CHEMICAL TECHNOLOGY
AND ENGINEERING

MONOGRAPH

ISBN 978-966-994-117-6

UKRAINE, LVIV, 2025



MiHicTepCcTBO OCBITH 1 HAYKH Y KpaiHu

Hamionanpauit yHiBepcuteT “JIbBIBChbKa MOJITEXHIKA”

XiMiuHA TeXHOJIOTis Ta iHKeHepisa — 2025

MOHOTI'PA®IA

JIbBIB
Bunasunirrso JIbBIBCEKOI MOMITEXHIKA
2025



VIIK 66

Xim 46
Pexomenoosano naykogo-mexuiunoro padoio
3axionoeo nayxkosozo yenmpy HAH Yxkpainu ma MOH Ykpainu
(npomoxoa Ne 3 6io 25.07.2025 p.)
Xim 46

XimiuHa TexHoJI0TisA Ta iH:keHepiss — 2025 : moHorpadis / 3a pen. Aramanioka B. M. ta iH. —
JIsBiB : BunaBuunteo JIpBiBChKOI momiTexHiku, 2025. — 222 ¢. : puc., Tabn. — bidmiorpad.
B KiHIII CcT. — TeKCT: aHri., yKp.

ISBN 978-966-994-117-6

Monorpadis BumaHa 3a pesyiabTaTamMud 5-0i MDKHApOIHOI HayKoBOi KoH(pepeHIii
“XiMiuHa TEXHOJIOTIS Ta 1HXeHepis~, ska BimOymacs 23-26 udepBHs 2025 poxky Ha kadeapi
xiMiuHo1 iHxkeHepii HarionansHOTO YHIBepcuTtety “JIbBiBChbKa momiTexHika”, JIbBiB, Ykpaina.

Jlyist HayKOBIIiB, BUKJIAZAYiB 1 CTYJICHTIB, a TAaKOX (PaxiBIliB 3 XIMIYHUX TEXHOJOTIH.

Vesa indopwmarisi, momana B MoHorpadii, € 1HTEJIEKTyalbHOI BIACHICTIO aBTOPIB. YcCi
MaTepiaiy MoJal0ThCs B aBTOPCHKIN peAaKilii.

CratTi, BMimeHi 10 MoHorpadii, matoTh Jninensito Creative Commons Attribution 4.0
International (CC BY 4.0). Monorpadis omy0ikoBaHa y BIIKPHUTOMY JOCTYyIi Ha BeO-caiiTax
KOH(]epeHIii: www.cte.org.ua Ta www.peers.international/cte.

V]IK 66

© HamionansHuii yHiBepcurtet “JIbBiBCcbKa mosiTexHika”, 2025

ISBN 978-966-994-117-6 © BupaBuunrso JIbBiBChKOT nomiTexHiku, 2025



Ministry of Education and Science of Ukraine

Lviv Polytechnic National University

Chemical Technology and Engineering — 2025

MONOGRAPH

Lviv
Lviv Polytechnic Publishing House
2025



The Monograph is recommended by Scientific and Technical Council
of Western Scientific Center of National Academy of Sciences of Ukraine and
Ministry of Education and Science of Ukraine
(Protocol No. 3 of 25/07/2025)

The Monograph has been issued for 5" International Scientific Conference «Chemical
Technology and Engineering», which was held on June 23-26, 2025 at Department of Chemical
Engineering of Lviv Polytechnic National University, Lviv, Ukraine.

All information presented in the Monograph is the intellectual property of the authors. All
materials are submitted in the authors’ edition.

All papers included in the Monograph are licensed under a Creative Commons Attribution
4.0 International (CC BY 4.0) License. The Monograph is published in open access on the
conference websites: www.cte.org.ua and www.peers.international/cte.

The Conference Organizers:

Department of Chemical Engineering, Institute of Chemistry and Chemical Technologies,
Lviv Polytechnic National University (Lviv, Ukraine);

Lukasiewicz Research Network — New Chemical Syntheses Institute (Pulawy, Poland);

Faculty of Chemical and Process Engineering, Warsaw University of Technology
(Warsaw, Poland);

Department of Informatics and Environment Quality Research, Faculty of Building
Services, Hydro and Environmental Engineering, Warsaw University of Technology (Warsaw,
Poland);

The Nice Institute of Chemistry, Université Cote d’Azur (France);

Scientific Society of Students, Doctoral Candidates and Young Researchers of Lviv
Polytechnic National University (Lviv, Ukraine);

Alumni Association of Lviv Polytechnic National University (Lviv, Ukraine);

Western Scientific Center of National Academy of Sciences of Ukraine and Ministry of
Education and Science of Ukraine (Lviv, Ukraine).

Chemical Technology and Engineering — 2025: Monograph. (Atamanyuk V.M. et al.,
Eds.) — Lviv: Lviv Polytechnic Publishing House, 2025. — 222 p.

ISBN 978-966-994-117-6

© Lviv Polytechnic National University, 2025
ISBN 978-966-994-117-6 © Lviv Polytechnic Publishing House, 2025



INTRODUCTION FROM THE EDITOR-IN-CHIEF

Introduction from the Monograph’s Editor-in-Chief,
the Organizing Committee’s Chairman of the
5 International Scientific Conference «Chemical Technology and Engineering»,
Head of Department of Chemical Engineering,
Lviv Polytechnic National University, DSc, Professor
Volodymyr Atamanyuk

Dear colleagues, authors, and readers!

It is a distinct honor to welcome you to the pages of this collective monograph. This volume
gathers significant research in the fields of chemical technology, engineering, and ecology,
serving as a vital platform for knowledge exchange.

We are publishing this work nearly four years into the full-scale russian invasion. Creating this

monograph amidst such challenges is a powerful demonstration of our dedication to progress.

It is a testament to the fact that, despite the circumstances, the Ukrainian scientific community
stands strong and continues to innovate.

I am sincerely grateful to every author for their contribution to this monograph. I wish you all
fruitful reading, new professional accomplishments, and inspiration.
Let this work be a meaningful step toward a bright future in a peaceful and free Ukraine!
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Mathematical Modeling of Heat and Mass Transfer and Phase
Transformations in the Condensation Zone of a Heat Pipe
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Abstract. A mathematical model and numerical calculation method for the dynamics of heat and mass
transfer in the condensation zone of a cylindrical heat pipe have been developed. The model describes
the combined problem of condensation of working fluid vapor on a metal-fiber capillary-porous
structure, diffusion-filtration transfer of heat and condensate through the wick, condensate removal to
the transport zone, thermal conductivity in the pipe wall, and heat removal from the outer surface of
the wall to the cooling coolant.

Keywords: heat pipe, capillary structure, steam condensation, volumetric concentration of condensate,
cooling intensity.

Introduction

Heat pipes are widely used for thermal stabilization of power equipment, electric motors,
radio electronic devices, aircraft, and spacecraft. This is due to the fact that, firstly, the heat
transfer characteristics of heat pipes are several orders of magnitude higher than those of any
highly thermally conductive material [1]. Secondly, the selection of effective geometric and
operating characteristics for specific operating conditions ensures the removal of heat flows of
any magnitude [2]. The creation of heat pipes and the identification of methods to control their
operation are based on conducting detailed laboratory studies of heat and mass transfer, as well
as phase transformations, depending on the selected geometry of the body, the nature of the
working substance, the conditions of heat supply and removal, and other factors. The use of
mathematical modeling will enable the determination of the optimal operating and structural
characteristics of heat pipes at the design stage.

Results and discussion

The computational domain for which the problem was solved is shown in Fig. 1. It is
slightly simplified for the end of the pipe. This allowed us to limit the use of only a cylindrical
coordinate system for recording the mathematical model.

condensate The steam condenses on the branched surface of the wick, filling
the pores with a vapor-liquid mixture. At the same time, the concentration
of the liquid in the wick increases, and the condensation heat is released.
This process is continuous, as the formed liquid is discharged through the
transport zone into the evaporation zone, where it begins to boil due to
the heat of the surfaces that require thermal stabilization. Thus, the
mathematical model includes differential transport equations of fluid,

Ya

vapor [

vapor, and energy.

)

p — aUﬂ+a(wﬂ,Uﬂ)+6(wﬂyUﬂ):1i[D aUﬂj a( ou }’IV’

pOUn, 2fp O
ot or oy r or or oy oy

Fig. 1. View of the
calculation area.
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Heat transfer in the heat pipe's cylindrical wall is calculated using the Fourier equation

p L 1&@ ra—Tj+i[xa—T] (4)

at r or or oy\ Oy
Here, T — temperature; Upn and Uy — volume concentrations of liquid and steam; ¢ — time; cer—
effective specific volumetric heat capacity of a peat particle, c.s = c,ppWp + caUn + cyUy; b,
cfl, v — specific mass heat capacities of the solid phase, water and steam, p, and Wy — density and
volume fraction of the solid phase, Wy = 1-II, II — porosity; Aer— effective thermal conductivity,
Aot = MWy + AqUn/pa + AvUy/py » py — density, v =fl, v; Da and Dy — diffusion coefficients of
liquid and vapor phases; Iy — the intensity of phase transitions in the body pores; L — latent heat
of phase transitions;w,.r,— effective rate of filtration of the bound substance along the coordinate
r, Werr = [Way cqUp + Wyr ¢y Uy l/Cer, Where wiy, wy,. — filtration rates of liquid and vapor
phases.

The diffusion coefficient of the liquid phase is determined by the formula of N.I.
Nikitenko [3]: Dy = ypplexp(4p / RT)~1] ' where R — universal gas constant, Ap — activation
energy of diffusion transfer, ypn — diffusion coefficient.

Diffusion coefficients for vapor phase components are found according to the well-known
formula [4]: D, =y, T2/ P,, where Py — vapor phase pressure, ypn— diffusion coefficient.

The filtration rates of the liquid wg and vapor wy phases are proportional to the pressure
gradients of the corresponding phase and can be calculated by Darcy's formula w, = -KVP, /u, ,

here y =fl, v; K — permeability of the metal-fiber medium, K = 0,4d7° exp(8,4-107°I1d ;>
[5], drv— diameter of the fibers forming the capillary-porous structure in microns.

The partial pressures Pq and Py are calculated through functions Uy, Uy and T. Pressures of
the vapor phase are found using the equation of state for diluted gases Pv=pyvRul/Lv, here the
partial densities of steam py=U./Y, volume fraction of the vapor and phases ¥,=I1-¥q and Y¥n
= Un/psn. Liquid phase pressure will be Pg=P\tPcp, Where the capillary pressure Peap is
calculated [4] as the average capillary pressure of the liquid. The volume of liquid dV(r),
contained in capillaries with a radius from 7 to »+dr in a unit volume of the body is proportional
to the differential function f{r) of the capillary size distribution and the volume fraction 0(r) of
the capillary, which is occupied by liquid: dV(r)=0(r)f(r)dr. Then, the average value of the
capillary pressure at a given point of the body is represented by an expression similar to the
Laplace equation

=20 (T)mfx 2 r(ryar /mfxemf( ar = 2200 <t (5)

where 7min, #max — minimum and maximum pore radius; »* — characteristic parameter of pore size
dispersion.

The function 6(r,f) in a capillary of radius » at time ¢ is determined by the expression
obtained as the ratio othe cross-sectional area of the capillry occupied by liquid to its total cross-
sectional area (7, t) = nt[r? — (r — §)?]/mr? = 1 — (1 — §/r)?, where § is the thickness of the
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liquid layer on the walls of partially filled capillaries, &5*5=5%(1—y/1-¢) [6], 8* — the average

displacement length of an activated particle in the liquid layer, ¢=P./Ps(T), & = 8/8* when

0<3<8* and 8=1 when 8>0*. The value &* can be considered as the thickness of the
boundary layer. It is adjacent to the free surface of a rather massive condensed body in which the
evaporation process takes place. The saturation pressure was calculated according to the formula
of N.I. Nikitenko [6]: P, = Npv/T[exp(A/R,T) — 1], where Np = 0,4361-10'° kg/(m-s>-K’?),
A=0,4206-10"" J. The values of 4 and N, were be found as a result of the solution of the system
of two equations obtained by writing this equation for two points on the saturation line. They
correspond to the values of 71, Ps1 and 72, Ps; in the table of saturated steam and water,
respectively. The formula for Ps is valid for liquids of various natures and is quite accurate.

The phase transformation intensity is found as the difference between the flows of
evaporating liquid and condensing vapor. For the contact surface of vapor coming from the
heating zone with temperature 7y and humidity ¢v and the wick, the formula [6] has the

y 1 y -1 _gpd*
Gath[ R

Here ¢ — radiation coefficient; v — normal to the boundary surface; 4 — activation energy. The

following form

1 :Yﬂ-v (pb

multiplier @y =3(2—8) represents the relative humidity of the gas-vapor mixture, to which,

according to the sorption isotherm, the volume concentration Un at a given point on the surface
corresponds The condensation intensity in the capillaries of the wick is found by the formula that
follows from (6) under the condition of local thermodynamic equilibrium, according to which
the temperatures of the phases at the point of their contact are the same:

-1
Iy =vqy {exp (%)—1} (pp, —9,)S (7)

where S is the contact area of the liquid and gas phases in the wick pores that are not completely

filled with liquid s = 21 ; i)b ZU fl, derivative dUn/Ogy is determined by differentiating the
P A

desorption isotherm equation.
The boundary conditions for the computational domain (Fig. 1) are formulated as follows.
On the surface =1, MP<y<MK boundary conditions of the third kind occur:

oUy | 9(wy,Uy)| ou, | o(w, U.,)
D fl flr—fl =] . -D v vr~ v - _ ) _ p
! ar r=1 ’ a]" |r:1 e ' al" |V:0 " ai" |v:0 YV,el (Uv r=l pv,e1 v ) 4
or oT
A efE . + W 5 . =0, (T, —T|r:1)+ L1|r:1 (8)

On the borders » = IP, MP < y < MK and y=MP, 1<r <IP only heat transfer occurs. For
the surface r = IP, MP < y < MK the boundary conditions have the following form:
oT

Wil
or

:kefa—T +w or

efr
Tl=ip or

oU,

;
r=IP or

oU,

=0.

b
r=IP or |,_p

r=IP a
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Through the boundary 1<r<IP, y = MK the condensate is continuously removed under the
action of capillary forces into the transport zone, and the change in temperature and volumetric
vapor concentration at this boundary can be neglected: Then the boundary conditions are written
in the following way:

Ay, p ol K PewRe o S g
v y=MK ’ oy y=MK y y=mx Ma oy y=ME oy y=MK ’
aM}vx =0: Gwﬂy :£P|J’ZMK _I%ap (10)
ox |, ’ oy ek M y '

Heat removal from the outer wall of a heat pipe is carried out by free or forced convection.

The implementation of the presented mathematical model, the equations of which contain
convective terms, was carried out by a numerical method based on the three-layer explicit
recalculated difference scheme of Nikitenko M.I. [4]. According to this scheme, on a uniform
difference grid r; =Ro+ ih, (i =1, 2,..., IP; h = const, Ro> 0), yu= mh,, (m = MP, MP+1,..., MK;
hy = const), t,=nl (n =0, 1,..., l > 0) each differential equation is approximated by two
difference equations. The difference approximation of equation (2) is represented in the
following form

(Tt —v N ==[(0U D = 0U ) =00, =0 U ) ) |/ (207) -
J(OnT e - <wVUV>zm)—(<wVUV>Zm ,ml)} (2h2) an
() v ~u )=, (Un,, ~Uit )=~ (0T )0 =0T, ) -

(0T =0T ) [/ (202 ) = [ (0T =0T ) -
~(m T, ) = (w U)lml)} (2h§)+[(DV,.+1 o+ Do U Ui )= 2

_(sz',m Trm + Dy, 1m li=lm )(Un m _U‘r’li—l,m )J/(zri”"hz)+|:(DVi,m+1 +DVz’,m )(U\’}i,mﬂ _U\’}i,m )_
(Pry * Doy (UL, =T )}/(2}@)—@

Similarly, the difference approximations of the differential equations (1) and (3) are

written. The approximation error is of the order O(/+h*). Weight parameter Q, 20 is chosen

-1 _ _
from the stability conditions I, < {(WW Th+w,, /hy) ;(1+ZQW)/[2DW (h ? +hy2 )J} , (v

corresponds to the indices v, fl, 7). The calculation time step is determined from the condition
I <min(l;lg;0).

Fig. 2-5 presents the calculation results. A copper heat pipe was considered. The length of
the condensation zone was taken as 0,25 m, the wall thickness was 0,004 m, the wick thickness
was 0,012 m, the diameter of the fibers of the metal fiber structure was dyv = 20 um and its
porosity IT = 0,7. The following initial physical parameters were taken as: 7o = 10 °C; Uno = 6,98
kg/m®; Pyo =1,187 kPa; Pso = 1,199 kPa; T = 80 °C; T.i = 10 °C; P = 47 kPa; Py = 46,79 kPa; 4 =
Ap = 0,4205-10% J/kmol; Ab = 395 W/(m-K); cv» = 385 J/(kg-K); pb = 8890 kg/m°.
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Sorption isotherm equation for a porous copper structure [7]: W' =W_! —35,5In¢, where

the maximum moisture content Wmax corresponds to the value ¢ = 1 and 7 = 20 °C is equal to
0,45%, and Un= 0,01Wp;

65 70 TT—o— S — o
O 60 c(?’_65 | S B
- 2 60
055 o~ — o =
= T — - —— 0 — 9 ——0 55
™ s0 £ o_"“’-—-3——-0__0__—‘—t=0,5min
o 50 S
=1 —&— t=0,5 min © —o— t=1 min
E 45 —o— t=1 min 845 t=1,5 min|
2 £ —o— t=2 min
Q. 40 = L 40
g \‘\‘_\‘_* t=1,5 min - o\.\‘_\ —o— t=3 min
- 35 o L 35
30 30
. ) 3 4 s . 5 8 1 2 3 4 5 6 7 8
Nodes along the radius of the heat pipe Nodes along the radius of the heat pipe
a) a =10 W/(m’K) b) o =40 W/(m*K)

Fig. 2. Temperature change at some points in time along the Or axis in the wick (i=1, ..., 6)
and the wall (=6, 7, 8) of the heat pipe at the nodal point along the coordinate Oy m=MP+2 (Fig.
1) at different intensities of heat transfer from the outer wall.

The wall thickness of the heat pipe was assumed to be greater than its real value. This was
done for reasons of increasing the calculation time step 1 and reducing the duration of each
numerical experiment. However, the temperature difference in the copper wall (at nodal points 6,
7, and 8) at small heat transfer coefficients is less than 0,5 °C.

The transition from free convection during cooling of the heat pipe to forced movement of
cooling air with a temperature of 10 °C is not very noticeably reflected in the temperature
distribution in the wick-wall system of the heat pipe, but still, in case (2), the temperature
difference in the sections i = 1 and i = 8 is 1-2 degrees greater.

700 q “
Y- o :
° w600 —e— t=0,5 min
cm 600 g E —_—t= i
2 E —e—t=0,5 min = 500 —Oo—t=1 min
® £ 500 g = t=1,5 min
s X —o— t=1min g2 o
R~ a —O t=]
8 9 400 t=1,5 min g 4o t=2 min
e s 5= - @ —t=3 min
8 3 300 o= 300
23 s
+ T 200 o = 200
g 0 E o
= 3 L
=2 % 100 e 100
3 S "
0 — e —— : 0 = o
1 2 3 4 S 6 1 2 3 4 5 6
Nodal points in the wick along the Or Nodal points in the wick along the Or
a) o =10 W/(m?K) b) o =40 W/(m?K)
Fig. 3. Change of Un in a porous wick (i=1, ..., 6) at some moments of time along the Or

axis at the nodal point along the coordinate Oy m=MP+2 (fig.1) at different intensities of heat
transfer from the outer wall.

