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The degradability of polyethylene (PE) compositions with binary functional additives
based on polyvinyl alcohol (PVAL) modified with soybean oil (SO) or glycerol (Gly) at a
concentration of 1-5 wt.% is investigated. The degradation ability of samples is evaluated
by the changes in their physical and mechanical characteristics under UV-irradiation and
biological factors of the soil within 120 days; also mass-spectrometry was used to analyze
the spectrum of ionic fragments, their number, and the intensity. It has also been
established that the addition of soybean oil and binary functional additives based on
modified PVAL with SO and Gly leads to an increase in the initial strength of the
compositions by 19.5-85 % compared to the original PE; while, after the exposure to
UV-irradiation and soil biological factors, the strength of the compositions is significantly
reduced due to destructive processes. The mass-spectrometric study of the compositions
showed that due to functional additives containing SO, Gly and PVAL, structural changes
occurred in PE increase degradability under the influence of destructive factors.

Keywords: polyethylene, degradability, soybean oil, polyvinyl alcohol, glycerol, mass-
spectrometry.

EdexTuBHicts BHIuMBYy MoaudikoBaHuX ¢GyHKIioOHAJbHHX MA00aBOK Ha gerpajaa-
OeabHi BiaactuBocti moxieruneny. T.B./[mumpieea, C.K.Kpumoscvrka, B.I.BopmHuybvkuil,
C.M.Ko6unincvruil, C.B.Pabos

Hocrimkeno merpagabenbHicTs Kommoauliii nojietuneny (IIE) 3 OimapuumMu QyHKIiO-
HaJIBHUMU [JO0ABKAMM HA OCHOBiI HOJiBiHMJIOBOTO cunupTry, MoZu()iKOBAHOTO COEBOIO OJIi€I0
(CO) a6o rainepunom (I'1) y rouumeurpanii 1-5 mac. % . 3gaTHicTh 3paskiB mo merpagarrii
OI[IHIOBAJIM 3a 3MiHaMHU iX (PiBUKO-MeXaHIYHMX XapaKTepUCTUK, IO BiAOyBamThCA I mi€io
V®-onpominenHa Ta Giosoriunux (akrTopiB rpyHTy ympomgorxk 120 ni6, a TaxkoiKk MeToqOM
Mac-cIoeKTpoMeTpii 3a cmekTpoM ioHHUX (hparMeHTiB, iX KigbKocTi, Ta iHTeHcuBHOCTi. Bera-
HOBJIEHO, IO BBeJeHHA MA00aBOK coeBol oJii Ta OiHapHUX (QYHKIiOHAIBLHUX J00ABOK Ha
ocuoBi mogudiroBamoro CO i I'm mosiBiHMJIOBOTO CHUPTY MNPUSBOAUTH A0 IIiJBUIIEHHSI
MiInHOCTI KoMmmosuriii mopiBasgHo 3 Buxigmmm IIE ma 19,5 i 85 %, maromicTth, micaa mii
V®-onpominenHa i GiosoriuHux (PaKTOpPiB I'PyHTY BHACIIJOK NEeCTPYKTHMBHUX IIpOIleciB, ix
MimHicTE icTOoTHO 3HMIKyBajsacda. Mac-CIeKTPOMETPUUYHUMU AOCTiKeHHAMU 3pasKiB KOMIIO-
BUIli#l JOBeIeHO, IO 3a PAXYHOK BBeAeHHA (PYHKI[IOHAJIBHUX H00aBOK, AKi mictars CO, I'm
ta [IBC BigOyBatoThcda cTpyKTypHi 3minu B IIE, mo npumsugnrye ioro gerpajgadejbHIicTs mifg
JIi€ro nTecTpyKTUBHUX (DaKTOPiB.

