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ABSTRACT: Nowadays, the development of effective bioplastics aims to combine traditional plastics’ functionality
with environmentally friendly properties. The most effective and durable modern bioplastics are made from the edible
part of crops. This forces bioplastics to compete with food production because the crops that produce bioplastics can also
be used for human nutrition. That is why the article’s main focus is on creating bioplastics using renewable, non-food
raw materials (cellulose, lignin, etc.). Eco-friendly composites based on a renewable bioplastic blend of polybutylene
adipate-co-terephthalate, corn starch, and poly(lactic acid) with reed and hemp waste as a filler. The physic-chemical
features of the structure and surface, as well as the technological characteristics of reed and hemp waste as the organic
fillers for renewable bioplastic blend of polybutylene adipate-co-terephthalate, corn starch, and poly(lactic acid), were
studied. The effect of the fractional composition analysis, morphology, and nature of reed and hemp waste on the quality
of the design of eco-friendly biodegradable composites and their ability to disperse in the matrix of renewable bioplastic
blend of polybutylene adipate-co-terephthalate, corn starch and poly(lactic acid) was carried out. The influence of
different content and morphology of reed and hemp waste on the composite characteristics was investigated. It is shown
that the most optimal direction for obtaining strong eco-friendly biodegradable composites based on a renewable
bioplastic blend of polybutylene adipate-co-terephthalate, corn starch, and poly(lactic acid) is associated with the use
of waste reed stalks, with its optimal content at the level of 50 wt.%.
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1 Introduction

Today, with the increase in the production and use of plastic, the amount of waste that pollutes
the environment is also increasing [1] since traditional synthetic plastics are non-biodegradable materials
[2]. Synthetic polymers are currently a source of environmental pollution, which is already leading to an
ecological disaster, and also require the use of raw materials based on hydrocarbons, the content of which
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in the earth’s crust is significantly decreasing [3-6]. The production of eco-plastics is a pressing problem
worldwide [7]. Production of products from environmentally friendly, natural raw materials has recently
attracted increasing attention from the public. This area is currently relevant due to the constantly increasing
production volumes of polymers and polymer products, including biodegradable plastic, which creates many
problems: it requires special disposal conditions; it may contain metal compounds that are not dangerous in
themselves, but ultimately harm nature; it requires specific environmental conditions for decomposition; it
is not recyclable; its production leads to an increase in capital investment; a by-product of its decomposition
is methane; and, ultimately, it does not solve the problem of environmental pollution.

At present, eco-plastics are confidently replacing classical materials from traditional areas of use
(household products, appliance housings, building materials, furniture, vehicle interior parts), as they allow
solving several urgent problems related to weight reduction, increasing environmental safety, and expanding
the raw material base [8]. The intensive introduction of eco-plastic materials based on polymers and fillers of
natural origin solves ecological problems associated with using renewable resources and components that are
part of the natural environment [9]. Improving the technologies for forming and enhancing the properties
of eco-plastic materials will ensure the intensive use of products based on components of natural origin.
It will lead to a partial or complete abandonment of the use of synthetic polymers in favor of eco-plastics.
Such approaches determine the relevance of research in developing new composites based on biopolymers
and natural fillers, as they require studying the processes of forming eco-plastic products and the properties
and structure of the developed eco-plastic materials [10]. Typically, the technology of forming polymer
composite materials is determined by the properties of the synthetic or biopolymer binder and the type and
content of modifiers and fillers. The development of polymer composites of a new chemical composition
requires studying the structure and properties of composites depending on the influence of technological
factors, which will allow the formation of defect-free products, taking into account the features of phase
transformations under the influence of external physical fields.

Using a biopolymer matrix involves press equipment and an elevated temperature for forming products
containing wood floor as a filler [11]. The prepared composition is subjected to pressing and heat treatment,
the mode of which is determined by the content and chemical composition of the fillers, which requires
studying the features of structural transformations of the biopolymer matrix and studying the processes of
interaction of the components with each other [12]. The expansion of the range of products based on eco-
plastic materials containing natural components from renewable sources is proliferating, which is due to the
urgent need to develop the direction of environmentally sustainable technologies and the limitation of raw
materials used for the manufacture of synthetic polymer fibers or matrices [13]. In many cases, biomaterials
with natural fibers have many advantages over synthetic ones, as they provide a reduction in the weight of
the product due to the low density of the material, satisfactory specific strength, additional functionality
(damping, shock absorption) [14,15], increased occupational safety through the use of environmentally
friendly technologies, activation of nature restoration processes as a result of carbon dioxide biosequestration
and the ability to biodegrade.

