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Objectives. This work aimed to develop technology to produce biodegradable hybrid composite
(BHC) films based on low-density polyethylene (LDPE) 115030-070 and thermoplastic starches
(TPS) of various origins (corn, pea, and rice), with distilled monoglycerides as the plasticizer.
The properties of the produced BHC films were studied and the optimal native starch : glycerol :
monoglycerides ratio is proposed.

Methods. TPS and BHC films based on this material were produced from different types of native
starches in laboratory extruders (Brabender and MashPlast, Russia), and the extruded melts
were subjected to ultrasonic vibrations. The structure and appearance of the BHC films were
studied using scanning electron microscopy and rheology. Their biodegradability was assessed
by immersing them in biocompost for three months. To evaluate the mechanical performance of the
BHC films produced with and without ultrasound, the changes in tensile stress and elongation at
break were determined during the biodegradation process.

Results. The BHC films had a homogeneous structure, except small agglomerates (non-melted
starch grains), which did not reduce their quality. The films with monoglycerides had high tensile
strength, which was comparable with low-density polyethylene. After removing samples of the
BHC films from the biocompost, their tensile strength decreased by 20%, which shows their
biodegradability.

Conclusions. The produced biodegradable composite films and the technology used to produce
them will be applicable for the packaging industry to reduce environmental impact.
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Ienw. CosepuieHcmeo8aHUE MEXHON02UU CO30AHUSL OUOI02UUECKU paspyuldemblx 2UOpuUoHbLX
romnosuyuil (BI'K) Ha ocHoge noausmuneHa Huskoll niomHocmu (II9HII) 11503-070 u mepmo-
NIACMUYUHBLX KPAXMAN08 PA3UUHO20 NPOUCXOAKOEHUS (KYKYPY3bl, 20p0XaA, PUCA) C HOBbIMU NAA-
cmuguKkamopamu — MOHOAUUEPUOAMU OUCTMUSNTUPOBAHHLIMU. Paspabomika mexHoioeuueckoll
cxemwul npousgoocmea BI'K. ITonyueHue u uccnedogarue ceoticma 6uUoioeuueck paspyuloemblx
KOMNO3UYUOHHBLX NIEHOK, NIACMUPUUUPOBAHHBIX CMECHH OUCMUNNUPOBAHHBIX MOHORAUUEPU-
0oe u enuyepuHa. Belbop onmumanbH020 COOMHOUEHUSL HAMUBHbBLU KPAXMAT | 2TUUEPUH | MOHO-
2nuyepuobt.

Memooust. TepmoniacmuuHblil KpaxXmai U KOMNOSUYUOHHbLE NAIeHKU NOAYUAAU HA OCHO8e Ha-
MUBHbIX KPAXMAL08 PA3HBIX 8U008 8 1abopamopHbix skcmpyodepax ¢pupm «BpabeHoep» u «Mawu-
IThacm» (Poccust), npu smom skempyoupyembulil pacniag KOMNo3UyUL noogepeanii 8030eticmeauro
Yyaempaszeyrosulx Konebaruli. Bouia usyueHa cmpykmypa KOMNO3UMHbBLIX NIEHOK MemoooM
CKaHUpyrowell 31eKmpoHHOU MUKPOCKONUU, A Makske ux peosioeuueckue XapaKmepucmuru.
IIposedera oueHKa opeaHOeNMUUECKUX C80licme KOMNOo3UmMHbLX nieHok. CnocobHocms Kk 6uUo-
PA3NI0IKEHUID KOMNOSUMHBLX NAEHOK OUEHUBAIU NPU NOMOULU NOZPYIEHUSL UX HA MPU MeCaUa
8 buozymyc. [ns oueHKuU sKcnayamayuoHHblx ceoticme BI'K, do u nocnie npouecca 6uopasnioxe-
HUsl, onpedensnu paspyularoujee HanpsikKeHue npu pacmsiokeHul U omHocumeibHoe YonuHeHUe
npu paspulee, npuuem oueHka bbLia npogedeHa U 0Jis1 NJIEHOK, Komopble nodgepeasiu e030eli-
cmeuro ysiempassyka.

