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Abstract

Objectives. To investigate the production and biological degradation of biodegradable hybrid
compositions (BHCs), dispersed-filled with starch-containing products of various origins and
distilled monoglycerides, along with the biodegradation of compositions based on low density
polyethylene and thermoplastic starch (TPS) of various origins: corn, pea, and rice.

Methods. Thermoplastic starch was obtained based on native starches of several types, which
were processed in Brabender and MashkPlast (Russia) laboratory extruders. BHCs in the form of
strands, granules, and films were obtained by mixing thermoplastic starches with polyethylene in
extruders. Structural BHC parameters were studied by optical and electron scanning microscopy.
The biodegradability of the composite films was evaluated by placing them in biohumus for six
months; during storage, the change in water absorption of the films was determined. Before
and after the biodegradation process, tensile fracture stress and elongation at rupture were
determined to evaluate BHC performance (physical and mechanical characteristics of films).
Changes in the chemical structure during biodegradation were determined by Fourier infrared
Spectroscopy.
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Results. The positive effect (acceleration of the biodegradation process) of using a novel type of
starch plasticizer—monoglycerides distilled in TPS-polyethylene compositions—was confirmed.
After six months, intensive sporulation of active microorganisms was observed on the surface of
the samples. At the same time, water absorption by the samples reached 30%. The observed 60%
decrease in strength and deformation properties indicates an intensive process of biodegradation.
Conclusions. The biodegradation rate was shown to depend on the concentration and even
distribution of the natural biodegradable filler in the synthetic polymer composition.

Keywords: biodegradable compositions, polyolefins, thermoplastic starch, modifier, filler,
biodegradation
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AHHOMauus

ITenu. Hccnedosams npoyecc npouzgoocmaea buopaspyuiaemvix 2ubpudHsix Komnosuyuil (bI'K),
JucnepcHO-HANONHEHHbIX KPAXMANCO0EPIKAUUMU NPOOYKMAMU PA3UUHO20 NPOUCXOIOEHUSL U
OUCTNUNNIUPOBAHHBIMU MOHOAIUYEPUOAMU, U UX Ouos02uUecKyto deCcCmpyKyuro, a makske npo-
yecc buUoOpasorKeHUsT KOMNOZUYUTL HO OCHO8E NOJUIMUNEHA HU3KOU NJIOMHOCMU U MepMOonia-
cmuurozo kpaxmana (TTIK) pa3znuuHo2o npoucxorxKoeHus: KYKYpyaHoeao, 20p0xX08020 U PUCOBO20.
Memoovsl. TepMmoniacmuuHblii. KPAXmMal NOAYUAAU HA OCHO8E HAMUBHBLIX KPAXMAI08 pPA3-
HblX 8u008 nymem nepepabomku ux 8 sabopamopHbulx skcmpyodepax ¢gupm «BpabeHoep» u
«MawlInacm» (Poccus). Cmewusast 8 akcmpyoepax mepmoniacmuuHble Kpaxmaisl ¢ NOAUIMU-
snieHom, nonyuanu BI'K e sude cmpete, eparHysl u naeHok. CmpykmypHsie napamempsl BI'K us-
yuanu memooamu oOnmuUueckoll U 91eKmpoHHOU ckaHupyoweli mukpockonuu. CnocobHocme K
6UOPA3N0IKEHUID KOMNOZUMHBLX NJIEHOK OUEHUBANU, NOMEeUwas ux Ha noszooa 8 buozymyc, u 8
npoyecce xpaHeHus onpeoensniu usmeHeHue e000Nno20uleHUsl NIeHOK. [Insi oueHKuUu sKcnaya-
MAyUOHHbLX ceolicma (pusuro-mexarHuueckux xapakmepucmuk nneHox) BI'K onpedensnu pas-
pyuwiarowee HanpsiokeHue npu pacmsikKeHuUu U OmHocumensbHoe yoauHeHue npu paspulee 00 U
nocne npoyecca buopasnorkeHust. HameHeHUsl xumuueckoli cmpykmypusl 8 npouecce 6uopasnio-
JKeHUst onpedensiiu Memooom UHPPAKpPACHOU cnekmpockonuu ¢ npeobpazoearuem dypue.
Pesynemamel. [IToomeepioeH nososKumensvHulil agpcpexm (yYckopeHue npouecca buopasiorke-
HUSl) OmM UCNO/NBL308AHUSL HOB020 MUNA NAACMUPUKAMOPA KPAXMANA — OUCMUIAUPOBAHHBLX
MoHOo2uyepuoo8 8 komnosuyusx TIIK-nonusmuner. Ilo ucmeueHuu nosnyzo00a Ha NOBEPXHOCMU
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06pa3yoe Habndaiu UHMEeHCUBHOe CNOPOHOULEHUE AKMUBHBbIX MUKPOOp2aHu3mos. IIpu smom
godonoanoweHue obpaszyos docmueano 30%, npouHocmHble U 0ehOPMAYUOHHBLE CEOTICMBA CHU-
sunuce Ha 60%, umo csudemesnibcmayem 06 UHMEHCUBHOM NPOMEKAHUU npoyecca 6uopasno-