The main development direction of the economy’s manufacturing sector is developing and applying var-
ious environmentally friendly composite materials based on renewable raw materials [16]. The development,
design, and further application of environmentally friendly composite materials based on renewable raw
materials using plant products not characterized by food value has gained particular development [17]. This
industry is characterized by obtaining a broad raw material base in a minimum period. At the same time,
the main advantages are the unpretentiousness of plant products and a high yield of fibrous material [18].
A promising direction in obtaining environmentally friendly composite materials is hemp and reed plant
fibers [19]. Western scientists use hemp fibers to create biocomposite materials for various applications [20].
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Biocomposite materials are being developed entirely from organic materials and using fillers in the form of
hemp and reed plant fibers [21].

Analysis of literature sources [19,20,22] showed that the main components of environmentally safe
composite materials based on plant waste are a biodegradable polymer matrix, an organic filler, and
various functional additives are also used: antiseptics, flame retardants, compatibilizers, etc. For example,
a joint study by scientists from Canada and the UK allowed the creation of new biocomposite materials
from hemp waste using a silica matrix. Such composites are water-resistant and show good mechanical
characteristics, which made it possible to develop new thermal insulation building materials based on them.
In the study, composites based on hemp firewood were manufactured using silica sol as a binder, which
gave the composite multifunctionality [21]. Slovenian company Movichem specializes in producing chemical
materials that allow the modification of hemp waste for further use as a filler in building boards and other
materials resistant to fire and moisture. One of the leading products is Retacell FLR-Al—a fire-resistant
and environmentally friendly polymer gel [22]. Using ecological additives (flax fibers, hemp, bonfire, etc.)
as a filler, you can get biodegradable plastics with different properties. NCA Renewable Technologies, a
manufacturer of composites from natural fibers, has developed hemp-based INCA panels. The undoubted
advantage of such panels is that they will reduce carbon dioxide emissions by 76%, waste production by 89%,
and water consumption by 82% compared to plywood from the Lauan rainforest, which is currently used in
the automotive, leisure, furniture, and film industries [23]. A characteristic feature of manufacturing practical
and durable structures and products from environmentally friendly composite materials is optimizing
their component composition depending on the application areas [24]. Therefore, the current direction
is developing biodegradable composite materials with high-strength characteristics while maintaining the
ability to biodegrade [25,26].

In our past scientific works [24,27], environmentally friendly polymer composites were obtained based
on polylactide and polyester biodegradable polymer matrices using a wide range of organic waste and
functional modifiers [28]. Almost always, the high quality and durability of products and structures from
the studied environmentally friendly composite materials are due to the combination of the correct choice
of the component composition of the material and the selection of the most influential production method.

Therefore, it is essential to produce eco-friendly composites based on a renewable bioplastic blend of
poly(butylene adipate-co-terephthalate), corn starch, and poly(lactic acid) (PBAT/PLA composites), adding
reed and hemp waste as a filler with different fractional compositions and shapes with particle sizes.

The work aimed to create eco-friendly biodegradable composites based on renewable biopolymer
materials and reed-hemp waste studying and designing.

To achieve this aim in the work, it was necessary to perform the following tasks:

- To study the reed and hemp waste impact on the eco-friendly biodegradable composites based on
renewable biopolymer material’s physical and mechanical properties complex;

- To determine the optimal content and type of reed and hemp wastes in the PBAT/PLA composites
to obtain highly effective, eco-friendly biodegradable composites based on renewable biopolymer
materials.
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2 Materials and Methods

2.1 Materials

In this work, we used such objects as:

Renewable bioplastic blend of 40 wt.% poly(butylene adipate-co-terephthalate), 20 wt.%, corn starch,
and 40 wt.%, poly(lactic acid), grade OK HOME (Weifang Huawei New Materials Technology Co., Ltd.,
Weifang, China);