When heat removal is intensified, the rate of filling of the capillaries of the porous layer
slows down somewhat: for example, at the nodal point =2, the volumetric concentration of the
liquid phase Un at time t=1,5 min is 169,7 kg/m? for case (a) and 166,4 kg/m? for case (b).

The results of calculating the change in time of the temperature and volumetric
concentration of the liquid phase at some nodal points, where the point m=5=MP+2, and
m=12=MK.-2 (Fig. 1) for different cooling conditions, are presented in Figs. 4 and 5.
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e ——— ——— — - — —
o w ® A e
o : ” i’
£ s0 2 / o
& s / ——T(IP,5) 2
© 40 g s ——T(1,5)
Q. J @ T(IK,5) g.
o [
§ 30 1 s8 = ——T(IP,5)
()
——T(IP,5) 15 17 19 21 23 25 = T(K,5)
20 T(IK,5) Time, min
10 ¢ 1,5 2 2,5 3
0 1 2 3 4 5 6 7 8 X
Time, min Time, min

a) o =40 W/(m*K)

b) a = 1000 W/(m?K)
Fig. 4. Time change of temperature at some nodal points of the wick-wall system at different
intensities of heat transfer o from the outer wall of the heat pipe.

When the heat transfer coefficient from the outer surface of the condensation zone pipe
increases to 1000 W/(m?K), the temperature change along the wall thickness between the points
i =P and i = IK (fig. 1) becomes more noticeable.
Reaching the set temperature regime with an increase in the heat transfer coefficient to

1000 W/(m*K) occurs much more quickly. Meanwhile, the filling of the porous structure with
condensate is extremely uneven, decreasing from the MK section to the MP section (Fig. 5). In
addition, with intensive heat removal, the heat pipe wall cools rapidly, which slows down the

intensity of mass transfer in the oppression capillaries.

o~ 700
'8 200 P V= = = =D == - = = o) )
=
§ @ / § 0 | ——ui2s) y
-
S / © = — /
© = s00 ’ Eg™ ——U(2,12) 5
£E l 8 S 400 u(s,5) /.
Oy 400 U(2,5) Q =) Y,
)
cZ
S2 00 -°-U(2,12) O 'S 300 iS22 //
o g’ =4 g _-
5 200 u(s.S) £ o 200 -
e g o _ =
2s ——U(5,12) ES _»
g 100 5 100 _
o) (=] e
g S .
0 1 2 3 a 5 6 7 0 0,5 1 15 5 25
Time, min Time, min

a) o =40 W/(m’K) b) o = W/(m?K)
Fig. 5. Time change of the volumetric concentration of the liquid phase at some nodal points
of the wick-wall system at different intensities of heat transfer o from the outer wall of the heat

pipe.
Conclusions

The developed mathematical model of heat transfer dynamics in the condensation zone of a
cylindrical heat pipe with a metal-fibrous capillary-porous structure and the method of its
implementation show adequate qualitative results and can be useful in analyzing various
influencing factors on the efficiency of the heat pipe when designing or selecting operating
modes. To obtain reliable quantitative results of the dynamics of heat and mass transfer in the
condensation zone, it is necessary to refine the coefficients of mass transfer characteristics

included in the mathematical model, depending on the porosity of the wick and the nature of the
coolant.
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MacooOmin Iliguac Posunnennst Terpadropodopary AmoHiro 3a Teopiero
JlokanbHoi I3oTponnoi TypOysenTHOCTI

Onexcannp Kysuk!, SIpocnas I'yMHuIbKHI

1. Kadenpa ximiunoi inxenepii, Hamionansuuit yrisepcutet «JIbiBchbka nomitexnika», YKPATHA,
M. JIsBiB, Byn. bannmepu, 12, Email: Oleksandr.O.Kuzyk@lpnu.ua

2. Kadenpa exonoriuHoi 6e3nexu Ta MpUPOI0OXOPOHHOT MismbHOCTI, HarlionansHuUH yHiBepcuTeT «JIbBiBChKa
nonitexHikay, YKPATHA, m. JTsBiB, Byn. Bannepn, 12, Email: jgumnitsky@ukr.net

Anomauia. /locnioiiceno macoodmin niovac po3uuneHHs mempagmopoopamy amoHilo 6 3a1eiHcHocmi
6i0 memnepamypu po3uuny i yacmomu odepmanusa miwanku. Koegpivienmu macoeiooaui oynu
EeKCnepuUMenmaibHo 6U3HAYeHi i NOPIGHAHI 3 meopemuuno eusnavenumu. Ompumana po3paxynkosea
3aN1eHCHICMb, W0 8PAX0BYE MEMNEPAMYPY POZUUHY | HACMOMY 00ePMAHH MIMATIKU .

KitouoBi croBa: koedinieHT MacoBingayi, TeTpadTopobopaT aMOHII0, PO3YMHEHHS, JIONAaTEeBa MilaNKa,
MEXaHIUHe TMepeMinTyBaHHs, audy3isd, dYacToTra, TeMIeparypa po34YHHY, JIOKaJbHAa 130TPOITHA
TypOYJICHTHICTD.

Beryn

TerpadTopobopar amoniro (TDPBA) € BakIUBOIO CHOJYKOI 3 PI3HOMaHITHUM
3aCTOCYBAaHHSIM Yy 0aratboX TaJy3sx NMPOMHCIIOBOCTI, BKIIIOYAIOUN EJIEKTPOHIKY, BUPOOHHUIITBO
CKJIa Ta 00pOoOKy MeTalry. Y eJIeKTPOHILl JaHa CHoIyKa BIIrpae KIOUOBY POJib Y BUPOOHUIITBI
HAMIBIPOBIIHUKIB 1 JPYKOBAHUX IUIAT, NOCWIIOIOYM aJre3if0 3axXxMCHUX MOKPUTTIB. Y
MIPOMHUCIIOBOCTI, TOB’si3aHiil 3 BUTOTOBIEHHSM ckiia, TOBA 3acTOCOBYIOTH AJIs TMiABHUINEHHS
MIITHOCTI Ta SKOCTI CKJISHHUX BHpOOiB, TOAI SK y 0OpoOIi Meramy CIHOMyKa CIIpHse
BJIOCKOHAJICHHIO BJIACTUBOCTEHN MOBEPXHi, 320€3MeUyI0un MOJIIpOBaHE Ta JOBIOBIYHE MOKPUTTSL.
OCKUTBKM TIONUT Ha BHUCOKOS(EKTHUBHI Marepiaii TPOJOBXKYE 3pOCTAaTH, aJalTHBHICTH Ta
e(ekTuBHICTh TeTpadTOpOOpaTy aMmoHII0 poOOJATh HWOTO HE3aMIHHHUM KOMIIOHCHTOM Y
Cy4yaCHOMY BUPOOHMIITBI.

Benukoro nepeBaror MiHEpaJbHHUX CIIONYK € iX TpaauIliiHa 1 Ay)e 3py4yHa (hopma moaadi
y BUIISAAI TpaHyl. PeyoBMHM B TpaHyJlbOBAaHOMY BHIJISII BOJOAIIOTH Kpamumu (i3uKo-
XIMIYHAMH BIACTHBOCTSMHU B TIOPIBHSHHI 3 MOPOMIKOMOAIOHOK (opmoro. ['panymsilis 3Ha4HO
3HMXKY€ BIACTUBOCTI TPOIYKTY [0 3J€XKYyBaHHSA, 1 THM CaMUM CHpOILye 30epiraHus,
TPaHCHOPTYBaHHS 1 Jo3yBaHHS [1].

Orasa gitepatypu

CycrieH3iss TBEpAMX PEUOBMH Yy amaparax 3 MEXaHIYHHM IepeMINTyBaHHSAM BiJlirpae
BUpIMIAIBHY POJIb Y PI3HUX MTPOMHUCIIOBHUX MPOIECaX TBEPAE TIIO-PIUHA, TAKUX K POIUYMHEHHS
Ta BIUIyroByBaHHs. OCOOJMBO BAXIIMBUMU U1 IHTeHCU(]IKAIIIT IPOIIECIB € CTaH, KOJIM CyCHeH31l
3 BHCOKOIO KOHIICHTPAILI€I0 TBEPAMX PEYOBUH OOPOOISAIOTHCS Ui MiABUIICHHS MPOIYCKHOL
3MaTHOCTI Ha OJUHMILIO 00'eMy Oe€3 3HAUYHMX 3MiH B ICHYIOWid CTpyKTypi. JloCsSTHEHHS
HiBIIEHOTO CTaHy B TaKMX CHCTEMax BHMAarae 3HA4YHOTO 301JIbIIEHHS YacCTOTH OOEpTaHHS
MIIIaJKA Ta CHOXXUBaHHA OUIbINOl eHeprii. OfgHak e He 00OB'SI3KOBO T'apaHTy€e MOIMIICHHS
MacooOMiHy MK TBEPJHM TiJIOM Ta PiTUHOIO.

Jlnst BUBYEHHS TIPOIIECIiB MAaCOOOMIHY B CHUCTEMax TBEpJIE TIIO - piMHA 3alpOINOHOBaHI
YUCJICHHI METOJMKH, PO3PAaXyHKOBI 3aJIeKHOCTI 1 TEOpEeTHYHI Momeni. 30Kpema, Teopist
130TponHOi TypOysieHTHOCTI [2, 3] Ta Teopis MIBUAKOCTI KOB3aHHs [4] Oynm 3acTOCOBaHi s
MOJICITIOBAHHS TEPEHECEHHS MacH BiJ YaCTUHOK N0 pimvHu. OHAaK Il Teopii 1 po3paxyHKOBI
3aJIe)KHOCTI 3aCHOBaHI Ha KOHKPETHUX NPUIYLICHHAX 1 CIPOLICHHAX. Y pe3yibTaTi psij
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JOCITITHUKIB 30CEpeANITUCS Ha OLIHII TOYHOCTI IIMX MOZENEH MmiJ4ac MpOrHO3yBaHHI MPOIIECIB
PO3UMHEHHA B MPOMHUCIOBHX MacuiTa0ax amapaTiB 3 TNepeMillyBaHHAM [5] 1 BHABICHHI
3aJIeKHOCTI MiXK JllaMeTpoM poOOYoro Kojeca i po3mipoM amaparty [6].

BinbmricTe 3rajmaHuxX MOCHiIKEHb Oylu TPOBEICHI 3 BUKOPUCTAHHSIM OJHIE] YaCTUHKHU
chepuuyHoi dopmu ab0 HEpyXOoMOro mapy pedoBHHU. OpUTIHAIBHICTE 1 HOBU3HA JIaHOTO
JIOCJTIJDKEHHS TIOJIATA€ B TOMY, IO YaCTHHKH ChepuvHOi (HOpMH, SKI MU TOCTIIHIN, BiIHHO
MEePEMIIIYIOThCS BCEPEIHHI anapaTy, B3a€EMOJIIOTh OJHA 3 OJHOIO 1 BCTYIAKOTh B KOHTAaKT 3
pimuHoro. Takuii miaxig ORI TOYHO BigoOpakae MpOIeC PO3YMHEHHS Miadac MEXaHIYHOTO
nepeMilTyBaHHi1 B MPOMHUCIIOBUX YMOBaX.

Crhin 3ayBaKUTH, IO y HAYKOBIH JiTepaTypi HiAKPECTIOETHCS BaXJIMBICTh BHBUCHHS
IpoIleCciB MacoOOOMiHYy B CHCTEMax TBEpAE TiJIO - PIAMHA, a TaKOX IPOTHO3YBAaHHS METOJIiB
iHTeHCU(IKaLii UX MPOILECIB 1 BUKOPUCTAHHS MAaTEMAaTUYHUX MOJIENCH I MPOTHO3YBAHHS Ta
MacimTaOyBaHHS MPOIIECIB POZYUHEHHS Y BUPOOHUIITBI .

ExcnepumeHTanibHa YacTHHA

YV po6oTi pencTaBiieHi pe3yJbTaTH €KCIIEPUMEHTATBHUX TOCHIKEHb MAaCOOOMIHY ITiT4ac
KOJIEKTUBHOTO PO3UYMHEHHS TpaHysa TerpadTopoOopary aMoHIIO MIIAXOM MEXaHIYHOTO
nepeMilTyBaHHs, BIIMOBITHO 710 T€OPii 130TPOMHOI TypOyaeHTHOCTI. J{oCTiIKeHHS MPOBOAMIOCS
3a PI3HMX TEMIepaTyp 1 4acTOT OOepTaHHS MIIANKH, 110 OyJaM 3yMOBJEHI IpOIlecaMu, fKi
3aCTOCOBYIOTHCS Y XIMIUHIH IPOMHUCIIOBOCTI.

MeTtonuka eKCepUMEHTATBHOI YaCTUHU JOCTIKEHHST HaBeneHa B [7]. 3rigHO 3 1€ XK
METOMKOI0, eKCIEPUMEHTH NpoBoAuiaucs 3a temmeparyp 293, 303, 313 i 323 K i gacror
obepranusa mimanku 1,67, 3,33, 516,67 ¢.

Teopernyna yacTuHa

Po3spaxyHok koediiieHTa MacooOMiHy B TIpolleci pO3YMHEHHS 3aCHOBAaHWN Ha
KIHETUYHOMY PIBHSIHHI MacOOOMIHY:

Z=B-F-(C-C). (1)

ne M — maca yacTuHKY chepudHoi popMu B MOMEHT BUMIPIOBAaHHS, KT

C,, Cs— MOTOYHA KOHIIEHTpALlisl i KOHIeHTpaIlis HacuuenHs TOBA B posunHi, Kr/m;
f— xoedimieHT Maconepeaayi magac pO3YMHEHHS, M/C;

F— niomma noBepxHi 4acTHHKHU chepudnoi Gpopmu, M2;

Iaterpytoun piBHsiHHS (1) B Mexax 3MiHM 4Yacy Big O 10 T, OTpHUMAEMO HACTyIHY

3aJISKHICTh KOe(illieHTa MacoNepeHOCy BiJl 4acy PO3YMHEHHS:

Mg—M

P =rc @
ne My— nouarkoBa maca TDOBA, kr;
T — vac nepedyBaHHs yacTUHKH cpepuunoi hopmu TOBA B anapari, c;
CepenHs MOBEpXHS KyJb, 110 OEpyTh y4acTh Y MacOOOMiHI, BU3HAYAIACA 3aJICKHICTIO:
Fj =yt 3)
2
nei=1,2,3 ... 10 - mpomikoOK 4Yacy, mpoBefaeHn yacTuHKamMu cepuunoi popmu TOBA B

amapari;
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j=12,3 ... 5 — kinpkicTh yacTHHKH chepuynoi dopmu TDBA, mo OepyTh ydacTh B

€KCIIEPUMEHTI.

d; — niametp yactunku cpepuunoi popmu TOBA, B MOMeHT Hacy,T;

d;_1 — niametp yactTuHku chepuunoi popmu TOBA Ha mMOYaTKOBHIT MOMEHT E€KCIIEPUMEHTY.
Konnenrparito TOBA B po34uHi 3a IEBHUI MPOMIKOK Yacy BH3HAYAIH 3 3aJICKHOCTI:

C, = , (4)
Cepenne 3HauenHs KoHueHTpauii TOBA B po3unHi BU3HAYAIM 32 HACTYITHUM PiBHSIHHSM:

Cr =yttt (5)
ne C,— norouyna koureHrpaiisi TOBA B po3uusi, kr/M(Cy = 0,7 = 0),
W — o6'em pigunu B anapari. W = 2,5- 1073, m3
Jns  TOpIBHSAHHS ~ €KCIIEPUMEHTAJIbHO BHU3HAYEHOTO Koe(]illieHTa 3 TEOPETHUYHO
po3paxoBaHUM OyB OOpaHHIl TEOPETUYHHUI METOJM, 3aCHOBAaHUI Ha TEOpil JIOKAJTHHO 130TPOITHOL
TypOyneHTHocTi. [IpenMerom MoaenoBaHHS TYpOYJIEHTHOCTI € HECKIHYCHHE YHCIIO 3B'SI3KIB MK
OKpEMUMH YaCTHMHKAMH CHCTEMH, B pe3yJbTaTi 4YOro BHHUKAIOTh MPOIECH MacoOOMiHY,
iMIyJbCy, eHeprii 1 Temya. 3a3BU4ail 1i B3aeMOJil XapakTepHi /i TypOYJIEHTHOTO MOTOKy. B
YMOBax MEXaHIYHOTO TMepeMilTyBaHHs KOEQIlIEHT MacoOOMiHYy BHW3HA4YaBCS 3 3aJICKHOCTI,
HaBeJIeHO1 B [8]:

1
- 3

Brr = 0267 - (& %) .Sc7a, (6)

Je £y— MATOMA MIBUIKICTh PO3CiFOBaHHs, BT/KT;
p — T'yCTHHA PiMHM KI/M>;
W — AuHAMIYHA B'S3KICTh piauHu, [lac;
Sc —gucino ImMigra;
Uucno [lImiara BusHauanmu 3a Gopmymor:

v
Sc = E, (7)

e V— koe(illieHT KiHeMaTH4HOI B'A3KOCTi PO3UMHHHKA, M/C;
D — xoedinieHT Monexynsaproi audysii TOBA B posunsi, m?/c.
Koedimient audy3ii OyB Bu3HaueHMi 32 MeTogoM Binbke - Uenra [9], 3 piBHSIHHS:

. 1/,.
D, = 7.4- 1070 [ 2] (8)

2
%
ne DY, — koediuieHT B3aeMHOT 1udy3il peHOBHHM, BiANIOBIHO PEYOBHHH 1, [0 POZUMHAIOTH Y
PO3UMHHHKY 2 32 Jy’Ke HU3bKOI KOHIIEHTpAIlii PeYOBUHH, IKY PO3UMHAIOTH, CM2/C;

M,— MonekysipHa Maca pO3YMHHHKA, a.y.M.;

T — Temnepartypa, K;

V, — MonbHHII 00'eM pPO3YMHY 32 HOrO HOPMANbHOI TEeMIeEpaTypH KHITiHHSA, M>/MOJb
(BU3HavaeThcs rpynoBUMH KoMrioHeHTamu Jle ba);

(@ — «mapaMmeTp acoriarii» po3unHHHKa (7151 Boau = 2,6, [9]);
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[TuToMy eHepris po3CilOBaHHS BH3HAYalHM 3a BUTPATOIO MOTYXXHOCTI Ha MEpEMilllyBaHHS

BiJTHECEHUM JI0 MacH PiIMHU B 00’ €Mi amapary.
[oTy>XHICTh MepeMilllyBaHHS MEXaHIUYHOI MIIIaJIKU BU3HaYau 3a [§8]:

N =Ky-p-n®-dy, )

ne Ky - koedimieHT mepeminryBaHHs, 1110 BU3HAYABCS YKHCIIOM PeliHombCa;
dj— oiameTp JionaTei MilllaiKy, M;
7 —YacToTa 06epTiB Mimanku ¢,
[TuToMe 3HaUEHHS eHeprii po3CilOBaHHs HA OJMHUIII0 MAaCcH PiAMHU 3TiTHO [8]:

g0 =~ (10)

ne V — 06'eM piauHU, M*;
N— noTyXHicTh 3MillyBaHHs, BT.

