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Abstract

Objectives. The work set out to evaluate the energy efficiency of using schemes including columns with side sections and side draws
in the extractive distillation of tetrahydrofuran—ethyl acetate—water mixture with dimethyl sulfoxide as an entrainer.

Methods. The main research method consisted of a computational experiment with the Aspen Plus v. 12 software package. The local
composition UNIQUAC equation model was used for describing vapor—liquid equilibrium. Parametric optimization of initial scheme
and schemes, including columns with side sections and side draws, was carried out according to the criterion of energy consumptions
in distillation columns reboilers.

Results. Two variants of schemes including partially thermally coupled distillation columns and two variants of schemes including columns
with side draws were synthesized on the basis of the conventional scheme of double extractive distillation consisting of two-withdrawal
columns using the graph method. The optimal operating parameters of the conventional scheme and all schemes obtained on its basis were
determined. The schemes, including columns with side draw, were modeled in two variants, namely, in the vapor phase with side draw, and
in the liquid phase. The energy efficiency of the proposed schemes was evaluated in comparison with the conventional scheme.

Conclusions. The phase state of the side draw is shown to have little effect on the total energy consumption in column reboilers, the
amount of liquid-phase side draw being 1.4-5.2 times greater than that of vapor-phase draw. Among the schemes including complex
columns with a side section, the maximum reduction of energy consumption by 5.9% in relation to the scheme of two-withdrawal
columns is provided by the scheme according to which the thermal coupling between the second extractive column and the regeneration
column of the entrainer is realized. Thermal coupling of extractive columns provides a significantly lower energy saving (1.36%).
Among the schemes including complex columns with side draw, the greatest energy efficiency (5.9%) is characterized by the scheme
in which the draw in the vapor phase is taken from the second extractive column to the regeneration column.
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TeTparngpodypaH—aTunauerar—Boga B cxemax,
BKJ1I04YaIOLUX KOJIOHHbI C OOKOBbIMU CEKLUAMM
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AHHOTaUuS

]_Ie.Jm. HpOBeCTI/I OLICHKY 3HepreTquCK0171 3(1)(1)6KTI/IBHOCTI/I MPUMEHCHUS CXEM, BKIIOHYAOMIUX KOJIOHHBI C OOKOBBIMHU CCKUHWAMHA U OT-
60paM1/1, B IIponecce 3KCTpaKTHBHOﬁ peKTI/I(I)I/IKaHI/II/I cMEeCcH TeTpal"I/IZ[pO(l)ypaH—Z)TI/II[aL[eTaT—BOZ[a C Z[I/IMCTI/IJ'ICyJ'IL(I)OKCI/I}IOM B Ka4CCTBC
pasacisonIero arcHTa.

MeTtoabl. OCHOBHBIM METOJIOM HCCIIEIOBAHHUS SBIISLICS BEIMHUCIUTEIBHBIH SKCTIEPUMEHT, PeaTn3yeMbli ¢ IPUMEHSHNEM IIPOTPAMMHOTO
xomrnrekca Aspen Plus v. 12. s MofemMpoBaHusI MapOKUIKOCTHOTO PaBHOBECHS OBLIO MCIIOIBb30BAHO YPaBHEHHE JIOKAIBHBIX COCTa-
BoB UNIQUAC. ITapameTprdeckasi ONTUMH3AINS BCEX PACCMOTPEHHBIX B pabOTe CXeM SKCTPAKTHBHOH PEKTHU(HUKAINH BHITOIHSIIACH
10 KPUTEPUIO CYMMapHBIX YHEPreTHIECKUX 3aTPaT B KUIATHIBHUKAX KOJIOHH.

Pesyabrarsl. C npuMeHeHHeM MeToa rpa)oB Ha OCHOBE 0a30BOI CXEMbI JBYXCTYIEHYATONH SKCTPAKTUBHOM PEKTH(HHUKALUH, COCTOS-
1Iei U3 ABYXOTOOPHBIX KOJOHH, CHHTE3HPOBAHO J[BA BAPHAHTA CXEM, BKIIIOYAIOIIMX KOMIUICKCHI C YACTUYHO CBSI3aHHBIMHU TEIJIOBBIMU
1 MaTepHAJIbHBIMU IOTOKAMH, U J[Ba BAPHAHTA CXEM, BKIIIOYAIOIUX KOJIOHHBI C GOKOBBIM 0TOOpOM. OnpesiesieHbl ONTHMAlIbHBIC pabouune
rapameTpbl 0a30BOH CXEMBI, @ TAK/KE BCEX IMOJIYYCHHBIX HA € 0CHOBE cxeM. CXeMbl, BKIIIOYAIOILIHUE KOJIOHHBI ¢ OOKOBBIMHE OTOOpaMH,
CMOZICIMPOBAHBI B JIByX BapHaHTaX, @ UMECHHO: ¢ 0TOOpPOM GOKOBOTO MMOTOKA B ITAPOBOIL U B xMAKOH (azax. IIpoBesieHa OlieHKa SHepro-
3¢ PEKTUBHOCTH MPEATIOKEHHBIX CXEM 10 CPaBHEHHUIO C 0a30BOH CXEMOH.

BoiBoabl. BorssieHo, uto dasoBoe cocrosiHre G0KOBOro 0TOOpa Majo BIHMSET HA CyMMAapHbIE SHEpro3arparsl B KUMSATHIBHHKAX KO-
JIOHH, TIPH 3TOM KOJMYECTBO KUAKO(pa3Horo 60koBoro noroka B 1.4-5.2 pasa Gombiie, yeM mapodazHOro. YCTaHOBICHO, YTO CPEIU
CXeM, BKJIIOYAIOIIUX CIIOXKHbIE KOJIOHHBI ¢ OOKOBOW CEKIMEH, MAKCHMAJILHOE CHI)KEHHE 3Hepro3arpar Ha 5.9% OTHOCHTEIBHO CXEMBI
13 IByXOTOOPHBIX KOJIOHH 00eCIeurBaeT CXeMa, B KOTOPOi pean3yercs TepMUUuecKast CBA3b MEX/y BTOPOH 3KCTPAKTUBHOH KOJIOHHOM
1 KOJIOHHOW pereHepaliy pas/eNsioulero arenra. TepMUYecKoe CBA3bIBAHWE HKCTPAKTUBHBIX KOJOHH JA€T CYLIECTBEHHO MEHBIIYIO
sKoHOMHIO SHeprozarpar (1.36%). Cpeau cxeM, BKITIOYAIOIIUX CII0KHbBIE KOJIOHHBI ¢ OOKOBBIM 0TOOpOM, HanboubiIeil sHeprosddexTus-
HOCTBIO (5.9%) XapakTepusyeTcs cxeMa, B KOTOPO OCYIIECTBIACTCS OTOOP MOTOKA B TapOBOit (pase U3 BTOPOH SKCTPAKTUBHOM KOJIOHHBI
B KOJIOHHY PereHeparum.

Kniouesble cnosa MocTtynuna: 16.10.2024
9KCTPAKTUBHAsS peKTU(UKanus, OOKOBbIE 0TOOPHI, OOKOBBIE CEKIHH, TETPAruApodypaH, HAopa6oTaHa: 19.12.2024
9THJIALIETAT, BOJA, SHEPTrocOepekeHIe NpunsTa B neyats: 21.02.2025
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in schemes including columns with side sections and side draws

Danila G. Rudakov,
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INTRODUCTION

Tetrahydrofuran (THF) and ethyl acetate (EAc) are
widely used as solvents in the pharmaceutical industry.
As a result of the technological process used to obtain
these solvents, some pollutants get into wastewater [1].
Separation of THF-EAc—water mixture into pure
components is difficult due to the presence of two binary
azeotropes THF—water and EAc—water [2]. This mixture
can be used to separated using extractive distillation (ED),
which is the most widely used method for separating
azeotropic mixtures and mixtures of components
having relative volatility close to unity. However, like
conventional distillation, ED has low thermodynamic
efficiency, leading to high thermal energy consumption
for its realization. This set of circumstances determines
the relevance of searching for ways to improve the
energy efficiency of the process [3-5].

One of the approaches to reduce energy consumption
involves the transfer of heat removed from the
strengthening section of the column to the distillation
section of the same or another column, which is realized
in schemes using heat pumps [6—8] and nonadiabatic
distillation [9—11]. The same concept forms the basis for
schemes using internal heat integration [11, 12] referred
to as a heat integrated distillation column (HIDiC)
system. However, despite their high energy efficiency,
heat pump schemes are significant disadvantaged by the
need to use expensive hot compressors.

Another approach is based on approximating the
distillation process to a hypothetical thermodynamically
reversible process using complexes with partially coupled
heat and material flows, which are realized in practice in
the form of complex columns with side sections [3, 13].
Another promising approach for reducing energy
consumption involves the use of schemes including
columns with side draws [14, 15]. The above-described
methods can also be used in combination.

The authors [16] propose the use of complex columns
with side draws to improve the energy efficiency of the
scheme of two-stage ED of THF—EA c—water mixture with
dimethyl sulfoxide (DMSO) as an entrainer (Fig. 1). Three
schemes with side draws were considered: (1) a scheme
with a side draw of the flow from the first extractive
column (EC1) to the second; (2) with a side draw from
the second extractive column (EC2) to the regeneration
column (RC); (3) a scheme combining both previous
options. In addition to this, a combination of schemes with
side extraction and heat pump was studied. However, it
should be noted that the authors considered all schemes
with side flow draw exclusively in the liquid phase. Despite
the block diagram of the optimization algorithm given
in [16], it remains unclear according to what principle
the transformation of the basic scheme into schemes with

side draws was carried out, as well as on what basis the
selection of initial conditions (number of the side draw
plate and its number) in the optimization was made. The
authors [16] also failed to take into account that DMSO
begins to decompose at temperatures above 150°C [17]
when selecting the working pressure in the columns. The
top pressure of the DMSO RC was chosen to be 50 kPa at
a temperature in the reboilers of 169°C. Thus, the results
obtained by the authors of [16] require clarification and
correction. Another interesting task consists in studying the
energy efficiency of schemes with side flow draws in the
vapor phase and comparing them with complexes having
partially thermally coupled distillation columns (PTCDC).

Thus, the aim of the present study is to evaluate the
energy efficiency of schemes including columns with
side sections and columns with side flow draws in both
vapor and liquid phases.

CALCULATIONS
Methods

Mathematical modeling and computational experiment
wereused as the main research method. Inaccordance with
the recommendations of the authors [16], the UNIQUAC
(UNIversal QUAsiChemical) equation was chosen as a
model for describing the vapor—liquid equilibrium in
the THF-EAc—water-DMSO system. For all binary
components except for the THF—EAc pair, we used the
equation parameters from the Aspen Properties v. 12.1
database integrated into the software package, while
the parameters for the THF-EAc system were taken
from the supplementary materials of the published
work [16]. An analysis of the quality of description
of experimental data on phase equilibrium [18-22]
by UNIQUAC, NRTL (Non-Random Two Liquid)
and UNIFAC (UNIQUAC Functional-group Activity
Coefficients) models showed that the vapor phase
composition and boiling point (or pressure in the case of
isothermal data) of binary systems is described with the
lowest error using the UNIQUAC model with the above
parameters. The average relative errors in the description
of vapor phase composition and boiling point (pressure
in the case of isothermal data) do not exceed 3.0% and
0.5%, respectively.

The initial (basic) scheme of two-stage ED of
THF-EAc—water mixture with DMSO as the entrainer is
presented in Fig. 1 (Scheme A).

Calculations were carried out for 5900 kg/h of the
initial mixture of the following composition: THEF,
40.33 wt %; EAc, 49.28 wt %; water, 10.38 wt %. The feed
flow was supplied at a temperature of 40°C and a pressure
of 50 kPa. The concentrations of product flows were kept
constant and equal for THF, 98.8 wt %; EAc, 99.5 wt %;
water, 99.6 wt %; regenerated DMSO, 99.99 wt % [16].
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Fig. 1. Scheme of two-stage ED (Scheme A). EC1 and EC2 are
extractive columns; RC is the entrainer regeneration column.
Hereinafter: A is tetrahydrofuran, B is ethyl acetate, C is water,
E is dimethyl sulfoxide

The pressure in the columns was chosen such that the
temperature in the column bottoms did not exceed
150°C, since it is at this temperature that the
decomposition of DMSO begins [17]. Thus, the pressure
in columns EC1 and EC2 was set equal to 50 kPa, in
RC—25 kPa. The optimized parameters were the number
of theoretical plates in columns (N, ), temperature (7})
and flow rate (F;) of entrainer, position of feed plates (NVy,)
and entrainer (Vp) in columns. The total heat duty in the
column reboilers was used as an optimization criterion
(z Orep)- The constraint on optimization consisted in
the need to keep constant the concentrations of
components in the product flow of the columns.

At the first stage, the influence of entrainer flow
rate on the reflux ratio R in columns EC1 and EC2 at

Table 1. Optimal operating parameters of Scheme A

a fixed entrainer feed temperature (7};) equal to 50°C was
investigated. Based on the obtained dependence, the DMSO
flow rate in EC1 equal to 4500 kg/h and in EC2 equal to
1150 kg/h was taken as an initial approximation. Then, the
total number of plates (N,,;) in the columns was determined
at a fixed flow rate and entrainer temperature. After
selecting N, ., the effect of 7;; on the energy consumption
in the ED column bottoms was investigated at a fixed total
number of plates in the columns. This influence was found
to be practically absent. Based on the top temperatures of
columns EC1 and EC2, T}, = 50°C was chosen. At the next
stage, the boundaries of variation of entrainer flow rates in
each EC were determined (i.e., the values of the optimum
and minimum flow rates). The final stage of optimization
consisted in selecting the optimal amount of entrainer for the
entire scheme. The optimization procedure was as follows:
1) setting values of N and Ny, for EC1 and determining
optimal values of entrainer flow rate for the entire
scheme for all sets of N and N, for EC2;
2) setting new values of N, and Ny, for EC1 and repeating
step 1;
3) repeating steps 1-2 until reaching the minimum value
of Z Qreb'
Optimal operating parameters of Scheme A are given
in Table 1.

Synthesis of schemes including columns
with side sections and side draws

The transformation of the graph of the basic two-stage
ED scheme (Scheme A) into schemes including columns
with side sections and side draws is shown in Fig. 2.

Column Nootal Ny N Ty, °C Fg, kg/h R O,epy KW ZQreb’ kW
ECI 46 10 16 50 6614 6.40 2417
EC2 19 5 14 50 988 0.30 656 3831
RC 13 - 5 - - 0.75 758
Scheme Bl Scheme B2 Scheme CIL, C1V Scheme C2L, C2V
Scheme A
| . pr
ABZg BC CE

Fig. 2. Transformation of the base scheme graph: (a) graph of Scheme A, (b) graph of Scheme B1, (¢) graph of Scheme B2,
(d) graphs of Schemes C1L and C1V, (e) graphs of Schemes C2L and C2V (letter L means side draw in the liquid phase,
and letter V—in the vapor phase)
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The initial scheme (Fig. 1) is transformed into a
graph (Fig. 2a). In this graph, edges denote vapor and
liquid flows within and between columns. The vertices
are the cross sections bounding the column sections. By
combining two vertices adjacent along the oriented edges
CE and BCE, the graph can be simplified to the graphs
shown in Figs. 2b and 2c¢, which depict schemes having
partially coupled heat and material flows. Performing the
simplification operation on the graphs (Figs. 2b and 2c)
along the undirected edges of the side vapor (SV)
extraction phase results in graphs (Figs. 2d and 2e¢) that
display schemes involving complex columns with side
extraction in both vapor (C1V and C2V) and liquid (C1L
and C2L) phases. The side draws are located downstream
of the extractive section in the respective columns. Thus,
four different variants of schemes including complex
columns were synthesized from the basic Scheme A
(Fig. 3):

e Scheme BI1, in which columns EC2 and RC are
combined in a complex with PTCDC;

e Scheme B2, in which columns EC1 and EC2 are
combined in a complex with PTCDC;

E
A B
Ag *g &
Ss
_ABC_[gc1 MC
FV
FL
T ] T
(a)
E
/J\ E{ A /J\ ﬁ B /J\ g C
ABC ki EC2 RC

L[]

T | Y. T,

©

e Schemes CIL and C1V are obtained on the basis
of Scheme BI, in them side flow draw in vapor
phase (C1V) or in liquid phase (C1L) is organized
from EC2 to RC;

e Schemes C2L and C2V are obtained on the basis of
Scheme B2, in them from column EC1 to column
EC2 the side flow draw in steam phase (C2V) or in
liquid phase (C2L) is organized.

At the next stage, the optimal operating parameters
of the synthesized variants of schemes were determined.
Initial data and product flow quality was set the same as
for Scheme A. Total heat duty in the column reboilers
was used as an optimization criterion as follows.

Optimization of schemes including
complexes with PTCDC

At transition to complexes with PTCDC, the pressure
in the integrated apparatuses should be equalized. In
Scheme B1, the pressure in column EC1 and the basic
Scheme A is 50 kPa; in the main column of the PTCDC
complex and side section, the pressure was set equal

E
ABC
(b)
E
S B
N B
_ABC gy EC2 RC

QL

&

(d)

Fig. 3. Schemes involving columns with side sections and side draws: (a) Scheme B1, (b) Scheme B2, (¢) Scheme C1L/C1V,
(d) Scheme C2L/C2V. EC1 and EC2 are extractive columns; RC is the entrainer regeneration column; MC is the main column
of the complex with partially thermally coupled distillation columns; SS is a side section; SC is a side column
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to 25 kPa. In Scheme B2, the pressure in the main column
and side section was set equal to 50 kPa; in the RC, as well
as in the RC of the basic Scheme A, the corresponding
pressure was 25 kPa. The optimized parameters were the
amount of steam flow extraction into the side section (£7y,)
and the side draw plate location (Ngp,). Other parameters
such as temperature (7}), entrainer flow rate (Ff),
position of feed plates (V) in the columns, and entrainer
inlet plates (V) were fixed according to their optimum

values determined for Scheme A.

Since there were no changes in the mode of
operation of columns EC1 (for Scheme B1) and CR (for
Scheme B2), these parameters were not reoptimized.

Optimization of complexes with PTCDC was carried
out according to the following algorithm:

1) setting the Ngp;

2) setting the Fy;

3) calculating the value of heat duty in the reboilers of
the main column Q e >

4) returning to step 2, setting a new £y, value, controlling
the distillate quality of the side section (or side
column) by changing the distillate flow rate FSS
(Fp SC), until QMC reaches the minimum value;

5) returning to step 1, setting a new Ngp, value. Repeatmg
steps 1-4 until the minimum value of Qreb i
reached.

The optimization results of Schemes B1 and B2 are
shown in Table 2.

Optimization of schemes including
columns with side draw

Scheme C1 group. Since Schemes CIL and C1V are
obtained by transforming the graph of Scheme Bl and

Table 2. Optimal operating parameters of Schemes B1 and B2

differ only in the aggregate state of the side extraction
flow, the procedure of their optimization is identical.
Because the composition of the feed flow of this column
in Schemes C1L and C1V differs from the composition
in the basic Scheme A, the number of plates in the RC
was selected at the first stage. The selection was based on
an analysis of the dependence Qr%g on the number of
plates.

Additional optimized variables comprised the amount
of side liquid extraction flow FL (Scheme C1L) or steam
extraction Fy, (Scheme C1V) from EC2 to the RC, as
well as the location of the side extraction plate (Ngp,) and
the feed plate in the RC (V).

Other parameters, such as the number of plates in
ECl and EC2, entrainer temperature and flow rate,
position of feed and extracting agent feed plates in EC1
and EC2, were set the same as in Scheme Bl. The
optimization criterion (target function) was the minimum
of the total duty on the reboilers of columns EC2 (QEcz)
and CR (Qr]zg). The optimization procedure was as
follows:

1) setting the Ngp;

2) setting the amount of side flow F (or FY));

3) determining the optimum feed plate inRC Ng RC,

4) repeating steps 2-3 until the minimum Value of

ZQreb r%():z + Qr%g is reached;

5) returning to step 1;
6) repeating steps 1-5 before reaching the minimum
value of ZQreb'

The optimization results of Schemes C1L and C1V
are shown in Table 3.

Scheme C2 group. Since Schemes C2L and C2V are
obtained by transforming the graph of Scheme B2 and
differ only in the aggregate state of the side flow draw,

Column New | N | Mg Ngp Fg, kg/h Fy, kg/h R O KW | D 0, kW

Scheme B1

ECI 46 10 16 - - 6.40 2417

Main column 27 5 14 19 972 0.25 1187 3604

Side section 5 - — - - 0.25 -
Scheme B2

Main column 51 10 16 48 3423 6.16 3021

Side column 14 5 - - - 0.36 - 3779

RC 13 - 5 - - 0.75 758
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Table 3. Optimal operating parameters of Schemes C1L and C1V
Column Now | Ng | Np Ngp Fg, kg/h F, (Fy).kgh | R O KW | D 0., kW
Scheme C1L
EC1 46 10 16 - 6614 - 6.40 2417
EC2 27 5 14 19 988 4650 0.25 564 3663
RC 11 - 4 - - - 0.40 682
Scheme C1V
ECI 46 10 16 - 6614 - 6.40 2417
EC2 27 5 14 19 988 899 0.25 1139 3604
RC 13 - 6 - - - 0.26 48

the procedure of their optimization is identical. Because
the composition of its feed differs from the composition
in Scheme A, the number of plates in EC2 was selected
at the first stage. The selection of the number of plates
was performed at fixed entrainer flow rates in EC1 and
EC2, as well as the position of the side extraction plate
and its number. Further optimized variables were the
amount of side liquid extraction flow /| (Scheme C2L)
or steam extraction Fy, (Scheme C2V) from ECI to
EC2, the position of the side extraction plate (Ngp,). As
calculations have shown, the composition of the RC
feed flow in Schemes C2L and C2V in comparison with
Scheme A practically did not change; for this reason,
optimization of parameters of this column was not
carried out.

Table 4. Optimal operating parameters of Schemes C2L and C2V

1)
2)
3)

4)
5)
6)
7)

8)
9)

The further optimization procedure was as follows:
setting the Ny, in EC1;

setting the amount of side flow | (or Fy));

variating Ng, and Np in EC2 until reaching the
minimum value of erigz;

specifying the position of Ny in the RC;

calculating z O, for the entire scheme;

returning to step 2;

repeating steps 2—6 until reaching the minimum value
of Z Qreb;

returning to step 1;

repeating steps 1-8 until reaching the minimum value
of Z Qreb'

The optimization results of Schemes C2L and C2V

are shown in Table 4.

Column New | Ng | Mg Ngp Fy kg/h F, (Fy).kgh | R O KW | D 0r kW

Scheme C2L

EC1 51 10 16 48 6614 4250 6.20 2549

EC2 15 4 12 - 988 - 0.36 491 3800

RC 13 - 5 - - - 0.77 760
Scheme C2V

EC1 51 10 16 47 6614 3008 7.62 3357

EC2 16 4 10 - 988 - 0.29 73 4192

RC 13 - 5 - - - 0.78 762
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RESULTS AND DISCUSSION

Six different variants of the schemes of ED of
THF-EAc—water mixture, including columns with side
sections and side draws, were considered in the course
of the conducted studies. Comparison of the proposed
scheme variants with the prototype scheme (Scheme A)
by the criterion of total energy consumption is presented
in Table 5. Reduction of energy consumption AQ,, was
calculated by the formula:

AQp = (ZQ&) —ZQieb)/ZQr’Zb *x100%, (1

where ZQf:b is the total energy consumption in the
column reboilers of Scheme A, ZQﬁeb is the total
energy consumption in the reboilers of columns of the
scheme including a complex with PTCDC or a column
with side extraction.

Among the schemes including complexes with
PTCDC, it can be seen that the maximum reduction of
energy consumption by 5.9% relative to the prototype
Scheme A is provided by Scheme BI1, in which the
complex with PTCDC is obtained by thermal bonding of
columns EC2 and RC of Scheme A. Thermal bonding of
columns EC1 and EC2 in Scheme B2 gives significantly
lower energy savings (1.36%). The different energy
efficiency of Schemes B1 and B2 is explained by different
reflux ratios in columns RC and EC2 of Scheme A,
which are prototypes of the side section (side column)
in Schemes B1 and B2, respectively: RRC = 0.75 and
REC2 = 0.3, Thus, the obtained results are consistent
with the criterion for evaluating the energy efficiency of
the application of complexes with PTCDC in the ED.!
It should also be noted that the reflux ratio in the side
section of Scheme B1 is three times lower than the reflux
ratio in the RC of Scheme A. This can be explained by
the fact that the concentration of water in the steam flow
entering the side section is 9 times higher than in the
feed flow of the RC of Scheme A. The reflux ratio in the
side column of Scheme B2 has a slightly higher value as
compared to the reflux ratio in EC2 of Scheme A. This
is explained by the fact that about three times more THF

falls in the side section than in the bottom flow of EC1;
thus, to obtain EAc of a given quality in the distillate of
the side column, a slightly higher reflux ratio is required.

