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SINGLE-STAGE AND SIMPLE FABRICATION OF POLYETHYLENE FILMS DECORATED
WITH HALLOYSITE NANOTUBES

Background. Environmental pollution with plastic waste is a global problem that requires searching for effective and
safe ways to dispose or process secondary raw materials. The use of photocatalysts for polymer degradation is a modern
approach. Combining photocatalysts with support material to improve stability, activity, and lifetime is an important
area of research.

Objective. The aim of the work was to develop a technique for applying nanomaterials to the surface of a polyethylene
film by partially dissolving the upper layer of the polymer in a heated nanomaterial suspension, namely, aluminosilicate
halloysite nanotubes in a solvent. Cyclohexane was used as a solvent.

Methods.Thermogravimetric, optical, and dynamic mechanical analyses of synthesised samples were carried out, and
their properties were compared with reference samples of pure polyethylene and treated without the addition of nano-
material.

Results. A method of decorating PE film with halloysite nanotubes has been developed. The introduction of 2.83 % by
mass under the condition of immersing the film in a suspension of HNTSs in cyclohexane (3 % by mass) at a temperature
of 50 °C for 120 seconds was achieved. The decrease of the contact angle of the sample to 77.11° indicates the inclusion
of hydrophilic HNTs into the surface layer of PE. Optical analysis confirmed the uniform distribution of particles on
the surface of the film. The synthesized samples show a decrease in mechanical properties such as elasticity and tensile
strength due to the destructive effect of the solvent on the polymer.

Conclusions. Different conditions of application of HNTs on the surface of PE films using cyclohexane were tested.
A method allows to achieve the introduction of a maximum of 2.83 % by mass of HNT. This method confirmed the
possibility of attaching nanomaterials, namely HNTs, to the surface of the film by partially dissolving the surface layer
of the polymer. Unlike our previous study [3], where the solvent casting method was used to introduce the catalyst into
the PE film, the above approach does not require complete dissolution of the polymer and heating of the material to
high temperatures and can be applied to the processing of industrially produced PE films. The addition of functional
materials can be useful for modifying the properties of films, in particular PE. Studying the peculiarities of adding
a photocatalyst to a polymer film at ambient temperature and the technology of industrial production of a PE film
capable of decomposition can be the next stage of research.
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Introduction

The wide use of plastics, the difficulties of their
recycling, and the long degradation time in ambi-
ent conditions give rise of environmental pollution
on a planetary scale. Understanding this problem,
the European Commission adopted the EU Plan,
in which all plastic packaging will be recyclable by
2030 [1]. The biggest challenge is household waste,

as a mixture of different types of contaminated
plastics. One of the approaches used for processing
household plastic is mechanical recycling. There are
two types of mechanical recycling: Primary recy-
cling (processing exclusively uncontaminated plas-
tic of a single type into a product of equal quality)
and Secondary recycling. A latter is often deman-
ding on materials since preliminary sorting by type
and rejection of contaminated plastic or washing is
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necessary. Thus, recycled material costs are often
higher than pristine plastic, and the quality of the
processed material decreases with each cycle. As
an alternative, thermo-chemical recycling — is less
demanding and often acceptable for heterogencous
raw materials. The main idea is to split the polymer
into individual monomers to produce a high-quali-
ty secondary product. Quaternary recycling is used
for highly contaminated packaging, namely, waste
incineration for energy recovery. The most environ-
mentally friendly way for waste utilization is bio-
logical. Plastics can be degraded with the help of
bacteria, fungi and enzymes. The disadvantage of
biorecycling is its extremely long duration. Using
landfills for waste disposal is one of the common
methods, but it leads to soil and water contamina-
tion and occupies large areas.

Solid phase photocatalysis is a promising re-
search topic for the removal of pollutants from the
environment. Some commonly used photocatalysts
for acceleration of degradation are TiO,, ZnO,
7Zr0,, Sn0O,, CoO, In,0,, ZrO,, Cu,0 NiO etc. The
introduction of 0.1 % of TiO, in LDPE film leads to
enhanced degradation up to 18 % mass loss after UV
exposure during 300 h [2]. This work is focused on
the degradation of PE packaging through photocat-
alytic processes where oxides of Ti/Mn display the
most promising activity [3]. The mechanical mixture
of TiO, and MnOQO, in a ratio of 1:1 added to the
HDPE film in an amount of 1 % led to an increase
in the rate of degradation of the polymer. After 90 h
of UV irradiation composite film lost 21.2 % of the
mass, while the pure polymer lost only 0.5 %. The
nature of its properties explained the choice of man-
ganese dioxide. The choice of manganese dioxide
was explained by its properties as a semiconductor
widely used in catalysis, organic synthesis, and ener-
gy storage. Its distinctive feature is a narrow bandgap
of around 1-3 eV, which allows it to be an active
photocatalyst even in daylight [4]. To achieve higher
efficiency of photocatalysts, the possibility of intro-
ducing such a support as halloysite nanotubes in a
catalytic system should be studied.