Pe3yabTaTu pociaigkeHHst

3HaveHHs KoedillieHTa MacOoOOMIHY pO3paxOBaHOTO TEOPETHYHO 3 PIiBHSAHHA (6) Lrr 1

eKCIepUMEHTaJIbHO OTpUMaHi [, 3BeneHi Ha Puc 1.

. 104 . 104
Be " 10%, Brr - 10* A
Oy T T 3.0
3 * T=323K ’
1 a T=313K %
605 ® T=303K / 26
Y1+ T=203K |« :
] ) /'// e
E +
4.0 3 et 22 P
< T
g el 1.8 4+
e
2.0
] 1.4
00 1.0
0.0 2.0 4.0 6.0 8.0 :
: L 290.0 300.0 310.0 320.0 330.0
n,c T.K
9

Puc. 1. 3anexHicTh KoedilieHTIB
MacooOMiHy . Ta Brr BiJ 4aCTOTH
o0epTaHHs MIIIAJIKH 1 TEMIIEpaTypu

Puc. 2. 3anexHicTs kKoedimieHTa
arpokcuMalii A Bijf TeMneparypu
po3unHHuKa T.
pO3YHHY.
3anexxHicTh KoedilieHTa MacOOOMIHY BiJl YaCTOTH OOEPTAaHHS MIIIAJIKH 1 TEMIIEpaTypy B

3araJbHOMY BHUTJISA/II MOYKHA TMPEJICTABUTH Y BUTJISII:

Bnr = f(0,T) (11)

Jns BU3HAuUEHHs BIUIMBY TEeMIEpaTypd Ha Koe(]illieHT MacooOMiHy pe3ysbTaTH
EKCIepPUMEHTIB OyJM MpeACTaBjIeHI y BUTIAAL rpadiunHoi 3anexxHocTi Puc.2 i anpokcuMyBaBIIn
iX eKCIIOHEHIIIaTFHOO 3aJICKHICTIO, MU OTPUMAIH 3AJICKHICTh KOedillieHTa A BiJ TeMIepaTypH.

Jns mpoOTHO3YBaHHS TMPOIECY PO3YMHEHHS dYacTUHOK chepuunoi (opmu TDBA B
3aJISKHOCTI BiJ] TEMIIEPaTypd PO3YMHY 1 YacTOTH OOepTaHHA Millankd Oyja oTpuMaHa

PO3PaxXyHKOBA 3AJICKHICTb:

CHEMICAL TECHNOLOGY AND ENGINEERING - 2025: MONOGRAPH, LVIV, UKRAINE

17



18

DEVELOPMENT, ENERGY AND RESOURCE SAVING IN THE CHEMICAL AND FOOD TECHNOLOGIES

Pnr = 2.2 1076 - exp (0.015-T) - n045 (12)

BuxopuctoBytoun piBHSHHS (12) 1 €eKCIIEpUMEHTALHO OTPUMaHI PE3yJbTaTH, 3aJICKHICTD
koedimienTa Macomnepenaui [, 1 €KCIIEPUMEHTAIBLHO OTPUMAHOTO KOedillieHTa BiJ YaCTOTH
P mepeMinyBaHHs peCTaBIeHa Ha PHC. 3.

Ha pucynky 4 moka3aHO BIIXWJIECHHS OTPUMaHUX 3HAYEHb [5,, 3a 3ayexHicTiO (12) Bixg
TEOPETUYHO PO3PAXOBAHOTO 3HAUYCHHS [Srr 32 3aJIeKHICTIO (6).

AOCONIOTHE 3HAYEHHS BIJIHOCHOI MOXWOKHM BIIXWJICHHS EKCIIEPUMEHTAILHO OTPUMAaHUX
3Ha4YeHb KOe(illieHTa MaCOOOMIHY BiJl TEOPETUYHO PO3PaXOBAHUX 3HAUEHB 3a 3aJICKHOCTIMU (6)
1 (12) cranoButh MeHme 5%, L0 € JOMYCTHUMOIO IMOXMOKOI sl MpoleciB MacooOMiHY B
XIMIYHIH, (papMalleBTUYHIN Ta XapuoOBiid MPOMHUCIOBOCTI.

:Be -10* lﬁnT -10* :Bn'r -10*
8.0 —— 8
+ TS323K ,
T 4 TS313K
6o ® T=303K L] ]
04— 4 103K .~
et . &
< |+ '
40 // 4 o
% e ] : / f
2.0 /4 2 #
/ i
0.0 0
0.0 2.0 40 6.0 8.0 0O 1 2 3 4 5 6 7 8
n, ¢’ Brr - 10°

Puic. 3. 3anexkuicts koedimienTin Puc. 4. BigxuieHHs: OTpUMaHUX 3HAYCHB 3,1

MACO0OMIHY B i By BiL 4ACTOTH 3a 3a1eXHOCTAMHU (12) Big TEOPETUIHO
o0epTaHHs MIIIAJIKH 1 TEMIIEpaTypu

PO3YMHHUKA.

po3paxoBaHuUX BrT 32 3aTEKHICTIO (0).

Cnig 3a3HaunTd, MmO 3aiuexHIcTh (12) nHabaraTo TpOCTiIE BUKOPUCTOBYBATH Yy
MPOMHUCIIOBOCTI, HIXK 3aJeXKHICTH (6), 1 abCONOTHA MOXUOKA MiIX OTPHUMAHUMHU 3HAYCHHSIMH €
NPUHHATHOIO I TMPOEKTYBAaHHA Ta ONTHMI3aIii TMPOIECiB  MacoOOMiHYy  XIMIYHOI,
(apMarieBTUYHOI Ta IHIIKUX TaTy3sSX MPOMHUCIOBOCTI.

Bucunosxu

Hocnimkeno kiHeTuky po3uuHeHHs TDOBA B 3aneXHOCTI BiJ TeMmIepaTypH pPO3UYHHY 1
yacToTn oO0epTanHs Mimanku. Koedimientn MacooOMiHy Oy €KCIepUMEHTaIbHO BHU3HAYCHI 1
MOPIBHSIHI 3 TEOPETUIHO BU3HAUeHUMU (puc. 1,3).

OTpumaHO NPUHHATHY JUIS IPOMHUCIOBOTO BUKOPUCTAHHS 3aexHicTh (12), mo no3BoJse
nepenbauntu mporec pozunHeHHs TDOBA 3a  3amaHux Temmeparypu pO3YMHY 1 YacTOTH
00epTaHHS MIIITaJIKH.

OtpumaHi pe3yapTaTd HIATBEPIXKYIOTh 3HAYHUN BIUIMB KOHCTPYKTHBHHUX IapaMeTpiB
peaxkTopa Ta YMOB INEpeMilllyBaHHS Ha MpoLeC MacooOMiHy B CHCTEMi TBeple Tijo-piguHa. B
UIOMY OTpPUMAaHI pe3yJbTaTH JMAOCIIPKEHHS JO03BOJIIOTh MaTeMaTHYHO 3MOJEIIOBAaTH Ta
ONTUMI3yBaTH MPOIECH MAacOOOMiHY B CHCTeMax TBEpHE TUIO-piinHA, IO B CBOIO YEpry Jae
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MOYJIMBICTh JOJATKOBO ONTHUMI3yBaTH TEXHOJIOTIYHI MPOIECH B XiIMIYHIM MPOMMCIOBOCTI Ta

3a0€3MeYNTH  3HIDKCHHS  €HEPrOBHTpPAT TMPOIECYy PO3YMHEHHS IMa4ac  MEXaHIYHOTO

nepeMilryBaHHs.
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Abstract. The aim of our work was to investigate the possibility of obtaining marketable products
(fibrous and microcrystalline cellulose, cellulose acetate, lignosulfonates, oxyaldehydes, fertilizers and
primings, etc.) from renewable lignocellulosic raw materials and their wastes.

Keywords: lignocellulosic raw materials, fibrous cellulose, microcrystalline cellulose, cellulose acetate,
lignosulfonates, organo-mineral fertilizers, silica.

Introduction

Historically, biomass has been widely used primarily as an energy source [1, 2]. The most
straightforward approach today is to produce synthesis gas from biomass, followed by its
subsequent processing into the necessary products. But this process is quite energy-intensive,
difficult to operate, and not always advisable [3, 4]. Among the thermal methods, there are more
rational ones, which involve the controlled thermal decomposition of the raw material, allowing
for the production of acetic acid, acetone, and other ketones, methanol, turpentine, terpenes,
hydroxyacetone, and formaldehyde. It is also a valuable chemical raw material for the production
of almost all petrochemical synthesis products. To date, 20 basic compounds have been
identified, which are sufficient for the manufacture of almost the entire range of chemical
industry products and which can be obtained from plant biomass [5, 6]. Twelve of them can be
synthesized from sugars that are part of plant biomass. The 1,4-dicarboxylic acids include
succinic, fumaric, malic, 2,5-furan-dicarboxylic, propionic, aspartic, glutaric, glutamic, and
levulinic acids. Additionally, 3-hydroxybutyrolactone is a lactone, and the alcohols include
glycerol, sorbitol, and xylitol. Itaconic acid completes the list of these compounds [5].
Ultimately, the current state of fossil fuels has emphasized the future development of the
chemical industry market, which is predominantly focused on plant biomass. The attention paid
to renewables in recent decades is reflected in numerous scientific reports [7-15].

Given that agriculture is a major sector of Ukraine’s economy, it is expedient to seek ways
of obtaining marketable products from lignocellulosic raw materials and their waste.
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Materials and methods

The domestic lignocellulosic raw materials selected were its waste, as well as industrial
crops, namely tree crowns (poplar, oak, birch, linden, chestnut, maple), green waste from
mowing lawn grass and forbs, fallen leaves (poplar, oak, birch, linden, chestnut, maple),
agricultural waste (wheat, barley, rye, oat, rapeseed, soybean straw, corn and sunflower stalks,
rice husks, corn cobs) and industrial crops (giant miscanthus, sugar and Chinese miscanthus,
sugar sorghum, switchgrass, flax and hemp) (Fig. 1). The contents of cellulose, hemicellulose,
lignin and other chemical components in lignocellulosic raw materials were determined by
standard chemical analysis, described earlier [16, 17]. All chemical analyses were carried out
twice, allowing for the calculation of mean values and standard deviations, which do not exceed
5%. The inorganic components were determined using Expert 3L XRF (INAM, Ukraine). The
phase identification of the products was examined using X-ray diffraction (XRD) with a
MiniFlex 300/600 diffractometer (Rigaku, Japan). The diffraction patterns were recorded using
Cu-Koa radiation (A = 0.15418 nm), the operating voltage of 40 kV and a current of 15 mA. XRD
pattern of samples was obtained in the 20 range between 2° and 80° with a step of 0.02°. FTIR
analysis of the obtained products was performed using IRAffinity-1S FTIR spectrometer
(Shimadzu, Japan) equipped with a Quest ATR Diamond GS-10800X (Specac, UK) within the
wavenumber range of 4000 to 400 cm™'. The porous properties of the products were studied
using N> adsorption at —195.8 °C on the specific surface area and porosity analyzer Nova 1200e
(Quantachrome, USA). Prior to analysis, 0.23-0.24 g of sample was degassed at 120 °C for 3 h to
remove previously adsorbed gases and dead space using a vacuum pump, then cooled to room
temperature. NovaWin 11.04 software was used to calculate the parameters of the porous
structure, namely, the specific surface area of Sger (multipoint BET method in the range of p/po
0.03-0.65); the specific surface area without taking into account micropores S; and the volume of
micropores Vimicro - by the t-method (Ve-Smicro - alpha-S method), as well as the specific surface
area of micropores - by the formula Simico = Seer - St; some of these parameters were also
calculated by the DFT method, as was the pore size distribution using selected models. The
surface morphology was investigated using an atomic force microscope (AFM) NT-206
(Company with double liability “Microtestmachines”, Belarus) equipped with a standard tip
CSC37 and a rigidity of the console of 0.3-0.6 N/m. The scan was performed in contact static
mode at 10 um/s with a step size of 0.3 nm. Samples (4 mg) after grinding for 10 min (only for
powders) were stirred in ethyl alcohol (5 ml) for 15 min. The resulting suspension (0.25 mL) was
applied to quartz glass and dried at 50°C to a constant weight. Then the scan was performed on
AFM. The scanning electron microscopy (SEM) images were taken using a Zeiss Evo-10 (Carl
Zeiss Microscopy, USA) microscope working at 20.0 kV. Thermogravimetric analysis (TGA)
and differential scanning calorimetric analysis (DSC) were performed with a PT1600 TG-
DTA/DSC (STA Simultaneous Thermal Analysis, LINSEIS Messgeridte GmbH, Germany). The
samples (13.0 £ 0.1 mg) were collected in a standard corundum pan. The scan was run at 5
°C/min under a flow of air. The mass change was measured over the temperature range of 15.8 to
100 °C. The sample was analysed three times.
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Fig. 1. Domestic air-dry lignocellulosic raw materials and their wastes: tree crowns (poplar
(a), oak (b), birch (c), linden (d), chestnut (e), maple (f)), green waste from mowing lawn grass
(g) and forbs (h), fallen leaves (poplar (i), oak (j), birch (k), linden (1), chestnut (m), maple (n)),
agricultural waste (wheat (0), barley (p), rye (q), oat (r), rapeseed (s), soybean straw (t), corn (u)
and sunflower stalks (v), rice husks (w), corn cobs (x)) and industrial crops (giant miscanthus
(y), sugar (z) and Chinese miscanthus (aa), sugar sorghum (ab), switchgrass (ac), flax (ad) and

hemp fiber (ae) and hurd (af)).
Results

Chemical analysis of tree crowning waste (poplar, oak, birch, linden, chestnut, maple),
green waste from mowing lawn grass and forbs, fallen leaves (poplar, oak, birch, linden,
chestnut, maple), agricultural waste (wheat, barley, rye, oat, rapeseed, soybean straw, corn and
sunflower stalks, rice husks, corn cobs) and industrial crops (giant miscanthus, sugar and
Chinese miscanthus, sugar sorghum, switchgrass, flax and hemp) was carried out. The research
results are presented in Table 1. The chemical composition of the ash from these lignocellulosic
raw materials (inorganic components), as determined by XRF, is shown in Table 2.

Table 1
Composition of lignocellulosic biomass and their wastes, % mass in a.d.m.
Raw material Ash [Pitches [Water-soluble |Cellulose [Hemi- Lignin |Other
and fats [substances cellulose

Hemp hurd 2.7 0.7 3.8 48.4 25.8 20.9 0.4
Hemp fiber 1.5 0.8 5.3 85.3 6.3 2.1 0.2
Flax 54 |19 8.75 48.0 27.1 14.06  0.19
Switchgrass 54 R0 7.7 46.7 23.0 13.8 1.4
‘Wheat straw 6.5 |1.2 14.5 46.5 12.9 24.6 0.3
Rye straw 6.2 |1.8 7.7 46.1 15.5 28.8 0.1
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Rape straw 8.0 109 3.0 43.7 16.7 35.5 0.2
Barley straw 7.6 |1.2 7,2 50.0 24.2 17.1 0.3
Oats straw 7.1 2.1 16.1 40.2 10.0 31.2 0.4
Corn straw 9.0 |[L.5 19.8 36,9 11.9 29.7 0.2
Sunflower straw 147 R2.5 16.1 27.5 10.3 43.5 0.1
Soybean straw 4.4 0.9 4.0 46.9 11.6 36.3 0.3
Rice husk 182 0.3 8.2 39.7 13.3 20.2 0.1
Corn cobs 1.5 0.5 4.2 43.2 26.4 23.4 0.8
Poplar branches 6.73 [5.12 22.57 23.24 21.06 20.85 0.43
Oak branches 6.94 4.00 21.07 21.71 16.35 29.41 |0.52
Birch branches 5.79 (.73 18.42 16.95 27.87 21.65 |0.59
Linden branches 11.14 5.35 22.81 20.67 19.85 20.00 [0.18
Chestnut branches 9.98 [3.29 17.96 18.95 25.81 24.00 0.34
Maple branches 9.01 K4.73 17.97 19.43 28.73 20.36  0.20
Poplar leaves 14.94 |5.33 11.70 25.71 16.74 25.76  0.62
Oak leaves 8.44 9.82 17.61 16.77 21.88 25.30 |1.01
Birch leaves 31.17 |14.71 8.67 21.88 15.38 12.58 0.20
Linden leaves 18.53 |5.68 4.68 25.65 24.37 21.60 0.54
Chestnut leaves 14.07 [7.44 8.08 21.97 24.89 23.90 |0.70
Maple leaves 13.14 9.44 10.98 19.74 31.84 14.62 |0.24
Lawn grass 17.53 5.99 16.02 21.12 23.22 17.06 0.11
Roadside grass 31.63 6.00 13.76 16.88 23.23 10.25 |0.15
Giant miscanthus  2.80 (0.29 13.01 44.71 25.31 13.77 0.12
Chinese miscanthus 4.10 (0.8 10.4 44.8 28.3 11.5 0.1
Sugar miscanthus  6.70 |1.5 11.5 42.2 27.2 10.8 0.1
Sugar sorghum 8.54 (0.64 30.75 31.16 19.84 0.03 0.09
Table 2

Composition of investigated lignocellulosic raw materials and their waste ash,
% mass in a.d.m.

