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polymers were used to create the filament: High-Density Polyethylene (HDPE) and
Polypropylene (PP), which were mixed with recycled flexible plastic (RF). The mixture
was initially used to create filament byusing a single extrusion machine, with various
ratios of virgin HDPE and PP to recycled flexible plastic (in weight%) at temperatures of
190°C and 230°C. Then, the filament blends were characterized using infrared (IR)
spectroscopy, thermogravimetric analysis (TGA), and field emission scanning electron
microscopy (FESEM). TGA analyses revealed that RF can increase the thermal stability
of V-HDPE and V-PP upon blending, and HDPE/RF blends show a higher decomposition

Keywords: temperature than PP/RF. FESEM indicated that adding 30% RF is the best percentage

for both polymer blends where the structure appears ductile. It can be concluded that
Addictive manufacturing; Filament the HDPE 70% blend is suitable for 3D printer filament as it showed the best
blends; High-density pdehjrg decomposition temperature and the ductility of the fracture structure, which meet the

Polypropylene; Recycled flexible plastic  requirements for 3D printer filament.

1. Introduction

Over the past 60 years, plastics have evolved into a product with many characteristics, uses, and
applications. Throwing plastic into the environment has caused several related issues. Plastic trash
contamination is now universally acknowledged to be a serious environmental problem.

Less than half of the almost 280 million tons of plastic generated worldwide are used for various
applications, and the remaining litter the earth's oceans and continents [1,2]. Data shows that the
most significant problems are plastics made from HDPE, LDPE, PP, and PVC, which are primarily used
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in manufacturing and cause greenhouse gas emissions [3]. The high consumption of single-use plastics
and the low recycling ratesseriously polluted the soil and ocean environments [4].

Food plastic packaging has developed into a crucial component of prosperous food sectors that
provide fast food, on-the-go beverages, prepared snacks, and meals, among other things [5].
Recycling is the most effective method for dealing with pollution and reusing materials to
manufacture new products. Still, its success is highly dependent on public awareness, economic
sustainability, and the establishment of public infrastructures [6]. Reusing polymeric materials from
waste offers them a second life and allows for efficient waste management to produce consumable
goods [7]. Thermoplastic materials from recycling can be used to make filaments for 3D printing,
which was rapidly expanding in the market as noted by Misran et al., [8].

The usage of PP in 3D printing is not very common. It tends to warp, which makes printing onit
challenging. PP material requires a heated build volume and a relatively high build plate temperature
[9]. The utilization of HDPE material for 3D printer filament is difficult to find because of the quality
and processing barriers. Therefore, some of the studies have been reviewed. Based on research
conducted by Beachler et al., [10], the analysis was to verify whether HDPE filament could feed into
the 3D printer. The outcome shows that testing techniques of diametrical consistency were required.
Uniform and consistent dimension of the filament is an important factor in designing and analysing
polymer plastic using CAD/CAE software as mentioned by Nuhu et al., [11].

This research focuses on preparing and characterizing polymers reinforced with recycled flexible
plastic blends as filaments in additive manufacturing. The experiment was carried out using the
different percentage compositions of the recycled flexible plastic with virgin Polyethylene (PP) and
High-density polyethylene (HDPE). The purpose of using the various percentages of recycled flexible
plastic is to identify the reinforcement effects of the polymer blends towards the virgin polymer
through physical, chemical, and thermal characterization.

2. Experimental
2.1 Material

Flexible plastic packaging HDPE, such as plastic bags and packaging wraps from post-consumer
waste (PCW), was collected manually. Commercial virgin of High-density polyethylene (HDPE, MFR
(190°C/2.16kg) 23g 10 min?) and Polypropylene (PP, MFR (230°C/2.16kg) 0.95g 10 min3) were
purchased by Dear Venture SDN. BHD.

