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Abstract: Recycled tire fibers (RTF) are currently one of the most abundant waste not being recov-
ered due to several processing hurdles and the presence of high amounts of residual ground rubber
particles (GR). Therefore, this study proposes a simple approach to separate most of rubber particles
from fibers and to determine their rubber content using thermogravimetric analysis (TGA)/calcina-
tion. Afterwards, clean fiber (CF) and GR are used as fillers for recycled post-consumer low density
polyethylene (rfLDPE), and their effects on the physical properties are investigated. Accordingly, a
series of composites with CF and GR is prepared at different filler concentrations (0-30%) via extru-
sion compounding before using compression molding and injection molding for comparison. In all
cases, injection molding leads to higher strength and modulus, but lower elongation at break. The
results show that incorporating 30 wt.% of CF into rLDPE yields a remarkable improvement in
tensile strength (15%), tensile modulus (192%) and flexural modulus (142%). On the other hand, the
incorporation of up to 30 wt.% of GR results in a reduction of both tensile strength and flexural
modulus by 15%, confirming the critical role of the cleaning process for RTF in achieving the best
results.

Keywords: Recycling; polyethylene; tire fibers; ground tire rubber; injection molding; compression
molding

1. Introduction

Due to a substantial increase in the number of vehicles around the world, more than 1.2 billion
tires are produced each year, resulting in the disposal of a huge amount of used tires in landfills after
their end of life generating significant environmental problems [1,2]. For example, more than 260
million tires were discarded in 2019 and between 1 and 3 billion are currently in landfills in the United
States alone. Used tires are not biodegradable and require a large space for disposal. Therefore, the
tire recycling industry has grown rapidly as the main solution to manage waste tires [3].

Tires are composed on average of 65% rubber, with 20% steel and 15% textile as reinforcements.
The majority of recycled tires are processed to retrieve the crumb rubber using separator screens and
other technologies. The recovered crumb rubber can be used to create floor mats or as a filler to make
thermoplastic elastomers. The steel can also be easily separated from the other components due to its
magnetic properties and reused in the metallurgical industry. However, the mixture of pulverized
textile fibers (RTF) and rubber particles are often burned to generate energy or simply dumped in
landfills due to processing difficulties [2,4]. For example, their fluffy texture makes them difficult to
handle, and large amounts of rubber particles are still attached to the RTF which cannot be easily
separated. Nevertheless, due to their high aspect ratio (length-to-diameter, L/D), these fibers should
be able to reinforce polymer and produce good quality composites, especially for flexible polymers
having low modulus and strength [2,5,6].

Polyester and Nylon, mainly Nylon 6.6, are the predominant polymers found in RTF [7,8]. While
textile fibers have the lowest content in waste tires, they take up more landfill space due to their low
bulk density and accumulate over time since they are non-biodegradable. The valorization of recy-
cled tire fibers is one of the best solutions to reduce waste and minimize depletion. General uses of
RTF can be found in composite soil [9-13], reinforced concrete [14-17], asphalt mixture [18-21], and
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rubber aerogel [22,23]. However, these applications are not able to meet the demand due to the large
amounts of RTF generated.

Another possible application of RTF is to be used as filler/reinforcement in polymer composites.
Although a large number of articles are available on reusing recycled ground tire rubber (GTR) in
polymer compounds, limited attention has been given to the reusability of RTE. Only few studies can
be found for a limited number of polymer matrices such as recycled high density polyethylene
(rHDPE) [24], ground tire rubber [25], and linear low density polyethylene (LLDPE) [26]. However,
none of them considered the separation of RTF from GTR. The presence of a large amount of rubber
particles on the surface of RTF results in a non-uniform fillers size distribution and poor adhesion
with the matrix, leading to low physico-mechanical properties compared to the unfilled polymer. For
instance, a study indicated that incorporating 25% RTF (without prior screening and with considera-
ble amounts of GTR particles) into LLDPE resulted in a 15% reduction in tensile modulus and a 19%
decrease in flexural strength [27].