Raw Content of main components (mass fractions), %
material Si0; | K20 | CaO | TiOz | Fe;Os3 | SOz | SrO | MnO3 | P2Os | ZnO | Cl | ZrO;
Poplar -
9344 | 33.570 | 43708 | 0.094 | 0303 | 4.829 | 0071 | 0087 | 6365 | 0256 | 1372
branches
Oak
16.113 | 23.874 | 48.742 | 0.118 | 0373 | 1.569 | 0.051 | 0233 8793 | 0.134
branches
Birch
3.157 | 19.005 | 65.293 0416 | 1.908 | 0.120 | 0177 | 8947 | 0977
branches
Linden 7415 | 19.09 | 61.866 | 0.119 | 0332 | 1.332 | 0.136 7826 | ppm | 1.875
479
branches
Chestnut 8494 | 32.976 | 41.095 | 0.113 | 0443 | 2.137 | 0.059 9587 | ppm | 5.059
373
branches
Maple 6962 | 19.166 | 63.141 | 0.116 | 0334 | 1365 | 0.120 6873 | ppm | 1.876
479
branches
Lawn grass | 26229 | 37.402 [ 14817 [ 0263 1472 | 3.408 6.058 | 0.073 | 10268 | ppm
105
Roadside 38178 | 32.218 | 8.505 | 0542 | 1465 | 2.167 8.085 | ppm | 8815 -
241

24
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grass
Giant 47.908 | 28260 | 8901 | 0.098 | 0.720 - R - 13.043 R 0.643 -
miscanthus
Sugar 65.323 | 16.774 | 7.768 - 0.497 R R 0203 | 9435 R - -
miscanthus
Chinese 47.100 | 26.704 | 11.445 - 0419 | 1.997 R 0387 | 10.104 - 1843 -
miscanthus
Poplar 36.098 | 12.199 | 33.091 | 0603 | 3.404 - R 0157 | 13.565 | 0.059 | 0.634 -
leaves
Oak leaves | 21550 | 12529 [ 41001 | 0383 | 2500 | 2457 - 0.158 | 13.519 - 2814 -
Birch leaves | 20157 | 17.380 | 56.851 R 0596 | 2.153 | 0097 | 0.144 | 2322 | 0299 - -
Linden 13.504 | 22.432 | 43.910 | 0208 | 0844 | 2273 | 0059 | 0.167 | 9426 R - -
leaves
Chestnut 60.741 | 5816 | 25476 | 0420 | 2.841 | 0959 R 0235 - 0.120 - -
leaves
Maple 23.672 | 17.016 | 49.186 | 0.110 | 0481 | 1.459 4526 3.550
leaves
Sugar 54.918 | 12377 | 14.672 | 0.131 | 0668 | 1235 - 0.121 5435 | 0.160 R -
sorghum
Hemp hurd | 29299 | 6.741 | 51.636 | 0.712 | 3.655 | 3.770 | 0497 | 1920 - - 1.771 -
Hemp fiber | 4.916 | 21.066 | 55.461 | 0.098 1324 | 2953 | 0280 | 7316 - - 6.585 -
Flax 3504 | 55.499 | 23.441 R 0257 | 3.504 | 0.056 | 0072 | 9238 | ppm | 4.160 -
494
Switchgrass | 59662 | 10056 [ 17.036 | 0.144 [ 0556 [ 2143 [ ppm | 0105 | 5507 R - -
120
Wheat -
64.687 | 19.295 | 8.040 - 0525 | 0.498 R 0.197 1.454 - 5303
straw
Rye straw 39.142 | 31.441 | 12.282 - 0361 | 3.670 | - 0206 | 5.781 - 7.092 -
Rape straw | 6481 | 28.657 | 38524 | 0.160 | 1331 | 9.093 | 0.084 . 3.746 - 11.925 -
Barley 57.945 | 19.056 | 8.929 R 0999 | 1.008 - 0086 | 2.673 R 4.409 -
straw
Oats straw 37.475 | 33797 | 12.925 | 0.093 1011 | 1430 | - 0354 | 10.183 - 2735 -
Corn straw | 34417 | 35126 | 19249 R 1526 | 1391 - 0146 | 2.632 | 0.186 | 5327 -
Sunflower 3496 | 48252 | 30.302 - 0257 | 1571 | 0.112 - 4.706 R 11.304 -
straw
Soybean 5044 | 39.498 | 48.760 | 0.172 | 1477 | 1536 | 0.156 | 0.124 | 0428 - 2.603 -
straw
Rice husk 91.953 | 2342 | 1.599 - 0087 | 0344 | - - - ppm - -
57
Corn cobs 22369 | 59.196 | 4245 | 0.087 | 0360 | 0.885 | ppm - 7803 | 0.082 | 4.970 R

32

It has been established that lignocellulosic raw materials and their wastes, characterized by
a high content of water-soluble substances and hemicelluloses, are attractive for further
processing by bacteria. The works [18-22] demonstrate the feasibility of producing biobutanol
and biogas from agricultural waste, switchgrass, tree crown waste, and green waste from
mowing lawn grass and forbs.

Lignocellulosic biomass with high lignin content is a promising raw material for
thermolysis to biochar and activated carbon [23-27]. Hemp hurd and waste from its processing
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(hydrolyzed lignin) were used to obtain carbon materials. Activated carbon materials were
obtained by the method described in detail in [27]. The XRD pattern of the obtained carbons
showed that the 2-theta region between 5° and 100° at long collection times indicates the
absence of crystalline peaks. Analysis of the FTIR-ATR spectra (Fig. 2) of the obtained
materials reveals that they exhibit absorption bands characteristic of carbon-based materials.
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Fig. 2. FTIR spectra of the biochar (1,3,4) and activated carbon samples by alkali (2)
obtained from hydrolyzed lignin (1,2), hemp hurd (3), and cotton (4).

SEM analysis revealed that the carbon materials retained the original shape of the raw
material. The micrographs (Fig. 3a, ¢, d) show a relatively smooth surface of the carbon
materials without any pores, while pores of various sizes and shapes can be observed on the
surface in Fig. 3b. This indicates that KOH can effectively create pores. The microstructure of all
carbon materials mainly consists of massive solid particles. The microscopic morphology of
hydrolyzed lignin activated alkaline (Fig. 3 b) shows a rough surface with irregular pores.

This is likely the reason for the higher specific surface area of the activated carbon sample
compared to biochar (Table 3), as determined by the low-temperature nitrogen adsorption-
desorption method. Additionally, it exhibits a higher adsorption capacity for iodine.

At the same time, technical crops are more attractive for obtaining cellulose, which is
currently a pressing issue for our country. Organo-solvent cooking of flax straw, hemp,
switchgrass, miscanthus, and soybean straw was carried out [28-321]. Both microcrystalline
cellulose (MCC) and fibrous cellulose (FC) were obtained (Table 4). The obtained cellulose
materials were analyzed using modern physicochemical methods, including low-temperature
nitrogen adsorption-desorption, XRD, XRF, FTIR-ATR, AFM, SEM, TGA, and DSC. It was
established that the highest yields of fibrous cellulose and MCC >90% were achieved when
processing technical hemp fibre of the Glesiya variety. Such products were characterized by a
low content of inorganic components (0.5 and 0.2%, respectively) and lignin (1.6 and 0.8%,
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respectively) (Table 4). In terms of their physicochemical characteristics, they are not inferior to

world analogues.

EHT =20,00 kV
Mag= 5.00KX

Signal A = SE1
WD = 6.0mm

b

EHT =20,00 KV
Mag= 5.00KX

Signal A = SE1
WD = 6.0 mm

d

Fig. 3. SEM micrographs of the biochar (a,c,d) and activated carbon samples by alkali (b)
obtained from hydrolyzed lignin (a,b), hemp hurd (c), and cotton (d).

Table 3
Biochar and activated carbon textural properties
Adsorption
C SgET, m?/g Ve, cm’/g dpjy, HM capacity  for
iodine, mg/g

hydrolyzed lignin 191,9 0,062 4,75 155+2
hydrolyzed = lignin | 5, ¢ 0.266 3.252 941411
activated alkaline
hemp bonfire 234.4 0.043 3.268 20142
cotton 495.6 0.028 3.596 458+7

Table 4

The main characteristics of the obtained cellulose materials
Cellulose Cellulose Ash, Cellulose, | Klason | Crystalinity | Polymerization
material yield, %mass. | %mass. lignin, | Index, % Degry
%mass. %mass.

MCC (Flax) |99.6 1.6 97.7 2.3 0.86 277
MCC (Hemp | 83.2 3.1 98.5 1.5 0.79 180
hurd)
FC  (Hemp | 89.1 9.0 97.1 2.9 - -
hurd)
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MCC (Hemp
fiber)

90.0

0.2

99.2 0.8 0.84 160

FC  (Hemp
fiber)

91.5

0.3

99.9 0.1 - -

MCC
(Switchgrass)

86.1

1.5

98.8 1.2 0.74 3775

MCC (Giant
miscanthus)

95.9

4.2

97.7 23 0.73 240

MCC
(Chinese
miscanthus)

95.4

6.0

96.4 3.6 0.68 280

MCC (Sugar
miscanthus)

95.2

9.1

97.8 2.2 0.60 600

MCC
(Soybean
straw)

99.8

0.8

96.6 3.4 0.70 275

From lignin, which was isolated from the cooking liquor to obtain cellulose products or

after hydrolysis of the biomass itself, it is possible, in addition to carbon materials, as mentioned

above, to obtain sodium and potassium lignosulfonate. The latter was used to obtain fertilizers

that have successfully passed field tests [23,33]. Sodium lignosulfonate is widely used as a

binder for metallurgy. In addition, lignin is a promising raw material for obtaining oxyaldehydes,

as well as high-octane additives to fuels [34-36].

Based on the obtained FC (Hemp fiber), cellulose acetate was produced, which, in terms of

its characteristics, is similar to industrial samples. It was confirmed by the FTIR (Fig. 4) and
TGA, DTG, and DSC (Fig. 5) methods.

100

Transmission, %
~ 0 O
S S S
1 1 1

D
S
1

50 A

40 -

30

4000

T
3600

T T T T T T T T

— T — T T 1
3200 2800 2400 2000 1600 1200 800 400
Wavenumber, cm™!

Fig. 4. FTIR spectra of the obtained cellulose acetate (1) compared to the commercial one
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Fig. 5. TGA (a), DTG (b), and DSC (c) curves of the obtained cellulose acetate (1)
compared to the commercial one (2).

Thus, the carried-out studies demonstrated the potential for the widespread use of
lignocellulosic raw materials and their wastes to produce numerous value-added products that

are currently imported from abroad.
Conclusions

Thus, we have considered possible directions for converting various lignocellulosic raw
materials and their wastes into marketable products, which can be summarized in Fig. 6.

I Lignocellulosic biomass (industrial crops and waste) I

Fibrous MCC || Lignin | | Ash ‘ ‘ Humates and fulvic acids

cellulose

Hemicellulose

Oxyaldehydes

Na lignosulfonate

I K lignosulfonate |

| Cellulose acetate |

Organo-mineral fertilizers and composite preparations for seed
priming

Fig. 6. Scheme of biomass processing directions
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Anomauia. Y cmammi npeocmaeneno po3pooKy JimilanioMOCUNIKAMHUX CKIOKPUCMATIYHUX
mamepianie i3 eucoxum emicmom f-cnooymeny (0o 80%) winaxom onmumizayii ckraoie i
3AcmMocy6ants 080CMAOIHOT mepmoodpooku. Ompumani mamepianu O0eMOHCHMPYIOMb BUCOKY
meepoicmyp (8,5-9,0 I'lla), onmumanvnuuii mooynv npyyxcuocmi (318-324 I'lla), 3naunuii koeghivicnm
mpiwunocminxocmi (8,0-8,4 MITa-m"’) ma 3uudCceny cycmuny (2400-2420 Kk/m’), wo pooumps ix
nepCneKmMuUGHUMU 015 6UPOOHUYMEA J1eZKUX OPOHE3AXUCHUX 3AC0Dis.

KitouoBi cioBa: JTIHATIOMOCWITIKAT, CKJIOKPUCTANIYHUN Marepias, OpOHE3aXHCT, [-CIIOJyMeEH,
JIBOCTaIiiiHa TepMOOOPOOKa, KaTai3aTopu, MOAU(DIKYI0Ul KOMIIOHEHTH, YIApPOCTIHKICTh, ONITUMI3aLlis.

Beryn

CyuacHi 000poHHI Ta 6€3MEKOB1 3aB/IaHHS BUMAararTh MaTepiajiB, sKi MOEIHYIOTh BUCOKY
MEXaHIYHy MIIHICTh, e(QEKTUBHE TalleHHS YyJAapHOi €Heprii Ta MIHIMAJIbHY Macy s
3a0e3nedeHHs] MOOUTBHOCTI MiIpO3ailiB 1 nmepcoHany. TpanuniitHi GpoHeKepamMiuHi CUCTEMH Ha
ocHOBI kap0Oiny kpemHuito (SiC) Ta kap6iny 6opy (Bs+C) neMOHCTpYIOTh HAaI3BUYAHO BHCOKY
TBEPIICTh 1 3JMATHICTh 3YNUHATH KYJSICTI Ta (parMeHTHI YpakeHHs, ajieé MaroTh ICTOTHI
OOMEXEHHS: BHUCOKY TYCTHUHY, CKJIQJHICTh BUTOTOBJICHHS BEJIMKUX JIeTalel, BEIUKYy
co0IBapTICTh 1 YYTIMBICTh JO0 KPUXKOCTI MpU yIAapHUX HaBaHTaxeHHsX [1-3]. Uepe3 1e
NOSBUBCA 3alMT HAa HOBI Marepiajiy, M0 3a0e3MeuyloTh Kpamuid OanxaHc «MIIHICTD —
TPIIIMHOCTIMKICTh — Macay.

CkJIOKpHUCTaIiYHI MaTrepian Ha oOcHOBI JiTi-amoMocuiikatie  (JIAC), 30kpema
KoMIo3uIii, mo GopMmyoTh BHCOKHMI BMICT P-cnoxymeny (mo 80 % ¢azoBoi 4YacTku),
BUCTYMAIOTh  IMEPCHEKTUBHOIO  AJIbTEPHATHBOIO  3aBIASKA  MOMJIHMBOCTI  OTPUMAaHHS
TOHKOJIUCIIEPCHOT KPUCTAJIIUYHOI MaTpUIll BCepeluHl CKiIOMaTpuii. Taka CTpyKTypa HO€IHYE
BIJTHOCHO BHCOKY TBEPIICTh 3 MiJIBUIICHOIO TPIIIWHOCTIAKICTIO 1 HIKYOIO TYCTHHOIO Y
MOPIBHSHHI 3 0araTbMa TpaguIliiHUMK Kepamikamu, mo poouts JIAC-cKIIOKpUCTaIidHl CHCTEMU
OOHAMIMIMBUMH ISl 3aCTOCYBAaHHSI y JIETKMX OpoOHeeleMeHTax 1 0araTomapoBUX CHCTEMax
3axucTy [4, 5].

KirouoBum 1711 ToCATHEHHST Oa)KaHUX BJIIACTMBOCTEH € KOHTPOJIb (ha30BOTO CKIIATy (YacTka
B-cromymeny), po3MipiB Ta MopdoJorii KprucTamiB, a TAKOXK MiHIMI3aIllsS 3aJUIITKOBUX HANPYT Y
martepiani. TepmoauHamiyHe MOJENIOBAaHHS 1 TOYHE HANAIUTYBAaHHS CKJIaay JO3BOJIAIOTH
IPOTHO3yBaTH 00JacTi (a3zoBoi cTabIIFHOCTI 1 (HOPMYBATH PELENITYPH 3 BUCOKHM MOTEHIIATIOM
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yTBOpeHHs1 P-cmogymeny [6]. Taki JIOCHiPKEHHS JO3BOJSIIOTH KOPUTYBAaTH — PEKUMHU
KpHCTati3alii Ui TOCITHEHHS TOHKOAUCIEPCHOI MIKPOCTPYKTYpPHU 3 MIHIMAJIBHUMU JePeKTaMu
Ta 3aJIMIIKOBUMH Hampyramu [7].

[lle omuH BaXIWBHA HANpsIM — BUKOPUCTAHHSA KaTai3aTopiB (HyKJIeaToOpiB) Ta
MOIUGIKYIOUMX KOMIIOHEHTIB JUIsl YIpaBIiHHA HyKIealielo W pocToM KpuctaniB. Tak,
npucyTHiCTh TiO2 y BuUIISAI HaHOJOOABKM AaKTUBYE TE€TEPOreHHY HYyKJIEalilo 1 CHpuse
YTBOPEHHIO BEJIMKOI KIJTBKOCTI IPIOHHMX 3apOjKiB, IO BeJE A0 APIOHO3EPHHUCTOI CTPYKTYpH 1
Kpalux MeXaHIYHuX Xapaktepuctuk [8]. [lomaBaHHs CTaOiTi30BAaHOTO MIOKCUAY HHUPKOHIIO
(ZrOo, HaIpUKJIA] Y-0s-cTabi1130BaHOr0) MOXeE 3a0e3nevyyBaTu MEXaHI3MHU
TpaHc(HOpPMAIliHHOTO  MIAKPIIUICHHS, [MABHIIYIOUYM TPIIMIMHOCTIMKICT, MaTepialy uepes
€HEeproBUTpaTH Ha (a3oBy TpaHchopMmallito y 30H1 GppoHTy TpinwaHU [9].

BpaxoByroun BuIiieckasane, 1 podoTa Mae Ha METI KOMIUIEKCHY ONTHMI3allif0 CKIAIIB 1
TEXHOJIOTTYHOTO TPOIECY 13 MOJATBIION XapaKTEPUCTUKOI OTPUMAHUX MaTepiaiiB 1 OLIHKOIO
NOTEHIlially IXHBOTO 3aCTOCYBAaHHS B JITKUX OpOHE3axMCHUX BUpoOax. [IopiBHAHHS MOKa3HUKIB
(TBEpIiCTh, MOYJIb IPY>KHOCTI, KOS(ILIEHT TPIILIMHOCTIHKOCTI, TYCTHHA) 103BOJIUTh BU3HAUUTH,
HacKUTbKK po3poOseHi JIAC-ckimokpucTamiuai matepiaiyd 3a0e3medyroTh Kpamnui OanaHc
«3aXUCT/Maca/BUTPAaTH» Y TOPIBHAHHI 3 TPaIUIIMHUMU OpoHEKepaMiKaMH Ta SKHUM YHHOM
KaTaJli3aTopy 1 MoAN(IKaTOpH CIPHUSIIOTH LOMY MOJIIMIICHHIO [3, 4].

ExcnepeMeHTa/ibHA YacCTHHA

VY nocnimkeHHi 0yno po3pobIeHO Cepito CKIaAiB ekcnepuMeHTanbHux crekon (cepis CIT)
Ha ocHOBI cucteMu R:0O-RO-RO>-R205-Li20—-Ca0-P205-Si0:. OcHoBHa ifest B (opMyBaHHI
1m0 80% ¢da3u P-cnogymeHy HUIAXOM ONTHMI3allili XIMIYHOTO CKJIaay ¥ KOHTPOIIO MpPOLECY
KpHCTati3allii 3a JOMoMoror MoAu(iKaTopiB 1 KaTali3aTopis.

Jnist BuOOpY CKIIaiB 3aCTOCOBYBAIM KOMOIHOBAaHUHM MiAXiM: JiTepaTypHU aHami3 (a3oBoi
noBefiHkH Li20—Al:03—S102, TepMonrHaMiuHe MoAeNOBaHHs (OIiHKa objacTed CTablIbHOCTI
B-crogymeHy) 1 momepenHi €KCIepUMEHTH 3 BY3bKMMH BapiallisiMu CKiIamxy. Takwi Imiaxif
JI03BOJISIE YHUKHYTH YTBOpPEHHs HeOakaHuX (a3 1 CcIUlaHyBaTH TEeMIIEpaTypHi BiKHA
HyKJearii/pocty. Jloka3u ycmimHOCTI MOAIOHOTO MiAXOAY HAaBEACHO y YHCICHHHX poOoTax 3
JIAC-cuctewm [4, 6, 7].

Bubip koMnoHeHTiB 6a3y€eThCsl HA HACTYNTHUX (DYHKITISX:

¢ Si02, Li20, ALOs dopmyroTs MaTpullo, IO A€ 3MOTY CHHTE3YBAaTH [-CIOIyMEH MpPH
BIJIMOBIIHOMY  CHiBBiAHOIICHH]; KOHTpoNb Li2O/Al:O3/SiO: Mae KpUTUYHWIA BIUIMB Ha
MO>KJIUBICTh YTBOpeHHS [-ha3u [4, 7].

e Na.O, K:O 3HMXKYI0Th TeMrnepaTypy IUIABJICHHS 1 B S3KICTh, CIPOUIYIOTh TEXHOJIOTIIO,
aJie y BEJIMKUX KOHLEHTPAIIsIX MOXYTh HOTIpIIYBaTH XIMIUHY CTiHKICTb [4].