Scheme C1V is characterized by the same energy
efficiency as Scheme B1.

In Scheme C1V, the reduction of total energy
consumption occurs mainly due to a significant reduction
in the duty on the reboilers of the RC (by 94%, compared
to the RC of Scheme A). This is due to several reasons.
First, the amount of RC feed flow in Scheme CI1V
is less than in Scheme A due to most of the DMSO in
Scheme C1V being released in the column bottom with
side extraction. Secondly, the water concentration in the
RC feed flow in Scheme C1V is about 70 wt %, while in
Scheme A it is 8 wt %. Thirdly, the Scheme C1V RC feed
is supplied in the vapor phase, while the Scheme A RC
feed is supplied in the liquid phase.

The energy efficiency of Scheme C1L is less than that
of Scheme C1V. This is due to the amount of liquid side
draw being 5.2 times greater than that of vapor side draw,
while the concentration of DMSO in the liquid-phase
side flow is already 86 wt % (instead of 30 wt % for the
Scheme C1V). Thus, the RC feed flow in Scheme C1L
is substantially greater than in Scheme C1V. In addition,
the feed to the RC of Scheme CIL is supplied in the
liquid phase, so there is no additional source of steam in
this column.

The insignificant total reduction of energy
consumption (0.81%) in Scheme C2L can be explained
by the small reduction in energy consumption in the EC2
reboilers due to the heat contributed by the entrance
into it of the withdrawal flow from ECI1, which also
leads to an increase in the concentration of DMSO in
the column. However, energy costs increase by about
the same amount in the reboilers of EC1 due to the side
extraction flow carrying a certain amount of heat with
it, which reduces the concentration of DMSO. Thus, the
total positive energy effect is absent in this case due to
a redistribution of duty on the reboilers of columns EC1
and EC2.

In Scheme C2P, total energy consumption increases by
9.4% as compared to the basic Scheme A. This significant

Table 5. Comparison of total energy consumption of the considered schemes

Parameter Scheme A Scheme B1 Scheme B2 | Scheme CIL | Scheme C1V | Scheme C2L | Scheme C2V
ZQreb’ kW 3831 3604 3779 3663 3604 3800 4192
AQ, o %0 - 5.9 1.36 4.4 5.9 0.8 -9.4

1
549 p. (in Russ.).]

Anokhina E.A. Extractive distillation in complexes with partially coupled heat and material flows. Dr. Sci. Thesis (Eng.). Moscow; 2020.
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increase in energy consumption is explained by the flow
of side extraction in the vapor phase reflux ratio R = 6.40
(as in EC1 of Schemes A and C1V) containing such a
quantity of THF that prevents the extraction of EAc of
a given quality in EC2. Thus, in order to maintain the
required concentration of EAc in EC2, it is necessary to
increase the reflux ratio (up to 7.62) in EC1, which leads
to a significant increase in the duty on its reboilers. In
addition, the steam flow of the side extraction carries a
significant amount of heat, which requires replenishing.

CONCLUSIONS

Thus, it can be concluded that the organization of
side draw from one EC to another in two-stage ED
THF-EAc—water mixture schemes does not lead to a
reduction of total energy consumption. Conversely, the
organization of side draw from EC to CR can reduce
the total energy consumption in the column reboilers
by 4.4% at side draw in the liquid phase and by 5.9%
at draw in the vapor phase. It should be noted that
Scheme B1, which includes a complex with PTCDC
obtained by thermal bonding of EC and RC, as well as
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Production of the recombinant hemagglutinin protein
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Abstract

Objectives. To analyze the physicochemical and antigenic properties of recombinant hemagglutinin protein of swine influenza virus
strain A/HIN1 (swH1-His) obtained by transduction of suspension line HEK293 with recombinant human adenovirus serotype 5.

Methods. The de novo assembly of the target hemagglutinin gene was performed via the polymerase chain reaction. Recombinant
adenovirus recAd5-swH1-His was obtained using the AdEasy™ Adenoviral Vector System kit. Accumulation of preparative amounts of
recombinant protein was performed by transduction of recAd5-swH1-His suspension culture of HEK293 cells in a wave-type bioreactor.
Recombinant hemagglutinin was isolated from the culture medium by metal-chelate affinity purification on a sorbent. The actual molecular
mass and its correspondence to the expected value, as well as the presence of histidine residues were shown by electrophoresis and Western
blot. The antigenic specificity of swH1-His was determined by indirect enzyme-linked immunosorbent assay with specific sera.

Results. Recombinant hemagglutinin swH1-His was obtained in the amount of 1.2 mg from 50 mL of culture fluid. The compliance of
its mass with the declared molecular mass (=70 kDa) was confirmed along with the presence of cross-linking with histidine residues. The
antigenic specificity of swH1-His in reaction with sera was demonstrated.

Conclusions. The physicochemical and antigenic characteristics of recombinant protein hemagglutinin of swine influenza A/HIN1
(swH1-His) obtained by transduction of HEK293 cells with recombinant human adenovirus of serotype 5 were determined. The obtained
recombinant hemagglutinin can be used as an antigen for animal and human influenza diagnostic purposes.
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AHHOTaUUuS

Leau. Ananu3 GU3NKO-XUMHIECKUX U aHTHTEHHBIX CBOMCTB PEKOMOMHAHTHOTO OeJTka TeMarIIOTHHHHA BUPYCa CBHHOTO TPUIIIA IIITaM-
ma A/HINT — swH1-His — monmy4eHHOTO ImyTeM TpaHCAyKIHK cycrieH3uoHHOH muand HEK293 pexoMOMHAHTHBIM aJICHOBHPYCOM
YeJoBeKa 5-To CepoTHIA.

MeTtoabl. COOpKy 1IETEBOT0 reHa TeMarrIiOTHHUHA de 10vo MPOBOAWIA METOJOM TOJIMMEPa3HOi EeMHOH peakuun. PekoMOMHAHTHBIN
aneHoBupyc recAdS-swH1-His nomyyanu ¢ momomsio Habopa AdEasy™ Adenoviral Vector System, HakomieHHEe TpenapaTHBHBIX KO-
JIMYECTB PEKOMOMHAHTHOTO OeJKa MpOBOIWIN MeTonoM TpaHcaykiuu recAdS-swH1-His cycniensnonnoit kynerypsl kietok HEK293
B OMOpeakTope BOJHOBOTO THIA. MeTogoM MeTaul-xenarHod ad@uHHOI ouncTKr Ha cOpOCHTE BBIACTMIN PEKOMOWHAHTHBIN reMar-
IIOTHHHH M3 KyJIbTypalbHOU cpebl. MeTogaMu snekTpodopes3a u BecTepH-010Ta ONpeaeiin ero MOJIEKYIAPHYI0 MaccCy, HOKa3aix
€e COOTBETCTBHME OXKHIAEMOH, a TAKKe HaJIWYMe THCTHIMHOBBIX OCTATKOB. METOZOM HEMpPSMOTr0 MMMYHO()EPMEHTHOTO aHajH3a Co
crenn(UUeCKUMH CHIBOPOTKAMHU YCTAaHOBHJIM aHTUTEHHYTO criennpuanocts swH1-His.

PesyabTarbl. B xo1e paboTh! nony4niny pekoMOUHaHTHBIN remMarrmioTuHrH swH1-His B konnuectse 1.2 mr u3 50 M1 Ky/abTypaibHON
KUJIKOCTH, JJOKAa3aJIi COOTBETCTBHE €r0 MAaccChl 3asiBJICHHOH MOJeKysipHOit Macce (<70 k/la) ¥ HalIU4YMe CIIMBKYM C T'MCTHAMHOBBIMH
OCTaTKaMy, a TAKXKe MOKa3aJI aHTUTeHHY0 crieuduaHocTs SWH1-His B peakijuu ¢ CbIBOPOTKaMH.

BriBoabl. OnpenesneHsl GU3NKO-XUMHYECKas K aHTUTCHHAsI XapaKTePUCTHKU PEKOMOMHAHTHOTO Oelika reMarrIioTHHIHA CBUHOTO TPHII-
nma A/HINI1 (swH1-His), noixyuenHoro tpancaykuuei kiaetok HEK293 pekoMOMHAHTHBIM aJJeHOBHPYCOM YeJlOBEKa 5-rO CEepoTHIIA.
B nanbHeiiniemM moiay4eHHBIH peKOMOMHAHTHBIH FeMarrIFOTHHUH MOXKET OBITh HCIIOJBb30BaH KAaK aHTUTCH JUISl TUArHOCTHKH IPHITHA
JKMBOTHBIX U YEJIOBEKa.

KnioueBble cnoBa MocTtynuna: 15.08.2024
PEKOMOMHAHTHBIN OEJIOK, PEKOMOMHAHTHBINH BUPYC YENIOBEKa 5-TO CEpOTHIIa, Aopa6oTaHa: 18.12.2024
BbIJIeJIEHHE PEKOMOMHAHTHOTO O€NKa, aHTUTeHHas! Celn(pUIHOCTb, NpuHsita B neyats: 18.02.2025
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INTRODUCTION

Influenza is an acute respiratory infectious disease that
circulates among the worldwide population, involving
seasonal rises in morbidity. The high contagiousness
and significant propensity to mutations of the influenza
virus allow it to adapt quickly to the immunity formed
by classical seasonal vaccines [1]. Therefore, the
development of broad-spectrum influenza vaccines
aimed at generating an immune response to conserved
(low-covariable) sequences of influenza virus proteins
remains relevant [2—5]. Such vaccines currently under
active development in Russia [6, 7].

When assessing the effectiveness of vaccination,
it is important to develop test systems for determining
antibody titers in immunized people. Enzyme-linked
immunosorbent assay (ELISA)-based test systems are
well suited for this objective. Their integral parameter
is the presence of an antigen that meets such criteria
as availability of production and purification, as well
as compliance of antigenic properties with the native
protein.

Several different expression systems are currently
available for the production of recombinant proteins.
Although the choice of systems for recombinant
protein production depends on the specific objectives,
the most common goal is to obtain a sufficient amount
of protein that is as similar in structure as possible
to its natural form. Since protein glycosylation has
a significant influence on physical (stacking, solubility,
molecular weight, etc.) and biological (bioavailability,
immunogenicity) properties of the obtained protein [8],
the matching of the glycosylation profile of the
synthesized recombinant protein to the native one often
becomes a key factor.

The optimal expression system for obtaining complex
eukaryotic recombinant proteins is mammalian cells.
When expression conditions are close to natural, proteins
can be obtained having a certain degree of glycosylation
strongly approximating the native form [9]. This
approach is particularly well suited for research tasks
where convenient availability must be combined with
the most natural form of recombinant proteins.

Among mammalian cells, there are two widely used
cell lines as producers: the cell line derived from human
embryonic kidney 293 (HEK293) cells and Chinese
hamster ovary (CHO) cells. Although the latter option
gives a high yield of recombinant protein (3—8 g/L)
with complex glycosylation, it also associated with
long and laborious work to breed a stable producer
line. In an experimental laboratory, it is generally
preferable to obtain protein by transient transfection,
where CHO culture is inferior to HEK cells in terms
of the complexity of transfection staging and the level
of recombinant protein production [8]. HEK293 cells
are also notable for the absence of oncogenic potential
and low immunogenicity of the recombinant proteins
produced due to the absence of structural modifications
that are not characteristic of humans [10]. The variant
of this line in the form of suspension has an undoubted
advantage. When adapted to a serum-free medium, the
suspension is optimal for scaling up the process and
obtaining recombinant product without the excessive
protein load (e.g., albumin) added by serum used in the
cultivation of adherent HEK293 cells.

HEK293 is ubiquitously used to produce viral
vectors. Due to the presence of adenoviral E1A/B
genes responsible for auxiliary functions, adenoviral
and adeno-associated viral vectors—in particular,
human adenovirus serotype 5 (Ad5)—are produced in
HEK293 cell culture [10].

While the production of recombinant proteins in
vitro through transduction of cell culture with the
human adenoviral vector Ad5 is not currently common,
such an approach has considerable potential. Together
with the advantages of the HEK293 suspension line,
such a tandem can provide efficient production of
recombinant protein requiring minimal economic costs
and purification efforts.

In this study, we first produced a recombinant
adenovirus (recAd5) expressing the hemagglutinin gene
of swine influenza type A strain HIN1 (swH1-His) in
the HEK293 cell line. After being affinity-purified on
sorbent, the physicochemical and antigenic properties of
the recombinant protein expressed in the culture medium
were characterized.

MATERIALS AND METHODS

De novo assembly of the swine influenza hemagglutinin gene swH1-His

The de novo gene assembly was performed using the block method as described by Lei Young and Qihan Dong [11].
Oligonucleotides comprising sequential forward and reverse primers of 65 nucleotides each were selected for gene
assembly (see Table 1). The primers were synthesized at Eurogen (Russia). The GeneRuller SM0311 DNA molecular
weight marker (Thermo Fisher Scientific, USA) was used in this study.
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At the first stage, four primers were taken into polymerase chain reaction (PCR) and combined into
blocks of 200 base pairs (bp). For each reaction, the quantity of external primers contributed was 10 pmol
and internal primers—0.01 pmol. Pfu DNA polymerase (ELK Biotechnology, China) was used. Primers
were annealed at 55°C. After detecting amplicons by horizontal electrophoresis in 1.5% agarose gel
(Thermo Fisher Scientific, USA), fragments were excised from the gel and purified on a single Cleanup mini
column (Evrogen, Russia). Next, overlap extension polymerase chain reaction (OE-PCR) was performed using
100 ng of purified amplicons and Pfu polymerase. At the third stage, standard PCR was performed with primers
swHI-His_out-F (5'-CGAGCCTAAGCTTCTAGATAAGATGCCGCCACCATGCTTGGACCCTGTATGCTGC-3") and
swHI-His_out-R (5’ -TATCTAGATCCGGTGGATCGGATTCATTAGTGATGATGGTGATGGTGATGGTGATGG-3").

The obtained swH1-His gene (full sequence is given in Table 2) was cloned by simple linear iterative clustering (SLIC)
into the shuttle plasmid pShuttle-CMV hydrolyzed by Eco32I site from the AdEasy™ Adenoviral Vector System kit
(Stratagene, USA) to obtain the plasmid pShuttle-swH1-His.

Production of recAd5 expressing
the hemagglutinin gene of swine influenza
type A strain HIN1 (swH1-His)

Lipofectamine® 2000 Reagent (Thermo Fisher Scientific,
USA) was used for transfection according to the
protocol. After transfection, cells were harvested, and
three freeze-thaw cycles were performed to obtain viral
efflux. The titer of the recombinant recAd5-swH1-His
virus obtained was determined in the plaque formation
reaction on HEK293 adherent cell culture at a confluence
of 70%. The cytopathic effect (CPE) induced by
recAd5-swH1-His was observed for 4 days.

To analyze the presence of sequences within the
recAd5-swH1-His genome, DNA was isolated, and
PCR carried out with product detection by agarose gel
electrophoresis. The primer sequences for each sequence
are presented in Table 3.

Accumulation of preparative amounts
of swH1-His protein in culture fluid

To accumulate a preparative amount of recombinant
hemagglutinin, the suspension cell line HEK293 was
transduced with recAd5-swH1-His virus.

Adherent and suspension cell cultures of human
embryonic kidney HEK293 were obtained from the Cell
Culture Collection of the Tissue Culture Laboratory of the
Tissue Culture Division of the D.I. Ivanovskiy Institute of
Virology of the N.F. Gamaleya National Research Center
of Epidemiology and Microbiology of the Ministry of
Health of the Russian Federation. Cells were cultured in
a wave-type bioreactor in Biostat® CultiBag RM 5L cell
culture bags (Sartorius AG, Germany) in CDM4-HEK?293
HyClone™ culture medium (Cytiva, USA) supplemented
with 2 g/L sodium bicarbonate (PanEco, Russia), 1 g/L
Poloxamer 188 (Corning, USA) and 4 mM L-glutamine
(PanEco, Russia) at 37°C and 5% CO,. After reaching
a concentration of 1 - 10° cells/mL, the culture was
aseptically supplemented with 10 mL of viral suspension

containing recAd5-swH1-His adenovirus at a titer of
108 PFU/mL (plaque-forming units per mL) per 100 mL
of medium.

Transduced cells were incubated for 3 days until
50-60% CPE was achieved. The percentage of live cells
pre-stained with methylene blue was determined by
visual counting in a Goryaev chamber (hemocytometer).
After centrifuging the obtained cell suspension at 7700g
for 20 min at room temperature (20°C), the supernatant
was collected and stored at —70°C.

Metal-chelate affinity purification
on sorbent

To a 50 mL volume of culture fluid containing the
target protein, 1M potassium phosphate buffer (Merck,
Germany) and sodium chloride (Merck, Germany)
were added to a final concentration of 50 and 300 mM,
respectively, and pH 8.0.

After washing 0.3 mL of the sorbent, Ni activated
agarose (Thermo Fisher Scientific, USA) with 1 mL
buffer A (50 mM potassium phosphate buffer with
pH 8.0 and 300 mM sodium chloride), the sorbent
precipitate was separated by centrifugation for 1 min at
3000 rpm. The procedure was repeated twice.

Following the transferal of the prepared sorbent
was transferred to a tube with 50 mL of culture fluid
containing 50 mM potassium phosphate buffer and
300 mM sodium chloride, the mixture was incubated
on a shaker at 100 rpm for 16 h (overnight) at +22°C.
Next, the supernatant was removed by centrifuging at
3000 rpm. The sorbent precipitate was then washed three
times in 1 mL of buffer A.

Elution of protein from the sorbent was performed
by rocking on a shaker at 180 rpm for 5 min using 1 mL
of buffer B, consisting of 50 mM potassium phosphate
buffer (pH 8.0) containing 300 mM sodium chloride and
250 mM methylimidazole (pH 12). After precipitating
the sorbent by low-speed centrifugation (I min at
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3000 rpm), the supernatant was collected and dialyzed
against 50 mM potassium phosphate buffer (pH 8.0).

The concentration of the affinity-purified protein
antigen preparation was measured at 280 nm
wavelength on a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, USA). The preparation was
stored at —20°C.

Electrophoretic analysis of swH1-His
protein

Proteins were fractionated by electrophoresis in
a 12% polyacrylate gel containing sodium dodecyl
sulfate (SDS-PAGE) in Laemmli buffer system using
a Mini-Protean 3 Cell vertical gel apparatus (B/O-RAD,
USA). Protein molecular weight was determined using
the PageRuler™ Plus Prestained Protein Ladder marker
(Thermo Fisher Scientific, USA).

Samples for electrophoresis were applied at a loading
rate of 1-4 ug of protein per track. Prior to being applied
to the gel, samples were placed in denaturing (+)
conditions using 2x Laemmli Sample Buffer (Merck,
Germany), bringing the volume with distilled water to
40 pL (if necessary). Samples were heated at 95°C for
5-7 min and samples were added to the wells of the gel.
A PageRuler™ Plus Prestained Protein Ladder molecular
weight marker was used.

Electrophoresis was performed at a constant current
of 20 mA/gel in SDS-PAGE Running Buffer, the
components of which were 25 mM Tris-HCI, 0.25 M
glycine and 0.1% sodium dodecyl sulfate (SDS),
pH 8.3.

At the end of electrophoretic separation, the gel was
scanned on a Gel Doc™ EZ device (BIO-RAD, USA),
in the appropriate program to obtain a digital image and
assess the electrophoretic purity of the preparation and
the molecular weight of the target protein.

Western blot analysis of swH1-His protein

Following electrophoresis of the analyzed samples
in SDS-PAGE, the proteins were transferred from
the gel to the membrane by semi-dry transfer on
a Trans-Blot® SD Semi-Dry Transfer Cell (BIO-RAD,
USA) at a constant current of 250 mA over a 7 X 8 cm
gel area.

At the end of transfer, 0.2 um thick Nitrocellulose
Membranes (BIO-RAD, USA) were washed three times
in distilled water for 10 min each, then free sites on the
membrane were blocked with working buffer: 20 mM

1" HRP is horseradish peroxidase.

phosphate buffered saline solution (PBS), pH 7.2-7.4,
containing 0.1% polysorbate 20 (Tween 20) and 1%
casein, for 30 min at 37°C on a shaker. The membrane
was then incubated in the same buffer solution
containing  peroxidase-labeled = mAb-a-His-HRP!
monoclonal antibodies to histidine sequence
(Sigma-Aldrich, Germany) at a working dilution
of 1/5000 on a shaker at 22°C for 16 h (overnight).
Following incubation, the membrane was first
washed with distilled water, then washed three times
for 10 min each with 20 mM PBS (pH 7.2) + 0.1%
Tween 20 buffer on a shaker. Chemiluminescent
detection of the target protein-conjugate complex
was performed using Amersham ECL Prime Western
Blotting Detection Reagents (GE HealthCare, USA)
followed by immunoreplica scanning on an Amersham
Imager 600 (GE HealthCare, USA).

Study of antigenic specificity of the target
protein swH1-His in reaction with specific
sera by indirect ELISA method

Indirect ELISA was performed according to the standard
procedure. The obtained recombinant swH1-His protein
and commercial recombinant hemagglutinin protein of
influenza A virus strain HIN1/Salifornia/2009 (4bcam,
UK) were used as antigen.

The sorption dose of the protein was 1 pug/mL in
50mM K-carbonate buffer, pH 9.6. Blocking of unbound
sites was performed with an inert protein solution—1%
Blosker™  Casein (Thermo  Fisher Scientific,
USA). Antiviral monoclonal antibodies to human
IgG—Goat anti-Human Fc-specific IgG HRP
(Sigma-Aldrich, Germany)—were added at a working
dilution of 1/5000. One-component TMB-substrate?
(Sigma-Aldrich, Germany) was used for immune
complex manifestation. Optical density was measured
at wavelength A = 450 nm using iEMS Reader
MF Thermo Labsystems tablet spectrophotometer
(Thermo Fisher Scientific, USA). The antibody titer
was taken as the inverse of the highest serum dilution
in which the optical absorbance was 2 times higher
than background.

Statistical processing of the results

Statistical processing of the results was performed in
GraphPad Prism program (Dotmatics, Canada). The
geometric mean titer method was used for statistical
processing with 95% confidence interval (CI).

2 TMB is stabilized solution of 3,3”,5,5-tetramethylbenzidine hydrochloride.
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RESULTS AND DISCUSSION

De novo assembly of the swine influenza
hemagglutinin gene swH1-His

The hemagglutinin gene of Influenza A virus
A/swine/Illinois/A01672343/2017(HIN1) strain
(NCBI? Protein ID—AQU12415, NCBI GenBank—
KY593239.1) was chosen to create the modified
gene. The transmembrane domain and cytoplasmic
domain were removed in silico and replaced
with a spacer (GSSAS) and 10 codons encoding
histidine. After optimizing the nucleotide sequence
of the structural part of the swHI1-His gene for the
frequency of codon composition of Homo sapience
genes, donor and acceptor splice sites, direct
and inverted repeats, some restriction sites were
removed.

Gene assembly was performed by PCR using
the block method as described by Lei Young and
Qihan Dong [11] with certain modifications: in the first
step, a 200 bp amplicon was obtained from four primers
(Fig. 1); at the second stage, the obtained short amplicons
were assembled to a full-size gene, as a result of which
all fragments complete each other, and at the third stage,
a full-size DNA fragment of 1708 bp was amplified with
external primers (Fig. 2) and cloned into a plasmid vector
to obtain the pShuttle-swH 1-His plasmid.
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Production of recAd5 expressing
the hemagglutinin gene of swine influenza
type A strain HIN1 (swH1-His)

In the plaque formation reaction, the titer of recombinant
adenovirus recAd5-swHI1-His in the cell lysate was
2 - 108 PFU/mL.

PCR with product detection by agarose gel
electrophoresis (Fig. 3) confirmed the presence of the
swH1-His gene sequence in the DNA of recombinant
human adenovirus serotype 5 (hexon), as well as the
absence of the sequence of the El region of human
adenovirus serotype 5.

Accumulation of preparative amounts

of the target protein swH1-His in culture
fluid

As shown in previous studies [12], the best parameters
for accumulation of the target recombinant protein in
the culture medium when using the adenovector system
are an infection dose of 200 PFU/cell and 3 days of
incubation with achievement of 50-60% CPE.

