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Measurements of Chemical and Mechanical Properties for Polyethylene Plastic
Shopping Bags - a Comparison between Brand-new and Waste Ones

Masahiro FURUTANI"!

Taishi [CHIHASHI"

Tomoya KATAOKA™

Chemical and mechanical properties of a waste polyethylene plastic shopping bag was measured, and compared with those of

brand-new ones. In the measurements of infrared spectroscopy and water contact angles, it was found that the chemical properties were

different between waste and brand-new samples, and that the surface of waste samples was more hydrophilic than that of brand-new samples.

On the other hand, results on the tensile stress measurements suggested that waste samples were more brittle than brand-new samples. Both

chemical and mechanical values were different by the sides (outside or inside) and directions (vertical or horizontal) measured, which

indicated that plastic products would be fragmented anisotropically. Furthermore, a preliminary extraction experiment was performed with

chloroform, and ca. 1-10 wt% of soluble components were obtained from the waste and brand-new samples.

Keywords : chemical property, mechanical property, polyethylene, plastic shopping bag, waste

1. Introduction

Plastics have been indispensable for our daily lives. In 2020,
9.63 million metric tons of resins were produced in Japan, while
8.22 million metric tons of plastic waste was generated (86% was
utilized for mechanical and feedstock recycling, fuel use and
energy recovery, and 14% was not utilized).! Polyethylene (PE)
is well-known as one of major commercial polymers. PE is
widely used for packaging, insulating, molding, and coating, in
various fields.> The amounts of PE resin production and disposal
were 2.25 and 2.90 million metric tons (2020, Japan),
respectively, which was larger than other much-used polymers
(polypropylene, polyvinylchloride and polystyrene).! Therefore,
it would be very important for environment preservation to
manage PE material flow from the cradle to the grave.

Wastes of plastic materials including PE are just incinerated or
landfilled, if they are not utilized as fuels or recycled resources.
Polymer materials are generally softer than ceramic and metallic
materials. As PE is a representative light-weight polymer
(specific gravity: 0.91-0.95 g/cm?), PE wastes are apt to scattered
with fragmenting from macro- (25-1000 mm) to micro-plastics

(0.001-5 mm).> Macro- and micro-plastics of PE have been

Vertical (V)

—
Horizontal (H)

Fig. 1. Brand-new plastic shopping bags using in this study (left:
Brand-new 1, right: Brand-new 2), and the definition
of directions (vertical and horizontal).

mainly found in water or waterfront environments all over the
world (in Asia, for example, India*, Philippines’, and Japan®).

To understand processes of the fragmentation of PE materials
under UV irradiation, a few researches were reported. Lagarde et
al. used a PE film (ca. 25 pm in thickness) as a sample,
indicating that water penetrated in the films would play an
important role for the fragmentation.” Lambropoulou et al.
reported analytical pyrolysis coupled to gas chromatography and
mass spectrometry using isotropic PE films (ca. 350 pm in
thickness), demonstrating that UV exposure made the films
fragile.® However, these researches adopted artificial PE samples
and experimental conditions, which is not directly related to real
PE wastes that contains additives and impurities. As shown in

Fig. 1, in this article, we have chosen PE plastic shopping bags as
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a familiar industrial product. By comparing between waste and
brand-new samples, it was tried to abstract the facile

distinguishable properties of them.

2. Experimental

2.1 Materials and Equipment

A fragment of waste plastic shopping bag (Waste:
translucency, 10 pm in thickness) was removed from storm
drainage by a dust collector at Nakasuga pump station,
Matsuyama city, Ehime prefecture. Sludge sticking on the
surface of Waste was washed away with tap water. Brand-new
ones (Brand-new 1: milky white, 540 X 300 mm, 10 pm in
thickness, and Brand-new 2: translucency, 420 X 230 mm, 13
pm in thickness, Fig. 1) were purchased from supermarkets in
Sabae city, Fukui prefecture. It was confirmed that both bags
were made from polyethylene (PE), by using attenuated total
reflection infrared spectroscopy (ATR-IR  spectroscopy,
mentioned in section 3.1). Chloroform and methanol were
purchased from NACALAI TESQUE, INC. (Kyoto, Japan). A
filter paper (ADVANTEC®, qualitative No. 1, 0.2 mm in
thickness, retention particle size: 6 pm) was used for
reprecipitation in extraction experiments.

