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The influence of the content of silica nanoparticles and the combined sub-
stances, namely, aluminium oxide/silica and zinc oxide/silica, on the rhe-
ological properties of the polypropylene (PP) melt and the characteristics
of modified monothreads is studied. As established, the effective viscosity
of PP/nanofiller compositions increases in the entire concentration range
studied (0.1-3.0 wt.%) and depends on the chemical nature of the addi-
tive. In the presence of silica, the viscosity of melts increases by 20%;
when mixed ZnO/SiO, and Al,0,/Si0, oxides are added, it increases by
30% and 50%, respectively. The elasticity of all the investigated systems
decreases with increasing content of additives, judging by the indicators
of jet swelling. The ability to process nanofilled compositions is improved,
as evidenced by an increase in the maximum deformation of the melt jet
in the longitudinal tensile field. The presence of silica nanoparticles and
mixed oxides in the structure of PP monothreads improves their opera-
tional characteristics: the breaking strength and modulus of elasticity in-
crease by 1.3-1.5 times, the percentage of strength retention in the loop
and knot increases, and shrinkage decreases. Modified threads, like a pol-
ypropylene, are monolithic, have a smooth surface and are uniform in di-
ameter along their length. Nanofillers containing a metal-oxide phase on
the surface are more effective compared to the original silica.

HocaigsxeHo BIJIWB BMiCTy HAHOYACTMHOK KpeMHe3eMy Ta KOMOiHOBaHUX
peuoBuH oKcuz AJsioMiHito/KpemHeseM i oxkcun I[MHKY/KpeMHe3eM Ha peo-
JoriuHi BiaacTuBocTi poadtronmy mnoJinponisieny (IIII) Ta xapaKTepucTUKH MO-
In(dikoBaHNX MOHOHHTOK. BcTaHOBJIEHO, IO edeKTHBHA B’A3KiCTHL KOMIIO-
suniit IIIl/HanoHamOBHIOBAY 3POCTAE B YChOMY [IOCJIiAMKEHOMY iAmnasoHi
KoumenTpariin 0,1-3,0 mac.% i sajeXuTh Bif XeMiuHOI IPUPOAU JOOABKMH.
B npucyTHOCTI KpeMHe3eMy B’A3KicTh po3TomiB migBuiyetrhbesa Ha 20%, a 3
IoJaBaHHAM 3Mimaumx okcuzgiB Zn0O/SiO, it Al,0,/SiO, — Ha 30% i 50%
BigmoBigHO. EjacTuuHicTh BCiX IOCIiIMKEHUX CHCTEM 3MEHIIYETHCA 3 POC-
TOM BMiCTy J00aBOK, CyAAYM 3 IIOKA3sHUKIB po30yxaHHA CTPyMeHiB. 3mat-
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HiCTh M0 IepepoOKM HAHOHAIIOBHEHMX KOMIIOSUIIIM IOJIMINYETHCA, PO IO
CBiTuuTh 36iJbITEHHA BEJWYMH MaKCUMAaJbHOI Aedopmaliii cTpyMeHs pPO3-
TOIY B IIO3JO0BKHBLOMY PO3TATYBaJbHOMY moJi. HasdBHiCTH HAHOUACTHHOK
KpeMHe3eMy Ta 3MiIllaHuX OKcuAiB y cTpyKTypi IIII-MoHOHUTOK 3a0esmeuye
MOJIIIIIIIeHHA IXHIX eKCILTyaTalifHUX XapaKTepHCTHuK: 3pocTtanTs y 1,3—1,5
pasu MiIHiCTL 3a PO3PUBY Ta MOAYJb €JIaCTUUYHOCTH, IiIBUIIYETHCS Bimco-
TOK 30epe:KeHHS MIIITHOCTH y IeTJIi Ta BYy3Ji, 3MEHHIyeTbcA ycamka. Momu-
¢dikoBaHI HUTKU, AK i TOJIIIPOIIiJIEHOBi, € MOHOJITHUMH, MAlOTh I'IaJl€HbKY
MOBEPXHIO Ta pPiBHOMIpHI 3a miamerpamu mo moB:KuHi. HaHoHamoBHIOBaui,
10 MiCTATH MeTAJOKCUAHY (pasy Ha IMOBepPXHi, € O0iJbIll e()eKTUBHUMU B II0-
PiBHAHHI 3 BUXiTHUM KPEeMHE3EMOM.

