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Abstract

The post-industrial recycled ABS (ABSpost) was used to produce a new material based on graphene oxide (GO), aimed
at high-quality products again, as households and electronic applications. The GO was prepared from the oxidation
of graphite, and the influence of the different amounts of filler on the mechanical, rheological, and thermal properties
of ABSpost was investigated. The X-ray microtomography showed a uniform dispersion of GO fillers in the ABSpost
matrix in small amounts (0.05 and 0.1 wt%), improving some properties, such as elongation at break, toughness, and
impact strength. The thermal conductivity of the ABSpost also increases by 30% with the addition of only 0.1 wt%
of GO. Adding a small amount of GO in a recycled ABS is a strategy to deal with the current problem of electronic
housing waste and use this material to minimize its environmental impact.
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1. Introduction

The concern about environmental impact related to the
wrong waste and disposal of polymer materials leads to a
necessity of reusing these materials until, ultimately, the
life cycle considering the circular economy: production,
use, recycling, and reuse!!l. In the last decade, electronic
product consumption increased, and consequently, a similar
growth in waste from electrical and electronic equipment
(WEEE) was noted™. Acrylonitrile butadiene styrene (ABS)
is an engineering thermoplastic mainly used in electrical
and electronic equipment, such as cell phones, laptops,
computers, TVs, and so on, due to its characteristics, such as
mechanical strength, toughness and rigidity, and relatively
low-cost processing!®. One problem is that this material
takes time to degrade after its use, causing its reuse and
recycling as a tool to be sought. In addition, chemicals
hazardous to the environment are produced when these
materials are incorrectly disposed of in nature, making their
reuse a vital necessity.

Reintroducing a recycled polymer into the market
requires some modification once the recycling process
can alter the overall properties of those materials. Several
strategies have been used for ABS recycling to reduce
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their environmental impact, for example, creating polymer
blends?*!, aiming to reuse this polymer without much decrease
in its properties compared to virgin ABS. Brennan et al.”
studied the mechanical properties of ABS and high-impact
polystyrene (HIPS) blends from computer equipment waste.
The presence of 10% ABS in HIPS or 10% of HIPS in ABS
had a favorable effect on the strains to failure, indicating
a recovery of mechanical properties, such as ductility, that
is commonly lost in each independent polymer during the
recycling process due to degradation. In another study,
Saxena and Maitil* prepared a blend of ABS from electronic
waste with low-density polyethylene (LDPE) with maleic
anhydride (MA) as a compatibilizing agent via reactive
extrusion in a twin-screw extruder. The blends presented
enhancement in mechanical properties, for example, an
increase of up to 246% in Young’'s modulus compared
to the neat HDPE due to MA, which created a crosslink
structure in the system. Scaffaro et al.?! made a polymer
blend mixing post-consumed ABS with virgin ABS resin
in different proportions and studied their properties after
different recycling cycles. The rheological measurements
showed no change in the viscosity of the ABS blends up to
two recycling cycle steps compared to virgin ABS.

1/13


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-8688-6169
https://orcid.org/0000-0003-3535-2754
https://orcid.org/0000-0001-5735-7148
https://orcid.org/0000-0002-0280-6994
https://orcid.org/0000-0002-6902-8269
https://orcid.org/0000-0002-5520-8488

Lima, L. R, Petraconi, A., Braga, N. F, Costa, L. C., Andrade, R. J. E., & Fechine, G. J. M.

Besides the use of polymer blends, another approach
is using nanofillers as reinforcement for recycled ABS.
As reported in the study made by Mao et al.[”), the authors
verified the effect of adding montmorillonite and nitrile
rubber in recycled ABS: results showed an improvement in
the mechanical properties (impact strength, tensile strength,
and tensile modulus) of recycled ABS when adding 1 phr
of montmorillonite in re-ABS/NBR (90/10).