From the clarified culture fluid, 1 mL of a solution
of recombinant swH1-His protein with a concentration
of 1.2 mg/mL was obtained by metal-chelate affinity
extraction in volume.
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Fig. 1. Scheme for obtaining blocks of 200 base pairs (bp) using four primer amplification
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Fig. 2. Electropherogram of the results of amplification of the full-length swH1-His gene with terminal primers swH1-His_out-F and
swH1-His_out-R. The amplicon size is 1708 bp, two repeats. M is the molecular weight marker

3

NCBI — National Center for Biotechnology Information. https://www.ncbi.nlm.nih.gov/. Accessed June 10, 2023.
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(A) ®)

(A) PCR with primers for the E1 region of the adenovirus:
(1) recAd5-swH1-His,
(2) positive reaction control—1060 bp,
(3) negative reaction control.

(B) PCR with primers for adenovirus hexon:
(4) recAd5-swH1-His,
(5) positive reaction control—580 bp,
(6) negative reaction control.

(C) PCR with primers for the swH1-His gene:
(7) negative reaction control,
(8) recAd5-swH1-His,
(9) positive reaction control—670 bp.

M is the molecular weight marker

Physicochemical properties
of recombinant swH1-His hemagglutinin

The obtained recombinant swHI1-His protein was
analyzed by protein electrophoresis in 12% SDS-PAGE
under denaturing conditions. The molecular mass of the
recombinant swH1-His protein and its conformity to the
reported molecular mass were determined. The results of
electrophoresis in SDS-PAGE are shown in Fig. 4.
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Fig. 4. Electropherogram of purified swH1-His protein:

(1) swH1-His protein (1st elution)}—4 pg/track, (2) swH1-His
protein (2nd elution)—1 pg/track, (3) “tailings” (sample after
adsorption on Ni-agarose). M is the marker molecular weight

According to electrophoresis data, the molecular mass
of the recombinant swH1-His protein is =70 kDa, which
corresponds to the full-size hemagglutinin molecule of
influenza A virus. The presence of 10 histidine residues in

©

Fig. 3. Electropherogram of PCR analysis of DNA isolated from transduced cells with the recombinant adenovirus recAd5-swH1-His.

the purified recombinant swH 1-His protein was confirmed
by immunoblotting with monoclonal antibodies specific
to the sequence of histidine residues (Fig. 5).
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Fig. 5. Immunoreplica of purified swH1-His protein:

(1) swH1-His protein (1st elution)—4 pg/track, (2) swH1-His
protein (2nd elution)—1 pg/track, (3) “tailings” (sample after
adsorption on Ni-agarose). M is the marker molecular weight

Antigenic properties of recombinant
swH1-His hemagglutinin

The antigenic activity of purified recombinant
hemagglutinin swH1-His was characterized by indirect
ELISA. For this purpose, specific sera of people who had
had influenza were used. The diagnosis of influenza was
made on the basis of clinical signs and positive PCR for
influenza A/HINT RNA in a nasopharyngeal swab.
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Fig. 6. Geometric mean titers of specific IgG in the blood sera of people who have had influenza to the swH1-His recombinant protein

and to the recH1 commercial recombinant protein

During the period of recollection (on day 10-12 of
the disease and later), serum was isolated from blood
was obtained from patients using a standard method.
All patients signed an informed consent form. The study
complied with generally accepted medical and ethical
standards, the principles of the Declaration of Helsinki
of the World Medical Association (2013), and national
laws and standards of the Russian Federation and the
Rules of Good Clinical Practice (ICH GCP?), adopted in
the Russian Federation (GOST R 52379-20055).

In order to compare antigenic activity, serum samples
were tested by indirect ELISA against the obtained
swHI1-His protein and commercial recombinant
hemagglutinin protein of influenza A virus strain
HIN1/California/2009 (recH1). The results of the
indirect ELISA are shown in Fig. 6.

According to ELISA data, antigenic activity occurred
inthe swH1-His proteininreaction with sera of transfected
people. However, the titers of specific antibodies to the
obtained recombinant swH1-His antigen and to the
branded commercial antigen recH1 did not show reliable
differences. This indicates the potential possibility of
using swH1-His as an antigen in an ELISA test system
for the detection of specific antibodies.

CONCLUSIONS

In the course of this study, recombinant human adenovirus
of the fifth serotype expressing the hemagglutinin gene of
swine influenza type A strain HIN1 (swH1-His) containing
10 histidine residues was obtained by transduction of
human embryonic kidney cell line HEK293.

4

The recombinant protein comprising hemagglutinin
of swine influenza type A strain HIN1 (swH1-His) was
affinity purified from the culture medium. The yield of
highly purified swH1-His protein was 24 mg/L. The
molecular mass of the purified protein was as reported
(=70 kDa); the authenticity of the cross-linking of the
recombinant protein to the histidine sequence was
confirmed by immunoblotting data.

Indirect ELISA confirmed the antigenic specificity
of the swH1-His protein in reaction with specific blood
sera of influenza-infected subjects. In future work, the
obtained swH1-His protein will be used as an antigen
in ELISA test system to assess the immunogenicity of
vector vaccines for influenza prophylaxis.
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Abstract

Objectives. Cellulase is a multienzyme complex that breaks down cellulose contained in plant cell walls. Cellulase consists of three types
of enzymes: endoglucanase, exoglucanase, and B-glucosidase, each of which is involved in the destruction of certain chemical bonds
in cellulose. Nanobiocatalysts based on cellulase immobilized on nanostructured carriers are used for catalytic hydrolysis of biomass
waste, as well as in the food industry and for environmental protection. This article reviews scientific developments in the immobilization
of cellulase on nanostructured carriers.

Methods. The article analyzes scientific papers published over the past five years that concerned the main aspects of immobilization
of cellulase, an enzyme for processing cellulose biomass waste, on nanostructured carriers. The article examines methods of cellulase
immobilization, the morphology of nanostructured carriers, and the factors affecting the enzyme activity and allowing one to achieve
maximum conversion of cellulose-containing waste of plant origin.

Results. Nanostructured carriers have a large surface area, providing high immobilization efficiency, and also create a favorable
environment for activating cellulase and increasing its stability. This allows one to create nanobiocatalysts for efficient conversion
of cellulose substrate. The conducted analysis of the latest trends shows that positive changes have occurred in immobilization methods
and carrier compositions over the past five years. The article describes such nanostructured carriers as graphene layers, polymer
nanoparticles, nanohydrogels, nanofibers, silica nanoparticles, hierarchical porous materials, and magnetic nanoparticles.

Conclusions. Magnetically separable carriers increase the reliability of the biocatalyst and facilitate biocatalytic processes. The use
of magnetic nanoparticles is especially advantageous due to their easy separation and the possibility of extracting the nanobiocatalyst
for reuse.
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HoBble HAHOCTPYKTYPUPOBaHHbIE HOCUTENU
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AHHOTaUuS

He.Jm. Henmona3a — MyJ'II)TI/I(l)epMeHTHLIf/‘I KOMIIJICKC, pacmennﬂ}omnﬁ LCJUTI0JI03Y, COACPIKAINYIOCA B KIIETOYHBIX CTCHKAaX paCTeHHfI.
B cocraB nesmironassl BXOIAT (I)epMCHTLI TPEX BUJOB: SHAOITIFOKAHA3bI, SK30IJIFOKaHa3bl U B-FJ'[IOKO?,I/I,I[B.?;LI, KaKJIbI 13 KOTOPBIX y4a-
CTBYET B IpolE€CcCax pa3pylI€HUs ONPEACICHHbBIX XUMHUYCCKUX CBsi3el B LECJUIFOJIO3E. HaHO6I/IOKaTaJ'II/I3aT0pI)I Ha OCHOBEC LICJUIOJIA3bI,
MMMOOMJIM30BaHHON Ha HaHOCTPYKTYPUPOBAHHBIX HOCUTEJISIX, UCIIOJIB3YIOTCS UL KaTaJIMTUYECKOTO THAPOJIM3a OTXOA0B 6I/IOMaCCBI,
a TaKXe B MMUIIEBOI IIPOMBIIUIEHHOCTU U JUISL 3alllUThI 0pr>Ka}ome171 Cpeabl. HCJII) HaCTOALICIO UCCIIEN0BaHUS — IMPEACTaBUTH O630p
Hay4HbIX pa3p3.60TOK o I/IMMO6I/IJ'II/IBaIII/II/I HEJUII0JIa3bl HA HAHOCTPYKTYPUPOBAHHBIX HOCUTEIIAX.
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1. INTRODUCTION

The scarcity of conventional fuels and trend toward their
gradual abandonment due to environmental concerns
necessitate the development of processes for processing
plant waste into biofuels. Current technologies for
processing lignocellulosic biomass into biofuels include
many stages, of which the decomposition of cellulose to
fermentable sugars (providing a substrate for bioethanol
production) is the most important [1]. To ensure
environmental safety in the processing of lignocellulosic
biomass, biocatalytic processes involving enzymes that
decompose cellulose to glucose are widely used [2-5].
However, the industrial use of such enzymes is limited by

their low thermal stability, the presence of a wide range of
impurities in enzymatic preparations, and the difficulty of
separating enzymes from processing products, as well as
the impossibility of their reuse. These disadvantages can
be minimized or completely eliminated by immobilizing
enzymes on various carriers. Such carriers preserve the
secondary and tertiary structure of the enzyme to create
favorable conditions for its interaction with the substrate.
The optimal carrier can be selected based on the enzyme
type and the features of the technological process [6, 7].
The attention of researchers is particularly drawn to the
processes of enzyme immobilization on nanostructured
carriers to form nanobiocatalysts [8—13]. Nanostructured
carriers are materials containing nanometer-sized

120 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(2):119-136


mailto:alexsulman@mail.ru
mailto:molchanov@science.tver.ru
https://doi.org/10.32362/2410-6593-2025-20-2-119-136
https://doi.org/10.32362/2410-6593-2025-20-2-119-136

New nanostructured carriers
for cellulase immobilization

Alexandrina M. Sulman,
etal.

elements (usually from 1 to 100 nm), including
nanoparticles (NPs) of various shapes, nanorods, and
nanofibers. Unlike conventional granular carriers,
nanostructured materials minimize diffusion limitations
of substrate mass transfer. In addition, their developed
surface area favors the effective immobilization of
enzymes to improve their location on the surface, which
increases enzymatic activity [14, 15].

The present study reviews scientific developments
in the immobilization of cellulase on nanostructured
carriers. Cellulase is a multienzyme complex that breaks
down cellulose contained in plant cell walls. Cellulase
consists of three types of enzymes: endoglucanases,
exoglucanases, and [B-glucosidases, each of which is
involved in the destruction of certain chemical bonds in
cellulose [10, 16].

Lignocellulosic biomass contains polysaccharides
(cellulose and hemicellulose), as well as the aromatic
polymer lignin, the presence of which suppresses
cellulose hydrolysis. Immobilization of cellulase on
nanostructured carriers not only stabilizes the biocatalyst
and makes it possible to reuse it, but also changes the
surface charge of the enzyme, reducing its nonspecific
binding to lignin and increasing its affinity for
cellulose [17, 18]. In order to use cellulase to effectively
hydrolyze cellulose [19], lignocellulosic biomass wastes
generally require delignification using laccase from
Trichoderma asperellum (another enzymatic catalyst)
or by co-immobilizing several enzymes on a single
carrier [20-22].

This review discusses publications of the last five
years that study cellulase immobilized on nanostructured
carriers. Particular attention is paid to cellulase
immobilization methods, as well as to the types of
nanostructured carriers, including magnetically separable
ones. The advantages of using immobilized cellulase are
described based on the analysis of biocatalytic processes
for processing cellulose-containing biomass to obtain
sugars.

2. CELLULASE IMMOBILIZATION
METHODS

Known methods of immobilization of cellulase
on nanostructured carriers include adsorption,
encapsulation, entrapment in a polymer matrix, covalent
attachment, and cross-linking [23]. The most common
method is covalent binding by the formation of chemical
bonds between functional groups in the cellulase
molecule and reactive groups on the carrier surface.
Due to its strong covalent bonds, the immobilized

I UiO is University of Oslo (Norwegian—Universitetet i Oslo).

cellulase is highly stable and reusable while maintaining
a sufficiently high activity. This immobilization method
is necessary in industries where the stability of cellulase
and the possibility of its reuse are especially important.
At the same time, in industries where simplicity and
cost-effectiveness are of primary importance—e.g., in
small-scale agriculture or the food industry—preference
is often given to physical adsorption, cross-linking,
or entrapment methods [24]. Ultimately, the choice
of cellulase immobilization method should be guided
by specific application requirements and a reasonable
balance between performance, stability, and cost.

2.1. Adsorption

The physical adsorption method has been
used to immobilize cellulase on metal-organic
frameworks (MOFs) [25, 26], composites based on
iron oxide and acid-activated montmorillonites [27], as
well as multiwalled carbon nanotubes (MWCNTs) [28].
Important adsorption factors are high surface area,
a suitable carrier pore size, and opposite net charges of
the enzyme and the carrier [29].

Costantini et al. [30] showed that, while pretreatment
of lignocellulosic biomass with ionic liquids can be used
to facilitate its hydrolysis, such ionic liquids may lead
to the enzyme’s destruction. Zhou et al. [25] studied the
resistance of nanobiocatalysts based on several MOFs
(with different metals) and physically adsorbed cellulase
to ionic liquids. Zhou et al. [26] also found that the most
effective way to protect immobilized cellulase from the
negative effect of ionic liquids on enzymatic activity or to
reduce desorption is to modify the carrier surface before
adsorption. Enzyme desorption can be reduced by surface
treatment with zeolitic imidazolate frameworks (ZIF-8,
i.e., MOFs that consist of Zn?" and 2-methylimidazole
ligands), charge-changing compounds (e.g., chitosan),
or hydrophobicity-changing macromolecules (such as
polyethylene glycol) (Fig. 1).

Modification of Zr-containing MOF UiO-66! with
amino groups increases the enzyme content on the carrier
(from 220 to 350 mg/g) due to the formation of additional
“anchors” (NH, groups) on the carrier surface [31].

Some studies demonstrated the possibility of
modifying the biocatalyst following enzyme adsorption.
Adsorption of cellulase on carbon nanotubes followed
by treatment with sodium alginate provides increased
stability of the biocatalyst [28]. In this case, the gradual
decrease in activity with each reaction cycle (following
seven cycles of repeated hydrolysis of carboxymethyl
cellulose, the activity of immobilized cellulase remains
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at the level of 71.5%) is caused by weak noncovalent
interactions between cellulase and the carrier
(MWCNTs). After 30-day storage of immobilized and
soluble cellulase, the enzyme activity remains at the level
of 71.2 and 56.8% of the initial activity, respectively.
Thus, the slightly increased stability of cellulase
during storage following immobilization is considered
an important condition for its industrial application.
An original method of cellulase immobilization was
proposed by Zhu and colleagues. After adsorbing the
enzyme on Fe;O0,+C NPs by means of electrostatic
interactions, they coated these NPs with a thin layer
of precipitated silica, which enhanced the adsorption
of cellulase (the enzyme content on the carrier reached
200 mg/g) at the same time as preserving its enzymatic
functions [32].

In order to obtain effective biocatalysts by adsorption
of cellulase, carriers may be modified or functionalized.
In the case of modification after adsorption, the applied
outer layer should be sufficiently porous or swollen to
ensure contact of cellulase with the cellulose substrate.
Potential disadvantages of the adsorption method are

a relatively low immobilization efficiency and the
possibility of enzyme desorption during the reaction,
leading to contamination of the final product.

2.2. Entrapment/encapsulation

Entrapment represents an irreversible immobilization
method in which cellulase is retained in a porous matrix
or polymer network without forming direct bonds with
the carrier material. According to this approach, only the
molecules of substrates and products are allowed to move
in the pores, while the enzyme is prevented from leaching
out of the biocatalyst. Therefore, a suitable pore size is
critical for the selection of the carrier. Entrapment can
enhance enzyme stability, reduce enzyme leaching, and
protect the enzyme from adverse effects of the reaction
environment, thus preventing cellulase deactivation.
In contrast to entrapment, encapsulation separates the
enzyme from the reaction environment by means of
a permeable and porous organic/inorganic polymer. The
creation of a microenvironment by encapsulation protects
the enzyme molecules from adverse conditions that are
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commonly observed in lignocellulosic hydrolysates due
to inhibitory agents [23, 24, 33].

Wueet al. [34] immobilized several enzymes including
cellulase using Zr-containing MOFs UiO-66 with
different mesopores (6.46, 7.55, and 10.80 nm). By using
Ui0-66 with apore size of 6.46 nm, the maximum enzyme
adsorption for cellulase of 203.9 mg/g was achieved
without damaging the enzyme structure. According
to the authors, significantly increased stability of the
immobilized enzyme cellulaset+UiO-66 was achieved
due to the optimal ratio of the pore size of the carrier
material and the size of the enzyme molecule. Since the
cellulase molecule has a prolate ellipsoidal shape with
a diameter (minor axis) of 4-6.5 nm and a length (major
axis) of 18-21.5 nm,? pores of the corresponding sizes
provide more effective immobilization. Wu ez al. [35] also
showed cellulase could be firmly retained on the carrier
by the addition of 4.6-nm mesopores to microporous
UiO-66 to increase the stability of the immobilized
cellulase. In particular, the results showed that the
Ui0O-66 carrier provided high cellulase immobilization
efficiency (265 mg/g) at a residual enzymatic
activity of about 83% after six cycles. Analysis of the
Michaelis—Menten equation showed that the Michaelis
constant (13.355 mg/mL) and maximum reaction rate
(1.311 mg/(mL-min)) of the immobilized cellulase were
higher than those of the soluble enzyme (14.525 mg/mL
and 0.732 mg/(mL-min), respectively).

Mesoporous Zn-based MOFs were also used for
encapsulation of cellulase by coprecipitation of the
enzyme and MOF precursors [36]. This increased the
immobilized enzyme content to 350 mg/g to improve
mass transfer due to the formation of structural defects
during the formation of large pores in the MOF. The
encapsulated cellulase retained 77% of the initial activity
after four cycles.

Self-assembly of chitosan around cellulase by salting
out from a mixed solution [30] led to the formation of
a nanohybrid, which was deposited on alginate beads.
The resulting nanobiocatalyst demonstrated increased
stability and efficiency in the hydrolysis of sugarcane
bagasse. The Michaelis constant increased by 3% for the
immobilized nanohybrid compared to native cellulase
(11.9 and 11.5 mg/mL, respectively). This could be
due to the alginate matrix forming a barrier to limit the
enzyme affinity for the substrate. The maximum rate for
the immobilized nanohybrid was reduced compared to
soluble cellulase (1.1 and 1.2 mM/min, respectively) due
to the concentration gradient created by the nanohybrid
within the alginate beads, which decreased the hydrolysis
rate. The slight decrease in the maximum rate for the

2

immobilized nanohybrid indicated the possibility for
carboxymethyl cellulose to diffuse into the alginate
beads due to its water solubility.

Thus, the most important advantage of enzyme
immobilization by entrapment/encapsulation is its high
robustness, although drawbacks such as co-adsorption
and loss of structural integrity may limit its attractiveness.
Furthermore, as in physical adsorption, the cellulase
entrapment/encapsulation method is effective only if the
enzyme is easily accessible within the nanomaterial.

2.3. Covalent attachment

Although covalent attachment is often preferred
due to its provision of increased enzyme stability,
it requires functionalization of carriers that do not
initially contain functional groups [37, 38]. In addition,
a suitable coupling agent is needed to maintain the
enzyme conformation. The most commonly used
bifunctional coupling agent is glutaraldehyde, which
does not require the presence of any catalyst due to its
interaction with the amino groups of the side amino
acid residues and the NH, groups of the carrier [39].
Despite the short length of the glutaraldehyde molecule
(0.75 nm) [40], this is sufficient to prevent nonspecific
adsorption of the enzyme. Although longer-molecular-
length coupling agents such as tetradecanedioic and
docosandioic dicarboxylic acids with approximate chain
lengths of 1.4 and 2.2 nm, respectively, have also been
investigated, the interaction of the terminal carboxyl
groups with the amino-functionalized carriers (to form
a peptide bond) requires elevated temperatures and/or
the presence of a catalyst [41, 42]. In the case of carriers
such as graphene oxide with carboxyl groups on the
surface, the coupling agents (dicarboxylic acids) are first
activated by carbodiimide followed by reaction with
N-hydroxysuccinimide to create a functional group for
enzyme attachment [43].

Cellulase covalently immobilized using
glutaraldehyde on amino-functionalized magnetic
Fe;O, nanoparticles (MNPs) coated with silica

(Fe;0,+Si0,) showed an activity of 3341 EA/g in
the hydrolysis of carboxymethyl cellulose, which was
83.5% of the activity of the native enzyme [44]. The
Michaelis constants and the maximum reaction rates for
the immobilized and soluble cellulase were 0.0125 and
0.015 mg/mL, and 5.0 and 0.833 mmol/min, respectively,
indicating a slight decrease in the affinity for the substrate
and catalytic efficiency of the immobilized cellulase.
A study of the stability of the immobilized enzyme in five
repeated cycles demonstrated the retention of 44% of the

Worldwide Protein Data Bank, https://www.rcsb.org/#Category-analyze. Accessed February 17, 2025.
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initial activity. When using immobilized cellulase for the
enzymatic saccharification of pretreated poplar wood [44],
the maximum conversion of enzymatic saccharification
(at 50°C and pH 4.5) was 38.4% over 72 h.

Targeted functionalization of the carrier may
be critical for efficient covalent attachment of the
enzyme. Gao et al. [45] prepared graphene oxide as
a carrier for immobilization of cellulase by covalent
binding. Graphene oxide was activated by esterification
with 2-[(4-aminophenyl)sulfonyl]ethyl hydrogen
sulfate (SESA) as a hydrophobic spacer. After modifying
theresulting complex by diazotizing the acid, it was possible
to covalently immobilize cellulase on it. Compared with
soluble cellulase, the thermal and operational stability of
the immobilized cellulase was significantly improved. At
50°C, the half-life of immobilized cellulase (533 min) was
six times higher than that of soluble cellulase (89 min).
In addition, the affinity between immobilized cellulase
and the substrate (2.19 g/L) was more favorable than
that of soluble cellulase (3.84 g/L). This suggests that
immobilized cellulase has a higher catalytic efficiency.
Here, it should be noted that the reliability of covalent
attachment of cellulase is hampered by the complex

(a) Sortase

functionalization procedure, which significantly reduces
the attractiveness of this method.

Covalently immobilized and catalytically active
enzymes on microgel particles can be obtained using
reactive groups of amino acid residues (e.g., amino
groups from lysine residues, thiol groups from cysteine
residues, and carboxylic groups from aspartic or
glutamic acids) and reactive groups in microgels (e.g.,
epoxides, and N-hydroxysuccinimide and maleimide
esters). The main problem of immobilization is the
presence of identical reactive groups in the target
enzyme (e.g., several solvent-accessible lysine residues
on the surface of cellulase). In this case, multipoint
immobilization may occur to reduce the flexibility of
the enzyme structure and potentially reduce its catalytic
activity. Zou et al. [46] proposed a strategy for oriented
single-point site-specific covalent immobilization of
the enzyme in a microgel. They considered doping
with sortase (transpeptidase) as a highly selective
tool for conjugation of peptides or proteins [47].
Staphylococcus aureus sortase A recognizes the amino
acid sequence LPETG in the protein to form a reactive
thioether intermediate sortase A—protein (Fig. 2a), which

- SH
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Fig. 2. (a) Sortase-catalyzed protein—protein conjugation using LPETG-labeled and GGG-labeled proteins as substrates.
(b) Both conjugation variants (V- and C-terminal) are shown to confirm the effectiveness of a microgel-based carrier for enzyme
immobilization: C-terminal immobilization (top); N-terminal immobilization (bottom) [46]
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is subsequently cleaved by a nucleophile (e.g., the amino
group of the N-terminal oligoglycine tag in another
protein). As a result, a stable amide bond is formed
and sortase A is released [46]. In that work, Zou et al.
improved the principle of peptide synthesis in catalytic
microgels to create a universal platform for enzyme
immobilization on poly(N-vinylcaprolactam)/glycidyl
methacrylate (PVCL/GMA) microgels.

To ensure the possibility of enzyme conjugation
using both options (N- or C-terminal immobilization),
two immobilization approaches are used. C-terminal
enzymes labeled with LPETG are immobilized
by coupling to H,N-GGG-PVCL/GMA, whereas
N-terminal enzymes labeled with GGG are doped with
PVCL/GMA-LPETG-COOH microgels (Fig. 2b). For
testing covalent immobilization, biotechnologically
significant enzymes were selected, including cellulase
A2M2 (N-terminal enzyme).

According to the presented examples, a possible
disadvantage of covalent attachment of cellulase may be
the complexity of chemical modification of the carrier
and/or enzyme.