Waste of marsh reed stems, which were collected in the Kharkiv region and crushed in a Braun blender
to a size of 0.5-6 mm (Fig. 1). Waste of reed stems contains up to 45% cellulose, 25% lignin, 22%
hemicellulose, about 9% protein, and mineral components. As in most plants, in the hard part of the
reed stem, cellulose fibers are collected in long bundles, surrounded and intertwined with hemicelluloses
[29]. Cellulose is an almost crystalline substance; hemicellulose is amorphous. All this interweaving is
filled with lignin—a solid polyphenol resin. This structure of the plant determines its vertical orientation
and strength.

Waste of hemp stems, collected in the Kharkiv region and crushed in a Braun blender to a size of 0.5-
6 mm. Structurally, the outer stem tissue (bark) consists of polyhedral cells (Fig. 1). Behind it are the
parenchyma with a ring of bast bundles and the core. The length of the elementary hemp fibers is 4-5 cm
or more. Bast fibers are intertwined and glued together with lignopectin. In the hemp stem, as a result
of the action of the cambium, a second inner ring of bast bundles is formed, and behind it, the third and
fourth often appear [25]. Secondary bast fibers are unevenly placed in the stem. The lower part of the
stem is the richest in them; in the upper part, only primary fibers are found. Deficiencies contain 20-25%
of the fiber and the material—15-20%.

Figure 1: Photos: (A): reed stem waste, (B): crushed reed stem waste, (C): hemp stem waste, (D): crushed hemp stem
waste

2.2

Preparation of Eco-Friendly Biodegradable Composites
The eco-friendly biodegradable composites (Table 1) were obtained by extruding pre-prepared raw

materials in a single-screw laboratory extruder Sinbak (Zhangjiagang Sinbak Machinery Co., Ltd.,
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Zhangjiagang, China) at a temperature of 170-200°C and a roll rotation speed of 30-100 rpm, torque 80 Nm,
pressure 20 MPa, energy input 2.4 kW.

Table 1: Eco-friendly biodegradable composites prepared in this work

Renewable bioplastic blend Crushed reed stem waste Crushed hemp stem waste

20 80 -
30 70 -
40 60 -
50 50 -
60 40 -
20 - 80
30 - 70
40 - 60
50 - 50
60 - 40

The L/D ratio of the extruder is 25, with the die-head in a ring form with a 20 mm diameter to
increase the uniformity of dispersed pant waste distribution like crushed reed stem waste and crushed
hemp stem waste in PBAT/PLA blend; two mass passes were used to obtain finished samples. Initially,
PBAT/PLA composite granules were mixed with crushed plant waste in a 1-L ceramic container, and the
resulting mixture was loaded into the extruder’s feed compartment. There were 20 parallel experiments for
each composition; statistical processing was made using characteristics such as arithmetic mean, standard
deviation, and variation coeflicient.

2.3 Tests Methods

The study of impact strength and breaking stress during bending of the eco-friendly biodegradable
composites without notching at a temperature of 20°C was carried out on a pendulum head according to ISO
180 and ISO 178, respectively, on samples conditioned under standard controlled temperature and humidity
for those standards. The size of the test specimen was: sample width at its middle 10 mm, sample thickness
at its middle 5 mm, sample height at its middle 15 mm. The test specimens were obtained by pressing eco-
friendly biodegradable composites heated on an extruder to a temperature of 180°C into brass molds of the
appropriate size. Impact strength and breaking stress during bending were performed on a pendulum impact
tester XJU-2.75 (Time Group Inc., Beijing, China). According to the Izod method, the impact strength of
notched specimens is the impact energy expended on the fracture of the notched specimen, referred to as
the original cross-sectional area of the specimen at the notch. During testing, the specimen is vertically
clamped at one end in the impact tester device. The determination of breaking stress during bending consists
of determining the ultimate stress during bending of the specimen and its deflection at the moment of failure
under the bending stress at a given deflection value equal to (20.0 + 0.2) mm.

Shore A hardness, according to ISO 868, was measured with a Novotest TSh-C digital hardness tester
(NOVOTEST, Samar, Ukraine). The method is based on the use of a type A durometer, which is based on
measuring the initial indentation depth, the indentation depth after specified periods of time, or both.