¢ B>0s 3MeHIIIy€e B’SA3KICTh PO3IIIAaBY, MOKpalye aAudy3ito, crpuse piBHOMIpHIHM HyKIearii;
3MiHa BMicTy B20s kKapanHaNbHO BIUTMBA€E HAa B’ A3KICTH 1 Temreparypy kpuctamnizanii [10, 11].

e CaO, MgO, ZnO nmy»HO3eMeJbHI OKCHUIH, IO CHPHSIIOTH JKOPCTKOCTI KPUCTATIYHOTO
KapKacy, 3MIHIOIOTh KOe(Iili€eHT TEpMIYHOTO pO3IMIMPEHHS 1 TMOKPallyloTh MeXaHi4Hi
BIIACTHBOCTI [4].

e Oropunu (LiF, CaF:) BUKOpUCTOBYIOTbCA SIK (IIOCH, BOHH 3HHUXKYIOTH TEMIEpPaTypy
IUIaBJICHHS 1 TeMIepaTypy MOYaTKy KpUCTaji3allii, 3MIHIOIOYM MEXaHi3M KpHcTtamizamii (Jiure
P ONTUMANILHUX KOHIIeHTpamisix) [12, 13].

¢ TiO: Buctynae sik edexktuBHUA HykieaTop y JIAC-cknax, nokaiabHa koopauHais Ti (4-
Ta 6-KOOPJMHATHI CTaHH) CTBOPIOE €HEPTETUYHO BUT1/IHI LIEHTPU JJISl TETEPOreHHOT HyKJIearlii i
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yTBOpeHHs ApioHMX Ti-3apoakis. lle Bexe 10 TOHKOAMCIIEPCHOI KPUCTATI3AIii 1 MOKpaIIeHHs
MEXaHIYHUX BJIaCTHUBOCTEH [8].

e ZrO:> (crabimizoBanuii  Y20s3) cTaOULTI30BaHUM  JTIOKCHJ  ITUPKOHIIO  IIiJBUIIYE
TPILIMHOCTIMKICTD Yepe3 MEeXaHi3MH TpaHC(HOPMALIMHOTO MIAKPIMJICHHS Ta TajJbMyBaHHS POCTY
TpinuH [9, 14].

¢ SnO: Mo)Xe BHUCTYyNAaTH JOMOMDKHUM HYKJI€aTOpOoM/MOIU(DIKATOPOM, CIPHUSIIOUYH
reTeporeHHii Hykieanii abo 3MiHi TOKaJIbHOI CTPYKTYpH cKia [8].

Bubip pexumy TepMooOpoOKH:

OnnocraniiiHa (i3oTepmiuHa abo OesmepepBHa) kpuctamizarmis (Tabmurs 1) 3a3Buuai
NPOBOIUTHCS MiJBULICHHSAM TEMIIEpaTypH IO 1HTEpBaly, /¢ BiaOyBaeThCs 1 HyKjeawis, 1 picT
KPHUCTAIIIB Yy pamMKax ofHiel TepMo-mManimysmii (450-950 °C, 6 rox). Takuii migxix npocTuid i
eHeproe(eKTUBHIMINMA, ajlé dYacTo MPHU3BOJAUTHL JI0 HEKOHTPOJIHOBAHOTO CITIBICHYBaHHS
YUCJICHHUX HYKJICAIMHUX TOJIA 1 IMBHAKOTO POCTY 3€PEH 1 SK HACTIIOK BEIUKHH PO3MIp
KPHUCTAJIIB 1 MiIBUIICHHS 3aJTUIIIKOBUX HATPYT ITICJISI OXOJ0KEeHHS [15].

JBocraniitna Texunounorist (Tabmuus 1) po3ainsie mpouec Ha etan Hykieattii (450-650 °C, 4
ron) i eran pocty (700-950 °C, 4 ron), mo A03BOJSIE MOCATTA OUTHINOT TYCTHHH APIOHHX 1
OJIHOTUITHUX 3apOAKIB Ta TOHKOJMCIIEPCHOI, OJHOPIAHOI CTPYKTYpH 13 3HHIKEHUMU
3aJIMITKOBUMH HAlpyramMu B KiHIIEeBOMY BUPOOi [16].

Tabnuys 1
[TopiBHAHHS PEKUMIB TEPMOOOPOOKH
. Yac .
Pexum TemnepatypHauit OcHoBHI [TepeBaru /
) o TEPMOOOPOOKH :
TepMooOpoOku | miana3oH (°C) (ron) pe3yabTaTu Hemonixu
roJt
) ) IIpocToTa
PiBHOMIpHA )
. MpoIIeCy, MEHIII
KpHUCTAITI3AIlis 3
- €Hepro3arparu;
OpnHocraziiina 450 — 950 6 [IEBHUMH P P i
MEHII TOYHUH
3QJIMITKOBUMH )
KOHTPOJIb PO3MIpYy
HaIpyramu :
KpHUCTAJIIB
Buma Mmexaniuga
TonkoaucnepcHa, L.
. ; MIIIHICTb,
1-# eram: 450— OJHOpiAHA
; MOKparieHa
. 650 KpUCTaJIIYHA e
JIBocTamiitna . 4+4 YIApOCTINKICTB;
2-i etan: 700— CTPYKTYpa, ..
- i CKJIQTHIITHT
950 MiHIMaJIbH1 )
) MIPOIIEC, BUIII
3aJTUIIKOBI HATPYTH
eHepro3arparu

BunpoOGyBanHss mokazanu, 1o ontumizoBaHi ckimagum  cepii  CII  gopmyroTs
TOHKOJUCIIEPCHY [-criogyMeHOBY CTpyKTypy (@0 80% ¢as3u) 1 MaioTh BHCOKI MeXaHiuHI
xapaktepuctuku (Pucynok 1 — 4). PiBHOMIpHUN PO3IMOALT KPUCTATIB JOCITHYTO 3a PaxyHOK
JIBOCTAIINHOT TEepMOOOpPOOKH, II0 3MEHIIYE 3ajJuIIKOBI HAINpPYyTd, 1€ MiATBEPIKYeTCS
PEHTIEHIBCHKOIO TU(DPAKIIIEIO Ta CKAHYIOUOI0 €JICKTPOHHOIO MIKPOCKOMIEIO.
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Puc. 1. Tsepaicts, HV (I'Tla).

Pucynok 1 moxaszye mo 3HadueHHs TBepaocti (HV) mns exkcnepuMeHTanbHHX CKIIamiB
konuBaoThess MK 8,4 Ta 8,8 ITla. Ile cBimuuTh Tpo CTaOUIBHY 3AATHICTH Marepiany
MIPOTHUCTOATHU JIOKATIBHIN Aedopmartii.

325 324
= 324 323 323
c 323 322 322
w32
=S 321
8 320 320 320
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z
S 319 <ia
2 318
I
g 317
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315

cn-1 cn-2 cn-3 cn-4 cn-s cr-6 cn-7 cn-8 cn-9  Cn-10

Puc. 2. Monyns npyxHocTi, E (I'Tla).

Pucynok 2 imoctpye mo Moxyns npyxHocTi (E) 3naxoautses B aianazoni 318-324 I'Tla,
110 3a0e3nevye eeKTUBHUN PO3IIOALT yIapHOI EHEeprii.
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8,3 8,3
8,2 8,2
8,1 8,1 8,1 8,1
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8,4

KoediLieHT TpilMHOCTINKOCTI,
Kic (MMNa-m~0.5)
~ ® ® ®
(o] [oe] = N w

N
[

Puc. 3. Koedinient tpimmnocriitkocti, Kic (MITa-m*).

Pucynok 3 BimoOpakae 1o 3HadeHHs KoedirieHTa TpimuHOCTIHKOCTI (Kic) cTaHOBIATH
8,0-8,4 MIla-m*>, mo € KPUTHYHUM JIJI51 3a1100ITaHHS PO3TOBCIOKEHHIO TPIIIHH.
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2415
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2410 2408
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2400 2400
2400
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cn-2 cn-3 cn-4 cn-s cn-6 cn-7

cn-1 cn-8 cn-9 cn-10

FyctuHa, p (kr/m3)

Puc. 4. I'yctuna, p (xr/m>).

PucyHok 4 IeMOHCTpye 10 TyCTHHA MaTepialis BapitoeThes Mik 2400 Ta 2420 kr/m>, mo
JI03BOJIsIE OTPUMYBATH JIETKI OpOHE3aXHMCHI BUPOOH.

[TopiBHSHHS OJHOCTAJIMHOTO Ta JBOCTAMIHHOTO pEeXHMiIB TepMooOpoOku (Tabmums 1)
MoKas3ajo, IO JIBOCTaJiiiHAa TEXHOJIOTIS 3abe3medye OiIbIl OJHOPIAHY TOHKOIUCIIEPCHY
CTPYKTYpPY 3 MEHIIMMHU 3aJHIIKOBUMH HAlpyramMy, IO IO3UTHBHO BIUIMBA€ HAa MEXaHIYHI
BJIACTUBOCTI MaTepiaiy.

3 Tabmuui 1 BuOHO, MO0 JBOCTagiiiHA TEpMOOOpPOOKa 3abe3rmedye 3HAYHO Kpariuit
KOHTPOJIb HaJl CTPYKTYpOIO MaTepiaiy: YTBOPEHHS TOHKOJIMCIEPCHOI KPUCTAIIYHOI CTPYKTYpHU
CHpUsi€ TIIBUIICHHIO TBEPJOCTI, MOAYIIO TPYXKHOCTI Ta KoeQillieHTa TPIIMHOCTIHKOCTI.
[lopiBHSHHS pEXUMIB Ja€ MOXIUBICTH OOIPYHTYBaTH BUOiIp OuIbII CKJIAaJHOTO, aje
e(EeKTUBHIIIOr0 TEXHOJOTIYHOrO TpOoIecy M OTPUMAaHHA ONTHUMAJbHUX BIIACTUBOCTEH
Marepiany.

OO0roBopeHHs pe3yabTaTiB

OTpuMaHi pe3yJabTaTH MiATBEPIKYIOTh, III0 KOMIUICKCHUHN MiAX11 — ONTUMI3aIlis XiMIYHHX
CKJIIQJIIB pa3oM i3 JIBOCTaIiifHOI0 TepMooOpoOkoro ((haza Hykiearii — ¢asza pocTy) — CyTTEBO
HiJBUIYE€ OJHOPIAHICTD 1 TOHKOJMCIEPCHICTh KpHCTamiuHOi (a3u P-cmogymeHy B
TTIHATIOMOCHITIKATHUX ~ CKJIOKPHCTAIIYHUX MaTepianax. JlBocTtamiiiHa oOpoOka m03BOIISIE
PO3IITUTH TIPOIIECH YTBOPEHHS 3apOJIKiB 1 iX POCTY, 110 Ja€ 3MOT'Y OTPUMATH BHCOKY IIUIBHICTh
JIpiOHUX 3apOJKIB 1 MOTIM KOHTPOJIHLOBAHO BUPOCTHUTH KpHCTaIM 0€3 HaIMIPHOTO 3POCTAaHHS
3epeH; SAK HACHOK — B3HIDKCHHS 3aJUIIKOBUX HAmpyr 1 TIOKpAIIeHHS MEXaHIYHHUX
XapakTepuCTHK mMarepiainy [7, 16, 17].

Karamizaropu kpucramizaiii BUKOHYIOTH JIBi B3aeMOmNoOB’si3aHi (yHKIi: (1) cTBOPIOIOTH
€HEepriiiHO BHUTiHI TeTEPOreHHI IEHTPU HyKjeawlii (30UIbIIYIOTh KUIBKICTh 3apoikiB) 1 (2)
COpusitoTh  (OpPMYBaHHIO  CTalOLIBHOI ~ TOHKOAMCHEPCHOI ~ MOp¢oJorii  KpHCTaiB.
ExcnepumenrtanbHi gocmipkeHHs mokasanu, mo TiO: y JIAC-ckiax yTBOpIO€ 3MilllaHi
KOOPJIMHAIIIIHI CTaHW TUTAHY 1 CTUMYJIIOE YTBOPEHHS HaHOKpHUCTamB Ti-dasu, Mo CIyryrTh
e(DeKTUBHUMH IIEHTpaMH HyKJeallii [-crogyMeHy; 1€ TPHU3BOJIUTH JI0 JIpiOHO3EPHHUCTOI
CTPYKTYpH 1 TOKpAIIEHUX MEXaHIYHUX BIacTHBOCTEH. KpiM Toro, BBemeHHS CTaO1I1130BaHOTO
ZrO: Moxe 3a0e3MeuuTH JO0AATKOBE MiJABHILEHHS TPIIIMHOCTIHKOCTI 32 PaxXyHOK MEXaHi3MiB
«TpaHchopMarisi-3MIIIHEHHS» Ta MEXaHIYHOTO TaJbMyBaHHs TPIIIMHY (BIIXUICHHS, MICTKH), 1110
n00pe TOKyMEHTOBAHO Yy JIITEpaTypi 3 MUPKOHIEBUM MiJIKpituieHH:sM [8, 9, 18].

ExcriepumentansHi 3HaueHHst TBepaocti (8,4-8,8 I'Tla), momyns mpyxkHocti (318-324
I'Tla), xoedimienta TpimuHoctiiikocti (8,0-8,4 MIla-mM®3) Ta rycrunu (2400-2420 xr/m’),
OTPHMaHI Ui ONTHMI30BaHMX CKJIANiB, Y3TOKYIOThCA 3 cydacHUMH aaHumu s JIAC-
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CKJIOKPUCTAJIIYHUX CHCTEM 1 MiATBEPIKYIOTh, IO MPH MpaBUIbLHOMY OanaHci ckimamy W
KaTaJli3aToOpiB JOCSATAETbCS KOHCTPYKTMBHUIM KOMIIPOMIC: IMOMipHa 30epekeHa TBEpHiCTh M
OJTHOYACHO MiJBHILEHA TPIIIMHOCTIHKICTh — HEOOXiTHI YMOBHU JUIsl €(PEKTUBHOTO PO3CIIOBAHHS
ynapHoi eHeprii. Y uitepaTypi NpUBOIATHCS MOAiIOHI amiamazoHu BractuBocted mims JIAC
MartepianaiB, OCOOJIMBO TOJMdi, KOJHM 3aCTOCOBAHO TOHKOJHWCIIEPCHY [-CrogyMeHOBY ¢a3zy Ta
onTUMabHI Hykiearopu [7, 19, 20].

Xo4a OJHOCTAIIMHUA PEXHUM A€ MPOCTINTY TEXHOJIOTII0 1 MEHII €HEePreTHYHI BUTPATH,
BiH YacCTillle MPU3BOJUTH J0 TPYOO3EPHHUCTOI MIKPOCTPYKTYpPH Ta BHIIHUX BHYTPINIHIX HAMPYT,
IO MOTIPIITy€e TPIMHOCTINKICT. [IBOCTaMiiiHI peKUMH, TOMPH OUIBITY CKIAIHICTh 1 MiABHUINCHI
€HEepreTUYHI BUTPATH, JTO3BOJSAIOTH JOCITTH OLTBII KOHTPOJIHOBAHOI HyKJEalii 1 3pOCTaHHs
3epeH, Mo B MiACYMKYy Tokparnrye xapakrepuctuku HV, E 1 Kic — ocobnuBo B cuctemax 3
nonaBanHsM HykieatopiB (TiO2, ZrO:). Pe3ynbrar — TEXHOJOTIYHMI KOMIPOMIC: BHIII
TEXHOJIOTIYHI BHUTpaTh (€HEepris, dYac) — BHIIl EeKCIUTyaTalliiHi BJAacTUBOCTI (OiibIma
JOBTOBIYHICTb, Kpalla yaapocTiikicTs). [ani in-situ HT-XRD/DSC ta cydacHi Mojieni KiHETUKA
KpHCTatizalii e marBepukyoTs [15-17].

[MoegHaHHS 3HWKEHOTO 3HAYEHHS TYCTWHHW, JOCTaTHBbOI TBEPAOCTI Ta IiJBUIIEHO]
TPIIUHOCTIMKOCTI poouThH OTITHMIi30BaHi JIAC-cknokpucTtanmiyHi Marepiaan
KOHKYPEHTO3JIJaTHUMH JIJIsl JIETKUX OpOHE3aXxMCHUX BUPOOIB (IHAWBiAyanbHa OpOHS, IIOJOMH,
CJIEMEHTH KOMIIO3UTHHX IUT). OrIsaoBi Ta MNPUKIATHI JOCTIDKEHHS MOKa3yloTh, IO
IpO30pi/HAMIBIPO30pl KepamiuHi I CKIOKPUCTANiYHI MaTepiald BXKE PO3MIIAJAIOTHCS IS
CHemiaJbHUX OpOHBOBUX 3aCTOCYBaHb; OJHAK BAXIMBUMH € THTaHHS MacmTaOyBaHHS
BUPOOHMIITBA, BIATBOPIOBAHOCTI BJIACTUBOCTEH Ta €KOHOMIKH IPOIIECY — caMe TYT ONTHUMI3allis
CKJIay 1 TEXHOJIOTI1 Ja€ KIIF4oBYy nepesary [3, 19, 20].

PesynbraT  JOCHIJUKEHHS MIATBEP/DKYIOTh, IO  PO3pOOJIEHI Marepiaid  MaroTh
NEePCHEKTUBY 3aCTOCYBAaHHS Yy BHPOOHHMITBI OpPOHEXKMJIETIB, IIOJOMIB Ta OpOHETEXHIYHUX
enemMeHTIB [21-23], OCKIIbKM TOEIHYIOTh BHCOKI MEXaHIYHI BJIACTUBOCTI 3 HHM3BKOKO Barorlo.
[Tomanpiia onTUMI3aIisl TEXHOJIOTIYHOTO MPOIECY Ta MacITaOyBaHHS BUPOOHHUIITBA JTI03BOJIUTH
BIIPOBAIUTH I1i MaTepianu y NPaKTUIHI 0OOPOHHI PilLICHHS.

BucnoBxku

[IpoBenene  AocCHi/KEHHS  [MOKa3alo, IO KOMIUIEKCHA  ONTHUMI3allil  CKIIAJiB
mitinamomocumikaTHUX (Li20—Al:05—Si02) ckIOKpUCTaNiYHUX MaTepialiB y TO€JHAHHI 3
karanizatopamu kpucramizauii (TiO2, ZrO., SnO:) Ta KOHTPOJILOBAHOIO JABOCTAAIMHOIO
TEpMOOOPOOKOIO (HyKJI€alist — picT) 3abe3neuye popMyBaHHS TOHKOAUCIEPCHOI, OAHOPIIHOI -
cnoxymeroBoi (azu. Lle crpusie migBumenHo TpimuHocTidkocTi (Kic), 30epexeHHI0 BHCOKOT
tBepaocti (HV) i ontumansHoro Moayss npyskHocti (E) mpu 3HIKEHiH TycTuHI MaTepiaiy, 1110
pOOHTH OTO MPUAATHUM JUISI JIETKUX OpPOHE3aXUCHHUX EJICMEHTIB.

Otpumani mapamerpu (ryctuaa 2400-2420 xr/m?, TBepricts HV = 8,4-8,8 I'Tla, Moxyns
npysxuocti E = 318-324 TI'Tla i tpimmnocTiiikicts Kic = 8,0-8,4 MIla-m*°) cBiguars mpo
dbopMyBaHHS CIPHUATIMBOTO OalaHCy MiXK MIIHICTIO Ta Baror. Lle 103Boisie 3acTOCOBYBaTH
Mmatepianu y 0araromapoBUX CHCTEMax OpOHIOBaHHs, OpOHEXWIeTaX 1 IIoJoMax JJis
M1IBUILEHHS MOO1TFHOCTI 3aXUCHUX KOHCTPYKIIIH.