Here, the study aims to develop a strategy to use Post-
Industrial Recycled ABS as a raw material for producing
plastic parts. This strategy is by inserting a nanometric filler,
graphene oxide (GO), in the polymer matrix. Graphene-
reinforced polymer nanocomposites have attracted attention
due to their excellent properties and multifunctionalities,
which are widely applied in many fields®?. Some studies
have shown that inserting graphene and its derivatives in an
ABS matrix increases the mechanical and thermal properties
and rheological measurements!'*'*l. Compared to other fillers,
graphene stands out due to its large specific area and high
aspect ratio, and using only small amounts of this filler, it is
possible to enhance the electrical, mechanical, and barrier
characteristics of the polymer®!4l. Moreover, the functional
groups present on the surface of the GO, such as epoxy,
hydroxyl, carbonyl, and carboxyl groups, can improve the
interaction within the matrix, enhancing the dispersion!'>'¢l,

In this context, this study aimed to evaluate the effect of
adding different amounts of GO on post-industrial recycled
ABS (ABSpost) properties to recover some specific properties
that allow it to be used again in non-commodity items.
Adding GO to ABSpost attempts to overcome the barriers
to recycling electronic equipment and reusing polymers to
minimize their environmental impact.

2. Materials and Methods

The Post-Industrial Recycled ABS (ABSPOS‘) was obtained
from AKG Reciclagem de Plasticos Company in Brazil.
Sigma Aldrich supplied the powdered graphite (99% purity).
Sulfuric acid, potassium permanganate, hydroxyl peroxide,
hydrochloric acid, and ethanol were used in GO synthesis.

2.1 Synthesis of graphene oxide (GO)

The GO was synthesized by Hummer’s method
modified, as described by Pinto et al.l'” In the first step, the
oxidation of graphite prepared the graphite oxide (GrO):
slowly added 60 ml of sulfuric acid in 1g of graphite in an
ice bath and stirred for 15 min, followed by the addition
of 100 ml of a solution of KMnO, (35 mg/ml) with the aid
of a peristaltic pump using a flow rate of 6.8 ml/min. After
adding the KMnO, solution, the system was stirred in ice
for 5 minutes. The ice bath was removed, and the system
was stirred for 2 hours. Then, the system was diluted in 100
mL of distilled water, followed by a hydroxyl peroxide 30%
addition until bubble formation ceased. After 24h rest, the
GrO was precipitated and washed with 500 ml of water,
250 mL of 10% hydrochloric acid, 250 ml of ethanol, and
200 ml of water. Then, the GrO was filtered and dried in a
vacuum oven for 12h at 60°C.

In the second step, the GrO was dispersed in distilled
water at a 1 mg/ml concentration to exfoliate using an
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ultrasonic bath (ElIma—P30H) for 2 hours, obtaining the
GO suspension.

2.2 Filler characterization

Thermo-gravimetric analysis (TGA) for the pristine
graphite and GrO was made using a TA instrument (DSC/
TGA Q600) at a nitrogen atmosphere between 30 and
1000°C at a rate of 10°C/min using an alumina crucible. The
graphite and GrO were characterized by X-ray diffraction
(XRD) in a Rigaku MiniFlex II with incident radiation of
1.42 Angstroms of wavelength number. The scanning angle
was 3° to 60° at a 2°/min rate. The Raman Spectroscopy of
graphite and GrO was made in a Witec model Alpha 300R
operating at a 532 nm wavelength incident laser. The GO was
characterized using atomic force microscopy (AFM) in an
Icon Dimension (Bruker) equipped with RTESPA. The GO
suspension was dropped in a mica substrate to be analyzed.

2.3 Nanocomposites preparation

The ABS_ was grounded using a milling knife (SL
31—Solab Cientifica) to increase the surficial area of the
polymer grains. The polymer powder was mixed with the
GO suspension to produce ABSpost/GO systems with
different concentrations of filler: 0.05 wt.%, 0.1 wt. %, and
0.3 wt. %. The solid-solid deposition (SSD) techniquel8
was used, in which the components were mixed and heated
until complete solvent evaporation, obtaining polymer grains
covered with GO particles.

The ABS | and the nanocomposites were then mixed
by melting using a twin-screw extruder model Process 11
of ThermoScientific (L/D =40). The screw speed used was
150 rpm, and a feeder of 4g/min. The temperature in each
extruder section was 180, 190, 200, 210, 220, 220, 215, and
210°C from the first zone to die. The extrudate filament was
cooled in water and cut up to obtain pellets.

Specimens for the tensile and impact tests of the
ABSpost and the nanocomposites were molded using an
injection molding machine, the Haake Minijet Pro from
Thermo Scientific. The cylinder and mold temperatures
were 230°C and 90°C, respectively. The injection pressure
was 250 bar for 25 seconds, and the post pressure was 120
bar for 10 seconds.

