidative enzymes such as cyclooxygenases and
lipoxygenases [102].

7. Effect on NO synthesis in endothelial cells of the arterial wall, leading to
vasorelaxation and membrane hyperpolarization through extracellular potassium release [134].

8. An inhibitory effect on the genesis of NADPH oxidase production in vascular wall
cells (thoracic aorta and heart), resulting in a reduction in free radical production [135].

9. A significant effect is the presence of trans-resveratrol. Trans-resveratrol has been
shown to have beneficial effects on diseases related to oxidative and/or inflammatory
processes and extends lifespan. A study aimed at estimating the dietary intake of four
stilbenes in the Spanish adult population allowed for the mediation of intake and their
sources [136]. Among the four stilbenes studied, trans-piceid was the most abundant,
accounting for 53.6% of the total, followed by trans-resveratrol at 20.9%, cis-piceid at 19.3%,
and cis-resveratrol at 6.2%. The majority of the research and development on these
compounds focused on wines (98.4%), with only 1.6% attributed to grapes and grape juices,
while contributions from sources like nuts, pistachios, and berries were negligible, making up
less than 0.01% [136].

As a natural food ingredient, resveratrol possesses significant antioxidant potential,
antitumor activity, and is considered a potential candidate for the prevention and treatment
of various types of cancer [137]. The anticancer properties of resveratrol have been confirmed
in numerous in vitro and in vivo studies, demonstrating its ability to inhibit all stages of
carcinogenesis, including initiation, promotion, and progression. In addition to its anticancer
effects, resveratrol exhibits a wide range of bioactive properties, such as anti-inflammatory,
cardioprotective, vasorelaxant, phytoestrogenic, and neuroprotective effects. Despite these
promising benefits, the pharmaceutical application of resveratrol faces challenges due to its
poor solubility, low bioavailability, and potential adverse effects. As a result, numerous
studies have focused on estimating the resveratrol content in wines and grape pomace from
various sources in an effort to improve its therapeutic potential [138-141]. The general
conclusion is that this component accumulates depending on plant metabolism, agroclimatic
conditions, and other difficult-to-predict factors.
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4. Conclusions

Managing waste in the agro-industrial sector is critical for preventing environmental
pollution while simultaneously capitalizing on opportunities to obtain value-added products.
Waste from industries like wine, spirits, beer, and juice production can have harmful effects
on ecosystems if not properly managed. For example, improper disposal of liquid waste can
damage soil chemical composition, disrupt the balance of microorganisms, and negatively
affect plants and other living organisms. Solid organic waste is often managed through
agricultural application, anaerobic digestion, composting, and incineration—though
incineration is costly and linked to air emissions. Liquid waste, on the other hand, is treated
via methods like sedimentation, decantation in stabilization ponds, and anaerobic
fermentation to reduce its environmental impact. The key challenge is that agro-industrial
waste often contains toxic components harmful to plants and ecosystems, making direct soil
disposal unsuitable. However, this waste can be repurposed as a renewable source of value-
added products, offering potential for sustainable development within the agro-industrial sector.
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Abstract. Anthocyanins, natural pigments present in plants which are of interest among
researchers due to their antioxidant qualities and potential therapeutic advantages in certain
contexts. Their occurrence in fruits, vegetables, and blossoms attributes to their unique hues.
Once obtained, the dyes extracted from berries can serve as natural coloring agents in a
variety of food items, displacing artificial dyes. Moreover, the antioxidative characteristics of
anthocyanins position berry dyes as potential sources of functional components for creating
healthier food alternatives. Overall, the extraction of pigments from berries shows
considerable promise for both the food sector and health-conscious consumers. In this
context, emphasis is placed on the identification of advantageous extraction methods from
the point of view of the quality of the biologically active compounds obtained, the extraction
yield and the impact of the respective methods on the environment. Directing the
technological parameters for obtaining storage-stable phytochemical compounds is also
important. The purpose of this paper is to deepen the methods of anthocyanin extraction,
their advantages and disadvantages together with the condition of the berries subjected to
the extraction processes. Moreover, it analyzes the stabilization methods of phytochemical
compounds during storage and their use in the food industry.

Keywords: anthocyanins, antioxidant properties, berries, extraction methods.

Rezumat. Antocianinele, pigmenti naturali prezenti in plante, prezintd un interes considerabil
datorita proprietatilor lor antioxidante si a potentialelor avantaje terapeutice. Prezenta lor in
fructe, legume si flori se atribuie nuantelor lor unice. Odata obtinuti, colorantii extrasi din
fructe de padure pot servi ca agenti de colorare naturali intr-o varietate de produse
alimentare, inlocuind colorantii artificiali. Tn plus, caracteristicile antioxidante ale
antocianilor pozitioneaza colorantii de fructe de pdadure ca surse potentiale de componente
functionale pentru crearea de alternative alimentare mai sdn3toase. In general, extractia
pigmentilor din fructe de padure este importanta atat pentru sectorul alimentar, cat si pentru
consumatorii in cautare de optiuni naturale si sdndtoase. In acest context se pune accent pe
identificarea metodelor de extractie avantajoase din punct de vedere a calitatii compusilor
biologic activi obtinuti, a randamentului de extractie si a impactului metodelor respective
asupra mediului inconjurator. De asemenea, este important de a dirija parametrii tehnologici
pentru obtinerea compusilor fitochimici stabili la pastrare. Scopul acestei lucrari a costat in
evaluarea metodelor de extractie a antocianilor, avantajele si dezavantajele acestora, precum
si metodele de stabilizare a compusilor fitochimici in timpul depozitarii si utilizarii in
industria alimentara.
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Cuvinte cheie: antociani, proprietdti antioxidante, fructe de pddure, metode de extractie.

1. Introduction

Horticultural resources containing abundant anthocyanins, Llike blueberries,
blackberries, jostaberry and beetroot, have become popular for their antioxidative
characteristics. These flavonoid compounds not only impart vivid hues to fruits and veggies
but also shield cells from oxidative stress and harm caused by free radicals [1,2]. Regular
intake of anthocyanin-rich foods can promote overall well-being and ward off diverse
aliments. The advantages of consuming horticultural resources abundant in anthocyanins:

e Shielding against cardiovascular aliments: Anthocyanins aid in preserving heart and
circulatory system health by decreasing "bad” LDL cholesterol levels and lessening artery
inflammation [3]. Blueberries, abundant in anthocyanins, are frequently utilized in
complementary treatments to stave off cardiovascular illnesses.

e Enhancing cognitive function: Anthocyanins can positively influence brain function
and memory. Research indicates that these compounds enhance attention, focus, and
cognitive stamina [4].

e Anti-inflammatory attributes: Anthocyanins exhibit robust anti-inflammatory
properties, potentially lowering the likelihood of developing persistent inflammatory
aliments like arthritis and inflammatory digestive disorders [5]. Due to its elevated
anthocyanin content, beetroot can be included in an anti-inflammatory regimen, aiding in
alleviating symptoms associated with such conditions [6].

e Boosting the immune system: Ingesting horticultural resources rich in anthocyanins
can fortify the body's immunity, thanks to these compounds' capacity to combat free radicals
and infections [7].

Raspberries, for instance, offer a rich reservoir of anthocyanins and vitamin C,
bolstering immune system function and shielding the body from colds and infections [8].
Consuming anthocyanin-rich horticultural resources provides benefits such as safeguarding
against cardiovascular aliments, supporting cognitive function, anti-inflammatory traits, and
enhancing the immune system [9]. Fruits like blueberries, blackberries, jostaberry, beetroot,
and raspberries exemplify foods abundant in anthocyanins that confer these advantages.
Certain horticultural resources teeming with anthocyanins and antioxidative properties
encompass:

o Blueberries. With their intense blue color derived from anthocyanins, blueberries
are famed for their high anthocyanin content. They also boast other antioxidants such as
vitamin C and vitamin E [10].

e Blackberries. Another anthocyanin-rich fruit, blackberries also offer a rich source of
vitamins A and C, along with fiber.

¢ Red cabbage. A cruciferous vegetable brimming with anthocyanins, red cabbage
also packs a punch with additional antioxidants, vitamins, and minerals.

o Purple sweet potatoes. These vibrant tubers owe their hue to anthocyanins and are
rich in fiber, vitamins, and minerals.

e Red grapes. Particularly abundant in anthocyanins in their skin, red grapes also
supply resveratrol, another potent antioxidant.

o Elderberries. Renowned for their copious anthocyanin content and medicinal
properties, elderberries are also rich in vitamin C and dietary fiber.
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e Blackcurrants. Small berries rich in anthocyanins and other antioxidants,
blackcurrants are also laden with vitamin C and potassium.

o Cherries. Especially tart cherries, high in anthocyanins, also possess other
antioxidants and anti-inflammatory characteristics. These anthocyanin-rich resources can be
integrated into various dishes like smoothies, salads, desserts, or enjoyed as a snack to
harness their antioxidative advantages [11].

e Jostaberry. The jostaberry hybrid (Ribes x nidigrolaria) is a fruiting shrub obtained
by crossing the following species: the blackcurrant Ribes nigrum, the black gooseberry Ribes
divaricatum, and the European gooseberry. The jostaberry hybrid varieties, are sources of
notable nutritional value, due to their increased content of biologically active compounds,
such as fiber, carbohydrates, phenolic compounds, vitamins, and minerals [2].

2. Berries pretreatment before hue extraction

Berries are known for their vibrant colors and delicious flavors, but they also pack a
powerful punch when it comes to health benefits. Anthocyanins, the pigments that give
berries their hues, are potent antioxidants with anti-inflammatory properties that may help
reduce the risk of chronic diseases [12]. Berries can be used in various extraction processes
to obtain juices, concentrates, bioactive compounds, extracts for food supplements, and
others in fresh or pretreated form (Table 1).

Fresh. Ideal for ready-to-eat products, juices and smoothies.

Frozen. Good for processed foods and extracts of bioactive compounds.

Dried. Optimal for food supplements, tinctures and infusions.

Freeze-dried. Excellent for premium health and cosmetic products [13].