ATR-IR spectra were recorded using Spectruml00 (prism:

Drying
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diamond/ZnSe, PerkinElmer, Inc., USA). Water contact angle
was measured using SImage Entry 6 (Excimer. Inc., Japan).
Tensile stress of each sample was recorded using MCT-2150

force tester (A&D Company, Ltd., Japan).

2.2 Evaluation of chemical properties

ATR-IR spectra were recorded on the both sides of each bag,
named as “Out (-side)” and “In (-side).” “Out (-side)” was the
printed side, while the printed ink was avoided for the
measurement. In each spectrum, peak areas (4on)u around
3700-3100 cm™, Acu around 3000-2800 cm’, Ac-o around
1750-1650 cm™, and Ai300-1000 around 1300-1000 cm™') were
analyzed for calculation of indices. Existence of functional
groups at sample surface was evaluated by using the indices
(normalized peak areas), i.e. Iowny-n (= Aonyu/Acn), Ic-o (=
Ac-0/Acn), and I1300-1000 (= A1300-1000/Ac-H). Water contact angle
was also measured on the both sides with distilled water (8.2 pL
per drop, n = 3). Films were fixed on a glass substrate with a
double-sided tape. Unfortunately, in/outside was not
distinguishable for the waste sample just in this experiment. The
surfaces were named as “Side 1” and “Side 2.”

Extraction experiments were performed as follows (see also
Fig. 2). Each sample (ca. 100 mg) was immersed into chloroform

(5 mL), and allowed to stand at room temperature for a week.

Insoluble

>

Solid
Decantation

Filtration

Residue

Immersion m Reprecipitation Dry ing[ (Precipitate)

atr.t.
1 week

Q@M —

Sample Chloroform

Methanol
ca. 100 mg 5mL 30 mL

—> \QJ solid

Filtrate | | £y aporation

Drying
Soluble

Fig. 2. Procedure of the extraction experiment for separating three parts, namely, “Insoluble,” “Residue” and “Soluble” components.
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Fig. 3. Test pieces prepared for tensile stress measurements, A:
with no cuts, and B: with a cut at the center position.

After decantation, the insoluble solid was dried in vacuo, to Inside

measure the dry-mass (Insoluble). On the other hand, the
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Wavenumber [cm-1]

chloroform solution was poured into methanol (30 mL, poor

solvent of reprecipitation), which was allowed to stand at room

temperature for a few days. The precipitate was then collected on (b)
a filter paper, and dried in vacuo, to measure the dry-mass
(Residue). The filtrate was evaporated to remove chloroform

and methanol, followed by drying in vacuo and measuring the

dry-mass (Soluble).

Abs.

Outside J
2.3 Evaluation of mechanical properties —

Tensile stress measurements were conducted (n = 3).

Rectangular test pieces (60 X 15 mm) were prepared for each Inside

sample (Fig. 3). The directions of cutting out were the vertical i i
4000 3200 2400 1600 800

Wavenumber [cm-1]

direction (V) and the horizontal one (H), as shown in Fig. 1. Test

piece A did not have any cuts, while test piece B had a penetrated

(c)

cut (5 mm in length) at the center position with a cutter. Test
piece B was prepared to calculate fracture toughness Kic [MPa *
m®3] according to the equation,

—-YvV. . . )05
Kic=Y * Omax (TE C) Outside

where Y is geometrical factor (= 1), omax is the maximum tensile

Abs.

stress, and c is half length of cut (2.5 mm).

3. Results and Discussion

Inside f 1650 €2 1000
ca 340(]J ca. A
3.1 Evaluation of chemical properties .