Pesynomamet. ol 0ocmuzHym noA0sKUMebHbLi 9¢pghexm om ucnonb308aHUSL HO8020 NAACMU-
urkamopa — OUCUNNUPOBAHHBIX MOHOAUUEPUOO8 8 KOMNOSUYUSX MEePMONAACMUUHBLI KpaxX-
Mman : noausmuneH. Ilpu npousgoocmee KOMNO3ULUU NOAYUANUCE OOHOPOOHBLIMU NO cmpyKmype,
uHo20a 06pas308bLEANUCE HebobULUe azllomepambl, npedcmasisirouiue coboll Hepacnaiasusuiue-
Csl Uacmuybl Kpaxmana, umo He yxyouwano kauecmso 2omoavlx BI'K. Komno3umbsl ¢ MOHO2UUE-
pudamu 061a0aU 8bLCOKOTL NPOUHOCMBIO HA PA3PbLE — NpaKmuuecku Ha 00HoM yposHe ¢ IIOHII
Iocne uzvsmus 06pa3y08 KOMNO3UMHBIX NIEHOK U3 OU02YMYCA UX NPOUHOCMb HA PA3pblé CHU-
skanace Ha 20%, umo ceudemenbecmeayem 0 NpomeKaHUU npoyecca 6Uopa3iosKeHUSL.

Bbleoousl. PaspabomaHHbLil cocmas U mexHOoL02Ust NOAYUeHUsL OGUOI02UUEeCKU pasid2aemMblx KOM-
NO3UMHbBLX NJIEHOK Mo2ym Oblmb UCNONB308AHbLL 8 OabHeliulem Ok Npou3eoo0cmea KOMNo3um-
HblX NJIEHOK C 8blCOKUM COOeprKAHUEM KPAXMANA OJsl NPUMEHEHUS. 8 YNaKo8OUHOU ompacau,
YUMo NO380UM CHUSUMb HE2AMUBHYI HARPY3KY HA OKPYIAOULYHO cpedy.

Knroueewvle cnoea: nonuoieuHsbl, mepmMoniacmuuHslil Kpaxman, buopasiazaemvle nOAU-
MepHble KOMNO3UYUU, CMPYKMYPHASL MOOUPUKAYUSL, IKCMPY3USL

s yumuposanusn: Bacunver U.10., AnanneB B.B., Konmakosa B.B., Capmxsenanze A.C. Pa3zpaboTka TeXHOJIOTUH
MOJydeHHsI OnopasznaraeMblX KOMIIO3UIIMI Ha OCHOBE MOJUATHIICHA, KpaxMaiaa U MOHOTTUIEPHUAOB. TouKue Xxumuiecxue
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INTRODUCTION

Recently, the rapid growth in the consumption
of synthetic plastics in many sectors of the
economy, especially in the field of packaging, has
been a major concern. Plastic containers are used
for packaging food products, medicines, electronic
devices, liquids, some of which have an increased
hazard class [1]. According to the German research
institute, Nova-Institute', which deals with polymer
technologies, global plastic production in 2019
reached almost 400 million tons, whereas the
volume of biodegradable plastics obtained from
renewable resources was only 3.5 million tons, i.e.,
approximately 1% of the total production? [2]. Since
only 25% of plastic wastes are recyclable, there is a
need to create biodegradable polymer compositions
[3-5]. This issue has economic and environmental
facets because it is associated with the need to reduce
the cost of raw materials for the production of various
products, and ensure environmental protection [6—10].