2.4 Nanocomposites characterization

The mechanical properties of the nanocomposites were
analyzed using a Zwick/Roell Z100 according to ASTM
D638-14 at room temperature, 5 mm/min speed, and load
cell 10 kN. The parameters, such as Young’'s modulus, tensile
strength, tensile at break, elongation at break, and toughness
(area below the stress x strain curve), were obtained.

The impact resistance test was performed according
to Izod ISO 180 using a Tinius Olsen model IT 504. Before
the test, the specimens were notched using a Tinius Olsen
(model 899).

The fracture surface morphology of the notched impact
specimens was analyzed by Scanning electron microscopy
(SEM) using a Hitachi TM 3000, with an accelerating
voltage of 15 kV. The specimens were covered with a thin
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layer of gold using a Sputter Coater Bal-tec SCD 050, 40
mA for 30 seconds.

Dynamic Mechanical Analysis (DMA) was performed
using PerkinElmer 8000 from 25°C to 150°C under air at
a temperature increase rate of 3 °C/min applying a 0.05%
strain with 1 Hz frequency, using two points bending mode.

Rheological tests were obtained using a rheometer
Anton Paar (MCR 702) equipped with 25 mm parallel plate
geometry with a gap of 1 mm at a temperature of 220°C
in a compressed air environment. Steady-state rheological
measurements were performed to analyze the viscosity in
the function of the shear rate ranging from 0.01 s to 100
s, Dynamic tests were also executed to investigate the
viscoelastic properties of the material. Time sweep (120
min) and angular frequency sweep measurements ranging
from 0.01-100 rad/s were conducted within the linear
viscoelastic regime (LVR).

The thermal conductivity of the nanocomposites was
measured using Trident thermal conductivity equipment
from C-Therm with MTPS (modified transient plane source).
It was tested at four temperatures (25, 40, 60, and 80 °C).

X-ray microtomography (XR-MT) analyzed the
dispersion and distribution of the fillers within the matrix.
It was performed using a Rigaku Nano 3DX, an X-ray
source with a 1200W power supply, Mo radiation, 17 keV,
and a 10x lens.

3. Results and Discussion

3.1 Graphite and GrO characterization

TGA analyzed the thermal stability of the pristine
graphite and GrO (Figure 1). The pristine graphite is thermal
stable in the temperature range studied, presenting no loss
mass (the percentage maintains close to 100%), indicating
the material’s high crystallinity and purity!'$). The insertion
of functionalized groups on GrO changes the material’s
thermal stability. It was possible to observe two steps of
mass loss: the first at ~100 °C, due to the water elimination
present between the GrO layers, and the other significant mass
loss (~26.15%) between 170°C and 320°C, which refers to

110 T T T T

the loss of oxygen-containing groups!'*?%, confirming that
the oxidation process occurred.

The diffractograms obtained for graphite and GrO are
presented in Figure 2. It was possible to verify that the graphite
presents a sharp peak at 20 =26.5° related to the plane (002)
and another small peak at 54 ° related to the (004) plane®?),
confirming the high crystalline nature of graphite. There is
a displacement of the atomic plane (002) for 26 = 11.12°
after oxidation in GrO. Peak enlargement is also notable due
to the introduction of functional groups into the layers?!.
Using Bragg’s equation (Equation 1): n4 =2dsind , where
n is an integer number, A is the X-ray wavelength, d is the
interlayer space and 0 is the incident angle; the distance of
the lattice planes is 0.33 nm for graphite and 0.77 nm for
GrO implies that the carbon layers were expanded due to
the oxygen groups insertion on basal plane and bords’..

Figure 3 shows the Raman spectra for the graphite
and GrO. The G band presented in graphite and GrO at
~ 1570 cm™ is related to the sp? hybridization of carbonic
structure. In the GrO spectra is visible a peak at ~1350 cm™!,
related to the D band, and it is associated with defects in
the graphitic structure, such as the presence of vacancies
and functional groups, which lead to a disruption of the
hexagonal graphitic lattice, being another indication of the
graphite oxidation??. Finally, the 2D band ~ 2690 cm! can
be related to the number of graphene layers; when the G
band is intense and the 2D band less intense, it is assumed
that the number of layers is high!?*?*. The reason for this
is that GrO is still unexfoliated material.