KeHusl.

Bwbleoool. YecmaHoeneHo, umo CKopocmb npouyecca 6uopa3ﬂomeuuﬂ KOMNO3UyuUll 3asucum om
KOHUeHmpayuoHHO20 COOMHoOwWeHuUst 8800UMO020 THI{, a markaKke om e2o pagsHomMepHO20 pacnpede—

JIeHUS 8 CUHmMemuuecKkum nosumepe.

Knroueente cnoea: 6uopaanazaaMbLe KOMNO3UYUU, nOJluOJled)uH.bt, mepmonﬂacmuunbLﬁ Kpaxman,

MOHO2UYEepUdbl, HANOJHUMENb, 0eCmMpPYKYUUsL
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INTRODUCTION

The global production of synthetic plastics is
increasing every year. Polymeric materials are used in
many branches of light industry and, especially, in the
packaging industry [1]. In most cases, polymer films
used for food packaging, plastic utensils, and rigid
polymer containers are used once and then discarded
[2]. Such “polymer waste” does not decompose for
a long time, but instead accumulates in landfills
or disposal sites to pollute the environment' [3]. In
order to mitigate this problem, one of the most
acceptable and already applied approaches involves
the creation and use of biodegradable polymeric
materials based on natural materials that do not harm
the environment or human health [4].

A novel approach developed for the manufacture
of biodegradable polymeric materials envisages the
manufacture of products that retain their physical
and mechanical characteristics only for the period of
intended use. Afterwards, they are subjected to various
destructive normal physicochemical, chemical,
and biological processes under the influence of
environmental factors to re-enter the metabolism of
natural biosystems [5, 6].

Biodegradable polymers are macromolecular
compounds capable of being degraded in the presence
of active biological organisms in appropriate

! Bio-based Building Blocks and Polymers — Global
Capacities, Production and Trends 2019-2024. Hiierth,
Germany; 2020. URL: http://bio-based.eu/downloads/bio-
based-building-blocks-and-polymers-global-capacities-
production-and-trends-2019-2024/

conditions. In an active medium, biodegradable
polymers undergo significant changes in molecular
weight and mechanical characteristics, themselves
contributing to the formation of a nutrient medium
for the growth of microorganisms [7-9]. In such
media, hydrolysis and photochemical destruction
of biodegradable polymers typically take place.
Materials break down into components involved in
the natural cycle: water, carbon dioxide, and biomass.
In contrast to traditional polymers obtained from
petrochemical raw materials, biodegradable polymers
are characterized by their ability to decompose into
components of biological life within a short period of
time [10-12].

While a variety of natural polymers are used in
the manufacture of biodegradable compositions,
starch is one of the most important. This
polysaccharide, which is present in many types of
plants in the form of tubers, seeds, stems, and leaves,
is typically produced from potato, rice, pea, wheat,
or corn feedstocks [13, 14].

Conventionally, the processes for obtaining
biodegradable polymeric materials can be divided
into:

1) mixing native starch with synthetic polymers
(polyethylene, polypropylene, etc.);

2) mixing native starch with natural polymers;

3) obtaining thermoplastic starch (TPS) [15-17].

In order to solve the problem of recycling
packaging materials, one of the most promising
directions involves the creation of biocomposites that
combine the useful properties of TPS and synthetic
polymers [18].
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When manufacturing TPS, selection of the
appropriate type of plasticizer is of great importance
for ensuring the desired mechanical properties. In
addition to starch and glycerin, sorbitol has long
been used in the production of TPS. However, as
follows from the results of studies [19-21], the use
of sorbitol as a plasticizer for the manufacture of
TPS subsequently used as a biodegradable hybrid
composition (BHC) component is not suitable for all
types of native starches.