Key words: polypropylene, nanoadditives, silica, viscosity, degree of de-
formation, monothreads, operational properties.
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1. INTRODUCTION

Fibrous materials and products from them have always played an
important role in people’s lives. Until the beginning of the 20th
century, the raw material for them was natural fibres. The defi-
ciency of natural fibres and the growing requirements for the quali-
ty and functional characteristics of fibrous materials led to the cre-
ation of an alternative source of raw materials—artificial and syn-
thetic fibres. Today, the possibilities of giving synthetic fibrous
materials the desired characteristics are practically unlimited
thanks to a wide range of methods of their modification. One of the
most effective of them is the formation of composite fibres and
threads by introducing various types of additives into their struc-
ture, especially substances in the nanostate. Natural or specially
synthesized substances are used as nanofillers. They are chosen tak-
ing into account the possibility of providing products with prede-
termined characteristics, cost, the possibility of secondary pro-
cessing, impact on biodegradability, etc. Layered aluminosilicates,
silicas, carbon derivatives, nanoparticles (NP) of metals, their ox-
ides, etc. satisfy a significant number of requirements for nanoaddi-
tives. The presence of nanoadditives in the structure of fibrous ma-
terials gives them new, often unique properties. Natural or modi-
fied clays provide composites with a sharp improvement in strength
and modulus of elasticity, heat and fire resistance, and the ability
to be dyed with various dyes [1, 2]. Carbon nanotubes (CNT) pro-
vide the effect of reinforcement and shielding from electromagnetic
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and microwave radiation, provide dielectric, anti-corrosion, biosen-
sor properties, etc. [3—5]. Materials with high antimicrobial, ther-
mal, electromagnetic, sorption, antiallergic, photocatalytic and an-
tistatic properties combined with improved operational characteris-
tics and self-cleaning ability are created from synthetic threads
filled with NP of metals or metal oxides [6—12]. Magnetically sensi-
tive nanofilled biopolymer fibres are multifunctional, which allows
them to be used in a wide variety of fields [7]. A wide range of
shielding materials from electromagnetic radiation is obtained by
introducing magnetic nanoparticles (iron oxide, cobalt, platinum)
[10, 11]. The properties of nanofilled polymer composites, including
threads, are also significantly influenced by other factors: additive
content, the degree of interaction between the polymer and NP in
the transition layer, surface modification of nanoparticles, produc-
tion conditions, etc. Polyvinyl alcohol fibres with a high degree of
CNT orientation were obtained using the method of layer-by-layer
planting, which made it possible to increase their strength by 25
times and provide electrical conductivity equal to that of copper [5].
Synthesis of Ag nanoparticles by thermal decomposition of silver
salt in the process of forming polylactide threads contributes to the
formation of NP uniform in size and their uniform distribution,
which provides antimicrobial action already at content of 0.01 wt.%
[12].

Combined substances are more effective and allow expanding the
spectrum of functional characteristics of modified products. Polyu-
rethane nanofibrous material filled with zinc oxide NP exhibits sig-
nificant antibacterial activity against a number of microorganisms,
in particular E. coli, and the introduction of bimetallic ZnO/Ag na-
noparticles ensures their complete inhibition [13]. Polyvinyl alcohol
nanofibers containing Ag/TiO, nanoparticles exhibit antimicrobial,
photocatalytic, and dirt-repellent effects [14]. Of great interest are
bifunctional substances, in which NP of metals or metal oxides are
deposited on the surface of mineral sorbents (montmorillonite, diat-
omite, zeolite, silica) [15—23]. Due to the combination of properties
of various components, and often their synergistic action, materials
containing such fillers have a number of advantages. They simulta-
neously exhibit a complex of various characteristics: heat and fire
resistance, high sorption and antitoxic properties, photocatalytic
activity, which allows purifying air and wastewater from many
pharmaceuticals [16—19]. They are characterized by a prolonged
bactericidal effect, which is regulated by the rate of release of met-
al nanoparticles/metal oxides from the sorbent-base. This makes it
possible to achieve high antimicrobial activity of materials with a
minimum amount of the drug and, due to this, to reduce their cost
and ecological burden on the environment. The effectiveness of the
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modification of fibrous products with such nanofillers has also been
established in a number of our works [20—23]. Polypropylene micro-
fibers containing silver/silica or silver/alumina nanoadditives in
their structure have a bactericidal effect on a number of strains of
microorganisms and fungi. At the same time, their mechanical indi-
cators, dimensional stability, specific surface area and hygroscopici-
ty are increased [21, 22]. The injection of the Ag/SiO, combined
additive into PP monothreads increases their strength and elasticity
and provides antimicrobial activity. Modified threads have better
manipulation characteristics and biological compatibility with the
tissues of a living organism, which allows them to be used as surgi-
cal suture material and raw material for the manufacture of mesh
implants [23].