2.2 Preparation of High-Density Polyethylene Based Recycled Polymer

All the post-consumer flexible plastic packaging waste was washed with water and dried in direct
sunlight for three hours. The dried flexible plastic packaging was melted using a milling roller to
transform into a plastic plate. The plastic plates were shredded using a machine (Untha LR630)
equipped with a 20-mm sieve to form the plastic pallets. The plastic pallets were then blended using
an analytical mill (IKA A 10 Basic) until the plastic pallets became powder. The powder pallets were
heated to 30°C within 2 hours to remove the moisture. The powder was mixed with virgin HDPE and
PP and placed into a single extruder (Noztex Xcalibur) to become the filament. Figure 1, shows the
prepared 3D printer filament with the ratios for virgin HDPE and PP to recycled flexible HDPE (in
weight%) being 100:0, 0:100, 70:30, and 30:70 and the approximate diameter around 2.3 mm. The
HDPE/RF and PP/RF blends ratio in Table 1 is referred to the study conducted by Al-Salem et al., [12].
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Fig. 1. 3D printer filament of HDPE/RF and PP/RF
blends ratio

Table 1 summarizes the virgin and recycled materials' feed ratios (in wt%).
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Table 1
Feed ratios (in wt%) of the virgin and recycled materials
Sample Virgin Polyolefin (%) Post-consumer waste (%)
HDPE PP Recycled Flexible Plastic (RF)
HDPE 100
PP 100
RF 100
HDPE 70 /RF 30 70 30
HDPE 30 /RF 70 30 70
PP 70 /RF 30 70 30
PP 30/RF70 30 70

Figure 2 represents the overall process of obtaining 3D printer filament from recycled polymer-
based blends.

1 Two row mill machines and crusher
machines

N

N

3 Mixing Rec-HDPE with V-HDPE and V-PP

2 Grinds using IKA analytical mills 4 single extrusion machine

Fig. 2. Process of creating 3D printer filament of HDPE/RF and PP/RF blends

2.3 Characterization
2.3.1 Structural characterization

Fourier-transform infrared spectroscopy (FTIR) technique was developed in the field of plastic
recycling because it affords the identification of mixed plastics. An FTIR Spectrometer Spectrum 2
was used to analyse the homogeneity of different polymer blends identification of the HDPE and PP
functional groups in the virgin and recycled flexible plastic blends. The FTIR analysis can also give
information concerning the homogeneity of different blends and allow for further identification of
the polymers present. The FTIR spectra with percentage transmittance (%T) versus wavelength (cm-
1) were recorded within the 650 cm™ - 4000 cm™ scanning range.

2.3.2 Thermal stability characterizations

Thermogravimetric analysis (TGA) will be conducted using STA 2500 Regulus Simultaneous
Thermal Analysis in an open aluminium crucible. The mass of each sample in all TGA experiments
measured was 10 mg. The temperature ranged from 30°C to 600°C at a heating rate of 10 K/min. The
temperature was held constant for 56 minutes, the percentage of mass change was measured, and
then the raw data were transferred and re-drawn by Origin software. Water uptake experiments will
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be performed at 50°C and 50% relative humidity. The provided system software measures the
percentage of mass change.

2.3.3 Morphological structure characterization

The morphology of the fracture surface of the filament, which was sputter-coated with a finelayer
of platinum in an G20 ion Sputter coater (ISC-2020-0201), were observed using a scanning electron
microscope (SEM) (Thermo Scientific Quattro S) at magnification 100x. The elemental composition
was carried out using Energy Dispersive Spectroscopy (EDXS, OXFORD Instruments, Ultimax 40) to
examine the elemental content in the plastic blends.

3. Result and Discussion
3.1 Structural Properties

To investigate the mixing compound and structure stability of the filament blends, FTIR was
tested to see clearly whether bonds were formed after mixing processes. Figure 3 presents the FTIR
spectra of HDPE/RF and PP/RF blends within the 650 cm™— 4000 cm™ regions. Spectra of the material
showed similar peaks among the filament blends. However, in the case of RF, significantly low
intensities of peaks were indicated because of the presence of additive during manufacture [13].
Refer to Figure 3-Ai, it was found that the absorption bands at 1470 cm™ were attributed to (CH)
bending with scissoring vibrations of methylene group for all filament blends, while the absorption
band around 720 cm™ was reflects to (C=C) bend with rocking vibrations [14]. Referring to Figure 3-
Aii, the absorption band of (-OH) was observed from 3700 cm™ — 3547 cm™. The degradation of
polyethylene caused by oxidation, which results in the generation of hydroperoxides and carbonyl, is
indicated by the bands around 3348 cm™ and 1736 cm™ respectively.