Halloysite (HNT) is a natural aluminosilicate of
the kaolin group with Al : Si in the ratio 1:1, having
the chemical formula Al,Si,O,(OH),. nH,O, where
n can vary from 0 to 4. The average size depends
on the origin and ranges between 40 and 70 nm in
diameter and 200—1500 nm in length [5, 6]. Dif-
ferent methods for introducing the nanoparticles in
the polymer matrix are reported. For instance, in

situ polymerization, solvent casting method, extru-
der blending, and deposition by layer [7].

The chemical compositions and the opposite
charge of the inner and outer surfaces open up
wide possibilities in the development of HNT-based
composite materials. Namely, decorating the outer
surface of nanotubes with positively charged mole-
cules or nanoparticles and loading the inner cavity
with negatively charged molecules. The cavity can
be used as a container for loading active substances
(drugs, proteins, surfactants, corrosion inhibitors,
catalysts) and their subsequent controlled release.
Moreover, some inorganic salts may also be loaded
into the tube cavity [8]. Modifying the outer sur-
face of nanotubes can affect the stability of colloidal
solutions, improve the filler distribution in polymer
matrices [9], and develop surface area of catalysts,
preventing aggregation. Moreover, adding HNT to
the polymer leads to the improvement of the me-
chanical properties of films, influencing the flamma-
bility [10], and crystallinity of materials [11].

Problem statement

In our previous work, the solvent-casting meth-
od was used for introducing the catalyst into the PE
film [3]. This technique has shown high efficiency.
But at the same time, it includes using toxic solvents
at high temperatures during a long time (100 °C for
45 minutes). Therefore, this study aimed to find al-
ternative methods for adding nanomaterials to the
polymer film interface.

Methodology. PE film decorating technique

PE is resistant to most solvents at room tem-
perature. Only some liquids are capable of dissolving
polyethylene when heated. Cyclohexane (CHX) was
chosen as one used widely in similar works as the
most suitable for PE dissolving at relatively low tem-
peratures [12]. Cyclohexane was heated to 50 °C and
60 °C then 3 mass % of HNT was added. Mechan-
ical and ultrasound stirring was applied to achieve
a uniform distribution of particles. Rectangular PE
film samples of 12 cm?were immersed in suspension
for various time intervals (60 sec. and 120 sec.) at 50
and 60 °C (Table 1). Sample 0 was prepared without
halloysite at the same conditions for comparison.
After, the film was washed with distilled water and
dried at room temperature.
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Table 1. Film preparation conditions.

Sample name HNT / mass % Temperature / °C Immersion time / sec
0 0 50 60
1 3 50 60
2 3 50 120
3 3 60 60
Methods is shifted towards higher temperature for 14° com-

The efficiency of introducing nanoparticles
into the film, as well as HNT’s influence on PE film
properties, was examined by the following methods:
the wettability was measured using OCA 20 Data
Physics Instruments equipped with a high-resolution
CCD camera; the contact angle (0) of water in the
air was measured by the sessile drop method.

Dynamic mechanical measurements were con-
ducted using the DMA Q800 (TA Instruments).
Tensile tests were performed with a stress ramp of
1 MPa-min' at 25 °C.

Thermogravimetric analysis (Q5000 IR, TA In-
struments) under nitrogen flow with heating ramp
20 °C min™! from 25 to 600 °C was performed to
evaluate the efficiency of HNT’s introduction in the
film and thermal stability of treated samples.

Optical images were taken with Optika polariz-
ing microscope to study the uniformity of nanoma-
terial deposition on the surface.

Results and Discussion

The TG curve of pure halloysite nanotubes has
one mass loss of 14.95 mass % [13] is attributed
to the removal of the interlayer water molecules
from the HNT structure. On the other hand, Sample
0—3 showed a significant mass reduction of about
90—100 % from 400 to 520 °C as a consequence of
the PE thermal degradation.