The purpose of the work is to study the possibility of obtaining
polypropylene threads with improved properties by forming them
from a melt filled with nanoparticles of original silica or modified
with metal oxides.

2. OBJECTS AND METHODS OF RESEARCH

For research was used polypropylene of brand Tatren HG 1007 with
melt flow index 10 g/10 min (230°C/2.16 kg, ISO 1133-1) and a
melting point of 169°C. Pyrogenic silica and combined additives, in
which nanoparticles of zinc and aluminium oxides are applied to the
surface of silica NP, were chosen as nanofillers. A300 brand silica
with a specific surface area (Szz;) of 320 m?/g produced by the Ka-
lush Experimental Plant. Mixed oxides ZnO/SiO, and Al,0,;/SiO,
were synthesized by the chemical gas-phase deposition method at
the 0. O. Chuiko Institute of Surface Chemistry of the National
Academy of Sciences of Ukraine. The content of zinc and aluminium
oxides in the combined additives was of 161.9 and 164.0 ng/m?, re-
spectively, and the specific surface area was of 307 and 293 m?/g.
The concentration of nanoadditives (C) in the PP melt was of 0.1-
3.0 wt.% . The ingredients were mixed in the melt on a worm-disc
extruder. The effective viscosity (n) of melts was studied using a
capillary microviscometer in the range of shear stresses (t) (0.1-
5.7)-10* Pa at a temperature of 190°C. Processing of the results of
viscometry was carried out using generally accepted methods for
constructing true flow curves. The flow regime (n) was determined
by the tangent of the angle of inclination of the tangent at a given
point of the flow curve to the abscissa axis. Calculations were per-
formed using a specially developed program [24]. The elasticity of
the melts was estimated by the values of the coefficient of expan-
sion (swelling) of the jet (B) at the exit from the forming hole ac-
cording to the method [25]. The coefficient of jet expansion was
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calculated as the ratio of the diameter of the annealed extrudate,
obtained under the conditions of free flow of the melt from the
forming hole, to the diameter of the die. The ability of the melt to
form fibres was determined by the value of the maximum degree of
extraction (F,,,), which was estimated as the ratio of the speed of
receiving the melt jet to the linear speed of the melt in the die.
Composite monothreads were formed on a laboratory bench using a
die with a diameter of 780 um with a degree of extraction of 10.
Thermal orientation stretching of monothreads was performed at a
temperature of 150°C with the maximum multiplicity for each sam-
ple. Multiplicity of extraction was determined as the ratio of the
speed of reception to the speed of feeding threads. The study of the
mechanical properties of monofilaments, their shrinkage, capillarity
and hygroscopicity was carried out according to standard methods.
Tensile strength, loop and knot strength, modulus of elasticity and
tensile elongation were determined using a PM-3 tensile machine.

3. RESULTS AND DISCUSSION

3.1. Rheological Properties and Ability to Process of Nanofilled
Polypropylene Melts

The obtained experimental results regarding the influence of the
content and chemical nature of nanofillers on the rheological prop-
erties of the polypropylene melt showed that all investigated addi-
tives significantly affect its viscoelastic characteristics. The addi-
tion of silica nanoparticles and mixed oxides to the PP melt helps to
increase the viscosity in the entire studied range of concentrations
and shear stresses (Figs. 1, 2). At this, the growth of n is more in-
tensive with the content of nanoadditives of 0.1-1.0 wt.% . With a
further increase in their concentration, the increase in viscosity
slows down.

The increase of viscosity at a constant shear rate for filled poly-
mer melts is because the solid particles do not deform during the
flow, and as their content increases, the flow resistance of the melt
increases. As can be seen in Fig. 1, the effect of solid filling for
mixed oxides is higher compared to the original silica. This may be
the result of the fact that the thickening of the composition is also
affected by the degree of interaction of the particles between them-
selves and the dispersion medium. The formation of a structural
mesh in the melt helps to increase its viscosity. The maximum in-
crease in n of the PP melt upon addition of Al,0;/SiO, nanoparticles
is the result of their higher structuring ability.

Figure 2 shows the dependence lgn = f(lgt) for PP melt with dif-
ferent content of aluminium oxide/silica nanoadditive.
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Fig. 1. Dependence of the effective viscosity of the polypropylene melt on
the content and chemical nature of the nanofiller: 1—Si0O,; 2—Zn0/Si0,;

3—A1,0,/Si0,.
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Fig. 2. Dependence of the viscosity of the polypropylene melt under differ-
ent shear stresses on the content of the Al,0,/SiO, additive, wt.%: 1—0.0;
2—0.1; 3—0.5; 4—1.0; 5—3.0.