The authors of the article [22] found a substitute
for sorbitol. As plasticizers, they used monoesters of
glyceroland higher fatty acids—distilled monoglycerides
(DMG), [CH,OH-(CHOH),~CH,-OCO-R] [23].
As well as having higher physical and mechanical
properties, biocomposite polymer films based on
DMG also have a higher biodegradation index.

MATERIALS AND METHODS

Materials

The study used:

— low-density polyethylene (LDPE), 11503-070
brand (Kazanorgsintez, Russia), with an average
molecular weight of 1.8-104 Da;

— glycerin, PK-94 grade, density 1240 kg/m?
(Wympel, Russia), GOST 6824-96%;

— distilled DMG produced according to TU 10-1197-95°
specifications (RusKhimtrade, Russia);

— corn starch  (Krakhmalprodukt,
GOST 32159-2013%

— rice starch (Vinh Thuan Trading Import-Export,
Vietnam);

— pea starch (Roquette, France);

— composite starch-containing materials based on
polyethylene (PE) and TPS.

Russia),

Research methods

BHC samples were obtained in an extruder
(MashPlast, Russia) equipped with either a strand
or a flat-slot extrusion head, at temperatures in the
extruder zones from 115 (in the loading zone) to
140°C (in the head zone) [24].

The physical and mechanical properties of the
samples under tension were determined using a testing
machine RM-50 (MashPlast, Russia) equipped with a
computer interface running the StretchTest software.
The tensile stress at break (c,) and relative elongation

2 GOST 6824-96. Interstate Standard. Distilled glycerine.
General specifications. Moscow: Izd. Standartov; 1997.

3 TU 10-1197-95. Distilled monoglycerides. Technical
conditions.

4 GOST 32159-2013. Interstate Standard. Maize starch.
General specifications. Moscow: Standartinform; 2019.

at break (g¢,) of BHC were measured under normal
conditions according to GOST 14236-81°. The limit
of the permissible value of the load measurement
error did not exceed £1%. The limiting deviations
in the diameter of strand samples and the cross-
sectional areas of film samples were +0.2 mm and
2-3%, respectively. The mean value was determined
after 3—5 measurements. The tests were carried out at
a strain rate of 100 mm/min. Film samples for testing
were obtained using a special punching device. The
samples shape was of type 1B (EN ISO 527-3%).

The water absorption of the studied BHC was
determined according to GOST 4650-807.

In order to assess BHC biodegradation dynamics,
the composting method was used. The samples
were placed in special trays with biohumus at a
temperature of 23 + 2°C and a humidity of 70 + 10%
and kept from one month to six months. The degree
of biodegradation of the polymer compositions was
assessed in terms of changes in their physical and
mechanical properties: breaking tensile stress (o))
and relative elongation at break (g,), according to
GOST 54530-2011%.

Optical studies of BHC appearance after
composting were carried out using an Axio Imager.Z2m
microscope (Carl Zeiss, Germany) in transmitted and
reflected light at x50 and x200 magnifications.

The chemical structure of BHC was studied by
Fourier-transform infrared spectroscopy (FTIR) on
an FSM-1201 device (EuroLab, Russia) equipped
by a multiple frustrated total internal reflection
attachment with a resolution of 1.0 cm™ (spectral
range of wavenumbers 375-7900 cm™!).

RESULTS AND DISCUSSION

When creating biodegradable composite polymer
materials, it is necessary to take into account their
technological, operational,and other properties, as well
as data characterizing the rate of their biodegradation.
One of the most important requirements for a
created composite material is the preservation of the

*GOST 14236-81. USSR State Standard. Polymer films.
Tensile test method. Moscow: Izd. Standartov; 1992.

¢ ISO 527-3. International Standard. Plastics —
Determination of tensile properties. Part 3: Test conditions for
films and sheets. Second edition, 2018-11. URL: https://cdn.
standards.iteh.ai/samples/70307/e804daa78e2747a6bbd08ac4
86d58225/1SO-527-3-2018.pdf

7 GOST 4650-80. Interstate Standard. Plastics. Methods
for the determination of water absorption. Moscow: Izd.
Standartov; 2008.