The ratio between the D and G band intensities (ID/IG)
allowed the number of defects in the material’s structure to
be estimated. The ID/IG was 0.97, indicating a low level of
structural defects and oxidation®*!,

The AFM analysis of GO was carried out to verify
its flake thickness and lateral size, generating frequency
histograms of lateral size and height of the GO sheets,
presented in Figures 4a and b, respectively. The GO
majority sheets present a height between 4 and 10 nm and
an equivalent lateral size between 300 and 600 nm. Through
the AFM images in Figure 4c, it was possible to verify that
the particle size is not homogeneous; it can be inferred that
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Figure 1. TGA of graphite and GrO.
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the exfoliation process of GrO originated GO with different
heights and lateral sizes. Graphene-like materials’ size and
thickness can largely influence the properties of the final
nanocomposites: larger sheets, that is, larger lateral size,
are suitable for improving the interaction with the polymer
matrix, leading to better properties of the nanocomposite!>”!.
Kaczmarek et al.?% “large” GO are those with lateral size
exceeding 10 um, “medium” flakes are between 3 and 10 pm,
and “small” flakes have dimensions less than 3 um. Small
flakes present lower aspect ratio values, leading to difficulty
transferring their properties to the matrix and, consequently,
a slight improvement in nanocomposite properties.

3.2. ABS/GO nanocomposites characterization

3.2.1 X-Ray Microtomography

The homogeneous dispersion of GO in ABSpost is
the most crucial criterion for successfully improving the
properties of the nanocomposites. The XR-MT was carried
out to investigate the filler dispersion and distribution within
the matrix in 3D. Some characteristics of the particles were
obtained, such as surface area and volume, which are listed
in Table 1.

Table 1. Particle’s surface area and volume obtained by XR-MT.

Sample Surface area (um?) Volume (pm?)
ABS /GO 0.05 4470045 6202577
ABS /GO 0.1 3638786 4042292
ABS /GO 0.3 2482784 4159074

Volume Histogram

Figure 5 shows the 3D images and the volume and surface
area histogram of the ABS /GO nanocomposites. In the
images, the red spots represent the filler, and as the filler
volume/surface area decreases, the color becomes darker.
The ABS /GO 0.05 presented the most homogeneous
filler distribution pattern and the higher surface area and
volume. The higher the surface area, the more efficient the
interaction between filler and matrix is, which influences
the property’s transference from one to another. On the other
hand, the nanocomposite with 0.3% GO has the smallest
volume and surface area, weakening the material.

3.2.2 Mechanical properties

The stress-strain curves for the ABS and AB Spos‘/ GO
nanocomposites are presented in Figure 6. Through those
curves, it was possible to obtain parameters such as Young’s
modulus (E), yield tensile strength (ys), tensile (c,) elongation
(¢,) atbreak, and toughness, which are summarized in Table 2.

The ABS  shows a ductile material behavior with
elastic deformation, yield point, and plastic deformation
until the fracture. Usually, the mechanical properties of
recycled and neat polymer materials are quite different.
The neat ABS resin generally presents a tensile strength of
around 40-48 MPa, Young’s modulus ~ 1.5-2.3 GPa, and
strain at a break between 7 and 38%?"3%. The processing
of polymer and the recycling process can lead to losses in
mechanical properties, mainly due to thermal degradation
due to a decrease in molecular weight®'32, Here, it is
possible to observe that the ABSPOS[ presents values similar
to Young's modulus and maximum stress (yield point)
compared to a neat ABS. Therefore, the strain at break data

Surface Area (interpolated) Histogram
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Figure 5. XR-MT images of the ABSPOS‘/GO nanocomposites and their respective volume and surface area histograms.
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Table 2. Mechanical properties of ABS

and ABS/GO nanocomposites.

. and ABS /GO nanocomposites.

Sample Young’s Modulus Yield Strength Tensile at Break Elongation at Break Toughness
(GPa) (MPa) (MPa) (%) (kJ/mm?)

ABS 1.7+£03 44.0+0.5 30.0+2.6 56+12 180.2 +40.7

ABS, /GO 0.05 23+0.5 38.3+0.5 32.5+0.8 9.1+1.0 297.1 +£36.2

ABS /GO 0.1 2.5+0.1 39.6+0.2 34.7+0.9 11.9+1.7 407.7 + 63.1

ABS /GO 0.3 2.1+04 39.8+0.2 335423 82+1.4 27524525

post

present results close to low values of the range found in the
literature. The polymer processing undergone by the ABS
resin in the company probably did not lead to a significant
degradation process.

