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Biodegradable Polyethylene-Based Composites
Filled with Cellulose Micro- and Nanoparticles

Composite materials filled with cellulose particles (microcrystalline cellulose and nanocellulose) have good
prospects for use in various fields. Microcrystalline cellulose (MCC) and nanocellulose (NC) were isolated by
chemical and physical methods and investigated. Composite materials based on polyethylene (PE) were ob-
tained using MCC and NC as fillers (5-20 wt.%) and maleic anhydride grafted low molecular weight poly-
ethylene (MA-g-LMPE) as a compatibilizer. The structure and morphology of the composites and fillers were
characterized by Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction, thermal analysis (TA),
transmission electron microscopy (TEM), atomic force microscopy (AFM), and the strength properties were
determined by tensile testing. An increase in the crystallinity index and mechanical strength of composites at
low filler contents (up to 5 wt.%) was revealed. The size of the cellulose particles significantly affects the
structure and properties of composites. Although the general picture of the effect of fillers on the crystalline
structure and mechanical properties is similar, the addition of NC had a greater effect than MCC. The results
of this study showed the possibility of using MCC and NC as reinforcement materials in composites, and they
have biodegradable properties.

Keywords: cellulose microparticles, nanoparticles; polyethylene, composites, mechanical properties, biodeg-
radability.

Introduction

Composite materials based on synthetic polymers reinforced with natural polymers, due to their unique
physical, mechanical and operational characteristics, are widely used in various engineering fields [1-3].
Adding fillers based on natural polymers to synthetic polymers creates new materials with specific proper-
ties, including biodegradability after their end-of-life [4—6]. Micro- and nanoparticles of cellulose have good
prospects in terms of their use as fillers for the preparation of composite materials due to their low density,
large surface area, high mechanical properties, low toxicity, biodegradability, and renewability as raw mate-
rials [7-12]. Cellulose and its derivative-containing composites have been prepared and investigated for a
wide range of vinyl polymers [13], including polycaprolactone, polyhydroxyalkanoate [14], polylactic
acid [15], thermoplastic starch [16], polyacrylamide [17] and others.

The structure of polymer composites is determined not only by mixing conditions, but also by the dis-
persion of the polymer filler, which retains its particle shape during mixing, and the uniformity of its distri-
bution in the polymer matrix. The effect of dispersed filler particles on the crystallization process of polyole-
fin was studied, and it was found that there are numerous crystallization centres on the filler surface, on
which polymer crystallites grow; as a result, the crystallinity index increases [18, 19]. Filler particles are
stiffer and harder than matrix materials, so they reinforce the polymer matrix. The filler addition into the
polypropylene/polyethylene (PP/PE) polymer matrix increases the strength and stiffness, but reduces the
elasticity of the materials [20, 21]. To eliminate the negative effect of the filler on the elasticity of polymer
composites, functionalization of both polyolefin (insertion of hydrophilic groups) [22, 23] or fillers (insertion
of hydrophobic groups) [24—26] has been suggested, and the addition of elastomers [27, 28] or compatibiliz-
ers [29, 30] could be used. Compatibilizers consisting of polar and nonpolar parts are located in the interfa-
cial region, increasing the interaction between the nonpolar polymer and the polar filler and contributing to a
uniform distribution of the filler.
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The size and shape of the filler particles significantly affect the physical and mechanical properties of
composites. Composites containing highly dispersed fillers are stronger and less viscous [31]. Moreover, ob-
long filler particles are stronger reinforcing agents for the polymer matrix than spherical particles [32].

The addition of functional groups into the structure of cellulose reduces its thermal stability. The proc-
ess of partial esterification of cellulose occurs as cellulose nanoparticles are formed by acid hydrolysis with
highly concentrated solutions of sulfuric acid [33]. At the same time, the presence of sulfate groups in the
nanocellulose composition leads to lower temperature thermal stability [34, 35], which makes it difficult to
use nanocellulose in high-temperature processes. Therefore, we used a hydrochloric acid solution to extract
cellulose nanoparticles.