Wccnemosana merpagabenpuocts Kommnosunuil nonuastuiaerna (IIE) ¢ ounapusiMu QyHKIK-
OHAJBHBLIMU [go0aBKamMu Ha ocHOBe moaumBuHmIoBoro crupra (IIBC), mommduimpoBanHOTO
coeepiM MacaoMm (CM) uam raunepmuom (Is) B KorumenTpamum 1-5 mac. % . Cmoco6HOCTE K
gerpaganuyu o0OpasIloB OLEHWBAJIM II0 M3MEHEHUAM HNX (PU3HMKO-MEXaHHWYECKHX XapaKTepuc-
TUK, KOTOPBIE NPOUCXOAAT Mox naeiicrBueM Y®P-o0ayueHuss um OHOJIOrHUYECKUX (PAKTOPOB
nouBsl B TeueHrne 120 cyToK, a TaKKe METOJOM MACC-CIIEKTPOMETPHUU II0 CIEKTPY WOHHBIX
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(parMeHTOB, UX KOJUUYECTBY M WHTEHCUBHOCTU. ¥ CTaHOBJIEHO, UTO BBefeHUe nobaBoxk CM u GuHap-
HBIX (DYHKITMOHAJBLHBIX J00aBOK Ha ocHOBe MopuduitnpoBanHoro CM u I'y1 mosmBMHUIOBOTO cripTa
NPUBOJUT K IOBBHIIIEHUIO IPOYHOCTH KOMIIOSUIUY CpaBHUTEILHO ¢ ucxogubim IIE ma 19,5-85 %,
TOTHa KakK IocJie geiictBusa Y P-o00iryueHns u OMoIormyecKux (PaKTOPOB IIOYBHI, BCJIEJCTBIE BOSHUK-
HOBEHUS JIeCTPYKTUBHUX IIPOIECCOB, UX IPOYHOCTH CYIIeCTBEHHO CHIMIKasnachb. Macc-crieKTpomMeTpu-
YEeCKUMU WCCJIEAOBAHUAMU OOPA3IIOB KOMIIOSUIIMII YCTAHOBJIEHO, UTO 3a CUET BBeJEeHUA (DYyHKIIHO-
HaJIBHBIX T00aBOK, KoTopble comepskaT CM, I'm u IIBC, nponcxogdaT cTpyKTypHble usMeHeHus B I1E,
YTO TIPUBOAUT K YCKOPEHUIO €r0 AerpafabebHOCTU TIOf NEHCTBUEM JEeCTPYKTUBHBIX (DaKTOpOB.

1. Introduction

Polyethylene (PE) is a popular thermo-
plastic material used in various packaging
industries due to its high mechanical prop-
erties. However, this polymer poses signifi-
cant environmental problems due to its
chemical stability, which leads to the accu-
mulation of solid waste. The main ways to
solve the problem of polymeric waste after
their collection and sorting are recycling and
subsequent use, as well as the possibility of
decomposition under the influence of the envi-
ronmental factors — UV-radiation, moisture,
and biological factors of the soil. The possibil-
ity to initiate degradation of the polymer, as
research shows, is provided by the addition of
functional additives into the composition dur-
ing the manufacturing process. It could be
natural polymers like starch, pectin, cellulose
[1-4], plasticizers [5, 6], metal-containing
prooxidants [7—10].

Earlier, we have developed components of
complex additives based on pectin [11], chi-
tosan [12], carbohydrates, nitrogen-containing
compounds, and natural oils [13], accelerating
the polyolefin degradation. The optimal amount
of functional additives of natural origin
(starch, cellulose) was found to be 30—-50 wt.%
that significantly reduces the strength charac-
teristics of the polymer materials [14-16].

The aim of this work is to investigate the
effect of functional additives based on glyc-
erol (Gly), soybean oil (SO), and polyvinyl
alcohol (PVAL), plasticized by soybean oil
(S0), and glycerol (Gly) on the degradability
of polyethylene compositions.