The crystallinity of polyethylene was observed at the absorption band of 719 cm™ and 729 cm™* as
generally obtained by Xiao et al., [13]. An additional absorption band around 730 cm™ is present in
HDPE 30% and HDPE 70% but absent in V-HDPE blends as referred to the Silverstein et al., [15]
finding. This addition band might relate to addictive attributes to functional groups of carbonate ions

(C03_2) [16]. The absorption at 2800 cm™ - 3000 cm™ corresponding to the polyethylene bone shows
the asymmetric and symmetric stretching of the (-C-H) bond of methyl group, as the main
component of HDPE is aliphatic hydrocarbons, alkanes, and alkenes [17]. Meanwhile, it was noticed
that the decreased intensity of this peak of the HDPE 70% blend was due to the reduced
concentration of the methyl group.

Referring to Figure 3-Bi, it was found that the absorption bands at 1456 cm™ - 1376 cm™ were
associated to the (-CHs) bending and deformation of (CH;) as the concentration of alkenes increases
of all filaments blends as compared to RF. The absorption bands at 998 cm™, 972 cm™ and 842 cm!
show isotactic polypropylene bands of all blends, and these bands were absent in RF as they had
different types of polymers. The blends exhibited the addition of band at 842 cm, which was
attributable of (C-H) group in calcium carbonate.

Meanwhile, the filament blends show a low peak intensity at 731 cm™ and 719 cm?, reflecting
the (C=C) band with rocking vibrations. This was due to the low molecular weight contaminants from
RF and caused by addiction. This should not be present in PP homopolymers but commonly found in
PE materials as compared to V-HDPE and may be present in PP polymers with an extremely low
intensity because the ethylene unit was not in high concentration [18, 19]. The absorption band at
2839 cm™ of PP 30% blend indicates low intensity compared to PP 70% and V-PP blends as it
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associated with the (CH;) of alkene of amine acid. Meanwhile, the absorption band at 1167 cm™
indicates the (C=C) bond, the backbone of Polypropylene itself had been explained by Prabowo et
al., [20]. The absorption band at 3300 cm™ corresponds to polyamide-typical (N-H) stretching
vibrations [18, 19] and the presence of peaks at 3398 cm™ and 3200 cm™ has been linked to surface-
bound fatty amide slip agents [21, 22]. The absorption of (OH) group as refer to Figure 3-Bii, started
the band at 3700 cm™ to 3200 cm™ in all filament blends. The surface-bound water may contain
hydroxyl groups and hydrogen bonds that give rise to broad IR bands over 3000 cm™.
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Fig. 3. Chemical properties of polymer blends: Ai) Whole FTIR graph for HDPE/RF, Aii) OH
absorption for HDPE/RF, Bi) Whole FTIR graph for PP/RF, and Bii) OH absorption for PP/RF

