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Abstract: Currently, research is being conducted to modify and improve
extraction methods in several directions, including advancements in
technical equipment, substitution of solvents, optimization of extraction
conditions, and, in particular, the application of physical factors such as
ultrasonic treatment. Among the innovative and promising approaches is
the use of ultrasound to extract various biologically active compounds
from natural materials.

This article presents the results of a scientific study on the ultrasound-
assisted extraction of Alhagi pseudalhagi roots. The chemical
composition of the extract was analyzed using gas chromatography—mass
spectrometry (GC-MS). A total of 30 chemical compounds were
identified, including several valuable biologically active substances.
According to the GC-MS analysis, the major components were
gentriacontane (18.83%), B-sitosterol (18.13%), and lupeol (11.85%).
The main factors influencing the diffusion of extractive substances from
raw materials into the extractant - namely, ultrasonic power, sonication
time, and temperature - have been investigated. These factors were used
to design a full three-factor experimental plan. Consequently, a
mathematical representation of the ultrasound-assisted extraction
mechanism was established for further simulation and analysis. The
resulting regression equation allows for the evaluation of the influence of
these factors on extract yield.

Keywords: ultrasonic extraction; ultrasound power; sonication time;
complete three-factor experiment; regression equation

1. Introduction

Plant materials are valuable natural raw materials used in everyday
life as food products, nutrient additives, aromatic components, and
pharmaceuticals etc. The use of plant materials has a long history, and
over the centuries, mankind has developed a large number of processing
methods (Azmir et al., 2013). In the production of biologically active
substances (BAS), plant extracts are widely used. Plant extracts are
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compounds or compound mixtures obtained from plants or their parts (leaves, flowers, seeds, roots).
There are conventional methods for obtaining extracts from plant materials (maceration, percolation,
and reflux extraction) (Orio et al., 2012), as well as non-conventional extraction methods
(supercritical fluid extraction, pressurized liquid extraction, ultrasonic extraction, microwave-assisted
extraction) (Mason et al., 2011; Li et al., 2017; Liu et al., 2018; Wen et al., 2018; Orio et al., 2012).
Among modern methods of extracting components from plant materials, extraction using ultrasound
takes a special place.

The ultrasound-assisted extraction method can significantly reduce the process duration and
ensure a more complete extraction of substances (Vinatoru, 2001; Rostagno et al., 2003). When
exposed to ultrasonic waves, the boundary diffusion layer is disturbed, and the penetration of the
extractant into the material is improved. As a result, the raw material swells much faster, turbulent
and vortex flows appear, which promote the transfer of masses and the dissolution of substances. The
contents are intensively mixed even inside the cell (which cannot be achieved by other extraction
methods). All this leads to a significant acceleration of the process of active substances transfer from
raw materials to the extractant (Shah Buddin et al., 2018).

Ultrasonic extraction is an environmentally friendly and highly effective method for separating
biologically active substances. This method is characterized by the use of very small amounts of
organic solvents or their complete rejection, as well as an increase in the yield of target biologically
active substances. Moreover, ultrasonic extraction can have a certain effect on the physicochemical
properties of biologically active components. It has been established that ultrasonic treatment
increases the yield of the most active substances of the plant, as polyphenols, which have a choleretic,
anti-inflammatory, anti-allergic, antimicrobial, and vasodilatory effect compared to the traditional
method. However, with an increase in the ultrasound power, the decomposition of some catechins
and gallic acids begins (Zhu et al., 2018; Shen et al., 2023). This is due to the fact that at high
ultrasound power, free radicals are formed in large quantities, which destroy polyphenols.

Optimal conditions for increasing the yield of polyphenols were observed in the ultrasound
frequency range below 40 kHz (Dzah et al., 2020). Some studies have shown that under optimal
conditions, not only does the amount of polyphenols increase, but also their antioxidant activity
(Mehmood et al., 2019; Kwaw et al., 2018).

The following studies examined the effect of ultrasound on polysaccharides, which are an
important group of biologically active substances. It was found that after such exposure, the molecular
weight of these carbohydrates decreases, but the yield and biological activity increase.

Therefore, it is extremely important to select optimal conditions for ultrasound extraction to
ensure the bioavailability of biocomponents.

In the present work, the process of ultrasound-assisted extraction of the root of the Alhagi
pseudalhagi (Bieb.) Desv. (A. pseudalhagi). The plant has been modeled mathematically for the first
time. Notoriously, the substances contained in this plant, flavonoids and alkaloids, have a high
biological activity and are used in both indigenous and official medicine (Srivastava et al., 2014).