The choice of such functional additives is
aimed at reducing the degree of crystal-
linity of polyethylene to ensure the effi-
ciency of destructive processes. It is known
that compounds with hydroxyl groups in
their structure play a significant role in
reducing the degree of crystallinity. One of
such compounds is polyvinyl alcohol modi-
fied with glycerine or soybean oil. A de-
crease in the degree of crystallinity of poly-
ethylene due to the introduction of polyvi-
nyl alcohol, as a degradable polymer, was
investigated in [17, 18].
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2. Experimental

Low density polyethylene (LDPE) with a
melt flow rate (MFR) of 1.67 g/10 min was
used for preparation of film samples. Bi-
nary functional additives based on PVAL
(MM = 1.035-10%) and soybean oil (DSTU
4534:2006) or glycerol were obtained by
mixing them at room temperature at a
mass ratio of 9:1. The film compositions
containing PE and binary functional addi-
tives based on PVAL were prepared by mix-
ing and further pressing at a temperature
of (125£1)°C. The films were tested for
strength according to GOST 14236 after ex-
posure to UV-irradiation and biological soil
factors for 120 days.

UV-irradiation was carried out in a stand-
ard climate chamber at a temperature
(38£2)°C and humidity (96-2) % for
120 days. The influence of biological soil fac-
tors was investigated by keeping specimens in
the soil with pH 7 at (38%£2)°C for 120 days.

The samples were studied by pyrolysis
mass spectrometry (PMS) on a MX 1321
mass-spectrometer in the temperature range
25-400°C at a heating rate of (6+1)°C/min.
Mass-spectra were processed using specially
designed software which makes it possible
to determine the intensity of decomposition
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Fig. 1. The temperature dependences of total

ion current of volatile products release (ther-

modestruction) of the neat PE (1), PE after

UV-irradiation (2), and soil biological factor

as well (3).
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Table 1. The composition of PE with functional plasticizing additives and their physico-mechani-
cal characteristics after exposure to UV-irradiation and biological soil factors

No.| Sample Composition Initial After UV- Loss after After soil Loss after
characteris- | irradiation |UV-radiation| biological soil
tics factors biological
impact factors
Impact
PE | Functional | o, |e,s%8maBZZ8e , % | o, |¢, % | G, |€, % | G, €, %
additives | MPa » MPa MPa MPa MPa
1 PE 90 10 7.15 [350.3| 3.57 | 9.00 | 50.06 |97.43 | 6.45 |177.59| 9.79 |49.31
Glycerol
2 | PE PVAL | 99 1 13.75|73.9| 3.45 | 6.94 | 74.90|90.60|10.22|69.06 | 25.67 | 6.54
+ glycerol
PE SO 95 11.50(693.1| 3.20 | 8.20 |72.17|98.81 | 8.20 | 58.44|28.69 |91.56
PE PVAL | 95 8.85 |34.5| 0.39 [10.76|95.59|68.81 | 8.60 [40.84| 2.80 |18.30
+ SO
5 PE 100 - 7.40 |208.8| 8.36 |29.28 +12,9785.97| 7.69 [691.60|+3.91 +231.2
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Fig.2. The dependences of total ion current of volatile products release from the temperature for
PE samples No.1-4 with functional additives: initial (1), after UV-radiation (2), and soil biological

factor (3).

of each volatile product by the area under
the corresponding peak.

The temperature dependences of changes
in the release of volatile products (total ionic
current (I) in relative units), the intensity of
thermal destruction of the samples under
study, the composition of ionic fragments at
different temperatures, and their individual
specific intensity determined in arbitrary
units, have been investigated.
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3. Resultls and discussion

