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The article presents the results of a study of the influence of the molecular weight of
polyvinylpyrrolidone on the properties of two-layer hydrogel/polycaproamide membranes.
Composite membranes are obtained by the developed method, which consists in the formation of
hydrogel membranes with subsequent deposition from a solution into their outer surface of a
reinforcing layer based on polyamide modified with polyvinylpyrrolidone. It was established that
the molecular weight of polyvinylpyrrolidone, both in the composition of the hydrogel membrane
and in the modifying solution, has a significant effect on the interaction between the layers of
composite membranes and their characteristics, such as water content, bursting strength , and

osmotic salt permeability.
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Introduction

Due to the three-dimensional network structure
and unique properties, polymer hydrogels are
currently the subject of extensive research and have
revealed high potential in the field of medicine,
therapy and diagnostics [1]. Hydrogels are promising
materials that play an important role in the
biomedical industry [2-9]. Hydrogels are materials
that consist of a three-dimensional network of
hydrophilic homopolymers or copolymers. These
polymers interact with each other and form an
internally insoluble polymer matrix. Hydrogels have
the ability to absorb a significant amount of water or
biological fluids [1]. However, along with their
advantages, polymer hydrogels also have their
limitations in use and disadvantages that require
further attention and study. One of the main
disadvantages of hydrogel membranes is their low
mechanical strength. In order to improve the strength
characteristics, polymer hydrogels are modified by
creating composite materials based on them [10].
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hydrogel; 2-hydroxyethyl

The authors [11] developed polymer composite
membranes by forming a thin reinforcing layer on
a hydrogel membrane-substrate by deposition of
thermoplastic polymers from a solution, followed by
evaporation of the solvent. Hydrogels based on
copolymers of 2-hydroxyethyl methacrylate (HEMA)
with polyvinylpyrrolidone (PVP) were used as
polymeric substrate membranes. Aliphatic polyamide
(PA-6) and polyvinylpyrrolidone dissolved in a
mixture of formic acid and water were used to form
a thin reinforcing layer [12]. The formation of
composite membranes with optimal characteristics
requires the establishment and study of factors
affecting the structure and properties of composites.
The influence of the composition of the initial
polymer-monomer composition and the modifying
solution, the thickness of the hydrogel substrate and
the reinforcing layer, and technological parameters
on the strength characteristics of two-layer membranes
has been studied. At the same time, it is known [13]
that the physicomechanical, thermophysical, and
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chemical characteristics of polymers are greatly
influenced by their molecular weight. In particular,
the mechanical strength depends on the bond
breaking energy and the degree of intermacromolecular
interactions, which mainly depend on the molecular
weight of the polymer.

The aim of the study was to study the influence
of the molecular weight of polyvinylpyrrolidone on the
properties of two-layer polyamide/hydrogel membranes.

Materials and research methods

To obtain two-layer composite membranes, we
used: 2-hydroxyethyl methacrylate (Sigma Chemical
Co), purified and distilled in a vacuum (residual
pressure 130 N/m?, Ty =351K), polyvinylpyrrolidone
(PVP) with MM 12-10° g/mol (medical, of high
purity) and 360-10® g/mol (“Pharm” qualification)
before use, dried at 338 K in a vacuum for 2-3 hours,
potassium persulfate, distilled water, polyamide
(PA-6), formic acid (marking “h”, Cucoon = 80 wt.%.)

The formation of two-layer composite
membranes was carried out according to the
developed two-stage method [14], which consists in
obtaining a hydrogel membrane-substrate based on
HEMA and PVP copolymers, followed by its
modification with an ultra-thin layer of PA-6/PVP
mixture.

The amount of surface adsorption (A, kg/m?)
and physical and mechanical properties (bursting
strength (s, MPa) and percentage elongation at

bursting (e, %)) of the synthesized membranes were
determined according to the methods [15]. To
determine the water content (W, %), the weight
method [16] was used, which consists in measuring
the difference in the mass of dry and final samples.
Membrane permeability was measured using sodium
chloride as an example using the osmosis method
[17].

Results and discussion

In order to obtain composite membranes with
improved properties, the influence of the molecular
weight of PVP, both in the hydrogel substrate and in
the modifying solution, on the amount of surface
adsorption, strength characteristics, water content,
and osmotic permeability of two-layer film products
was studied.

In the Table 1 presents the results of the study
of the amount of surface adsorption of hydrogel
films from the time of modification. It was
established that an increase in the exposure time of
the hydrogel film in the modification solution leads
to an increase in adsorption. At the same time, with
an increase in the thickness of the hydrogel layer, a
certain increase in the amount of surface adsorption
is observed. This is explained by the fact that PVP
macromolecules loosen the polymer network, occupying
a larger volume of free space, which is filled with a
modifying solution of the polymer mixture with PA-
6/PVP.