Depending on the final purpose of the product and the available resources, the choice
of condition in which the pads are used will vary. Each method has its own advantages, and
the right choice can optimize the quality and efficiency of the extraction process [14].

Table 1
Pretreatment methods of fruits and berries
State of berry | Advantages Disadvantages References
High water content, Which |1 berishability, which can
facilitates the extraction of . .
affect yield if not processed
soluble compounds. uickl
Fresh High extraction yield. quickty. . [15,16]
. Seasonal  variability and
The natural chemical | . . s
e . limited accessibility, that
composition is intact, without : .
. . could influence the yield
distortion.
Preserves bioactive | Possible loss of bioactive
compounds, including | compounds during the
Frozen anthocyanins, with minimal | freezing and thawing process, | [17,18]
changes. Availability | but  these are often
throughout the year. insignificant.
Freezing preserves  the
structural  integrity and | Need equipment for freezing
chemical composition of the | and storage.
berries, allowing a good
extraction yield.
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Continuation Table 1
Significant loss of
anthocyanins  and  other
phenolic compounds due to
oxidation and high
temperature used in the
drying process, which lowers | [19,20]
the extraction yield.
The need for rehydration
before extraction, which can
complicate the process reduce
efficiency.

Stability and long storage life
Possibility of transport and

Dried easy handling.

Excellent preservation of
bioactive compounds,
including anthocyanins, due
to the low temperatures and
absence of oxygen in the
freeze-drying process.
High extraction yield due to
the porous structure that
facilitates the access of
solvents.

The extraction of anthocyanins from berries can vary significantly depending on the
state in which they are used (fresh, frozen, dried or freeze-dried). Each preservation method
has its own advantages and disadvantages in terms of anthocyanin extraction yield [23].

High costs of the freeze-
drying equipment and process.
Requires carefully controlled | [21,22]
storage conditions to prevent
rehydration.

Freeze-dried

Table 2
Side-by-Side Comparison of Extraction Methods [24]
State of berry Anthocyanin Levels Preparation Time Ii;:,:::'l:;
Fresh High Short Easy
Frozen High Medium Easy
Dried Moderate Long Moderate
Freeze-Dried High Medium Easy

To achieve maximum anthocyanin extraction efficiency, it is recommended to use
freeze-dried berries (Table 2). This preservation method ensures the preservation of bioactive
compounds' integrity and allows for efficient extraction, although it involves higher costs and
requires special equipment. If resources do not allow for freeze-drying, freezing can be a
viable alternative, maintaining a good extraction yield at lower costs [25].

3. Phenolic Acids and Anthocyanidins in Red Fruits
In recent times, there has been a notable surge in research dedicated to the analysis
of the composition and antioxidative characteristics of crimson fruits [26]. Scientists have
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delved into diverse extraction techniques, encompassing traditional solvent extraction and
innovative methods like ultrasound, microwave, and pressure-assisted extractions, to procure
products abundant in antioxidants [27]. Furthermore, investigations have been conducted on
the impact of cultivar types, storage conditions, and drying methodologies on the extraction
and efficacy of antioxidants. This overview seeks to collate and present the most recent
discoveries in this domain to offer a thorough insight into antioxidant extraction from
crimson fruits [28].

These parameters aid in evaluating the strength and efficiency of anthocyanins
concerning their antioxidative potential and overall health advantages [29]. Through the
utilization of these parameters, researchers can precisely gauge and contrast the caliber of
various origins of anthocyanins [30], ultimately fostering advancements in comprehending
their plausible therapeutic uses.

Indices for the quality of anthocyanins provide a mechanism to scrutinize the
attributes and efficacy of these substances. By comprehending the concentration,
configuration, and biological functions of anthocyanins, informed choices can be made
regarding which foods to ingest to optimize the health benefits linked with anthocyanins [31].

Moreover, the extraction technique, solvent, duration, temperature, and pH levels also
exert a pivotal role in determining the attributes of the extract. These factors can impact the
output, resilience, bioactivity, and composition of the extract, including specific bioactive
components [32,33]. Hence, thoughtful consideration of these elements is imperative to
procure extracts with desired features and potential health gains from berries.

To enhance the extraction of antioxidant compounds from berries, researchers
concentrate on regulating extraction procedures due to the challenges in controlling climatic
conditions, sunlight exposure, water uptake from plants, and maturation stage [34]. The
incorporation of substances or exposure to diverse light treatments such as ultraviolet or blue
light can boost antioxidant compounds and capacity. The extraction procedure encompasses
the crimson fruit, technique (chemical or physical assistance) [35], and influential variables
like duration and temperature.

Regarding extraction methodologies, the conventional solvent extraction remains the
prevalent approach for extracting antioxidant compounds from crimson fruits, particularly on
an industrial scale [36]. Nevertheless, this method engulfs a substantial amount of energy
due to the heating process and solvents needed for solid-liquid extraction [37]. Novel non-
conventional approaches have surfaced as eco-friendly alternatives to the former technique,
such as ultrasound, microwave, and pressure-assisted extractions, either applied individually
or in conjunction with solvent usage, to diminish the energy and solvent requisites [38].

3. Common Methods for the Extraction of Antioxidants from Berries

The use of emerging procedures for extracting biologically active compounds from
plant raw materials remains a current technological problem, considering the importance of
their use in different branches of industry. The correct choice of temperature and the
appropriate solvent will ensure the complete extraction of biologically active compounds
from the plant based materials, and the extraction time and the optimal hydromodule can
save energy and expensive solvents, without the loss of the extracted compounds [39].

3.1. Mechanical Extraction
An ancient method of extraction known as cold press extraction is commonly used to
extract antioxidant-rich inner fruit liquids without the use of heat or additional solvents. This
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technique, widely employed in the production of fruit juices and oil extraction, involves a
screw press to obtain the initial liquid, followed by multiple extractions of the residual press
cake to enhance the overall extraction yield [40].

3.2. Traditional Extraction Methods

Within traditional extraction methods, two primary techniques are maceration and
solvent extraction. Maceration involves the gradual release of substances into a solvent over
extended periods without the application of heat [41]. Conversely, solvent extraction utilizes
heat and various solvents to expedite the extraction process, with stirring often employed to
enhance mass transfer. Soxhlet extraction, a cost-effective method commonly used at the
laboratory scale, eliminates the need for subsequent filtration [42].

Solvents such as water, ethanol, methanol, and acetone, either individually or in
combination, are typically utilized in these extraction processes [43]. Acidulated solvents,
containing around 1% acid like HCl or acetic acid, may be employed to improve extraction
efficiency. Water-alcohol mixtures have shown enhanced extraction efficiency compared to
single-component solvents, with 50% ethanol demonstrating optimal results at different
temperatures [44].

The solvent used will be chosen considering the following characteristics:

e Selectivity, which includes the solubility of target compounds and their purity.

e Reactivity, chemical interaction with target compounds is undesirable.

e Chemical and thermal stability under extraction conditions.

e Low viscosity, which increases substance transfer by increasing the diffusion
coefficient.

e Low boiling point.

e Flammability, prohibited.

e Toxicity and environmental and health problems.

e The price of the solvent, which is directly exposed to the manufacturing costs on an

industrial scale [39].

Numerous studies [45,46,47] have highlighted ethanol as the preferred solvent for
extracting antioxidant compounds due to its effectiveness when compared to water, acetone,
hexane, ethyl acetate, and methanol. The ideal composition of ethanol-water mixtures is
generally found to be between 40% and 70%, as it is economically feasible and derived from
a renewable source, aligning with green chemistry principles.

Traditional methods using ethanol, methanol or acetone give a good yield, but can be
improved by optimizing the conditions (temperature, time, solvent/material ratio) [48].

3.2.1. Impact of Solid-to-Solvent Ratio

The solid-to-solvent ratio is crucial in extraction processes, as it influences the
concentration of antioxidant compounds in the final extract. While a higher ratio results in
increased compound concentration, an inadequate solvent volume can impede mass transfer,
necessitating a balance between the two [49].

3.2.2. Influence of Temperature and Duration

Temperature and extraction time are interrelated factors affecting the extraction
process. Elevated temperatures can reduce extraction time, leading to higher yields of
antioxidants. However, excessive temperatures may cause thermal degradation of certain
compounds, such as anthocyanins, impacting antioxidant content. The optimal balance
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between temperature and time is essential to maximize extraction efficiency [50]. Currently,
sustainable extraction methods, ultrasound-assisted extraction (UAE) and microwave-
assisted extraction (MAE) could replace conventional methods, being sustainable extraction
methods which are more efficient: economical, require less time, energy, and reagents. On
the other hand, phytochemical compounds extracted by these methods are safe and harmless
for the use in food industry.

3.3. Application of Ultrasound in Extraction (UAE)

UAE is a non-thermal technique utilizing frequencies above 20 kHz to disrupt cell walls
and enhance mass transfer [51]. This environmentally friendly method has gained popularity
for its cost-effectiveness and efficiency compared to traditional solvent extraction processes
[52]. Ultrasound-induced cavitation aids in the extraction of intracellular compounds, such as
anthocyanins, from plant material [53].

The efficacy of sonication has been demonstrated in improving extraction yields,
although the frequency and duration of ultrasound exposure must be carefully controlled to
prevent degradation of target compounds. While UAE has shown promising results in various
studies [54,55], its impact on the extraction of antioxidant compounds may vary depending
on the fruit type and processing conditions.

The use of ultrasonic waves can increase the extraction yield by effectively breaking
the cells and releasing the anthocyanins. This method can reduce the extraction time and the
amount of solvent required [56,57].

3.4. Microwave-Assisted Extraction (MAE)

MAE is characterized by rapid heating and reduced solvent usage, making it a favorable
option for extraction processes. MAE's ability to utilize intrinsic moisture within fruits,
coupled with its efficient heat transfer mechanism, results in shorter extraction times and
lower environmental impact [54,55]. Optimal solid-to-solvent ratios are essential for
maximizing extraction efficiency, with specialized techniques like Microwave Hydro diffusion
and gravity offering enhanced extraction yields compared to traditional solvent extraction
methods [58].