2.4. Cross-linking

Cross-linking of enzymes into aggregates (CLEA)
permits their immobilization without the use of carriers.
Such cross-linking can be achieved by interaction with

CBHLEH
.

AR

GLEH EGLEH Cu**

Second-step

glutaraldehyde [48]. However, the activity of cross-
linked enzyme aggregates was found to depend on the
type of cross-linking agent, which can affect the density
of CLEA [49].

If precipitated cross-linked aggregates of cellulases
are combined with MNPs, an additional advantage
consists in the increased ease of manipulation of the
magnetic nanobiocatalyst [50].

An original method for obtaining multienzyme
hybrid nanoflowers (ECG-NFs) was implemented
by Khan et al. [51] by cross-linking three enzymes
of the cellulase complex: cellobiohydrolase (CBH),
endoglucanase (EG), and f-glucosidase (BG).
Cross-linking was performed using the recombinant
enzymes EG-Linker—ELP (elastin-like polypeptide)-His,
(EGLEH), CBH-Linker-ELP-His, (CBHLEH), and
Glu-Linker-ELP-His; (GLEH). Figure 3 presents the
processes of cross-linking of the enzymes and their
catalyzed reaction of cellulose hydrolysis to glucose.
The formation of hybrid nanoflowers is assumed to
generally occur in two main stages [52]. In the first
stage (“nucleation”), GLEH, CBHLEH, and EGLEH
bind to Cu®" to form a complex compound involving the
appearance of copper phosphate crystals. In the second
stage (“‘growth”), the amino groups of GLEH, CBHLEH,
and EGLEH combine with Cu?" by the coordination
reaction of protein ions and Cu?" to form nanocrystals,
which can provide binding sites for GLEH, CBHLEH,
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hydrolysis GLEH CBHLEH and EGLEH
~
\‘ , -
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Fig. 3. Diagram of the ECG-NF formation and the functional cellulase action mechanisms. PBS is polybutylene succinate [51]
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and EGLEN during the growth process. The continuous
growth of NPs leads to the formation of mature
nanoaggregates. In this case, the spatial structure of
enzyme aggregates is the key to successful catalysis. The
constructed system of multienzyme hybrid nanoflowers
was used for a one-pot cascade conversion of cellulose to
glucose. Compared with the native multienzyme system,
the ECG-NFs nanoflowers demonstrated better physical
stability, thermal stability, and storage stability. Moreover,
the enzymatic activity of ECG-NFs was retained at
61.59% after eight repeated reaction cycles. The kinetic
constants of the immobilized and native enzymes
(Michaelis constants 9.33 and 9.54 g/L, respectively;
maximum reaction rate, 0.0056 and 0.0048 g/(L-min),
respectively) also indicate increased cellulase affinity
and activity following co-immobilization. The total
enzymatic activity of ECG-NFs increased by a factor
of 1.12 compared to the native enzyme in the process
of converting microcrystalline cellulose into glucose.
Thus, it is expected that the effect of co-immobilization
of several enzymes will be successfully used in industrial
production conditions.

A potential drawback of this immobilization method
is a decrease in activity due to limited access to the active
site if the cross-linked aggregates are too dense.

3. TYPES OF NANOSTRUCTURED
CARRIERS

The main nanostructured carriers used for cellulase
immobilization are nanoporous materials (MOF,
biochars, porous silica), nanohydrogels, and polymeric
NPs and MNPs [10]. Most of these carriers have been
used for enzyme immobilization for many years, but
over the past five years, significant technological
changes have occurred in the production or modification
of these nanomaterials to increase the efficiency of
immobilization processes and improve the characteristics
of nanobiocatalysts created on their basis.

3.1. Nanosized porous materials

Pota et al. [53] proposed the co-immobilization of
B-glucosidase and cellulase by adsorption on folded
mesoporous silica NPs with a hierarchical structure of
open pores having a smaller (wrinkled silica NPs, WSN)
and larger (WSN synthesized by using pentanol, WSN-p)
distance between the folds. The results showed that the
best biocatalyst is the one obtained by co-immobilization
of B-glucosidase and cellulase at the WSN-p distance.
In this case, the fraction of adsorbed enzymes reaches
20%, which corresponds to their content at the level of
100 mg/g of the carrier. During testing in the reaction
of hydrolysis of cellulose extracted from the leaves of

loquat Eriobotrya japonica, the biocatalyst demonstrated
a conversion of 82% and an activity of 72 umol/(min-g).
The biocatalyst retained 83% of its initial activity after
nine cycles of repeated use. In addition, it had better
stability over a wide temperature range than the mixture
of soluble enzymes, retaining 72% of the maximum
conversion value at temperatures up to 90°C.

Chen et al. [54] compared mesoporous silicas (MS)
with average pore sizes of 17.6 and 3.8 nm (MS-17.6 and
MS-3.8, respectively) and determined that larger pores,
the sizes of which are similar to the major axis of the
cellulase molecule, provide higher immobilization
efficiency: the adsorption value was 410 mg/g for
MS-17.6 and 315 mg/g for MS-3.8. On the other hand,
the pores of the carrier with a diameter of 3.8 nm, close
to the size of the minor axis of the cellulase molecule,
provide higher activity (up to 67% of the activity of
the native enzyme at 60°C) compared to cellulase on
MS-17.6, which after immobilization retained only
26.6% of the activity of the native enzyme under the same
conditions. Chen et al. [54] assumed that, in the case
when the average pore size of the carrier is similar to the
minor axes of the enzyme molecules, the immobilized
cellulase retains active sites and demonstrates the
highest activity. And in the case of the MS-17.6 carrier,
the enzyme molecules penetrate into the pores, creating
a dense and ordered structure, which probably hinders
the conformational flexibility of cellulase necessary for
the interaction between cellulase and the substrate.

3.2. Nanogels

Zarei et al. [55] proposed a simple two-stage approach to
the fabrication of a conductive nanohydrogel composed
of poly-e-caprolactone and the cationic macromolecule
of phosphine oxide. For this purpose, a cationic
nanohydrogel was synthesized by electrospinning in the
form of fibers with a diameter of about 469 nm, followed
by in situ polymerization of polyaniline nanorods.
The resulting nanohydrogel was used to immobilize
cellulase, the activity of which was studied in the
reaction of carboxymethyl cellulose hydrolysis. High
immobilization efficiency (96%) was observed after
optimization of such parameters as pH, temperature,
processing time, and enzyme concentration in the
mixture. The immobilized enzyme retained almost 90%
of its initial activity after four weeks of storage and 73%
of'the initial activity after nine cycles of repeated use. The
kinetic parameters (Michaelis constant and maximum
reaction rate) showed values 0f 2.9 g/L and 7.6 g/(L-min)
for immobilized cellulase and 1.5 g/L and 6.8 g/(L-min)
for the native enzyme, respectively. The increase in the
Michaelis constant after immobilization indicates that
the reaction reaches its maximum catalytic efficiency

126 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(2):119-136



New nanostructured carriers
for cellulase immobilization

Alexandrina M. Sulman,
etal.

at slightly higher substrate concentrations. This may
be due to limited substrate access to the active site of
the enzyme and/or changes in the enzyme conformation
and a decrease in the possibility of enzyme—substrate
complex formation. The increase in the maximum
reaction rate for immobilized cellulase compared to the
native enzyme may be due to increased enzyme stability
after immobilization.

Ariaecenejad et al  [56] created efficient
nanohydrogel-enzyme systems with excellent stability
and activity for practical use of cellulase in the hydrolysis
of lignocellulosic biomass, and presented a strategy for
the synthesis of new three-dimensional hydrogels from
carboxymethyl cellulose copolymers of 2-acrylamido-
2-methylpropane sulfonate and acrylamide. Graphene
oxide nanosheets were used as a filling and cross-
linking agent creating hydrogen bonds between
polymer chains to obtain three-dimensional networks.
The effect of graphene oxide content on the efficiency
of the synthesized structures during conjugation with
a model enzyme, cellulase, was studied. Immobilization
of cellulase in graphene oxide-reinforced hydrogels
resulted in a noticeable retention (at the level of 60%)
of its maximum activity at a temperature of 90°C,
as well as a significant increase in its specific activity
and stability during storage. Compared with soluble
cellulase, the immobilized enzyme containing graphene
oxide hydrogels showed a noticeable (154.8%) increase
in the conversion of alkali-treated sugar beet pulp, while
the original cellulase hydrogel showed only a 66.7%
increase under the same conditions.

Hedaiatnia et al. [22] obtained an efficient
immobilized  bifunctional  enzymatic = complex
cellulase/xylanase on a hydrogel carrier with increased
stability and activity, which was subsequently
used for the hydrolysis of lignocellulosic biomass.
The initial hydrogel (SA—CH) was synthesized by
radical polymerization of chitosan (CH) and sodium
alginate (SA) solutions in the presence of a cross-
linking agent and acrylic monomers. The hydrogel
nanocarrier (SA—CH/NCs) was synthesized by adding
nanocellulose (NCs) to SA—CH. The activity and stability
of native cellulase and xylanase and immobilized
bienzyme complexes (PersiCelXynl+SA—CH and
PersiCelXyn1+SA—-CH/NCs) were investigated in the
hydrolysis of sugar beet pulp to produce a hydrolysate
containing fermentable sugar and serving as a substrate
for lactic acid production. The Michaelis constant values
for native enzymes and the PersiCelXyn1+SA—CH and
PersiCelXyn1+SA—CH/NCs complexes were found to
be 2.84, 0.89, and 0.58 mg/mL, respectively. Different
values demonstrated different affinities of the enzymes
for the substrate. During the immobilization process,
the enzyme conformation may change, and various

diffusion effects and steric hindrances may alter the
enzyme microenvironment, which affects its affinity
for the substrate after immobilization. The decrease in
the Michaelis constant for the immobilized enzymes
compared to their soluble form indicates an increase
in the affinity for the substrate after immobilization.
This decrease was more pronounced in the case of the
PersiCelXyn1+SA—CH/NCs hydrogel compared to
PersiCelXyn1+SA—CH. Itis possible that the presence of
nanocellulose in the matrix of this hydrogel caused amore
intense interaction of the substrate with the enzyme,
which in turn led to an increase in the affinity of the
enzyme for its substrate. The maximum reaction rates for
PersiCelXyn1+SA—CH and PersiCelXyn1+SA—CH/NCs
were 74.19 and 103.79 pmol/(mgmin), respectively,
while for the native form this value was
58.70 umol/(mg'min). Since the maximum reaction rate
parameter represents the rate of enzymatic reaction at
saturating substrate concentrations, its higher values
for immobilized enzymes indicate that, when saturated
with the substrate, they ensure a higher reaction rate
than the soluble enzyme. Thus, the addition of NCs to
the hydrogel network allowed one to obtain a modified
hybrid nanocarrier for immobilizing bienzyme
complexes with an increased specific activity compared
to the original hydrogel and, ultimately, to increase the
catalytic activity of the immobilized enzyme.

3.3. Polymeric particles

Polymeric NPs can be useful for surface covalent
attachment of enzymes if the polymer structure contains
the necessary functional groups. Wang et al. [57] obtained
polymeric NPs from a cross-linked copolymer of styrene
and maleic anhydride by precipitation polymerization
without a stabilizer, followed by covalent attachment of
cellulase through anhydride groups.

Self-assembling micelles of the poly(styrene)-b-
poly(styrene-al/t-maleic anhydride) polymer modified
with nitrilotriacetic acid (NTA), the further modification
of which with Ni?" ions made it possible to attach
bacterial Hisg-cellulase, were successfully used by
Lu et al. [58] to obtain core—shell NPs with cellulase
molecules in the outer layer (Fig. 4).

Lu et al. [58] showed that cellulase immobilized
on polymer NPs after incubation for 24 h produced
approximately twice as much reducing sugar (50 mg/L)
as the soluble enzyme (30 mg/L). The stability of the
immobilized cellulase was also tested, and it was found
that, after two-week storage at 48°C or storage for 48 h at
room temperature, the activity of the immobilized cellulase
did not undergo significant changes. Lu et al. explained
the activity and stability of the immobilized enzyme by
the specific orientation of proteins on the surface of the
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Fig. 4. (a) Structural organization of the cellulosome in Clostridium thermocellum cells, (b) functionalized Ni-NTA micelles
for cellulase immobilization, and (c) the interaction of Ni-NTA with cellulase molecules tagged with His, [58]

NPs and in the active sites, as well as by the more effective
action of the immobilized enzyme on the substrate.

3.4. Magnetic nanostructured carriers

Magnetically responsive nanostructured carriers are
usually based on MNPs. The use of MNPs for the
development of nanobiocatalysts has rapidly increased
in recent years due to the simplicity of magnetic
separation, which allows for the repeated use of
nanobiocatalysts and makes the processes involving
them more reliable, as well as economically and
environmentally beneficial. MNPs (most often, iron
oxide NPs) are usually prefunctionalized to ensure the
possibility of enzyme attachment. For this purpose,
MNPs are coated either with silicon dioxide followed by
the addition of functional amino groups [44, 59-68] or
with polymers containing reactive groups (e.g., chitosan
or other functional polymers) [69-75]. The addition
of metal ions (e.g., copper) to amino-functionalized
MNPs improves the immobilization of cellulase
due to its affinity for the metal [76]. Under optimal

operating conditions (Cu/MNP ratio = 1, cellulose/MNP
ratio = 0.11, pH 6), the relative activity and content of
immobilized enzyme on MNPs were 91% and 164 mg/g,
respectively. Abbaszadeh and Hejazi showed [76] that
immobilized cellulase tested in the hydrolysis reaction
of carboxymethyl cellulose taken at a concentration of
1% exhibits greater stability than the soluble enzyme. In
addition, the immobilized enzyme retained 73% of its
initial activity after five cycles of use.

For better protection of iron oxide MNPs,
Poorakbar et al. [77] first formed a gold shell around the
MNPsandthenasilicashell, followed by functionalization
with polyethylene glycol and L-aspartic acid for covalent
attachment of cellulase (Fig. 5). Covalent binding of the
enzyme was confirmed by Fourier transform infrared
spectroscopy. The binding efficiency was 84% as
determined by the Bradford method. During filter paper
hydrolysis, the immobilized cellulase showed 88% of
the activity of the native enzyme and retained 73% of
its initial catalytic activity after 9 h (with an activity of
0.78 mmol/mL) [77].
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Another method for synthesizing a magnetic
nanobiocatalyst [78, 79] involves introducing MNPs
into porous or polymeric materials. For example,
the porous material used by Zhang et al [79] was

Semi-oxidized magnetite

Nanobiocatalysts (NBCs)

mesoporous silicon dioxide SBA-15 with pores 7-9 nm
in diameter, inside which Fe;O,-MNPs were formed.
Cellulase immobilization was carried out by adsorption
at pH 4.8 and a temperature of 4°C for 24 h. In the

Mix with cellulase
(Acetate pH 5)
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| Fig. 7. Cellulose conversion and magnetic separation of nanobiocatalysts (NBC) [80]

hydrolysis of cellulose in the presence of immobilized
cellulase, a glucose yield of 86.2% was achieved.

Magnetite NPs without a carrier are also used
for cellulase adsorption, as shown in Fig. 6 [80].
For cellulase immobilization, three types of iron
oxide NPs were synthesized: nitrogen-synthesized
magnetite (MNP-N,), air-synthesized semi-oxidized
magnetite (MNP-Air), and nitric acid—oxidized
magnetite NPs (MNP-Ox).

The catalytic activity of immobilized cellulase
was investigated in the hydrolysis of carboxymethyl
cellulose and filter paper. In all cases, the obtained
nanobiocatalyst with magnetite as a carrier demonstrated
better absolute activity (4.28 and 0.82 units/(g-h) for the
catalyst on magnetite and maghemite, respectively) and
relative enzymatic activity at lower pH values, as well
as at higher and lower temperatures. This indicates an
improvement in the thermal and mechanical stability of
magnetite-based nanobiocatalysts, which is a desirable
effect in enzyme immobilization.

Another important effect of cellulase immobilization
is an increase in long-term catalytic stability. The
presented nanobiocatalysts demonstrate long-term
stability for 42 days without loss of catalytic activity,

while the activity of the native enzyme during this time
drops to 40%. However, the most important positive
effect is the possibility of reusing nanobiocatalysts by
magnetic separation. Schnell ef al. [80] achieved 95%
recovery of magnetic nanobiocatalysts after use in six
consecutive reaction cycles (Fig. 7).

Similar magnetite NPs were also synthesized by
Ingle et al. [81] using glutaraldehyde to immobilize cellulase
by covalent binding. During hydrolysis of the cellulose
substrate (sugar cane cake powder), cellulose conversion for
24 h was achieved at a level of 93% for the native enzyme
and 89% for cellulase immobilized on MNPs.

4. CONCLUSIONS

Nanobiocatalysts based on cellulase immobilized on
nanostructured carriers are used for the catalytic hydrolysis
of biomass waste, as well as in the food industry and for
environmental protection purposes. The analysis of recent
trends presented in this review shows that positive changes
have occurred in the immobilization methods and carrier
compositions over the past five years.

One of the most striking examples involves oriented
single-point site-specific immobilization of the enzyme in
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amicrogel by sortase-catalyzed protein conjugation, which
increases the immobilization targeting and improves the
subsequent interaction of the enzyme with cellulose.

Another example demonstrates the possibility of
using an unusual carrier structure (folded mesoporous
silica NPs) for the production of effective and stable
nanobiocatalysts by simple adsorption of cellulase due
to the unique nature and morphology of the carrier.
Cellulase adsorbed in this way turned out to be very
stable and active due to preliminary modification of the
carrier with macromolecules that change the charge or
hydrophobicity—hydrophilicity balance.

Carrier-free multienzyme hybrid nanoflowers could
be used to achieve a similar goal by forming combined
enzymatic structures with high affinity for cellulose
biomass.

The use of magnetically separable carriers increases
the reliability of the biocatalyst and facilitates biocatalytic
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Abstract

Objectives. To investigate the effectiveness of N-[(1RS)-camphanyl-2-ylidene]aniline as an ultraviolet (UV) absorber in 3D printing
using digital light processing.

Methods. Polymerization process parameters were determined using a Netzsch DSC 204 F1 Phoenix differential scanning calorimeter
equipped with an OmniCure S2000 UV irradiation attachment (400-500 nm filter). Samples were printed on a Minicube ULTRA
3D printer using a 405-nm LED light source. Dimensional accuracy during printing was evaluated according to ISO 52902:2019.
Mechanical properties were determined using a Zwick/Roell Zwicki Z5.0 universal testing machine, while heat deflection temperature
was measured on a Gotech HDT-HV-2000-3 device.

Results. The conversion degree of double bonds determined from differential scanning calorimetry results for a photopolymerizable
composition containing camphor anil are almost identical to that for the composition without a UV absorber. The high gel fraction
content in the samples indicates the formation of cross-linked polymers. The level of physical and mechanical properties, as determined
in tensile and flexural parameters, is largely unaffected by the use of the type of UV absorbers considered. Tensile strength values
are comparable to those of oligocarbonate methacrylate OCM-2-based materials produced under radiation polymerization conditions.
Dimensional deviation for materials containing camphor anils is smaller than for compositions without a UV absorber or for compositions
using a triazole derivative as an absorber.

Conclusions. The effectiveness of camphor anils as UV absorbers in the photopolymerizable composition is confirmed. With high
dimensional accuracy in printing, it is possible to produce densely cross-linked polymers offering desirable physicomechanical properties
and heat deflection temperatures.
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HAYYHAA CTATbA

N-[(1RS)-kamdaH-2-nnnpgeH]aHnsinH — HOBbIA
adpPpekTuBHbIN Xnpknn YP-adcopoep ana 3D-neyatn
B YCNIOBUSAX POTOXUMUNYECKOITO UHULMUPOBaAHUS

H.B. Cunopenxo!*, M.A. Bauues!, F0.M. Mkprusin!, H.A. CanbikunZ, A.A. Bepuuropal, U.A. HoBakos!
! Boneoepaockuii 2ocyoapcemeennuiii mexuuueckuti ynueepcumem, Boneozpad, 400005 Poccus
2 000 «CUBYP-Hunosayuuy, [HAO « CUBYP Xonouney, Tomck, 634058 Poccus

™ demop onsa nepenucku, e-mail: nvsidorenko@vstu.ru

AHHOTaUuS

Heau. Onenka >¢pexrnBroctn npumenennst N-[(1RS)-kamdan-2-ununen]annnmna B kauecTBe yabrpaduoneroBoro (YP) abcopbepa
npu 3D-mevarn metomom mrdposoii 06padotku ceera (digital light processing, DLP).

Meroabl. Ilapamerpsl mporecca IOJIMMEPH3ALMH  ONpEICsUINCh Ha  AU(QEepeHIHaIbHOM —CKaHHPYOIIEM — KaJlOpUMeTpe
Netzsch DSC 204 F1 Phoenix ¢ npuctaBkoit Y®-o00myuenns OmniCure S2000 (csetopmnsrp 400-500 HM). OOpasipl neyaranim Ha
3D-npunrepe Minicube ULTRA co cBeTOIMOAHBIM UCTOYHUKOM H3iydeHus 405 HM. JIMHEHHYI0 TOUHOCTD MPH M€YaTy OLIEHUBAIH I10
T'OCT P 59586-2021 (ISO 52902:2019). [IpoyHOCTHBIE XapaKTEPUCTUKH OMPEACISITN C UCTIOIb30BAHUEM YHHBEPCAIBHOM HCITBITATEIb-
Hoii mammmHbl Zwick/Roell Zwicki Z5.0, nedopmanonnyro TemiocToiikocts — Ha npudope Gotech HDT-HV-2000-3.

PesyabTarbl. 3HaUCHMS CTETICHN TPEBPALIICHNS IBOMHBIX CBsI3el, ONPEACICHHbIE 10 pe3ynbraraM JudGepeHInalIbHON CKaHUPYoeh
KanopuMeTpuu ais orononumepusyronieiicst kommnosuiun (PITK), coneprkanieid aHnIbl KaMpopsl, TPAKTHYSCKN COBIAIAIOT C TaKO-
BBIMH 1711 KomIto3uiu 6e3 Yd-abcopbepa. Boicokoe copeprkanue refib-(ppakiui B 00pasiax CBUAETENbCTBYET O MOTyYeHHH TyCTOCeT-
YaThIX TTOJMMEPOB. YPOBEHb JOCTUTAEMBIX (PU3HKO-MEXaHUUECKUX CBOMCTB, ONPEENAEMbIX MOKa3aTe/ISIMK TIPU PACTSKEHUHU U U3THOE,
MIPAaKTUYECKH HE 3aBHCHT OT THUIA paccMarpuBaeMbix Y®D-abcopOepoB. 3HauUeHHUs] TPOUHOCTU MPU PACTIKEHUH OMM3KM K XapaKTepH-
CTHKaM MaTepUasoB Ha OCHOBE onurokapooHarmerakpuiaara OKM-2, moigydaeMbIM B yCIOBUSX pagudallMOHHON nonumepusanuu. Ot1-
KJIOHEHHE OT JIMHEIHBIX Pa3MepoB AJIsl MaTePUalOB, COAEPKAIINX aHUIbI KaM(OpbI, MEHbIIIE, YeM Npu oTcyTcTBHM B cocTare OIIK
Yd-abcopOepa MM NpH MCIOIB30BAHMN B KAaUECTBE TaKOBOT'O TPOU3BOJJHOTO TPHA30JIa.

BriBonnl. [Toxrepixnena addexruBHOCTS prMeHeHHs1 aHmIoB kamdops! B coctaBe OIIK B kayectBe YdD-abcopbdepa. [Ipu BeICOKO#
JIMHEHHON TOYHOCTH MeYaTH Pean3yeMo MMOTyUeHUE TyCTOCETIYATHIX IIOJIMMEPOB C BEICOKUM YPOBHEM (PU3UKO-MEXaHHYECKUX XapaKTe-

pucTHK ¥ 1ehOpPMaMOHHON TEII0CTOMKOCTH.

KniouyeBbie cnoea

KaJIOPHMETPHUS, OJTUTOKapOOHATMETAKPUIIaT

Ana uunTnpoBaHua

Yd-abcopbep, annnst kampopsl, 3D-nedars, anddepeHnnanbHas CKaHUPYOIIast

MocTtynuna: 21.10.2024
Aopa6oTaHa: 10.12.2024
MpuHara B neyatb: 20.02.2025

Cunopenko H.B., Bannes M. A., Mkprusa FO.M., Cansikun H.A., Bepanropa A.A., Hosakos 1. A. N-[(1RS)-kamdan-2-unueH |aHuimH —
HOBBIH 3¢ dexTuBHBIHN )xunkui YP-abcopbep mst 3D-nevarn B ycnoBusx GOTOXMMUUECKOTO HHUIUUPOBAHUS. TOHKUE XUMUYECKUEe MEXHO-
noeuu. 2025;20(2):137-145. https://doi.org/10.32362/2410-6593-2025-20-2-137-145

INTRODUCTION

Already widespread modern 3D printing technologies
based on the use of oligomeric compositions that
are reactive under photo-initiated polymerization
conditions (VAT photopolymerization) [1-4] generally
involve the use of a component or combination of
components that act as a limiter of the polymer layer
thickness during layer-by-layer build-up of the product
under UV irradiation. Dyes and pigments used as such
components [5—8] include those originally intended
for the production of printed circuit boards [9, 10].