It can be seen that at a constant shear stress, the viscosity of the
system increases with an increase in the concentration of the filler.
At this, in the studied range of t, the slope of the curves remains
practically constant for all nanofilled melts. This testifies to the
independence of the flow pattern of the PP melt filled with mixed
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oxide NP from its concentration. For systems containing SiO, or
Zn0/Si0, nanoparticles, the ‘viscosity—shear stress’ dependence
curves have a similar form.

The flow regime of all investigated nanofilled melts, as well as
the original PP, is non-Newtonian and is described by a power law.
The index n, which characterizes the degree of deviation from the
Newtonian flow, is 2.0-2.1 for all systems regardless of the chemi-
cal nature of the additives and their content.

The elasticity of the modified polypropylene melt decreases with
the introduction of nanoparticles of the original or silicon metal ox-
ides modified already in the amount of 0.1 wt.%, which is evi-
denced by a decrease in the equilibrium swelling of the extrudate.
At a concentration of additives of 3.0 wt.%, the values of B are re-
duced by =20% for all investigated nanofillers. During the pro-
cessing polymer dispersions, it is generally accepted that fillers im-
prove the technological properties of polymers by reducing the
transverse dimensions of the jet that comes out of the forming hole.
A decrease in the high elasticity of melts for such systems is associ-
ated with an increase in the stiffness of the polymer, which in turn
leads to a limitation of the mobility of macromolecular chains under
shear stress conditions.

An important indicator that allows us to judge the influence of
nanoadditives on the formability (flowability) of the polypropylene
melt is the ability of the jet flowing out of the die opening to un-
dergo longitudinal deformation. At this, the parameter characteriz-
ing the possibility of uniaxial stretching of the melt is the value of
the maximum degree of longitudinal deformation (F,,,). Figure 3
shows the dependence of F,,, on the concentration of additives for a

F
max
| .3
400 .
° 2
350 : —— 7 1
,————'—'_U_-___DI
[+]
300
250
C, wti%
1.0 2.0 3.0

Fig. 3. Dependence of the maximum degree of drawing of the polypropyl-
ene melt on the content and chemical nature of the nanofiller: 1—SiO,;
2—7Zn0/8i0,; 3—Al,0,/Si0,.
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PP melt filled with silica nanoparticles and mixed oxides under
constant shear stress. Higher F,., values for modified compositions
indicate an improvement in their fibre-forming properties, since it
is known that formability correlates with the values of the maxi-
mum degree of longitudinal deformation. The ability to uniaxial
stretching of melts of PP/nanofiller mixtures increases with in-
creasing content of additives: at a concentration of 1.0 wt.% wvalue
of F,.. increases by 1.2 times for compositions with silica and by
1.3-1.5 times for systems with mixed oxides. A further increase in
the concentration of NP to 3.0 wt.% has little effect on the degree
of jet stretching. The melt flowability of PP/nanofiller mixtures is
also significantly affected by the chemical nature of the additives.
The highest modifying effect is exhibited be the mixed oxide
Al,04/Si0,, in the presence of which the maximum degree of defor-
mation of the jets in the field of the longitudinal velocity gradient
is achieved. The improvement of the fibre-forming properties of
nanofilled PP melts is due to the increase in the strength of the jets
thanks to the increase in the viscosity of the compositions. Indirect
evidence of this is the correlation between the values of viscosity
growth and longitudinal deformation of the jet (Figs. 1, 3).

3.2. Properties of Nanofilled Polypropylene Monothreads

For all nanofilled polypropylene melts, the process of forming and
drawing monothreads from them was stable, which was to be ex-
pected, based on the results of the performed rheological studies.
The resulting modified threads, like polypropylene, were monolith-
ic, uniform in diameter along the entire length, and had a smooth
surface after forming and thermal orientation drawing.

Important characteristics of materials are indicators that deter-
mine their behaviour under various imposed loads. The mechanical
properties of fibres and threads are judged by the values of the
modulus of elasticity, tensile strength limits, elongation at break,
retention of strength in loops and knots, etc. The results of the
study of the influence of the content of silica additives and mixed
oxides on the tensile strength (7'S) and the modulus of elasticity (£)
of polypropylene monothreads are shown in Figs. 4, 5. As can be
seen in Fig. 4, the breaking strength of nanofilled PP threads is in-
creased with the addition of only 0.1 wt.% silica or mixed oxide.
Increasing their content to 1.0 wt.% leads to an increase in TS val-
ues by 1.3-1.5 times. In the future, the strength of the threads
practically does not change. The reinforcing effect of silica modi-
fied with metal oxides is much higher than that of the original sili-
ca. At the same time, the chemical nature and content of additives
have little effect on the elongation of the threads at break. They are
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Fig. 4. Dependence of the tensile strength of polypropylene monothreads
on the content and chemical nature of the nanofiller, wt.%: 1—SiO,; 2—
Zn0/Si0,; 3—A1,0,/Si0,.
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Fig. 5. Dependence of the modulus of elasticity of polypropylene mono-
threads on the content and chemical nature of the nanofiller, wt.%: 1I—
Si0,; 2—Zn0/Si0,; 3—Al1,0,/Si0,.

in the range typical for polypropylene threads and make up 10—
14%.