Microwaves heat the material quickly and evenly, facilitating the release of
anthocyanins and increasing the extraction yield. This method is efficient and can reduce
processing time. Main factors affecting yield are the microwave frequency, types of solvent
and sample size [59].

The main steps of microwave enhanced extraction process included:

- Heat energy created by microwave radiation;

- Heat energy absorbed by samples;

- Creation of high vapor pressure due to moisture evaporation;

- Disruption of cell wall of matrices;

- Release of desired compound into solvents [60].

3.5. Pulsed electric Assisted Extraction

In order to increase the yield of biologically active compounds by increasing the
permeability of the cell membranes of the raw material of vegetable origin, due to the
phenomenon of electroporation, the extraction assisted by the pulsating electric field (Pulsed
Electric Field - PEF) is used. It is an athermal method involving repeated high voltage pulses
for several milliseconds on a plant sample placed between two electrodes [61]. Several
authors have demonstrated the high efficiency of the extraction of biologically active
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compounds, especially polyphenols, using PFE from raw and secondary plant materials
[62,63], possibly due primarily to the temperatures of the process that varies between 20°C -
50°C, which contributes to the breaking of the cell membranes in the apple skin, allowing the
extraction of soluble intracellular components due to increased diffusion [64].

3.6. Supercritical CO; extraction (SFE-CO,)

Supercritical fluid extraction (SFE), a temperature- and pressure-dependent technique,
is valued for the extraction yield and quality of natural chemical compounds obtained
(flavonoids, essential oils, seed oils, carotenoids and fatty acids) from natural plant based
materials. This technique is a sustainable alternative to traditional extraction systems.
Research has shown the considerable benefits of SFE over conventional techniques. Carbon
dioxide (CO,) is a valued solvent in this technique because it is chemically inactive,
economical, easily accessible, separable from extracts, non-toxic, approved as a food grade
solvent.

Supercritical carbon dioxide is frequently used in SFE due to its gas-like and liquid-
like properties, low critical temperature and pressure, and has the selectivity and potential to
extract heat-sensitive compounds.

They can also extract compounds with different molecular sizes. Low polarity
compounds and small molecules are easily dissolved in SC-CO,, but large molecules and polar
compounds are extracted with the addition of a co-solvent to improve the extraction yield,
which can be ethanol, methanol or water [65]. Some authors [66, 67] used SC-CO, extraction
of carotenoids, phenols and flavonoids from plant raw materials in combination with other
methods of extraction, for example stage Il including the use of pressurized ethanol
extraction [68]. Qualitative comparison of extraction methods is shown in Table 3.

Table 3
Qualitative comparison of extraction methods
Extraction
Method Pros Cons References
Maceration No additional energy needed | Very long extraction times.
. . Long extraction times.
Easy industrial scale-up. . -
. Potential flammability or
Well known technique. ..
toxicity of solvents
One of the most prevalent necessitating specific safet
Solvent approaches for anthocyanin . g sp y [3, 30, 69,
. . precautions.
extraction extraction. . . 70-72]
. Risk of losing valuable
Use of organic solvents.
. compounds due to solvent
Adaptable for various plant | . .
interactions
sources.
Higher efficiency (Less
extraction time and solvent
Ultrasound . . .
. consumption requirements). | Expensive scale-up [73,74]
assisted . .
Safe extraction of heat labile
compounds.
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Continuation Table 3

Quicker heating.
Reduced equipment size.
Cost-effective and
. straightforward technique. Risk of burning the sample
Microwave No added solvent needed. .
. . . and denaturalizing | [75-77]
assisted Higher efficiency (heat leads
. compounds
to the breaking of weak
bonds that allow the release
of bioactive components in
the solvent).
Environmentally friendly and | Challenges in achieving high
safe, using a common and | anthocyanin concentrations.
harmless solvent. Susceptibility to pigment
Minimizes the risk of adverse | degradation under specific
Aqueous interactions between the | conditions like high [78-81]
extraction solvent and pigments. temperature and pH.
Suitable for obtaining | Selective extraction of
extracts rich in water-soluble | specific types of anthocyanins
anthocyanins. based on their water
solubility.
Supercritical CO; no toxicity, extraction in
2 , .
0. absence of air and light. The ~ complexity of = the | 5 g5)
extraction Pure extracts extraction process
(SFE-CO;) '
Pulsed Already acqglred by some Need of specialized
- food industries to scale-up . [30,69]
electric fields equipment
processes.

The choice of extraction method and technology depends on the initial state of the
berries and the resources available. Freeze-dried berries generally offer the highest
anthocyanin extraction yield due to the preservation of structure and bioactive composition.
Depending on the available equipment and costs. Ultrasound and microwave-assisted
methods can also improve yield while reducing time and solvent quantity required. The
optimal extraction method choice should consider both the desired yield and available
resources [2,57].

4. Influence of technological regimes on anthocyanins antioxidant and coloring
properties

Anthocyanins extracted from berries offer a wide range of applications in the food
industry. These beneficial compounds can be incorporated into various food items such as
juices, soft drinks, ice creams, and baked goods [83]. Consumption of foods enriched with
berries anthocyanins can provide health benefits due to their antioxidant and anti-
inflammatory properties [84].

The impact of technological factors, including temperature, pH, and ionic strength, on
the antioxidant activity and color attributes of natural dyes is a crucial area of study. These
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variables can significantly influence the stability and functionality of natural dyes commonly
utilized in different sectors like food, textiles, and cosmetics [85].

Temperature. Alterations in temperature can impact the antioxidant activity and color
attributes of natural dyes. Higher temperatures may lead to the degradation or loss of
antioxidant properties and changes in color intensity or hue. Conversely, lower temperatures
can aid in preserving the antioxidant activity and color stability of natural dyes [86, 87].

pH. The pH level of a solution can profoundly affect the antioxidant activity and color
properties of natural dyes. Different pH conditions can modify the chemical structure of dyes,
influencing their stability and color characteristics [88,89]. Some natural dyes may exhibit
enhanced antioxidant activity or color intensity at specific pH ranges, while others may
demonstrate greater stability or vibrancy under different pH conditions [90,91]. Thus,
controlling and optimizing pH conditions during the technological process is crucial to
maximize the antioxidant potential of natural dyes [92].

lonic strength. The ionic strength of a solution, determined by the concentration of
ions present, can impact the antioxidant activity and color attributes of natural dyes [93].
Changes in ionic strength can influence the solubility, stability, and interactions of dyes with
other components in a system, thereby affecting their antioxidant capacity and color
properties [94,95]. Increasing ion concentration in a solution can reduce the antioxidant
activity of natural dyes. This reduction can occur through direct interaction with reactive
oxygen molecules or by modifying the chemical environment where the antioxidant reaction
occurs [96]. However, the effect of ionic strength on antioxidant activity can vary based on
the specific dye and chemical system being used [97].

Comprehending the influence of these technological factors on natural dyes is crucial
for optimizing their application in diverse industries. Researchers and manufacturers can
leverage this knowledge to develop suitable processing conditions, storage methods, and
formulation strategies to maximize the antioxidant activity and retain the desired color
properties of natural dyes [98]. The examination of how technological factors impact the
antioxidant activity and color attributes of natural dyes is particularly critical in the food
industry [99]. As concerns over synthetic dye consumption grow, natural dyes are increasingly
viewed as a safer and more consumer-accepted alternative [100].

5. Methods of stabilizing anthocyanin during storage

Manufacturers must focus on research and development to discover effective
techniques for stabilizing dyes and prolonging their shelf life. This can involve selecting dyes
with enhanced stability characteristics, incorporating protective coatings or additives, and
implementing proper storage and handling practices [101]. By addressing this issue,
manufacturers can ensure that their products retain their desired color and attractiveness,
leading to increased customer satisfaction and product success.

¢ Incorporation of antioxidant additives. Antioxidant additives are capable of delaying
or preventing product deterioration resulting from oxidative reactions [102]. Utilizing
antioxidant additives can safeguard dyes against degradation processes that may
occur during storage.

e Protective packaging. Packaging plays a crucial role in preserving dyes during storage.
Opting for opaque packaging that shields against ultraviolet light can prevent dye
damage due to light exposure [103]. Hermetic packaging can also aid in preventing
oxidation and the ingress of oxygen into the product.
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e Control of temperature and humidity. Proper regulation of temperature and humidity
is essential for dye stabilization during storage [104]. Extreme temperatures can alter
the chemical properties of dyes, leading to modification or discoloration. Excessive
humidity levels can promote mold growth and other forms of damage.

e Incorporation of preservatives. In cases where the product containing dyes has an
extended shelf life, the addition of preservatives can be considered [105]. This
measure can inhibit the growth of bacteria and other microorganisms that could harm
the dyes during storage.

¢ Conducting stability assessments. To validate the efficacy of the stabilization methods
employed, conducting stability tests is imperative [106]. These tests aid in evaluating
the resilience of dyes under various storage conditions, including temperature
variations, humidity levels, light exposure, and oxidative environments [107].

To uphold the stability of dyes during storage, a range of strategies can be
implemented. Incorporating antioxidant additives can counteract degradation due to
oxidative reactions, while protective packaging, temperature and humidity control, and
preservative incorporation can safeguard against chemical alterations, damage, and microbial
growth. Furthermore, stability tests are essential for assessing the dyes’ resilience to diverse
storage conditions [108].

6. Conclusions

The extraction of anthocyanins from berries has shown promising potential in the food
sector. Techniques such as soaking, fermenting, and pressing enable the production of
concentrated extracts suitable for various food items. Anthocyanins possess antioxidant and
anti-inflammatory properties, rendering them a valuable component in promoting consumer
well-being. Consequently, berries are progressively gaining recognition as a significant
source of anthocyanins in the contemporary food industry.