Using a nanofiller may improve some of the ABSpost’s
mechanical properties in this context. However, results
showed no significant variation in Young’s modulus with
GO incorporation. In fact, it was expected that Young's
Modulus would increase with the GO content, as can be
calculated using the modified rule mixing equation®!. A
possible explanation is GO multilayers and agglomerates that
could induce the superlubricity phenomenon®¥, decreasing
the value of Young’s modulus.

However, yield strength tends to decrease with the
increasing amount of GO, from 44 MPa in ABSpost to
approximately 39 MPa in all nanocomposites. One hypothesis
that sustains this change is the superlubricity phenomenon
that could occur between the GO layers and the polymer
chains, where the nanolayers act as lubricants “sliding”
between themselves, decreasing the tensile strength and
increasing the elongation of the nanocomposites™.

The tensile and elongation at break values also tend to
increase until the 0.1% GO composition, which led to arise
in the toughness of ~ 125% for this composition compared
to the ABSpost. This indicates excellent interfacial adhesion
between filler and matrix and bonding between the functional

6/13

groups of GO and the polymer®®. A nanofiller aggregation
may occur at 0.3% of the GO amount, as shown in the XR-
MT analysis, thus decreasing the mechanical properties.

Figure 7 shows the impact strength of the ABS . and
the ABS | /GO nanocomposites. ABS is known for its high
impact re51stance which depends on the polybutadiene phase
(PB) percentage on the terpolymer; this monomer contributes
to the toughness and impact resistance*”). Generally, the neat
ABS resin presents high impact strength, around 260 J/mt8-3,
or 25 kJ/m?*", Here, it was used a post-industrial recycled
ABS (ABSpom), which may have arisen from the waste of
electronic products, which may contain many impurities and
traces of other materials; besides that, the material already
passed a cycle of processing parameters, which may have
lost some properties due to thermal degradation®?. So, the
impact strength value for ABS_ was around 18 J/m. The
necessary energy to break the specimen slightly increased
as the amount of GO increased until 0.1 wt.% of the filler,
reaching 20 J/m, indicating very well-dispersed fillers;
consequently, the stress distribution occurred more uniformly.
Figure 8 shows a surface fracture image of the ABSpost/GO
0.1 nanocomposite impact sample. As can be seen, the GO
particle is very well attached to the ABS matrix, confirming
the supposition made. Another exciting factor is that the thin
sheet of GO shape can limit the development of cracks in
the matrix in the V-notched specimen®*!). Further increasing

Polimeros, 35(2), 20250013, 2025
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post

the filler content to 0.3 wt.%, the impact strength decreased
probably at this higher concentration, it is more difficult to
disperse the filler, and the formation of agglomerates occurs,
as shown in XR-MT, causing stress concentrations areas,
which reduces the impact strength. The nanocomposite gets
brittle as the percentage of GO increases, and the reduction
in the impact strength of polymers with the addition of GO
was also reported in another research!*>#!,

3.2.3 Dynamic mechanical analysis

Figure 9 shows the DMA results of ABS __ and the
ABSPOSI/GO nanocomposites. From DMA, it was pos51ble
to obtain parameters such as storage modulus (E’), loss
modulus (E”), and tan delta. E’ decreases for all samples as

the temperature increases due to a decreased stiffness resulting

Polimeros, 35(2), 20250013, 2025

from increased mobility chains. Adding 0.05 or 0.1 wt.%
of GO did not alter the E’. However, the composite with
0.3 wt.% of GO slightly increased the E’ when compared with
the other compositions in temperatures from approximately
60 to 100 °C, indicating that the energy absorbed by the
material is higher, increasing stiffness and preventing chains
from moving. Excess GO can maintain a plateau of E’ for
longer before reaching Tg. This was also verified for the
composition with 0.1% GO but less intense. In other words,
the formation of agglomerates (as seen in XR-MT images)
hinders the mobility of the chains at higher temperatures.
This mobility is only overcome when approaching Tg; all
materials behave similarly.

The E” means the amount of energy the polymer
dissipates, and for ABSposl/ GO with 0.1 or 0.3 wt%. the E”
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Figure 9. a) Elastic Modulus, b) Loss modulus, and ¢) Tan delta of ABSPU

is similar to ABS. The E” of ABS /GO 0.05% slightly
decreased compared to the ABS, indicating a decrease in
energy dissipation. ABSWS/GO 0.05% presents a better filler
dispersion level (as seen on XR-MT images), hindering the
chain mobility and energy dissipation mechanism.