In addition, it is worth noting the presence of
ultraviolet (UV) absorbers traditionally used in paints
and varnishes, as well as in thermoplastics [1, 11, 12].
Since currently used components are not without
drawbacks, the search for new effective UV absorbers
for use in digital light processing (DLP) printing
technology becomes a pressing issue. In particular,
dyes can migrate into polymer optically transparent
elements of printers that come into contact with
photopolymerizable compositions (PPC), while
pigments are prone to sedimentation settling during
long-term printing. Industrial UV absorbers, which
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generally consist of powders of varying dispersion,
have limited solubility in multicomponent oligomeric
compositions.

The chemical structures of camphane- and
aniline-based compounds on synthesized in previous
works provided grounds to consider their potential
applicability as UV absorbers for 3D printing [13].
Since there is no information of this kind in the scientific
and technical literature, the present work set out to
provide a comprehensive assessment of the efficiency
of using one of the representatives of liquid camphor
anils (N-[(1RS)-camphane-2-ylidene]aniline) as a UV
absorber in PPC formulations.

MATERIALS AND METHODS

The model PPC consisted of oligocarbonate
methacrylate OCM-2 (bis-(methacryloxyethylene
carbonate)-diethyleneglycol, Polyketone, Russia),
a bis-acylphosphine oxide (BAPO) (phenylbis(2,4,6-
trimethylbenzoyl)-phosphine oxide photoinitiator,
Omnirad 819, [IGM  Resins, Netherlands).
(2-(2-hydroxy-5-methylphenyl)benzotriazole (Tokyo
Chemical Industry Co., Japan), a triazole derivative
(hereinafter triazole), was used as a comparative
sample of the UV absorber. To determine the
theoretical thermal effect, thermal polymerization
was initiated with benzoyl peroxide purified by
recrystallization (Vekton, Russia). Cyclohexane of
chemically pure grade (Vekton, Russia) served as
a solvent for UV spectroscopy. The experimentally
determined concentrations of BAPO and UV
absorbers that allow 3D printing with the same
printer settings were 1.0 and 0.5% of the oligomer
mass, respectively.

The PPC was obtained by mixing the ingredients. The
mixtures were kept at 50°C for 1-3 h until the formation
of homogeneous solutions. The characteristic parameters
of the obtained PPC polymerization were determined in
accordance with GOST R 56755-2015" (ISO 11357-5) on
a DSC 204 F1 Phoenix differential scanning calorimeter
(Netzsch, Germany) equipped with a compressor
cooling system and an OmniCure S2000 UV irradiation
attachment using a light filter transmitting in the
400-500 nm region at an irradiation power of 1 W/cm?

in standard aluminum crucibles. The total flow of inert
gas (argon) was 90 mL/min.

The theoretical thermal effect of polymerization,
whose value was used to calculate the degree of
conversion, was determined using differential scanning
calorimetry (DSC) in dynamic mode (temperature
scanning mode) by heating a sample of the OCM-2
oligomer containing dissolved benzoyl peroxide
(0.5%) to 170°C at a rate of 5°C/min. The average of
5 measurements was 271.7 J/g, which is in fairly good
agreement with the calculated data (271.0 J/g) based on
the thermal effects known for methacrylates [14]. The
thermal effects of photopolymerization were determined
by performing two measurements equivalent in terms
of sample exposure conditions and then subtracting the
second measurement from the first. A similar calculation
method was used in [15].

All samples were printed on a MiniCube ULTRA
3D printer (Minicube, Russia) equipped with a 405 nm
LED light source. The preparation and slicing of print jobs
was performed in specialized MiniCube Studio software.
The specified layer thickness was 0.03 mm, while the
number of layers, taking into account the supports,
was 2375. After printing, washing with isopropanol, and
mechanical removal of supports, the samples were dried
at room temperature for 30 min. Post-polymerization
was carried out at 60°C for 60 min on each side on
a FormCure installation (Formlabs, USA) equipped with
LEDs having an emission wavelength of 405 nm. UV
spectra were recorded on a UV-2600 device (Shimadzu,
Japan) in standard quartz cuvettes with an optical path
length of 10 mm.

The intensity of the 3D printer LED source at the
bottom of a standard container was measured using
a UVpad E UV radiometer (Opsytec Dr. Grébel,
Germany).

Linear accuracy during printing was assessed
according to GOST R 59586-20212 (ISO 52902:2019).

To determine the amount of gel fraction, extraction
with boiling toluene was carried out for 24 h using
a Soxhlet apparatus.

The strength characteristics of the samples were
determined using a Zwick Z5.0 universal testing
machine (Zwick/Roell, Germany) in accordance with
GOST 34370-20173 (ISO 527-1:2012): a sample of

I GOST R 56755-2015. National Standard of the Russian Federation. Plastics. Differential scanning calorimetry (DSC). Part 5.
Determination of characteristic reaction-curve temperatures and times, enthalpy of reaction and degree of conversion. Moscow:

Standartinform; 2016 (in Russ.).

GOST R 59586-2021. National Standard of the Russian Federation. Additive technologies. Test artifacts. Geometric capability assessment of

additive manufacturing systems. Moscow: Russian Institute of Standardization; 2016 (in Russ.).

2018 (in Russ.).

GOST 34370-2017. Interstate Standard. Plastics. Determination of tensile properties. Part 1: General principles. Moscow: Standartinform;
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type 4 (GOST 11262-2017* (ISO 527-2:2012)) was
characterized at a speed of 100 mm/min, while a sample
of 80 x 10 x 4 mm bar type (GOST 4648-2014°
(ISO 178:2010)) was tested at a speed of 2 mm/min.

Heat deflection temperature (HDT) was determined
in accordance with GOST 12021-20176 (ISO 75-2:2013)
using a Gotech HDT-HV-2000-3 (Gotech Inc., China)
device. The samples were comprised of 80 x 10 x 4 mm
bar. The heating rate was 2°C/min, while bending stresses
were 0.45 and 1.8 MPa, respectively. Shore D hardness
was measured in accordance with GOST 24621-20157
(ISO 868:2003) using a TH210 portable hardness tester
(Time Group Inc., China).

RESULTS AND DISCUSSION

Previously [16], we used a detailed visual comparison
to demonstrate the possibility of using camphor anils as
UV absorbers for 3D printing. As such, it was deemed
necessary to numerically evaluate not only the detailing
during printing, but also the complex of properties of the
resulting materials. The motivation for choosing OCM-2
as the base oligomer consisted in the possibility of
3D printing samples without any additional components,
such as adhesion modifiers or wetting modifiers. Detailed
information, including information on the synthesis,
properties of OCM-2 and the physical and mechanical
characteristics of polymers based thereupon, is given
in[17, 18].

The DSC method was used to obtain sets of values of
the total enthalpies of reactions, whose averaged values
were then used to calculate the degree of conversion. The
results are presented in Table 1.

Table 1. Enthalpy of reaction and conversion degree
of the photopolymerizable composition at 20°C

Total enthalpy Degree
Y el 6 of reaction, J/g of conversion, %
Without 220.9 81.0
absorber
Triazole 206.3 75.9
Camphor anil 219.5 80.8

It can be seen from the obtained data that the degree
of conversion at 20°C does not reach 90% in all cases.
However, the values for the PPC-containing camphor
anils practically coincide with those for the composition
without a UV absorber. Increasing the temperature to
values created in the printing zone (30—40°C depending
on the device) should promote a deeper polymerization,
which is demonstrated by the values obtained when
processing the results of experiments conducted at
different temperatures (Table 2).

Table 2. Conversion degree of the photopolymerizable
composition at different temperatures

Conversion degree, %
Temperature, °C
Without UV absorbers | Camphor anil
20 81.0 80.8
30 91.1 93.1
40 95.9 93.5

Considering that the post-processing of the samples
includes not only the rapid removal of unpolymerized
PPC residues from the samples with isopropanol and
drying, but also the stage of post-polymerization at an
elevated temperature, it was assumed that the final degree
of conversion of the oligomer into a polymer would
be higher than that calculated from the DSC results.
The degree of curing achieved under real conditions
(3D printing with subsequent post-processing) was
determined using gel-sol analysis. The content of the
gel fraction in the samples, which was 98.2-98.3%,
indicates the production of densely networked polymers
and the practical absence of a significant effect of UV
absorbers in the studied concentration on the formation
of three-dimensionally cross-linked products.

An assessment of the physical and mechanical
characteristics obtained under 3D printing conditions
of materials (Tables 3 and 4) showed that the level of
achieved properties determined by the indicators under
tension and bending is practically independent of the
UV absorber used; moreover, the difference in values is
within the limits of measurement error.

4 GOST 11262-2017. Interstate Standard. Plastics. Tensile test method. Moscow: Standartinform; 2018 (in Russ.).
5 GOST 4648-2014. Interstate Standard. Plastics. Method of static bending test. Moscow: Standartinform; 2016 (in Russ.).

6 GOST 12021-2017. Interstate Standard. Plastics and ebonite. Method for determination of temperature of deflection under load. Moscow:

Standartinform; 2018 (in Russ.).

Moscow: Standartinform; 2018 (in Russ.).

GOST 24621-2015. Interstate Standard. Plastics and ebonite. Determination of indentation hardness by means of a durometer (Shore hardness).
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Table 3. Properties of materials under bending stress conditions

UV absorber MO.dl.lluS Maximum force, Relatiye elongation Force at failure, Relative‘ elongation
of elasticity, GPa MPa at maximum force, % MPa at failure, %
Without absorber 3.06 116.2 5.9 112.4 7.0
Triazole 3.09 117.6 6.1 114.2 7.0
Campbhor anil 3.10 117.4 5.7 115.6 6.0

Table 4. Properties of materials under tensile stress conditions and Shore D hardness

UV absorber Tensile strength, MPa Relative elongation, % Shore D hardness, conventional units
Without absorber 79.0 4.8 89
Triazole 80.4 5.5 89
Camphor anil 78.4 4.4 89

It should be noted that the obtained tensile strength
values are 20% higher than similar values for samples
formed under conditions of material initiation, as well
as being close in values to materials obtained under
conditions of radiation polymerization[17]. Apparently,
this is due to the absence of a temperature gradient
during polymerization realized under the conditions
of the 3D printing method used at the selected layer
thickness and the consequent minimization of internal
stress.

The differences in the values of heat deflection for
different component compositions of PPC (Table 5) are
within the limits of experimental error.

Table 5. Heat deflection temperature

UV absorber Bending stress, MPa T, °C
0.45 91
Without absorber
1.8 72
0.45 88
Triazole
1.8 69
0.45 90
Camphor anil
1.8 69

Linear accuracy during printing, which is of decisive
importance in additive technologies, was assessed using
a standard sample (Fig. 1).

The numerical values given in Table 5 confirm the
possibility of using camphor anil to obtain samples having
a smaller deviation from the linear dimensions than in

the absence of a UV absorber in the PPC composition or
when using triazole as such. In general, the deviation of
the linear accuracy does not exceed 1% (Table 6).

Itshould be noted that the absorption of anil camphor in
the UV range (Fig. 2) in the region of maximum emission
(406409 nm) changes insignificantly (from 0.042
to 0.036), whereas in case of triazole it decreases more
than twofold (from 0.056 to 0.024). Apparently, this is
the reason for the greater linear accuracy when printing
using anil camphor as a UV absorber.

is 020

o
S5 -
525 014 g
.0 012 2
g7 0.10 5
g 15 0.08 =
= g
< 1.0 0.06 =

05 0.04 3

' 0.02 &

0 T — 30

300 350 400 450

Wavelength, nm

Fig. 2. UV spectra of triazole (), camphor anil (2), and
photoinitiator BAPO (3); emission spectrum of the 3D printer
radiation source (4)
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Table 6. Results of linear accuracy determination during printing

Deviation from specified size, %
Specified size, mm
Without absorber Triazole Camphor anil
Block dimensions
55 1.22 1.29 1.00
5 0.93 1.00 0.09
8 1.11 1.42 0.64
Distance between tabs
5 —-0.07 —0.11 —0.16
7.5 —0.05 —0.09 —0.05
10 —0.04 —0.05 —0.04
12.5 —0.09 —0.20 —0.04
End tabs
2.5 0.05 0.24 0.18
5 0.15 0.22 0.18
5 0.24 0.22 0.15
5 0.47 0.24 0.07
2.5 0.16 0.20 0.09
CONCLUSIONS

Thus, the analysis of the totality of the obtained results
confirms the efficiency of using camphor anil in the
PPC composition as a UV absorber. With high linear
printing accuracy, it is possible to obtain densely meshed
polymers characterized by desirable physicomechanical
characteristics and heat deflection temperature.
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Abstract

Objectives. The work set out to characterize the gas permeability properties of biocomposite materials based on synthetic polymers and
natural fillers.

Methods. The studied materials were blends of low-density polyethylene (LDPE) and ethylene—vinyl acetate (EVA) copolymer, with
different LDPE/EVA ratios, as well as biocomposites based on these polymers with natural cellulosic fillers (wood flour (WF) and
microcrystalline cellulose (MCC)). The coefficients of gas permeability, diffusion, and oxygen solubility were determined in the obtained
composites using the manometric method. The dependence of the diffusion properties of LDPE/EVA blends and biocomposites made
of LDPE/EVA/natural filler on the EVA content in the composite was considered.

Results. We demonstrated that, as the EVA content in the polymer matrix increases, so also do its solubility and coefficients of gas
permeability and oxygen diffusion. The variation in the diffusion characteristics of biocomposite materials obtained using solid filler
particles that differ significantly in shape is characterized. The presented interpretation of the obtained results explains the decrease
in diffusion in terms of increased rigidity of biocomposites.

Conclusions. An increase in the EVA content in blends with LDPE leads to a linear increase in the gas permeability for oxygen, as well
as enhanced diffusion and solubility of oxygen in the film. Upon adding a cellulosic filler, the gas permeability of the composites drops
almost twofold. The decrease in gas permeability is associated with the morphology of the filler particles increasing the path of gas
molecules. Oxygen solubility for composites with MCC and WF is not the same due to the shape of the filler particles. Rough and more
elongated WF particles form a more rigid, less permeable structure of the biocomposite than smooth spherical MCC particles.
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AHHOTaUuus

Hesn. V3ydeHne cBOHCTB Ta30MPOHUIIAEMOCTH OMOKOMIIO3UTHBIX MaTepPHaIoB Ha OCHOBE CHHTETHUYECKHUX IOJIMMEPOB M TPUPOIHBIX
HAIOJHUTEIICH.

MeTtoabl. OObeKTaMu UCCIECIOBAHUS SBISUIMCH CMECH TONMATIIIeHa HU3Koi motHocTH (II9HII) u comonmmMepa sTrneHa ¢ BUHHUIIAIE-
tatoM (COBA), mpu pazmumurom cootHomenun [I1OHIT/COBA, a takke OMOKOMIO3UTH HA OCHOBE JaHHBIX MOJIUMEPOB ¢ IPUPOTHBIMU
LEJUTIOI030COIEPKAIIMMHI HAMOMHUTESAMU (ApeBecHast Myka (M) u Mukpoxpuctamummdeckas nemtonosa (MKL)). ¥V nmomyueHHBIX
KOMIO3MTOB MaHOMETPHYECKUM METOIOM OIPEIeIsiin KOI(P(UIHEHTBI ra30IPOHULIAEMOCTH, AU(GdY3Hn U PACTBOPUMOCTH MO KHCIIO-
poxy. PaccmarpuBanach 3aBHcuMOCTh AU (Y3MOHHBIX CBOMCTB MoAUMEpHBIX cMecei coctasa [IDHIT/COBA 1 GHOKOMITO3UTOB COCTaBa
[IOHIT/COBA/mpupoaHblii HATOTHATENH OT coaepxkanusi COBA B kKoMIo3uTax.

Pesyabrarsl. [Tokazano, uto ¢ yBenudenueM conepkannsi COBA B monnMepHOi MaTpuiie yBennuuBaeTcsi Ko QUIUESHT ra30npoHHIa-
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ra3onpoOHUIIAEMOCTh KOMITO3UTOB MaaeT MPAKTUICCKH B /1Ba pasa. OUYEBUIHO, YTO CHUKEHHE Ia30IPOHUIIAEMOCTH CBSI3aHO ¢ MOP(O-
JIOTHEH YacTHIl HAMOJHUTESI, YBEJIMYMBAIOILIETO MyTh MOJeKylaM rasza. PactBopumocts kuciaopoaa i komrnosuto ¢ MKI[ u JIM
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INTRODUCTION

The most inert of the polyolefins, polyethylene undergoes
slow degradation in the environment [1]. At the same
time, it holds the first place in terms of production
volumes among the whole class of polyolefins. The
valuable properties combined in this material have led
to the widespread use of polyethylene in industry and
for domestic purposes [2]. Polyethylene does not react
with alkalis, is resistant to acids and salts, and is inert
to the action of microbiota from the environment [3—4].
At the same time, polyethylene offers gas and vapor

permeability. Gas permeation through the films can
be considered as a two-stage diffusion of liquid. In
the first stage, the diffusant is equilibrated by the film
surface, while in the second stage, it diffuses towards
a lower chemical potential. The gas permeability of the
films determines whether the material can be used for
packaging purposes. For certain packaged products, the
gas permeability of the film should be high, while for
others, conversely, it should be minimal [5]. Thus, this
characteristic determines the scope of application of the
material [6]. The gas permeation rate of a film depends
largely on temperature [7]. Thus, R. Ahvenainen [8]
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proposed to conduct a study of automatic packaging
at 10, 15, 20, and 25°C to determine O, and CO, gas
permeation rates of selected films and film laminates at
these temperatures. Then, as noted by the authors [9],
an attempt was made to apply the Arrhenius equation to
develop models to predict the gas permeation rates of
selected polymer films and film laminates at different
temperatures. It is found that film thickness and test
temperature have a significant effect on gas permeability.
However, the gas permeation rate of films is more
affected by their thickness than temperature.

A recent study has shown that in some partially
crystallizing polymers (gutta-percha, polyethylene,
polyamide) after reaching the limiting orientation of
macromolecules, gas permeability decreases due to an
additional increase in the degree of crystallinity or an
increase in the packing density of amorphous polymer
regions [10].

The change in gas permeability values (P) is due to
the change in the diffusion coefficient (D), while the gas
solubility coefficient does not change significantly when
the film sorbs organic solvents. The gas permeability
values of polyethylene for O,, N,, CO, are not affected
by the relative humidity of the gases. Meanwhile, the
gas permeability of a mixture of gases often depends
on the high solubility of one of the gases included in
the mixture. Thus, P.V. Kozlov and G.I. Braginskii in
their study of polyethylene in relation to a mixture of
ethane and butane-4 showed that the permeability of the
mixture increases with increasing butane concentration
as compared to the calculated value, which is based on
the initial P coefficients [11]. The anomaly of the values
of gas permeability and CO, diffusion coefficients is
associated with high values of carbon dioxide sorption
by polyethylene. This phenomenon was also noted in
other works.

Many researchers have obtained bulk nanocomposite
structures by introducing nanoparticles—i.e., fillers
having at least one size smaller than 100 nm—into
polymer matrices. This has proven to be one of the most
promising directions in the development of packaging
materials with improved mass transfer properties.
The expected role of these inclusions is to achieve
a significant reduction in mass transfer properties
compared to the original matrix. The filler particles
act as physical barriers to diffusion and penetration of
diffusing molecules, which must follow a more tortuous
path. This phenomenon is called the tortuosity effect or
increase in the length of the diffusion path. However,
N.N. Barashkov [12] concluded that tortuosity, the
main mechanism proposed to explain the decrease in
permeability of nanocomposites, often fails to explain
the effect of nanoparticles on the barrier properties of
nanocomposites.

Note that the analysis of current experience published
on various profile forums, websites of organizations,
as well as in scientific journals allows us to conclude
that the use of biodegradable composites and polymers
derived from various renewable sources is currently
preferred [13]. The use of eco-friendly materials helps to
protect the environment as these materials degrade rapidly
in it. Thus, the number of products made from renewable
resources has been increasing rapidly in recent years.
Applications of green products include food packaging,
drug delivery, tissue engineering, medical implants,
composite technologies and eco-friendly sorbents [14].

In recent years, interest in the use of biodegradable
materials has been increasing due to their eco-friendly,
renewable and environmentally friendly properties. In
addition, certain specific properties such as low toxicity
and density, biocompatibility and biodegradability
favor their replacement of synthetic materials. Certain
authors have pointed out the importance of cellulose,
chitin and starch for the development of environmentally
friendly composites [15, 16]. These fillers have played
a significant role in the success of developing high
strength composites [17].

In [18], lignosulfonates (a byproduct of wood
processing) were introduced into polypropylene, which
led to an increase in thermal stability. The introduction of
more than 50 wt % wood flour (WF) into ethylene-vinyl
acetate (EVA) copolymer [19] significantly increased
the thermal oxidation resistance of the material due
to the diffusion of polyphenolic components (natural
antioxidants) from wood into the synthetic polymer
during compounding. Thus, biocomposites with
wood components are well protected from oxidative
degradation during processing and can withstand several
recycling cycles.

There are many works devoted to the study of
polyethylene composites with natural polymeric fillers
such as starch, cellulose, cellulose-containing particles,
chitosan, etc. [20-23]. These composites are created
to impart biodegradable properties to traditional
polyolefins. To improve adhesion between polar natural
filler and nonpolar polyethylene matrix, combining
additives (compatibilizers) are introduced. One such
additive is EVA. In our previous studies, EVA-based
superconcentrates filled with WF and microcrystalline
cellulose (MCC) were obtained and investigated [24—26].
In these works, biocomposites made from previously
obtained superconcentrates were investigated by dilution
with low density polyethylene (LDPE). Biocomposites
with WF content of 30, 40, 50, 50, 60, 70 wt % were
investigated in [27]. When the filler content was higher
than 30 wt %, a significant decrease in the complex
of mechanical properties was observed. In this study,
the filler content for all biocomposites was selected at
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Table 1. Characteristics of fillers

Filler Cellulose, % Lignin, % Pentosans, % Others, %
Wood flour (WF) 46 20 29 5
Microcrystalline 100 B B B
cellulose (MCC)
Table 2. Characteristics of synthetic polymers
Vinyl acetate group content Melt flow Tensile El tion at
No. Polymer index (MFI), strength, l(;;legg?klc‘); a Density, g/cm?
wt % mol. % 2/10 min MPa 7
1 EVA 28025 28 11 24.8-25.2 >12.0 >850 0.950-0.952
2 LDPE 10803-020 - - 1.8-2.2 >12.2 >550 0.917-0.920

Table 3. Component ratios in binary (LDPE/ EVA) and ternary

30 wt % as comprising the limiting filler content in the !
(LDPE/ EVA/filler) composites

polymer matrix while maintaining acceptable operational
and technological characteristics. The aim of the work
was to study their gas permeability in order to determine

Binary composites

possible applications. No. | LDPE content, wt % EVA content, wt %
1 100 0
MATERIALS AND METHODS
2 80 20
For the composites manufacturing, LDPE grade 10803-020
produced by Ufaorgsintez (Russia), EVA grade 3 70 30
EA 28025 produced by LG Chem (South Korea) were 4 60 40

used. The fillers used were MCC grade 101 produced by
PO Progress (Kemerovo, Russia) and WF, comprising 5 50 50
a blend of coniferous and deciduous trees supplied by
Novotop (Moscow, Russia). The fillers were pre-dried
at 105°C to constant weight (~5 h), then sieved through 7 20 80
asieve with amesh diameter of 100 um. Table 1 shows the

6 40 60

composite of the fillers, Table 2 shows the characteristics 8 0 100
of the initial synthetic polymers (LDPE and EVA). Ternary composites

Binary (LDPE/EVA) and ternary (LDPE/EVA/filler)
composites were created having different ratios of _ LDPE/ EVA ratio
LDPE/EVA in the blend (Table 3). No. | Natural filler, wt % I 1 BTl (s

The composites were made on UBL6175BL laboratory LDPE, wt % EVA, wt %
heated rollers (Dongguan BaoPin International
Precision Instruments Co., China) at roll temperatures L 70 0
of 130 and 150°C and a mixing speed of 8 rpm. After 2 57 13
milling the obtained composites using a PM 120 knife —
mill (Vibrotechnik, Russia), they were thermally pressed 3 50 20
using a GT-7014-H press (Gotech Testing Machines Inc., T 30 10 30
Taiwan) at 140°C and a plate clamping force of 15 tons S
for 2 min; cooling was performed in air. The resultant 5 35 35
films having a thickness of 250-270 wm were then used -

. . o 6 0 70

to determine the density and oxygen gas permeability.
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Gas permeability was measured on a VAC-V1 instrument
(Labthink, China) according to ISO 15105-2:2003!.
The gas permeability was measured in oxygen (O,) at
a chamber temperature of 30°C with a measurement
range of 0 to 100000 cm’/m? - 24 h - 0.1 MPa.
In addition to the gas permeability coefficient, the diffusion
coefficient and solubility coefficient were also determined.
ISO 15105-2:2003 provides a formula for calculating gas
permeability:

Vo dp

GTR=—FC .2,
R-T-B -4 dt

where GTR is gas transmission rate; V. is the volume of
the lower pressure chamber, liters, 7 is temperature, K;
P, is the gas pressure in the high pressure chamber, Pa;
A is the area of the sample through which the
diffusion gas passes, m% R is the universal gas

dp .
constant, J-K !-mol!; d_l; is the pressure change over

time in the low-pressure chamber, Pa/s. Multiplying GTR
by the average thickness of the sample, we obtain
the gas permeability coefficient P.