4000 3200 2400 1600 800

Wavenumber [cm™']

First of all, ATR-IR spectral measurements were performed to
confirm that the main component of samples were PE. As shown Fig. 4. ATR-IR spectra on the outside and inside for each sample,
in Fig. 4, all spectra had characteristic peaks of PE around 2900 (a) Brand-new 1, (b) Brand-new 2, and (c) Waste.

cm! (stretching vibration (v) of methylene group) and 1500 cm’!



(bending vibration (8) of methylene group).” In the cases of
Brand-new 1 and Brand-new 2 (Fig. 4(a) and (b)), there were
no other unambiguous peaks, indicating that deterioration of PE
did not proceed. On the other hand, in the case of Waste, at least
three additional peaks were observed, especially on the spectrum
of “Inside” (Fig. 4(c)). A broad peak around 3400 cm™! would be
assigned to hydroxy groups (v, having intermolecular hydrogen
bonding) or amide (or amine) groups (v). A peak around 1650
cm’! would be assigned to carboxy groups (v, partially ionized).
On the other hand, the peak(s) around 1000 cm’! could be
assigned to various kinds of functional groups, such as alkyl
groups (8, except for methylene group), aliphatic ether groups (v),
peroxide groups (v), amine groups (Vv), thiocarbonyl groups (v),
sulfoxide groups (v), sulfone groups (v), halogenated methyl
groups (8), fluorinated alkyl groups (v), and phosphine oxide
groups (v) and so on.’ Among these candidates, functional
groups containing oxygen atoms would be generated through
photo-oxidation reactions by sun-light exposure in air
(mentioned below).!” All functional groups could be a partial
chemical structure of additives in the material, and/or impurities
from the environment. Table 1 shows indices for estimating the
amounts of functional groups near the sample surface (ca. less
than 2 pm in depth). There was almost no difference between the
outside and inside in the cases of brand-new samples. On the
other hand, in the case of Waste, it was found that both sides
would be deteriorated, and that the inside had more functional
groups than the outside. These results implied that deterioration
of two film surfaces proceeded ununiformly in a sample, even if
the initial chemical state was the same.

Fig. 5 shows the water contact angles of each sample surface.
It was clearly found that Waste became more hydrophilic than
brand-new samples. Variation in values of Waste was larger
than brand-new samples, indicating these deterioration
phenomena were caused unevenly on a surface.

From the results on both ATR-IR and water contact angle
measurements, photo-oxidation reactions (Fig. 6) would
contribute to hydrophilicity of the surfaces of Waste, because
functional groups generated by reactions with oxygen (colored

red) had polarity. Photo-oxidation reactions proceed in radical
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Table 1. Indices of functional groups calculated from the results
on ATR-IR spectral measurements for each sample.

Sample Side logyn le=o 113001000
Brand- Out 0.01 0.00 <0.01
newl |p 0.01 0.00 <0.01
Brand- Out 0.02 <0.01 0.00
new2 |p 0.01 0.00 <0.01
Out 0.05 <0.01 0.03
Waste
In 0.11 0.02 0.14
120 T T T T
903 916 884 93.0 ]
ol m W * L .

64.1 65.8

60 - + +

Water contact angle [degree]

30 1 I
Out | Out | A
u n u n l & o?

{ J |
f f f

Brand-new 1 Brand-new 2 Waste

2

Fig. S. Results on measurements of water contact angles for each
sample. Average values are written (n = 3). The error bars
mean difference between the maximum (or minimum)
and the average value.

processes. Hydroxy and peroxide groups are generated through
the autoxidation cycle. Formation of ether groups is a termination
reaction. Carboxy groups would generated from alkoxy radicals,
through main chain scission reactions, including formation of
end formyl groups (and corresponding alkyl radicals). Other
functional groups in the figure (colored blue) could also be
present at the surface, which were of additives and/or impurities.
These compounds are low-molecular-weight in general, and they
are more polar than PE main chains. It would be plausible that
additives were segregated to hydrophilic surface after
photo-oxidation reactions. Polar impurities would be also
adsorbed to the hydrophilic surface.