2. Materials and methods

Ultrasound-assisted extraction was carried out on a Bandelin Sonoplus HD 2200 homogenizer
(Germany). The weighed portions of raw materials in the experiments made 5.0 g, the ratio of raw
materials: extractant (hexane) made 1:5.

The chemical composition of the obtained dry extract was analyzed using a gas chromatograph
(Agilent 7890A) coupled with a mass-selective detector.

3. Results

3.1. Gas chromatography—mass spectrometric analysis of A. pseudalhagi roots

The chemical composition of the extract derived from A. pseudalhagi roots via ultrasonic
extraction was analyzed by gas chromatography—mass spectrometry (GC-MS) (Lytovchenko et al.,
2009). Out of the 30 peaks detected in the chromatogram, 17 compounds were qualitatively and
quantitatively identified using the Wiley spectral database. The extract is predominantly composed
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of gentriacontane (18.83%), B-sitosterol (18.13%), and lupeol (11.85%). Gentriacontane is a saturated
hydrocarbon (alkane) consisting of 31 carbon atoms. Gentriacontane is widely used in the cosmetic
industry as a cream component, serving as both an emollient and a skin-protective agent.
Additionally, it is employed in the production of organogels formulated with vegetable oils,
functioning as a structure-forming agent and solid carrier. Experimental data confirm that
gentriacontane forms a microcrystalline structure, creating a stable three-dimensional network in oil-
based media, making it ideal for use as a filler and emollient.

[B-Sitosterol is a phytosterol widely distributed in various plant sources (Figure 1). It exhibits a
broad spectrum of pharmacological activities, including anti-inflammatory, hypocholesterolemic,
neuroprotective, anticancer, and antibacterial effects (Awad et al., 2000).
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Figure 1. Mass spectrum of B-sitosterol

Lupeol is a pentacyclic triterpene, a natural organic compound with pronounced
pharmacological activity (Figure 2). It is found in various medicinal plants, fruits, and resins. Lupeol
exhibits anti-inflammatory activity (by inhibiting inflammatory mediators such as TNF-a, IL-B, and
COX-2), as well as antimicrobial (effective against both Gram-positive and Gram-negative bacteria),
antiprotozoal, antiproliferative, and anti-invasive effects (Liu et al., 2021).
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Figure 2. Mass spectrum of lupeol
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The hexane extract contains fatty acids—a significant class of organic compounds with notable
biological activity. Linolenic acid (5.79%) is an omega-3 fatty acid and an essential compound, as it
IS not synthesized by the human body (Sala-Vila et al., 2022). It supports cardiovascular, brain, and
immune system health. Oleic acid (3.12%) lowers levels of "bad" cholesterol and improves the
elasticity of cell membranes. Octadecanoic acid (0.83%) is used in the pharmaceutical industry as a
base for ointments and suppositories.

Tetracosanoic acid (0.99%) is a component of the lipid membrane of cells. It is used in
pharmaceuticals and cosmetics as an emollient, conditioning agent, and ointment base component.

3.2. Mathematical modeling of ultrasonic extraction of A. pseudalhagi roots

The effect of various factors (ultrasound power, sonication time, and temperature conditions)
on the total extract yield obtained by ultrasonic extraction has been studied. The results are shown in
Table 1.

Table 1. Effect of various factors on the extract yield of A. pseudalhagi roots

Ne Ultrasound Sonication time, | Temperature Extract yield,
power, W min. conditions, °C mg
1. 30 30 46 14,5
2. 60 30 47 13.4
3. 100 30 52 15.4
4. 30 10 40 12.7
5. 35 10 44 155
6. 40 20 42 145
7. 50 30 46 16.5
8. 60 20 47 17.2
9. 60 10 45 11.0
10. 70 20 46 18.5

To compile the regression equation of the extract, depending on the selected factors, methods
of the experiment planning theory were used. Experiment planning is a procedure for choosing the
number and conditions of experiments to solve the problem (creating a mathematical model of the
object under study) (Anaya-Esparza et al., 2023).

In general, the mathematical description of the process can be presented as follows. Let the
property (Y) of the object (in our case, the extract yield in mg) depends on several (n) independent
variable factors (X1, X2, ..., Xn). The nature of this dependence is denoted as

Y=F(x1, X2, ..., Xn) @)

The <Y’ value is called “response”, and the dependence itself, Y = F (x1, x2, ..., xn) - “response
function”.