Microphotographs of filler particles were obtained
by scanning electron microscopy (SEM). A Vega 3SB
scanning electron microscope (TESCAN GROUP,
Czech Republic) was used, having an accelerating voltage
of 20 kV, a working distance from 9 to 15 mm, and
a platinum coating.

£ ‘:..ﬂ'

~ SEM HV: 20.0 kV
Vewtea sotum | Datse
[ et o0« oty oy

WD: 10.12 mm
NUST MISIS
(a)

Fig. 2. Microphotographs of filler particles:
(a) MCC, (b) WF. Scanning electron microscopy (SEM)

1
Moscow: Standartinform; 2010. 12 p. (in Russ.).]

VEGA3 TESCAN

RESULTS AND DISCUSSION

The oxygen gas permeability of films with double
(PE/EVA) and ternary composites (PE/EVA/filler)
was studied. Figure 1 shows the dependencies of the
gas permeability coefficient on the EVA content in the
polymer matrix for double and ternary composites.
The gas permeability coefficient values increase with
increasing EVA content in double blends with LDPE,
this dependence has a linear form.

:E_”_,“—,.Ti """"

(=T SR N I
\

Gas permeability coefficient,
[cm3-cm/cm?2-s-cmHg] - 10713

0 10 20 30 40 50 60 70
EVA content, wt %

80 90 100

— PE/EVA - — PE/EVA/MCC - PE/EVA/WF

Fig. 1. Dependence of oxygen gas permeability coefficient
on EVA content in the polymer matrix

At introduction of 30 wt % of natural filler, the
gas permeability decreases almost two-fold. The gas

SEM HV: 20.0 kV WD: 9.96 mm

| |
View field: 506 pm Det: SE 100 pm
SEM MAG: 500 x  Date(m/dly): 03/23/23

VEGA3 TESCAN

NUST MISIS

ISO 15105-2:2003. Interstate Standard. Plastics. Film and sheeting. Determination of gas-transmission rate. Part 2: Equal-pressure method.
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permeability of composites with WF is less than that
of composites with MCC. At the same time the type
of dependence does not change, while the curve is
unaffected by the introduction of filler. The difference
in the values of gas permeability coefficients for
composites with MCC and WF can be explained in
terms of the different morphology of filler particles.
The shape and size of filler particles were investigated
using SEM. Microphotographs of the particles are
presented in Fig. 2.

As can be seen from Fig. 2, WF particles are more
elongated and branched, while MCC particles are
more spherical in shape and have a smooth surface.
Accordingly, the greater the filler particle length, the
longer the diffusion path of the gas passing through
the film. When films are fabricated by pressing, the
WF particles are arranged uniformly in its plane, i.e.,
perpendicular to the direction of oxygen flow through
the film. It was shown in [28] that the diffusion rate was
1 or 2 orders of magnitude higher in the axial direction
of the wood fibers than in the radial direction. The
diffusion of oxygen through wood was studied in [29]
to evaluate the oxidation of wine stored for extended
periods of time in oak barrels. The study shows that the
very low rate of oxygen diffusion through wood depends
on the type of wood. An approximate scheme of the gas
path through films with spherical and cylindrical filler
particles is shown in Fig. 3. The oxygen diffusion path
length can additionally be influenced by the contact area
of the filler particles with the polymer matrix. Here, the
free volume of the polymer is smaller when the contact
area with the filler is larger. The interface surface of
biocomposites made of polyethylene with WF was
studied in [30] along with the structure of biocomposites
based on polyethylene filled with WF or oilseed flax
stems. When the free volume of the polymer decreases,
the gas permeability should decrease. These factors
explain the lower gas permeability of biocomposites
with WF compared to MCC. It was shown in [30] that
biocomposites with WF absorbed oxygen significantly.
Oxygen sorption with oxidation of low molecular weight
substances can explain the lower gas permeability of

biocomposites with WF.
— | —
(b)

Fig. 3. Model of diffusion of a gas molecule in a polymer filled
with particles of spherical (a) and cylindrical (b) shapes

OO0
O OO

(2)

—_
(=)

Solubility coefficient,
[cm3/cm2-s-cmHg] - 1074

0 10 20 30 40 50 60 70 8 90 100

EVA content, wt %

—— PE/EVA - — PE/EVA/MCC - PE/EVA/WF

Fig. 4. Dependence of oxygen solubility coefficient
on EVA content in the polymer matrix
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Fig. 5. Dependence of oxygen diffusion coefficient
on EVA content in the polymer matrix

Figures 4 and 5 show the dependencies of the
diffusion coefficient and oxygen solubility coefficient in
the films of ternary and double composites on the EVA
content in the polymer matrix. With increasing EVA
content in the blend, a linear increase in the values of
these two parameters is observed. Oxygen solubility in
biocomposites containing WF is the same as in composites
without filler, while the presence of MCC particles
markedly reduces oxygen solubility in the composite.
Fragments of EVA macromolecules, which have a certain
mobility, can shift upon introduction of gas molecules.
This occurs for the pure polymer and for biocomposites
with MCC. However, the stiffer polymer chains have
less mobility. Biocomposites with WF particles are less
elastic (stiffer), as can be seen when comparing their
mechanical properties. Thus, it was shown in [24] that
the elongation at break of biocomposites with WF is
about 5 times lower than that with MCC. At the same
time, the elastic modulus of biocomposites with WF is
significantly higher than that of composites with MCC
(Table 4). Prior to the creation of ternary biocomposites,
we investigated the change in elastic modulus of highly
filled binary EVA biocomposites with natural fillers
(WF and MCC). Table 4 shows the values of elastic
modulus of highly filled biocomposites with filler
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content (WF or MCC) of 50 wt %. The presented values
allow us to conclude that biocomposites with WF are
much stiffer than biocomposites with MCC. It can be
seen that the composites with WF have a higher modulus.
Due to the increased stiffness of biocomposites with WF
and the increased path length of diffusing gas molecules,
a significant difference with the original polymer matrix
in terms of diffusion coefficient is observed (Fig. 5).

Table 4. Modulus of elasticity of EVA 28025 based composites

Tensile modulus of elasticity, MPa

Without filler MCC 50 wt % WF 50 wt %

23+£2 108 +5 176 £5

The obtained results are not only important for the
physical chemistry of polymers, but also have applied
significance. When using biocomposites as raw materials
for the production of packaging films, the oxygen gas
permeability index for such products is of crucial
importance since determining the shelf life of food
products. By obtaining an understanding the dependence
of gas permeability on the shape of filler particles
and the ability to vary their shape and content in the
polymer matrix of the composite, it is possible to create
biocomposite materials with specified gas-permeability
parameters.
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CONCLUSIONS

The diffusion properties of biocomposite materials based
on LDPE and EVA and having MCC or WF as fillers were
studied. An increase in the EVA content in blends with
LDPE was shown to lead to a linear increase in the oxygen
gas permeability along with enhanced diffusion and oxygen
solubility coefficients in the film. Upon adding cellulose-
containing filler, the gas permeability of the composites
is reduced approximately two-fold. The decrease in gas
permeability is probably due to the morphology of the filler
particles. While the oxygen solubility for composites with
MCC and WF is not the same, it may also be related to the
morphology of filler particles. The rough and elongated
WF particles form a stiffer and less permeable structure
than the smooth spherical MCC particles. The established
regularities can be used to evaluate and predict the barrier
properties of film materials made of biocomposites with
fillers having different morphologies.
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Abstract

Objectives. To study the effect of varying lanthanum content in the Fe,0,~Li,O-La(OH); system on phase formation and corresponding
structural and electromagnetic properties of a lithium-ferrite composite material obtained using high-temperature ceramic technology.

Methods. Following the addition of lanthanum occurred at the initial stage of mixing the Fe,0,/Li,CO,/La(OH), components in a certain
weight ratio, the obtained samples were sent for preliminary synthesis at a temperature of 900°C for 240 min in an air atmosphere and
sintering in a dilatometer at a temperature of 1100°C for 120 min. The microstructure and properties of the sintered composite samples
were studied using X-ray phase analysis (XRD), thermogravimetry (TG), differential scanning calorimetry (DSC), and scanning electron
Mmicroscopy.

Results. XRD analysis confirmed the formation of a two-phase structure following solid-phase synthesis, consisting of the magnetic
phase of lithium ferrite Li, ;Fe, ;O, and the perovskite-like phase LaFeO,. XRD carried out after sintering showed that the high-
temperature heating process did not affect the changes in the phase composition of the sample phases. Dilatometric shrinkage curves
obtained after sintering showed that the addition of La reduces the rate of compaction of the samples at the stage of their heating. The
sintered samples were characterized by a density of 4.34, 3.84, 3.93 g/cm? and a porosity of 0.7, 16, and 18%, respectively, having
an increased mass content of La(OH); at the synthesis stage. A decrease in the grain sizes was also observed. An increase in the amount
of lanthanum hydroxide La(OH), additive from 0 to 4.4 and 13.9 wt % led to an increase in the concentration of the synthesized
LaFeO, phase in the samples to 4.2 and 16.6 wt %, resulting in decreased specific saturation magnetization values from 59.4 to 58.2 and
49.7 G-cm3/g and the initial magnetic permeability from 41.6 to 22.8 and 19.5, respectively. TG and DSC showed that high-temperature
sintering of lithium ferrite without additives leads to the predominant formation of the disordered B-phase Li, sFe, ;O,, which has
a reduced Curie temperature of 626°C. This process is associated with a violation of the stoichiometric composition of the samples for
lithium and oxygen due to the release of these elements from the samples during high-temperature sintering.

Conclusions. The high values of the Curie temperature of 631°C confirm that the addition of lanthanum during the production of lithium
ferrite prevents the violation of the stoichiometric composition of the ferrite during sintering due to the construction of an additional
LaFeOj lattice. The addition of lanthanum was also found to lead to a significant increase in specific electrical resistance from 5 - 102 to
6 - 10% and 1 - 10'2 Ohm-cm, which may be associated with both a change in the microstructure of the samples and a change in their
phase composition.
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HAYYHAA CTATb4

BavaHue copgep)XaHua naHTaHa B cucteme
Fe203:Li20—La(OH)3 Ha ¢a3oobOpa3zoBaHue
M CBOMCTBA KOMMNO3ULMOHHOIO MaTtepuvana

10.C. Eabkuna™, B.A. Baacos, E.H. JIbicenxo, A.Il. Cyp:xukos
Hayuonanvnuii uccnieoosamenvcxuti Tomexuti nonumexuuyeckuti ynugepcumem, Tomck, 634050 Poccus

™ Aemop ons nepenucku, e-mail: ysm7@tpu.ru

AHHOTaUus

Ienn. Vccnenosanye BIUAHUS CONEpKaHus NaHTaHa B cucreMe Fe,O,—Li,0-La(OH); Ha paszoobpasosanue, a TakKe CTPYKTypPHBIE
1 2JIEKTPOMAarHUTHBIE CBOMCTBA KOMITO3UIIMOHHOTO MaTepralia Ha OCHOBE JINTHEBOTO (heppHTa, HOJYIEHHOTO C OMOIIBIO BEICOKOTEM-
TiepaTypHOil KepaMHUUeCKON TEXHOJIOTUH.

Mertoabl. Beeenue 1anTana npoucxoausio Ha HayaJIbHOM 3Tare CMEUIMBAHUSI KOMIIOHEHTOB FeZO3/Li2CO3/La(OH)3 B OINPEACICHHOM
BECOBOM COOTHOIIICHHUH, 3aTE€M MOJIy4IeHHbIC 00pa3Ibl ObIIN HAIIPABICHBI HA IIPEIBAaPUTEIbHEIN cuHTe3 1pu Temieparype 900°C B Teue-
nue 240 MuH B atMoc(epe BO3ayXa U JajbHelInee criekanue B qutatomerpe npu Temmneparype 1100°C B teqenne 120 mun. Metogamu
pentreHodasosoro anammsa (POA), repmorpasumerpun (TT), nuddepenimansro-ckanupyomeii kanopumerpun (JICK), a Taxke ckanu-
PpYIoIIEeH 2IEKTPOHHOI MUKPOCKOIINH IIPOBEICHO UCCIICIOBAHIE MHUKPOCTPYKTYPBI 1 CBOHCTB HCCIIEAYEMBIX KOMIIO3HI[IOHHBIX 00Pa3IoB.

PesyabsTarsl. Metomom PDA ycTaHOBIIEHO, YTO TOCTE TBEPAO(PA3HOTO CHHTE3a MPOHUCXOANUT 00pa3oBaHHE ABYX(PAa3HOH CTPYKTYpHI,
COCTosAmEN M3 MarHUTHOH (hasel mutHeBoro deppura Lij sFe, ;O, u neposckurononobroi paser LaFeO;. TIposenenne POA nocne
CIEKaHMs ITOKA3aJI0, YTO MPOIECcC BHICOKOTEMIIEPATypHOTO HarpeBa He OKa3all BIMSHHS HAa M3MEHEHHS (Da30BOTO COCTaBa 00OpasIioB.
JlumaToMeTpudecKkue KpUBbIEe YCAIKH, MOIydeHHBIE BO BpeMs CIEKaHMs, TIOKa3aJIHn, 9TO BBeJIeHHE La yMeHbIIIaeT CKOPOCTh YIIIOTHEHHUS
06pa3IoB Ha cTaguK HX Harpesa. CIiedeHHbIe 00pa3Ibl XapaKTepPH30BAINCE IIIOTHOCTHIO 4.34, 3.84, 3.93 r/cM? u mopucroctsio 0.7, 16 1
18% ¢ yBenm4enuem Ha sTare cuHTe3a MaccoBoro coneprxkanus La(OH);. Takxe HaOMONAIOCh YMEHBIIEHHE PA3MEPOB 3€pHA. YBENMYE-
Hue Kormmyectsa nobaskn La(OH); ¢ 0 1o 4.4 u 13.9 mac. % mpuBeno K ysenuuennio B o0pasnax KonnenTparmmu paset LaFeO; no 4.2 u
16.6 mac. %, 9TO SABUIOCH MPUUNHON CHIDKCHUS 3HAYCHUH YeTbHONH HAaMarHMYEHHOCTH HACHIIIEHH COOTBETCTBEHHO ¢ 59.4 1o 58.2
49.7 I'c-cM3/r v HAYATBHOI MAaTHUTHOMN NMpoHUIAaeMocTH ¢ 41.6 10 22.8 u 19.5. C momomsio TI" u JICK moka3aHo, 4To BEICOKOTEMTIE-
parypHoe criekaHue JUTHEBOTO (heppura 6e3 100aBOK MPUBOIMT K MPEUMYIIECTBEHHOMY (DOPMHUPOBAHHIO PasyHopsSI0ueHHOH [3-(ha3bl
Li, sFe, sO,, mmetommeti 3anmxennoe 3Haqenne Temmneparypsl Kiopu 626°C. JlanHBIA Iponece CBA3aH ¢ HAPYIIEHHEM CTEXHOMETPUYE-
CKOTO COCTaBa 00pa3IOB MO JINTUIO M KUCIOPOIY BCIEACTBHE BBIXO/A JAHHBIX JIEMEHTOB M3 00Pa3I[OB BO BPEMsI BEICOKOTEMIIEPATyp-
HOTO CTICKaHUsL.

BoiBoabI. BBeeHue aHTaHa Iy MOJIYYCHUH JIMTUEBOTO (heppUTa MPEIISITCTBYET BO BPEMsl CIIEKaHHs HAPYLICHUIO CTEXHOMETPUYECKO-
ro cocTasa ()eppuTa 3a CYET MOCTPOCHHUS NOMOMHUTEIbHON pemerku LaFeO,, 4To moaTBep:KIeHO BHICOKMMH 3HAYEHUSAMHU TEMIIEPATY-
pot Kropu 631°C. Taxoke ycTaHOBIEHO, YTO BBEICHHE JaHTaHA MPUBOAUT K 3HAUYUTEIBHOMY YBEJIMYCHHIO YIEIBHOTO HJICKTPHYECKOTO
comporusnenns ¢ 5 - 102 10 6 - 107 u 1 - 10'2 Om-cm, uTo MOKET GBITH CBA3AHO KAK C M3MEHEHHEM MHKPOCTPYKTYPhI 00pasIoB, TaK
U C U3MEHEHUEM UX (ha30BOro CoCTaBa.

Kniouesblie cnosa MocTtynuna: 11.09.2024
JUTHEBBIN (EeppUT, IaHTaH, MATHUTHBIC CBOICTBA, SIICKTPHYCCKUE CBOHCTBA, Oopa6oTaHa: 08.11.2024
CTPYKTYpa, peAKO3eMEIbHBIN SIEMEHT MpuHsTa B nevatsb: 19.02.2025

Anga uuTnpoBaHusa

Enexuna 10.C., Brnacos B.A., Jlbicenko E.H., Cypxuxos A.Il. Bausnue comepxanus jnantana B cucteme Fe,O,-Li,O-La(OH), Ha
(a3oobpa3oBaHre U CBOWCTBA KOMIIO3MLIMOHHOTO Matepuana. Towxue xumuueckue mexnonoeuu. 2025;20(2):156-166. https:/doi.
0rg/10.32362/2410-6593-2025-20-2-156-166
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The influence of lanthanum content in the Fe,05-Li,0-La(OH); system

on phase formation and properties of composite material
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INTRODUCTION

The number of studies focused on ferrites, including
lithium-containing ferrites having various technological
applications, continues to grow steadily each year.
Due to its high Curie temperature and saturation
magnetization, lithium ferrite Lij ;Fe, ;O, is used in
microwave devices, as well as cathode materials in
lithium-ion batteries and gas sensors [1—4]. All these
applications, in one way or another, rely on a certain
combination of magnetic and electrical properties of
this ferrite. To achieve such various combinations,
metal ions such as Ti, Zn, Ni, Mg, Mn, Co, etc. are
added into the lithium ferrite. Studies [5-8] have
shown that certain characteristics can be improved by
varying different substitution combinations; however,
in many cases this leads to a deterioration of other
desired characteristics. Therefore, it becomes necessity
to develop methods for improving the electrophysical
and magnetic properties of lithium ferrites.

Recently, researchers have been actively
investigating the properties of various ferrites with
rare earth elements [9-13]. Unpaired 4f electrons
located in the outer orbital level of rare earth elements
play a major role in the occurrence of magnetic
anisotropy due to their orbital shape [10]. This means
that the addition of such ions as samarium, lanthanum,
gadolinium, etc. to spinel ferrites can change their
electrical and magnetic properties. At the same time,
there are very few studies devoted to the research of
the influence of various rare-earth elements on the
properties of lithium ferrites.

It is known that in addition to varying the composition
of ferrites due to the inclusion of certain components,
the method of obtaining ferrites also affects their
properties [3, 10, 12, 14—16]. In the case of traditional and
widespread ceramic technology, oxides and carbonates
are used as starting reagents to produce ferrites. Based
on data from [17], it was shown that during solid-phase
interaction of Sm,0,/Fe,0,/Li,CO, reagents in different
weight ratios no substituted lithium ferrite phase is
formed, but two phases including unsubstituted lithium
ferrite Li, sFe, O, and SmFeO, are formed and affect
the final properties of the ferrite.

In this study, the structure and properties
of lithium ferrite modified with lanthanum
were investigated by X-ray diffraction phase
analysis (XRD), thermogravimetry (TG), differential
scanning calorimetry (DSC) and scanning electron
microscopy (SEM) methods.

I URL: http://www.icdd.com. Accessed February 13, 2023.

MATERIALS AND METHODS

The initial reagents for preparation of lanthanum-
modified lithium ferrite were iron oxide Fe,O; (pure
for analysis, Vekton, Russia), lithium carbonate
Li,COj4 (extra pure 20-2, Vekton, Russia) and lanthanum
hydroxide La(OH), (99.99%, MOS International Co.,
China). The weight ratios of these components
Fe,0,/Li,CO,/La(OH), were 91.5/8.5/0 wt % (sample NO),
87.3/8.3/4.4 wt % (sample N1), and 78.2/7.9/13.9 wt %
(sample N2).

Prior to mixing, the powders were dried in an oven
for 120 min at 200°C to remove excess moisture. Mixing
of these components was carried out in an E-max ball
mill (Retsch, Germany) using steel balls with a diameter
of 5 mm at 300 rpm for 15 min. Next, the samples were
compacted by cold pressing in the form of tablets on
a PGr-10 manual hydraulic press (LabTuls, Russia).
Preliminary synthesis of the obtained samples was
carried out in a laboratory furnace at 900°C for 240 min
in air atmosphere. Then the samples were ground in an
agate mortar and 12 wt % polyvinyl alcohol (95.3%,
MCD Chemicals, China) was added to the obtained
powders. Finally, the powders were compacted into
tablets and sintered in a DIL 402C dilatometer (Netzsch,
Germany) at 1100°C for 2 h.

The phase composition of the obtained samples
was studied by XRD on an ARL X’TRA diffractometer
(Thermo Fisher Scientific, Switzerland) using Cu-K,
radiation. The measurement range was 26 = 10°-90°.
Powder Cell 2.5 software with the International Center
for Diffraction Data (ICDD!) PDF-4+ database was used
for phase identification and quantification.

With the help of TG and DSC analyses, the Curie
temperature (7-) and thermal effects during heating of
the samples in a thermal analyzer in STA 449C Jupiter
(Netzsch, Germany) were investigated. The Curie
temperature 7, was obtained by differentiating the TG
curve oflithium ferrite into aderivative thermogravimetric
curve (DTG), whose peak corresponds to the Curie
temperature value according to the methodology
presented in [18]. The thermal analysis was performed
with the application of an external magnetic field during
the entire heating process up to 900°C.

The microstructural features of the lithium samples
were studied by SEM on a TM-3000 device (Hitachi,
Japan).

The saturation magnetization (c,) was measured at
room temperature using an H-04 pulse magnetometer
(TSU, Russia). The initial magnetic permeability was
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measured using the inductive method on a Keysight
E4980AL precision LCR meter (Agilent, USA). The
temperature dependence of the electrical resistivity of
the samples was measured using the two-probe method
according to the method described in [19].

RESULTS AND DISCUSSION

At the first stage of obtaining the composite material,
a solid-phase interaction reaction was carried out
between the initial components in a certain weight ratio
specified in the experimental procedure.

The qualitative and quantitative phase composition
of the samples following synthesis was determined from
the XRD results (Table 1 and Fig. 1), which confirmed
the formation of two distinct phases: spinel phase
Lij sFe, 0, (PDF No. 01-070-5669') and perovskite-
like phase with orthorhombic structure LaFeO,
(PDF No. 01-077-99802"). The presence of reflexes at
20 = 15°, 23°, and 26°, as well as the lattice parameter
~8.33 A, which are in agreement with literature
data [20], indicate the formation of ordered cubic phase
a-Li, sFe, sO, [21].