Some technologies for producing biodegradable
polymer hybrid composites (BHCs) and products
based on them are presented in [11-15]. One of the
most promising approaches to produce BHCs is
the use of thermoplastic starch (TPS) as the main
component [16, 17]. To obtain TPS, native starch is
mixed with various plasticizers by heating [18, 19].
The use of TPS instead of native starch as a filler for
polyolefin compositions allows for more effective
processing and higher thermal stability of the finished
compositions [20-22]. The TPS content in the
compositions can be as much as 40—-60 wt % [8, 9].
Therefore, the purpose of this work is to improve the
technology for producing BHCs, containing distilled
monoglycerides (DMG) and intended for use as
packaging materials, select the optimal technological
parameters, and develop a basic technological scheme
for their production.

MATERIALS AND METHODS

Low-density polyethylene (LDPE) (Grade 11503-070),
produced by Kazanorgsintez (Russia), and composite
materials based on it, filled with starch-containing
products, were used. The average molecular weight
of the LDPE was 1.8 x 10* PC-94 glycerin with a
density of 1.24 g/cm?, produced by TC Vympel
(Russia) and issued in accordance with GOST 6824-96,
and DMG produced according to technical specifications
TU10-1197-95 by Rushimtrade (Russia) were also used.
Corn starch produced by Krakhmaloprodukt (Orel,
Russia) in accordance with GOST 32159-2013, rice starch—
Vinh Thuan Trading Import-Export Co. Ltd (Vietnam), and
pea starch—Roquette (France) were used as filler for
LDPE. The grain size and gelatinization temperature
of these starches are shown in Table 1.

TPSes of different species were produced based
on the native starches in laboratory extruders provided
by Brabender (Germany) and MashPlast (Russia)
firms. To do this, starch, glycerol, and DMH were
mixed for 20-30 min in the dispersant. The resulting
mass was loaded into the extruder and processed into
a rod (strand) at extruder outlet temperatures from
115°C to 140°C. The TPS strands were cooled and
crushed using a granulator to produce granules from
2 to 4 mm in size. These granules were used for the
production of the BHC films through mixing with
LDPE in a laboratory flat-die extruder manufactured
by MashPlast (Russia).

The melt flow rate (MFR) of the films was
determined using an IIRT-5 capillary viscometer
(TOCHMASHPRIBOR, Russia) at a ratio of 60 : 40 of
TPS to LDPE mass fractions, a temperature of 190°C,
and a load of 2.16 kg.

The mechanical properties of samples of
the films under tension were determined using a
RM-50 testing machine manufactured by MashPlast
(Russia) equipped with a computer interface with

Table 1. Properties of native starches

Native starch type
Property
Corn Rice Pea
Grain size, pm 5-25 8-32 7-30
Gelatinization temperature, °C 62-72 68-78 57-70

' URL: http://nova-institute.eu/.

2 Bio-based Building Blocks and Polymers — Global Capacities, Production and Trends 2019 —2024. Hiirth, Germany: Michael Carus
(V.i.S.d.P.); 2020. URL: http://bio-based.eu/downloads/bio-based-building-blocks-and-polymers-global-capacities-production-

and-trends-2019-2024/
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the StretchTest software (Russia). The tensile stress
and elongation at break of the films were measured
at a temperature of 23 + 2°C and a relative humidity
of 50 + 5% according to the method described
in GOST 14236-81. The limit of the permissible
load measurement error did not exceed +1%. The
maximum deviation in the width of the samples
was + 0.2 mm. The average value was determined
over 3—5 measurements. The tests were performed at
a strain rate of 100 mm/min. Samples of the films
for testing were obtained using a cutting device, with
the shape of the samples corresponding to type 1B
(ENISO 527-3).

To assess the biodegradation dynamics of
the filled polymer compositions, the composting
method was used. The samples were placed in
special trays with biocompost at a temperature of
23 £2°C and a humidity of 70 = 10%, and kept there
for 3 months. The degree of biodegradation of the
films was evaluated by assessing changes in their
physical and mechanical properties i.e., breaking
stress at tension (o) and elongation at break (g),
according to GOST 54530-2011.