Using Brand-new 1, Brand-new 2, and Waste,

preliminary extraction experiments were performed with



Photo-oxidation reactions
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Additives and/or impurities

hv
P-H —> P+ (+ -H)
o,

I
v P-H
POO - —> P-OOH + P -
peroxide gr.

O, Autoxidation l

hydroxy gr. lp .

P-O-P
ether gr.

P-H
POH + P- «<—— PO (+ -OH) 5> P-COOH

P: Polymer chain

-NH,, -NH-  -NHCO-
amine gr. amide gr.
-CH,X (X =1, Br, Cl)
halogenated methyl gr.

-CF,-, -CF,
fluorinated alkyl gr.
-CS-
thiocarbonyl gr.

carboxy gr. -SO- -S0,-
sulfoxide gr. sulfone gr.

>PO-

phosphine oxide gr.

Fig. 6. A schematic view of possible photo-oxidation reactions (ref. 10), and chemical structures containing additives and/or impurities (ref. 9),

based on the results on both ATR-IR (Fig. 4) and water contact angle (Fig. 5) measurements.

Table 2. Results on extraction experiments using chloroform.

Sample Total Insoluble Residue Soluble Loss

[mg] [mg] [mg]  [mg] [mg]
(Wt%)  (Wt%)  (Wt%)  (wt%) (wit%)

Brand- 1012 805 00 125 82
newl1 (100) (80) (0) (12)  (8)
Brand- 1056 1046 0.0 07 03
new2  (100) (99) (0) (1) (=0)
100.9 732 01 101 175
(100) (73)  (=0) (10) (17)

Waste

chloroform. Compounds solved in chloroform were subsequently
subjected to reprecipitation treatment with methanol as poor
solvent (a solvent that does not dissolve polymer components).
The results were shown in Table 2. It was found that ca. 1-10
wt% of soluble components (Soluble) were obtained from both
samples, which was comparable to amounts in the literature
(0.05-3 wt%)’. The mixtures would be consisted of
low-molecular-weight polar additives including inks (and
impurities adsorbed in the case of Waste). On the other hand,
residues after reprecipitation (Residue) were not obtained. The
missing part (Loss) was up to 17 wt%. This might result from

technical loss and volatilization of low-boiling compounds.

3.2 Evaluation of mechanical properties
Fig. 7 shows a comparison of tensile stress curves recorded by

using samples without any cut, A. Tensile behavior was different

100

Tensile stress [MPa]

10 15 20

Extension [mm]

Fig. 7. Selected tensile stress curves as a function of extension, for
samples A, Brand-new 1/V (blue, bold), Brand-new
1/H (blue, dotted), Brand-new 2/V (green, bold),
Brand-new 2/H (green, dotted), Waste/V (gray, bold),
and Waste/H (gray, dotted), V: vertical, H: horizontal. A
red dashed line shows the upper limit of horizontal axis in
Fig. 8.

by the tensile direction, vertical (V) or horizontal (H). Samples of
V had a plateau, while samples of H had a yield point, regardless
of samples. This would relate to anisotropic decomposition
behavior from macro- to micro-plastics. Tensile stress of
brand-new samples was not necessarily superior to that of waste
samples.

On the other hand, a clear difference was observed between
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Fig. 8. Initial tensile stress curves as a function of extension, for
samples A, Brand-new 1/V (blue, bold), Brand-new
1/H (blue, dotted), Brand-new 2/V (green, bold),
Brand-new 2/H (green, dotted), Waste/V (gray, bold),
and Waste/H (gray, dotted), V: vertical, H: horizontal, n
=3.

brand-new and waste samples at the beginning of the extension
(period to plateaus or yield points). Tensile stress of brand-new
samples was changed in a sigmoidal manner, while that of waste
samples was changed in a linear manner. This would suggest that
material became rigid and brittle in a waste sample. As shown in
Fig. 8, an initial tensile curve could be approximated as a line in
all cases. Inclination of the proximate line would be correlated
with Young’s modulus. Average values of the inclination were
calculated as 3.67 (Brand-new 1/V), 3.96 (Brand-new 1/H),
401 (Brand-new 2/V), 4.69 (Brand-new 2/H), 28.85
(Waste/V), and 24.44 (Waste/H). It would be concluded that
brand-new samples were softer (or had lower Young’s modulus)
than waste ones.