In the present work, polymer composites based on polyethylene filled with cellulose micro- and
nanoparticles were obtained and their structure and properties were studied.

Experimental

Chemicals and Materials

The following chemicals and materials were used: sodium hydroxide (NaOH, 99 %), hydrogen perox-
ide (H,0O,, 60 %), nitric acid (HNOjz, 65 %) and hydrochloric acid (HCI, 37 %) purchased from Fortek Ltd.,
Tashkent, Uzbekistan. Low-density polyethylene (PE, produced by JV “Shurtan Gas Chemical Complex”
Comp. Limit., Uzbekistan) was used as a polymer matrix in compounds. Low-molecular-weight polyethyl-
ene (LMPE) with a number-average molecular weight (Mn) of 1000-2000 was supplied by JV “Uz-Kor Gas
Chemical” Co. Ltd., Uzbekistan. Benzoyl peroxide (BP, 75 %), a free radical initiator, maleic anhy-
dride (MA, 98 %), a monomer, styrene (99 %), a chain transfer agent, acetone (99.5 %), a wash solution for
the products and xylene (90 %), a solvent for the initiator, were purchased from Sigma—Aldrich, USA.

Cotton Cellulose Extraction

Cotton cellulose (CC) was extracted by heating cotton linter in a 1 M sodium hydroxide solution at
120 °C for 2 h to remove hemicellulose and lignin, as reported previously [36]. It was washed with distilled
water to a neutral pH solution and bleached at 120 °C for 2 h using 4 % hydrogen peroxide. The bleached
fibres were filtered, and washed several times with distilled water, and dried at 100 °C for 4 h. CC had a de-
gree of polymerization (DP) of 1200, and was used to prepare MCC.

MCC Extraction

MCC was extracted from CC by acid hydrolysis [36]. 50 g of CC was placed in a glass container and
hydrolysed with 500 mL of a 4 % aqueous nitric acid solution at a boiling temperature of 100-105 °C for
2 h. The hot acid mixture was poured into 2.5 L of cold water, and the mixture was vigorously stirred with a
spatula and allowed to stand overnight. The MCC obtained by this process was filtered, washed with distilled
water until a neutral pH value, filtered, and dried at 100 °C for 4 h. The MCC was used to obtain nanoparti-
cles of cellulose.

NC Isolation

NC was isolated using a reported protocol with modification [37]: the MCC (20 g) was hydrolysed with
a hydrochloric acid solution (400 mL, 4N) at 70 °C for 60 min. The suspension was diluted 10-fold with cold
water (5 °C), centrifuged, and dialysed until a neutral pH value, and the aqueous suspension was dispersed
via ultrasonication for 1 h and homogenization for 1 h. Finally, the sample was freeze-dried.

Synthesis of compatibilizer (MA-g-LMPE)

The compatibilizer (MA-g-LMPE) was synthesized by reacting LMPE with MA according to a pub-
lished method with slight modification [38]. The experiment was performed in a three-neck 250 mL round-
bottom flask with a magnetic stirrer, a nitrogen inlet, and a thermometer. In a typical experiment, the reaction
flask was heated in an oil bath to melt the LMPE. When the LMPE was melted completely, selected amounts
of MAH and styrene were added to the flask. When the system reached homogeneity, the initiator was dis-
solved in xylene and added to the reaction flask. A small nitrogen flow passed through the flask during the
whole reaction process. After the specified time, the reaction was stopped, and the grafted copolymer was
precipitated in acetone. The precipitate was washed with acetone and filtered repeatedly to remove unreacted
MAMH, then dried in a vacuum oven at 60 °C to a constant weight. The compatibilizer was used as an agent to
improve the compatibility of the PE and natural fillers (MCC, NC).

Composites Preparation

Compounding

Composites were prepared by high-temperature shear deformation on a rotary laboratory mixer (Bra-
bender) at 190+2 °C. The mixture was ground for 20 min at 50 rpm. The ratios of natural fillers (MCC, NC)
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to PE used in this study were (5+95), (10+90) and (20+80) wt.%. The compatibilizer MA-g-LMPE was also
added at 5 wt.% based on the weight of PE. Both PE and MA-g- LMPE were first melted at 170 °C, then the
fillers (MCC, NC) were added.