However, significant differences in the spectra of filament blends compared to virgin polymers
were found when the spectroscopic data of both the examined polymers were analysed. Since there
was no splitting of the carbonyl peak as revealed by Harynska et al., [23], the mixing operation did
not result in re-crystallization. Further, minor changes in their peak intensity and band in specific
blends were caused by the mixing of RF. Hence, the structural stability of both studied materials
under given blend conditions can be pre-confirmed. The FTIR peak assignments for virgin, RF,
HDPE/RF, and PP/RF blends were summarized in Table 2 and 3.
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Table 2
FTIR peak assignments for virgin, RF and HDPE/RF blends
Wavenumber Bonding Vibration Type Assigned to
2915 cm™? -C-H Stretching (Asymmetric) RF, V-HDPE, HDPE 70%, and HDPE 30%
2847 cm? -C-H Stretching (Symmetric)  RF, V-HDPE, HDPE 70%, and HDPE 30%
1473 cm™? CH2 Bending (Asymmetric) RF, V-HDPE, HDPE 70%, and HDPE 30%
1463 cm? CH2 Bending (Symmetric) RF, HDPE 70%, and HDPE 30%
875 cm-! -C-H Bending RF, V-HDPE, HDPE 70%, and HDPE 30%
719 cm-! CH2 Bending (Rocking) RF, HDPE 70%, and HDPE 30%
Table 3
FTIR peak assignments for virgin, RF and PP/RF blends
Wavenumber Bonding Vibration Type Assigned to
2951 cm? CH3 Stretching (Asymmetric) V-PP, PP 70%, and PP 30%
2917cm’? CH2 Stretching (Asymmetric) V-PP, PP 70%, and PP 30%
2839cm* CH2 Stretching V-PP, PP 70%, and PP 30%
1456 cm™ CH3 Bending (Symmetric) V-PP, PP 70%, and PP 30%
1376 cm™? CH3 Bending (Symmetric) V-PP, PP 70%, and PP 30%
1167 cm? C=C Bending V-PP, PP 70%, and PP 30%
998 cm? Cc=C Bending V-PP, PP 70%, and PP 30%
972 cm Cc=C Bending V-PP, PP 70%, and PP 30%
875cm Cc=C Bending RF, PP 70%, and PP 30%
842 cm™ C-H Bending V-PP, PP 70%, and PP 30%

3.2 Thermal Properties

TGA analysis was performed on HDPE/RF and PP/RF filament blends. The TGA and DTG
thermographs for blends, respectively, are shown in Figure 4 and Figure 5. In Figure 4-Ai and Aii, the
highest weight loss of the HDPE sample is V-HDPE, indicated at 101.51%, and the lowest weight loss
is HDPE 30%, which is 82.17%, while HDPE 70% shows a reading of 82.59%. It can be concluded that
weight loss was reduced when the percentage of RF increases. The thermal decomposition
temperature of the filament blends was higher than that of V-HDPE and decreased with the addition
of RF at 30% and 70%. Since recycling and regeneration have been shown to have a negative impact
on the long-term qualities of HDPE, it is crucial to determine its thermal stability [24]. The
decomposition of HDPE and PP filament blends was characterized by a single-step process, as
referred to Figure 4, because the bond formation was more substantial between both polymers [25].
Referring to Figure 4-Bi and Bii, it was discovered that the weight loss was 88.36% (PP 30%), 90.90%
(PP 70%), and 101.51% (V-PP). PP 30% indicates a less dramatic weight loss than V-PP and PP 70%.
The V-PP sample was found to have the lowest decomposition temperature (423.8% °C), whereas PP
70% had the greatest decomposition temperature.



Journal of Advanced Research in Applied Sciences and Engineering Technology

Volume 37, Issue 1 (2024) 1-15

Weight loss (wt%)

Weight loss (wt%)
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temperature change for PP/RF, Aii) magnification of the initial temperature of decomposition for HDPE/RF
and Bii) magnification of the initial temperature of decomposition for PP/RF

The material's copolymeric structure influenced the decomposition temperatures. In contrast to
the PP 70% and PP 30% samples, the V-PP sample, for example, showed a more significant percentage
of plasticity, which was associated with a drop in the thermal. These are backed up by Yao et al., [26]
and Noorul et al.,, [27] who discovered that the structure of materials isan essential factor in
determining thermal destruction. Moreover, the thermal decomposition of the blend sample ended
at higher temperatures than V-PP. Table 4 provides a summary of the TGA analysis parameters,
including the initial decomposition temperature (IDT), final decomposition temperature (FDT),
maximum temperature (Tmax), and amount of char residue.
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Table 4
Thermal properties of virgin, RF, HDPE/RF and PP/RF blends
Sample (%) IDT(°C) FDT(°C) Tmax(°C) RWL WL (%) Residue(wt.%)