Microscope studying was done using an electronic microscope Digital Microscope HD color CMOS
Sensor (China) and petrographic complex LECO (LECO Corporation, St. Joseph, MI, USA). The
petrographic complex includes an Olympus BX51/BX52 research microscope (Olympus, Tokyo, Japan) with
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magnification in the reflected light of 100-500x and U = +0.04%, an automatic image analyzer with a high-
quality digital camera, updated Lucia Vitrinite 713 software and an automatic press for hot pressing of
samples [26].

Sieve analysis was used on sieves with woven metal cloth with cell sizes 1.25, 1, 0.315, 0.14, 0.09, 0.063,
and 0.05 mm.

Thermal stability of the eco-friendly biodegradable composites in terms of melting and destruction
temperature ranges was determined according to ISO 3146 on a laboratory brass disk with a diameter of
50 mm and a thickness of 19 mm with a side hole for a thermometer with a diameter of 9 mm.

Water barrier properties of the eco-friendly biodegradable composites were determined by the rate of
water absorption of samples in cold water for 1 day according to ISO 62:2008.

Each eco-friendly biodegradable composites experiment was repeated three times, and the average value
was calculated. Experiments on the impact strength, breaking stress during bending, thermal stability, and
water barrier properties were performed in three replicates to ensure reproducibility. The obtained data were
presented as average values and standard deviations. Data normality was assessed for statistical analysis using
Tukey’s multiple comparison post hoc test using ANOVA. The parameters used in the ANOVA analysis had
a significance value of p < 0.05 at the 95% confidence level. In this work, primary methods of statistical
processing of experimental data are used to obtain individual indicators of the properties of eco-friendly
biodegradable composites, which objectively reflect the results of experimental measurements [11]. Within
the framework of parallel experiments, a sample eco-friendly biodegradable composite average value was
used, which is calculated by the formula of the following form [11]:

I S (1)

n

where x; is the value of the indicator of the i-sample; # is the number of eco-friendly biodegradable composite
samples. Data normality and reduction of variability were achieved by producing 20 parallel samples using
the principle of removing the largest and smallest research results.

3 Results and Discussion

Primary studies aimed to determine the most important physicochemical characteristics of renewable
reed and hemp wastes. The proximate and ultimate analysis of reed and hemp wastes are given in Table 2.

Table 2: Proximate and ultimate analysis of reed and hemp wastes

Waste Proximate analysis, wt.%

w* Al s Ve -
Reed 742 2.47 0.04 91.25 -
Hemp 9.65 3.66 0.03 76.82 -

Ultimate analysis, wt.%

Cd Hd Ndaf Sdt Odd
Reed 48.84 6.02 0.31 0.04 44.79
Hemp 50.84 6.04 0.80 0.03 42.29

Note: W*-moisture contents, %; Ad-ash content, %; V9-volatile matter, %; C9-
content of carbon, %; H%-content of hydrogen, %; N%-content of nitrogen, %;
Sdt-content of sulfur, %; Odd-content of oxygen, %.
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From the results of qualitative and elemental analysis of reed and hemp waste, it is clear that these
substances are very similar in content and ratio of essential elements; they have practically the same level
of hydrogen, sulfur, carbon, and oxygen. At the same time, reed is characterized by an increased content of
volatile substances and a reduced moisture content compared to hemp.

Microscopic studies were conducted to determine the morphology of crushed reed and hemp stalk
waste, as shown in Fig. 2.

Figure 2: Microscopic research: (A1-A3): crushed reed stem waste, (B1-B3): crushed hemp stem waste