Solvent extraction entails utilizing organic solvents to extract anthocyanins, providing
high extraction efficacy and adaptability in extracting anthocyanins from different plant
sources. Nonetheless, it may necessitate additional steps to eliminate solvents from the
extract and could lead to the loss of certain volatile compounds. Conversely, water extraction
is a straightforward and eco-friendly approach applicable to specific plant materials.
Nevertheless, it might exhibit lower extraction efficiency compared to solvent extraction and
could be less suitable for plants with low water solubility of anthocyanins.

The selection of the extraction method should be meticulously assessed based on the
specific requirements and characteristics of the anthocyanins to be extracted. The article
underscores the importance of understanding anthocyanin extraction techniques, as it plays
a crucial role in the processing of raw materials and acquiring valuable extracts utilized in
the food, pharmaceutical, and cosmetic sectors.

As final thoughts, maintaining the stability of colorants during storage is crucial for
the production of goods that rely on them. Techniques such as incorporating anti-oxidizing
agents, appropriate packaging, regulation of temperature and moisture, and conducting
endurance evaluations are essential in preserving the quality and hue of the colorants. These
actions are imperative for meeting consumer demands and guaranteeing their contentment.

Anti-oxidizing agents aid in preventing the decomposition of colorants due to
exposure to oxygen, whereas proper packaging, like hermetic containers or light-blocking
materials, serves to shield colorants from external elements that could impact their stability.
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Regulating temperature and humidity is vital to prevent colorants from deteriorating under
extreme circumstances.

The addition of preservatives can hinder the proliferation of microorganisms that
might lead to spoilage or deterioration of colorants. Endurance tests are carried out to
evaluate the efficiency and durability of colorants under different storage conditions,
ensuring that they uphold their intended hue and quality over time. By implementing these
measures, producers can boost the stability of colorants, prolong their shelf life, and
ultimately enhance consumer satisfaction by offering products with consistent and vivid hues.

The article provides a comprehensive and enlightening overview of the various
technologies used in the extraction and stabilization of anthocyanins, highlighting their
importance in research and development initiatives.
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Abstract. The oil industry market is promising worldwide, including in the Republic of
Moldova. The growth of vegetable oil production has led to the formation of a large amount
of waste - oil crop pomace (meal), which is usually discarded or used in small quantities as
animal feed and becomes a serious environmental problem. The aim of this work is to analyze
and study different kinds of oil crop pomace, which can be used as a functional ingredient in
product development due to its beneficial components, dietary fiber, and protein. This review
presents the classification of meals, the methods of their production, chemical composition,
protein, and dietary fiber extraction methods, also their characteristics are discussed.
Harmless extraction methods are preferred as they reduce the number of reagents used,
reduce waste, and increase the yield. The review presents physicochemical parameters of
protein concentrates, isolates, and dietary fibers, which are actively used for valuable food
additives production, used as low-calorie ingredients or texture stabilizers in the formulations
of various food products.

Keywords: extraction, isolates, oilcake, pumpkin seed, rapeseed, soybean, squeeze, sunflower seed.

Rezumat. Piata industriei uleiului este promitatoare in toata lumea, inclusiv in Republica
Moldova. Cresterea productiei de uleiuri vegetale duce la formarea unei cantitati mari de
deseuri de tip sroturi. Sroturile sunt de obicei aruncate sau folosite in cantitati mici ca hrana
pentru animale si devin o problema grava de mediu. Scopul lucrarii este de a analiza si studia
tipurile de sroturi care pot fi folosite ca ingrediente functionale in dezvoltarea produselor
alimentare datoritd componentelor lor benefice, anume fibrele alimentare si proteinele. Acest
studiu prezinta clasificarea sroturilor de oleaginoase, analiza metodelor de producere a
acestora, compozitia chimica, metodele de extractie a proteinelor si fibrelor alimentare,
precum si caracteristicile acestora. Metodele de extractie inofensive sunt binevenite,
deoarece reduc cantitatea de reactivi utilizati, reduc deseurile si cresc randamentul. Sunt
prezentati indicatorii fizico-chimici ai concentratelor proteice, izolatelor si fibrelor
alimentare, care sunt utilizate activ pentru producerea aditivilor alimentari valorosi, sunt
utilizate ca ingrediente cu continut scazut de calorii sau stabilizatori de textura in formularile
diferitor produse alimentare.

Cuvinte cheie: extractie, izolate, sroturi de oleaginoase, seminte de dovleac, rapitd, soia, tescovina,
seminte de floarea soarelui.
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1. Introduction

Nowadays, there are more and more problems with the availability of animal proteins
because of environmental pollution, climate change, loss of biodiversity, etc. In addition,
prices are also rising due to the increased demand for aliments and energy consumption. At
the same time, the need to consume high-quality protein does not decrease. In this regard,
research into the production of protein from other environmentally friendly sources is widely
welcomed. Among them are plant sources rich in proteins with a good amino acid
composition, which after extraction can be used in food as food additives. Plant proteins are
easily absorbed by the organism, are not toxic, and are quite suitable for use as a substitute
for animal protein [1,2].

In addition, there is the problem of utilization of food processing waste, which has an
environmental impact. The Food Agriculture Organization reported that each year about 1.3
billion tons of food is lost, which is 1/3 of the global food production. This includes 20% of
oilseeds, meat, and dairy products, 30% of cereals, 35% of fish, and 40-50% of fruits and
vegetables. Of the total food waste, 54% occurs during cultivation and post-harvest stages,
while 46% - during processing, distribution and consumption [3]. Residues after food
processing contain precious compounds (pigments, minerals, fibers) that can be used in the
food industry and other fields (agriculture, pharmaceutics, cosmetics) [4].

For these reasons, scientists, ecologists, and nutritionists welcome the recycling of
food waste to obtain other products suitable for food or everyday use. This fact can also
generate additional income for producers and processors. Agro-waste presents oilseed
pomace, which remains after the production of vegetable oil. Residues after oil production
contain valuable components such as fiber, antioxidants, pigments, and minerals, which after
processing can be used in various industrial fields: food, pharmaceutical, agricultural,
and cosmetic. This pomace is rich in protein, nitrogenous compounds, and minerals and is
mainly used as cattle feed, but with proper processing can be a source of protein suitable for
food [5]. Oilseed pomace has been found to increase the weight of young animals [6]. In this
regard, oilseed pomace may become a raw material for protein preparations of plant-origin
fabrication. Oilseed pomace has great potential to produce various value-added products with
high nutritional value [5].

Soybean products remain the leader in processing, but such potential sources of
protein as secondary products of melon seeds, flax, nuts, amaranth, and other oilseeds are
also studied [5]. The main oilseed crops used for processing and rich in protein are sunflower,
pumpkin, flax, rapeseed, soybean, poppy, and hemp.

The work aims to study the characteristics and origin of pomace of different oilseeds,
methods of protein and dietary fiber extraction, and their characteristics.

2. Classification and characteristics of the oil crops

Oilseed crops are a large group of plants that include representatives of various
families. From the point of view of their national economic importance, they contain 60-80%
oil in their seeds or fruits and are one of the varieties of industrial crops [7]. The value of seed
as a material for obtaining oil depends on the oil content of the seed, the price of the oil and
its applicability, the difficulty of extracting the oil, and the value of the residue from the
extraction [8].

The full list of families with high oil content includes more than 30 names. Oils
produced from them make up 70% of the total volume of fats consumed in the world. Pomace

Journal of Engineering Science September, 2024, Vol. XXXI (3)



198 Oil crop pomace as a potential source of protein and dietary fiber

obtained during oil production becomes valuable feed for farm animals, but also, with proper
processing, can be used for food purposes. The list of oil crops includes Asteraceae, Lamiaceae,
Umbelliferae, palm, Cucurbitaceae, legumes, olive, Euphorbiaceae, and others [7].

2.1. Sunflower

The fat content of modern sunflower varieties reaches 52% of the dry matter weight
of the seed. Sunflower oil refers to a semi-drying type and has excellent taste qualities. It is
used for consumption, and food preparation and is also used in margarine production,
canning, confectionery, etc. The main fatty acids of this product are oleic and linoleic. The
linoleic acid content in the sunflower oil reaches 60% of the total fatty acids, oleic acid 30-
35%. Sunflower oil contains vitamins A, D, E, and K, phosphatides, and other beneficial
substances. Low-grade sunflower oil is used for soap, paints, linoleum, electrical fittings,
and waterproof fabric production [9].

2.2. Rape

The botanical name is Brassica napus L. ssp. Olivera Metzg. (winter — biennis, spring —
annual). 1t belongs to the annual herbaceous plants of the Cabbage family (Brassicaceae) [10].
Rapeseeds contain from 30 to 50% oil and up to 23% protein. Of all oilseed crops winter rape
ranks first in terms of oil content in seeds (45-50%). The seeds of winter forms contain up to
20% protein and 17% carbohydrates. Semi-drying rapeseed oil can be used for food and
technical purposes. Spring rapeseeds contain 35-45% oil, 21% protein and 17-18%
carbohydrates. The oil is slightly drying and is used for food and technical purposes. Rapeseed
oil is important in food, soap, polygraphy, and other industries. The output of pomace from
seeds is 56%, and their protein content reaches 38-40% [11], according to other data, up to
45-49%, which is well balanced in the composition of amino acids. The pomace of erucic
acid-free varieties serve as good fodder. The pomace of conventional rapeseed varieties
contains 6-7% glycosinolates, whereas that of erucic acid-free varieties contains less than
0.5% and can therefore be compared with soybean oilcake. The pomace from the seeds of
common varieties can be fed to animals, but in small quantities [12].

2.3. Other oil crops

Styrian oil pumpkin (Cucurbita pepo var. Styriaca) has rindless seeds with an oil content
of up to 50%. Unlike other varieties of pumpkin, oil pumpkin varieties are cultivated to
produce fruit with a large number of seeds and, respectively, a high total oil output. The seeds
can be sold to the consumer as whole seeds or can be processed into oil. Pumpkin seed oil is
considered beneficial due to its antioxidant properties (higher than olive oil, hemp, and
sunflower oil) [9].