Moreover, thermogravimetric data provided
the mass fraction of HNT in composite films. Sam-
ple II, immersed in HNT suspension in cyclohexane
at 50 °C for 120 seconds, showed the most consider-
able residual mass among all samples (Table. 1). The
calculated HNT content was equal to 2.83 mass %
corrected on water loss. Sample III immersed at
60 °C for 60 sec, showed a slightly lower HNT con-
tent of 2.74 %. PE degradation temperature (Td) was
calculated from the maximum of the DTG peaks. It
can be pointed out that Td for Sample II is shifted
towards lower temperatures 37° compared with pure
PE, while for Sample III the main degradation peak

pared with pure PE.
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Fig. 1. Thermogravimetric curves of treated PE composite samples

At the same time, Sample 2 showed the highest
hydrophilicity with contact angle 77.11° when Sam-
ple 0 demonstrates contact angle of 99.24° (Fig. 2).
It can be explained by the presence of hydrophil-
ic HNTs on the film’s surface. Which is in good
agreement with TGA analysis. Sample 3, in turn, re-
mains hydrophobic despite the almost equal content
of nanotubes. Possibly due to the higher treatment
temperature, nanotubes were included into a deeper
layer of a film.

Dynamic mechanical analysis (Fig. 3) showed
that samples are elastic since the strain grows lin-
early with stress. After reaching the yielding point —
deformation becomes irreversible. As a result of me-
chanical tests, it can be concluded that the duration
of treatment is of key importance. Processed for the
longest time of 120 sec Sample II, has the lowest
mechanical characteristics. An increase in elasticity
can be noted for samples treated for 60 sec. (Sam-
ple I and 3) in a Halloysite suspension, while the
strength characteristics remained almost constant
compared to reference Sample 0, prepared without
HNT’s (Table 3).
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Fig. 2. Images of droplets just after their deposition onto the surface of (¢) Sample 0, (b) Sample 1, (¢) Sample 2, (d) Sample 3

Table 2. Thermogravimetric and wetting properties of
treated samples

Sample name RM600, % Contact angle, °
0 0.18 99.24 £ 0.76
1 1.93 85.21 + 8,81
2 2.59 77.11 £ 4,71
3 2.51 89.18 + 4,03

Stress / MPa

0 2 4 6 8 10 12 14 16
Strain / %

Fig. 3. Stress vs. strain curves of treated samples

It is worth notifying the values of Elastic
Modulus, also known as Young’s modulus, as a
property of materials that measures their stiffness or
resistance to elastic deformation for the synthesized
samples, are higher than those of pristine PE. The
reinforcing effect of HNT in polymers is often ex-
plained as a result of agglomerates of nanoparticles
and the formation of the interface region between
matrix/nanoparticles, which restricts the mobility
and deformability of PE [14, 15].

Based on the analysis of optical images, we can
assert that treatment of films at a temperature of
50 °C allows us to obtain a uniform deposition of
nanomaterial on the surface while raising the tem-
perature to 60 °C leads to the formation of areas
with aggregated particles (Fig. 4).

Fig. 4. Optical images of PE films treated in HNT/cyclohexane
suspension under different conditions: (a) Sample 0, (b)
Sample 1, (¢) Sample 2, (d) Sample 3. The scale bar is
equal to 0.1 mm
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Table 3. Tensile strength properties of films

Sample name Elongation at break | Stress at break point / Elastic modulus / Yield point / %
/ % MPa MPa
PE non-treated >150 >12 80.4 11.9
0 6.68 5.60 168.9 3.48
1 14.27 5.64 135.2 5.69
2 6.45 3.74 164.8 2.44
3 16.82 4.81 103.3 5.39

Conclusions

Different conditions of application of HNTSs
on the surface of PE films using cyclohexane were
tested. A method allows to achieve the introduction
of a maximum of 2.83 wt. % of HNT. This method
confirmed the possibility of attaching nanomaterials,
namely HNTs, to the surface of the film by partially
dissolving the surface layer of the polymer. Unlike
our previous study [3], where the solvent casting
method was used to introduce the catalyst into the

PE film, the above approach does not require com-
plete dissolution of the polymer and heating of the
material to high temperatures and can be applied
to the processing of industrially produced PE films.

The addition of functional materials can be
useful for modifying the properties of films, in par-
ticular PE. Studying the peculiarities of adding a
photocatalyst to a polymer film at ambient tempera-
ture and the technology of industrial production of
a PE film capable of decomposition can be the next
stage of research.
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I.B. KoBiHuyk, I"B. Cokonbcbkuit, k. laszapa

OOHOCTALIVHE TA NMPOCTE JEKOPYBAHHSA MONIETUNEHOBKX MNIBOK FANYASUTH/MY HAHOTPYEKAMM

MpobnemaTuka. 3abpyaHeHHS HABKOMULLHLOTO CepeaoByLLa MoMiMepHNUMM Bigxogamu € rnobanbHo nNpobnemMoto, Lo BUMarae
nowyky edekTuBHMX Ta 6e3aneyHnx cnocobis yTunisauii abo nepepobku BTOPUHHOI CUPOBUHW. BrkopuctaHHsi dpoTokaTanizatopis ans
nerpagadii nonimepy € cyyacHum nigxogom. CronyyeHHs dpoTokaTanizaTopis 3 Matepianom nigknagkvu Ans nigBuLLEHHsT cTabinbHOCTI,
aKTMBHOCTI Ta TPMBAnNocCTi po6oTH € BaXIMBUM HaNPsiMOM AOCHIIXEHb.