Forming composite samples

The composites were placed in a hot compression moulding machine (Zamak, Poland) to form quad-
rangle-shaped composites to be used in mechanical testing. The composite samples were preheated in the
mould at 180 °C for 3 min to ensure complete melting at atmospheric pressure. Then a pressure of 6 bars was
applied to the mould and held for 5 min under constant temperature and pressure to form composites. After
that, the forms were chilled and removed. In each tensile test, 1.5 g of sample was used to form a composite
sheet with dimensions of 10 mm (width) x 75 mm (length) x 2 mm (thickness).

Characterization Methods

FTIR

The structure of samples was determined by the FTIR spectrometer “Inventio-S” (Bruker). FTIR spec-
tra were recorded in the transmission mode in 400-4000 cm ™ wavenumber range with a resolution of 2 cm™
and 32 scans at a temperature of 25 °C. The OPUS software was applied to determine the peaks at specific
points. The samples were pressed in pellets under pressure 300 MPa containing 1 mg of the compound to be
analyzed and 100 mg of potassium bromide.

Wide-angle X-ray diffraction

XRD studies were carried out according to a previously published method with a slight modifica-
tion [39] on a XRD Miniflex 600 (Rigaku, Japan) with monochromatic CuKa radiation isolated by a nickel
filter with a wavelength of 1.5418 A at 40 kV and a current of 15 mA. The spectrum was recorded in the in-
terval 20 = 5°-40°. The data processing of experimental diffraction patterns, peak deconvolution, describing
the peaks used by Miller indices, peak shape, and the basis for the amorphous contribution were conducted
using the “SmartLab Studio IT” software and PDF-2 (2020 Powder diffraction file, ICDD) data base.

The crystallite size, T (A), was calculated by the Scherrer equation [40, 41]:

K-A
B-cos’

where K — the correction factor (0.9); A — the wavelength of the X-ray radiation (1.5418 A); p — the full
width at half maximum of the diffraction peak in radians; 6 — the diffraction angle of the peak.

The crystal index (Crl) (%) was calculated by the following equation:

Crl :"I_—'a.loo,

t

where I, — the total intensity; I, — the amorphous intensity.

Thermal Analysis

Thermal analysis of the samples was recorded on a STA TG-DTA/DSC “Start-1600” (Linseis) by heat-
ing ~5 mg of samples at 10 °C/min in air atmosphere from ambient temperature to 700 °C. The results ob-
tained by the TA method were used to calculate the crystallinity index of the polymer in composites [42],
which was calculated based on the analysis of the DSC curves:

_ AH_
Le WAH? '

where y. — the crystallinity index; AH,, — the enthalpy of the composite melting; w — the mass fraction of
polymer in the composite; AH,,° — the enthalpy of the melting of neat polymer (x=100 %).

TEM

Transmission electron microscopy studies were performed using PEM-100 equipment with a high ac-
celerating voltage of 80 kV and a magnification of 104 times. The samples were prepared by the suspension
method, and the studied samples were applied to a supporting film with carbon tinting after the sample was
dried and contrasted with joint evaporation of platinum and carbon (in percentages of 85:15) at an angle
of 45°,

AFM

Structural studies were also performed using an Agilent 5500 atomic force microscope (Agilent). Sili-
con cantilevers with a stiffness of 9.5 N/m? and a frequency of 145 kHz were used. The maximum AFM
scanning area (x+y+z) is 25+25+1 pm. Calculations of particle size distribution by width and length were
carried out using MountainsMap Premium Software, Version 6.2 (USA).
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Optical Microscopy

The surface of the composites was observed by “BA 210 Digital” (Motic) optical microscope.

Sorption Measurements

The sorption measurements were carried out using a McBain balance with quartz spirals of 1 mg/mm
sensitivity in the relative humidity (P/Ps) range 0.10-1.0 at 25 °C until sorption equilibrium was established.
The change in sample mass during the sorption process was observed using a KM-8 cathetometer.