JBocTaziitna TepMooOpoOKa 3abe3medye CTaOUIBHY MIKPOCTPYKTYPY 3 MiHIMAIbHHUMH
3QITUIIIKOBUMH HAIMPyramu, IPOTE MOTPeOye BUIIUX €HEPTeTHYHUX BUTPAT 1 TOYHOTO KOHTPOIIIO
TEMIEPAaTypHOTO Tpodinto. Jlas MTPOMHUCIOBOrO BIPOBAIKEHHS HEOOXITHO BIOCKOHAIHTU
npolecd — KpHucTamizamii, CKOpPOTUTH  TPHUBAIICTH  TEPMOOOPOOKM  Ta  IiJABHUIIUTH
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eHeproeeKTUBHICTh BUPOOHUIITBA, 30KpEMa uepe3 MOJEITIOBAaHHS KIHETHKH (Pa30yTBOPEHHS Ta
BUKOPHUCTAHHSI 1HAYKIIIHHOTO 200 MIKPOXBUIILOBOTO HArPiBY.

OnTuMmi3zoBaHl  JHTIHATIOMOCHIIKATHI  CKJIOKPUCTANIYHI ~ Marepiaau, 10  MICTATh
TOHKOJIMCIIEPCHY B-crioyMeHOBY (a3y, IEMOHCTPYIOTh YHIKaJIbHE MOEJHAHHS BIACTHBOCTEH, a
caMe HHU3BKY TyCTHHY, BHCOKY TBEpPIICTh 1 MIABUIIEHY TPIMUHOCTIHKICTE. Ile poOuth ix
NEPCIEKTUBHAMHU JUII CTBOPCHHS JIETKUX, YAAPOCTIMKMX OpPOHE3aXMCHUX KOHCTPYKITiii.
[Momanpmmi mOCHiKEHHS MalOTh OyTH CIPSMOBaHI Ha MacITaOyBaHHS TEXHOJIOTiI, 3HMKECHHS
€HEeproBUTPAT 1 MPOBEJICHHS MOBHOIIHHUX OaNiCTUYHMX BHUIPOOYBaHb JUIS IiATBEPIKCHHS
e(eKTUBHOCTI MaTepiajiiB y pealbHUX YMOBaX €KCILTyaTarlii.

IMopsaka

ABTOpH BHUCJIOBIIIOIOTh NOJIAKY HalioHampHOMY TEXHIYHOMY YHIBEPCHUTETY «XapKiBCHKHI
HOJITEXHIYHUI 1HCTUTYT» 3a HaJaHy MaTepiaJlbHO-TEXHIYHY 0a3y Ta MiATPUMKY Yy NPOBEICHHI
JIOCJIJOKEHHS.
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Anomauia. Po3znanymo ymoeu 6unapogysannsa Kpanii cipuanoi Kuciomu, uwjo pyxacmucs é 2a3080my
nomoui. /locnioxceno ennue gpakmopie inmencugpixayii (nouamkoeoi memnepamypu ma wieuoKocmi
Kpanii) Ha eunapogyeanus okpemoi kpannai. Iloxazano, w0 eunapoeysamns po3uunie cipyanoi
KUC10mu 6 anapami 3 NOPOHCHUCH O KO0HOI0 € Heehekmuenum. Teopemuuno o6rpynmosano, uio
oazamopazoee oucnepzyeanns piOouHu ma 6UCOKi 3HAYEeHHA GIOHOCHOI WIGHOKOCIMI Kpanenb CYmmeeo
IMEHULYIOMb YAC 6UNAPOGYBAHHSL.

KirodoBi cioBa: mMaTeMaTHYHE MOJEIIOBaHHS, Cyib(paTHA KHCJIOTA, BUMAPIOBAHHA, iHTEHCH(IKAITiS,
BUKHIHI ra3u

Beryn

Cynpparna xucmora (H2SO4) € BakIMBOIO  XIMIYHOIO  PEUOBHHOIO,  IIHPOKO
3aCTOCOBYBAHOIO B PI3HMX HPOMHCIOBUX mpouecax. OnHak il BUKOpPHCTaHHS NPU3BOIUTH 10
YTBOPEHHS 3HAYHHUX OOCSTIB BIANMPAaIbOBAHOI KUCJIOTH, siIKa MOTpeOye e(PEeKTHBHUX METOIIB
nepepoOsieHHsT Ta yTwiizarii. HanekHe ympaBiiHHS IIMMH BiIXOJaMH € KIFOYOBHM IS
3MCHILIEHHS! HEraTWBHOTO BIUIMBY HA HABKOIMWIIHE CEPEIOBHUINE Ta CIPUSHHS BiTHOBJICHHIO
pecypciB.

Y cynshatHOMy MeTOAl BHPOOHMIITBA MMIrMEHTHOro miokcuay Ttutany (Ti10z)
YTBOPIOIOTHCS 3HAuHI 00csru riaponizHoi cynbdarHoi kucnotu (I'CK). Ilpu BupoOHHMUTBI 1
toHHn TiO; reHepyerhes nmpubiam3Ho 5...6 ToHH ['CK 3 xonnenrtparieo 18...25% H2SO4 Ta
5...6,5% FeSOg4 [1]. L1 Biaxoau 4acTo HE MEePEPOOISIOTHCS, @ CKUIAIOTHCS Y XBOCTOCXOBHIIA,
10 IPU3BOAMTH O EKOJOTIYHHX MpoOJeM Ta BTpaT LiHHOI KuciOoTH. CBiTOBE BUPOOHUIITBO
nirmeHTHoro TiO: mepeBunye 8 MITBHOHIB TOHH Ha PiK [2] 1 AEMOHCTpYE TEHICHIIIO IO
3pocTaHHs. biablie mosioBUHM ITUX 00CSTIB BUPOOJAETHCS Cylb(paTHUM METOIOM, a B YKpaiHi
Bech TiO2 BUpPOOISETHCA came UM CIIOCOOOM, IO MPHU3BOIUTH 10 HAKONMHMUYEHHS BEITUKUX
o0csriB I'CK. HakonuueHHs rigpomi3Hoi cynb(aTHOi KUCIOTH CTAHOBUTH CEPHO3HY €KOJIOT1UHY
npoOseMy. BifCyTHICTh HAJIEKHOT YTHIII3AIlil IUX BIAXOAIB MOXKE MPHU3BECTH O 3a0pyTHEHHS
IPYHTIB Ta BOJHUX PECYpCIiB, III0 HETATUBHO BIUIMBA€ HA €KOCHCTEMH Ta 370POB'S HACEICHHS.
Tomy po3poOka Ta BrpoBamkeHHs edexkTtuBHHX MeroniB yrtumizauii I'CK e akryampHMM
3aBJIaHHSM JJI IPOMHUCIIOBOCTI.

CyuyacHi maxoad A0 yTHIi3amii BiAMpalboBaHOi Cynb(haTHOT KUCIOTH MepeadadarTs [3,
4]:
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o Pereneparnito kucnotu: Lleit miaxia nependayae oyuIEeHHS Ta MOBTOPHE BUKOPUCTAHHS
Cynb(}HaTHOT KUCIOTH B TEXHOJOTIYHOMY MPOIIECi, 1[0 TO3BOJISIE 3MEHIIUTH OOCSTH BiIXOJIB Ta
BUTPATH HA TPUJO0AHHS HOBOI KHCIIOTH.

e OTpuMaHHsl MOOIYHUX MPOAYKTIB: BiAmparboBaHy KHCIOTY MOKHa BHUKOPHUCTOBYBATH
JUIsT BUPOOHMIITBA 1HIIMX XIMIYHHMX CIIOJYK, TaKuX SK CyibdarT aMoHi0 abo 3ai300KCHIHI
HITMEHTH, IO CIPHSE€ 3MEHIICHHIO E€KOJOTIYHOTO HABAHTAXKCHHS Ta OTPUMAHHIO JIOJATKOBOI
€KOHOMIYHOI BUT'OJIH.

o HetliTpamizanis Ta 6e3neune 30epiranHs: Y BHMaaKaxX, KOJIM pereHepaiis abo mepepooka
HEMOXJIMBI, BIAMPAIbOBAHY KUCIOTY HEHTPaNi3yOTh JIyraMu 3 YTBOPEHHSIM COJICH, SIKi MOTIM
6e3mneyHo 30epiraroTbes a00 BUKOPUCTOBYIOTHCS B IHIIUX TaTy3sX IPOMHUCIOBOCTI.

VY momepenHiX JOCHIIKEHHSIX TEOpEeTHMYHO [5-7] O0OrpyHTOBaHO Ta TMPAKTHUYHO
migTBepkeHo [1] mominbHicTh yTwmizamii po3unHiB TiapomnizHoi kuciotu (I'CK) mmsxom ix
BUIMAPOBYBaHHs TMpH 0Oe3MocepeHhOMY KOHTaKTI 3 TapsYiMH BHUKHAHHUMH Ta3aMu, 10
YTBOPIOIOTHCS TI1J] Yac BUPOOHMIITBA TirMeHTHOTO miokcuay TuTany(IV). Lleit Mmeron mo3Bosisie
CYTTEBO 3HMU3WTH BUTPATH Ha BUIAPOBYBAHHS Ta PEKyNeEpPyBaTH TEIUIOTY BHKHIHUX Ta3iB. Y
pe3yibpTaTi  BIOPOBA/DKEHHS IBOTO  TMIAXOQY MOXHA OTpPHUMAaTd Cyldb(paTHY KHCIOTY
KOHIIeHTpalieo 55...70%, ska BIANOBIZa€ BHMOraM BHPOOHHUIITBA MiIHEpaIbHUX JT0OpUB
(xonnentparist HoSO4>55%, Bmict cionyk ®epymy <0,5%).

Jlist aHami3y mMbOro MPOIECy BUKOPUCTOBYBAIM MaTeMAaTUYHY MOJEIH [5], sika OMHCYIOTh
TEIUIO- Ta MAacCOOOMIH MiX KparIsiMH Cylb(aTHOI KHCIOTH Ta TapsiuuM ra30BUM MOTOKOM. Ls
MOJIENIb  JIO3BOJISIIOTh BU3HAYUTH OCHOBHI IapaMeTpH TpOIecy, 30KpeMa IIBUAKICTb
BUITAPOBYBAHHSI Kparmeyb Ta 3MiHY iXHROTO PO3MIpY ITiJI Yac Pyxy B ra3oBoMy cepenoBuiii. Lle, B
CBOIO UEpry, CIpHSI€ ONTHMI3allii TEXHOJOTIYHUX TapaMeTpiB MPOIEeCy BHUIAPIOBaHHS, IO
niaBHIY€E €PEeKTUBHICT, BUPOOHMIITBA Ta 3MEHIITYE EHEPTeTHYHI BUTPATH.

30KkpemMa, JOCIHIPKEHHST TIOKa3alii, 10 MIBUAKICTh BHIIAPOBYBAaHHS Kpareib Cyib(aTtHoi
KUCJIOTH 3aJIeKUTh BiJl KOHIIEHTpALi KUCIOTH, TEMIIEPATypy Ta IIBUAKOCTI ra3o0BOr0 MOTOKY.
[Ipu upomy, po3poOiieHi MaTeMaTH4HI MOJIEN 103BOJISIIOTH MIPOTHO3YBAaTH MOBEIHKY Kpareib y
pI3HUX yMOBaXx, IO € KOPUCHUM JUIs BJOCKOHAJICHHS TEXHOJIOTIYHHUX IPOLECIB Yy XIMIYHIH
IPOMHCIIOBOCTI. 3 OTJIsily Ha I, METOI Wi€i poOOTH € TEOPETHUYHE IOCHTIKEHHS METOJIiB
1HTeHcHudiKaIii mporecy BUIapOBYBaHHS PO30ABICHUX PO3UYHHIB CYJIb(PATHOI KUCIOTH.

st mocsITHEHHS 3a3HAaY€HO1 METH HEeO0OX1THO OyJIO BUPIIIUTH TaKi 3aBJaHHS: TEOPETHUYHO
MpoaHali3yBaTH BIUIMB (Pi3MuHUX (aKTOpPiB HA IHTCHCHBHICTH BHUITAPIOBaHHS; BCTAHOBUTHU
TEXHOJIOTTYHO JOIUIBHUN PEKUM BUITAPIOBAHHS.

MeToauKu NPOBeIeHHS PO3PAXyHKIB

st BU3HAYCHHSI 1HTCHCHBHOCTI BHIIAPOBYBAaHHS 3aCTOCOBYBAIM PO3POOIEHY MOIEIH
"kpamis cynb(aTtHOi KMCIOTH — HarpitTuil ra3" [5]. ¥V monepeaHix HochiKeHHAX [6] BUBEAECHO
MaTeMaTHYHI 3aJIeKHOCTI U1 4acy HarpiBaHHs (To') Ta BHUIApOBYBaHHS (To") Kparwii, sika mix
JI€I0 CUIM TSDKIHHS PYyXaeTbCs NMPOTUTEUIHHO B TMOTOLI Tapsiuoro moBiTps (piBHSHHA 1,2).
[ToyaTkoBI YMOBH: MIBHUIKICTh Ta TeMIIEpaTypa Kpari CTaHOBITH Vo= 0 mM/c Ta To = 293 K
BIJIMOBIJIHO; IMIBHUJKICTh MOBITPsI, HOTO TeMIIepaTypa Ta BOJOTOBMICT 3aJUIIAIOTHCS MOCTIHHUMU
1 cranoByATh Vi =1 M/c; T1=373...773 K ta x=10,5-1073 KI/KT BiAnoOBigHO.

10'=1,36-10* da20'*%/exp(0,0025-AT}.2), M
10"=9-10%-AC%7-d'39/AT 2, )
T0=T0'+ To" )
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ne ATi2 — cepenns pyuriiiHa cuia mpoleciB HarpiBanHs Ta BunapoByBaHHs, K; AC — mpupicrt
xoHnenTpanii H2SO4, (AC= Copny- Ca0), Ca0, Cov) — movaTKOBa 1 KiHIeBa KoHUeHTpanii HaSO4
BigmosigHo, %.

Temmneparypu kparwti Ha novatky (T2') Ta B kiHui cranii BunapoyBanus (T2") dakTuuno
BIJIMOBIJAIOTh TEMIIEpaTypaM MOKpPOTO TEpPMOMETpa JJIs PO3UMHIB KHCIOTH 3 IOYATKOBOIO
KoHIeHTpaliero Cyo Ta KiHIEBOIO KOHIEHTpalliero Cyny. Y poOoti [7], AN po3YMHIB KUCIOTH 3
koHueHrpauieo C20=20 Ta Cooy=70% Ta BHIIe3a3HAYEHUX YMOB, BUBEJICHO TaKi 3aJIEKHOCTI:

T2'=12,8-In(AT)+248,6, (4)
T,"=20,5-In(AT)+260,3. (5)

Po3paxyHOK MIBHAKOCTI pyXy Kparuli Ta ii mepeMinieHHs 3iHCHIOBAIN YUCIOBUM METOI0M
Eiinepa. Jlyist 3a0e3neueHHss TOYHOCTI PO3paxyHKiB, iHTepBan 4dacy (At) Oyno oOpaHO piBHUM
0,005 c. OGuucienHs moBToproBaid N pa3iB 0 JOCITHCHHS HEOOX1THOT KOHIICHTpAIl KUCIOTH
(makcumanbHo 70% H2SO4). Yac KOHTAKTy Kparuii 3 MOTOKOM MOBITPS BU3HAYABCS SIK

T=N- At. (6)

BB iHTeHCH(}iKYIOUMX YWHHHKIB BHpaXaldd dYepe3 BIJHOCHE 3MCEHIICHHS Yacy
KOHTaKkTyBaHHs (0, %) y MOpIBHAHHI 3 To, KM pO3paxoBaHO AJs Kparuli 3a piBHAHHAMU 1...3.
Po3paxyHOK BiZIHOCHOTO 3MEHIIICHHS Yacy KOHTAKTyBaHHS BU3HAYAIH 32 (POpMYIIOF0

d =|to- 1|-100/ 10 (7)
PesynbTaTi gocaiikeHb Ta iX 00roBopeHHs

3a ymMOBH CTaOUIBHOCTI MapaMeTpiB raszy, (akTopamu BIUIUBY Ha CHCTEMY ‘‘Kparuis
Cynb(paTHOT KUCIIOTH — HArpiTUil Ta3 ” € TemMIeparypa, liaMeTp Ta MIBUAKICTh Kparwii.

TpuBamicTh KOHTAKTYBAaHHSI CKJIAIA€ThCS 3 Yacy HArpiBaHHs Ta BUIAPOBYBaHHA (3), TOMy
HONEpeIHhO MiAirpita Kparuig OyAe BUIApOBYBAaTHCh IHTEHCHBHINIe. EKOHOMIYHO Ta
TEXHOJIOTIYHO JOIUJIBHUM € TIONEepPEaHE TMIIIrpiBaHHA PO3YMHY 10 TeMIepaTypd MOKPOTO
tepmometpa T>" BunmapoByBaHHs Kparuti. I3 30UIbIIEHHSIM IMIBUAKOCTI Kparuli 3pOcTae BiJHOCHA
MIBUIKICTh pyXy (a3 i, BIAMOBIAHO, KOSDIIEHTH TEIUIO- 1 MACOBIAAAY, a BIATAK CKOPOUYETHCS
TPUBATICTh BUIIAPIOBAHHSI.

Jnst  BCTaHOBJIEHHS IHTCHCH(IKYIOUOrOo BIUIMBY HHX (PAKTOpiB, CKOPHCTABIINCH
MaTeMaTHYHOIO MOJIEIUTIO [5], po3paxyBaiy yac KOHTAKTyBaHHS 1 HOro BIIHOCHE 3MEHIIICHHS 32
novatkoBux Ttemneparyp T2o=T2" (Tabm.l) Ta B nmiama3oHi MOYATKOBHX HIBUIKOCTEH Kparuti
v20=5...20 m/c (Tabmn.2).3 pe3ynbTaTiB po3paxyHKiB BUAHO, IO MONEPEIHE MiAIrpiBaHHs Kparuii
no temmeparypu T>" HE3HA4HO CKOpOUye Yac KOHTakTyBaHHA (6,9...14,6%) 1 BigHOCHE
3MCHILIEHHSI TPHUBAJIOCTI BUIAPOBYBAaHHS MaJlo 3aJCKUTh Bix il miamerpa, a 374eOUTBIIOTO
BU3HAYAETHCS IMOYATKOBOIO Temrmeparyporo (tabs. 1). 30UIbIICHHS MOYAaTKOBOI IIBUIKOCTI
KparuIi BiAUyTHIIIE BIUTUBA€ Ha IHTEHCUBHICTh BUTIAPIOBAHHS JIPIOHUX Kparmeb, MPOTE BIIHOCHE
3MEHIIICHHS TPUBAJIOCTI BUNIapOBYBaHHS He nepesuitye 14,2 % (tadu. 2).