This study introduces a simple approach for cleaning and separating rubber particles from RTF,
as well as enabling determination of the rubber content in both the resulting materials: clean fiber
(CF) and residual ground rubber (GR). In the following, CF and GR are used as fillers for recycled
LDPE (rLDPE) and their effect on the physical properties is investigated. To prepare the composites,
rLDPE is firstly pelletized through melt recycling from waste polyethylene foams (electronics pack-
aging). Then, fillers are added to the rLDPE through extrusion, and the resulting blend is molded
using compression molding and injection molding. Finally, the physical properties of the molded
samples are characterized.

2. Materials and Methods

2.1. Materials

Post-consumer LDPE foams were collected from solid protective packaging waste (Figure 1a).
A mixture of crumb rubber and tire fibers from recycled tires was received from Royal Mat Inc. (Fig-
ure 1b).

(a)
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Figure 1. General view of the original materials as received: a) post-consumer foams and b) mixture
of crumb rubber and tire fibers.

2.2. Tire fibers separation

Recycled tire fibers usually contain a large amount of rubber particles of different sizes, which
makes it difficult to separate mechanically. Therefore, the mixture of tire fibers and rubber particles
was firstly ground to less than 1 mm using a Retsch grinder (Haan, Germany). Then, the ground
fibers were sieved with a mesh opening of 1.7 mm. Due to the tendency of tire fibers to entangle and
create a felted structure, they form yarns that are larger than 1.7 mm and are retained on the top sieve.
Sieved tire fibers are called clean fiber (CF) in this study. On the other hand, rubber particles, which
are smaller than 1 mm, pass through the sieve and are collected in the bottom pan. For more
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separation, the ground rubbers were sieved a second time with a screen mesh size of 46 to isolate
particles with a size of 0-355 pm. A general view of the resulting materials is shown in Figure 2. It is
clear that the color of CF (Figure 2b) is lighter than the original ground tire fibers (Figure 2a) due to
sieving out small ground rubber particles. In contrast, the color of GR (Figure 2c) is very dark (black)
due to the presence of mainly rubber particles. The average diameter of CF and GR was estimated to
be 20 + 5 and 70 + 20 microns, respectively, obtained using the Image J software (National Institute of
Health, USA) based on SEM images (Figure 2).

mag u WD [—— — a WD H
100 x_10.0mm|15.00 kv 4.0 SE 1 00 x_10.0 mm|15.0

mag v WD spot mo ag D pot m - mag WD
1000 x 10.1 mm| 05  Laval 40 SE 1 e Laval Jll 1 000 x 10.0 mm|15.00 ky

Figure 2. General view and SEM images of the different materials: a, d, g) ground tire fibers before
sieving, b, e, h) separated CF and ¢, f, i) separated GR.
2.3. Polyethylene foam recycling

A co-rotating twin-screw extruder Leistritz ZSE-27 with 10 heating zones and a L/D ratio of 40
(die diameter of 2.7 mm) was used for mechanical recycling. The extrusion temperature was set from
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130°C to 150°C, while the screw speed was set at 50 rpm. The melt was quenched in a water bath and
then pelletized using a model 304 pelletizer (Conair, Stanford, USA) to produce rLDPE pellets. All
the materials were dried for 24 h in an oven at 70°C to eliminate any residual water before further
processing. A schematic illustration of the recycling process of LDPE foams is shown in Figure 3a.

Used LDPE foam

(a) . rLDPE pellets
...

Main feeder W Side feeder .:0

(b) rLDPE pellets CF or GR
[ 34 @*
R
Main feeder ' Side feeder

Figure 3: Schematic illustration of: (a) LDPE foams recycling and (b) melt compounding of rLDPE/CF
and rLDPE/GR.

