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Abstract: In this study, some of the critical fundamental properties, which are holding importance in usage areas, of low-density
polyethylene (LDPE) film were studied by embedding size-graded and polydopamine-coated halloysite nanotubes into the polymer
matrix. This concept evaluated the importance of the well-dispersion of nanoparticles in the composite system and interfacial adhesion
between nanofiller and polymer matrix on the degree of crystallinity and mechanical properties. For this purpose, halloysite nanotubes,
coated with polydopamine and size graded afterward, were integrated into the LDPE matrix by the twin-screw extrusion process,
following which, nanocomposite films were prepared by film-blown technique. Both effects of halloysite nanoparticles, having the
polydopamine layer on their surface and size-graded, on properties such as mechanical strength, thermal feature, and degree of
crystallinity, of those directly acting on the usage goals of LDPE-based films, were tested.
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1. Introduction

LDPE is an important thermoplastic polymer that contains long-chain branches throughout the polymer backbone. Since
it presents many substantial properties such as high clarity, flexibility, chemical, and radiation resistance, crack and fatigue
strength, low moisture permeability, also being tasteless and odorless; it is used in a wide range of application areas such
as packaging material, bottle, cap, and underpads for hospital beds [1]. These large application areas make the LDPE
considerable material in terms of improving their critical properties like mechanical endurance.

One of the most important approaches to reinforce the mechanical properties of a composite system is the dispersion
of nanoparticles into the polymer matrix [2]. For this purpose, different nanoparticles have been tried to improve the
mechanical properties of a composite such as carbon nanotube (CNTs) 3], graphene [4], ZnO [5], SiO, [6] and Ag [7].
Among these nanoparticles, halloysite nanotubes (HNTs) have a notable place for use as reinforcer filler on polymeric
nanocomposite films [8] due to their intrinsic nanostructure, high thermal stability, acceptable mechanical strength,
relatively low cost, and biocompatibility properties [9]. In the literature, there are different examples of using HNTs as
mechanical property reinforcers for various nanocomposite films as their natural [10-14], or modified state [15-18].
However, there have been limited studies directly focusing on LDPE nanocomposite films [19,20].

To investigate and improve the mechanical properties of nanocomposite film, two main parameters should be
considered: First, as known that well dispersion of nanoparticles into a polymer system is the key factor in improving the
properties of composite system [21]. Therefore smaller-sized and agglomeration-free nanoparticles should be provided to
disperse them into a polymer matrix successfully [22]. Secondly, because poor adhesion lowers the thermal and mechanical
properties of composites [23,24], creating a good adhesion between the clay-polymer interface at the nanolevel becomes
another remarkable issue to affect the mechanical properties of film composite, positively. Besides, the dispersion of HNTs
into the polymer matrix properly ensures the improvement of other important characteristics of packaging material such
as enhancing barrier properties which is a critical issue for being used of the material in food packaging applications [25].
Thus, the issue of well-dispersion of nanoparticles into the packaging film should be focused on for being a multifunctional
packaging product including its degree of crystallinity which is directly related to barrier property.
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In this study, nanocomposite films were designed considering these two main approaches explained above. HNT
nanotubes were coated with polydopamine (PD), which has strong adhesive properties, the ability of coating the whole
surface of the material, and perfect biocompatibility [26]. Prepared PD-coated HNTs (PDHNTs) were separated into three
different size grades as detailedly explained in our previous study [22]. Polydopamine-coated HNTs with different sizes
and agglomeration grades were embedded into the LDPE matrix for the concentration of 1% and nanocomposite films
were prepared with film blown technique. The effect of polydopamine coating and size dispersion on the mechanical and
thermal properties of LDPE nanocomposite films were investigated by thermal and mechanical instrumentation methods.

2. Materials and methods

2.1 Chemicals

Low-density polyethylene (LDPE) powders (PETILEN F2-12) and raw HNTs were supplied by PETKIM Petrokimya A.S.
and Sigma-Aldrich Inc., respectively. Ultrapure Tris base (Tris(hydroxymethyl)aminomethane) and 3-hydroxytyramine
hydrochloride (Dopamine) were purchased from MP Biomedicals, LLC, and Acros Organics Inc., respectively. In all
necessary steps of nanoparticle preparation, Milli-Q purified water was utilized.