Independent variables x1, X2, ..., Xn - otherwise factors, must be quantified. Factors can be
of different dimensions and differ sharply in quantity.

The mathematical model of the process is a regression equation that connects the response
function with factors (Assungdo et al., 2023).

In our experiment, the regression equation is considered as the following polynomial:

n n
V= ,[;D+Z b X + Z .[,I.J_.};'I.){i.
i=1 Lj=1

@)
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Where b, is the free coefficient of the regression equation;
bi — is the linear coefficient of the regression equation;

bij — matching coefficients or pairwise interaction effects.

Regression model coefficients are important in experiment design. Their absolute value
indicates the degree of this factor’s effect on the response function, and the sign before the coefficient
indicates the direction of the factor's action. Coefficients are determined as partial derivatives of the
response function with respect to the corresponding variables (factors):

ar B:E' a:.\l.-

by =—— bij == by = = (3)

ax;’ U oamax; ! ax?

Mathematical formalization and coding of variables (factors) are given below in Tables 2 and

Table 2. List of factors included in the experiment

Ne Factor Designations Measurement | Variation range
unit

1 | Ultrasound power X, W 30+100

2 | Sonication time X2 min. 10 +30

3 | Temperature X3 oC 40 +52

The full factorial experiment starts with the coding operation. To begin with, the intervals of
variation are selected (Table 3). Further, the coordinates of the plan center and the variation intervals
are found, and then the encoding operation is performed.

Table 3. Factors coding

Factors Xj X X, X3
Upper level Xj upper 100 30 52
Lower level Xj lower 30 10 40
Basic level Xj 0 65 20 46
Variation interval Axj 35 10 6

A three-factor experiment was carried out, where each factor has two levels. The main
advantage of a factorial experiment is that all factors in the experiment are varied simultaneously.
This leads to the fact that the variance in the estimation of the regression coefficients is N times less
than the experimental error.

The algorithm for calculating a full factorial experiment of type 2" (in this case, n = 3) is as
follows:

1. Building a planning matrix

2. Calculation of the regression equation coefficients

3. Calculation of experimental error (repeatability variance)
4. Checking the significance of the regression coefficients

5. Choice of the form of the mathematical model
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6. Checking the adequacy of the regression equation
7. Making decisions

As a result of three-factor planning of Full Factorial Design (FFD) 23 type (number of
experiments - 8, factors change at two levels: upper and lower), a mathematical model of the process,
taking into account the interaction of factors with each other, is obtained in the following form:

y=14.9+0.55x1-0.5%2+0.9x3+1.5X1x3-0.55X2X3 4)

It should be emphasized that when performing a passive experiment, when replicates were not
carried out, and an additional experiment in the planned centre was not set, obtaining the repeatability
variance becomes practically impossible. In this case, the quality of approximation of the
experimental data obtained by the approximate regression equation can be estimated by comparing
the residual variance 57.. and the ratio of the mean s by the Fisher criterion (Rashad et al., 2023),
ie.

Far= 2 (5)
where,

S < B (- o (6)
Y=y Th: Ve 7
S2s = o T (v )2 (8)

f1= N-1 is the number of freedom degree in the ratio of the mean 53,
fo=N-h is the number of freedom degree of the residual variance, h=k+1

Estimation of the equation coefficients (4) was carried out by formulas (5) - (8). Equation (4)
includes significant regression coefficients that ensure its adequacy. Verification of the adequacy of
the obtained equation is carried out by the standard method of comparing the tabular and calculated
values of the Fisher criterion.

From equation (4), it follows that the extract yield is most affected by such factors as ultrasound
power and temperature conditions. Sonication time has the least effect, and the nature of this effect is
negative, i.e., with an increase in the sonication time, the extract yield decreases.

4. Discussion

Currently, work on the mathematical modeling of ultrasonic extraction is being carried out. For
example, in this work (Uvidia Armijo et al., 2025), mathematical modeling of the process of
ultrasonic extraction of Annona muricata L. leaves was carried out using the Elovich model. For this
purpose, ultrasonic extraction was carried out at three temperatures (30, 40, and 50 °C) and six
different time intervals (2, 5, 10, 20, 30, and 40 minutes). The kinetics of this process is described by
the Elovich equation, i.e., the kinetics of the process are mathematically modeled. The accuracy of
this model is estimated by the Pearson correlation coefficient between the experimental results and
the predicted model. The Elovich model fits the experimental data, and the Pearson correlation
coefficients correspond to the range of 0,997 and 0,998. This indicates that the model correctly
predicts the extraction kinetics in the case under study.
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In the following study (Reche et al., 2021), mathematical modeling of ultrasonic extraction of
biologically active components from artichoke is carried out. The modeling is based on a quantitative
description of the effect of temperature and ultrasound power density on the yield of biologically
active substances, taking into account the simultaneous effect of diffusion and convection during
ultrasonic extraction It was found that the effective diffusion coefficient increases with increasing
temperature and the external mass transfer coefficient and the equilibrium yield of the extract depend
on both the temperature and the ultrasound power.