2.4. Composite production

rLDPE composites with different fillers (CF or GR) were produced with the compositions listed
in Table 1. The rLDPE pellets were introduced through the main feeder (zone 1), while the fillers (10,
20 and 30 wt.%) were introduced via a side-stuffer located in zone 4 of the extruder to limit thermo-
mechanical degradation (Figure 3b). The screw speed for CF and GR was set at 200 rpm and 120 rpm,
respectively, while the processing temperature was fixed at 140°C for both fillers. All the compounds
were cooled in a water bath before pelletizing, followed by drying for 24 h in an oven at 70°C to
eliminate any moisture.

After drying, the pellets were molded using two different methods: compression molding and
injection molding. For injection molding (INJ), a PN60 (Nissei, Japan) IM machine was used with an
increasing barrel temperature profile at 110-120-130-140°C (rear, middle, front, and nozzle, respec-
tively) with a mold temperature of 30°C. The mold has four cavities producing the required shapes
directly: two dumbbell forms (type IV as specified by ASTM D638) and two rectangular bars (width
and thickness of 12.45x3.14 mm? with two lengths of 80 and 125 mm). The samples prepared by in-
jection molding were coded as xCF-INJ and xGR-IN]J, where x is the weight filler content and IN]
represents the molding process.

Samples were also fabricated via compression molding (COM) using an automatic press (Auto-
Four/1512-PL,H, 3893, Carver, USA). The molding process was carried out at a temperature of 150°C.
The pellets were preheated for 3 min without any pressure, then subjected to 5 min of pressing (force
of 3 tons) followed by cooling under pressure to 40°C using a circulating water system. The mold
dimensions were 115x115x3 mm? and the specimens were later cut into different geometries for test-
ing. The samples prepared by compression molding were coded as xCF-COM and xGR-COM, where
x is the weight filler content and COM represents the molding process.

Table 1. Coding and compositions of the samples produced.

doi:10.20944/preprints202306.1929.v1
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Sample code rLDPE (wt.%) CF (wt.%) GR (wt.%) Molding
method
rLDPE-IN] 100 - - Injection
rLDPE-COM 100 - - Compression
10CFE-IN]J 90 10 - Injection
10CF-COM 90 10 - Compression
20CF-INJ 80 20 - Injection
20CF-COM 80 20 - Compression
30CF-IN]J 70 30 - Injection
30CF-COM 70 30 - Compression
10GR-INJ 90 - 10 Injection
10GR-COM 90 - 10 Compression
20GR-IN]J 80 - 20 Injection
20GR-COM 80 - 20 Compression
30GR-IN]J 70 - 30 Injection
30GR-COM 70 - 30 Compression

2.5. Characterizations

2.5.1. Scanning Electron Microscopy (SEM)

The morphology was examined using a FEI Inspect F50 (FEI Company, Hillsboro, Oregon, USA)
scanning electron microscope (SEM). Before analysis, the samples underwent a cryogenic fracture
using liquid nitrogen and were then coated with a conductive Pd/Au layer before being imaged at
different magnifications.

2.5.2. Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra were collected using a Nicolet FTIR spectrometer model 730 (Thermo Fisher
Scientific Co., USA) with a mercury-cadmium-telluride detector. The characterization was performed
using the attenuated total reflection (ATR) method on a diamond crystal. The absorbance was rec-
orded in the range of 4000-850 cm! and each spectrum was an average of 128 scans with a resolution
of 4 cm™.

2.5.3. Thermogravimetric Analysis (TGA)

The thermal stability was studied via thermogravimetric analysis (TGA) using a Q5000 IR (TA
Instruments, New Castle, USA). Each test was performed with a heating rate of 10°C/min from 30 to
750°C under air.

2.6. Mechanical properties

2.6.1. Tensile testing

Tensile properties were determined using a universal testing machine (Instron 5565, Instron,
Norwood, USA) based on ASTM D638. Tensile testing was carried out using rectangular specimens
with dimensions of 33x6.0x3 mm? and a load cell capacity of 500 N. The specimens were subjected to
an extension rate of 10 mm/min and five replicates were performed for each sample.