The tan delta (damping factor) is the relation between
loss and storage modulus (tan delta=E”/E’), and the peak of
tan delta in the graph, at approximately 115 °C, corresponds
to the glass transition temperature (T ) related to the SAN
phase of ABS, where the material changes from rigid to
elastic behavior, due to increase in mobility. The tan delta
peak is the same for all compositions; the GO particles are
probably not close to the SAN phase, or the filler content is
not high enough to impact this polymer property. The GO
incorporation does not show any variation in the tan delta
peak height; only 0.3% of GO composition increases the
damping factor of the ABS  matrix. The increase in the tan
delta peak suggests that GO fortlﬁed the energy dissipation
process. The presence of agglomerates in this composition
(as seen on XR-MT images) leads to vacant spaces, and the
chain polymer moves or rotates freely.

The coefficient of effectiveness, the C-factor, of the filler
in the polymer matrix was calculated using the Equation 2:

E y
c- E'r(composite) )

i
E‘r(matrix)

E’g and E’r are the values of E’ in the glassy region
(80°C) and the rubbery region (120°C), respectively. The
effectiveness of the filler in the polymer decreases as the
C value increases*¥. The values obtained for ABS /GO
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. and ABSPM/GO nanocomposites.

nanocomposites are shown in Table 3. The composite
containing 0.1% of GO showed the lower value of the
C parameter, indicating that the effectiveness of GO was
maximum in ABSpm/GO 0.1, confirming again that this
composition presents the best dispersion and polymer-
particle largest contact area.

3.2.4 Rheological characterization

Figure 10 shows the viscosity as a function of the shear
rate for steady-state measurements. It is possible to see that
the filler has no significant influence on the matrix in the
melted state since there is no substantial change in the shear
viscosity behavior in the shear range studied. These results
could indicate that the concentration used in this work does
not influence the shear viscosity behavior at a steady state
regime. This result suggests that the processability of the
ABS/GO composite will not change compared to ABS
without the filler.

Figure 11 shows the viscoelastic behavior of the polymer
and the nanocomposites. In this work, it was possible to
observe, within the displayed frequency range, that ABS |
and nanocomposites with GO indicate that a plateau for the
storage modulus (G’) at low frequencies was approached,
with G’> G”, suggesting a nonterminal behavior. This elastic
behavior for the ABS_ can be attributed to the butadiene
phase inthe AB S ou formulation'*4?!, The nonterminal behavior
means that the long-range motion of the macromolecules
is hindered, resulting in incomplete relaxation of polymer
chains. At intermediate frequencies, G” is higher than G’ due
to the dissipative response observed due to the interplay of
both phases, the butadiene phase and styrene-acrylonitrile
phase, within the polymer structure. At higher frequencies
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Table 3. C-factor obtained by DMA for ABS | and ABS /GO nanocomposites.

Sample

E’: glassy region 80°C (Pa)  E’: rubbery region 120°C (Pa) C-factor
ABS 9.22 x 108 7.24 x 10° -
ABS /GO 0.05 9.05 x 108 5.93 x 10° 1.20
ABS /GO 0.1 9.21 x 108 6.33 x 10° 1.14
ABS /GO 0.3 9.74 x 108 6.24 x 10° 1.22
10!
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Figure 10. Viscosity as a function of shear rate of ABSpost and ABSPOS‘/GO nanocomposites.
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Figure 11. Storage and loss modulus of ABS_, and ABSW/GO nanocomposites.

G’is higher than G again, indicating that the rubbery phase
dominates the viscoelastic behavior at these frequencies!*”..
Regarding the viscoelastic behavior of the nanocomposites,
the materials follow the ABSpost matrix itself, mostly
due to the low content of the filler, besides 0.3% of GO.

Polimeros, 35(2), 20250013, 2025

Different behavior is observed at this concentration, with
the G’ and the G” showing an enhancement, suggesting
a mechanical reinforcement via modulus increase for the
frequencies range analyzed. This result indicates that at a
concentration of 0.3%, the GO can engage and interfere
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in the polymer chain motion, as previously observed for
dynamic mechanic analyses.