The formation of the secondary phase proceeds
according to the following mechanism (1):

Fe,O; + 2La(OH), = 2LaFeO, + 3H,0. (1)

The concentration of the secondary phase depends on the
content of the added initial reagent La(OH); such that,
with an increase of the added lanthanum ions, the content
of LaFeO; increases. Thus, on the basis of XRD analysis
it can be seen that the reaction of solid-phase interaction
between the initial reagents proceeds without the addition
of La into the crystal structure of lithium ferrite, that is,
the formation of a two-phase composite. Presumably,
the reaction in the synthesis process between the initial

Table 1. Phase composition of synthesized samples

Yuliya S. Elkina,
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Fig. 1. X-ray diffraction patterns of samples after synthesis,

where is (a) NO; (b) N1; (c) N2

Sample Phase composition Lattice parameters, A Concentration, wt %
Lij sFe, O, a=b=c=83328 (+0.002) 100
NO
LaFeO, _ _
Li, sFe, 5O, a=b=c=283279 (x0.002) 95.7
N1 a=5.5549 (+0.002)
LaFeO, b =17.8495 (+0.003) 43
¢=15.5477 (+0.003)
Liy sFe, 50, a=b=c=283310 (+0.002) 81.9
N2 a=5.5501 (+0.002)
LaFeO, b=7.8613 (+0.003) 18.1
¢=5.5572 (£0.003)
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reactants Fe,0,/Li,CO,/La(OH), proceeds according to
scheme (2):

Li,CO, + 6Fe,0, + 2La(OH), =

2
= 4Li, JFe, ,0, + 2LaFeO, + 3H,0 + CO,. @

Next, the sintering process was carried out and the
dilatometric curves shown in Fig. 2 were obtained.

0.00 ~ 11000
g 1%
ER G
= ~0.05 : g
= " le00 2
= = =
= 010 L 400 2
=
S l00 8
~0.15 S a
0
0 100 200 300 400 500
Time, min

Fig. 2. Dilatometric curves obtained by sintering samples at
1100°C (shrinkage curve—solid lines, shrinkage rate—dotted
lines): / (green lines) sample NO; 2 (red lines) sample N1;

3 (blue lines) sample N2; 4 temperature program

Up to the temperature of non-isothermal heating
800°C, material expansion occurs in all samples, which
is associated with an increase in the volume of gas pores.
Then there is a sharp change in the length of samples at
a temperature of about 900°C, which is associated with

Table 2. Density and porosity of composite samples

their densification. At the same time, the shrinkage rate
of sample NO is higher than that of N1 and N2. By the
end of isothermal curing, sample NO shows the highest
shrinkage. From the shrinkage curves, it can be seen that
the addition of lanthanum reduces the shrinkage rate of
the samples at the stage of heating and that the shrinkage
rate of samples N1 and N2 is almost the same.

The data obtained by measuring the hydrostatic
density and porosity indicated in Table 2 confirmed the
dilatometry data. With the addition of lanthanum, there
is a decrease in density (phydr) and an increase in porosity
of samples (Q).

X-ray diffraction patterns of the samples after the
sintering process are shown in Fig. 3.

XRD after sintering showed that the qualitative
content of phases did not change after this process and
that sintered samples contain phases Li, sFe, O, and
LaFeO,. During sintering (Table 3), the quantitative
content of phases in sample N1 practically does not
change, while for sample N2 there is a slight decrease in
the concentration of Li, sFe, ;O, phase and an increase
in the amount of secondary phase LaFeO, in comparison
with the synthesis data.

SEM images of the surface ofthe samples are shown in
Fig. 4. The images of samples N1 and N2, which confirm
the conclusions about the formation of a two-phase
product after sintering, clearly show two contrasts [17]
that correspond to the ferrite phase (gray shade) and

Sample Density Phydrs g/cm’ Porosity O, % Grain size D, pm
NO 4.34 0.7 4.78
N1 3.84 16.0 1.63
N2 3.93 18.0 1.57
-
° 400 -
4001 Li sFe; 50, 4007 ® LisFe, 50, ® Liy sFe, 50,
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Fig. 3. X-ray diffraction patterns of samples after sintering: (a) NO; (b) N1; (c) N2
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Table 3. Phase composition of sintered samples

Sample Phase composition Lattice parameters, A Concentration, wt %
O Lij sFe, O, a=b=c=8.3327 (£0.002) 100
LaFeO, - -

Li, sFe, O, a=b=c=8.3275(+0.002) 95.8

N1 a=5.5506 (£0.002)
LaFeO, b=17.8418 (£0.003) 42

¢=15.5838 (+0.003)
Lij sFe, O, a=b=c=8.3304 (£0.002) 83.4

N2 a=15.5539 (x0.002)
LaFeO, b="7.8593 (+0.003) 16.6

¢=15.5535(x0.003)

the LaFeO, phase (white shade). The addition of La also
affects the microstructure of the final ceramic samples.
The values of average grain size are given in Table 2.
While the addition of La leads to a decrease in the grain
size of the ferrite phase [22], the concentration of the
rare earth element does not significantly affect the further
change of this parameter.

In this work, the electrical resistivity (p) was also
investigated. The sharp increase in electrical resistivity
with increasing additive content shown in Table 4 may
be due to an increase in the amount of secondary phase
LaFeO,, as well as the high porosity and low density

Table 4. Electrical and magnetic properties of samples

of the samples. Studies of the saturation specific
magnetization (o,) showed that a slight decrease in
this parameter occurs with the addition of La in small
amounts. More significant changes occur in the initial
magnetic permeability (n,) of ferrite [17, 23-27].
This is probably due to the quantitative increase of the
LaFeO; phase, which is antiferromagnetic in nature and
behaves as a paramagnetic under certain circumstances.

Furthermore, thermal analysis of the sintered
specimens was carried out, the graphs of which are
shown in Fig. 5. As shown in [17-19, 21], the thermal
endothermic effect on the DSC curve in the temperature

Sample p, Ohm-cm o, Grem’/g Mo e, 1T
NO 5102 59.4 41.6 626
N1 6-10° 58.2 22.8 631
N2 1-10!2 49.7 19.5 630

Fig. 4. SEM images of lithium ferrite modified with lanthanum: (a) NO; (b) N1; (c) N2

(b)

(©)
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region ~700-760°C is associated with the phase
transition from the ordered o-phase to the disordered
B-phase of the unsubstituted lithium ferrite Li, sFe, ;O,.
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Fig. 5. Thermogravimetric and differential calorimetric curves
obtained after sintering at 1100°C

As was shown in [17, 18, 21, 28], the enthalpy of
the a— Li, sFe, ;O, transition is 12-13 J/g according
to the peak area of DSC analysis of ferrite. In our study,
the value of enthalpy parameter for sample NO decreased
by more than 60%. For samples N1 and N2, the value of
enthalpy reduction was about 10 and 30%, respectively.
It is also worth noting that with increasing lanthanum
content, the temperature range of the thermal effect shifts
to higher temperatures from 660-730°C (sample NO) to
732-783°C and 740-790°C for N1 and N2, respectively.
Table 3 shows the 7. values for different samples. The 7,
value for lithium ferrite NO is slightly underestimated
compared to samples N1 and N2, whose temperature is
close to that reported in the studies [17, 18, 21].

It is suggested that the underestimated values of
Curie temperature and DSC peak areas in lithium ferrite
Li, sFe, ;O, without the addition of lanthanum indicate
a disordered ferrite structure during high-temperature
sintering due to the loss of oxygen and lithium by the

sample [20]. As shown in [18, 21], partial formation
of disordered phase B-Li,sFe, O, occurs during
sintering. The addition of La prevents the disordered
stoichiometric composition of sintered lithium ferrite
due to the rearrangement of the internal crystal structure.

CONCLUSIONS

In the present study, the influence of lanthanum
content in the Fe,0,-Li,O-La(OH); system on phase
formation is investigated along with the structural and
electromagnetic properties of composite material based
on lithium ferrite Li, sFe, ;O,. The confirmed formation
of two-phase composite during the sample synthesis
process consists of spinel phase a-LijsFe, O, and
perovskite-like phase LaFeO,, whose concentrations
depend on the ratios of initial components and do not
change significantly during high-temperature sintering.

The study of structural characteristics showed that
the increase in lanthanum concentration at the synthesis
stage leads to a decrease in density and increase in
porosity of sintered samples. The addition of lanthanum
also influences the ordering of the ferrite structure
during high-temperature sintering to prevent violation
of its stoichiometric composition. There is a slight
deterioration in magnetic properties and a significant
improvement in electrical properties.

The data confirm the utility of small additions of
lanthanum as a means of modifying the properties of
lithium ferrite with rare-earth elements for potential use
in microwave technology.

Further research in this area will be aimed at varying
the small amounts of added lanthanum, as well as
changing the temperature and time modes of sintering
in order to obtain denser and less porous ferrite ceramics
offering a good combination of electromagnetic
properties.
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Post-vibration activity
of electrochemically activated water
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Abstract

Objectives. It was recently discovered that water samples with modified physicochemical properties can be obtained by successive
vibration treatment of intact water together with a solution of a substance located in separate closely spaced vials. We refer to such
samples as iterations. By adding the vibrational iterations into the initial substance, the physicochemical properties of the latter are
changed, i.e., they demonstrate post-vibration activity. In addition, it has been shown that vibrational iterations can be obtained using
water treated with a magnetic field as the initial substance. On this basis, we may hypothesize that the phenomenon of post-vibration
activity is universal. To confirm this hypothesis, water treated with an electric signal having various parameters (electrochemically
activated water) was used as the initial substance for the preparation of vibrational iterations.

Methods. The physicochemical properties of vibrational iterations, which were obtained from electrochemically activated water, were
studied by conductometry, terahertz spectroscopy, and radiometry. The effect of the initial substance or its vibrational iterations on intact
water (a neutral carrier) was evaluated by dynamic light scattering. For this purpose, the intensity of light scattering by the sample and
the hydrodynamic diameter of optical heterogeneities were measured. The attenuation coefficient of an additional electric signal applied
to the samples was determined.

Results. The obtained vibrational iterations differ from intact water and their mixtures with intact water in terms of specific electrical
conductivity, power flux density of microwave radiation, as well as in the contribution of the main (Debye) relaxation process to the
overall dielectric response. Mixtures of vibrational iterations with water also differ from intact water in terms of the size of optical
heterogeneities. By analogy with the vibrational iterations for which solutions of high- and low-molecular-weight substances were used
as the initial substance, vibrational iterations obtained using electrochemically activated water can be classified into different groups
(fractions) according to their physicochemical characteristics. Different degrees of changes in the physicochemical characteristics are
observed depending on the parameters of the electric signal used to obtain the initial substance. The efficiency of electrical signal
propagation in these mixtures, as estimated by the signal strength attenuation coefficient, is additionally changed. The addition of the
initial substance (electrochemically activated water) to intact water also leads to changes in the physicochemical properties of the
resulting mixture compared to the control. Depending on the parameters of the electric signal used to obtain the initial substance, the
magnitude of changes in the physicochemical characteristics of these mixtures similarly varies.

Conclusions. The fundamental possibility of obtaining vibrational iterations from electrochemically activated water similarly to vibrational
iterations prepared in other studies, was demonstrated. This confirms the universality of the phenomenon of post-vibration activity.
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AHHOTaUuS

Ilean. HenaBHO OTKPBITO, YTO IPH MOCIIEN0BATEILHON BUOPALIMOHHON 00pab0TKe HHTAKTHOW BOJIBI COBMECTHO C PACTBOPOM BEILIECTBa,
HaXOJISIIIIUXCSI B PA3HBIX, BITIOTHYIO PACIIOJIOKEHHBIX TPOOHPKAX, MOXKHO IOy YUTH 00Pa3Ibl BOJIbI, 00J1a1at0Ie HF3MEHEHHBIMH (DH3HKO-
XMMHYECKUMH cBolcTBaMH. Takue 0Opasibl Ha3BaHBI HAMH «BHOPALMOHHBIMH HTepalusMiy». [1pyu 100aBiIeHNN BHOPAMOHHBIX UTe-
panuii B NICXOAHYIO CyOCTaHIHIO, OHU CIIOCOOHBI N3MEHSTh ¢ (PM3UKO-XHMMHUUECKHE CBOICTBRA, T.€. BHOPALMOHHBIE NTEPAINU 00J1aJal0T
MOCTBHOPAaMOHHON aKTHBHOCTBI0. KpoMe Toro, ObUT0 IOKa3aHo, YTO BHOPAMOHHBIE HTEPAL[MH MOYKHO ITOJYYUTh IIPH HCIOIL30BaHUH
B Ka4eCTBE UCXOAHOMN CyOCTaHIINK BOJBI, 00paOOTaHHOM MAarHUTHBIM ITOJIEM. DTO ITO3BOJIHIIO MIPEIIIOJIOKHUTE, 4TO (PeHOMEH ITOCTBHOpa-
LIMOHHOH aKTUBHOCTH UMEET YHUBEpCallbHbII Xapakrep. s MoATBEpKACHUS 3TOI rUIOTE3bl B HACTOSIIEM UCCIEJOBAaHUU B Ka4yeCTBE
HCXOJHOU CyOCTaHIMM ISl IIPUTOTOBIICHUS] BHOPALIMOHHBIX UTEPAIMil HCIIOIB30BaIM BOAY, 00pabOTaHHYIO JIEKTPHYECKUM CUTHAIOM
C pa3IMYHBIMU [apaMeTpaMHu (EKTPOXHUMHUYECKN aKTHBHPOBAHHAS BOZIA).

MeTtonpl. 3ydenne pU3NKO-XUMIYECKHX CBOMCTB IOy I€HHBIX BUOPAIMOHHEIX HTEPALIHii, KOTOPBIC SIBIISIOTCS IPOM3BOIHBIME OT JIIEKTPO-
XUMHYECKH aKTUBUPOBAHHOHN BOJBI, IPOBOIMIIN METOIAMH KOHITYKTOMETPHH, TeParepioBoi CIIeKTPOCKOINY, paaroMeTpur. Bosneiictaue
HCXOJTHOU CyOCTaHIIMU MM €€ BUOPAIMOHHBIX HTepaliii Ha MHTAKTHYIO BOAY (HEHTPAIbHBINH HOCHTENb) OLCHUBAIA METOIOM JIHAMHYIC-
CKOTO paccestHus cBeTa. I 5TOro M3Mepsulll MHTEHCHBHOCTD PACCESIHUS CBeTa 00pasoM M THIPOJHMHAMHYCCKUH JHaMeTp ONTHIECKHX
rereporenHocteil. Kpome sToro, nporryckany yepes 00pasib! SEKTPUISCKUI CUTHAI IS ONIpeIeiieHIs KO HIMeHTa ero ocabIeH s

Pesyabrarsl. [Toka3aHo, 9To MOMyYeHHBIE BHOPAIMOHHBIC UTEPALIUH U MX CMECH C BOJIOH OTIIMYAIOTCS OT MHTAKTHON BOJBI IO 3HAUE-
HUSIM YAETBHOH 3IIEKTPONPOBOJHOCTH, TIOTOKA MOIIHOCTH MUKPOBOJIHOBOTO M3TyUCHHS, a TaKkKe MO BKIaay 0CHOBHOTO (/leGaeBcKoro)
penaKkcannoHHOTO MpoIiecca B OO THIIEKTPUIECKUH OTKINK. CMecH BUOPAIMOHHBIX HTEpaIHii ¢ BOJOH TaKkKe OTIAMYAIOTCS OT HH-
TaKTHOH BOJIBI IO pa3Mepy ONTHYECKNX FeTePOTeHHOCTEH. AHATOTHYHO BHOPAlMOHHBIM UTEPaNUsIM, ISt KOTOPBIX B KAUECTBE HCXOTHOM
CyOCTaHIIMH MCTIOIb30BAIH PACTBOPHI BHICOKO- M HI3KOMOJIEKYISIPHBIX BEIIECTB, BHOPAIMOHHBIE HTEPALIUH, TIOIYyIEHHBIE C HCIIOIb30-
BaHMEM IEKTPOXHMHUIECKH aKTHBHPOBAHHO BOJIBI, B COOTBETCTBHH C (PM3UKO-XHUMHYECKUMH CBOHCTBAMH MOTYT OBITh KJIACCH(PUIIPO-
BaHbI Ha pa3nH4HbIe rpynisl ((pakmun). [Tokazano, 9To GU3NKO-XUMHYECKNE XapaKTePHUCTHKH TAKUX TPYIIT H3MEHSIOTCS B Pa3THIHON
CTENeH! B 3aBHUCHMOCTH OT TTOKa3aTeNei MeKTPHIECKOTO CUTHANA, NCIONB30BAaHHOTO JUTS MONYyUYeHHUs HCXOMHOH cyOcTanmu. Kpome
TOTO, B JAHHBIX CMECSX MeHsAeTCs 3(P(HEKTUBHOCTH PACTIPOCTPAHEHUSI MEKTPHIECKOTO CUTHAJA, OLICHNBaeMasi 1o kod(duimenty ero
ocnabnenus. Brecenne ucxonHo# cyOcTaHINK (3MEKTPOXUMHIYECKN aKTHBUPOBAHHOH BOIBI) B MHTAKTHYIO BOAY TaKkKe PHBOINT K U3-
MEHEHHSM (PU3HKO-XHMHUECKHX CBOICTB MOTyYSHHOI CMECH IO CPaBHEHHIO C KOHTPOJIEM. AHAJIOTHYHO, B 3aBUCHMOCTH OT ITOKa3are-
Jei 3IEeKTPHUIECKOTO CHTHANA, HCTIOIh30BAHHOTO JUISl TTOMYIeHHMST HCXOTHOH CyOCTaHIINH, BRIPQ)KEHHOCTh M3MEHEHHH (PU3NKO-XUMHIe-
CKHUX XapaKTEPUCTHK CMECH Pa3JINIaeTCs.

BriBoapbl. ITokazana npuHIMNHMANBHAS BO3MOXHOCTh MONYYEHHUs BUOPAIMOHHBIX UTEPAIM N3 IEKTPOXUMUUECKH aKTUBHPOBAHHOM
BOJIbI, AHAJOTUYHO BHOPALIMOHHBIM UTEPANUsIM PACTBOPOB, HCHOIB30BAHHBIX B APYTUX UCCIIEIOBAHNUSX, UTO SIBISIETCS MOATBEPKACHUEM
YHUBEPCAIbHOCTU (peHOMEHA TOCTBUOPAIINOHHON aKTHBHOCTH.

KnioueBble cnoea MocTtynuna: 19.12.2024
BHOpPAIMOHHBIE UTEPALNH, IIOCTBUOPAIIMOHHASI AKTHBHOCTb, JJIEKTPOXHUMHUYECKast JAopa6oTaHa: 03.02.2024
aKTHBALUsl, BOJAHBIC PACTBOPBI, KOHAYKTOMETpHs, TT 11-CEKTPOCKOIHS, THHAMHUYECKOES MNpuvnsita B nevats: 21.02.2025
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Post-vibration activity
of electrochemically activated water

Olga V. Slatinskaia,
etal.

1. INTRODUCTION

Vibrational treatment of various substances (low-
and high-molecular-weight) changes their properties
and imparts the ability to participate in distant
interactions [1, 2—4]. It has recently been discovered
that sequential vibrational treatment (crossing) of
two solutions, one of which is a solution of the initial
substance and the other is a neutral carrier (intact water),
which are located in separate closely spaced vials, can
produce water samples having different physicochemical
properties from those of the neutral carrier. Such
samples are called vibrational iterations [1]. Unlike
a neutral carrier, the addition of vibrational iterations
into the initial substance is capable of changing the
physicochemical properties of the initial substance, i.e.,
vibrational iterations demonstrate post-vibration activity.
Vibrational iterations differ from intact water in terms
of their physicochemical properties, allowing them to be
classified into groups (fractions).

It has been shown that vibrational iterations can be
obtained not only from high- and low-molecular-weight
substancesused astheinitial substance, butalso from water
treated with an external physical factor such as a magnetic
field [5]. An earlier study of vibrational iterations
prepared from magnetized water demonstrated that they
differ from each other in terms of their physicochemical
properties [5]. It is likely that various physical factors
can be used to obtain samples demonstrating post-
vibration activity. One of the types of treatment that can
influence the physicochemical properties of water is
electrochemical activation (ECA) [6-8]. ECA is carried
out by passing through water an electric signal with
defined parameters [9—17]. Thus, we assume that ECA
water can be used to prepare vibration iterations.

The present study sets out to confirm the universal
character of the post-vibration activity phenomenon.
For this purpose, vibrational iterations were obtained
from water previously subjected to electrical treatment
at different signal parameters to study the possibility
of their classification according to physicochemical
properties into fractions demonstrating post-vibration
activity. Then, the effect of different fractions of
vibrational iterations on the physicochemical properties
of intact water was studied by comparing the samples
with the initial substance (ECA water) from which the
vibrational iterations were prepared.

2. MATERIALS AND METHODS

Ultrapure water obtained using a Milli-Q Integral 5 water
purification system (Millipore, France) was used in the
study. Freshly produced purified water having specific
conductivity ~0.06 puS/cm was kept for at least 1 h at
ambient conditions (temperature 24.5°C, humidity

45-50%, and normal atmospheric pressure). After
this period, the specific conductivity of the water was
0.731 £ 0.011 pS/cm. Purified water was also present
among experimental samples, where it is labeled as
“intact water.”

2.1. Samples

In accordance with the purpose of the work, vibrational
iterations of ECA water, their mixtures with intact water
(to assess their post-vibration activity on intact water),
and mixtures of ECA water with intact water (to assess its
effect on intact water) were studied. To perform ECA of
water, voltages less 0.8 V and more 8 V (that is more than

the threshold of water electrolysis (~1.5-2.0 V [18]))

were selected. Electrical treatment was carried out using

both a constant and a sinusoidal signal. The frequency
of the sinusoidal signal was 12.6 Hz, which corresponds
to the frequency of the ion cyclotron resonance of water

(12.6 Hz) [6].

Thus, three groups of samples were prepared.

Group 1. Vibrational iterations of ECA water:

e vibrational iterations of water to which a constant
electric signal with a voltage of 0.8 V was applied
(hereinafter referred to as vibrational iterations of
“ECA water 0.8 V”);

e vibrational iterations of water to which a sinusoidal
electric signal with an amplitude of 0.8 V and a frequency
of 12.6 Hz was applied (hereinafter referred to as
vibrational iterations of “ECA water 0.8 V, 12.6 Hz”);

e vibrational iterations of water to which a constant
electric signal with a voltage of 8 V was applied
(hereinafter referred to as vibrational iterations of
“ECA water 8 V”);

e vibrational iterations of water to which a sinusoidal
electric signal with an amplitude of 8 V and
a frequency of 12.6 Hz was applied (hereinafter
referred to as vibrational iterations of “ECA water
8V, 12.6 Hz”);

e vibrational iterations of water placed in a cuvette
for electric treatment, but in the absence of voltage
applied to the electrodes (hereinafter referred to as
vibrational iterations of “ECA water 0 V).

Group 2. Mixtures of vibrational iterations of ECA
water with intact water in a volume ratio of 1 : 9 and
control:

e vibrational iterations of ECA water (group 1) + intact
water;

e control (mixture of “intact water + intact water”).
Group 3. Mixtures of ECA water with intact water in

a volume ratio of 1 : 9 and control:

e Water to which an electrical signal with different
parameters was applied (ECA water) + intact water;

e Control (mixture of “intact water + intact water”).
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2.2. Obtaining electrochemically activated
water: treating water with an electric signal

To obtain ECA water, we used an electric signal treatment
device (Vitek-Avtomatika, Russia), a hardware and
software complex consisting of an arbitrary waveform
signal generator (NI 9263, National Instruments, USA)
and a measuring module (N1 9215, National Instruments,
USA) installed in a chassis (cDAQ-9185, National
Instruments, USA). The device is operated under the
control of LabView software (National Instruments,
USA). The water incubation period was controlled
using a laboratory timer (VWR® Traceable®, Germany).
Figure 1 demonstrates the appearance and diagram of an
electric signal treatment device.

An optical glass cuvette (704-001-30-10, Hellma
Analitycs, Germany) was filled with 18 mL of ultrapure
water. Two plate electrodes made of AISI 304 stainless
steel were placed inside the cuvette along two opposite
walls. The electrode area completely covered the
corresponding wall of the cuvette. Then, for 60 min,
a potential difference with the following parameters was
applied to the plate electrodes:

e constant electrical signal with a voltage of 0.8 V;

e clectrical sinusoidal signal with an amplitude of 0.8 V
and a frequency of 12.6 Hz;

e constant electrical signal with a voltage of 8 V;

e clectrical sinusoidal signal with an amplitude of § V
and a frequency of 12.6 Hz;

e clectrical signal with a voltage of 0 V (i.e., the
electrical signal generator was turned off).
In this way, 5 types of ECA water samples were
obtained.

2.3. Preparation of vibrational iterations
from ECA water

A row of vibrational iterations was prepared from
each type of ECA water obtained in accordance with
the parameters of the electrical signals applied to the
electrodes (i.e., 5 different rows of vibrational iterations
were obtained). Transparent borosilicate glass vials
(250 mL, Simax, Czech Republic) were used to prepare
vibrational iterations. Schematic representation of the
method for preparing vibration iterations is presented in
Fig. 2.