2.2 Coating of HNT surface with polydopamine

PDHNTSs were prepared by using the traditional PD coating method [27-29]. As the protocol steps, first, a certain amount
of raw HNTs was dispersed in distilled water via ultrasound sonication to create a well-dispersion of the HNTs in the
aqueous medium. For this purpose, the concentration of the HNT/aqueous medium was adjusted to 10mg/mL, and
ultrasound sonication at 100% amplitude (120W-5 s pulse on and 2 s pulse oft) was applied to the system in an ice bath for
30 min. Following the dispersion step, the dopamine monomer (2 mg/mL) was put into the dispersion, and the pH of the
system was set to 8.5 with Tris base powder. The dispersion was stirred at 30 °C for 30 min, and PDHNTSs were collected
from the system at the end of the 30 min with centrifugation at 5000 rpm for 5 min. The prepared PDHNTSs were washed
with water several times and dried at 50 °C for 24 h in a vacuum oven.

2.3 Separation of PDHNTs into three different size grades

PDHNTs were separated into three different grades by preparing a main aqueous system in a concentration of 20 mg/mL.
The prepared aqueous system was dispersed by Ultra-TURRAX T18 for 30 min at approximately 11,000 rpm to provide
a predispersion, first. Following, the predispersed mixture was transferred to an ultrasound sonicator and ultrasonicated
for 45 min in an ice bath with the parameters of 1220W/5 s pulse on and 2 s pulse off. Finally, the obtained well-dispersion
of PDHNT was centrifuged at 2000-6000-11,000 rpm for 10 min each. At the end of each centrifugation, the precipitated
PDHNTs for different grades were collected, and the supernatant part was centrifuged with the next rpm level. Each
PDHNT quality, which was precipitated after the centrifugations at 2000, 6000, and 11,000 rpm, was labeled as “grade 17,
“grade 2” and “grade 3”, respectively, and dried in an oven at 100 °C overnight. This section was detailedly examined and
explained in the previous work of Tas et al. [22].

2.4 Preparation of LDPE-PDHNT nanocomposite films

The mixture of polyethylene and PDHNT powders in the ratio 0of 99:1 (wt./wt. %) was fed into a twin-screw extruder (Zamac
Mercator with a screw diameter of 12 mm and L/D of 40). Powder mixtures were processed at the zone temperature range
between 160 °C and 180 °C with the screw speed of 300 rpm. Nanocomposite melt flowing from the extrusion die was
cooled in a water bath and pelletized. Obtained pellet form of nanocomposite mixture was transferred to a single screw
film blowing machine (Scientific Laboratory Ultra Micro Film Blowing Line Type LUMF-150 with L8-30/C, LabTech
Engineering), processed at 150-160 °C with a single screw speed of 80 rpm and blown into 55-65 pm thick films.

2.5 Characterization methods

Nicolet IS10 Fourier transform infrared (FTIR) spectroscopy with an ATR system was used for the chemical analysis of
samples. The hydrodynamic diameter of samples was determined using a dynamic light scattering (DLS) instrument
(Zetasizer Nano - ZS, Malvern Instruments Ltd., UK) at 25 °C at a sample concentration of 2 mg/mL for each sample. The
samples were visualized with Zeiss LEO Supra 35VP scanning electron microscopy (SEM). As the sample preparation
methods for SEM imaging, 0.1 mg/mL aqueous PDHNT mixture was dispersed by ultrasonication in an ice bath for 2 min
(at 75 W with 5 s pulse on and 2 s pulse oft), dropped on the silicon wafer and dried. For the imaging of LDPE/PDHNT
nanocomposite films, samples were coated with Au-Pd, and images were recorded with a secondary electron detector under
a high vacuum at 5 kV. The size distribution of HNT specimens was analyzed using SEM images at 50k magnification by
Image] software. Mechanical properties of nanocomposite films were examined by Zwick Roell universal testing machine
(2100 UTM), with a load cell of 200 N and a crosshead speed of 12.5 mm min~ according to the ASTM D1708-10 testing
method. Dog-bone test specimens had a length of 38 mm and width of 15 mm, a narrow section width of 5 mm, and a
grip distance of 22 mm. An average of at least four replicates of each sample was reported. TGA analysis was carried out
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by Shimadzu Corp. DTG-60H (TGA/DTA) instrument in the temperature range of 30-1000 °C with a rate of 10 °C/min
under nitrogen. The thermal properties of samples were investigated by DSC (Thermal Analysis MDSC TAQ2000) with
the heating and cooling cycle between 60 °C and 200 °C at a heating/cooling rate of 10 °C/min under nitrogen flow. The
DSC parameters were calculated using the TA Universal Analysis Software. The thicknesses of the films were determined
by a digimatic micrometer (Mitutoyo Quicmike, no. 9MAB041M). Contact angle studies were performed by the Theta
Lite Contact Angle Measurement system with a sessile drop method and an automatic video-based contact angle device.
The characterization was done at room temperature and results were reported as averages of the measurements at three
different points on the nanocomposite film surface.