2.6.2. Hardness

Hardness (Shore D) was measured by a model 307L durometer (PTC Instruments, Boston, USA)
according to ASTM D2240 with a minimum of five measurements.

2.6.3. Flexural testing
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Flexural tests were carried out on an Instron (Instron, Norwood, USA) model 5565 as per ASTM
D790. Rectangular specimens with dimensions of 60x12.7x3 mm? were tested in a three-point bending
mode (with a span length of 60 mm) at a speed of 2 mm/min with 5 repetitions conducted for each
sample.

3. Results and discussion

3.1. Characterization of recycled materials

Figure 4 shows the FTIR analysis of the materials used. rLDPE exhibits several FTIR absorbance
bands, such as at 2915 cm, 2850 cm™ and 1460 cm!, corresponding to aliphatic C-H stretching, sym-
metric stretching vibration of methyl groups and the bending vibrations of the -CH:- groups, respec-
tively. These bands are also observed for virgin LDPE as reported in the literature [28]. But an addi-
tional band at 1730 cm is associated with the stretching vibration of the carbonyl group (C=0) in an
ester functional group that might be found in LDPE foam additives, as well as caused by oxidation
or degradation.

The FTIR spectrum of GR is complex due to the presence of various compounds. However, the
main peaks include the bands in the range of 2920-2850 cm! corresponding to stretching vibrations
of C-H bonds in the rubber backbone and side chains. Bands located around 1600-1450 cm! are asso-
ciated with the bending vibrations of C-H bonds in aromatic rings and other carbon-based groups.
Bands in the 1250-1000 cm! region represent the stretching vibrations of C-O and C-N bonds associ-
ated with additives used in tire manufacturing. A similar FTIR spectrum was reported for GR by
Zedler et al. [29].

Because of the complex CF structure made up of various compounds, its FTIR spectrum is com-
plex to analyze with multiple peaks representing the different functional groups and chemical bonds
in the multicomponent system. For example, the broad band at 3300 cm™ is associated with the
stretching vibrations of O-H groups, while the band at 1715 cm! is associated with the stretching
vibrations of C=0 bonds in carbonyl groups. Bands located at 1600-1450 cm and 1250-1000 cm! rep-
resent aromatic rings and the stretching vibrations of C-O bonds. Most of the functional groups found
in the CF spectrum are also present in the structure of polyester as the main components of these
fibers [26,30]. Previous studies also confirmed the similarity between the FTIR spectrum of RTF and

polyester [8,26].
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Figure 4. FTIR spectra for: (a) r(LDPE, (b) GR and (c) CF.

In Figure 5, the energy-dispersive X-ray spectroscopy (EDAX) results for CF and GR are pre-
sented. The main elements identified in both CF and GR samples are carbon and oxygen. However,
due to the use of different additives in vulcanized rubber formulations, trace amounts of zinc (Zn),
silicon (5i), and sulfur (S) are also detected. A comparison between CF and GR reveals some notable
differences. CF exhibits a higher concentration of oxygen compared to GR. This can be attributed to
the presence of ester functional groups in polyester, which is the main component of CF. On the other
hand, GR shows higher levels of zinc oxide, silicon, and sulfur. These elements are present in the
additives used in vulcanized rubber.
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Figure 5. EDAX spectra of: (a) CF and (b) GR.

Isolated ground rubber and tire fiber were characterized using TGA to get more information on their
chemical compositions. For this purpose, several single crumb rubbers are collected as isolated
ground rubber, while a small skein was carefully separated and washed with water/surfactant solu-
tion from the isolated tire fibers to have a minimum amount of rubber content. As shown in Figure
6, the isolated tire fibers completely degrade at 500°C under air (oxygen) due to their organic nature.
On the other hand, around 15 wt.% of crumb rubber is resistant to thermal degradation even at 700°C.
This is due to the presence of inorganic particles, such as silica and calcium carbonate in the rubber
compounds, having high degradation temperature (above 1000°C), as well as the high stability of the
vulcanized rubber network.

