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Effect of biodegradation conditions on morphology of ternary compositions
of low density polyethylene with poly(lactic acid) and starch
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Polyethylene—poly(lactic acid)-starch ternary compositions
were obtained in a rotor disperser under conditions of shear
deformation. Their biodegradation under the action of mold
fungus spores and soil was investigated using IR spectroscopy
and SEM. The changes under the fungal action revealed that
the ternary blends represented a nutrient medium, while the
exposure to soil led to alteration in morphology due to the
whole range of numerous environmental factors.
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Mixing of synthetic polymers with the natural ones or the
polymers derived from naturally occurring raw materials
represents an efficient approach towards biodegradable
compositions.2=9 Low density polyethylene (LDPE) represents
a widely used large tonnage synthetic polymer and can be
mixed with biodegradable components to result in promising
LDPE-based materials containing polysaccharides!®-*7 or
poly(lactic ~acid) (PLA).18-22  Although the LDPE-
polysaccharide blends possess some biodegradability, the
introduction of rigid carbohydrates leads to deterioration of
mechanical properties.’%1 In turn, the mixing of PLA with
LDPE leads to a new type of biodegradable materials owing to
a promising set of PLA properties including limited
degradability in aggressive media like seawater or compost.
Growing attention to the PLA-polysaccharide compositions,
especially their cheapest PLA-starch variant, is related to the
natural origin.2>-27 The introduction of starch into PLA,
particularly in combination with a plasticizer, results in systems
with high biodegradability and good elasticity.2328 Therefore,
it seems reasonable to explore new LDPE-PLA-starch ternary
blends. These systems with a total mass fraction of PLA and
starch equal to 60% exhibit high biodegradability.?® In this
work, we investigated the degradation and morphology of
LDPE-PLA-starch compositions under two different test
conditions using Scanning Electron Microscopy (SEM) and
Fourier-Transform Infrared (FTIR) spectroscopy methods.

The ternary compositions were obtained in a rotor disperser
under shear deformation according to the technique described.®
Film samples had been formed by pressing and used in the
biodegradability tests employing two independent approaches,
namely destruction in wet soil as a model for environmental
conditions and in the presence of mold fungus (for details, see
Online Supplementary Materials).?® As a result, the intensive
pigmentation, changes in texture and formation of a rough
surface of samples were observed.
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According to our works,10182529 the degradation-induced
mass loss of binary and ternary compositions based on LDPE,
PLA and starch depended mainly on the starch content
(Figure S1, see Online Supplementary Materials), while there
was no biodegradation for the binary LDPE-PLA blends.

The difference in mechanisms of degradation resulting from
the tests were first unraveled using SEM with preferably low
voltage and the sample surface covered by a 10 nm layer of gold.
The surface of the films before the tests was smooth and
homogeneous. The material degradation upon exposure to soil
led to the formation of holes that covered the whole film surface
(Figures 1-3). As was expected, the higher the starch content, the
more intensive was the material destruction. After the tests with
mold fungus, a prominent network of fiber-like growth zones
appeared due to the fungus vital activity (Figure 3). At the same
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Figure 1 SEM images of the surface of LDPE-PLA-starch composition
(60 : 20 : 20 wt) (a) before and (b) after exposure to soil.
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Figure 2 SEM images of the surface of LDPE-PLA-starch composition
(50 : 20 : 30 wt) (&) before and (b) after exposure to soil.
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Figure 3 SEM images of the surface of LDPE-PLA-starch composition
(40: 20 : 40 wt) (a) before as well as after exposure to (b) soil and (c) fungi.

time, the surface degradation mechanism also included the
formation of holes. The fungus penetration into the material
resulted in erosion and roughening of the surface. Starch was
supposed to be an initiator and was observed on the film surface,
in contrast to the PLA-starch compositions.2® In both soil and
fungus tests, it was obvious that not only starch but also PLA as
the polymer produced from natural monomer was involved in the
destruction process.