3. Result and discussion

Raw HNTs which were supplied from any resource can be separated into homogeneous, smaller-size grades, and
agglomeration-free levels by applying the three-step separation method. The brief methodology of this technique is that
raw HNTSs are coated with polydopamine to enhance the hydrophilicity of the nanotube surface and provided colloidal
stability in the water medium, firstly. Afterward, polydopamine-coated HNTs are cut by ultrasound sonication to a smaller
size, and finally, size-graded PDHNTS: are collected by centrifugation at different speeds. With this pathway, homogeneous-
smaller-sized and agglomeration-free PDHNTSs have been obtained [22].

Fundamental results of three different-sized PDHNTS were presented in Figure 1 and Table. In Figure 1a, the FT-IR
spectrum of raw HNTs and PDHNTS at different size grades were presented. As assigned on the spectrum, indicator peaks
of polydopamine coating at 1625 cm™, 1337 cm™, 1499 cm™" and 1276 cm™* corresponded to -NH bending, symmetric
and asymmetric -NH stretching, aromatic C=C bending, and C-N stretching, respectively [30], and the intensity of
characteristic peaks of polydopamine coating on HNT surface increased toward grade 3 PDHNTs.

SEM images of raw HNTs and PDHNTS at different size grades were given in Figure 1b. As seen on SEM images, raw
HNTs possessed a widescale of size distribution and microsized agglomeration, while distribution and the size length of
nanotubes reached the smallest and more homogeneous level from grade 1 PDHNTS toward grade 3 PDHNTSs. Also, grade
3 PDHNTSs presented a minimum amount of aggregates when compared with other size-graded PDHNTs and raw HNTs.

The amount of polydopamine coating on PDHNTSs was calculated by TGA (Table). The amount of PD layer on grade
1, grade 2, and grade 3 PDHNTS was calculated as 1.51 wt %, 1.70 wt %, and 3.63 wt %, respectively. The results apparently
exhibited that HNTs having the agglomeration-free form and smaller size were coated with the polydopamine layer in
higher percentages than HNTs having larger agglomerated features. This was probably due to having larger surface areas
of agglomeration-free HNTS relative to the surface areas of agglomerated HNTs.

In Table, the size distribution of PDHNTS was also presented by scanning electron microscopy (SEM) and dynamic light
scattering (DLS) analysis. It was found that raw HNTs showed a wide distribution of nanotube lengths with micronsized
aggregates. After the separation protocol, it was clearly seen that the size fractions of PDHNTS formed more homogeneous
distributions of sizes with a minimum amount of aggregates. As seen in the hydrodynamic diameters calculated from DLS
analysis, the size length of HNTs dropped to 200 nm for grade 3 HNTs. Moreover, statistical analysis of PDHNT length
distributions on the SEM images also proved that the wide length distribution of raw HNTs was reached to narrower
distributions with shorter average lengths that are grade 2 PDHNTS had shorter nanotubes, and grade 3 PDHNTSs presented
only individually separated nanotubes of shortest lengths.

Following the fundamental characterizations, obtained PDHNT grades and raw HNTs were integrated into the
LDPE matrix. Thus, the effect of size-graded and PD-coated HNTs on the thermal and mechanical properties of LDPE

Table. Amount of PD coating on HNT surface and analysis of size distribution of raw HNTs and PDHNTs at different size grade.
*Calculated with TGA analysis using differences between total weight loss of raw HNTs and PDHNT samples. *Measured with
DLS instrument in water medium. * Calculated with SEM images at 50k magnification using Image]J software.