Flax seeds contain 30-50% oil, which includes up to 30-60% linolenic acid, 17-35%
linoleic acid and 15-20% oleic acid. In terms of biological value, linseed oil takes one of the
first places among other edible vegetable oils. In addition, linseed oil has a high specific
energy content of 39.4 kl/g, and the content of high molecular unsaturated fatty acids in the
oil determines its ability to dry quickly and its value as a technical oil [10]. Linseeds contain
35-42% of the seed weight of well-drying oil, which is used in the production of paints,
varnishes, drying oils, soap, paper, electrical, and other industries, as well as in medicine and
perfumery. A small part of linseed oil is used for food purposes. Linseed pomace serves as a
good concentrated feed for livestock. It contains 6-12 % fat and up to 30 % digestible protein [9].
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Soybean (Glycine max) is a legume crop originating from East Asia. Because of its high
oil content soya is classified as an oilseed. It is used as oil for consumption and for industrial
applications as, for example, biodiesel. Soya accounts for about 60% of the total world
production of oilseeds. However, in Europe, soya is considered a legume crop along with
beans, lentils, and peas [9]. As a major source of vegetable protein and edible oil, soybean is
a very important legume crop in the world. Although soya is produced mainly for its dry seeds,
the widespread use of immature seeds, especially in eastern Asia, makes soya an important
vegetable crop. The chemical composition of the seeds is as follows: 30-52% protein, 17-27%
fats, 6-20% carbohydrates, minerals (potassium, phosphorus, calcium), and vitamins (C, B, E).
Soy is recommended for the dietary nutrition of diabetic patients. The protein is characterized
by high digestibility (3.5-4 times more than the protein of cereal crops) and water solubility.
Among leguminous crops, the composition of essential amino acids is the richest. The main
protein of soya seeds is glycinin, which can coagulate when souring. Soy protein contains the
amino acids lysine 2.7% (in wheat protein 0.25%), methionine, and tryptophan, which
determine the feed value. Soybeans are cultivated for food, fodder, and technical purposes.
It is used for food in the form of oil, margarine, soya cheese, milk, flour, confectionery, canned
food, and other products. Soybean seeds serve as raw material for the oil industry. Soybean
oil is classified as low-drying and is consumed after refining. It is also used in soap making,
the varnish industry, the production of glycerine, linoleum, lubricating oils, gelatine, and
lecithin. Soybean oil accounts for 38% of global production, while sunflower oil accounts for
17% [7]. For feed purposes, soya is used in the form of pomace, oilcake, and soya flour. The
oilcake contains 40 % protein, 1.4 % fat, and 30 % nitrogen-free extractive substances. The
pomace is also an additive in baking, pasta making, and confectionery.

Poppy (Papaver somniferum) is a source of valuable edible oil. This oil is rich in
unsaturated fatty acids, the main component of which is linoleic acid. The oil of the poppy
seed is particularly suitable for dish preparation, and raw consumption and is known to be
used as a marinade for meat. Poppy seed oil is not so widespread because of the relatively
high price of its production in comparison with other oils with similar properties.
Nevertheless, poppy seed oil is a very popular ingredient in contemporary diet. Cultivation of
the poppy is complicated, due to the small size of the seed and slow growth in the early
stages of culture [9].

Hemp are special varieties of Cannabis sativa L. used for industrial or medical use.
Hemp can be used in a variety of ways: the seeds are used for oil production or can be
consumed fresh, the inflorescences can be used for medicinal purposes, and the fibers can be
used to make textiles, rope, paper, or building materials. In the case of oil pressing, the
remaining pomace is a valuable component of animal feed.

2.4. Production of the oil crops worldwide and in the Republic of Moldova

Wastes of seed processing into oil are named pomace (produced by the oil press
method) and oilseed cake (or oilcake) by the extraction method. It is known for its high protein
content and often is used as feed for farm animals. Such wastes contain a large number of
essential amino acids. The share of waste accounts for up to 35% of the seed weight. 1 kg of
the pomace contains 363 g of digestible protein. 1 kg of cake contains 226 g of digestible
protein. The fat content in the waste varies from 1 to 7%, and protein from 33 to 35% [12].
According to other data, the pomace contains 8-10% fat, 36-40% protein, and 20%
carbohydrates. The oilcake contains 1-3% of fats [13]. In terms of phosphorus and calcium
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content pomace and oilcake are superior to cereal plants. The output of dried husks reaches
56-60% of the seed weight. 1 kg of flour from dried husks contains 38-43 g of protein [9,14].

Most oilseed crops need to be grown in areas with high temperatures for proper fat
accumulation in the seeds. The exceptions are winter types of oilseed rape and turnips, which
prefer a relatively cool climate with high humidity and precipitation during the growing
season. In contrast, poppy, sunflower, and hemp need warmer climates, especially in summer,
for good output of the oil. This explains the reason why sunflower is mainly grown in the
southern and south-eastern regions of Europe and rapeseed in temperate regions.
Nevertheless, important breeding work is underway to expand the growing ranges of these
crops, to develop varieties that also thrive in warmer conditions. Soil conditions have little
influence on the geographical distribution of oilseeds. Only very shallow soils are unsuitable
for oilseed crops unless they are irrigated. In the mild spring climate can be observed the
early growth of oilseed crops (such as mustard, rape, or camelina. Flax can adapt to different
climatic conditions, from maritime to continental. There are winter and also spring varieties
of flax, allowing farmers to choose the type of crop that better suits the local climate. Oilseed
pumpkin, although it grows in almost all regions of Europe, does not thrive in very cold or
very warm conditions [15].

The biological features of oilseeds allow their cultivation in a wide range of different
climatic and soil conditions. In general, they are well adapted to cultivation in different
regions with high or insufficient relative air humidity, and have a significant potential for
productivity of high-quality oilseeds [14]. The volume of oilseed production within the
European Union in recent years is presented in Figure 1 [16].
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Figure 1. The volume of oilseed produced in the European Union [16].
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Oilseed production in the European Union has been unstable in recent years, with
growth until 2022 and then a slight decline. The maximum over the past 7 years was in 2017
and amounted to more than 30 million tons.

World oilseed production in 2022/23 was 629.66 Mt (+2.9% to 2021-2022), including
soybeans 370.11 Mt (+2.8%), rapeseed 88.56 Mt (+16.8%) and sunflower 52.46 Mt (-7.7%).
Harvested area of oilseeds 303.57 Mha (+2.3%), including soya beans 136.54 Mha (+4.1%),
rapeseed 41.84 Mha (+8.8%), and sunflower 27.97 Mha (-2.0%). The main producers of
oilseeds are China 68.04 Mt (+9.6%), India 42.29 Mt (-2.1%), and the EU 31.88 Mt (+2.6%) [15].
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In the Republic of Moldova, oilseed crops are in great demand and their production is
increasing (Figure 2) [17].

-

-

] 1000

=

=

[

]

E

=T AT ]

=

i

= A0

=

= 200

=L

-

<, B = -
Sunflowes Sovbean Rape

Name of the vilcrop

2

2014 m2015 ®m2016 W2017 m2018 Em2019 m2020 m202] ®2022 m2023
Figure 2. Cultivation of some oilseed crops in the Republic of Moldova [17].

Sunflower is the leading crop due to the widespread consumption of refined sunflower
oil. Also widely cultivated are rape and soya.

3. The squeeze obtaining

The pomace used in the research is a direct product of the processing of oilseeds
during oil production. Oil can be fabricated in two ways: by pressing and by extraction with
various solvents, which influence the quality of the pomace. The oil in seeds consists almost
exclusively in their kernels, which are surrounded by a dense hard shell, thanks to which the
inner parts of the seed are protected from direct access to air. This ensures the relative
stability of the seed during preservation, but at the same time makes it difficult to extract oil
during processing. Extraction of oil must be preceded by crushing of both the shells and the
kernel of the seed, as the oil is contained within the cells [18]. The extraction of most of the
oil contained in the seed by pressing can only be achieved under strong pressure, it is very
difficult due to its adhesion to the hard parts of the seed and due to the considerable viscosity
of fatty oils at ordinary temperatures. Viscosity decreases with increasing temperature;
therefore, when pressing heated seed, oil is more easily extracted from it. Heating the crushed
seed before pressing has another meaning: if, when the seed is heated, the temperature is
raised so that the protein is curdled, the oil obtained from such seed will contain no protein
or much less. Heating the seed before pressing, however, has disadvantages. Some
substances contained in the seeds, and, probably, the products of the change of these
substances from heating, are more easily dissolved in the heated oil, these are the substances
that give the oil a yellow or greenish-yellow coloring and a peculiar flavor. Oils obtained by
pressing at ordinary temperature are less colored, cleaner, and have a milder and more
pleasant taste than oils obtained by pressing heated seed. The same data show that heating
of the seed should not be made more than 60-80°C [19].

Thus, the extraction of oil by pressing can never be complete. For example, in linseed
pomace remains between 6.6 and 16.5 % oil. The complete removal of oil from the seeds, as
well as from the residue from pressing, from the pomace, is achieved by extraction. In this
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method, the pomace is exposed to volatile reagents. In this case, the consequences of the
impact of reagents on the pomace are not taken into account, since the goal of this process
is to obtain the largest amount of oil [20].

The solvents often used for this process have several main requirements: they must
be affordable and available in large quantities in the trade, must dissolve a relatively large
amount of oil, and not dissolve other substances contained in the seeds and deteriorate the
quality of the oil, must be easily and completely volatile, but at the same time their vapors
must easily condense into a liquid. The most often used are the following solvents: carbon
sulfide, petroleum volatile oils, and ether. It is believed that petroleum volatile oil has a
minimal impact on the quality of the residues from the extraction of oil. Besides, it is the
cheapest solvent, doesn’t dissolve other substances contained in the seeds and deteriorate
the quality of the oil, doesn’t change during use, and does not have any harmful effect on the
properties of the resulting oil. In all respects ordinary ether is also a convenient solvent: it
also mixes with vegetable fatty oils in all proportions, can be easily and completely removed
from the oil and the residues, does not undergo any change when used for extraction, has no
adverse effect on the oil or the residues, although it dissolves foreign substances. Sulfurous
carbon can interact with some of the constituent substances of the seeds and form sulfurous
compounds in the residue or the oil. Carbon sulfide is also the most inflammable of the three
materials mentioned. The use of common ether would be most convenient for the obtaining
of safe oils and residues, but the use of petroleum oils for extraction has become much more
widespread because of its cheapness [18,21].