The dependence of the modulus of elasticity of modified mono-
threads on the concentration of additives is more complex and ex-
treme (Fig. 5). The maximum values of E were achieved for all in-
vestigated nanofillers at their content of 1.0 wt.% . With a further
increase in the concentration of additives, the dimensional stability
of monothreads deteriorates, judging by the values of E: the modu-
lus of elasticity decreases, but remains greater than that of poly-
propylene threads. The values of the modulus of elasticity are con-
sistent with the strength indicators and for the threads modified
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with mixed oxides, they are higher than for the original silica. The
maximum effect is achieved when using aluminium oxide/silica na-
noparticles.

For nanofilled PP threads, the indicators of strength preserva-
tion in the loop and knot are also higher than in unmodified ones
(Table).

This indicates that such threads are more elastic than polypropyl-
ene, and have better manipulation characteristics and can reliably
fix the surgical knot.

The improvement of the mechanical properties of modified PP
monothreads is the result of filling with highly dispersed additives
and their positive effect on the morphology of the system and the
ability to process. The injection of fillers with a high specific sur-
face area is one of the simplest methods of strengthening materials.
If silicas are used as modifiers, a noticeable effect occurs when Sz
exceeds 50 m?/g. The possibility of obtaining ultra-strong materials
by filling with substances in the nanostate is associated with the
peculiarity of their structure and the high ability to form various
interactions of nanoparticles between themselves and chains of pol-
ymer macromolecules (ionic, hydrogen, covalent, van der Waals,
electrostatic, etc.) [11]. The mixed oxides obtained by chemical gas
phase deposition retain all the positive properties of the original
silica, while additional active centres appear on the surface [17,

TABLE. Operating characteristics of modified polypropylene monothreads.

Nanofiller
< X
E oo A 2 E oa 2
5 S S| §_.° : = =
g a < =g g R R .
o < + 4; =] >, 13} <]
= : S | B8 | §8°¢ E = £
S +~ ) (<] 5} 45 < = 1) :
o~ =1 < o + <
= g = ® &) =
©) O
Without additives 5.3 290 78.4 16 0.10 7.4
0.1 4.0 380 79.6 16 0.15 6.1
0.5 3.9 420 83.3 18 0.20 5.3
Al,0,/Si0, 1.0 3.8 510 90.5 20 0,22 4.8
2.0 4.0 470 84.9 20 0.24 4.9
3.0 4.1 480 78.2 21 0.25 4.9
Zn0/Si0, 1.0 4.0 450 89.3 19 0.20 4.7
SiO, 1.0 4.2 420 86.0 21 0.25 4.9
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18]. The increased chemical activity of silicas containing a metal
oxide phase on the surface determines their higher reinforcing ef-
fect among nanofilled threads. The second factor that improves the
properties of modified threads can also be the improvement of their
supramolecular structure. It is known that, in the presence of nano-
filler, the crystallization temperature of the polymer increases,
which is associated with the heterogeneous effect of nanoparticle
nucleation [23, 26]. At the same time, the polymer crystallization
process takes place at a higher temperature, that is, under condi-
tions closer to equilibrium. This contributes to the formation of
larger and more perfect crystallites. By adjusting the crystalline
structure of polypropylene due to the introduction of modified
montmorillonite into its melt, the authors of Ref. [27] obtained
composites with balanced values of stiffness and impact viscosity.

The positive effect of original and modified silica nanoparticles
on the structure of PP threads also helps to increase their dimen-
sional stability at high temperatures—shrinkage during boiling de-
creases by almost 1.5 times (Table). At the same time, the threads
maintain a smooth surface and homogeneity in transverse dimen-
sions. The presence of nanofillers helps to improve the hygienic
properties of polypropylene threads—the indicators of hygroscopici-
ty and capillarity increase. With an increase in the additive content
up to 3.0 wt.% hydrophilicity increases by 2.5 times, but it remains
at the level characteristic for synthetic fibres.

Thus, the performed studies showed the possibility of obtaining
modified polypropylene monothreads by injection into their struc-
ture nanoparticles of original silica and combined substances alu-
minium oxide/silica or zinc oxide/silica. At the same time, they re-
tain the advantages of threads from the original PP—monolithic,
smooth surface and small elongation at break.