The surface morphology of the films was studied
using a high-resolution, autoemission, scanning
electron microscope, JSM-7500F (JEOL, Japan).

RESULTS AND DISCUSSION

Dry native starch, in accordance with the scheme
shown in Fig. 1, was loaded into the container of a
laboratory dispersant, which was fed glycerol and
DMH plasticizer through a dispenser to achieve a
ratio of 60 : 30 : 10 [10]. Native starch, glycerol, and
plasticizer were thoroughly mixed for 20-30 min
at a speed of 70 rpm. Here, a homogeneous paste-
like mass was obtained. The following steps were
performed to produce the TPS:

Starch Glycerin DMG

s
v

N

3

— dosage of the TPS components: native starch,
glycerol and plasticizer;

— pre-mixing of the native starch, glycerol and
plasticizer;

— extrusion of the TPS composition;

— cooling of the TPS extrudate;

— pelletizing of TPS and

— packaging of the finished granulate TPS.

The mixture in the extruder was heated,
plasticized, and then pressed through the cylindrical
holes of the extruder head. The resulting strands were
cooled and crushed into granules of 2—4 mm in size at
a speed of 120 rpm. The TPS granules were dried in a
vacuum cabinet at a temperature of 60°C.

The technological scheme for the manufacture of
TPS is shown in Fig. 1.

To select the relevant modes of extrusion
production of the BHC films, the rheological
properties of the compositions, in particular, MFR,
were studied. The results are given in Table 2. It can
be seen that the viscosity of the BHC film melts at the
maximum TPS : LDPE mass ratio of 60 : 40 increased
and the MFR of the films decreased by 20.0-27.1%
compared with the original LDPE, which is likely
due to the agglomeration of starch particles in the
melt during the formation of the BHC structure. The
minimum value of MFR was observed in the BHC
film made from rice starch. This reduction in MFR
can lead to a slight decrease in the productivity of
extrusion equipment in the manufacture of such
compositions.

The obtained TPS granules based on different
types of starches were mixed with LDPE in a
laboratory twin-screw extruder equipped with

an ultrasonic melt processing unit at TPS : LDPE
ratios ranging from 40 : 60 to 60 : 40, and BHC was
obtained in the form of strands under the temperature
conditions, shown in Table 3.

Fig. 1. Technological scheme for the manufacture of TPS:
(1) loading hopper, (2) disperser, (3) screw conveyor, (4) extruder, (5) cooling bath, (6) granulating device, (7) scales,
(8) bag sewing machine, and (9) finished products.
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Table 2. Melt flow rate (MFR) of the initial LDPE and LDPE-based BHC films

No. Compositions MFR, g/10 min

1 Original LDPE 7.0+0.2

2 BHC (TPS with pea starch) 5.6+0.1

3 BHC (TPS with corn starch) 54403

4 BHC (TPS with rice starch) 5.14£0.2

Table 3. Temperature ranges of BHC production
Cylinder zone temperature, °C
BHC type Zone of the extruder
Zone 1 Zone 2 Zone 3 Zone 4 Zone 5

BHC based on corn TPS 110 125 135 140 140
BHC based on pea TPS 110 120 125 130 130
BHC based on rice TPS 110 115 120 125 125

The diameter of the extruder screws was 16 mm.
The speed of the screws was 60—80 rpm. The strands
were cut into granules of approximately 2 mm in size
at a knife speed of 140-160 rpm.

A schematic diagram of the used twin-screw
extruder apparatus is shown in Fig. 2.

Then, the granules obtained using the twin-screw
extruder were loaded into a laboratory single-screw
extruder with a screw diameter of 12 mm, which was
also equipped with an ultrasonic melt processing unit,
and extruded through a flat-slot head with a width
of 130 mm. A barrier screw was used, which during
the extrusion process ensured homogenization of the
LDPE/TPS mixture and high quality of the polymer
film. The speed of rotation of the screw varied from
70 to 90 rpm.