8 GOST 54530-2011. National Standard of the Russian
Federation. Resources saving. Packaging. Requirements,
criteriaand test scheme through composting and biodegradation.
Moscow: Standartinform; 2019.
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technological characteristics inherent in the main
polymer in order to ensure the possibility of its
processing on standard equipment [25].

At the first stage of the work, BHC was prepared
based on LDPE and TPS of various origins: corn, pea,
and rice. The required range of concentration ratios
of the components was chosen, in which the share
of TPS is from 40 to 60 wt %, respectively [22].

The next stage of the study involved establishing
the terms of biodegradation of the obtained
compositions. To do this, a combination of several
methods was used: composting in biohumus and
assessing water absorption. Water is a necessary
component for the vital activity of microorganisms.
In addition, when water penetrates into the surface
layers and diffuses deep into the material structure,
it can have a plasticizing effect.

The results of the water absorption study are
presented in Table 1. It can be seen that LDPE
practically does not absorb water, while compositions
modified with starch absorb it in significant amounts;
moreover, as the TPS content in the compositions

Table 1. Results of BHC water absorption

increases, water absorption also increases. It can be
assumed that this is due to the structural processes
occurring in the polymer—filler system. As the polymer
matrix is loosened, the free volume between the
macromolecules increases. This leads to an increase
in the amount of absorbed water. The composition
based on rice TPS has the highest water absorption
among the studied BHS. It is logical to assume that
this composition will be more rapidly biodegradable
when it enters the soil.

The course of the biodegradation process was
judged by the results of optical microscopy, as well
as by observed changes in the physicochemical
properties of the studied materials following their
exposure in the soil.

The experiment was carried out at a temperature
of 23°C and a soil moisture content corresponding
to 70 £ 10% of its maximum moisture capacity.
Composting times were one, three, and six months.
BHC samples and a control PE sample were placed
on a soil substrate and completely covered with a
layer of soil, while providing constant air access to

Composition, wt % Water absorption, %
Raw LDPE 0.2
BHC (TPS:PE corn starch 60:40) 7.6
BHC (TPS:PE corn starch 50:50) 4.1
BHC (TPS:PE corn starch 40:60) 23
BHC (TPS:PE pea starch 60:40) 7.9
BHC (TPS:PE pea starch 50:50) 3.8
BHC (TPS:PE pea starch 40:60) 2.1
BHC (TPS:PE rice starch 60:40) 8.1
BHC (TPS:PE rice starch 50:50) 5.6
BHC (TPS:PE rice starch 40:60) 2.5

Note: LDPE is low density polyethylene, BHCs are biodegradable hybrid compositions, TPS is thermoplastic starch, and PE

is polyethylene.
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the sample in order to avoid suppression of the vital
activity of the microorganisms.

Figure 1 shows microphotographs of BHC
samples of composition TPS:LDPE = 60:40 after six
months of keeping in biohumus.

As can be seen from the presented micro-
photographs, local development of soil micro-
organisms occurs on the surface of the composite
samples. While the amount of TPS introduced has
little effect on the process during the initial period,
the dynamics of microbial growth on different
samples at the same content of TPS of different
origin is not the same. The sample based on corn
TPS (1) is characterized by surface development of

microorganisms without intensive sporulation, while
the samples based on pea TPS (2) and rice TPS (3)
clearly show continuous growth of microorganisms,
as well as intensive sporulation. The compositions
have a loose structure and surface defects, and the
destruction of the filler is observed throughout the
entire volume of the samples.

The results of determining the tensile stress at
break (o) and relative elongation at break (g,) for
BHC after half a year of composting are presented in
Table 2.

As follows from the obtained data, following a
six-month period of keeping the samples in biohumus
with soil microorganisms, their physical and

3

Fig. 1. Micrographs of film samples after removal from biohumus
(1) corn starch BHC, (2) pea starch BHC, (3) rice starch BHC
(a) increase x50, (b) increase x200.