Mechanical properties of composites

Measurements of the mechanical properties (tensile strength (o) and elongation (L)) of the composites
were performed using an AG-X plus tensile tester (Shimadzu) according to standard methods at a
50 mm/min crosshead speed.

Statistical analysis

All experimental data were collected in triplicates and data expressed as average + standard deviation.
Data were compared using a one-way ANOVA with post-Bonferroni test using Graph-
Pad Prism 5.04 (GraphPad Software Inc.)

Results and Discussion

FTIR studies (Fig. 1) showed that the spectra of NC and MCC are characteristic of cellulose; however,
the intensities of the NC spectra were higher. Valence vibrations of the hydroxyl groups involved in intermo-
lecular and intramolecular hydrogen bonds appeared at approximately 3400 cm™. Valence vibrations of the
C-H bonds in the methylene groups of cellulose appeared in the region of 2895 cm™, vibrations of adsorbed
water molecules appeared in the region of 1635 cm™. The absorption bands in the regions of 1420 cm™,
1335-1375 cm™, 1202 cm™, and 1075-1060 cm™ corresponded to the strain vibrations of -H, -CH,, -OH, and
-CO and the valence vibrations of the C-O pyranose ring.
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Figure 1. FTIR spectra of NC and MCC

The X-ray diffraction study showed that acid hydrolysis led to an increase in the crystallinity index of
NC associated with the removal of the amorphous cellulose structure. Four crystal reflexes were observed at
approximately 26=14.65°, 16.35°, 22,61° and 35.07° corresponding to the (10-1), (101), (002) and (040)
planes (Fig. 2). The results of X-ray analysis show that during acid hydrolysis, the interplanar distance de-
creased, and the crystal reflexes shifted towards larger values. The unit cell size of NC was lower than that of
MCC (Table 1).

Table 1
Structural parameters of NC and MCC
MCC | NC
Options Crystalline Reflexes
10-1 101 002 10-1 101 002
Position of the maximum 26, (deg.) 14.48 15.94 22.56 14.65 16.35 22.61
Interlunar spacing d, (A) 6.11 5.55 3.94 6.04 5.42 3.93
Crystallite size I, (A) 50.4 53.9 66.5 45.2 43.8 66.3
Crystallinity index, % 86 92
Elementary cell size, a+b+c (A) 8.65+10.36+7.91 8.34+10.23+7.90
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Figure 2. X-ray diffraction patterns of MCC and NC

TEM and AFM studies have shown that NC particles are in the form of whiskers with a particle size of
50-300 nm in length and 10-40 nm in width (Fig. 3 a, b). The particle size distribution ranged from 110 to
145 nm in length and 25-30 nm in width (Fig. 3 c, d).
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Figure 3. TEM (a) and AFM (b) images of NC and particle size distribution by width (c) and length (d)

Sorption studies using low molecular weight liquids (water and ethanol) were carried out for the NC
and MCC, and the parameters of the capillary-porous structure of the samples were calculated based on iso-
therms of water vapour sorption (Fig. 4, Table 2).
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Figure 4. Isotherms of water (a) and ethanol (b) vapour sorption by MCC and NC

It was found that X, Sg, and W, of NC compared to MCC are lower in the case of water sorption and
higher in the case of ethanol sorption. This is probably due to capillary condensation of water molecules on
the polymer surface, since these parameters were calculated at 100 % relative humidity.

Table 2
Parameters of the capillary-porous structure
Indicator NC | MCC NC | MCC
Water sorption, % Sorption of ethanol, %
Xm: 9/9 0.0052 0.0069 0.0034 0.0022
Sqp, M°/g 18.28 24.44 12.21 7.38
W, Cm3/g 0.011 0.019 0.029 0.025
Mo A, 12.04 15.55 47.5 68.69

Note: Result presented as mean +0.04 % standard deviation, n = 3.

When filler is mixed with a synthetic polymer at the micro- and nanoscale, the components of the mix-
ture form an interpenetrating mesh structure, which provides the filled polymer with the effect of additional
degradation. It is known that filler can accumulate in the less ordered regions of the polymer structure.
PE/filler composites at different ratios were investigated by FTIR and X-ray to establish the effect of the

filler on the structure of PE.