4. CONCLUSIONS

The possibility of modifying polypropylene monothreads by forming
from a melt filled with silica nanoparticles and mixed ZnO/SiO, or
Al,05/Si0, oxides is shown. It was established that the nanofilled
threads have improved mechanical properties—the breaking
strength increases by 30—-50% in the entire range of additive con-
centrations. The modulus of elasticity reaches its maximum value at
a nanoparticle content of 1.0 wt.% . In the future, it slightly de-
creases, while remaining higher than that of the threads from the
original PP. The improvement of the mechanical properties of the
studied PP monothreads is due to the ability of highly dispersed
solids to form a large number of various interactions of nanoparti-
cles between themselves and chains of polymer macromolecules. The
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increased chemical activity of silicas containing a metal oxide phase
on the surface determines their more significant reinforcing effect.

It was established that the investigated nanoadditives improve
the technological properties of the polypropylene melt by reducing
the swelling of the jet at the exit from the die and increasing its
deformation in the longitudinal tensile field. Ability for processing
increases with increasing concentration of all studied nanofillers.
At this, the value of F,,, increases more intensively up to the addi-
tive content of 1.0 wt.%: for compositions with silica, it increases
by 1.2 times, and by 1.3—1.5 times for systems with mixed oxides.
The swelling of the jet at the exit from the die is reduced by = 30%
at the maximum concentration of fillers, regardless of their chemi-
cal nature.

It is shown that the flow of the studied nanofilled melts, as well
as of the initial polypropylene, is described by a power law—the de-
gree of deviation from the Newtonian regime is 2.0-2.1 for all sys-
tems. The viscosity of the mixtures increases with an increase in
the content of nanoadditives in the entire studied range of concen-
trations and shear stresses. For filled polymer melts, the increase in
viscosity at a constant shear rate is because solid particles do not
deform during flow, and as their content increases, the flow re-
sistance of the melt increases. For mixed oxides, the effect of fill-
ing is more pronounced, compared to the original silica, which may
be due to additional structuring of the melt due to the formation of
specific connections in the transition layer. The maximum increase
in the viscosity of the PP melt (by 46%) occurs for compositions
containing NP of aluminium oxide/silica.

Polypropylene threads filled with nanoparticles of original silica
and modified metal oxides are stronger and more elastic, have low
shrinkage, a smooth surface, and can have an antimicrobial effect.
Based on the results of the work performed, we consider it expedi-
ent to carry out further research on the possibility of their use, in
particular, in medicine as a surgical suture material and raw mate-
rial for the manufacture of mesh implants.

REFERENCES

1. M. S. Saharudin, S. Hasbi, M. N. A. Nazri, and F. Inam, A Review of Recent
Developments in Mechanical Properties of Polymer—Clay Nanocomposites
(Hamburg: Springer Science and Business Media Deutschland GmbH: 2020),
vol. 107; doi:10.1007/978-981-15-5753-8 11

2. A. Kausar, Flame Retardant Potential of Clay Nanoparticles. Clay Nanopar-
ticles (2020), Ch. 7, p. 169-184; doi:10.1016/B978-0-12-816783-0.00007-4

3. P. Bertasius, A. Plyushch, J. Macutkevi¢, J. Banys, A. Selskis, O. Platnieks,
and S. Gaidukovs, Polymers, 15, No. 4: 1053 (2023);
https://doi.org/10.3390/polym15041053


http://dx.doi.org/10.1007/978-981-15-5753-8_11
http://dx.doi.org/10.1016/B978-0-12-816783-0.00007-4
https://sciprofiles.com/profile/author/b2FwWmJsd3FwZXJERTVKUENvbEIwVi8yNW01djZONXBtRXVhNjhqOGVtWT0=
https://sciprofiles.com/profile/409966
https://sciprofiles.com/profile/964466
https://sciprofiles.com/profile/35322
https://sciprofiles.com/profile/author/Nm1LWWM3VXN3eVJiRFM3UTFJdXFsYXlrZWc2clY1cjVMZVJsODA1N3VrVT0=
https://sciprofiles.com/profile/2422535
https://sciprofiles.com/profile/899452
https://doi.org/10.3390/polym15041053

REGULATORS OF FORMATION AND PROPERTIES OF NANOFILLED PP THREADS 941

4. W. Khan, R. Sharma, and P. Saini, Carbon Nanotube-Based Polymer Cjmpo-
sites: Synthesis, Properties and Applications (2016); doi:10.5772/62497