Sample PD amount on PDHNTSs (wt %)* Hydrodynamic diameter (d.nm)* | Size length (nm)*
Raw HNTs - 1417 + 378 527 £25
PDHNTs 5.90 2639 + 893 416 £ 82

Grade 1 PDHNTs |1.51 514 +£22 276 £ 17

Grade 2 PDHNTs |1.70 315+£9 248 £ 8

Grade 3 PDHNTs |3.63 199+£3 132+3
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Figure 1. FT-IR spectrum (a) and SEM images (b) of raw HNTs and PDHNTS at different size grade.

nanocomposite films was examined by focusing on the degree of crystallinity and fundamental mechanical properties
such as Young’s modulus, tensile strength, and elongation at break.

Firstly, the influence of PD-coated nanotube incorporation on the surface hydrophilicity of LDPE nanocomposite
films was investigated, and comparison results were presented in Figure 2. The integration of raw HNTs into the LDPE
matrix decreased the contact angle value due to the hydroxyl character of the HNT surface, thus increasing the surface
hydrophilicity of nanocomposite films. The incorporation of PD-coated HNTs decreased the contact angle more than raw
HNTs, which was the expected result because of the hydrophilic character of PD coating arising catechol groups on PD
structure. The low increment of contact angle values of LDPE/grade 1 PDHNTs and LDPE/grade 2 PDHNTSs could be
explained by the aggregation of PDHNT nanotubes at different points in the LDPE matrix. Finally, a significant decrease
in the contact angle of LDPE/grade 3 PDHNTSs nanocomposite films was observed, which could be an important indicator
of the well-dispersion of grade 3 PDHNTs into the film matrix and the PD coating amount of HNT surface. Therefore, the
hydrophilic character of LDPE/grade 3 PDHNTs nanocomposite film was ascended.

As reported in different studies, the concentration of HNTs in the composite system has a limited amount. When an
excess amount of HNTs is added to a composite system, the mechanical properties of the prepared composite start to
decrease, probably due to poor dispersion in the polymer matrix. In general, 3% of HNT concentration can be accepted
as the maximum HNT filler content for the protection mechanical of parameters [14,31]. Because of this reason, the
HNT amount in nanocomposite films was kept at 1% for investigating the size and PD coating effect clearly by avoiding
the concentration effect. SEM images of prepared nanocomposite films and their mechanical parameters of them were
presented in Figure 2.

In Figure 3a, a general view of prepared nanocomposite films at 10k magnification was presented. As marked with white
circles on the images, many small chunks were detected in the film matrix. However, these nanotube chunks decreased
from grade 1 to grade 3 and obtained a negligible number of chunks in LDPE/Grade 3 PDHNTs nanocomposite film.
These results showed that when the size of PDHNT nanotubes was decreased to a smaller level, better integration in the
nanocomposite film was provided which was a very important indicator of well-embedding and dispersion of nanotubes
into the polymer matrix.

In Figure 3b, Young’s modulus (YM), elongation at break (EB), and tensile strength (TS) values of prepared
nanocomposite films were evaluated. An increasing trend was observed for Youngs modulus and TS of nanocomposite
films. When compared with neat LDPE, 46% (YM) and 18% (T'S) improvement were obtained for LDPE/grade 3 PDHNTs
film. For EB values, almost similar and random results were found. The reason for obtaining large error bars that were seen
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Figure 3. SEM images (a) and mechanical parameters (b) of LDPE/HNTs and LDPE/PDHNTs nanocomposite films.

for TS and EB values of LDPE/grade 1 PDHNTS was probably due to poor dispersion and large chunks in the film matrix
causing defects on the film matrix, thus resulting in a wide range of results. Moreover, the effect of polydopamine coating
on filler performance was compared by using mechanical parameters of LDPE/raw HNTs and LDPE/PDHNTSs. It was
obviously seen that the TS value of LDPE/PDHNTSs had %14 higher than LDPE/raw HNTs, while YM values were almost
the same. These improvements in modulus value mostly depend on the dispersion state of nanotubes and interfacial
adhesion between filler and matrix due to the strong adhesion character of PD coating [23].
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The contribution of PD-coated HNT fillers on the thermal properties of LDPE was investigated by DSC measurement
and results were given in Figure 4. DSC curves of film samples were presented in Figure 4a and melting properties with
crystallinity % results were drawn in Figure 3b. The degree of crystallinity % (X ) was calculated using the equation,

X_=AH° /AH (1 -wt)x (100),

where AH_is the specific melting heat, calculated by the integration of the area under the crystallization peak, AH® is
the theoretical specific melting heat of 100% crystalline PE (293 ] g'27 and it is the weight fraction of HNTs in the polymer
matrix.