FTIR spectra (Fig. 5) contain absorption bands at 2922 and 2850 cm™ corresponding to the asymmetric
and symmetric valence vibrations of CH, groups. The absorption bands of scissor and pendulum deformation
vibrations of CH, groups occur at 1466 and 720 cm™. The absorption band corresponding to the region of
approximately 750-700 cm™ characterizes the crystalline phase of PE, while there is only one strong absorp-
tion band at 720 cm™ in the amorphous phase [43, 44].
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Figure 5. FTIR spectra of composites with different filler contents, wt.%: PE/MCC — 5, 10, 20 and PE/NC — 5, 10, 20
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Characteristic cellulose bands are present in the 1017-1206 cm™ range. The insertion of MCC and NC
into PE leads to a shift of the 888 cm™ band to the region of 853-861 cm™. It was also observed that some
changes in the 1300-900 cm™ region occur during heat treatment. This result seems to indicate the formation
of PE with cellulose, inclusion compounds and H-complexes. The curves of the samples differ in the inten-
sity of the characteristic bands at 1019, 1242, 1373, 1740 cm ™ and in the appearance of a new broad peak in
the region of 3300-3500 cm™, which corresponds to the valence vibrations of OH-groups. More intense
peaks were observed in the spectra of the PE/NC than in the spectra of the PE/MCC.

Two crystalline maximums of PE were observed in the X-ray diffraction patterns at 22° and 24.5°, cor-
responding to reflections (110) and (200) related to orthorhombic structure (Fig. 6). In addition, for all sam-
ples, one can observe a crystalline reflex relating to cellulose in the region of (200) corresponding to
plane (110), and at high filler contents (20 %), weakly expressed reflexes relating to cellulose shifted at
15.5°, 17.2° corresponding to planes (101) and (10-1). Additionally, a decrease in the intensity of the PE
crystal maximum at 24.5° and the appearance of a new crystal maximum related to cellulose in the region of
23.2° corresponding to the (10-2) plane were observed in the patterns of the same samples.

Intensity, cps

!l
LX_;\A: MCC-5%
MCC-10%
N ——"V/ - McCc-20%
| Ncs%
"\ ~Ncio%

NC-20%

I
40

Figure 6. X-ray diffraction patterns of composites with different filler contents, wt.%:
PE/MCC — 5, 10, 20 and PE/NC — 5, 10, 20

The results showed that the crystallinity index values of all polymer composites differed from the y of
neat PE (Fig. 7).

70

60

NC

Crystallinity index, %

20 MCC

0 5 10 15 20

Filler content, %

Figure. 7. Dependence of the crystallinity index of the composites on the filler content
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The crystallinity was extremely dependent on the filler content and reached a maximum at a filler con-
tent of 5 wt.%. The presence of fillers up to this concentration led to the increase in the PE matrix values as
an artificial seed for structure formation [45]. The reason for this behaviour may be the interphase phenom-
ena that occur at the polymer-filler interface and the appearance of interfacial layers with characteristics that
changed due to interfacial interactions.

An increase in the filler content in the range of 5-10 % led to a decrease in the crystallinity index. Most
likely, an increased amount of filler contributed to their convergence; when they began to coagulate, the
small particles aggregated into larger particles, while the specific surface area of the fillers decreased
sharply, and, as a result, the active interactions of PE with the fillers decreased, and the fillers gradually be-
gan to have a lesser effect on the structure. A further increase in the amount of fillers up to 20 % somewhat
suppressed the crystallization process and increased the number of defects in the crystallites and the amor-
phization of PE.

The dependence of the PE crystal lamella thickness on the filler content is shown in Figure 8. The
thickness was calculated using Scherrer’s formula by measuring the width at half the height of the high-
intensity X-ray band corresponding to the reflections from the crystallographic planes (110).