3.2.5 Thermal conductivity analysis

The thermal conductivity analysis was carried out to
verify the influence of different amounts of GO on the
thermal properties of ABS . The low thermal conductivity
of polymers is a barrier that prevents their application in
electronics due to their limited capability of spreading the
heat. Adding a conductivity filler, such as graphene, to a
thermally insulating matrix is a strategy to improve this
property and is possibly applicable in the electronics and
energy industry®). Nonetheless, some factors affect the
thermal conductivity in polymer nanocomposites, including
the properties of the graphene sheets, such as defect, lateral
size, and surface chemistry; the dispersion/distribution of the
filler within the matrix; and the filler content*). The GO has
chemical functional groups, and the degree of oxidation can
significantly affect the thermal conductivity of GO once the
oxygen groups minimize the ability of phonon transport!™’..

Phonons, like the heat conduction mechanism of
crystalline materials, principally accomplish the thermal
conductivity of graphene. The heat transfers from one layer
of an atom to another in the form of vibrations, and due
to the dense packing of atoms in the lattice and the strong
chemical bonds between them, the heat transfer propagates
as a wave and occurs rapidly. On the other hand, the heat
transfer in the polymer is relatively more complicated and
depends on various factors, such as the crystallinity and
orientation of the chain. Still, it is known that the diffusion
occurs slowly and causes disordered vibrations and rotation
of the atoms, which reduces the thermal conductivity of the
polymer. Considering the graphene polymer nanocomposites,
the graphene creates interfaces within the matrix due to the

large specific area, which will lead to phonon scattering and
introduce high thermal resistance®'l.

Figure 12 shows the thermal conductivity values
of the ABS = and ABS /GO systems with GO at four
different temperatures (25, 40, 60, and 80°C). The thermal
conductivity of ABS_ is very low, around 0.16 W/m.K
at room temperature, and it increases as the temperature
rises, reaching 0.27 W/m.K at 60 °C, and at 80°C, it turns to
decrease. The temperature is very significant in the thermal
conductivity of the nanocomposites. With the increase in
the temperature (T > 300 K), the thermal conductivity of
the monolayer graphene decreases because of the Umklapp
scattering, and the interfacial thermal conductivity between
GO and the polymer moderately increases, resulting from
the weakening of the interfacial thermal barrier for heat
transport!2.

The addition of GO in any filler content studied did not
affect the thermal conductivity of ABS at 25 °C or 40 °C.
However, in higher test temperatures (60°C and 80°C), it
is possible to observe some changes: for the compositions
with 0.1 and 0.3 wt.%, the thermal conductivity was 0.35
w/m.K, an increase of 30%, compared to ABSpost at the
same temperature. This happens since GO tends to form
a thermal conductivity network inside the polymer matrix
and acts as a thermal conductivity channel. If the amount
of graphene is below the percolation threshold, the fillers
do not connect one to another and do not create a thermal
conduction pathway. On the other hand, above the percolation
threshold, heat transfer can occur through the thermal
conduction pathway®!!. Another important observation is
that Tg strongly influences polymer thermal conductivity
variations. The decrease in the phonon velocity close to or
above Tg is easily noticeable. So, the tendency for thermal
conductivity to increase is stopped by the approach of the
glass transition temperature!**!.

o
w

=
[N
L

Thermal Cond. (W/mK)

o
-

ABS

ABS+0.05%G0

ABS+0.1%G0

ABS+0.3%G0

Figure 12. Thermal conductivity of AB Sm and AB SPOS[/GO nanocomposites in different temperatures.
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4. Conclusion

It was investigated the effect of the addition of GO on
the properties of post-consumer ABS, aiming to apply this
polymer back to the consumer, minimizing the impact of
wrong disposal and pollution on the environment. The thermal
conductivity increased by 30% with the addition of 0.1 and
0.3 wt% of GO compared to the ABSpost; efficient heat
management is crucial to dissipate excessive heat, improving
the efficiency of electronic devices; with the increase in thermal
conductivity; these materials are attractive for applications
involving electronic circuit parts where heat dissipation is
required. The mechanical properties of ABSpost also improved
with the insertion of a small concentration of GO, as well
as the toughness and impact strength. The XR-MT showed
the best distribution and dispersion of the nanocomposites’
fillers with smaller amounts of GO, corroborating the results
of mechanical properties.

In short, this paper contributes to developing a new
material that recovers the properties of post-consumer ABS
from electronic product waste, a strategy to reduce pollution
and be environmentally friendly.
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