The mass coming out of the head was transferred
to cooled receiving shafts, stretched using a broaching
device, and rolled, resulting in the BHC film.

A schematic diagram of the flat-slot single-screw
extruder is shown in Fig. 3.

In the manufacture of the BHC films, the
polymer melt was exposed to ultrasonic vibrations,
and processed by ultrasound directly in the extruder

using an ultrasonic attachment, which was a
magnetostrictive converter with a titanium waveguide.
To remove heat from the ultrasonic attachment, a
water jacket was used. A schematic diagram of the
ultrasonic attachment is shown in Fig. 4.

The ultrasonic attachment was installed
between the screw zone and the extrusion head.
The waveguide of the ultrasonic attachment was
immersed directly in the melt. The attachment was
equipped with an oscillator with a frequency of 22 kHz,
and the oscillation amplitude of the waveguide end
was up to 10 um. In the manufacture of the BHC
film, a frequency of 22 kHz and power up to 1.0 kW
was used for melt processing. With a higher power
of the ultrasonic unit, the melt began to foam when
leaving the flat-slot head due to the destruction of
the polymer composition, resulting in through holes
in the film.

After BHCs were obtained in the form of
polymer films, their organoleptic characteristics were
determined.

The appearance of the BHC film samples
prepared from the maximum achievable TPS : LDPE
ratio is shown in Fig. 5.
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Fig. 2. Schematic of the twin-screw extruder for obtaining composite granules:
(1) ultrasonic attachment, (2) engine, (3) twin-screw extruder, (4) loading hopper, (5) gearbox synchronized with the engine,
(6) pressure sensor, (7) strand, (8) cooling bath, (9) granulator, and (10) composite granules.
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Fig. 3. Schematic of the flat-slot single-screw extruder:

(1) engine, (2) loading hopper, (3) screw, (4) pressure sensor,

(5) ultrasonic attachment, (6) flat-slot head,
and (7) melt of the finished composite.

The films produced at the maximum achievable
TPS : LDPE ratio with the three types of TPS had a
uniform matte-white surface without agglomerates in
the form of non-melted starch particles, and no cracks
or other damage. This indicates that homogenization
of the compositions was achieved.

Although the initial assessment of the organoleptic
properties of the finished BHC films showed positive
results, it was important to consider the structural
changes in the BHC films. As an example, Fig. 6 shows
micrographs of the BHC films obtained at the maximum
TPS : LDPE ratio of 60 : 40, based on rice starch.

Figure 6a shows agglomerates of thermoplastic
starch, some with a “grain” phase interface, while
Fig. 6b showed oriented structures formed in the film
composition.

For BHC to be used as a raw material for polymer
packaging, it is important to achieve high mechanical
performance. For this purpose, the following
mechanical characteristics of the BHC films were
studied: breaking stress at tension (o) and elongation
at break (¢). The test results are shown in Table 4.

Fig. 4. Schematic of the ultrasonic attachment:
(1) transducer of ultrasonic vibrations,
(2) concentrator (waveguide), (3) emitter,
and (4) extrusion head.

As can be seen from the test results, the BHC
films demonstrated high strength, almost at the level
of LDPE, and strong deformation characteristics,
which makes BHC applicable for use in packaging.

Furthermore, the effect of ultrasonic vibrations
on the melt for all compositions improved both
strength and deformation indicators, which shows
that the compositions were homogenous and that
there was an increase in the interaction between the
polymer matrix of polyethylene and TPS of various
origins.
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a

C

Fig. 5. Appearance of representative BHC film samples with a TPS : LDPE ratio of 60 : 40, using (a) corn TPS,
(b) pea TPS, and (c) rice TPS.

The resulting compositions were tested for
the possibility of biodegradation by placing the
film samples in biocompost. In the production of
polymer film materials, it is of great importance
to ensure that a certain value of breaking stress at
tension and elongation at break is achieved, as well
as to maintain these indicators within acceptable
limits during operation. Moreover, the appearance
of the films is preserved when in contact with the
environment. To simulate the long-term operation of
the films, they were immersed in biocompost with
active microorganisms for 3 months. After removing
the samples from the biocompost, their destructive
tensile strength and relative elongation at break were
measured. The test results are shown in Table 5.