As known that the integration of HNT nanotubes into a polymeric matrix increases the degree of crystallinity of
nanocomposite film due to enhancing interaction between nanotubes and polymer matrix, where nanotubes may act
as a nucleation site [19]. In this presented study, similar results were obtained as seen in Figure 4b. It was calculated
that the degree of crystallinity increased by 13% by being added raw HNTs into the LDPE matrix and showed the same
trend for PDHNT, grade 1 PDHNT, and grade 2 PDHNT containing nanocomposite films. For LDPE/grade 3 PDHNT
nanocomposite films, the degree of crystallinity was found 24% higher than the neat film that was because of well dispersion
and strong interfacial adhesion arising from PD coating. Parallel with the degree of crystallinity results, melting enthalpies
exhibited a similar trend, while melting temperatures did not change notably.

In conclusion, the effect of polydopamine coating and size separation of HNTs on the dispersion state of nanotubes
into the LDPE-based polymer matrix was analyzed in terms of contribution to the degree of crystallinity and mechanical
properties of nanocomposite films, which are important parameters for application areas of LDPE such as food packaging.
It was found that improvement of both degrees of crystallinity and the mechanical parameter was higher than results that
were obtained in different studies used treated or raw HNTs for various targets[20,24,32-34], especially for LDPE/Grade 3
PDHNTS that used homogeneous-smallest-sized and agglomeration free PDHNTs. Moreover, a comparison of the degree
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of crystallinity and mechanical properties of the LDPE/ raw HNTs with LDPE/PDHNTSs (nongraded) displayed positive
contributions of PD coating on the improvement of LDPE in terms of examined parameters.

Acknowledgment

I would like to sincerely thank Assist. Prof. Dr. Hayriye Unal for all her contribution to me and for granting me access to
their chemicals/instruments and Dr. Emine Billur Sevinig Ozbulut for SEM virtualization and measurement of size length
of HNT samples by Image] analysis.

References

1.

10.

11.

12.

13.

14.

15.

16.

Dobbin C. An Industrial Chronology of Polyethylene. In Handbook of Industrial Polyethylene and Technology; John Wiley & Sons, Ltd,
2017; pp 1-23. https://doi.org/https://doi.org/10.1002/9781119159797.ch1

Zheng Y, Zheng Y, Ning R. Effects of Nanoparticles SiO2 on the Performance of Nanocomposites. Materials Letters 2003; 57 (19) 2940-
2944. https://doi.org/10.1016/S0167-577X(02)01401-5

Pratyush Behera R, Rawat P, Kumar Tiwari S, Kumar Singh K. A Brief Review on the Mechanical Properties of Carbon Nanotube
Reinforced Polymer Composites. Materials Today: Proceedings 2020; 22 2109-2117. https://doi.org/10.1016/].MATPR.2020.03.277

Van der Schueren B, El Marouazi H, Mohanty A, Lévéque P, Sutter C et al. Polyvinyl Alcohol-Few Layer Graphene Composite Films
Prepared from Aqueous Colloids. Investigations of Mechanical, Conductive and Gas Barrier Properties. Nanomaterials 2020, Vol. 10, Page
858 2020; 10 (5) 858. https://doi.org/10.3390/NANO10050858

Alam F, Kumar A, Shukla VR, Nisar A, Balani K. Multi-Length Scale Wear Damage Mechanisms of Ultra-High Molecular Weight
Polyethylene Nanocomposites. Polymer Testing 2020; 81 106210. https://doi.org/10.1016/]J.POLYMERTESTING.2019.106210

Nazari A, Riahi S. RETRACTED: The Effects of SiO2 Nanoparticles on Physical and Mechanical Properties of High Strength Compacting
Concrete. Composites Part B: Engineering 2011; 42 (3) 570-578. https://doi.org/10.1016/].COMPOSITESB.2010.09.025

MorleyKS, Webb PB, Tokareva NV, Krasnov AP, Popov VK etal. Synthesis and Characterisation of Advanced UHMWPE/Silver Nanocomposites
for Biomedical Applications. European Polymer Journal 2007; 43 (2) 307-314. https://doi.org/10.1016/].EURPOLYM].2006.10.011

Kausar A. Review on Polymer/Halloysite Nanotube Nanocomposite. https://doi.org/10.1080/03602559.2017.1329436 2017; 57 (6) 548-564.
https://doi.org/10.1080/03602559.2017.1329436