220
5 200
§ 180
< NC
=
Z 160
T
= 140
—_
MCC
120
100
0 5 10 15 20

Filler content, %
Figure 8. Dependence of lamella thickness on the filler content

As can be seen in Figure 8, the presence of fillers up to 5 % led to a decrease in the size of the crystal-
lites because in these concentration intervals, there were many solid filler particles serving as artificial seed
crystals for structure formation, as mentioned above. As a result, numerous crystallites formed, and their
sizes were relatively smaller than that of neat PE. Despite a decrease in the thickness of the crystalline la-
mella at 5 % filler content, the PE crystallinity index reached its maximum value (Fig. 6) due to an increase
in the total number of crystalline formations, the predominant number of which was crystallites grown on the
artificial seed crystals. As a result, the crystallites, smaller dimensions of which enabled them to undergo
denser packing in the amorphous structure, contributed to the increasing density of the final material. This
reasoning is true if the growing crystalline formations filled the available amorphous space as much as pos-
sible when the growth of crystallites slowed upon meeting similar neighbouring formations.

A decrease in the y values and the growth of the crystallites were observed in the range of filler content
of 5-10 % (Fig. 7 and 8). A further increase in filler content up to 10-20 % partially suppressed the mobility
of the PE macromolecules and the crystallization process, resulting in both a reduction in the crystallinity
index and a decrease in crystallite size. The densities of fillers were different (pnc>>pwmcc), and the denser
filler particles had a more active effect on structure formation in the PE (Fig. 7).

Table 3
Crystallinity index () and asymmetry index (AI) of PE and composites
PE/NC ratio, % X %o Al PE/MCC ratio, % X% %o Al
100:0 29 0,17 100:0 29 0,17
95:5 40 0,17 95:5 43 0,17
90:10 34 0,19 90:10 34 0,20
80:20 38 0,19 80:20 36 0,21
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The thermal stability of a composite material is a desirable property in many applications. The thermal
expansion of cellulose reinforced polyethylene composites has been studied using wood and fibrous cellulose
as fillers [46, 47]. The viscose fibers and the MCC decreased the coefficients of the linear thermal expansion
of the high density polyethylene (HDPE) matrix in the flow direction [48]. The effect of fillers on the crystal-
line structure of PE was also studied by thermal analysis. Calculations based on thermal analysis data
showed that the values of the crystallinity index of all polymer composites were appreciably higher than the
¢ of neat PE (Table 3). The melting peak of the crystallizing polymer reflected the crystallite size distribution
to some extent. The asymmetry of the melting peak was used to calculate indicators of the polymer crystal
structure [49].

Similar results were obtained; the structure and properties of high density polyethylene-based compos-
ite films with different natural fillers (cellulose, soybean meal, and pellets) were studied [46]. Some in-
creases in the crystallinity index and the proportion of perfect crystallites for HDPE with increasing filler
content were noted. These increases occurred because the fillers acted as seed crystals in the crystal forma-
tion by forming films. We assumed that the reason for the increase in the crystallinity index was not only the
presence of solid filler particles, but also the conditions of the polymer mixing process at a high tempera-
ture (180 °C). In this case, the dispersion component of the PE mixtures reflects the crystalline phase under
the influence of the thermal field as it underwent modifying changes similar to those of the morphemes ob-
served during the thermal treatment of the crystallizing polymers.

The crystallinity index values obtained by X-ray and thermal analyses do not coincide because these
methods are based on the study of completely different physical and chemical phenomena. The crystallinity
index of a polymer determined from X-ray data represents the total amount of ordered (crystalline) polymer
areas that contribute to the coherent scattering of X-rays. When determining the crystallinity index by ther-
mal analysis, the proportion of polymer macromolecules that are capable of absorbing energy during thermal
influence and moving from an ordered to a disordered (molten) state is taken into account. However, it was
noted that the general picture of the effect of fillers on the crystal structure of polyethylene remained consis-
tent.

Optical studies have shown that filler particles can be observed in microphotographs and that their size
depends on the filler. NC particles are small and needle-shaped, while MCC particles are larger.