5. M. L. Wu, Yu. Chen, L. Zhang, H. Zhan, L. Qiang, and J. N. Wang, ACS
Appl. Mater. Interfaces, 8, No. 4: 8137 (2016);
https://doi.org/10.1021/acsami.6b01130

6. V. Bhandari, S. Jose, P. Badanayak, A. Sankaran, and V. Anandan, Ind.
Eng. Chem. Res., 61, No. 1: 86 (2022);
https://doi.org/10.1021/acs.iecr.1c04203

7. S. Strassburg, K. Mayer, and T. Scheibel, Physical Sciences Reviews, 7,
No. 10: 118 (2019); doi.org/10.1515/psr-2019-0118

8. E. Fakoori and H. Karami, The Jornal of the Textile Institute, 109, No. 9:
1152 (2018); doi:10.1080/00405000.2017.1417681

9. V. P. Plavan, V. G. Rezanova, Yu. O. Budash, O. V. Ishchenko, and
N. M. Rezanova, Mechanics of Composite Materials, 56, No. 3: 1 (2020);
do0i:10.1007/s11029-020-09883-5

10. A.B. Lesbayev, B. Elouadi, B. T. Lesbayev, S. M. Manakov, G. T. Smagulova,
and N. G. Prikhodko, Procedia Manufacturing, 12: 28 (2017);
d0i:10.1016/j.promfg.2017.08.005

11. A. S. Perera, S. Zhang, S. Homer-Vanniasinkam, M. Coppens, and
M. Edirisinghe, ACS Appl Mater Interfaces, 10, No. 18: 15524 (2018);
doi.org/10.1021/acsami.8b04774

12. D. Podstawczyk, D. Skrzypczak, X. Potomska, A. Stargata, A. Witek-
Krowiak, A. Guiseppi-Elie, and Z. Galewski, Polym. Compos., 41, No. 11:
4692 (2020); doi:10.1002/pc.25743

13. M. Shamshi Hassan, Touseef Amna, Faheem A. Sheikh, Salem S. Al-Deyab,
Kyung Eun Choi, I. H. Hwang, and Myung-Seob Khil, Ceramics Interna-
tional, 39, No. 3: 2503 (2013); doi:10.1016/j.ceramint.2012.09.009

14. Muzafar A. Kanjwal, Nasser A. M. Barakat, Faheem A. Sheikh, Woo-il
Baek, Myung Seob Khil, and Hak Yong Kim, Fibers and Polymers, 11, No.
5: 700 (2010); do0i:10.1007/s12221-010-0700-x

15. Biswajoy Bagchi, Subrata Kar, Sumit Kr. Dey, Suman Bhandary, Debasis
Roy, Tapas Kr. Mukhopadhyay, Sukhen Das, and Papiya Nandy, Colloids
and Surfaces B: Biointerfaces, 108: 358 (2013);
https://doi.org/10.1016/j.colsurfb.2013.03.019

16. Selami Demirci, Zeynep Ustaoglu, Gonca Altin Yilmazer, Fikrettin Sahin and
Nurcan Bag, Appl. Biochem. Biotechnol., 172, No. 3: 1652 (2014);
https://pubmed.ncbi.nlm.nih.gov/?term=% 22 Appl+Biochem+Biotechnol % 22%
5Bjour% 5D&sort=date&sort order=deschttps://www.ncbi.nlm.nih.gov/nlmcata
log?term="% 22 Appl+Biochem-+Biotechnol % 22% 5BTitle+Abbreviation% 5Dhttps
://pubmed.ncbi.nlm.nih.gov/24242073/d0i:10.1007/s12010-013-0647-7

17. M. Nazarkovsky, B. Czech, A. Zmudka, and V. M. Bogatyrov, Journal of
Photochemistry and Photobiology A: Chemistry, 421: 113532 (2021);
https://doi.org/10.1016/j.jphotochem.2021.113532

18. M. V. Borysenko, V. M. Gun’ko, A. G. Dyachenko, I. Y. Sulima, R. Leboda,
J. Skubiszewska-Ziebab, and J. Ryczkowski, Applied Surface Science, 242,
Nos. 1-2: 1 (2005); https://doi.org/10.1016/j.apsusc.2004.07.064