Zhang Y, Tang A, Yang H, Ouyang J. Applications and Interfaces of Halloysite Nanocomposites. Applied Clay Science 2016; 119 8-17. https://
doi.org/10.1016/].CLAY.2015.06.034

Voon HC, Bhat R, Easa AM, Liong MT, Karim AA. Effect of Addition of Halloysite Nanoclay and SiO2 Nanoparticles on Barrier and
Mechanical Properties of Bovine Gelatin Films. Food and Bioprocess Technology 2010 5:5 2010; 5 (5) 1766-1774. https://doi.org/10.1007/
S11947-010-0461-Y

Risyon NP, Othman SH, Basha RK, Talib RA. Effect of Halloysite Nanoclay Concentration and Addition of Glycerol on Mechanical
Properties of Bionanocomposite Films. https://doi.org/10.1177/096739111602400917 2016; 24 (9) 795-802. https://doi.
org/10.1177/096739111602400917

Kong W, Wang W, Gao J, Liu T, Liu Y. Oxidized Starch Films Reinforced with Natural Halloysite. Journal of Materials Research 2011; 26
(23) 2938-2944. https://doi.org/10.1557/JMR.2011.359

Mousa M, Dong Y. The Role of Nanoparticle Shapes and Structures in Material Characterisation of Polyvinyl Alcohol (PVA)
Bionanocomposite Films. Polymers 2020, Vol. 12, Page 264 2020; 12 (2) 264. https://doi.org/10.3390/POLYM 12020264

Sharma S, Singh AA, Majumdar A, Butola BS. Tailoring the Mechanical and Thermal Properties of Polylactic Acid-Based Bionanocomposite
Films Using Halloysite Nanotubes and Polyethylene Glycol by Solvent Casting Process. Journal of Materials Science 2019 54:12 2019; 54
(12) 8971-8983. https://doi.org/10.1007/S10853-019-03521-9

Shankar S, Kasapis S, Rhim JW. Alginate-Based Nanocomposite Films Reinforced with Halloysite Nanotubes Functionalized by Alkali
Treatment and Zinc Oxide Nanoparticles. International Journal of Biological Macromolecules 2018; 118 1824-1832. https://doi.
org/10.1016/].]JBIOMAC.2018.07.026

De Silva RT, Pasbakhsh P, Lee SM, Kit AY. ZnO Deposited/Encapsulated Halloysite-Poly (Lactic Acid) (PLA) Nanocomposites for High
Performance Packaging Films with Improved Mechanical and Antimicrobial Properties. Applied Clay Science 2015; 111 10-20. https://
doi.org/10.1016/].CLAY.2015.03.024

415



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

416

TAS et al. / Turk ] Chem

Fujii K, Nakagaito AN, Takagi H, Yonekura D. Sulfuric Acid Treatment of Halloysite Nanoclay to Improve the Mechanical Properties of
PVA/Halloysite Transparent Composite Films. https://doi.org/10.1080/15685543.2014.876307 2014; 21 (4) 319-327. https://doi.org/10.10
80/15685543.2014.876307

Mukai M, Ma W, Ideta K, Takahara A. Preparation and Characterization of Boronic Acid- Functionalized Halloysite Nanotube/Poly(Vinyl
Alcohol) Nanocomposites. Polymer 2019; 178 121581. https://doi.org/10.1016/].POLYMER.2019.121581

Majeed K, Al Ali AlMaadeed M, Zagho MM. Comparison of the Effect of Carbon, Halloysite and Titania Nanotubes on the Mechanical
and Thermal Properties of LDPE Based Nanocomposite Films. Chinese Journal of Chemical Engineering 2018; 26 (2) 428-435. https://
doi.org/10.1016/].CJCHE.2017.09.017

Youm JS, Ban HR, Chang JH, Kim JC. Effects of the Shape and Surface Treatment of Clay on the Process of Uniaxially Drawn Low-Density
Polyethylene/Clay Composites Films. Macromolecular Research 2019 28:4 2019; 28 (4) 356-364. https://doi.org/10.1007/S13233-020-
8048-6

Pramoda KP, Liu T, Liu Z, He C, Sue H]J. Thermal Degradation Behavior of Polyamide 6/Clay Nanocomposites. Polymer Degradation and
Stability 2003; 81 (1) 47-56. https://doi.org/10.1016/S0141-3910(03)00061-2