(%/min)
RF 461.8 492.7 481.3 27.13 81.80 14.95
V-HDPE 464.4 488.9 477.7 40.22 103.87 3.23
HDPE 70 466.0 493.2 482.9 31.43 82.59 14.98
HDPE 30 462.1 492.6 481.7 27.55 82.17 15.54
V-PP 428.8 464.2 451.3 25.58 101.51 2.52
PP 70 449.4 477.4 469.6 32.07 90.90 8.19
PP 30 449.4 485.1 466.3 25.30 88.36 11.57

It can be suggested that HDPE and PP blends with 70% virgin content, respectively were thermally
stable (Figure 5).
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Fig. 5. Thermal properties of polymer blends: A) DTG for HDPE/RF and B) DTG for PP/RF

For both blends, the slope of this portion of the curve becomes more gradual as the proportion
of RF waste increases. The contaminants or dust that occasionally make their way into mixtures while
manufacturing flexible plastics could be the cause [28]. The variations in weight loss and
decomposition rates proved that additional substances impacted plastic decomposition was agreed
by Majder-Lopatka et al., [29]. Whereas the degree of branching, the presence of impurities, the size
of the particles, or the sample's thermal history have additional factors that could have impacted the
values as was reported by Yew et al., [30]. Plasticizers, antioxidants, lubricants, colours, light, heat
stabilizers, and thermos-stabilizers were the most used additives that affect a material's properties
[29]. From another point of view, the different additions of RF percentage do not significantly affect
the polymer blends. The most used HDPE/RF blends are preferable for 3D printer filament production
due to higher thermostability fracture properties.

3.3 Morphological Characterization

The morphology characteristics were examined on the filament's bulk samples and fracture
surface. To characterize the sample, the cross-section morphology and surface area will be scanned
under secondary electron mode at magnifications of 100x. Figure 6A to 6G, indicated the
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morphological structure of the virgin, RF, HDPE/RF, and PP/RF blends. The cross-section of V-PP and
PP 30% is relatively smooth and shows similar findings with several researcher [31, 32], and there
was no sign of shearing could be observed in Figure 6B and 6F compared to V-HDPE (Figure 6A) and
RF (Figure 6G) which show low intensity of shear and brittleness.

From the micrographs, it is observed that the structural fracture of virgin samples, V-PP and V-
HDPE, were affected by the composition of RF where the polymer blends become more ductile with
the addition of RF. HDPE/RF in Figure 6C and 6D, showed that the morphological structure exhibits
ductile fracture mode compared to PP/RF blend samples observed (Figure 6E and 6F) [33]. The
Polypropylene based sample such as in Figure 6B and 6F, obtained obvious “core- shell” structure
(circle), which characterized a ductile fracture as also reported in Wang et al., [34]. From the
observations of Figure 6C and 6E, show that the sample of HDPE 70% seems more ductile with more
plastic deformation than PP 70%. The sample PP 30% in Figure 6F, is brittle compared to the sample
HDPE 30% (Figure 6D), which seems more ductile with the presence of plastic deformation (arrow)
that displays a part of the whiskers that is pulled out of its matrix as the arrow shows. Similar findings
were also observed in the study done by Karaagac et al., [35].

It is also clearly indicated that the trend of changes occurred within both polymer blends, HDPE,
and PP, towards the addition of RF, from brittle in virgin polymer becoming ductile at 30% of RF and
then at a higher percentage, 70% of RF, turns back to brittle. However, Figure 6G, shows 100% RF had
evidence of a brittle fracture behaviour at the ends of the particles where it immersed below the
fracture plane, and the interface was relatively flat. Impact strength was decreased because the
pullout and bridging effects at the fracture surface were not readily apparent was also supported by
ling et al., [36]. Therefore, it can be concluded that the addition of 30% RF is the best percentage for
both polymer blends, where the structure blends appear ductile and is suitable for the 3D printer
filament application.