19. V. M. Bogatyrev, E. I. Oranskaya, M. V. Galaburda, I. I. Gerashchenko,
T. P. Osolodchenko, and V. I. Yucypchuk, Himiya, Fizyka ta Tekhnologiya
Poverhni, 7, No. 1: 44 (2016); doi:10.15407/hftp07.01.044


doi:10.5772/62497
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Min+Le++Wu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Liang++Zhang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Hang++Zhan
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Lei++Qiang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Jian+Nong++Wang
https://doi.org/10.1021/acsami.6b01130
https://doi.org/10.1021/acs.iecr.1c04203
https://www.degruyter.com/journal/key/psr/html
doi.org/10.1515/psr-2019-0118
http://dx.doi.org/10.1080/00405000.2017.1417681
https://ui.adsabs.harvard.edu/link_gateway/2020MCM....56..319P/doi:10.1007/s11029-020-09883-5
https://www.sciencedirect.com/journal/procedia-manufacturing
doi:10.1016/j.promfg.2017.08.005
doi.org/10.1021/acsami.8b04774
https://doi.org/10.1002/pc.25743
https://www.researchgate.net/journal/Ceramics-International-0272-8842
https://www.researchgate.net/journal/Ceramics-International-0272-8842
http://dx.doi.org/10.1016/j.ceramint.2012.09.009
http://dx.doi.org/10.1007/s12221-010-0700-x
https://www.researchgate.net/journal/Colloids-and-Surfaces-B-Biointerfaces-0927-7765
https://www.researchgate.net/journal/Colloids-and-Surfaces-B-Biointerfaces-0927-7765
https://doi.org/10.1016/j.colsurfb.2013.03.019
https://pubmed.ncbi.nlm.nih.gov/?term=%22Appl+Biochem+Biotechnol%22%5Bjour%5D&sort=date&sort_order=desc
https://pubmed.ncbi.nlm.nih.gov/?term=%22Appl+Biochem+Biotechnol%22%5Bjour%5D&sort=date&sort_order=desc
https://www.ncbi.nlm.nih.gov/nlmcatalog?term=%22Appl+Biochem+Biotechnol%22%5BTitle+Abbreviation%5D
https://www.ncbi.nlm.nih.gov/nlmcatalog?term=%22Appl+Biochem+Biotechnol%22%5BTitle+Abbreviation%5D
https://pubmed.ncbi.nlm.nih.gov/24242073/
https://pubmed.ncbi.nlm.nih.gov/24242073/
https://doi.org/10.1007/s12010-013-0647-7
https://www.sciencedirect.com/journal/journal-of-photochemistry-and-photobiology-a-chemistry
https://www.sciencedirect.com/journal/journal-of-photochemistry-and-photobiology-a-chemistry
https://doi.org/10.1016/j.jphotochem.2021.113532
https://doi.org/10.1016/j.apsusc.2004.07.064
doi:10.15407/hftp07.01.044

942

20.

21.

22.

23.

24.

25.

26.

27.

V. G. REZANOVA and N. M. REZANOVA

N. M. Rezanova, V. P. Plavan, V. G. Rezanova, and V. M. Bohatyryov,
Vlakna a Textil., 4: 3 (2016); http://vat.ft.tul.cz/Archive/VaT 2016 4.pdf
N. M. Rezanova, V. G. Rezanova, V. P. Plavan, and O. O. Viltsaniuk,
Vlakna a Textil., 2: 37 (2017); http://vat.ft.tul.cz/Archive/VaT 2017 2.pdf
N. M. Rezanova, V. G. Rezanova, V. P. Plavan, and O. O. Viltsaniuk, Func-
tional Materials, 26, No. 2: 389 (2019); doi:10.15407/fm26.02.389

L. S. Dziubenko, O. O. Sapianenko, P. P. Gorbyk, N. M. Rezanova,

V. P. Plavan, O. A. Viltsanyuk, and R. A. Lutkovs’kyi, Nanosistemi, Nano-
materiali, Nanotehnologii, 16, Iss. 2: 347 (2018);
https://doi.org/10.15407/nnn.16.02.347

V. G. Rezanova and N. M. Rezanova, Programne Zabezpechennya dlya
Doslidzhennya Polimernykh System [Software for the Study of Polymer Sys-
tems] (Kyiv: Publishing House ArtEkA: 2020) (in Ukrainian).

C. Han and K. Funatsu, J. Rheol., 22, No. 2: 113 (1978).

W. dJ. Li, A. K. Schlarb, and M. Evstatiev, Journal of Applied Polymer Sci-
ence, 113, No. 3: 1471 (2009).

J. Gou, L. Zhang, and C. Li, Polymer Testing, 82, No. 9: 106236 (2020);
https://doi.org/10.1016/j.polymertesting.2019.106236


http://vat.ft.tul.cz/Archive/VaT_2016_4.pdf
http://vat.ft.tul.cz/Archive/VaT_2017_2.pdf
doi:10.15407/fm26.02.389
https://doi.org/10.15407/nnn.16.02.347
https://doi.org/10.1016/j.polymertesting.2019.106236