To investigate details of the biodegradation, FTIR
spectroscopy in the ATR mode was further applied. Figure 4
demonstrates spectra of the initial LDPE-PLA-starch
composition as well as the blends after interaction with mold
fungi and exposure to soil. For the initial composition, the
spectrum reveals characteristic absorption bands of all the three
components. For the sample treated by fungi, the changes in the
region 1000-1130 cm™ corresponding to the C-O and C-C
stretching vibrations typical of starch are observed. This testifies
the reduction of the starch content on surface of the film.
According to the results of the tests on resistance to fungi, the
intensity of fungal growth was high due to starch serving as a
nutrient medium, and as a consequence significant destruction of
the film was observed. At the same time, spectrum of the
composition after exposure to soil for 12 months indicates a
decrease in intensity of the characteristic bands for both starch
and PLA, which is unambiguously confirmed by a substantial
lowering of the intensity of the above-mentioned C-C and C-O
vibrations as well as, more importantly, almost complete
disappearance of the ester C=0 stretches at ~1750 cm™. The
characteristic LDPE bands on the surface remained unaltered
after the treatment. Thus, the sample morphology underwent
changes during the biodegradation, starch was washed out from
the composition as a result of the action of fungus spores and
other microorganisms of the soil as well as water, while PLA
was subjected to partial degradation. This process was
accompanied by inversion of the ternary polymer matrix
expressed in its decomposition into initial polymers since the
film surface after treatment contained almost only LDPE bands.

The color reaction of starch with iodine was employed to
confirm the results of FTIR spectroscopy. Some blue coloration
on the initial composite surface unambiguously indicated the
presence of starch. In contrast to the systems described in our
work,? there was no starch encapsulation into the PLA matrix.
Under the conditions of the tests reported here, starch on the
surface disappeared (decomposed) completely, since there was
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Figure 4 FTIR spectra of LDPE-PLA-starch composition (1) before as
well as after action of (2) mold fungi and (3) soil.

no blue coloration with iodine for the samples both after exposure
to soil and fungal action.

In summary, our experiments revealed the difference in
biodegradation processes for LDPE-PLA-starch ternary
compositions upon action of fungi and exposure to soil due to the
effect of various factors on the process, including specific fungi
species, other microorganisms in the soil or water. The fungal
action led to changes, which revealed that the composition
represented a nutrient medium, while the exposure to soil led to
alteration in morphology under the action of the whole range of
the above numerous environmental factors. The different
mechanism of biodegradation, particularly the presence of a
component initiating the destruction, is the main reason that
affects morphology of the films under investigation.

This work was performed in the framework of the State Task
of the Ministry of Science and Higher Education of the Russian
Federation no. 0082-2019-0008 (State Registration no.
AAAA-A20-120030590042-8, 05.03.2020). SEM and FTIR
microscopy was carried out using the Shared Research Facilities
(no. 506694) and Large-Scale Research Facilities (no. 1440743)
of the N. N. Semenov Federal Research Center for Chemical
Physics, Russian Academy of Sciences.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2022.07.041.

References

1 E. Kabir, R. Kaur, J. Lee, K.-H. Kim and E. E. Kwon, J. Cleaner Prod.,
2020, 258, 120536.

2 M. J. Mochane, T. C. Mokhena, T. H. Mokhothu, A. Mtibe,
E. R. Sadiku, S. S. Ray, I. D. Ibrahim and O. O. Daramola, eXPRESS
Polym. Lett., 2019, 13, 159.

3 T. Iwata, Angew. Chem,, Int. Ed., 2015, 54, 3210.

4 S. Tabasum, M. Younas, M. A. Zaeem, |. Majeed, M. Majeed, A. Noreen,
M. N. Igbal and K. M. Zia, Int. J. Biol. Macromol., 2019, 122, 969.

5 S. Ahmadzadeh and A. M. Khaneghah, in Encyclopedia of Renewable
and Sustainable Materials, eds. S. Hashmi and I. A. Choudhury,
Elsevier, 2020, vol. 2, pp. 305-319.

6 M. A. Sevostyanov, M. A. Kaplan, E. O. Nasakina, L. A. Shatova,
A. M. Tsareva, A. A. Kolmakova, E. V. Karaduleva, A. V. Kulikov,
R. M. Sarimov, A. V. Shkirin, S. V. Gudkov, A. P. Glinushkin,
A. G. Kolmakov and A. S. Baikin, Dokl. Chem., 2020, 490, 36 (Dok.
Ross. Akad. Nauk., Ser. Khim., Nauki Mater., 2020, 490, 41).