Ile mosicHIOETBCS TUM, IO 1HTEHCHU(IKyIOYa Jis TEMIIepaTypyd Ta IMIBHIKOCTI Kparuli €
KOPOTKOTPUBAJIOIO 1 Ma€ BiAYYTHUH €(pEeKT y MOYaTKOBUH MOMEHT KOHTAKTyBaHHsS Kparuii 3
MOBITPSIM, TOOTO Ha CTajAil HarpiBaHHA Kparuli Ta ITOYaTKOBOTO MpHUCKOpeHHs. [IpoTsrom
OCHOBHOTO 4YacCy BHUIIAPIOBAHHS TeMIeparypa 1 IMIBUAKICTh Kparuli BUPIBHIOIOTHCS 1

XapaKTEPUCTUKH MPOIIECY MPAKTHYHO HE 3ajIekKaTh BiJl TOYaTKOBUX IMapaMeTPiB Kparuii.
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Tabauys 1

Brus nodatkoBoi Temmnepatypu kparuti (T20=T2", K) Ha uac konTakTyBanH (T, ¢) Ta ioro
BiJIHOCHE 3MeHIIIeHHS (O, %)

IouaTkoBuii giamerp kpammi d2o-103, m
Temneparypa, K
0,5 1 1,5 2
T1 T2" T,C 0, % 1,C 0, % 1,C 0, % T,¢ | 0, %
373 3493 11,0 7,1 27,9 6,9 47,5 6,9 69,1 6,9
473 367,3 3,7 10,7 9,6 10,5 16,3 10,4 23,8 10,4
573 376,3 2,1 12,7 5.4 12,2 9,3 12,1 13,5 12,1
673 381.,9 1,4 13,8 3,7 13,3 6,3 13,2 9,2 13,1
773 385,7 1,0 14,6 2,8 13,9 4,8 13,8 6,9 13,8
(C20=20%; Coonvy =70%; v20= 0 Mm/c; vi= 1 m/c)
Tabnuys 2

BrumiB mouaTkoBOi MIBUAKOCTI Kparwii (Vv2o, M/C) Ha 4ac KOHTAKTyBaHHS (T, C) Ta HOTO
BiJIHOCHE 3MEHILEeHHS (0 %)

IMouarkoBuii Kiamerp kpamti dzo-103, m
V20, M/C 0,5 1 1,5 2
e [ 8% | e | 8,% | e [ 8% | te [ 8%
T1=373 K
5 11,7 0,8 29.8 0,5 50,8 0,3 74,0 0,3
10 11,7 1,2 29,8 0,7 50,8 0,5 73,9 0,4
20 11,6 1,5 29,7 1,0 50,7 0,7 73,7 0,6
T1=573 K
5 2,3 3,6 6,0 2,4 10,4 1,7 15,2 1,3
10 2,2 5,5 5,9 3,6 10,3 2,6 15,1 2,0
20 2,2 7,6 5,8 5,2 10,2 3,7 14,9 3,0
Ti=773 K
5 1,1 6,7 3,1 4,4 5,3 3,2 7,8 2,5
10 1,1 10,0 3,0 6,9 5,2 5,1 7,7 4,0
20 1,0 14,2 2,9 9,8 5,1 7,3 7,6 6,0

(T20= 293 K; C20=20%; Cany) =70%; T20=293 K, vi=1 M/c)

Kpammx moka3HHKIB BHIIAPIOBAHHS MOXXHA JOCSTHYTH 32 OJIHOYACHOTO ITiABHUINCHHS
MOYaTKOBUX TEMIEpaTypH Ta MBUAKOCTI Kparwti (Tabm.3).
Pesynbratu po3paxyHKIB MOKa3yrOTh, IO MOMEPEAHIN MITIrpiB Kparwli A0 TeMIepaTypu
BIJIHOCHE 3MEHIICHHS TPHUBAJIOCTI

T2H

3MEHIIye Yac KOHTaKTyBaHHA Ha 6,9-14,6% 1

BUIIAPOBYBAaHHS MaJlo 3alIeKUTh BiJ il AiaMeTpa, a 31e0UIbLIOr0 BH3HAYAETHCS IMOYATKOBOIO
temneparyporo (tabma. 1). [ligBuIeHHs MOYaTKOBOI IMBUAKOCTI Kparuti OUIBII CYyTTEBO BILUIMBAE
Ha IHTCHCHBHICTh BHITAPOBYBaHHS NPIOHUX Kpamenb, ajle BIIHOCHE CKOPOYEHHS TPHUBAJIOCTI
BUIIApOBYBaHHs He nepesuinye 14,2% (tabin. 2). Lle nosicHIoeTbCsl THM, 110 1HTEHCU(DiKyIoUa Jist
TEMIIepaTypy Ta IIBUAKOCTI KpaIuli € KOPOTKOYACHUMH 1 MPOSBISIOTHCS TOJIOBHUM YMHOM Ha
MOYaTKOBOMY €Talli KOHTAaKTy Kparwii 3 MOBITPsIM, TOOTO MiJ yac ii HarpiBaHHsS Ta MOYAaTKOBOT'O
npuckopeHHs. [IpoTsroM OCHOBHOTO Mepioly BUTIAPOBYBAHHS TeMIIepaTypa 1 MIBUIKICTh Kparuti
BHUPIBHIOIOTBCS, 1 XapaKTEPUCTHKHA TIPOIECY MPAKTHYHO HE 3aJIeKaTh BiJl TOYATKOBHX
napameTpiB Kparii. Halikpammx noka3HUKiB BUIIAPOBYBAHHS MOKHA JTOCATTH MPH OJHOYACHOMY
iIBUILEHHI TOYaTKOBOI TEMIIEPATYpH Ta MBUIKOCTI Kparii (Taba. 3).
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Tabauys 3

Bmus nouarkoBux Temmneparypu (T20=T2", K) 1 mBuakocti kparti (v2o, M/C ) Ha 9ac

KOHTAKTyBaHHS (T, C) Ta HOTO BiAHOCHE 3MeHIIeHHS (O %)

IouaTkoBuii giamerp kpammi d2o-103, m
V20, M/C 0,5 1 1,5 2
T,C 0, % T,C 0, % T,C 0, % T,C 0, %
T1=373 K; T2''=349,3K
5 10,8 8,3 27,7 7,5 473 7,3 68,9 7,1
10 10,8 8,8 27,6 7,8 4772 7,5 68,8 7,3
20 10,7 9,3 27,5 8,1 47,1 7,8 68,7 7,4
T1=573 K; T2'"'=376,3K
5 1,9 18,5 53 14,6 9,1 14,1 13,3 13,4
10 1,9 20,7 52 15,8 9,0 15,1 13,2 14,1
20 1,8 23,5 5,1 17,3 8,8 16,4 13,1 15,1
T1=773 K; T2'"'=385,7K
5 0,9 25,5 2,6 19,5 4.5 17,6 6,7 16,3
10 0,8 29,7 2,5 22,3 4.4 19,6 6,6 17,8
20 0,8 35,1 2,4 25,6 4,3 22,1 6,5 19,7

(C20=20%; Coony =70%;, vi= 1 M/c)

[HTeHCHBHICTH pOOOTH BUIIAPHOTO arapara 3ajJeKUTh HE TIIBKHU BiJl Yacy KOHTaKTYBaHHS,
ajie ¥ BiJl HOro reOMETPUYHHUX PO3MIpiB. |15l MOPOKHUCTUX POMUITIOIOYMX arapaTiB KOJIOHHOTO
TUIY BHU3HAYAIBHUM IapaMeTpoM € ix BHcoTa. Haiikparli TeXHIKO-eKOHOMIYHI MOKa3HUKH
MalTh KOJIOHHI amapaTH, B SIKHX 3a OJWH TPOXiJ KparJii KOHIICHTPAIlsl KHCJIOTH JI0CSTae
3aJaHOTr0 KIHIIEBOI'O 3HAueHHS. TOMy BIJICTaHb I2, SIKy JOJa€ Kparwlsl 3a yac KOHTaKTYBaHHS,
BHU3HAYa€ BUCOTY BUITAPHOI KOJIOHU. Pe3ynbratu po3paxyHkiB mogano B Tabmwii 4.

Tabauys 4
Bincrans (12, M), SIKy J10JIa€ Kparuis 3a 4ac KOHTAKTyBaHHS (T, C)
IMouarkoBuii giamerp kpamii d2o-103, m
V20, M/C
0,5 | 1,0 1,5 | 2,0

T1=373K
0 11,28 82,57 210,31 389,43
5 10,48 75,90 193,30 358,44
10 10,84 76,54 194,13 359,60
20 11,31 77,44 195,38 361,32

T1=573K
0 2,18 18,72 50,01 94,79
5 2,29 16,78 43,63 82,43
10 2,72 17,64 44,76 83,89
20 3,34 18,91 46,45 86,18

T1=773K
0 0,97 9,74 27,39 53,29
5 1,31 8,93 23,86 45,88
10 1,77 9,87 25,17 47,57
20 2,46 11,33 27,25 50,31
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3 npoBeeHNX PO3paxyHKIB BUJHO, IO peajizyBaTd MPOLEC BUMAPIOBAHHS B OJMH MPOXij
MOYJIMBO TUIBKU 32 YMOBH, SIKIIO MMOYATKOBHUHU JiamMeTp Kparut ctaHoBUTH dxo < 0,5-107° m. ¥V
pasi OLIBIIOrO JiaMeTpa Kparul CYTTEBO 30UIBIIYETHCS HEOOXigHA BHCOTAa KOJIOHHU. TOHKE
TMCTIEPTYBaHHS TIOTpeOy€e 3HAYHMX CHEPreTHYHHX pECypCiB Ta BHMAra€ 3acTOCYBaHHS
BUCOKOC(EKTUBHUX 1 KOPO3IMHOCTIHKHUX KparIeBJIOBIOBAaYiB. TakuM YHWHOM, BHITAPIOBAHHS
po3unHiB H2SO4 y NOPOXXHUCTHX KOJIOHHHX amaparax BHSBISAETbCS MaJOC(EKTUBHUM 1
MPaKTUYHO 1030aBJICHUM TEPCIEKTUB s 1HTeHcH(ikamii. Y momrykax MUIIAXiB MiABUIICHHS
e(EeKTUBHOCTI I[LOTO Tpolecy Oyno 3poO0JIEHO BHUCHOBOK, IO JOCSITTH ITOCTaBJICHOI I
MOYKJIMBO JIMIIE IIJISIXOM 3MiHU PEKUMY BHITAPIOBAHHS Ta BIPOBADKCHHS arapara, sIKHi Kparie
BiJIIOBIIATUME TEXHOJIOTTYHUM TOTPEOAM.

BucnoBxku

1. PamionanapHe ympaBiiHHS BigxoiamMu Cyib(haTHOI KHCJIOTH Y BHUPOOHUIITBI JIOKCHUIY
TUTAHy € BXJIMBUM 3aBIAHHAM JUIsS 30€peKEHHS TOBKULIS Ta ONTUMAIBHOTO BHKOPHCTAHHS
pecypciB. BripoBakeHHS Cy4aCHUX TE€XHOJOTIH yTHII3allii CIpUsITHME MiHIMI3aIlil €KOJIOTT1YHUX
PU3HUKIB Ta 3a0€3MeUYNUTh CTINKHIA PO3BUTOK XIMIYHOT IPOMHUCIIOBOCTI.

2. BUKOpUCTaHHS TIOPOXKHUCTHX KOJIOHHUX arapariB JJis BUITAPIOBAHHS IHCIIEPTOBAHUX
pO34nHIB CYIb(})ATHOT KHCIOTH € EHEPTOMICTKUM 1 TEXHIYHO MAIOC()EKTUBHUM PIITICHHSIM.

3. InTeHcuikalis BUIAPIOBaHHS MOXKJIMBE 3a PaxyHOK 3abesnedeHHs Oaratopa3zoBOro
JTUCTICPTYBaHHS PIUHHU 1 JOCATHEHHS BHUCOKOI BiTHOCHOI HIBHUAKOCTI MK JUCTIEPTOBAHUMU
KparisiMi. Pearizalliss Takoro peXuUMy TO3BOJHUTH 3HAYHO CKOPOTHUTH TPUBATICTH IPOLECY
BUITAPIOBAHHS Ta €()EKTUBHO BUKOPUCTOBYBATH CHEPT1I0 HU3bKOCHTAIBITIMHUX Ta30BUX BUKHUIIB.
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Abstract. The resulting film materials based on polyvinyl alcohol, corn starch, sodium tetraborate, and
glycerin are transparent, soft, and elastic. Their physical and mechanical properties have been studied.
It has been established that increasing the concentration of sodium tetraborate and maintaining the
obtained films at a temperature of 433 K increases the tensile strength of the film samples, improves
their surface properties, and enhances their printability and markability. This allows us to predict their
potential use as environmentally friendly packaging.

Keywords: packaging materials, films, polyvinyl alcohol, starch, borax, exploitation properties.

Introduction

The global packaging materials market is undergoing significant development. According
to analytical research [1], the food packaging segment is experiencing stable annual growth of
5.5%. An alternative to traditional plastic is biodegradable packaging, which is confidently
gaining ground and showing growth in production. In 2024, the global market for biodegradable
packaging was estimated at $495.78 billion. According to analysts' forecasts, the biodegradable
packaging market is expected to grow at an average annual rate of 6.4% from 2025 to 2032. [1].
Starch-based plastics account for a significant portion of flexible packaging used in the food
industry. Corn, potato, rice, tapioca, and wheat starch are the most commonly used starches.
Corn starch contains 25-28% amylose, which provides high barrier properties to film materials
based on it. Tapioca starch forms transparent and elastic films with low moisture permeability,
making it ideal for food packaging.

To improve the characteristics of film materials, corn starch is combined with synthetic
polymers. Due to its biomass origin, rapid biodegradability, ease of supply, and relatively low
price, starch is used as one of the main fillers for synthetic biodegradable polymers. The use of
starch as an inexpensive filler is an effective approach to reducing the cost of composites, in
particular those based on thermoplastic copolyester polybutylene adipate-co-terephthalate [2].

Polyvinyl alcohol films have already proven their effectiveness in the packaging industry.
They are characterized by high barrier properties that prevent the penetration of moisture and
gases, as well as chemical resistance, which ensures the material's durability. Additionally, the
creation of PVA-based nanocomposites significantly enhances the physical and mechanical
properties of the materials, increasing their flexibility, strength, and heat resistance [3].

The combination of starch with synthetic water-soluble polyvinyl alcohol enables the
optimization of the operational properties of film materials, such as tensile strength and moisture
resistance [4-7]. It has been established that the addition of cellulose to a mixture of polyvinyl
alcohol and starch provides composites with additional reinforcement and increased tensile
strength [8]. Gelatinisation of starch in the manufacture of films from a mixture of polyvinyl
alcohol and corn starch improves the morphology and thermal properties of film materials [9].
The mechanical and thermal properties of mixtures of polyvinyl alcohol and corn starch can also
be improved by intercalating nanoclay [10].

Due to their good printing properties and high transparency, PVA films are suitable for the
manufacture of environmentally friendly packaging [4]. The combination of PVA with natural
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polymers, particularly polysaccharides, not only enhances the performance characteristics of film
materials (elasticity, resistance to mechanical damage, and water resistance) but also increases
their biodegradability. Films containing corn starch and PVA undergo decomposition under the
action of enzymes as well as in soil and compost [5, 6]. The addition of cassava starch and corn
starch to polyvinyl alcohol significantly increases the biodegradation rate of films [11-
13]. Studies on the biodegradation of composite materials based on polyvinyl alcohol and starch
have shown that, under the action of microorganisms in biohumus, the biopolymer undergoes
rapid destruction. With a starch content of 30% in the biopolymer composition, noticeable
changes in the surface structure of the samples occur as early as the 20th day [5]. On average, it
takes 30 days for films made of plasticised starch and synthetic polymer to biodegrade in
biohumus [12].

The aim of our work is to study film materials based on polyvinyl alcohol with the addition
of corn starch, sodium tetraborate, and glycerin. Studying the operational properties of the
materials obtained will enable us to predict the potential use of these materials as
environmentally friendly packaging.

Materials and methods

Polyvinyl alcohol was used as a polymer base. It is a water-soluble, chemically resistant,
non-toxic synthetic polymer. PVA films are transparent, durable, and able to provide basic
barrier properties for packaging, and can decompose in natural conditions within a short time.
The polymer Polyviol G 04/140 we studied is white in appearance, consisting of small granules.
Dissolution in water was carried out under heating until a homogeneous solution was obtained.
The addition of a natural polymer, corn water-soluble starch, can change the properties of film
materials and improve biodegradability. The solution was heated with stirring to the gelling
temperature.

Glycerin FS 42-2202-84 was added as a plasticizer at room temperature. Glycerin
increases the elasticity of the films. A more even distribution of polymer chains gives the films
tensile strength and durability, which are important performance characteristics of packaging
materials.

The addition of sodium tetraborate (Na:BsO-10 H20) will give the films antibacterial
properties. This will allow the use of film materials for packaging medical products and food,
providing protection against microorganisms [14]. In solution, sodium tetraborate hydrolyzes to
form boric acid, which provides crosslinking of polyvinyl alcohol chains. Therefore, the
introduction of sodium tetraborate into the composite enhances the material's chemical stability
and mechanical properties during operation.

The films were obtained by sputtering on a glass substrate. The resulting films have a
homogeneous structure and uniform thickness. Upon completion of the structure formation
processes and complete drying, the liquids are easily separated from the substrate.

The mechanical properties of the films were studied using a universal tensile testing
machine (dynamometer), with a 50 mm distance between the clamps, as described in [15].
Tensile and strength tests were performed to determine the elasticity of the films, as well as their
ability to withstand mechanical stress, which is important for packaging materials.

The properties of the surface were studied using contact angle measurements, which
recorded droplet profiles of test liquids on the film surfaces with a digital camera [16]. Water and
ethylene glycol were used as test liquids to evaluate potential interactions between the films and
substances. In this way, the automatically calculated cosines of the contact angle allowed for the
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evaluation of the hydrophilicity and wettability degree of the film, which is an important
condition for applying printing ink.

Results and discussion

The combination of water-soluble polyvinyl alcohol with starch, brought to a state of
gelatinization, allows for the production of transparent film materials. Our studies indicate that
the optimal mass ratio of polyvinyl alcohol (PVA) and corn starch is 5:1-5:2, with the addition of
sodium tetraborate at a concentration of 10%-20% (relative to the dry PVA residue). The
introduction of glycerin into the polymer composition enables the production of soft and elastic
films with good tensile strength. To study the properties, films were prepared whose
composition, in terms of anhydrous substances, is given in Table 1. The thickness of the obtained
films ranges from 0.0551 to 0.0635 mm. The obtained film samples were heat-treated at
temperatures of 393 K (samples 2 and 5) and 423 K (samples 3 and 6) for 30 minutes. Heating
the films above 433 K leads to yellowing of the samples, since they contain corn starch.

The breaking force and tensile strength of 15 mm wide samples made from the obtained
biodegradable film materials were measured on a universal tensile testing machine
(dynamometer). The results obtained are presented in Table 1.

Table 1
Composition and mechanical properties of the film samples
Ne Sample composition, mass % Film Breaking Tensile | Elongati
sample Polyvi | Corn Gly | Na;B4O | thickness, | strength (Al), on at
ol 6 starch | cerin 7°10 [mm] (P), [H] [mm] | break, %
04/140 H>O
1 45 10 40 5 0.0635 15.24 95 190
2 45 10 40 5 0.0615 17.15 90 180
3 45 10 40 5 0.0551 13.23 69 138
4 40 10 40 10 0.0736 27.56 135 270
5 40 10 40 10 0.0658 17.27 110 220
6 40 10 40 10 0.0613 28.028 100 200

Since the tensile stress is the tensile load per unit area of the film cross-section at the
moment of rupture, this value best characterizes the strength of film materials. The tensile

strength 6 (N/mm? a6o MPa) is calculated using the formula ¢ = g. Fig. 1 shows the change

intensile stressof films with a thickness of 0.0551 - 0,0615 mmas a function of
boraxconcentration and holding temperature.