Fig. 9 shows a comparison of tensile stress curves recorded by
using samples with a cut, B. Again, tensile behavior was different
by the tensile direction. In the cases of V, samples endure larger
tensile stress than in the cases of H. Nevertheless, all samples
had a maximum tensile stress point, a period of crack
propagation, and breaking points for both ends of the crack.
Values of the maximum tensile stress omax obtained from this
experiment were used to calculate their average fracture

toughness Kic (Table 3). It seemed that anisotropy of mechanical
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(Explanation for Brand-new 1/V)

Max. _
tensile stress Crack Breaking

| propagation Il
100 ! 1l

Tensile stress [MPa]

10 15 20

Extension [mm]
Fig. 9. Tensile stress curves as a function of extension, for sample
B, Brand-new 1/V (blue, bold), Brand-new 1/H
(blue, dotted), Brand-new 2/V (green, bold),
Brand-new 2/H (green, dotted), Waste/V (gray, bold),
and Waste/H (gray, dotted), V: vertical, H: horizontal.

Table 3. The maximum tensile stress oma Of each sample (n = 3)
obtained from tensile stress measurements for sample B,
and calculated average values of K.

Max. tensile stress o;
Sample [MPa] max ch

-Direction y ™ 3 Ave [MPa - mo5]
vV 1050 88.3 100.2 9738 8.7
H 56.4 542 538 54.8 4.9
Brand- V 33.3 330 389 351 3.1
H
\Y
H

Brand-
new 1

new 2 219 205 228 217 1.9
524 50.7 486 50.6 4.5
32.3 381 489 39.8 3.5

Waste

property (i.e. ratio of Kic(V) to Kie(H)) was missing in Waste.
Glass transition temperature and melting point of PE are below
-23°C (to -78°C) and 138°C, respectively.? PE chains have
somewhat mobility in a solid material, and crystallites of them
are not melted under wusual environmental conditions.
Unregulated crystallite formation of PE chains could progress
with time, probably leading to missing anisotropy as well as

embrittling of the solid material.



4. Conclusion

In conclusion, two different properties between brand-new and
waste samples were abstracted as follows.

1. Surface of waste samples becomes more hydrophilic than of
brand-new ones (by both ATR-IR spectral measurements and
water contact angle measurements).

2. Waste samples become more rigid and brittle than brand-new
ones (by tensile stress measurements).

It was considered that the former would be mainly due to
photo-oxidation reactions, and that the latter could be due to
crystallization of PE chains. Both chemical and mechanical
properties of film samples were often anisotropic, which would
influence the deterioration behavior from macro- to
micro-plastics. On the other hand, extraction with chloroform
was tried, resulting in obtaining soluble components for
subsequent spectroscopic analysis. The analytical results would
be reported in due course.

The wvalidity of chemical and mechanical measurements
adopted in this study was confirmed, even if a daily plastic
product was chosen as a subject of research. These measurements
will be utilized for our future fieldwork research of various kinds

of litters.
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Toward DX Revolution at National Institute of Technology, Fukui College Junior
Doctor Training School
— National Institute of Technology, Fukui College type PBL for collaboration with
traditional industries —

Takahiro KOMATSU

This study reports on the process of applying for the "Junior Doctor Training School," ; a next-generation human resource

development project of the Japan Science and Technology Agency (JST), and the results of a survey after the application was accepted. The

several characteristics of the Tannan area in Fukui Prefecture were found out by the survey, and a unique training program could be

developed by Fukui National College of Technology that combines manufacturing and traditional industries. Based on the results of the

survey on the situation during the training program, the future development of the program is discussed.

Keywords : Junior Doctor Training School, traditional industry, traditional handicrafts
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