Table 1

Dependence of the amount of adsorption of modified hydrogel films on the time of modification
HEMA:PVP:H,0 = 48:12:40 wt.%; (PA-6/PVP): HCOOH = 7:93 wt.%);
PA-6:PVP = 95:5 wt%; MM PVP = 12-10° g/mol

Adsorption, A-10%, kg/m?

No. &*, mm Time of modification, min.
1 3 5 7 10
0,35 95 136 134 140 146
0,5 130 150 155 157 179

0* — hydrogel substrate thickness.

As the research results showed, the molecular
weight of PVP in the initial polymer-monomer
composition has a significant effect on the amount of
adsorption of composite membranes. The results of
the study of the amount of adsorption in the case of

using PVP with a molecular weight of 12:10% and
360-10° g/mol are presented in Fig. 1. As we can see,
increasing the length of time the hydrogel film
remains in the modifying solution leads to an increase
in the amount of adsorption of the polycapromide
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layer with a hydrogel substrate, which, at the same
time, depends on the molecular weight of the PVP. It
should be noted that the introduction of PVP with a
molecular weight of 360-10° g/mol into the hydrogel
substrate leads to an increase in the amount of
adsorption (Fig. 1, sample 3). Probably, this may be
the result of the loosening of the PVP macromolecules
of the polymer network, which have enough free
space to be filled with the modifying solution of the
PA-6/PVP-based polymer mixture. At the same time,
the use of low-molecular-weight PVP for obtaining a
hydrogel substrate is the reason for a lower
adsorption value (Fig. 1, samples 1, 2). This can be
explained by the fact that the modifying solution
based on PA-6/PVP penetrates the surface layer in a
smaller amount, forming a dense thin film on the
surface. A similar dependence is observed in the case
of use for the modification of PVP with a molecular
weight of 360-10° g/mol (Fig. 1, sample 1). It was
established that the use of PVP with a molecular
weight of 12-10% g/mol in the modifying solution leads
to a greater adsorption of two-layer polyamide
hydrogel membranes, compared to the use of a solution
with PVP of a molecular weight of 360-10° g/mol. The
modifying solution with a PVP molecular weight of
12-10° g/mol penetrates the hydrogel faster, forming a
dense film of a mixture of polyamide-6 and PVP on
its surface, which actually stops adsorption (Fig. 1,
sample 2). The reason for this is the smaller free
volume in the structure of the hydrogel matrix formed
in the presence of PVP with a molecular weight of
12-10° g/mol. In this way, the modifying solution with
lower viscosity penetrates more easily into the pores of
the surface layer of the hydrogel substrate. It should also
be noted that during the diffusion of the solution, two
processes occur: 1) the mixture based on PA-6 and PVP
settles in the water contained in the hydrogel; 2) the
formation of physical intermolecular bonds between the
chains of the HEMA-PVP network of the hydrogel
matrix and the polymers of the precipitating mixture.
The influence of the duration of contact of the
hydrogel substrate with the modifying solution and its
concentration on the strength of the composite two-layer
membranes was studied (Fig. 2). From the obtained
results, it can be seen that with an increase in the holding
time of the hydrogel in the modifying solution, the
tension during the bursting increases. At the same time,
the strength of composite membranes depends on the
concentration of PA-6/PVP in the modifying solution.

With an increase in the concentration of PA-6/PVP, a
significant increase in stress during bursting is observed
(Fig. 2, curves 1-3). It was established that the minimum
value of stress during bursting is observed at a
concentration of PA-6/PVP of 3 wt.% in the solution
(Fig. 2, curve 1), and the maximum is at a concentration
of 7 wt. % (Fig. 2, curve 3).
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Fig. 1. Dependence of the value of surface adsorption (4)
of the PA-6/PVP complex on the
modification time of hydrogel films:

Hydrogel: HEMA:PVP:H,0 = 48:12:40 wt. % MMpyp: 1,
2 - 12-10° g/mol, 3 — 360-10° g/mol.

Solution: (PA-6/PVP): HCOOH = 7:93 wt. %;
PA-6:PVP = 95:5 wt. %,

MMyp: 1 —360-10% g/mol, 2,3 - 12-10° g/mol, 6 = 0.5 mm
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Fig. 2. Dependence of stress during bursting (o, MPa) of
composite membranes on the duration of stay of the
hydrogel substrate in the modifying solution:
MMpye = 12-10° g/mol, 5 = 0.5 mm.