It is obtained safely, and easily clarified by sedimentation and filtration oils and
residues in the case of compliance with the following conditions: 1) petroleum oils should be
well purified with sulphuric acid and caustic soda so that they contain neither oxygen
substances nor hydrocarbons that may be subject to change from the action of air and in
general under the conditions of extraction; 2) for extraction should be used only petroleum
oils, fully distilled at 100 °C [18].

Both the residue from oil extraction and the oil itself, to completely extract the volatile
solvent, should be treated in the end with hot steam, and this steaming should not be carried
out for a long time, for the residue to prevent the formation of starch glue, and for the oil -
to eliminate the decomposition that occurs during the prolonged action of steam on fats [19].

According to the analyses, the residues from extraction contain the following amounts
of protein substances: rapeseed residues 28.69% (summer rapeseed), up to 32.7% (winter
rapeseed), dried rape residues 35.9-38.65%, linseed residues 31.05-32.0%, hemp residues
33.67-34.45%, poppy residues 31.52-37.0%. The extraction residues contain no more than
2% oil. Thus, comparing extraction residues (oilcake) as feed material with pressed residues
(pomace), it is evident that they contain more proteins than pomace, and although they
contain almost no fat, they are not inferior to pomace in nutritive value. Extraction residues
have the considerable disadvantage that they are friable and therefore more easily
adulterated in commerce and less convenient for transport than pomace [21].

4. Squeeze classification

In the oil production process, there is always residual waste - squeeze, which is of high
value, primarily for use as animal feed, but can also be used for other purposes. Depending
on the type of the initial product - seeds of plant culture, are distinguished sunflower,
rapeseed, soybean, peanut, mustard, hemp, corn, and other squeezes.
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When processing oil by pressing, pomace is obtained, and when producing oil by
extraction, oilcake is obtained. The pomace contains 5-7% of fat, while the oilcake includes
less than 2-3%. The study of wheat germ pomace has shown that oilseed pomace retains
most of the biologically active substances found in the original seed germ, making it a rich
source of proteins, carbohydrates, vitamins, and essential macro- and microelements. This
nutrient-dense by-product enhances the nutritional and biological value of food products
when utilized as a raw material. Due to its high content of proteins and other essential
nutrients, oilseed pomace is an excellent candidate for sustainable food production,
contributing to the development of high-quality, plant-based protein supplements and
additives in food formulations [19]. Squeezes are also divided into two categories: edible and
non-edible. The first category includes soya, rapeseed, linseed, sunflower, and others. It has
high nutritional value and is suitable for human and animal food in processed form, as isolate,
hydrolysate, protein extract substrate for bioactive compounds, enzymes, pigments,
antibiotics, flavors, vitamins, and amino acids. Inedible oilseed cake (castor, mauha, neem,
linseed, and karanja) contains toxic compounds. Their composition depends on the way of oil
extraction and the composition of the crop [3].

Even though the oilcake as a residue after oil extraction contains many proteins, its
purification from the reagents takes a lot of time and resources, and it is not customary to
use it for further processing. In contrast, the pomace is a valuable product for further use.

5. Chemical composition of the pomace

While the composition of the different pomace is similar, there are also differences.
Sunflowers, soya, and cotton pomace contain more protein. Sunflower and soya pomace
contains maximum amounts of lysine and methionine. They are a rich source of vitamins B
and E, as well as phosphorus and potassium. Soybean and sunflower pomace are ahead of
cereal seeds in terms of sodium and calcium content. Rapeseed pomace is not inferior to
sunflower pomace in energy value and is ahead of soya pomace in phosphorus, calcium,
copper, and magnesium content. In addition, rapeseed pomace is characterized by a
significant content of riboflavin, folic acid, thiamine, natural antioxidants, tocopherol
(vitamin E), phenolic compounds, and tannins. Soybean pomace, compared to rapeseed
pomace, has more lysine, but less cystine and methionine [20].

In traditional technologies of oil production, based on the heating of raw materials,
the effect of temperature leads to a decrease in the number of amino acids in the pomace
[21]. If seeds of the oil crops are pressed without separating the seed coat, the pomace gets
a darker color and a high fiber content [22]. One of the indicators of soya pomace is a low
percentage of fiber, the amount of which in 1 kg of the product is 72 g, while in sunflower
pomace this indicator reaches 152 g, and in flax pomace - 145 grams [20].

Raw sunflower seeds contain 16-19% protein per dry matter, but protein products are
more often obtained from pomace containing about 35-45% protein [23].

Rapeseed pomace obtained by processing rape seeds contains valuable nutritional
substances, including 27-41% of protein, containing essential polyunsaturated fatty acids of
the omega-3 family, fiber, vitamins such as choline, niacin, riboflavin, folic acid, thiamine, as
well as minerals such as calcium, phosphorus, magnesium, copper, manganese, and others
[24,25]. Soybean pomace differs from others in its reduced fiber content, but while remaining
a good source of energy and protein, it is highly digestible and highly productive. Its main
amino acid is methionine. Rapeseed pomace is richer in sulfur amino acids but is comparable
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in amino acid balance with soya. Among carbohydrates in rapeseed pomace, pectins (14.5%)
and cellulose stand out. It also contains anti-nutritive substances such as tannins,
glucosinates, and phytates. Like sunflower pomace, it is low in lysine and high in sulfur-
containing amino acids. Rapeseed pomace contains a lot of fiber, which causes its low
digestibility. Pumpkin, flax, and hemp seed extracts have shown 75.09, 65.23, and 409.51
mg/100 g of dry extract amino acids content. When extracted under a nitrogen atmosphere
with pure water, a lower content of total amino acids was found: 20.40 (pumpkin), 18.84
(flax), and 219.50 (hemp) mg/100 g dry extract [26,27].
The protein content of different kinds of pomace is presented in Table 1.

Table 1
Different kinds of pomace protein content [28]
Oilseed pomace Protein content, % References

Groundnut 45-60 [29]

Soybean 40-50 [28,30]
Sesame 32-35 [31]

Rapeseed 34-42 [28,32]
Pumpkin seed 35-56 [28,33]
Sunflower seed 20-39 [34,49]
Linseed 25-45 [28,35]

The highest protein content is characteristic of groundnuts, pumpkin seeds, and
soybeans. Also, oil crop pomace is rich in various vitamins and minerals (Table 1). The oil
content in sunflower and rapeseeds is more than 40%, 15-25% is found in soybean, and up
to 56% in peanuts [27]. Some types of pomaces, such as sunflower pomace, are known to
contain phenolic compounds that have antioxidant properties [28].

Among the biologically active substances of flaxseed take place essential
polyunsaturated fatty acids (oleic, linoleic), dietary fiber, all essential amino acids, as well as
vitamins A, B, D, E, minerals Ca, K, Mg, Na, P, Mn, Fe, Zn [29]. The uniqueness of the healing
properties of flaxseed is partly due to the significant content of lignans, which exhibit
estrogen-like activity in the human body. Thus, the content of the main representative of
lignans in flax seeds - the glycoside secoisolariciresinol is 13.6-32.1 mg/g. Scientists in
experiments have also established the anticarcinogenic and powerful antioxidant effect of
this lignin [30].

Oilseed pomace is a good source of fiber, rich in non-starch polysaccharides. Their
chemical composition can differ based on the oil extraction techniques used [31]. Diets high
in fiber bring various health benefits, such as the prevention and management of colorectal
cancer, coronary heart disease, constipation, diverticular disease, and diabetes [32,33].

The work on the use of rapeseed pomace for food purposes is presented, where is
shown that rapeseed pomace is a useful additive in the diet of athletes. It was found that
when the pomace is added to red basic sauce in the amount of 5% there is an increase in the
content of macro- and micronutrients, which are directly involved in the processes of muscle
contraction and excitability of nerve tissues. When consuming sauce with rapeseed pomace
for three months, a decrease in cramps and muscle spasms in track and field athletes was
noted due to increased calcium absorption [34,35].
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6. Protein extraction methods

The development of innovative technologies for pomace processing represents a
promising research area. These technologies should focus on producing protein in a way that
is waste-free and results in a food-grade product with minimal phenolic content. Existing
methods for extracting protein concentrates and production of isolates from sunflower and
other crops are well-established. The functional properties of these proteins are influenced
by the specific parameters used during the production process [26].

Protein extraction from pomace typically involves using water, alkalis, salt solutions,
organic solvents, or acids. Once the protein has transitioned into the liquid phase, it is
precipitated at its isoelectric point using hydrochloric acid. The isoelectric point is influenced
by the amino acid composition of the proteins by the balance of amine and carboxyl groups.
For plant proteins, the isoelectric point generally falls between 4.0 and 4.5 [26].

The other method to obtain protein products from the pomace involves mechanical
fractionation, which is commonly used in industrial production. This process includes further
technological steps such as grinding and dry fractionation, which help increase the crude
protein content while significantly reducing the crude fiber content in specific fractions of
protein flour and grits. However, the presence of phenolic compounds causes the protein
products to darken, which limits their use in the food industry [26].

For protein isolates and concentrates from oilseed pomace preparation, the most
commonly used method is the two-step (extraction-isolation) method patented by Anson and
Pader in 1955 [36]. This process begins with the alkaline solubilization of proteins, followed
by the removal of insoluble materials, such as starch and fiber, through centrifugation.
Afterward, hydrochloric acid is added to the supernatant to precipitate the protein at its
isoelectric point (pH 4.0-5.0). The protein is then separated by centrifugation and neutralized [26].