The difference in the amount of residues (after calcination) for GR and CF can be used to estimate
the rubber content. Accordingly, CF and GR were calcinated at 550°C for 2 h and the amount of rubber
content was estimated as:
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weight loss of sample after calcination * 100

Rubb tent = 1
ubber conten weight loss of crumb rubber after calcination (= 0.15) M)

The rubber content for the tire fiber, CF and GR was calculated as 66%, 29% and 74%, respec-
tively (Table 2).
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Figure 6. TGA analysis for isolated crumb rubber and isolated tire fiber: a) weight and b) derivative
weight as a function of temperature.

Table 2. Rubber content of ground tire fiber, CF and GR after calcination at 550 °C for 2 h, repeated 3
times for each sample.

Sample Rubber content (wt.%)
Ground tire fiber 66 + 2
CF 29+1
GR 74+1

3.2. Morphology

A morphological study of the rLDPE/CF composites is shown in Figure 7. For the composites
prepared by injection molding (Figure 7a, 7b, 7e and 7f), the fibers are mostly perpendicular to the
cross-section due to fibers orientation associated with the fountain flow effect in the mold cavity. In
fact, injecting the blends directly into dog-bone shaped mold caused the specimens to align in the
flow direction. On the other hand, the fiber orientation is mainly random for samples prepared via
compression molding. There is also more agglomerations (Figures 7c, 7d, 7g and 7h).
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Figure 7. SEM micrographs of rLDPE/CF composites prepared with different molding conditions:
10CF-IN]J (a and b), 10CF-COM (c and d), 30CF-IN]J (e and f) and 30CF-COM (g and h).

For the compounds filled with GR, better particles dispersion are again observed when injection
molding is used compared to compression molding. This is attributed to a secondary melt-mixing

step inside the injection molding screw leading to improved fillers dispersion. Typical micrographs
of the samples filled with GR are shown in Figure 8
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Figure 8. SEM micrographs of rLDPE/GR compounds prepared with different molding conditio
10GR-IN]J (a and b), 10GR-COM (c and d), 30GR-IN] (e and f) and 30GR-COM (g and h).

3.3. Mechanical properties
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Figure 9 shows the effect of filler concentration and molding method on the tensile properties of
rLDPE/CF and rLDPE/GR. For all the samples, injection molding leads to higher tensile strength and
tensile modulus, but lower elongation at break and hardness compared to compression molding. For
example, 30CF-IN]J has 111% higher tensile strength and 94% higher tensile modulus but 27% lower
elongation at break than 30CF-COM. This is ascribed to the secondary melt-mixing step in injection,
as well as the orientation of the fibers (Figure 7) and polymer chains during injection molding as
reported in the literature [31,32].

A skin-core structure may also be formed during injection molding as described in the work of
Xie et al. [33]. This means that rLDPE polymer chains are elongated in the thin skin due to a shearing
effect, but also that the fillers/impurities are well embedded in a sample (mostly located in the core).
On the other hand, the phase morphology is more isotropic across thickness for compression molded
specimens. This theory (morphological difference) supports the results of a higher elongation at break
for compression molded samples compared to injection molded ones. For example, the elongation at
break of 20GR-COM is 76% higher than that of 20GR-IN]J. Similar results were observed for HDPE
blends in the literature [34,35].

Figure 9 also shows that increasing the CF content from 0 wt.% to 30 wt.% improved the tensile
strength and tensile modulus of injection molded composites by 15% (from 11.9 to 13.7 MPa) and
192% (from 75 to 219 MPa), respectively. These improvements are attributed to the high aspect ratio
of the CF creating more filler-filler interactions and entanglements leading to better resistance to de-
formation [36,37]. On the other hand, the presence of tire fibers restricts the mobility of polymer
chains resulting in lower elongation at break. As shown in Figure 9, the elongation at break of injec-
tion molded samples decreased from 45% to 22% with increasing fiber content from 10 wt.% to 30
wt.%.