The research results indicate that increasing the borax content in film materials enhances
both the tensile strength and tensile stress. When the film samples are heated, better crosslinking
of the polymer base occurs and, as a result, the tensile strength of the material improves (Fig. 1).

For eco-friendly film packaging, an important factor in its use is the ability to apply high-
quality images or markings to its surface. Therefore, a study was conducted to investigate the
surface properties of the films obtained. The surface properties of film samples containing
polyvinyl alcohol and starch in the mass ratios specified in Table 1 were studied using an
instrument for determining the contact angle of wetting. Distilled water and ethylene glycol were
used as test liquids for the wetting test. The kinetics of the wetting process of polyvinyl alcohol
and starch-based films with distilled water are shown in Figure 2 and with ethylene glycol in
Figure 3.

CHEMICAL TECHNOLOGY AND ENGINEERING - 2025: MONOGRAPH, LVIV, UKRAINE

49



DEVELOPMENT, ENERGY AND RESOURCE SAVING IN THE CHEMICAL AND FOOD TECHNOLOGIES

35
30 _
25
e 20 =
£ —
o 15
—— 1
10 -
+2
5
D T T T
250 300 350 400 450

T.K

Fig. 1. Variation of the tensile stress of films (1 - 5% borax, 2 - 10% borax) with borax
concentration and temperature.
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Fig. 2. Kinetics of the process of wetting with water of films based on polyvinyl alcohol and
starch (film composition according to Table 1).

cos O
o o

0 20 40 60 80 100 120

Time of wetting, ¢

Fig. 3. Kinetics of the process of wetting polyvinyl alcohol and starch-based films with ethylene
glycol (film composition according to Table 1).
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Analysis of the kinetic curves shows that when all films based on PVA, starch, and
glycerine are wetted, there is an increase in the cosine of the wetting angle. This indicates
gradual saturation of the surface with water and its hydrophilic behaviour. Sample 1 exhibits the
worst kinetics in terms of wetting, indicating its weak surface characteristics. Films with a higher
sodium tetraborate content show sufficient resistance to water and ethylene glycol. They are
suitable for applying paint coatings and marking eco-friendly packaging.

Conclusions

1. The obtained biodegradable films based on synthetic polyvinyl alcohol Polyviol G
04/140 containing corn starch, glycerin, and borax are transparent, homogeneous, and relatively
thin. Elongation at break within 180 — 270 % is an important property for them for possible use
as biodegradable packaging.

2. The study of the physical and mechanical characteristics of films with 5% and 10%
borax content showed better tensile stress results with a higher content (10%) of borax.

3. The exposure of the studied film materials to temperatures of 393 K and 433 K improves
their mechanical strength. To optimize the physical and mechanical properties of biodegradable
film materials, the addition of borax is more resource-efficient than heat treatment.

4. Good wetting results on the film surface indicate the possibility of printing and labelling.
Films containing PVA, starch, borax, and glycerine demonstrate high potential for use as
environmentally friendly, biodegradable packaging material, ensuring environmental safety and
effective disposal.
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Anomauisa. Y po6omi npedcmasieno pe3yabmamu 00CAi0HCeHHA KinemuKku (inbmpayiiitHozo cyuinHa
wpomy Ouxkoi MOpKeU 011 6U2OMOG]IEHHA GIMEPHAMUBHO20 mEepoo2o nanusa. OO6rpynHmoeano
AKMyanvHicmo 6uOOpy ubo2o mamepiany aK 06’ckma oocnioxncenna. Ilpoananizoeano eénnue sucomu
CIMAayioHapHozo wapy, memnepamypu menio8o20 azeHmy ma weuoKocmi 1ozo pinbmpysanns Kpizo
cmayionapuuil wap wpomy Mopkeu oukoi Ha npouec cywiinusa. Haeedeno zpagiuny 3anescuicmep
weuokocmi pinompayititnozo cywinna 6i0 0ixcyuoi eonozocmi mamepiany, a MaxKoHc 00CAi0HCEHO
OUHAMIKY 6UOATICHHA 60J102U MA WEUOKICMb CYWIHHA 34 PI3HUX RAPDAMEmpie Menji06020 azenmy ma
6uUCOmM CHAYIOHAPHO20 Wapy.

KittouoBi cjoBa: KiHeTHKa, GiabTpaliiiiHe CYIIiHHS, T1IpOoAMHaMIKa, CTAlllOHAPHHUI Iap, IIPOT MOPKBU
JUKO].
Beryn

Juxa mopkBa (Daucus carota) € IIHHOIO JIKapChKOIO POCIHHOIO, SIKa MICTUTh 3HAUHY
KUIBKICTh 010JIOT1YHO aKTUBHHUX CITOYK, 30KpeMa (PEHOJIbHI CTOJYKH, TEPIICHU Ta (HJIaBOHOIIH.
[li KOMIOHEHTH BWU3HAYAIOTh IIUPOKUH CHEKTP (apMaKOJOTIYHUX BIACTUBOCTEH POCIMHU —
KAPO3HIKYIOUHUX, NPOTH3AMATbHHX, MPOTHITYXJIMHHUX, AHTUOKCHJIAHTHUX Ta
aHTHOAKTepiaTbHUX. 3aBIIKH TAaKOMY XIMIYHOMY CKJIQTy €KCTPaKT TUKOi MOPKBH aKTHBHO
BUKOPUCTOBYIOTh y (hapManeBTHUHINA, KOCMETHYHIM 1 XapyoBiii MPOMHCIOBOCTI SIK JKEPEo
OPUPOIHUX 010aKTUBHUX PEUOBHH.

Pa3om i3 TuM, 3HaUHA YaCTMHA CUPOBUHM IICIS €KCTPAKLii 010J0T1YHO aKTUBHUX PEUYOBUH
MEPEeXOIUTh Y TBEP/ 3AIHUIIKA — IIPOTH, SKI YaCTO HE 3HAXOJATH PaIliOHATEHOTO MOAAIBIIOTO
3actocyBanHi. B VYkpaiHi pociauHHI BigXoau, 30KpeMa ¥ Ti, [0 YTBOPIOIOTHCT Y
dbapmareBTUYHIM  TPOMHUCIOBOCTI, CTAHOBJSATH TOMITHY YacTKy 3arajJlbHOro oocsry
MPOMHMCIIOBHUX BiIXOAiB. OHUM 13 TaKMX BUIIB € MIPOT MOPKBH JUKOI, SKUH YTBOPIOETHCS MICIIS
BWJTYYEHHSI IIJTbOBUX KOMITOHEHTIB 1] Yac BUPOOHUIITBA EKCTPAKTIB.

Ha cporomni OUIBIIICTE POCIMHHHMX BIAXOAIB  (papMameBTHYHOI MPOMHUCIOBOCTI
YTUJII3Y€ThCS HEpallioHATBHO — 371e01IBIIOro MIISXOM BUBE3CHHS Ha cMiTTe3Banuma. [locriiiHe
HAKONWYEHHS TaKUX BiJIXO/IB CTBOPIOE CEPHO3HY €KOJOTiUHy mpodiemMy. [Ipu rHUTTI pocIuHHOI
6iomacu BiOyBaeThCs yTBOPEHHS (PiNbTpaTy, 110 MPOHUKAE B IPYHT, 3a0pYAHIOIOUM IPYHTOBI
BOJM TOKCHYHMMH CIloiyKamMu. Kpim TOro, mporec po3KIagaHHS CYIMPOBOIKYETHCS BHKHIOM
MapHUKOBHX Ta3iB, IO TOAATKOBO BIUIMBAE HA €KOJIOTIUYHUHN Oananc noBkuwis [1]. Tomy BuHUMKaAE
HEOOXITHICTh TOIIYKY EKOJIOTIYHO O€3MeYHUX 1 BOJHOYAC EKOHOMIYHO JOIIIBHUX IIIIAXIiB
yTHITI3allii TAaKUX BiJXO/IiB.

OnHUM 13 IEPCTIEKTUBHUX HANPSIMIB TIEPEPOOJICHHS IPOTY MOPKBH JUKOi € BUPOOHHIITBO
NMaJUBHUX OpHUKETIB — aJIbTEPHATHUBHOTO, €KOJOTIYHO YHCTOrO0 TBEpAoro mnamuBa [2].
Bukopucranas BigxoaiB OlomMacw Il €HEPreTUYHUX IUICH HE JIMIIE CHpUsIE 3MEHIICHHIO
o0csriB  3a0pyAHEHHS HABKOJMIIHBOTO CEPEAOBUINA, a W Ja€ 3MOTy 3aMilllaTH YacTUHY
TpaguLiHUX eHepropecypciB. TexXHOJOTIUHUI Mpollec BUTOTOBJICHHS MAJIMBHUX OpPHUKETIB 13
pociuHHOI OioMacu BKIIIOYA€E KibKa €TalliB, cepell SIKUX KIIOUYOBUM € TOTIEPENIHE CYIIIHHS
CUPOBHHHU JI0 BOJIOTOCTi, 110 He mepeBuurye 14% wmac [3]. 3HMXKEHHS BOJIOTOCTI 3a0e3nevye
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HiIBUIIEHHS TEIJIOTBOPHOI 3JaTHOCTI Marepiaily, CTaOUIbHICTh WOTO TOpIHHA Ta TPUBAJIICTh
30epiraHHs, M0 OE3MOCePETHHO BIUIMBAE HA SIKICTh TOTOBOTO MAJINBA.

Jlnst BUCYIIIyBaHHS IIPOTY MOPKBHU JUKOI Oysio 0OpaHO (iIbTpariiiHui METON CYIIiHHS,
OCKUIBKA BIH BB@KAETbCA OJHUM 13 HalWe(EeKTUBHIMIKUX CIOCOOIB CYUIHHS MOAPIOHEHO]
POCIMHHOI CUPOBMHH Yy cTamioHapHomy mapi [4]. IlepeBaroio mporo Merony € piBHOMipHe
OporpiBaHHA IIapy MaTepialy, BHCOKa IIBUAKICTH IepelaBaHHS TEIUIOTH Ta MOXKJIHMBICTD
pETyIIIOBaHHS TTapaMeTPiB MPOLIECY 3aJIeKHO BiJl XapaKTEPUCTHK CHPOBHHHU.

Kinetnka ¢inpTparmiiiHoro cymriHHS OioMacH € TpPeAMETOM YHCICHHUX HayKOBUX
JOCHIJKeHb. 30KpeMa, Y poOoTi [5] po3rIsHYyTO KIHETHKY (UIBTPALifHOTO CYLIHHS SYMiHHOL
NUBHOI JpoOuHU, a B cTarTi [6] — KyKypyA3sHOI MiciscmupToBoi Oapam. Y mux poOorax
HABEJICHO 3aJIEKHOCTI MDK MapaMeTpamMH MIapy, MIBUAKICTIO PyXy TEIUIOBOIO areHTy Ta
IHTCHCUBHICTIO BUCYIIYBaHHS, IO JJO3BOJIIE BU3HAYATH ONTHUMAJbHI PEXUMHU TIPOIIECY.
AHAJIOTIYHI  JTOCHIJDKEHHS KIHETHKUA (DUIBTPAIIHHOTO CYIIIHHS TPOBEACHO TaKOX JIA
CTPYTaHOTIO IIIOHY [7].

OpHak pe3yibTaTH LUX POOIT HE MOXYTh OyTH O€3MOCepeaHbO 3aCTOCOBAHI IS OIHUCY
MPOIIECY CYIIIHHS CTalllOHAPHOTO Iapy IIPOTY MOPKBU AMKOI, OCKUIBKH BJIACTHBOCTI IIi€l
CHPOBHUHU CYTTEBO BIIPI3HAIOTHCS BiJ 1HIIMX MaTepiaiiB. BiIMIHHOCTI MOISATAIOTh Y MTOPUCTOCTI
mapy, €KBIBAJICHTHOMY JiaMeTpl KaHATIIB MIX YacTHHKaMH, (pakmifHOMY CKJIaal Ta MUTOMIN
noBepXHiI 4acTHHOK. Came TOMy Ul BU3HAYECHHS PaLliOHAJBHUX MapaMeTpiB MPOLECY CYIIHHS
OIPOTY MOPKBH JHWKOI HEOOXigHI eKCIIepUMEHTaNbHI JOCHIIKeHHS HWOr0 KIHETUYHHX
XapaKTEPUCTHK, IO JO3BOJUTH ONTHMI3yBaTH yMOBH CYIIIHHS Ta 3a0e3medyuTH e(eKTHBHE
BUKOPHUCTAHHS Ii€1 6i0Macu y BUPOOHHUIITBI aJIbTEPHATUBHOTO MAJIMBA.

ExcnepumeHTanibHa YacTHHA

Jliss BUKOHAHHS EKCIEPUMEHTATbHHUX JOCHIIKeHb OyJI0 BUKOPHCTAHO WIPOT MOPKBU
JIMKO1, OTPUMAHUH K MOOIYHUN MPOAYKT Ha MiCLIEBOMY (papMalieBTUYHOMY IiJIPUEMCTBI MiCIs
eKCTparyBaHHsi OIOJIOTIYHO AaKTUBHUX PEUOBMH. BuximHumii wmartepiay XapaKTephu3yBaBcCs
TMiJIBUILIEHOIO0 BOJIOTICTIO, sika cTaHoBmwia 41,5 %, mo poOuUTh HOTro HENMpUAATHUM JI0 MPSMOTO
MpeCyBaHHs y BUTJIAII MAJUBHUX OPUKETIB Ta BUMArae MomnepeHbOro CyIIiHHS.

Puc. 1. Burnsa yacTuHKH MIPOTY MOPKBHU JTMKOI ITiJT MiKpockorioM Mapku Mbb-1A.

Mopdosoriuny CTpyKTypy YacTHMHOK MIPOTY JOCHIDKEHO 3a JOMOMOTOI0 MIKPOCKOTa
mapku MBb-1A (puc. 1).

JlocmikeHHsT KIHeTUKH (UIbTpalifHOro CyUIiHHA, 30KpeMa JMHAMIKU BUAAJICHHS BOJIOTH
Ta I[IBUAKOCTI CYIIIHHS 3@J€XKHO Bi ODKy4yoro BOJIOTOBMICTY, NpPOBOJWINM Ha
eKCTICpUMEHTAJIbHIN YCTaHOBIIl, ACTAJLHUM OMHUC SIKOi HaBeaeHO y poboti [8]. YcraHoBKa
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JIO3BOJISIE 3MIHIOBATH TEMIIEPATypy Ta IMIBUIKICTh PYXY TEIUIOBOTO areHTY, a TAKOXK BapiloBaTH
BHCOTY CTAI[IOHAPHOTO IIapy MaTepiaiy.

ExcnieprMeHTanbHI TOCTIIKEHHS BUKOHYBAJIH 32 TAKUX PEKUMIB CYIIIHHS:

— TeMrieparypa TeminoBoro arenry: 40, 50, 60, 70, 80 °C;

— WBHUIKICTh pyXy noBiTps: 1.2; 1.7; 2.2; 2.6; 3.1 m/c;

— BHCOTa cTamnioHapHoro mapy: 40, 60, 80, 100 mm.

CyuriHHS MPOBOAMIIN 10 JOCSITHEHHS KIHIIEBO1 BOJIOTOCTI 5 %, 110 BiMOBIAa€ BUMOTaM JI0
OGlomacu i TOAAJIBIIIOTO BUTOTOBJICHHS TMAJIMBHUX OPUKETIB. Y XOJ1 JOCTIKEHHS (hiKCyBan
YacoBi 3aJIEKHOCTI 3MIHM Macu CHpPOBHMHH, TEMIIEpPATypH Iapy, IIBUAKOCTI BUCYLIYBaHHS Ta
1HIII TapaMeTpu, HeoOXiTH1 s TOOYI0BU KIHETUYHUX KPUBHUX.

Pe3ynbTaT Ta 00rOoBOpeHHA

PesynbraTi OOCHIIKEHHS BIUIMBY IIBUAKOCTI MPO]IIBTPOBYBAHHS TEIUIOBOTO AreHTY
Kpi3b CTAIIOHApHUH IIap MPOTY MOPKBHU JHMKOI Ha Yac CyIIiHHS 300paxeHi Ha puc. 2a. Ha puc.
20. moka3aHa JuHaMiKa BUJIAJICHHS BOJIOTH 3 MaTepially, a Ha PHC. 2B. MPEJCTaBICHA 3aJIeKHICTh
IIBUKOCTI CYIIIHHS BiJl BOJIOTOBMICTY HIPOTY MOPKBHU JUKOi. TeMriepaTypa TEIJIOBOTO areHTy
cranoBuia 60 °C, BucoTa cramioHapHoro mapy — 80 mm.
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AHani3yo4u JaHi, HaBeleHl Ha puc. 2a, MOKHA 3a3HAYWTH, IO MiJBUIICHHS IBUIKOCTI
PYXy TEIJIOBOTO areHTa CIpHs€ IHTEHCUBHIIIOMY TEMJI000MiHY MiXK ra30BUM CEpEeIOBHILEM i
YaCTUHKAMHU IMIPOTY MOPKBHU IHMKOI. 31 30UIbIIECHHSIM IIBUAKOCTI TEMJIOBOTO IMOTOKY B IHAp
HAJIXOJUTH OUITBIIA KITBKICTh TEIUIOTH 32 OJIMHUIIIO Yacy, 110, Y CBOIO Yepry, MPUCKOPIOE MPOIIeC
BUTIAPOBYBaHHS BOJIOTH 3 IMIOBEPXHI Ta BHYTPIIIHIX OP YaCTHHOK. [le mpu3BOAUTE 10 3pOCTaHHS
IHTEHCUBHOCTI CYIIiHHSA, 0 TrpadidyHO BiAOOpakaeThCcs y 30UIBIICHHI TaHTEHCAa KyTa HaxXWIy
MPSMOJTIHIHHOT IUISTHKY KIHETUYHUX KPUBUX 10 ocl abcmuc. OTke, 31 30UTbIIEHHAM IIBUIKOCTI
GbinpTpyBaHHS 3a0€3MeuyeTbCsi OUTBIT e(peKTUBHE 3HEBOHEHHS MaTepialy Ha TOYaTKOBIM cTafil
nporiecy.

Ha puc. 3 mHaBemeHO pe3ylnbTaTH EKCIEPUMEHTAIbHUX JIOCHIIKEHb KIHETUKU
¢inbTpanifHOro CymiHHS IIPOTY MOPKBH IUKOI 32 PI3HUX TEMIIEpaTyp TEIUIOBOTO areHTa Mpu
NOCTIMHIN MmBHIKOCTI (QUIBTpYBaHHS 2,2 M/C 1 BHCOTI CTalllOHAPHOTO MLIapy HIPOTY MOPKBU
mukoi 80 mMMm. OTpuMaHi KpuBi BiIoOpa)karoTh 3MiHY BiJIHOCHOI BOJIOTH MaTepialy B yaci Ta
JIEMOHCTPYIOTh BIUIMB TEMIIEPAaTypH Ha IIBUAKICTh BUCYIIYBaHHs. 31 3pOCTaHHSAM TEMIIEPaTypH
TEIJIOBOTO areHTa IOMITHO CKOPOYYETHCS TPHUBAIICTh TPOIECY CYIIIHHS, IO TOB’SA3aHO 3
MiIBUIIEHHSAM pPYIIIAHOT CHJIM MacooOMiHYy MDK MmapoM OioMacd Ta HaBKOJHUIITHIM
CepeIOBUILIEM.
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