In this paper (Abazi Bajrami et al., 2023), the kinetics of the extraction of biologically active
compounds from the plant Helichrysum arenarium under the influence of ultrasound were
investigated. Modeling of the extraction Kinetics in two phases was carried out on the basis of
mathematical interpretation of kinetically and diffusion-controlled processes.

This paper presents mathematical modeling of ultrasonic extraction of Alhagi pseudalhagi roots
using the Full Factorial Design method. Mathematical modeling is based on a systematic, complex
study of the influence of three factors (sound power, temperature, and time) on the yield of
biologically active substances. This allows us to predict the results obtained with various
combinations of factors, i.e., the yield of biocomponents, without prior experience.

5. Conclusion

The mathematical apparatus of a complete factorial experiment, i.e., when in the course of one
experiment the values of all factors are varied simultaneously, allows for carrying out a computer
experiment instead of costly full-scale ultrasonic extraction for production purposes (time, material
costs, sometimes impossible) and to obtain a mathematical model of the process under consideration.
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TEXHHUKAIBIK Ka0IBIKThI OHTAMIAHIABIPY MEH DKCTPAreHTTEeP Il TaHAayAaH OacTar, yAepiCTi KYprizy
HIaPTTapbIH HAKThUIAYFa JCHIHT1 apalIbIKThl KAMTUIBI. Ocep eTyAiH QU3NKaIbIK (PaKTOPJIaphIH, aTarl
aliTKaH/a, YIbTPaJAbIOBICTEI KOJAAHYFa epeKIe Ha3ap aydapbuiaasl. Y IbTPAIbIOBICTHIK YKCTPAKITUSI
TaOWFW IIUKI3aTTaH OMOJOTHSIBIK OENCeH i 3aTTapbl amyablH OoJamiarbl 30p 9IICTEpiHIH Oipi
peTiHAe KapacThIPbLIA/IbI.

byn wmakamama Alhagi pseudalhagi  eciMairinie TaMbIpIapblH — yIbTPAABIOBICTHIK — JJICIIEH
AKCTpaAKLUsIIay OOMBIHIIA KYPTi3UITeH FRUIBIMH 3€PTTEYIiH HOTHXKeNepl YChIHBUTFaH. 30 XUMUSIIBIK
KOCBUIBIC aHBIKTAJIIbI, OJIAPJBIH apachlHaa Oaraibl OMOJOTHUSIIBIK OEJICeH I 3aTTapiAblH 0ap eKeHi
apIKTaApl. GC-MS TannayblHBIH HOTHDKENEpl OOWMBIHIIIA KOMIIOHEHTTEPAIH €H YJIKEH YJieci
reatpuakoHTaH (18,83%), B-cutoctepon (18,13%) sxone nmyneonra (11,85%) Tueceni 6onbl.
OciMIIIK MMKi3aThIHAH 3KCTpareHTke Aud@y3usiaHaTbiHa SKCTPAKTUBTI 3aTTapbIH IIBIFBIMBIHA
ocep eTeTiH Heri3ri (akTopsjap aHBIKTAIABI: YIbTPAABIOBICTHIH KyaTbl, YJIBTPAIbIOBICTBIK OHICY
Y3aKTBIFBl JKOHE TeMIleparypaiblk pexkuM. Ocbl (pakTopiaapAblH HEri3iHae TOJBIK YII (aKTOpPIIbI
9KCIIEPUMEHT KYpri3iiai. HoTmxkecinae ynbTpaablObICTHIK SKCTPAKIIHS MIPOLIECIHIH MATEMATUKAIIBIK
MOJIENI JKacaJIbl. AJIBIHFAH Perpeccus TCHJIEYl IKCTPAKT IIBIFRIMBIHA KOPCETUITeH (DaKTOpIIapabIiy
ocepiH caHJbIK Oaraiayra MyMKIHJIIK Oepe/i.