Regardless of the molding condition, the addition of GR (a soft rubber phase) to rfLDPE de-
creased all tensile properties. This is because of the weak interaction between the crosslinked rubber
particles and the matrix (poor compatibility). A higher GR content leads to larger rubber agglomera-
tion with high gel content (crosslinks) acting as stress concentration points at their interface. For in-
stance, 30GR-COM has 37% lower elongation at break and 17% lower tensile strength compared to
10GR-COM.

On the other hand, the tensile modulus does not vary with increasing GR content due to a bal-
ance (opposing effect) of the presence of rubber particles and residual tire fibers (Table 2). In fact, the
addition of rubber particles decreased the tensile modulus due to its elastic/soft structure, while the

presence of tire fibers (more rigid) improves stiffness and strength.
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Figure 9. Tensile properties of the rLDPE/CF and rLDPE/GR compounds: a) tensile strength, b) elon-
gation at break, and c) tensile modulus.

Figure 10a shows the hardness of the composites at different concentrations and processing con-
ditions. Increasing the GR content from 0 to 30 wt.% decreased the hardness from 49.0 to 46.2 Shore
D due to the substitution of a more rigid thermoplastic resin with a soft rubber phase. In contrast, the
addition of 30 wt.% CF increases the hardness from 49.0 to 53.2 Shore D. In addition, compression
molded samples show slightly higher hardness compared to their injection molded counterparts.
This is because of the secondary melt-mixing step inside the injection molding screw leading to im-
proved fillers dispersion and smoother surface.

Flexural modulus of the prepared samples is presented in Figure 10. Similar to the tensile mod-
ulus, the flexural modulus showed improvement with the addition of CF, whereas the introduction
of GR diminished it. For example, 30CF-IN]J has a 142% higher flexural modulus compared to rLDPE-
INJ, but the inclusion of 30 wt.% GR decreased the flexural modulus by 15%. Moreover, comparing
the compression molding method to injection molding, the latter yields a significantly higher flexural
modulus. To illustrate, the flexural modulus of 30CF-IN]J is 85% higher than that of 30CF-COM. This
is attributed to superior dispersion and orientation of fillers in the samples manufactured through
injection molding, as depicted in Figure 7.
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Figure 10. (a) Hardness and (b) flexural modulus of the rLDPE/CF and rLDPE/GR blends.
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4. Conclusions

This study presents a straightforward approach to effectively clean and separate most of rubber
particles from recycled tire fibers (RTF). The resulting materials, namely clean fiber (CF) and residual
ground rubber (GR), underwent characterization using FTIR, SEM, and EDAX analyses to investigate
their physical and chemical properties. Furthermore, the rubber contents of CF and GR were deter-
mined through a TGA/calcination method. These characterizations confirmed that polyester consti-
tutes the main component of the CF, also providing evidence that the separation process effectively
reduces the substantial rubber content.

Then, CF and GR were blended with recycled LDPE (rLDPE) at various filler concentrations
(ranging from 0% to 30%) and molded using compression molding and injection molding for com-
parison. The results indicated that injection molding generated higher strength and modulus, but
lower elongation at break compared to compression molding. Additionally, the findings demon-
strated that the incorporation of 30 wt.% of CF into rLDPE led to a notable improvement in mechan-
ical properties. Specifically, a 15% increase in tensile strength with substantial improvements in ten-
sile modulus (192%) and flexural modulus (142%) were achieved. Conversely, the addition of GR to
rLDPE resulted in a decrease of both tensile strength and flexural modulus by 15%. Overall, this study
proposes the utilization of recycled tire fibers as a valuable reinforcement in polymer composites. It
also highlights the importance of further investigations into the separation of rubber particles from
RTF to enhance efficiency.
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