Table 1 shows the composition of PE
with glycerol, soybean oil, and modified
PVAL as functional additives and their
physico-mechanical characteristics
strength (c,) and elongation (g,) after the
action of UV-irradiation and biological soil
factors. According to the above data (Table
1), the strength of the pure PE (sample 5)
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Table 2. Indicators of thermal degradation in the pyrolysis of PE with functional additives at the

maximum
Sample Initial After UV irradiation After biological soil factors
number I, K, n max m/z| I, rel.u. K, n max m/z| I, rel.u. K, n |max m/z
rel.units
1 165 32 126 165 43 126 166 24 111
2 149 76 210 138 70 196 156 80 252
3 155 48 169 146 33 125 168 55 169
4 146 81 238 127 54 154 157 82 252
5 165 45 140 165 44 139 160 42 154
6000 1 Q B
(b)
5000 1
; . 4000
s s 5
- 3000 - 3
2000 1 &
1000 H ‘ T
L S H | I‘I | [
20 40 60 80 100 120 140 160 20 40 60 80 100 120
m/z m/z
20000 5
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s 120004
«
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8000 Fig. 3. Mass-spectra of the initial PE + SO
6000+ composition and after exposure to UV-radia-
4000 tion and biological soil factors.
2000
0_

20 40 60 80 100 120 140 160
m/z

after exposure to destructive factors of both
UV irradiation and biological factors of the
soil increases.

That is, the effective biodegradation of
PE without additives during ageing does
not likely occur. It is important to note that
the initial tensile strength increases for all
compositions except for the first (PE-Gly)
and the highest value was obtained for the
sample containing simultaneously PVAL
and glycerol. An increase in elongation (g,)
is observed for the samples with SO or Gly
as the plasticizing additives (samples 1 and
3). The most significant changes in physi-
cal-mechanical characteristics of all compo-
sitions took place under UV-irradiation, re-
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sulting in a loss of strength from 50 % to
95.59 % and losses of elongation from
69 % to 99 %. The action of biological fac-
tors of the soil did not lead to similar
changes. The most significant losses were
found for the sample plasticized by SO
(sample 3) — 28.69 % and 91.56 % for ten-
sile strength and elongation, respectively.
The above data exhibit that the plastici-
zation of PE by adding of SO (sample 3) and
PVAL modified with SO and glycerol (sam-
ples 2 and 4) is effective and provides losses of
physical and mechanical characteristics under
UV-irradiation and biological soil factors.
Mass-spectrometric studies of the sam-
ples were aimed at determining the struc-
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tural changes in the PE compositions with
functional additives that accelerate degrad-
ability, which were identified during physi-
cal and mechanical tests.

The mass-spectrometer allows the deter-
mination of ion fragments in the range of
mass numbers 1-4000. Fig. 1 shows the
temperature dependences of the total ionic
current as a result of the release of volatile
products (during thermal destruction) for
pure samples of PE and PE exposed to bio-
logical factors of the soil and UV irradiation.

The results of mass-spectrometric investi-
gation of PE samples with functional addi-
tives are depicted in Fig. 2 (a, b, ¢, d). The
figure shows that the intensity of the release
of volatile products after exposure to destruc-
tive factors increases in comparison with the
initial sample at lower pyrolysis temperature,
which would be additional evidence of a
structural change in the composition due to
the introduction of functional additives.

Table 2 shows the characteristics of ther-
mal destruction of PE with the maximum
amount of functional additives: the inten-
sity of the ion current (I), the number of
ion fragments (K), and the maximum mo-
lecular weight of the fragment (max m/2).
The above data indicate that UV radiation
most significantly affects the degradation
of sample properties: a decrease in the num-
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Fig. 4. Mass-spectra of the initial composi-
tion of PE/PVAL/SO and after exposure to
UV-irradiation and biological soil factors.

ber of ionic fragments and the maximum
m/z in the compositions of samples 2, 3, 4;
this is confirmed by their physical and me-
chanical characteristics. Fig. 3 and 4 represent
the mass-spectra of the PE plasticized with SO
and PVAL + SO; it can be seen that the inten-
sity and composition of volatile products de-
crease after exposure to destructive factors.

Table 3 shows the changes in the specific
intensity of characteristic ion fragments of
PE samples with the functional additives —
SO (sample 3) and PVAL + SO (sample 4). The
results indicate that the greatest decrease in
the intensity of ionic fragments occurs after
UV-irradiation, apparently due to the fact that
partial destruction of the compositions oc-
curred under the influence of UV light.