Tyiiin ce3mep: yIbTpaAbIOBICTBI AKCTPAKIUS; YIbTPAABIOBIC KyaThl, YIbTPAABIOBICTHIK OHICY
Y3aKTBIFBI; TOJIBIK YII (PAKTOPIIBI IKCTIEPUMEHT; perpeccus TeHIEY1

YabsTpa3sBykoBasi dkcTpaknus kopHeii Alhagi pseudalhagi u ee maTtemaTnuyeckoe
MOJeJHPOBAHUE

Aitky3 Kokxopaesa, I'asmsa baiicanoBa, Pacyn Ceprubaes, Ao3an TanarenoB, bukammia
TopcbikdaeBa, [lepuerya Ky:xaroBa, Coim0aT CaHcbI30aii

AHHoTanusi: B Hacrosimiee BpeMsi aKTUBHO IIPOBOASTCS MCCIEAOBAaHUSA, HaIlpaBJIEHHbIE Ha
MOJUGHUKAIMIO U COBEPIICHCTBOBAHUE METOJOB SKCTPAKIMU. ODTH HANpPaBICHHUS OXBaThIBAIOT
IIMPOKUH CIEKTP 3aJa4 - OT ONTUMHU3ALNN TEXHUYECKOTO0 OCHAILIEHUSI ¥ BBIOOpA SKCTPAreHTOB J0
YTOUHEHHUs YCIIOBHM mpoBeneHus mporecca. Oco0oe BHUMaHHME YIENAETCS NPUMEHEHUIO
¢uznyeckux (GakToOpoB BO3IAEHCTBHS, B YAaCTHOCTH, YJIbTPa3ByKa. YJbTPa3BYKOBas 3KCTPAKIIHS
paccMaTpuBaeTCs Kak OJWH U3 MEPCIEKTUBHBIX METOAOB H3BJICUEHUS OMOIOTMYECKH aKTHBHBIX
BEIIECTB U3 MPUPOJHOTO CHIPHS.

B naHHON crTaTbe IpenCTaBIECHBI pPE3yJAbTaThl HAyYHOIO MCCIENOBAHMS, IOCBALIEHHOIO
yAbTPa3BYKOBOM dkcTpakiuuu kKopHerr Alhagi pseudalhagi. Xuwmuueckuii coctaB 3KCTpakrTa,
MIOJIyYUEHHOTO METOJIOM  YJIbTPa3BYKOBOM OJKCTPAaKIMM, HU3Y4Y€H C MHCIOJIb30BAaHUEM Tra3-
xpomarorpaduu-macc-cekrpomerpun. BreisgBieHo 30 XUMHUYECKHX COCTMHEHHH, CPeIu KOTOPBIX
YCTAQHOBJICHO HAJMYME LEHHBIX OMOJIOTMYEeCKH akTHBHBIX BemecTB. Ilo pesymbratam ['X-MC
aHajgM3a HauOONBIIYIO JIOMK0 CpPeAr KOMIIOHEHTOB COCTaBWIM TeHTpuakoHtan (18,83%), B-
cutoctepod (18,13%) u nmymeon (11,85%).

OmnpeneneHbl OCHOBHbIE (DAaKTOpBI, BIUAOMME Ha AUPPY3UI0 SKCTPAKTUBHBIX BEIIECTB W3
PacTUTEIBHOTO ChIPbsI B 9KCTPAreHT: MOIHOCTb YJIbTPa3ByKa, POIOJIKUTENBHOCTD YIAbTPa3ByKOBOM
00paboTKM © TeMmIriepaTypHbii pexuM. Ha ocHoBe »3Tux ¢akTOpoB TMPOBEAEH TMOTHBIN
TpE€xakTOpHBII 3KcriepuMeHT. B pesynbTare pa3paboTaHa maTeMaTHueckas MOJENb Ipoliecca
yIbTPa3ByKOBOM HSKcTpakiuu. llomyyeHHOe ypaBHEHHME PErpeccuu IMO3BOJSIET KOJIUYECTBEHHO
OLIEHUTH BIUSHHUE YKAa3aHHBIX (PaKTOPOB Ha BBIXOJ HKCTPAKTA.

KiaueBble ca0Ba: yIbTpa3BYKOBas SKCTPAKIMS; MOIIHOCTh YIBTPa3ByKa, BpeMs 0O0pabOTKU
YIBTPa3BYKOM; MOJIHBINA TPeX()AKTOPHBIN SIKCIIEPUMEHT; yPaBHEHHUE PErPECCUU
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