V-HDPE V-PP

(a)

'y B 2
i

.~ Shearing’¢

N

PP 70 % PP 30%

10



Journal of Advanced Research in Applied Sciences and Engineering Technology
Volume 37, Issue 1 (2024) 1-15

Shearing

v -
M 2,00 kV 2400 x 9.5

HV mag @ WL det  HFW
3.00kV 1000 x 10.3 mm ETD 207 ym

(8)
Fig. 6. Morphological properties of virgin, RF, HDPE/RF and PP/RF blends: A) V-HDPE, B) V-PP, C) HDPE
70%, HDPE 30%, E) PP 70%, F) PP 30% and G) RF

The components present in both blends and specific elemental compositions can be compared
using energy-dispersive X-ray (EDX) analysis. Table 5 shows the elemental composition in both
blends. The RF sample showed numerous chemical elements such as carbon, oxygen, titanium, zinc,
aluminium, and copper. As a result, the small amount of titanium detected as the additive in recycled
plastic could be derived from Titanium dioxide (TiO2), which was used as a colorant agent in plastic
products [37]. Furthermore, the presence of Zinc refers to (ZnO) commonly used as a filler in plastic
production. The small percentage of oxygen in virgin HDPE and PP was due to the ingredients added
to the resin during manufacturing as also suggested by Nguyen et al., [38].

Table 5
Elemental composition of HDPE/RF and PP/RF blends
Sample Composition (wt%)

C 0 Ti Zn Al V Cu
RF 926 68 01 01 01 - 01
HDPE 98.8 11 - - - - -
HDPE70/RF30 946 54 - - - - -
HDPE30/RF70 976 2.2 - 0.2 - - -
PP 929 7.0 - - - - -
PP 70 /RF 30 96.6 3.2 - 0.1 - - -

PP 30/RF 70 93 6.7 0.2 - - - -

Figure 7 refers to the percentages of carbon contents before and after the RF blend. The trend of
HDPE/RF shows a decrease in the carbon percentage due to a decrease of RF composition, while RF
70 shows the highest carbon percentage, and the lowest carbon percentage was PP.

11
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4. Conclusion

In this study, can evaluate the recyclability of RF blends with HDPE and PP for 3D printer filament
production. Hence, a single extruder machine produced recycled flexible plastic from actual waste
mixed with virgin HDPE and PP pallets with compositions (100%, 70%, and 30%). From the
observation of thermal, structure, and morphological analysis of 3D-printed specimens, the
following conclusion has been drawn:

In general, the chemical compositions of the two types of blends indicated no differences
in chemical bonds among the compositions used in each blend; however, there is a change
in peak intensity when different percentages of RF are used in the blends. The action of
RF creates a new bond when it blends with V-HDPE and V-PP, such as when there is a
newborn addition on the peak875 cm™ of HDPE blends that refers to the low intensity of the
(C-H) bending and the addition of lowintense peaks on 875 cm™ 731 cm™®, and 719 cm™? of
PP blends shows of (C=C) bonding with rocking vibrations. It could be the low molecular
weight contaminants from RF caused by addictive.

TGA analyses revealed that RF can increase the V-HDPE and V-PP thermal stability when
it blends. Variations in weight loss and decomposition rates proved that additional
substances in RF impacted plastic's decomposition process. TGA shows the decomposition
temperature of the HDPE/RF blends is higher than the PP/RF. The different RF percentages
have no significant effect on the polymer blends detected. Therefore, HDPE/RF blend is
preferable for 3D printer filament production due to its higher thermostability properties
features.

The SEM fracture surface shows that RF, V-PP, and PP 30% show the brittle characteristic
rather than V-HDPE, HDPE 30%, PP 70%, and HDPE 70%. From the morphological analysis,
it was indicated. That the HDPE/RF blends tend to be more flexible than the PP/RF blends,
and the addition of 30% RF is the best percentage for both polymer blends where the
structure blends appear ductile and are suitable for the 3D printer filament application.

In conclusion, the RF can be reinforcement material to create a 3D printer filament and future
research recommended to justify the output.
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