There exist modified methods of protein extraction. Protein extraction can be
performed under acidic conditions or in water as outlined by the author Klamczynska [37].
Generally, both acidic and alkaline extraction methods can achieve a high level of purity,
often exceeding 90%. Alternatively, instead of using isoelectric point (pHi) precipitation,
ultrafiltration can be employed for protein purification. This ultrafiltration method differs
from pHi precipitation in that it typically results in proteins with higher solubility and
functionality [26].

The author Ali [38] reports the method based on the use of varying concentrations of
ascorbic acid and N-acetylcysteine (0, 20, 40, and 60 mg/100 mL) for the protein
solubilization and rigorous pH control, followed by centrifugation, filtration, and freezing of
the resulting product. To purify the protein from phenolic compounds, various solvents are
used for washing. However, if the washing process is insufficient, phenolic compounds may
not be entirely removed. Some organic solvents can denature the protein, reducing its
biological value, and they can be difficult to fully eliminate from the final product. Another
deficiency of these methods is the high-water consumption, which increases the process cost.
When alkaline solutions are used for protein extraction, phenolic compounds are oxidized,
forming quinones. Upon heating, these quinones bind to the protein, resulting in dark green
and brown compounds that diminish the functional properties of the protein. This poses
challenges for the use of these protein products in the food industry. That's why, the main
task in producing protein products from pomace is to remove phenolic compounds. Sunflower
seeds and their derivatives contain a variety of phenolic compounds, including chlorogenic,
isoferulic, and caffeic acids, with an average phenolic content of about 2.5%. Chlorogenic
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acid is the most abundant phenolic compound in sunflower seeds, accounting for up to 73%,
depending on the growing conditions and variety [11]. Thus, it is recommended to extract
chlorogenic acid and other phenolic compounds from raw material before the protein
extraction. For this, the milled pomace can undergo a series of washes at acidic pH before
the protein extraction [38].

The most efficient solvent for extracting chlorogenic acid is an aqueous ethanol
solution with a concentration of 50-96%. This process not only removes phenolic compounds
but also eliminates other impurities from the pomace. However, a significant disadvantage is
that alcohol extraction in high concentrations leads to protein denaturation. The extent of
denaturation can be minimized by carefully selecting the extraction temperature and the
concentration of the ethanol solution. The optimal temperature range for extracting
chlorogenic acid is 20-70 °C. Adjusting the temperature from 50°C to 70 °C does not
significantly increase chlorogenic acid yield while lowering the temperature to 20 °C slows
the extraction process. Exceeding 70 °C, however, results in substantial protein denaturation.
Residual phenolic compounds that remain associated with the proteins give the final products
antioxidant properties without changing their water solubility, but they also impart a dark
coloration. Nevertheless, there has been growing interest in recent years in retaining these
phenolic compounds or even adding them due to their antioxidant activity and potential
health benefits, such as disease prevention and anti-aging effects [39].

For protein isolate preparation the method is based on an underwent to isoelectric
precipitation of the resulting after the protein extraction supernatants by adjusting the pH to
4.5, followed by mixing, centrifugation, and freeze-drying using a vacuum pump [39].

To obtain powdered concentrate is often used spray drying, which is advantageous
because it avoids overheating the product, thereby preserving its quality, and eliminating the
need for additional grinding. It also generally results in high solubility. However, successful
spray drying requires careful control of temperature parameters and process conditions. The
temperature during drying significantly influences both the solubility and functional
properties of the resulting protein. When the process parameters are optimized, it is possible
to produce a protein with excellent quality [40].

Thus, the author Shaghinova presents the following process for obtaining protein
extract from sunflower seeds (Figure 3) [23].

Sunfl Cleani d Extraction of phenolic EXtract%on of protein
el CaMnE ant i (i extraction »|  compounds from » and nitrogen-free
seeds husk removing defatted kernels extractives
A
Proten_l Spray drying I Neutral.lsatlon of < Separ?tlon of < Pr.ol.;em.
preparation protein paste protein paste precipitation

Figure 3. The method of protein preparation production [23].

Peeled and ground sunflower seed kernel should be defatted in a Soxhlet apparatus
by exhaustive extraction with diethyl ether and treated with 80% ethanol solution. After
extraction, the mixture should be centrifuged to separate the phenolic extract, and the
precipitate should be washed with an alcohol solution. Protein and nitrogen-free extractives
can be extracted from the precipitate with 0.1% NaOH solution. This method involves
reaching the isoelectric point of sunflower protein for its coagulation to form a precipitate,
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which can be separated by centrifugation, neutralized, and dried to a powdery state on a
laboratory spray dryer. Thus, under laboratory conditions dry powdery protein preparations
of light grey color can be obtained from sunflower seeds, which did not darken in the air and
contact with water. In this case, the protein preparations had no extraneous odors and had a
neutral taste.

There exists a growing need for new green and safe technologies that will reduce the
temperature and duration of the extraction process, minimize solvent usage, and improve the
quality and yield of extracted proteins [41]. Emerging techniques, such as high-pressure
processing, supercritical fluid extraction, microwave-assisted extraction, ultrasound-assisted
extraction, cold plasma processing, pulsed electric fields, and radio frequency treatment, are
enhancing extraction efficiency and minimizing protein degradation. These methods
generally have a lower impact on the environment and are considered safe for human and
also animal consumption due to the minimal use of harmful reagents [42]. Furthermore, these
methods can improve the nutritional value of proteins, and their functional properties and
may even produce bioactive peptides. However, the high energy inputs can cause structural
changes in proteins, which may negatively impact their technical functionalities, such as
emulsification, solubility, water-holding capacity, gelling, and foaming abilities. Despite
these challenges, these technologies can modify the structural properties of allergenic plant
proteins, which often have fewer technological applications compared to animal proteins. For
example, power ultrasound can be used to adjust the functional, physical, and structural
characteristics of protein-based components during extraction and modification [43].

Traditional protein solubilization procedures often incorporate ultrasonication, as it
effectively disrupts the cell matrix and enhances extractability. The ultrasonic energy applied
to the protein influences changes in its functional properties, including emulsification,
solubility, foaming capacity, and hydrophobicity. Emerging technologies have shown
significant improvement in the efficiency of protein extraction [44].

During the microwave-assisted extraction the microwave energy creates intense stress
on the plant cell walls, leading to more uniform heating, eventual cell wall rupture, and the
release of desired components. This method can significantly affect the structural properties
and proteins and peptides activity due to the increased dielectric constant of microwaves.
Microwave-assisted extraction offers several advantages, including an increased extraction
rate, higher reproducibility, uniform heating, reduced solvent and energy consumption, and
enhanced functional properties [45].

Another innovative approach is the use of moderate electric field extraction, a
potentially reversible permeabilization technique that employs electric fields ranging from 1
to 100 V/cm. Moderate electric field extraction works by inducing internal heating and
electroporation, which not only saves time and energy but also improves the properties and
yield of the proteins [5].

7. Fiber extraction methods

Dietary fiber refers to a group of carbohydrate polymers, that cannot be digested by
enzymes in the human digestive system. This group includes insoluble components such as
cellulose, and lignin hemicelluloses, as well as soluble components like pectin, gums, inulin,
mucilages, and resistant starch [46].

There exist various methods for dietary fiber extraction, including traditional
techniques such as dry and wet processing, chemical, microbial, and enzymatic gravimetric
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methods, and innovative extraction techniques using water, ethanol, steam, hydrostatic
pressure, ultrasonic treatment, and pulsed electric fields. The extraction method can affect
the composition and characteristics of dietary fiber. Among traditional methods, wet
processing is considered the most cost-effective and efficient, yielding a purity of 50-90% in
the final product. However, using alkali or acid may damage the fiber structure, and enzymatic
methods can result in incomplete extraction. Innovative methods offer benefits like a higher
recovery rate and lower environmental impact [3].

The extraction of dietary fiber typically involves three stages. The first stage is pre-
treatment, which focuses on removing microbes without affecting the biological activity of
the material. Techniques used at this stage include microfiltration, foam mat, de-watering,
and electro-osmotic treatment. The second stage is the extraction process, which can be
performed using either classical methods (such as solvent extraction, steam distillation, or
maceration) or advanced green methods. These modern methods include extraction with
water or ethanol, supercritical fluid extraction, pulsed electric field, mixtures of water/organic
solvents with carbon dioxide, enhanced solvent extraction, microwave or ultrasound-assisted
extraction, accelerated solvent extraction, enzyme-assisted extraction and high-voltage
electric discharge [47].

These innovative methods offer several advantages, such as high-quality extraction,
minimal solvent use, selective recovery, shorter extraction times, reduced waste, and lower
environmental impact. Additionally, they align with sustainable practices, allowing the use
of waste and by-products in line with the circular economy model [47].

However, there are some drawbacks to these methods. For instance, microwave-
assisted extraction can have high energy consumption, ultrasonic extraction may present
separation challenges, and pulsed electric field technology can be less user-friendly.
Traditional methods, while effective, generally require longer extraction times and larger
volumes of expensive and toxic, solvents. However, compared to traditional techniques,
modern methods offer better efficiency, reproducibility, and control over the extraction
process [48].

The final stage of extraction involves purification, which can be achieved through
alcohol precipitation, ultrafiltration, or chromatographic techniques [48].

The author Zheng [49] studied how particle size and solvent treatment affect the
characteristics of the dietary fiber from the oil pomace. Reduction of particle size influence
led to an increase in entrapment, swelling, and water-holding capacities. Cellulase hydrolysis
negatively affected the color and oil-holding capacity, but it enhanced porosity, carbohydrate
content, swelling, and water-holding capacities. In contrast, acid treatment produced
opposite effects [3].

Fiber extraction is known enzymatic gravimetric method, described by the author Sunil
[50]. In this procedure, a defatted sample is subjected to digestion of the starches using the
phosphate buffer and thermo amylase and digestion of the proteins using pepsin and
pancreatin, followed by cooling and filtration. To obtain insoluble dietary fiber the author
proposes washing of the retained residue with ethanol and acetone solution, drying, and
incineration. For soluble dietary fiber obtaining, the filtrate can be subjected to sedimentation
by ethanol, followed by filtration, drying, and incineration.
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8. Chemical composition of the oil crop pomace protein and fiber

In other scientific works, physicochemical parameters of protein concentrate from
different types of crops were studied [39]. Sunflower pomace is the most accessible for
research. The chemical composition of the sunflower pomace and protein concentrates,
obtained by different methods is presented in Table 2.