On analyzing the data in Table 5, it can be noted
that the mechanical properties of the film samples
changed after 3 months of storage in a biocompost, and
these changes happened faster for samples subjected
to ultrasonic treatment. The decrease in strength of the
BHC films based on corn, pea and rice starch without
ultrasound was 1.2, 1.3, and 1.6 times, respectively,

a

and the decrease in strength of the BHC films based
on corn, pea and rice starch with ultrasound was 1.5,
1.5, and 1.7 times, respectively. We can conclude that
the biodegradation period would be shorter in the
recycling of such films.

CONCLUSIONS

Films have been produced from biologically
degradable hybrid composite material based on LDPE
and TPS, with the addition of DMG as the plasticizer
component.

Laboratory samples of the BHC films based on
different ratios of LDPE and TPS of various types:
corn, pea and rice from 40 : 60 to 60 : 40 wt %, with
the addition of DMG plasticizer with and without
the use of ultrasound were produced using flat-panel
extrusion.

The optimal native starch/glycerol/DMG ratio
was established to be 60 : 30 : 10 wt %.

MFR of the BHC films were measured. The
BHC film with a maximum mass fraction of 60%

b

Fig. 6. SEM micrographs of the BHC films based on a TPS : LDPE ratio of 60 : 40 under a magnification
of (a) 500%, and (b) 10000x.
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Table 4. Physical and mechanical properties of BHC films

No. TPS : LDPE ratio (‘Z’ ﬂf;‘) (Z’ io/‘;) (‘Z’ ﬂf;‘) (Z’ io/‘;)
1 LDPE only 13 115
- With DMG without US exposure* With DMG and US exposure*
Corn-based TPS
60 : 40 9.8 62 10.9 78
’ 50:50 10.4 68 11.6 84
40: 60 11.4 72 12.8 93
Pea-based TPS
60 : 40 6.7 68 7.8 82
’ 50:50 7.8 73 9.3 91
40: 60 8.9 78 10.1 102
Rice-based TPS
60 : 40 10.4 74 11.2 96
4
50:50 10.9 79 11.9 104
40: 60 11.6 93 12.8 115

* Note: US is ultrasound.

Table 5. Physical and mechanical properties of BHC films in biocompost

o, MPa & % o, MPa & %
+0. &= +0. =
No. TPS : LDPE ratio A4£0.2) A5 4£0.2) A5
With DMG without US exposure* With DMG and US exposure*
Corn-based TPS
60 : 40 8.1 49 7.1 47
1
50:50 8.4 56 7.6 53
40 : 60 9.4 68 8.8 64
Pea-based TPS
60 : 40 53 52 5.1 50
2
50:50 7.6 64 5.9 62
40 : 60 8.3 70 6.6 68
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Table 5. Continued

o, MPa g % o, MPa g %
+ 0. el + 0. =
No. TPS : LDPE ratio A402) A5 A402) A+5)
With DMG without US exposure* With DMG and US exposure*
Rice-based TPS
60 : 40 6.3 43 6.0 41
3
50:50 7.3 55 6.7 53
40 : 60 9.3 70 7.8 67

* Note: US is ultrasound.

TPS, showed an increase in melt viscosity by up to
60%. This may reduce the productivity of process
equipment in the production of BHC films.

A technological scheme for manufacturing TPS
for the production of BHC with DMG plasticizer under
the influence of ultrasonic vibrations is proposed.

The structural properties of the obtained BHC
films were studied. It is shown that the addition of
the DMG plasticizer to the BHC films has a favorable
effect on the properties of the films.

The mechanical properties of the BHC films
were also evaluated. It is shown that the effect of
ultrasonic vibrations on the melt in the manufacture
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