Hydrogel: HEMA:PVP:H,0 = 48:12:40 wt. %.
Solution: Cpagpvp, Wt. %:1-3;2-5;3-7,;
PA-6: PVP = 95:5 wt. %
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The results of the study of the physical and
mechanical properties of two-layer membranes with
different MM PVP are shown in Fig. 3 and Table 2.
As can be seen from the obtained results, the strength of
the composite films increases with an increase in the
exposure time of the hydrogel substrate in the
modifying solution. At the same time, there is a
decrease in the elongation rate during bursting (Fig. 3).
This regularity is explained by the increase in the
amount of adsorption in the near-surface layer of the
hydrogel, which causes the formation of a deposited
film of greater thickness.

It was established that in the case of using PVP
with MM = 360-:10° g/mol for the synthesis of a
hydrogel substrate and PVP with MM = 12-10% g/mol
for obtaining a modifying solution, the strength of
the synthesized two-layer membranes is the highest.
At the same time, in the case of using PVP with
MM = 12-10° g/mol in the hydrogel substrate and
PVP with MM = 360-10° g/mol in the modifying
solution, the strength is somewhat lower. The use of
high molecular weight PVP to obtain a hydrogel
substrate helps to loosen the polymer matrix. This
free volume is filled with an interpolymer material
based on PVP with a low molecular weight
(12-10% g/mol), forming a reinforcing layer. In the
case of using PVP with a low molecular weight

during the synthesis of the polymer matrix, the
modifying solution penetrates into the hydrogel in a
limited amount, forming a film on the surface as
much as possible. The connection between this film
and the hydrogel substrate is weak, so its influence
on the overall strength of the composite film is
significantly less.

18 — 450
6] ~ Mo, MPa [e,% | 0
1.4 ] M 350
g 12 ] 300
> 1 ] {250 °\°h
6 os Lo ©
06 150
04 1 L 100
02 ] | 50
L N T ST R
T, min

Fig. 3. The influence of the time of formation of composite
films on stress (o, MPa) and elongation (e, %)
during the bursting of the obtained membranes:
Hydrogel: HEMA:PVP:H,0=48:12:40 wt. %,
MMpyp = 12-10° g/mol.

Solution: (PA-6/PVP):HCOOH = 7:93 wt. %,
PA-6:PVP= 95:5 wt. %, MMpype = 360-10° g/mol, 5 = 0.5 mm

Table 2

Influence of the molecular weight of polyvinylpyrrolidone
on the strength of two-layer membranes during bursting
(Hydrogel, wt. %: HEMA:PVP:H,O= 48:12:40. Solution, wt. %: (PA-6/PVP):HCOOH = 7:93,
PA-6:PVP, wt. % = 95:5, 6 = 0.5 mm)

No.| MM PVP in hydrogel MM PVP in a modifying solution Bursting strength, MPa
12-10° 360-10° 0.57
360-10° 360-10° 0.64
360-10° 12-10° 0.74

We also added the amount of hydrogel ball
and PVP molecular weight to the water content
composite membranes. It has been established that
the membranes, which can be found in hydrogel pads
PVP with MM 360-10° g/mol, are characterized by
higher water content, lower membranes, which contain
low molecular weight PVP. It is also possible to
respect that a change in the composition of the
hydrogel ball leads to a change in the water content
of the composite membranes (Fig. 4).

In addition to the ability to absorb water, the
ability of membranes to diffuse medicinal substances
and salt solutions is an important characteristic of
them, especially for medical applications. According
to the method proposed by Karelin [17], the
permeability of double-layer membranes for salt
solutions was investigated using the osmosis method
without applying external pressure. The osmotic
permeability of the synthesized membranes was
studied depending on the exposure time of the
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hydrogel film in the modifying solution and the
molecular weight of PVP. The results of measuring
the osmotic salt permeability of composite two-layer
membranes are presented in Figs. 5 and 6. According
to the research results, it was found that with the
increase in the duration of the osmotic process, an
increase in the osmotic salt permeability is observed
in all cases.
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Fig. 4. Influence of the thickness of hydrogel films (6, mm)
on the water content (W, %)
composite membranes:
Hydrogel: HEMA:PVP:H,0 = 48:12:40 wt. %; J,
mm: 1-0.25; 2,3-0.5;

MM PVP, g/mol: 1, 3 - 360-10°%, 2 — 12-10°.
Solution: (PA-6/PVP): HCOOH = 7:93 wt. %,
PA-6:PVP = 95:5 wt. %,

MMeye, g/mol: 1, 3 = 12:10% 2 — 360-10°, zpoq. = 3 min
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Fig. 5. Kinetics of osmotic salt permeability (G/S, mol/m?)
of composite hydrogel membranes for sodium chloride:
(MMpyp = 12-10° g/mol; Cyaci = 4 Wt. %; 5 = 0.5 mm)
Hydrogel: HEMA:PVP:H,0 = 48:12:40 wt. %.
Solution: (PA-6/PVP): HCOOH, wt. %: 1 — hydrogel film
unmodified, 2 — 3:97; 3 -5:95; 4 - 7:93.
PA-6:PVP = 95:5 wt. %.