7 P.A. Pawar and A. H. Purwar, Am. J. Eng. Res,, 2013, 2 (5), 151.

G. E. Luckachan and C. K. S. Pillai, J. Polym. Environ., 2011, 19, 637.

9 S. M. Al-Salem, B. K. Sharma, A. R. Khan, J. C. Arnold, S. M. Alston,
S. R. Chandrasekaran and A. T. Al-Dhafeeri, Ind. Eng. Chem. Res.,
2017, 56, 5210.

10 S. Z. Rogovina, K. V. Aleksanyan, D. D. Novikov, E. V. Prut and
A. V. Rebrov, Polym. <., Ser. A, 2009, 51, 554 (Vysokomol. Soedin.,
Ser. A, 2009, 51, 813).

11 J. Sapkota, J. C. Natterodt, A. Shirole, E. J. Foster and C. Weder,
Macromol. Mater. Eng., 2017, 302, 1600300.

12 D. Datta and G. Halder, Process Saf. Environ. Prot., 2018, 114, 143.

13 S. Rogovina, K. Aleksanyan, L. Vladimirov, E. Prut, N. Ivanushkina and
A. Berlin, J. Polym. Environ., 2018, 26, 1727.

14 A. P. Gupta, V. Kumar and M. Sharma, J. Polym. Environ., 2010, 18,
434,

15 M. V. Podzorova and Yu. V. Tertyshnaya, Russ. Chem. Bull., 2021, 70,
1791.

16 M. D. H. Beg, S. Kormin, M. Bijarimi and H. U. Zaman, Adv. Polym.
Technol., 2016, 35, 21521.

17 F. InceogluandY. Z. Menceloglu, J. Appl. Polym. Sci., 2013, 129, 1907.

18 S. Rogovina, E. Prut, K. Aleksanyan, V. Krasheninnikov,
E. Perepelitsyna, D. Shashkin, N. Ivanushkina and A. Berlin, J. Appl.
Polym. Sci., 2019, 136, 47598.

19 T. Trongsatitkul and S. Chaiwong, Polym. Int., 2017, 66, 1456.

20 G. Singh, N. Kaur, H. Bhunia, P. K. Bajpai and U. K. Mandal, J. Appl.
Polym. i, 2012, 124, 1993.

[ee]

- 559 -



Mendeleev Commun., 2022, 32, 558-560

21 D.Vrsaljko, D. Macut and V. Kovagevi¢, J. Appl. Polym. ci., 2015, 132, 26 M. A. Huneault and H. Li, Polymer, 2007, 48, 270.

41414, 27 N.Wang, J. Yu and X. Ma, Polym. Compos., 2008, 29, 551.

22 K. Hamad, M. Kaseem and F. Deri, Asa—Pac. J. Chem. Eng., 2012, 7, S310. 28 C.-H. Kim, D.-W. Kim and K. Y. Cho, Polym. Bull., 2009, 63, 91.

23 Y.Yu,Y. Cheng, J. Ren, E. Cao, X. Fu and W. Guo, J. Appl. Polym. ci, 29 K. V. Aleksanyan, S. Z. Rogovina and N. E. lvanushkina, Polym. Eng.
2015, 132, 41808. Sci., 2021, 61, 802.

24 S. Z. Rogovina, E. V. Prut, K. V. Aleksanyan, V. G. Krasheninnikov,
E. O. Perepelitsina, D. P. Shashkin and A. A. Berlin, Polym. i, Ser. B,
2019, 61, 334 (Vysokomol. Soedin., Ser. B, 2019, 61, 226).
25 S. Z. Rogovina, K. V. Aleksanyan, A. A. Loginova, N. E. Ivanushkina,
L. V. Vladimirov, E. V. Prut and A. A. Berlin, Starch/Staerke, 2018, 70,
1700268. Received: 14th December 2021; Com. 21/6774

- 560 -