Their results show that lamellar particles with a sufficiently hard surface are formed when grinding reed
stalk waste, while a fibrous structure with a small proportion of lamellar particles characterizes crushed hemp
stalk waste. In general, it is essential to note the physical characteristics of crushed reed and hemp stem waste.
It is necessary to note the former’s increased hardness and significant hydrophobicity compared to hemp
material. It was determined that hemp stalks have a surface hardness of 20-22 Shore A, while for cane waste,
this indicator was 55-60 Shore A. Crushed hemp stem waste is a flufty, fibrous cotton-like mass with a very
low bulk density compared to crushed reed stem waste, characterized by an appearance similar to sawdust of
varying sizes. Also, the different filler particle morphology is associated with a higher cellulose content (up
to 75 wt.%) and a lower lignin content (3.5-5 wt.%) in reed waste compared to hemp waste (50 wt.% cellulose
and up to 8.5-10 wt.% lignin). At the same time, from the results of the IR spectra analysis (Fig. 3), it is clear
that these organic wastes are practically identical in terms of their chemical composition.
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Figure 3: IR-spectra of crushed reed stem waste (A) and crushed hemp stem waste (B)

Further studies aimed to obtain PBAT/PLA composites with reed-hemp waste by extrusion method with
composite mass production with different component compositions to study their strength characteristics
further. Fig. 4 shows PBAT/PLA composites with reed-hemp waste with an organic waste content of 50 wt.%,
while Fig. 5 shows their surface micrographs.

Ecofriendly biodegradable composites based on Ecofriendly biodegradable composites based on renewable
renewable biopolymer materials and reed waste biopolymer materials and hemp waste
3 N SOV Y

Figure 4: Photo of PBAT/PLA composites with reed-hemp waste
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Figure 5: Microscopic research: (A): PBAT/PLA composites with reed stem waste, (B): PBAT/PLA composites with
hemp stem waste

From the visual and microscopic analysis of the surfaces of the obtained PBAT/PLA composites with
reed-hemp waste, it is seen that the compositions with reed are characterized by a more heterogeneous
surface with the presence of plate-like structures due to large particles. In contrast, the compositions with
hemp have a more homogeneous fibrous surface structure. At the same time, the polylactide component in
PBAT/PLA composites acts as a heat-resistant and durable matrix. It is also worth noting that when obtaining
PBAT/PLA composites with reed waste, a chemical interaction is observed between the amino acid residues
of starch bioplastics, which in groups correspond to C=N groups at 1644 cm™!, N-H groups at 1578 cm™*
and C=0 groups at 1538 cm™! with the corresponding groups of the organic filler, which is visible in the IR
spectra in Figs. 6 and 7.
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Figure 6: IR-spectra of reed stem waste (A), renewable bioplastic PBAT/PLA (B), eco-friendly biodegradable compos-
ites based on renewable biopolymer materials and reed stem waste (C)
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Figure 7: IR-spectra in the range 1700-1500 cm ™' of reed stem waste (A), renewable bioplastic PBAT/PLA (B), eco-
friendly biodegradable composites based on renewable biopolymer materials, and reed stem waste (C)

The influence of the content of reed and hemp stem waste on the complex strength characteristics of
PBAT/PLA composites with reed-hemp waste was investigated: impact strength and tensile stress during
bending (Figs. 8 and 9).

140.00 =#=]mpact strength. kJ/m2
~@-Breaking stress during bending,
120.00 MPa
2 100,00 4 Reed  Impact Breaking
= stem  strength,  stress
1 - waste,  kJ/m® during
e wt. % bending,
Z MPa
£ 60.00 40  205=0.5 100=2.0
S0 22.5=0.5 110=2.0
60 19.8=0.5 108=2.0
40,
o 70 91205  60=2.0
80 6.8=0.5 42=2.0
20.00
0.00

40 50 60 70 80
Reed stem waste contents, wt. %

Figure 8: Reed stem waste content impact on the physical and mechanical properties level for PBAT/PLA composites

When introduced into the composition of PBAT/PLA composites, there is an increase in the impact
strength and ultimate bending stress for both investigated fillers reed and hemp stem waste: from 18 to
20 kJ/m? and from 80 to 100 MPa, respectively. The results of the study of the data from Figs. 8 and 9 show that
the most optimal direction for obtaining high-strength properties of PBAT/PLA composites is associated
with waste reed stalks, with their optimal content at 50 wt.%. At the same time, PBAT/PLA composites
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with waste hemp stalks are characterized by fragile strength characteristics at 40-50 wt content. %, with
its increase in the range of 60-80 wt.%, the resulting compositions become brittle and practically do not
hold their shape. Also, the different PBAT/PLA composite’s strength and stability are associated with a
higher cellulose content (up to 75 wt.%) and a lower lignin content (3.5-5 wt.%) in reed waste compared to
hemp waste (50 wt.% cellulose and up to 8.5-10 wt.% lignin). Discussing the results of introducing different
amounts of crushed reed and hemp stem waste into PBAT/PLA composites, it can be noted that stable shape
and strength characteristics were characteristic of 40-50 wt.% organic waste.