Mechanical studies of the composites showed that filler content up to 5 % increased the strength of the
composites (Fig. 9). This result is consistent with the X-ray results. Small additions of fillers that serve as
structure formers contributed to the refinement of the spherulitic structure, changing the packing density of
the structural elements of the spherules and the ordering of the structure of the crystallizing polymer. Appar-
ently, these factors can increase the strength of the crystallizing polymer when small content filler is dis-
persed throughout the polymer matrix.

Tensile strength, kgf/cm?
o
[~}

NC

110
100 MCC
0 5 10 20

Filler content, %

Figure 9. Mechanical characteristics of PE/MCC and PE/NC composites

As the filler content increased, a significant amount of filler particles accumulated in the polymer ma-
trix, which no longer contributed to structure formation, and the amorphous regions stiffened. This behaviour
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led to a sharp decrease in the deformation strength of the polymers with high filler contents and to brittle
fracture [50].

The ability of composite materials based on polyolefin and natural fillers to be degraded and assimilated
by microorganisms depends on a number of characteristics of the polymer matrix and filler, as well as the
structure of the whole material. Polymer composite materials are released into the environment and exposed
to physical, chemical, and biological factors [51, 52]. The properties of polymers, including their strength,
colour, and shape, are irreversibly changed by degradation or ageing. The final stage of ageing is the me-
chanical destruction of the materials (fragmentation). Microorganisms play the main role in biological deg-
radation. The biological degradation of composites by microorganisms includes several stages [53, 54]. The
first stage of biodegradation of a synthetic polymer begins with adsorption of microorganisms on its surface;
the surface hydrophility must increase for the penetration of a microorganism into the polymer structure. To
test the surface hydrophility, the samples were placed in different media: water and sodium chloride solution.

A nonmonotonic change in mass was observed for all samples because the fractions with low molecular
weights were washed out from the surface layers on the first day, and then the process stabilized. Some sam-
ples behaved differently based on their compositions, exhibiting sharp washout of surface layers in the first
several days, followed by swelling and penetration of the solvent into the intermolecular space. The degree
of polymer weight reduction depends on the percentage of soluble components, the particle size of the filler
and the availability of the filler in the polymer matrix.

The change in the mechanical properties of the samples over time after composting in special humus
was studied (Table 4).

Table 4
Physical-mechanical properties (tensile strain and elongation)
of composites before and after burial in soil for 90 days
Before burial in soil After burial in soil for 90 days
Sample Filler content, % Tensile strange, o Tensile strange, C o
Kef/cm? Elongation, % Kef/om? Elongation, %

5 140 175 122 125
PE/NC 10 130 135 113 105
20 110 100 99 85
5 136 110 121 92
PE/MCC 10 118 60 109 52
20 104 45 91 38

Note: Result presented as mean +0.3 % standard deviation, n =5

As can be seen in Table 4, the mechanical strength of composites aged in the soil decreased after a cer-
tain time, and the greater the filler content was, the lower the strength. A decrease in the strength characteris-
tics of composites enabled us to assume partial destruction of the structures of the composites; such degrada-
tion was probably connected with the initial stages of biodegradation of natural fillers in composites. The
studies of the physical and mechanical properties of the composites clearly demonstrate qualitative changes
in the structure of the composites during biodegradation. Changes occurring in the materials under the influ-
ence of degradation in the soil include changes in colour, loss of mass, biological fouling of the composites,
and mechanical destruction.

Conclusions

A comparative study on the structures of MCC and NC was carried out, and the changes in structural
characteristics were shown upon transition from microparticles to nanoparticles. Composites based on poly-
ethylene filled with different contents of cellulose micro- and nanoparticles were obtained. The structure of
the composition was studied by infrared spectroscopy, X-ray structure and thermal analyses, and the change
in structure depended on the type and amount of the filler. The role of small (up to 5 wt.%) contents of poly-
saccharides on the structure formation of polyethylene has been revealed. It was shown that an increase in
the presence of natural additives (up to 20 wt.%) leads to a decrease in the degree of polyethylene ordering,
which also affects the mechanical properties of the composite. Preliminary data showed the propensity of the
obtained compositions to biodegrade.
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