Erdinc Tas C, Billur Sevinis Ozbulut E, Faruk Ceven O, Alkan Tas B, Unal S, Unal H. Purification and Sorting of Halloysite Nanotubes into
Homogeneous, Agglomeration-Free Fractions by Polydopamine Functionalization. ACS Omega 2020; 5 (29) 17962-17972. https://doi.
org/10.1021/acsomega.0c01057

Lecouvet B, Sclavons M, Bourbigot S, Devaux J, Bailly C. Water-Assisted Extrusion as a Novel Processing Route to Prepare Polypropylene/
Halloysite Nanotube Nanocomposites: Structure and Properties. Polymer 2011; 52 (19) 4284-4295. https://doi.org/10.1016/].
POLYMER.2011.07.021

Pedrazzoli D, Pegoretti A, Thomann R, Kristof ], Karger-Kocsis J. Toughening Linear Low-Density Polyethylene with Halloysite Nanotubes.
Polymer Composites 2015; 36 (5) 869-883. https://doi.org/10.1002/PC.23006

Tas CE, Hendessi S, Baysal M, Unal S, Cebeci FC et al. Halloysite Nanotubes/Polyethylene Nanocomposites for Active Food Packaging
Materials with Ethylene Scavenging and Gas Barrier Properties. Food and Bioprocess Technology 2017 10:4 2017; 10 (4) 789-798. https://
doi.org/10.1007/S11947-017-1860-0

Liu Y, Ai K, Lu L. Polydopamine and Its Derivative Materials: Synthesis and Promising Applications in Energy, Environmental, and
Biomedical Fields. Chemical Reviews 2014; 114 (9) 5057-5115. https://doi.org/10.1021/CR400407A/ASSET/IMAGES/CR400407A.
SOCIAL.JPEG_V03

Liebscher J, Mréwczynski R, Scheidt HA, Filip C, Haidade ND et al. Structure of Polydopamine: A Never-Ending Story? Langmuir 2013;
29 (33) 10539-10548. https://doi.org/10.1021/LA4020288/SUPPL_FILE/LA4020288_SI_001.PDF

Liu Y, Ai K, Lu L. Polydopamine and Its Derivative Materials: Synthesis and Promising Applications in Energy, Environmental, and
Biomedical Fields. Chemical Reviews 2014; 114 (9) 5057-5115. https://doi.org/10.1021/CR400407A/ASSET/IMAGES/CR400407A.
SOCIAL.JPEG_V0

Chao C, Liu J, Wang ], Zhang Y, Zhang B et al. Surface Modification of Halloysite Nanotubes with Dopamine for Enzyme Immobilization.
ACS Applied Materials and Interfaces 2013; 5 (21) 10559-10564. https://doi.org/10.1021/AM4022973/SUPPL_FILE/AM4022973_SI_001.
PDF

Zhu B, Edmondson S. Polydopamine-Melanin Initiators for Surface-Initiated ATRP. Polymer 2011; 52 (10) 2141-2149. https://doi.
org/10.1016/].POLYMER.2011.03.027

Qiao X, NaM, Gao P, Sun K. Halloysite Nanotubes Reinforced Ultrahigh Molecular Weight Polyethylene Nanocomposite Films with Different
Filler Concentration and Modification. Polymer Testing 2017; 57 133-140. https://doi.org/10.1016/].POLYMERTESTING.2016.11.024

Seven SA, Tastan OF, Tas CE, Unal H, Ince IA et al. Insecticide-Releasing LLDPE Films as Greenhouse Cover Materials. Materials Today
Communications 2019; 19 170-176. https://doi.org/10.1016/].MTCOMM.2019.01.015

Tas CE, Hendessi S, Baysal M, Unal S, Cebeci FC et al. Halloysite Nanotubes/Polyethylene Nanocomposites for Active Food Packaging
Materials with Ethylene Scavenging and Gas Barrier Properties. Food and Bioprocess Technology 2017; 10 (4) 789-798. https://doi.
org/10.1007/511947-017-1860-0

Polansky R, Kadlec P, Slepicka P, Kolska Z, Svor¢ik V. Testing the Applicability of LDPE/HNT Composites for Cable Core Insulation.
Polymer Testing 2019; 78 105993. https://doi.org/10.1016/]. POLYMERTESTING.2019.105993