=4=Impact strength, kJ/im2
140 4
=8~Breaking stress during bending.
MPa
120 1

Breaking
e Impact stress
strength,  during
waste, 1 Jm®  bending,
MPa
40 25.50.5 130=2.0
50 13.4=0.5 87=2.0

100 +

80 -

60 4

Impact strength, kJ/m2

60 0 0
70 0 0
B ) 80 0 0
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Figure 9: Hemp stem waste content impact on the physical and mechanical properties level for PBAT/PLA composites

Table 3 presents the results of studies of the thermal stability and water barrier properties of PBAT/PLA
composites with reed stem waste and hemp stem waste, depending on the content of the filler.

Table 3: The influence of the waste fillers on the physical-mechanical and technological indicators of PBAT/PLA
composites

Waste Test Waste filler content, wt.%

40 50 60 70 80

Thermal stability, °C 160 +2 165+2 167+2 169+2 172+2
Water absorption, % 13+01 11+01 09+01 07+01 06=01

Thermal stability, °C 150 +2 145+2 143 +2 140 £ 2 138 + 2
Water absorption, % 15+01 17+£01 19+£01 21+01 24+0l1

Reed stem waste

Hemp stem waste

From the data in Table 1, it is clear that hemp and reed waste have opposite effects on the level of heat
resistance and water absorption of PBAT/PLA composites. Thus, there was an increase in the content of
reed waste from 40 to 80 wt.%, the level of heat resistance and water absorption of PBAT/PLA composites
increases from 160 to 172°C and from 1.3 to 0.6 wt.%, respectively. At the same time, with an increase in the
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content of hemp waste from 40 to 80 wt.% the level of heat resistance and water absorption of PBAT/PLA
composites decreases from 150 to 138°C and from 1.5 to 2.4 wt.%, respectively. It can be stated that the design
of PBAT/PLA composites with 50 wt.% of reed straw waste are high-strength, heat-resistant, and water-
resistant materials optimal for manufacturing ecological containers and packaging of various functional
orientations. Also, the different PBAT/PLA composite’s strength and stability are associated with a higher
cellulose content (up to 75 wt.%) and a lower lignin content (3.5-5 wt.%) in reed waste compared to hemp
waste (50 wt.% cellulose and up to 8.5-10 wt.% lignin). In general, strength and performance properties
correspond to the best commercial biocomposites based on related components [30,31].