Table 2
Chemical composition of the sunflower pomace and protein concentrates [38,39,51]
Sample Protein Phenolic Ash content, Moisture
content, % compounds, % % content, %

Sunflower pomace 31.5-31.8 2.6-2.8 7.6-8.4 10.1-11.9
Protein preparation 46.1-47.0 5.8-6.2 8.7-9.6 6.7-6.9
Proteins with phenolic compounds
extraction in water 74.7-76.3 1.8-2.2 4.6-5.4 8.0-8.2
Proteins with phenolic compounds
extraction in Na;SOs solution 70.8-72.0 1.3-1.5 6.2-6.6 5.1-5.7
Proteins with phenolic compounds
extraction in ethanol 63.1-63.3 1.3-1.5 9.1-10.9 8.7-10.1
Proteins with phenolic compounds
extraction in methanol 59.7-60.0 1.4-1.6 12.0-13.0 10.1-11.7
groteln concentrate extracted at pH 58.0-58.3 1214 4955 41-5.8
Protein extracted with ascorbic acid 56.1-58.1 1.2-1.3 5.4-5.8 4.8-6.8
Protein extracted with N- 57.9-59.1 1.0-1.2 6.1-6.5 5.9-6.9

acetylcysteine

The use of aqueous alcoholic solutions achieved a greater reduction in phenolic
compounds compared to sodium sulfite; however, alcohol-based extraction was less effective
for extracting components that dissolve more readily in water. Additional steps for removing
phenolic compounds using aqueous extraction procedures resulted in protein isolates with
higher protein content (76-78% dry basis) and lower phenolic levels, without notable
differences in moisture content.

The data from other studies are also known protein 41.4%, ash 11.4%, and moisture
contents 6.3%, all based on dry weight [51]. The values of these studies differ due to the use
of different batches of sunflower, different degrees of purification, and research errors.

Extraction of phenolic compounds results in higher protein content. The type of
reagent and pH affect the physicochemical parameters. For example, when N-acetylcysteine
is used, the amount of ash is higher than when ascorbic acid is used. At the same time, as the
concentration of the additives increases, the values of the indices also increase. The
elimination of phenolic compounds results in an increase in the protein content of the
concentrates [38].

According to various sources, protein concentrates contain 30-80% of protein,
and protein isolates >90% of protein [47].

Dietary fiber from the pomace consists of both soluble and insoluble components.
Both types of fiber contribute to increasing food volume and weight without significantly
raising calorie intake, which promotes satiety and reduces appetite. They also help balance
the pH in the small intestine, inhibiting harmful bacteria and protecting the digestive system.
Insoluble dietary fiber, in particular, has a stronger anti-obesity effect than soluble by
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promoting lipid absorption and excretion, and it also reduces the risk of type 2 diabetes.
These benefits are linked to the swelling and adsorption properties of dietary fiber, which are
influenced by its microstructure [52].

9. Application area

Protein extracted from oil crop pomace has bioactive properties that can be enhanced
by chemical or enzymatic hydrolysis with the aim of protein hydrolysate production. For
example, author Girgih [53] reported higher angiotensin-converting enzyme inhibitory
activity and antioxidant activity of pomace hydrolysates.

Protein isolates are known for emulsifier properties as they have high emulsifying
activity and moisture retention capacity. Protein hydrolysates increase the output of culinary
products due to moisture retention capacity and also improve the organoleptic characteristics
of meat products. Enzymatic hydrolysates can be applied in the production of meat flavorings.
For example, the addition of canola protein concentrate to sausages improves their aroma,
flavor, and texture, which was confirmed by tasting [54].

Oilseed pomace is a functional product and is actively used in the production of
valuable food additives. Protein extracts from the pomace can be used in many applications
as additives. Carbohydrate-rich pomace, such as pumpkin pomace, is used as an additive for
meat and dairy products. Pomace rich in proteins and fibre can be added to confectionery and
bakery products [55].

There is a known study in which the author uses pomace of sunflower, coconut,
pumpkin, and flax to create a food additive in the form of tablets to which flavorings can be
added for better taste [56].

Bioactive peptides, specific fragments of proteins, exhibit biological activity and have
a positive impact on health. Among this is demonstrated hypocholesterolemic, antioxidant,
immuno-modulatory, and antithrombotic activity. The controlled cleavage of soybean protein
hydrolysate, followed by hydrolysis with microbial protease, produces peptides with
enhanced functionality, such as improved iron-chelating activity and better surface-active
properties [57].

Protein isolates are used as a functional ingredient in many food products such as
protein bars and shakes, meat substitutes, frozen desserts, cheese substitutes, and protein-
enriched pasta. Protein isolates have gelling properties, solubility, and surface-active
properties and are also used as food additives. Other beneficial properties and uses of
proteins are presented in Table 3.

Table 3
Benefits of protein from oilseed pomace [26]
Th f h fici
ename o Other b?ne icial Negative effect Solution Applications References
the pomace nutrients
Sunflower Cholestgrol- Interfergs with Enzymatic Neutral-
lowering absorption of . [32]
seed pomace . treatment ceuticals
phytosterols minerals
Antioxidants
Sesame oil (resulting in Bakery [29]
pomace better
keeping quality)
Flax-seed Ferulic acid Heat Bakery and 27]
pomace (antioxidant) treatment confectionery
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Continuation Table 3

Fermented
Fermentation, beverages,
Pumpkin  Anti-oxidative thermal, and tablets
ceed pomace eptides biological or coated with [31]
P pep solvent starch/honey/
extraction chocolate/cara
mel
Reduce feed .
. Immersion in
intake, .
. . water, Protein
Rapeseed impaired microwave or  concentrates
N, P, and K thyroid . . ’ [30]
pomace . acid/ infant products
function, .
. alkali etc.
liver
treatment
enlargement
Hemolysis,
interference in Thermal, Nuggets,
lipid-soluble biological or desserts,
Soybean Ca, P, Na o fermented [30]
vitamins, solvent
. beverages
cholesterol and extraction et

dietary lipids

The author Petraru [3] reports on the antioxidant properties of rapeseed bioactive
peptides, blood pressure regulation capacity, and bile acid-binding capacity. At a
concentration of 30-50 mg/L it inhibits thrombosis activity up to 90%. However, the
production of food additives from some types of pomaces (for example, rapeseed pomace)
requires considerable expenses associated with the use of enzyme preparations and other
reagents, creation of optimal conditions for biochemical processes, drying, grinding of the
obtained products, in addition, creation of conditions for the development of microbiological
processes in wet media, which is an additional risk factor about the safety of end products.
The wide application of the methods of protein preparations obtained in practice is restrained
by the complexity of the management of these processes and the insufficient output of
proteins due to their strong connection with other components and denaturation in the
process of oil extraction.

The addition of 10% sesame protein concentrate to snacks improves their sensory
properties, increases protein content, and reduces carbohydrate content [58]. Antithrombotic
activity has been identified in peanut peptides, which will improve the health benefits of the
products to which it is added [59].

Dietary fiber extracted from the wastes can serve as a functional ingredient,
and supplement in both food and pharmaceutical industries. The functionality and effects of
dietary fiber vary based on its physicochemical properties. For instance, dietary fiber with
high water-holding capacity can promote satiety, while fibers with strong binding activities
can protect against damage to the epithelial cells. Dietary fiber offers numerous health
benefits, such as lowering the risk of cancer, coronary heart disease, diabetes, and obesity [60].

In the food industry, dietary fiber is valued for improving organoleptic, nutritional, and
textural qualities. It enhances water and oil-holding capacity, emulsification, and reduces
syneresis. Additionally, it helps extend shelf life and boosts oxidative stability [60]. Utilizing
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fiber from by-products is essential for sustainable production, as it provides health benefits,
is environmentally friendly, low-cost, and supports a zero-waste circular economy [3].

10. Conclusions

Oilseed pomace, which is a waste product of the oil mill industry, is rich in various
substances. Therefore, this product is valuable for the food industry. The processing of the
pomace will provide valuable products that can be used as food additives as sources of
protein of vegetable origin and fiber.

There are 2 general methods of oil production: pressing and extraction. A comparison
of all available data concerning the press and extraction methods in large-scale production
leads to the following conclusions: 1) the extraction method makes it possible to obtain a
larger quantity of oil of much better quality; 2) the cost of the device and the cost of oil
production in the extraction method is less than in the press method; 3) the press factories
do not present any special danger in fire terms, the oil-extraction ones are very dangerous.
Despite this, the method of oil production directly affects the quality and properties of the
pomace. Therefore, the most favorable methods are those that do not involve the use of
chemical reagents. Pressing is one such method of oil production. The pomace obtained after
the mechanical way of oil production contains exceptional levels of protein and some
amounts of fiber.

The article mainly focused on sunflower, pumpkin, flax, rape, and soya pomace. The
most protein-rich pomace was pumpkin (55-56%), soya (50-50%), and sunflower (37%)
pomace.

Protein extraction from the pomace is widespread and there are known several
methods for obtaining protein concentrate and isolate. These technologies should prioritize
producing protein in a waste-free manner, ensuring the final product is food-grade and
contains minimal phenolic compounds. The presented extraction methods show good results
in terms of protein yields and are up to 90%.

Green technologies that have a minimal impact on the environment are becoming
increasingly popular. These include high-pressure processing, supercritical fluid extraction,
microwave-assisted extraction, ultrasound-assisted extraction, cold plasma processing,
pulsed electric fields, and radio frequency treatment. The use of aqueous alcoholic solutions
gives better results in protein output and extraction of phenolic compounds results in higher
protein content.

Extraction of fiber from pomace is less common due to its lower content, but it is also
known to be used. The most common method is solvent extraction. The resulting products
are widely used in the food industry as additives with beneficial properties for the organism.
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