ECA water (18 mL) obtained after electric treatment
was placed in a borosilicate glass vial (Fig. 2). Next,
180 mL of intact water (neutral carrier) were added to
another vial. The filled vials were placed close to each
other and subjected to joint vibration (MS 3 basic vortex
with MS 1.21 platform, /KA-Werke, Germany) for 10 s
at 3000 rpm, after which they were incubated for 1 min
at room temperature of 24.5°C (during such process,
crossing of water with the initial substance occurred).
As a result, 180 mL of the zero vibrational iteration
(hereinafter, 10) was obtained in the vial with intact
water.

®

NI cDAQ 9185 L NI 9263
—>
—
—

PFI

Q—
To PC @

Port

-+ ]+

—31COm

(b)

Fig. 1. (a) Photo and (b) schematic diagram of the electric signal treatment device.
(1) NI cDAQ-9185 chassis; (2) NI 9263 module (arbitrary waveform generator); (3) NI 9215 module (analog-to-digital signal meter);
(4) optical glass cuvette; (5) stainless steel immersed plate electrodes located along the walls of the cuvette, and a needle electrode,

which is located in the center of the cuvette
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To obtain vibrational iteration No. 1 (I1), a vial with
180 mL of vibrational iteration 10 was placed close to
another borosilicate glass vial with intact water (neutral
carrier) in a volume of 180 mL and subjected to joint
(with close contact) vibration on a vortex for 10 s at
3000 rpm, after which they were incubated for 1 min
at room temperature. As a result, 180 mL of vibrational
iteration I1 was obtained in the vial with intact water.

The above steps were repeated to obtain vibrational
iterations, up to I7 (Step 2, Fig. 2). Samples
from 10 to 17 constituted a row of iterations.

Vibrational iterations of ECA water were prepared on
the same day at room temperature. If the study of the
properties of vibrational iterations or mixtures containing
them was not conducted on the day of preparation, then
on the day of analysis of vibrational iterations, they
were once processed on a vortex for 10 s at 3000 rpm.
Before preparing mixtures with ECA water, for 1 h it
was subjected to repeated treatment with electric signal
with the same parameters that were used in the primary
treatment.

2.4. Preparation of mixtures with intact
water

To study the ability of ECA water (substance) and
vibrational iterations to change the physicochemical
properties of intact water, mixtures of vibrational
iterations (or ECA water, or intact water as a control) with
intact water were prepared in a volume ratio of 1 : 9. The
mixtures were prepared immediately before carrying out
measurements. Depending on the final volume required
for measurements, the mixtures were prepared in 20 or
40 mL borosilicate glass vials (Glastechnik Grafenroda,
Germany) for radiometry or conductometry, respectively,
or in 2 mL plastic test tubes (Eppendorf, Germany) for
THz spectroscopy.

3. METHODS OF ANALYSIS

3.2. Conductometry, radiometry,
and THz spectroscopy

The properties of the samples were studied by

conductometry (specific electrical conductivity) and

radiometry (power flux density), as described in [1]

(Table 1). The study using the THz spectroscopy

(determining dielectric constant dg;, i.e., contribution

of the main (Debye) relaxation process to the overall

dielectric response) was conducted in two versions:

(1) mixing 1 part of the test sample (control or vibrational
iterations of ECA water) with 99 parts of intact water
as described in [1];

(2) mixing 1 part of the test sample (control, ECA water
or vibrational iterations of ECA water) with 9 parts
of intact water.

The samples were subjected to the following numbers
of measurements: conductometry—9; radiometry—not
less than 6; THz spectroscopy—not less than 10.

In the present work, the analysis of vibrational
iterations classified into fractions in accordance with [1]
was carried out. Vibrational iterations can be classified
into four types of fractions as compared to intact water
in terms of their unique physicochemical properties,
as well as according to their ability to influence the
physicochemical properties of intact water and aqueous
solutions (the so-called modifying effect). These four types
of fractions were named Active, Native, Semi-Active, and
Semi-Native. In the work [1], it was demonstrated that
the number of Active fractions increases at the end of the
iteration rows and over time during their storage, while the
Active fraction exhibits stability in its physicochemical
properties when mixed with other types of fractions. In
the present work, only the Active and Native or Semi-
Native fractions were used to study the modifying effect
of vibrational iterations on intact water.

Step 1. Preparation of the initial substance Step 2. Preparation of vibrational iterations 10 to 17 from the initial substance.

* changes in physicochemical properties during the process.

'
© © ; !
'
. ‘Water ‘Water 11 17
18 ﬁ 18 180 180 180 4 = = 180
e . mL A mL mL mL mL
! > >
Intact water l1h ECA water ' 10s 1 min 10s 1 min
Incubation ' Vortexing Incubation Vortexing Incubation
' 3000 rpm 3000 rpm
'
'
'

Fig. 2. Preparation of vibrational iterations of electrochemically activated water. Designations: Water is intact water (neutral carrier);
ECA water is electrochemically activated water; 10 is the zero vibrational iteration of ECA water; I1 is the vibrational iteration No. 1
of ECA water, ..., I7 is the vibrational iteration No. 7 of ECA water
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In addition to conductometry, radiometry, and
THz spectroscopy, we used the following methods
for sample analysis: dynamic light scattering and
oscillography (determination of the attenuation coefficient
of the signal passed through the studied sample).

3.3. Dynamic light scattering

The scattering intensity of solutions and the distribution
of hydrodynamic diameters of optical heterogeneities
in the range of 50-200 nm were determined on
a Photocor Compact-Z analyzer (Photocor, Russia). The
analyzer was equipped with a temperature stabilized
continuous-wave semiconductor laser (80 mW of maximum
output power at 638 nm wavelength) with a thermostated cell
compartment (25 + 0.1°C). The signal was recorded for 20 s;
the number of signal accumulations was 10. The number of
measurements of each sample was at least 10. To establish
the particle diameter according to the Stokes—Einstein
equation, the viscosity of water was taken as 0.89 mPas. Size
distributions were calculated using the Dynal.S software
(version 2.8.3) supplied with the device (4/ango, Israel).

3.4. Determination of the attenuation
coefficient of the signal passed through
the studied sample (oscillography)

18 mL of the mixture “ECA water + intact water” (group 3)
or ‘“vibrational iteration + intact water” (group 2) in
a volume ratio of 1 : 9 were added into a clean cuvette of
the electric treatment device, and electrodes were immersed
in the mixture. An electric signal (of the type used to
prepare ECA water) was applied for 3 min. The procedure
was repeated five times. In all cases (both for supplying
constant and alternating sinusoidal signals), an arbitrary
waveform generator NI 9263 (National Instruments, USA)
was connected to the plate electrodes (“~ electrode and
“+” electrode) of the cuvette (Fig. 1). The signal was recorded
using the NI 9215 module (National Instruments, USA). Two
oscillograms were synchronously recorded: one between the
plate electrodes, the second between one plate electrode, and

an additional needle electrode located in the center of the

cuvette. Then, the attenuation coefficient was calculated.

e The attenuation coefficient for constant signals
was calculated as the ratio of the average potential
difference measured between the central and “—" plate
electrodes to the average potential difference between
the “—” and “+” plate electrodes (Fig. 1b).

e The attenuation coefficient for alternating (sinusoidal)
signals was calculated as the ratio of the average amplitude
of the potential difference measured between the central
and plate electrodes to the average amplitude of the
potential difference between the plate electrodes (Fig. 1b).

3.4. Statistical analysis

Statistical ~data processing was performed in
RStudio 2023.09.1+494 (© 2009-2023 R Foundation
Jfor Statistical Computing, Vienna, Austria) using the
R package version 4.2.2. The normality of distribution
was assessed by the Shapiro—Wilk test, the homogeneity
of variances was assessed by the Bartlett test. Groups were
compared using the Student—Welch t-test and the Kruskal—
Wallis test followed by Dunn’s test. Differences between
groups were considered statistically significant at p <0.05.

4. RESULTS AND DISCUSSION

4.1. Physicochemical properties

and modifying effect of vibrational
iterations of ECA water. Classification
of iterations into fractions

The physicochemical properties and modifying effect of
vibrational iterations 1017 obtained using five different
types of ECA water as the initial substance were assessed.
Crossing water with the initial substance (Fig. 2), five
rows of vibrational iterations were obtained. For each
iteration, the physicochemical properties and the effect
on intact water (modifying effect) were analyzed. The
results are presented in Table 2.

Based on the differences of vibrational iterations from
intact water in physicochemical properties and the modifying

Table 1. Classification of vibrational iterations into fractions according to changes in physicochemical characteristics relative to intact water [1]

Presence of differences from intact water

Parameter (method of analysis)
Native Semi-Native Semi-Active Active
Physicochemical properties (conductometry and N _ n
radiometry)
Modifying effect (THz spectroscopy) - + +

Note: the test result was considered positive (“+7) if it met the acceptance criteria. Otherwise, the result was taken as negative (

«_ o

). The acceptance

criteria: the values obtained for vibrational iterations should statistically significantly (p < 0.05) differ from those of intact water by +5% or more
(by conductometry and THz spectroscopy) and by +10% or more (by radiometry). The values obtained for intact water were taken as 100%.
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effect on intact water, all iterations were assigned to one
or another fraction in accordance with [1]. Depending on
the type of ECA water, which was used as initial substance
to prepare vibrational iterations, the number of iterations
classified into each of the fractions varied (Table 3).

Thus, among all the studied rows of vibrational
iterations, the Semi-Active fraction is absent, while
the Native fraction is detected only among vibrational
iterations for which “ECA water 0.8 V* was used as the
initial substance. In addition, vibrational iterations of “ECA
water 0.8 V” show the smallest number of differences
relative to the control for the studied physicochemical
parameters and the greatest diversity of fractions. In
the row of vibrational iterations of “ECA water 0.8 V,
12.6 Hz,” the Active fraction prevails. An increase in the
intensity of the electrical signal to 8 V (for both constant
and alternating signals) was shown to lead to an increase
in the number of Semi-Native fractions. At the same time,
for the row of vibrational iterations “ECA water 0.8 V,
12.6 Hz” and “ECA water 8 V, 12.6 Hz,” an increase in the
differences in the radiation power flux density was noted.

Thus, depending on the parameters of the electrical
signal for obtaining ECA water used as the initial substance
in the preparation of vibrational iterations, the properties
of the iterations differ. This fact indicates the fundamental
similarity of vibrational iterations obtained from water
treated with an external physical factor with vibrational
iterations of a substance of natural origin, whose properties
also specifically depend on the particular substance [1].

4.2. The influence of vibration iterations
of ECA water on intact water

In order to study the influence of vibration iterations

of ECA water on intact water, the following vibration

iterations were selected:

e among the row of vibrational iterations of “ECA
water 0 V”: I5 (Active), I3 (Semi-Native);

e among the row of vibrational iterations of “ECA
water 0.8 V”: 14 (Active), 10 (Native);

e among the row of vibrational iterations of “ECA
water 0.8 V, 12.6 Hz”: I1 (Active), 16 (Semi-Native);

e among the row of vibrational iterations of “ECA
water 8 V”: I7 (Active), 14 (Semi-Native);

e among the row of vibrational iterations of “ECA
water 8 V, 12.6 Hz”: 11 (Active), 7 (Semi-Native).
After adding the above samples to intact water

in a volume ratio of 1 : 9, the resulting mixtures

were analyzed wusing conductometry, radiometry,

THz spectroscopy, dynamic light scattering, and

oscillography. The measurement results were compared

with the control, to which the corresponding amount
of intact water had been added instead of vibrational
iterations. Different vibrational iterations were shown to

have different effects on intact water (Table 4).

The magnitude and direction of the changes depend
on the characteristics of the electrical signal used to
prepare the initial substance of vibrational iterations.
Thus, each studied vibrational iteration caused changes
in the radiation power of the resulting mixtures: both
studied fractions of iterations obtained from “ECA water
0.8 V” decreased the radiation power, while vibrational
iterations obtained from other substances increased this
parameter.

It is also evident from Table 4 that the mixtures of
intact water with both fractions of the rows of vibrational
iterations “ECA water 0.8 V,” vibrational iterations “ECA
water 0.8 V, 12.6 Hz” and vibrational iterations “ECA
water 8 V" have lower light scattering intensity than the
corresponding control mixture, whereas the mixture of
intact water with the Semi-Native fraction of vibrational
iterations “ECA water 0 V" has higher scattering intensity.
The introduction of other vibrational iterations did not
affect the scattering intensity of the obtained mixtures.
A similar (but not entirely corresponding) situation
is observed with the size of optical heterogeneities:

Table 3. Distribution by fractions in the rows of vibrational iterations prepared from each type of ECA water

Fraction, number
Electric signal parameters
Native Semi-Native Active Semi-Active
ov - 6 2 -
0.8V 2 4 2 -
0.8V, 12.6 Hz - 2 6 -
8V - 7 1 -
8V, 12.6 Hz - 7 1 -
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mixtures of intact water with both fractions of vibrational
iterations “ECA water 0.8 V” and “ECA water 0.8 V,
12.6 Hz,” as well as the Active fractions of vibrational
iterations “ECA water 8 V, 12.6 Hz” and the Semi-Native
fraction of vibrational iterations “ECA water 0 V”’ contain
optical heterogeneities of a smaller size than the control.
Mixtures of intact water with the Semi-Native fraction
of vibrational iterations “ECA water 8 V” and “ECA
water 8 V, 12.6 Hz” contain optical heterogeneities of
a larger size than the control. The resulting mixture is
not affected by the addition of the remaining iterations.
The specific electrical conductivity of the mixture, which
decreases with the addition of both fractions from the
rows of vibrational iterations “ECA water 0.8 V” and
“ECA water 8 V,” does not change with the addition of
the rest of the studied iterations.

The signal attenuation coefficient (according to
oscillography data) decreases with the action of both
fractions from the row of vibrational iterations “ECA
water 8 V, 12.6 Hz” on water and increases with the
action of the Active fraction of vibrational iterations
“ECAwater 8 V, 12.6 Hz” (Table 4). In the overwhelming
majority of cases, different fractions of vibrational
iterations prepared using the same electrical signal
change the physicochemical properties of the resulting
mixture in the same direction (compared to intact water).

In this experimental setup (a 1 : 9 mixture with
intact water), it is important to note that neither the
Active nor the Native/Semi-Native fractions of ECA
water obtained by applying an electrical signal affect
the value of the dielectric constant dg, (obtained using
THz spectroscopy) of the resulting mixture as compared
to the control (Table 4). However, the value of dg; of
the mixture of intact water with both the Active and
Semi-Native fractions of vibrational iterations of “ECA
water 0 V” increases. Comparing the results obtained by
THz spectroscopy (Table 2 and Table 4), it becomes clear
that the degree of influence of vibrational iterations on
intact water depends on the volume ratio of the mixture
components. This conclusion is in agreement with the
conclusion made in [19] that the reaction of the Nafion
polymer depends on the method of obtaining a salt
solution of a certain final concentration, including the
number of cycles of mechanical action on water used.
This fact indicates the regularity of the dependence of
the measurement result on the method of obtaining the
mixtures that we have discovered.

The established changes in the physicochemical
parameters in the mixtures of vibrational iterations of ECA
water relative to intact water demonstrate that intact water
(neutral carrier) after the crossing procedure acquires
physicochemical properties that are different from intact
water, i.e., crossing leads to the formation of a new
substance. However, it is also important to understand

whether the effect on intact water of the samples of the
Active or Native/Semi-Native fractions is similar to that
of the initial substance (i.e., the corresponding ECA
water). In order to clarify this, experiments described in
the next section were conducted.

4.3. Influence of ECA water
on the physicochemical properties
of intact water

In order to test the effect of ECA water on the
physicochemical properties of intact water, one volume
part of ECA water was added to nine volume parts of
intact water, then the resulting mixture was analyzed
using conductometry, radiometry, THz spectroscopy,
dynamic light scattering, and oscillography. The results
were compared with the control (for the control, the
corresponding amount of intact water was added instead
of ECA water). The results are presented in Table 5.

All mixtures of intact water and ECA water
demonstrate differences from the control in terms of
certain physical and chemical characteristics. The
magnitude and direction of these differences depend
on the voltage applied during the preparation of ECA
water. “ECA water 0.8 V” (compared to the control—
intact water) causes an increase in the specific electrical
conductivity of the mixture by 22% and a decrease in the
value of the signal attenuation coefficient (according to
the results of oscillography), in contrast to “ECA water
8 V”’, which has no effect on this indicator.

Increases in radiation power flux density (by 22%
for “ECA water 0.8 V + intact water”; 63% for “ECA
water 8 V + intact water”) and in diameters of optical
heterogeneities (51% for “ECA water 0.8 V + intact
water,” 191% for “ECA water 8§ V + intact water”) are
observed. At the same time, a stronger and oppositely
directed effect is observed in the dynamic scattering
intensity of the resulting mixture (“ECA water 0.8 V”
increases this parameter in the mixture by 177%, and
“ECA water 8 V” reduces by 16%).

The effect of ECA water on intact water (compared
with effect of the control—intact water) differs depending
on whether constant or alternating electrical treatment
was used to obtain it. The addition of “ECA water
0.8 V” leading to an increase in the specific electrical
conductivity, radiation power, scattering intensity and
diameter of optical heterogeneities is accompanied by
a decrease in the signal attenuation coefficient (according
to the results of oscillography). However, the addition of
“ECA water 0.8 V, 12.6 Hz” leads only to a decrease in
specific electrical conductivity, which is accompanied by
an increase in the signal attenuation coefficient (according
to the results of oscillography). The addition of “ECA
water 8 V” leading to an increase in the scattering intensity
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Table 5. Effect of ECA water on the physicochemical properties of intact water (mixture in 1 : 9 ratio)
Parameters of the electric signal used to prepare ECA water
(in ECA water + intact water mixtures)
Parameter
ov 08V 0.8V, 12.6 Hz 8V 8V, 12.6 Hz
Specific electrical
. 106.2 £ 0.8* 122.4 £ 0.3* 93.1 £3.9% 101.4 £ 3.8# 99.5+23
conductivity, %
Power flux density across GHz | 15 5, g 6 1223 +7.9% 1215+ 18.7 163.3 + 8.5%# 142.7 + 13.8%
range, %
Diclectric constant de; % 97.3+4.5 106.0+11.9 104.9 +£12.3 106.1 + 4.4# 104.1£13.5
Hydrodynamic diameter 81.7+21.9 150.8 + 19.4* 100.2 8.2 201.2 + 18.8%# 37.6 + 10.5*
of optical heterogeneities, %
Scattering intensity), % 186.5 £ 18.7* 277.4+26.5* 122.7+234 84.2 + 3.5% 300.7 £ 42.6*
Signal intensity attenuation .
. . Not applicable 0.216 £0.016* 0.506 +0.001* 0.496 £0.012 0.507 £ 0.001*
coefficient (sample), rel. units
Signal intensity attenuation Not applicable | 0.253 = 0.008 0.483 +0.001 0.485 +0.014 0.511 +0.002
coefficient (control), rel. units

Note:

* statistically significant differences from the control, p < 0.05;

# statistically significant differences from the ECA water 0 V and intact water mixture, p < 0.05. Data are normalized to the corresponding

Value measured for the sample

values obtained for intact water according to the formula:

Value measured for intact water

%x100% . This normalization was applied to all

parameters except the signal intensity attenuation coefficient. Data are presented as Mean + SD.

and a decrease in the diameter of optical heterogeneities
in intact water is accompanied by an increase in the
radiation power. Conversely, the addition of “ECA water
8V, 12.6 Hz” leads to a decrease in the scattering intensity
and an increase in the diameter of optical heterogeneities,
which is also accompanied by an increase in the radiation
power. While the signal attenuation coefficient is not
changed by the addition of “ECA water 8 V"’ (according to
the oscillography results) in water, the addition of “ECA
water 8 V, 12.6 Hz” causes its decrease.

Thus, similar to the effect of vibrational iterations of
ECA water on water, the effect of ECA water itself on
intact water depends on the parameters of the electrical
signal that was used to prepare ECA water.

4.4. Comparison of the addition
of ECA water on the physicochemical
properties of intact water

In order to understand whether the samples of the Active
or Native/Semi-Native fractions have the same effect
on the properties of intact water as that of the substance
itself (corresponding ECA water), a comparison of their
effects on water was carried out (Table 6). However, in

order to study the contribution of only the applied electric
signal rather than the presence of contact of water with
the measuring cell (and, accordingly, the immersion
electrodes) in the absence of a signal, the comparison was
carried out using only those indicators that did not differ
between the “ECA water 0 V + intact water” sample and
the control (intact water). Such characteristics were the
dielectric constant de, and the hydrodynamic diameter of
optical heterogeneities (Table 6).

A higher value of dielectric constant is found in
both the mixtures of water with Active and Semi-Native
fractions compared to the control; moreover, in the mixture
of water with the Semi-Native fraction, smaller optical
heterogeneities are found as compared to the control.
Nevertheless, treatment of water with an electric signal
did not affect its ability or that of its vibrational iterations
to change the dielectric constant of intact water. At the
same time, the ability of both ECA water and its iterations
to affect the size of optical heterogeneities in water is
demonstrated. A pattern is observed when ECA is carried
out with a constant voltage: in a mixture with intact water,
the size of the optical heterogeneities increases; however,
when an alternating electric signal (8 V, 12.6 Hz) is used,
it decreases.
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Table 6. Direction of the effect of adding ECA water and vibrational iterations prepared from it to intact water in a volume ratio of 1 : 9

Parameters of the electric signal for processing the initial substance for vibration iterations
ov 0.8V 0.8V, 12.6 Hz 8V 8V, 12.6 Hz
Parameter

5| 2 5 g | 2 g | 2 g | 2

S|E|<|S|Z2|<|S|E|<|S|E|<|S|E|*<

53] 3 0 m A 0 A S} A
Dielectric constant de; % — i 1 —- | - = = — | — | — — | — —
Hydrodynamic diameter of
optical heterogeneities, % o ! o ! { ! o l ! T l o ! ! {

Note: “1” indicates an increase, ““|” indicates a decrease, and “—” indicates no change in the recorded characteristics compared to the

control (p <0.05).

Vibrational iterations (both the Active and Native/
Semi-Native fractions) obtained from “ECA water
0.8 V” and “ECA water 0.8 V, 12.6 Hz” reduce the
size of optical heterogeneities observed in the resulting
mixture when mixed with water. The same effect is
produced by the Semi-Native fractions of vibrational
iteration “ECA water 8 V” and the Active fraction
of vibrational iteration “ECA water 8 V, 12.6 Hz”.
However, adding the Active fraction of vibrational
iteration “ECA water 8 V” to water does not affect
the resulting mixture, while adding the Semi-Native
fraction of vibrational iteration “ECA water 8 V,
12.6 Hz” to water leads to an increase in the optical
heterogeneities in the mixture.

Thus, in the overwhelming majority of the studied
sample types, the effect exerted by vibrational iterations
of ECA water on the size of optical heterogeneities in
water differs from the effect exerted by the substance
used to prepare vibrational iteration. However, the result
of the effect of vibrational iterations of ECA water on the
size of optical heterogeneities in water weakly depends
on the parameters of the electrical signal used to prepare
the substance, as well as on the fraction of vibrational
iteration. Vibrational iterations predominantly cause
a decrease in the size of optical heterogeneities.

5. CONCLUSIONS

1. The study of vibrational iterations of ECA water
demonstrated that they follow general patterns of post-
vibration activity and can be classified into fractions
that differ from each other in physicochemical
properties. The obtained result indicates the
universality of the mechanisms of vibration treatment,

i.e., the possibility of their implementation regardless
of the nature of the initial substance.

2. The use of an electric signal with a constant voltage of

0.8 V for the preparation of the initial substance allows
us to obtain a greater variety of fractions of vibrational
iterations. The use of an electric signal with a constant
voltage of 8 V or alternating voltage of 8 V, 12.6 Hz
allows us to obtain a greater number of vibrational
iterations of the Semi-Native fraction. This result
emphasizes that the mechanisms of formation of the
post-vibration activity are sensitive to the degree and
nature of external influences, which may indicate their
plasticity.

3. The addition of ECA water or its vibration iterations in

a volume ratio of 1 : 9 to intact water leads to a change
in the physicochemical parameters of intact water.
The degree of difference depends on the parameters
of the electrical signal used to obtain ECA water. The
degree of influence of vibration iterations on intact
water depends on the volume ratio of the mixture
components.

4. In the overwhelming majority of the studied types

of electrical signal, the effect of vibration iterations
of ECA water on the size of optical heterogeneities
of water differs from the effect of the substance used
to prepare the vibration iteration. However, in most
cases, vibration iterations cause a decrease in the size
of optical heterogeneities (regardless of the electrical
signal used to obtain the sample).
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