Currently, there is a wide range of products for various functional purposes made from eco-friendly
biodegradable composites based on renewable biopolymer materials filled with organic crushed waste, which
implies the presence of many technological methods and techniques for their production [1], taking into
account the size and purpose of the products [32], production volumes and operating conditions [33],
product configuration [34], qualifications and equipment of the manufacturer [35], etc. The influence of
organic fillers on the properties of a composite depends mainly on the properties of the filler itself. Therefore,
for the appropriate and scientifically sound creation of composites by reinforcement, it is necessary to know
the characteristics of the fillers. Qualitative analysis of fillers consists of assessing the granularity, shape, and
nature of the distribution of particles by size. The shape and size of the particles determine the density of
the filler packing, the uniformity of the particle distribution, the area of contact with the binder, rheological,
physical-mechanical, and other properties [2]. In our case, PBAT/PLA composites filled with crushed reed
stem waste is a fibrous-filled composite material consisting of a dispersed phase represented by fibrous
particles of crushed reed stem waste and PBAT/PLA composites, between which there is a phase boundary
and adhesive interaction. According to this definition, fibrous composite materials are a matrix reinforced
with a mechanical frame in the form of fibers, which gives the material high strength at a relatively low
density [1]. On this basis, the product was designed using eco-friendly biodegradable composites based on
renewable biopolymer materials. The PBAT/PLA composites were filled with crushed reed stem waste. It
is important to note that from the point of view of creating finished products and parts from PBAT/PLA
composites with crushed waste of reed and hemp stems—these are composite materials consisting of an
organic phase in the form of a polymer and a dispersed bioactive phase. At the same time, it is essential to
consider the features of the technology for manufacturing products from PBAT/PLA composites with the
crushed waste of reed and hemp stems as two-phase systems, which is somewhat different from the flow
of pure polymers. Two types of two-phase flow are based on the degree of phase separation. One type is
a two-phase flow of a dispersed system, in which one component exists as a dispersed phase, dispersed in
another element, forming a continuous phase. The other type is layered, in which both components form
continuous phases with a constant interface. When filled to 50%, the polymer flows according to the first
type and obeys the statistical flow law. The studied flow curves in processing PBAT/PLA composites with
the crushed waste of reed and hemp stems with different percentages of waste showed that when filled to
50%, the material is viscous. In the Newtonian flow region, the shear stress increases proportionately to
the shear rate. The dilatancy effect inherent in highly concentrated two-phase systems does not appear. It is
also worth emphasizing that the higher strength and performance characteristics of PBAT/PLA composites
with reed waste are associated, in our opinion, with the lamellar morphology of solid particles of these
materials and the prevalence of particle size at the level of 0.315-1 mm in the fractional composition, while
hemp waste is characterized by a loose fibrous morphology with the highest content of the 1.25 mm fraction
with a softer surface. An equally important factor in the higher strength and performance characteristics of
PBAT/PLA composites with reed waste is higher cellulose content (up to 75 wt.%) and a lower lignin content
(3.5-5 wt.%) in reed waste compared to hemp waste (50 wt.% cellulose and up to 8.5-10 wt.% lignin).
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For the composition of PBAT/PLA composites with a content of 50 wt.% of crushed reed stem waste, as
the most optimal in terms of strength characteristics and dimensional stability, samples of eco-containers in
the form of a tray for packaging and storing food products in the form of fruits, vegetables, and berries were
obtained, the appearance of which is presented in Fig. 10. To get the above tray samples, the extruded mass
of PBAT/PLA composites with a content of 50 wt.% of crushed reed stem waste was additionally heated to
a melting temperature of 165-170°C, placed in a two-component metal mold for pressing rectangular trays
(Fig. 11A), and pressed on a hand press at a pressure of 1 t with heating to 140-150°C (Fig. 11B).

Figure 10: PBAT/PLA composites with 50 wt.% hemp stem waste tray for packaging and storing food products in the
form of fruits, vegetables, and berries

Figure1l: Two-component metal mold for pressing rectangular trays (A) and hand press (B) for PBAT/PLA composites
with 50 wt.% hemp stem waste tray for packaging and storing food products in the form of fruits, vegetables, and berries

So, the designed eco-friendly biodegradable composites based on renewable biopolymer materials and
reed waste can be used to produce biodegradable containers, packaging, and tableware. It was found that
the thermal stability and water barrier properties for such compositions are about 140°C and 0.5 wt.%,
respectively, which makes it possible to recommend them for producing heat-resistant and water-resistant
containers and packaging.
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4 Conclusions

Herein, we present innovative PBAT/PLA composites with reed and hemp waste as a filler with different
fractional compositions and shapes with particle sizes from 0.5 to 6 mm were obtained and studied.

Optimization studies were conducted to determine the most effective composition of the eco-friendly
biodegradable composites based on renewable biopolymer materials and reed and hemp waste. It is shown
that the most optimal direction for obtaining strong, PBAT/PLA composites is associated with waste reed
stalks, with its optimal content at 50 wt.%. The PBAT/PLA composites with reed waste can be used to
produce biodegradable containers, packaging, and tableware with increased heat and water resistance. For
the composition of PBAT/PLA composites with a content of 50 wt.% of crushed reed stem waste, as the most
optimal in terms of strength characteristics and dimensional stability, samples of eco-containers in the form
of a tray for packaging and storing food products in the form of fruits, vegetables, and berries were obtained.

The next step in our research will be to investigate the most critical performance characteristics of
the developed products in terms of heat resistance, water resistance, and service life in various external
conditions.
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