Meta pgocnigxeHHA. MeToto po6oTu Byna po3pobka MeTofy HaHeceHHs HaHomaTtepianiB Ha noBepxHi nonietuneHosoi (ME)
NNiBKX 32 AONOMOrOK YaCTKOBOTO PO34YMHEHHS BEPXHBOIO LLAPY NoNiMepy B HArpiTin CycrneHsii HaHomaTtepiany, a caMme antoMoCuUikaTHUX
HaHoTpy6ok ranyasuTy (THT) y po34nHHKKY. B SIKOCTi pO34MHHMKa BUKOPUCTOBYBABCS LIMKIOreKcaH.

MeToauka peanisauii. [poBegeHo TepmorpaBiMETPUYHNUIA, ONTUYHMIA aHani3 Ta BUBYEHi MeXaHi4YHi BMacTUBOCTI CUHTE30BaHUX
3paskiB, NOPIBHSIHO iX BNAcTUBOCTI 3 pedhepeHTHUMM 3paskamm YncToro Ta obpobneHoro NE 6e3 nogasaHHsA MHT.

Pesynbratu gocnigxeHHsi. Po3pobneHo meTon aekopyBaHHs ME nniBkv HaHoTpy6kamu MHT. JocsarHyTo BBeaeHHs 2,83 mac. %
3a YMOBW 3aHypeHHs nniekv B cycniensito MHT y uuknorekcaHi (3 mac. %) 3a Temnepatypu 50 °C ynpogosx 120 cek. 3HWKeHHS KyTa 3pas-
Ka go 77,11° cBigunTb Npo BkItoYeHHs rigpodinbHux MHT y noBepxHeswuii wap ME. OnTu4HWMIA aHani3 niaTBepAuB pPiBHOMIPHMIA po3nogin
YaCTUHOK Ha MOBEpPXHI NNiBKW. 3adhikCOBaAHO 3HWKEHHSI MEXaHIYHUX BMACTUBOCTEW (€NacTUYHICTb Ta MILHICTb Ha po3puB), L0 Moxe ByTun
NoB’AA3aHO i3 AeCTPYKTUBHOIO Li€l0 PO3YMHHUKA Ha norimep.

BucHoBku. MpoTecToBaHO pi3Hi yMOBM HaHeceHHs1 HaHOTpybok MHT Ha noepxHto ME nniBok 3 BUKOPUCTAHHSAM LMKIOreKCaHy.
Po3pobneHo meTog, Lo 003BONsSE AOCAITM BBeAeHHS makcumyM 2,83 mac. % HT. Llen meTtoa nigTBEpAMB MOXNMBICT NPUKPINIeHHs
HaHomaTepianis, a came M'HT, 4o NnoBepxHi NNiBKKX 32 AONOMOIOK YaCTKOBOIO PO34YMHEHHS NOBEPXHEBOrO LWapy nosimepy. Ha BiaMiHy Big
Halloro nonepeaHbOro gocnimkeHHs [3], Ae AN BBeAeHHs kaTanisatopa B [E nniBky BUKOPUCTOBYBaBCS METOA NUTTA 3 PO3YMHHUKA,
BYLLEe3a3Ha4YeHWn nigxia He BMMarae NOBHOMO PO34YMHEHHS MoMiMepy Ta HarpiBaHHs MaTepiany 4O BUCOKMX TemnepaTtyp Ta Moxe 6yTu
3acTtocoBaHuin Ans obpobku npomucnoBo BurotoBrneHux [ME nniBok. [JogaBaHHSA ¢yHKLUiOHaNbHUX MaTtepianiB Moxe OyTW KOpUCHUM
ans moaudikauii BnactuBocTen nniBok, 3okpema MNE. BueByeHHs1 ocobnmBocTen nogaBaHHA dhoTokaTanisatopa 4O MorniMepHol niBku
3a TemnepaTypu HaBKOMWLIHLOIO CepenoBuLLLa Ta TEXHOMOriT NPOMUCIOBOrO BUFOTOBMEHHS 3A4aTHOIT A0 po3knagdaHHsa MNME nnisku Moxe
CTaTh HaCTYMHUM eTanoM AOCHiIXEHb.

Kntro4yoBi crnoBa: nonimep, ranyasutHi HaHOTpybku, HaHOMaTepian, TepMorpaBiMeTpis, XiMi4Ha TEXHOIOTIs.
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