Thus, it can be stated that the plasticiza-
tion of PE by soybean oil, as well as by
PVAL, modified by glycerol and SO in con-
centrations of 1-5 wt. %, causes structural
transformations in the PE compositions and
initiates destructive processes under the ac-
tion of UV-radiation and biological factors.

4. Conclusions

The degradability of polyethylene with
the addition of polyvinyl alcohol modified
with plasticizing additives of glycerin or
soybean oil has been investigated. It was
found that the addition of soybean oil and
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Table 3. Changes of specific intensity of characteristic ionic fragments for the samples No. 3 and
No. 4 after their exposure to UV-radiation and biological soil factors

m/z Ion fragment Sample 3 Sample 4
I1.10% rel.u./AI, % I110% rel.u./AI, %

Initial at | After UV at|After soil at| Initial at |After UV at|After soil at

T =3890°C| T=389°C | T=390°C | T =390°C | T =389°C | T = 390°C
57 C,Hqg 1.58 0.59/62,6 | 1.88/+18.9 4.84 1,69/65.0 | 5.24/+8.26
43 C;H, 1.54 0.57/62.9 | 1.70/+10.4 4.46 1.65/63.0 | 5.45/+22.0
41 C;Hs; C,HO 1.31 0.48/63.3 1.29/1.52 3.06 1.33/56.5 3.28/+7.2
55 C4H,; C4H.0 1.25 0.56/55.2 | 1.63/+30.4 3.67 1.49/59.4 | 4.77/+29.9
70 CesHyq 1.05 0.33/68.6 | 1.21/+15.2 3.03 1.02/66.3 2.97/1.98
56 C,Hg 1.03 0.35/66.0 1.12/+8.7 2.64 0.84/68.2 2.54/3.78
69 CgHg; C;H:CO 0.93 0.42/54.8 | 0.97/+4.3 3.10 1.09/64.8 | 3.35/+8.06
83 CgHq4 0.77 0.28/63.6 | 1.01/+31.2 2.80 0.91/67.5 | 3.18/+13.5
71 | CsH44;5 C5H,CO 0.73 0.36/50.7 | 1.24/+69.8 2.70 1.10/59.2 | 3.01/+11.5
85 | CgHyq5 C4H,CO 0.62 0.17/72.6 | 0.63/+1.6 2.91 0.65/77.6 1.82/37.4
97 CgHgO; CoH44 0.61 0.31/49.2 | 0.80/+31.1 2.42 0.78/67.7 | 2.63/+8.7
42 C;Hgs C,H,0 0.52 0.11/78.8 | 0.61/+17.3 1.31 0.09/93.1 | 1.70/+29.7
84 | CgHyp; C4HCO 0.48 0.17/64.6 | 0.55/+14.6 2.16 0.46/78.7 1.55/28.2
29 CHO; C,oHg 0.44 0.19/56.8 | 0.67/+52.2 1.31 0.21/83.9 | 1.563/+16.8

Total number of frag- 48 33 55 81 54 82
ments in area m/z
Max m/z 169 125 169 238 154 252
C11H5O2 C7H902 C11H502 C16H1402 CQH14O2 C15H2403
CioHos CoHyz CioHos
binary functional additives based on polyvi- 6. E.G.Krutko, N.R.Prokopchuk, A.I.Globa, The

nyl alcohol modified with soybean oil or
glycerol to polyethylene leads to an increase
in the initial strength of the composition in
comparison with the initial PE; at the same
time, after exposure to UV radiation and
biological factors of the soil, the strength
significantly decreased due to destructive
processes. Mass spectrometric study of the
sample composition showed that due to
functional additives containing soybean oil,
glycerol, and PVAL, structural changes oc-
curring in PE, accelerate degradability
under the influence of destructive factors.
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