Research has established that increasing the
concentration of PA-6/PVP in the modifying
solution leads to a slight decrease in osmotic salt
permeability (Fig. 5). The formation of a denser
film based on the PA-6/PVP complex slightly
reduces the salt permeability, but this does not
limit the possibilities of using the synthesized
membranes.

The results of studies of the influence of
MM PVP on the osmotic permeability of
synthesized two-layer membranes (Fig. 6) showed
that the highest values of salt permeability are
observed for composite films obtained on the
basis of hydrogel substrates synthesized in the
presence of high molecular weight PVP and a
modifying solution containing PVP with MM
12-10% g/mol (Fig. 6, curve 1).
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Fig. 6. The effect of MMpyp on the kinetics of osmotic salt
permeability (G/S, mol/m?) of composite
hydrogel-polycaproamide membranes:
Hydrogel: HEMA: PVP: H,0=48:12:40 wt. %,
MMpye, g/mol: 1,2 — 360-10%; 3 — 12-10°.
Solution: (PA-6/PVP):HCOOH = 7:93 wt. %,
PA-6:PVP=95:5 wt. %, MMy, g/mol: 1 — 12:10%;
2, 3=360-10° 7;09=5 min

The lowest values of salt permeability of
composite films are observed in the case of using
low molecular weight PVP for the synthesis of the
hydrogel substrate, and PVP with MM 360-10° g/mol
for the preparation of the modifying solution (Fig. 6,
curve 3).
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Conclusions

The influence of the molecular weight of
polyvinylpyrrolidone on the properties of two-layer
hydrogel/polycaproamide membranes was investigated.
As a result of research, it was established that the
molecular weight of PVP, both in the original
polymer-monomer composition and in the modifying
PA-6/PVP solution, has a significant effect on the
interaction between the layers of composite membranes
and their characteristics, such as water content, bursting
strength, osmotic salt permeability. It has been
confirmed that the obtained composite two-layer
membranes using PVP with a molecular weight of
360-10° g/mol in the hydrogel substrate and PVP with a
MM of 12:10% g/mol in the reinforcing layer with PA-
6/PVP have better strength and sorption properties and
possess sufficiently high osmotic permeability.
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H. M. Eapanl, T. O. Fpnuenxoz, JI. I[yneﬁm;a3
! Harmionansuuit yHiBepcuteT “JIbBiBChbKa MOJiTEXHIKA”,
Kadenpa XiMivHOT TEXHOJIOTIi IepepoOKH IIacTMac
2 Texuiunmuii yHiBepcuret Kommrre,
Kaeapa TEXHOJIOTIH, MaTepialiB Ta aBTOMATH30BaHOTO BUPOOHHUIITBA

POJIb MOJIEKYJIIPHOI MACH HOJIBIHLIIIPOJIIJZIOHY YV ®OPMYBAHHI JIBOIIIAPOBUX
HOJIAMIJ/TJIPOTEJJEBUX MEMBPAH MIIBUIEHOI MIITHOCTI

Hageneno pe3yabTaTH A0CHiI:KeHHS] BIVIMBY MOJIEKYJISIpHOI MacHu noJiiBiHinmipoJiiiony Ha Biac-
THBOCTI IBOLIAPOBHX riporeib/mosikanpoamignux memopan. Komno3uuiiini memGpanu oep:xano po3poo-
JIECHUM METOJ0M, SIKHi moJsirac y popMyBaHHi riporesieBuX MeMOpaH 3 NOJAJBLIINM OCA:KEHHSIM 3 PO34H-
HY B iX 30BHIllIHIO NOBEPXHIO 3Mil[HIOBAJILHOI'0 LIAPY HA OCHOBI MoJiaminy, MoaudikoBanoro noJiBininmipoJi-
J0HOM. BeTaHOBJ/IEHO, 10 MOJIeKYJIsIpHA Maca NOJiBiHUINIPOIiAoOHY, IK Y cKJIajdi rigporeneBoi MeMOpaHu,
Tak i B MOAM(}iKyBaJbHOMY PO34YHHi, iCTOTHO BIUIMBA€ HA B3a€MOJII0 M IIapaMH KOMIO3MUiHHUX MeM-
OpaH Ta iX XapaKkTepUCTHKH, TaKi Ik BOJOBMICT, MillHICTh Mi Yac MpPoOpUBaHHS, OCMOTUYHY COJIEMPOHUK-
HICTb.

Kuaro4uoBi cioBa: 1BomapoBi MeMOpaHu; MOJIEKYJISIPHA Maca; TiApores; 2-TiIpoKCcCieTHIIMeTAKPUJIAT;
noJiBiHimipoinon; mosaiamia.