Toukue xumudeckue TexHoaoruu = Fine Chemical Technologies. 2022;17(3):231-241

236



Ilya Yu. Vasilyev, Vladimir V. Ananyev, Michel E. Chernov

mechanical characteristics deteriorate. In the process
of biodegradation, water is absorbed by composite
samples, resulting in a change in the material structure.
It is likely that the intermolecular interactions that
hold the polymer matrix and filler weaken together
to produce visible defects: the formation of a loose
surface structure due to the filler destruction over
the entire surface of the samples. In the case of BHC
based on corn starch, a 1.5-fold deterioration in
physical and mechanical properties occurs; in BHC
based on pea starch—a 1.3-fold change; in BHC based
on rice starch—a 2.1-fold change. This supports the
conclusion that the studied film compositions will
biodegrade quickly under conditions of disposal.
Inorder to further assess the changes that occurred
during biodegradation, spectral characteristics were
determined using the FTIR method. As an example,

Fig. 2 shows the spectrum of BHC based on rice TPS
at a ratio of TPS:LDPE = 60:40 wt % before and after
the biodegradation process.

First of all, it is of interest to estimate the
intensity of the OH groups absorption bands located
between 3000 and 3600 cm™!, as well as that of
the bands between 1000-1500 cm™!, which are
characteristic of CH,, CH,, and C-O groups. While
the middle and far regions of the IR spectrum are
less informative, they support the conclusion that
the BHC-PE composition contains functional
groups characteristic of fatty acids (forming part
of DMG) in OH-groups of glycerol, as well as
functional groups of starch.

Following six months of keeping BHC in
biohumus, absorption peaks appear in the IR spectrum
in the region of 1000-1200 cm™, indicating the

Table 2. Results of physical and mechanical tests of BHC before and after biodegradation process

TPS:PE ratio 6, MPa (A+0.2) g, % (A£5) 6,, MPa (A£0.2) g, % (A£5)
1. 100% PE 16 195 - -
- With DMG before biodegradation With DMG after biodegradation

2. TPS based on corn

60:40 10.9 78 7.2 45

50:50 11.6 84 8.3 67

40:60 12.8 93 10.3 84
3. TPS based on peas

60:40 7.8 82 5.6 48

50:50 93 91 8.4 64

40:60 10.1 102 9.3 86
4. TPS based on rice

60:40 11.2 96 52 41

50:50 11.9 104 7.3 56

40:60 12.8 115 8.9 87

Note: o, is a tensile stress at break, ¢, is a relative elongation at break, DMGs are distilled monoglycerides, TPS is thermo-

plastic starch, and PE is polyethylene.
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Fig. 2. Infrared spectrum of the BHC based on rice starch.
Red line (/) is the BHC absorption spectrum before biodegradation; violet line (2) is the BHC spectrum after one
month of biodegradation; green line (3) is the BHC spectrum after three months of biodegradation;
blue line (4) is the BHC spectrum after six months of biodegradation.

presence of the C-OH group, and 1500-1700 cm™,
designating the presence of the acetamide groups
O=C-N and amine groups NH,. Thus, their
appearance can be associated with the action
of active microorganisms of the chitosan fungi
group, which form the bacterial microflora. In the
region of 3000-3600 cm™!, changes in the intensity of
the absorption peaks of the OH groups were observed.
This is presumably due to the fact that TPS destroys
the polymer matrix to some extent; most likely,
TPS is partially washed out of the composition by
water. This also supports the conclusion that the
occurring biodegradation processes are intensive.

CONCLUSIONS

The process of the biodegradation of BHC
compositions based on LDPE and TPS of various
origins: corn, pea, and rice, with a TPS content in BHC
from 40:60 wt % using the novel DMG plasticizer
was studied. Biodegradation was carried out in
biohumus for six months with periodic evaluation
of the properties of control and working samples:
following one month, three months, and six months.

It follows from the results of the experiment
that the new modifier introduced into the samples
composition increases the water absorption of the

filled compositions in the case of BHC based on
corn TPS by 20%; in the case of BHC based on pea
TPS—by 26%; in the case of BHC based on rice
TPS—by 31%.

The observed 60% degradation in the physical
and mechanical characteristics of the samples as
compared to the initial values is apparently due to a
change in the material structure: weakening of energy
bonds, destruction of the polymer matrix, partial
washing out of the components from the system.

The results of optical microscopy and analysis
carried out by FTIR confirmed the occurrence of
sporulation of active microorganisms.

The obtained data support the conclusion that
TPS can be used with the novel DMG plasticizer as
a polyolefin modifier for the creation of bio-
degradable packaging materials.
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