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Abstract

The increasing concern about plastic disposal and its impact on the environment has led to the necessity to reuse these
materials, completing their life cycle within the circular economy mentality: production, use, recycling, and reuse. One of
the residues that has caused great concern is the so-called waste electrical and electronic equipment (WEEE). The reintro-
duction of a recycled material back into the market requires some type of modification since the recycling process lightly
alters the general properties of those materials. In this work, we studied the recycling of ABS—one of the polymers most
found in waste electrical and electronic equipment—and its modification through commercial titanium dioxide (TiO,) and
modified with peroxide groups (TiO,~OPM). The TiO,—~OPM have interesting electrical properties due to their lower band
gap values, which results in them being good candidates for the modification of recycled polymers for WEEE applica-
tions. For this, different percentages of particles were incorporated into ABS from the electro-electronic industry. Aspects
of degradation, rheology, and antistatic were analyzed. A good interaction between the particle and polymer is observed,
especially for those modified with the peroxo group. Nevertheless, it is observed that this modification promotes a reduction
in the initiation of exothermic reactions for the butadiene phase, which seems to be a positive aspect because it preserves
the acrylonitrile-styrene phase. The interaction is observed rheologically, indicating the formation of a percolated network
that favors antistatic characteristics, even with a reduced amount of TiO,-OPM. This work presents a framework for the
development of more sustainable materials with concepts of a circular production system.
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Introduction

It is safe to say that nowadays polymer production has sur-
passed all other man-made materials. Since the beginning of
the commercial interest in these so-called plastics, way back
in the 1950s, a vast diversity of applications has been found
[1]. One of the most common uses of these materials lies in
their application as electronic equipment enclosures, such
as those used for computers and cell phones [2]. From this
emerges a growing problem related to the final destination
of that equipment when they reach the end of their opti-
mal operational lifespan. The electronic industry has lived
through several technological revolutions these past decades.
The constant evolution of technology coupled with a planned
obsolescence of products leads to a huge amount of waste
electrical and electronic equipment (WEEE) [3].

Plastics take up differentiated proportions in WEEEs,
accounting for a wide range of 3.5-45.0% in mass, accord-
ing to data from 2022 [4]. Of all polymers contained in
the WEEE, the ABS (acrylonitrile butadiene styrene)
polymer represents one of the largest constituents by a
mass fraction, being responsible for more than a third of
the plastic content found in this type of waste [5, 6, 8].
Reintroducing the polymers contained in WEEE into the
production chain and the market is a recurring theme in

the literature [7-11], and many companies in the sector
are aiming to develop polymers with properties similar
to or even superior to those of pristine material. This
brings forth the concept of a circular economy with a
concern for the environmental effects of these materi-
als and their manufacturing processes. A closed-loop or
circular production system is known as Cradle to Cradle
(C2C) and it offers an opportunity to radically revise the
current take-make-waste system of production [12]. The
purpose of C2C for the construction environment is to
encourage smart designs that have a positive synergistic
interaction with the natural world. This philosophy is a
novel paradigm used to model products and services that
are advantageous in terms of economic, well-being, and
environmental sustainability to establish a tenable world
[13]. Therefore, these concepts make us think about the
advantages and sustainable values of recycled polymer
modification and reintroduction back into the market. The
function of an enclosure is to ensure protection for elec-
tronic equipment, not only physically but also to protect
its internal electrical components against electrostatic dis-
charges and so it needs to present certain conditions [14].
Knowing the polymers’ inherently insulating characteris-
tics represents the need to modify these materials so that
they can be used as electronic equipment enclosures. One
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way to modify the polymer’s properties lies in the making
of composites through the insertion of adequate particles
and, thus, the enhancement of the target properties [15].
For this application, an increase in surface conductivity is
required, which can mitigate eventual electrical discharges
[16]. The choice of an adequate particle lies in its proper-
ties, so when mixed with the polymer, the composite will
acquire and show some of the particle’s properties. Recent
work shows that the peroxo group modified TiO, particles
can be viewed as good candidates for polymer modifica-
tion. These particles have good photocatalytic properties,
as Nogueira et al. showed [17]. They also have interesting
electrical properties due to their lower band gap values, as
presented in Francatto's work [23]. These results indicated
that the incorporation of those particles into a polymeric
matrix could be a means of improving or adding some
desired functionalities.

However, despite the numerous works presented in the
literature on WEEE-based ABS recycling, there are no stud-
ies on the association between the promising properties of
the TiO,-OPM particles and the system's potential upcy-
cling. Therefore, to enhance the conductive behavior of the
r-ABS, the peroxo group modified-surface titanium dioxide
(Ti0,-OPM) is a possibility. Based on its calculated band
gap value [23], it was hypothesized that this material could
present a potentially better electrical property compared to
commercial TiO, and the resulting recycled ABS/TiO,-OPM
composite would become a dissipative material, showing a
good capacity to prevent an electrostatic discharge event.

Therefore, this work aimed to modify a WEEE-originated
recycled ABS polymer matrix, producing a composite with
the mixture of this polymer and the TiO2-OPM particles.
The resulting material was expected to present adequate
electrical properties and be able to be used in electrical
equipment enclosures.

Materials and Methods
Raw Materials

The recycled ABS polymer was supplied by Sinctronics
(Sorocaba, Sao Paulo State, Brazil), a reverse logistics inno-
vation center for electrical and electronic equipment. The
titanium dioxides used in this project were both commercial
(COM) and modified surface (OPM). The former was pur-
chased from Sigma-Aldrich (St. Louis, Missouri, USA) and
named as Titanium (IV) oxide, in anatase form, and 99.8%
purity, while the latter was synthesized and described in item
2.2. The metallic titanium (98%) was purchased from Sigma-
Aldrich (St. Louis, Missouri, USA) and the H,O,/NH; was
obtained from Synth (Brazil).

@ Springer

TiO, Surface Modification Method

TiO2-OPM was synthesized according to the methodol-
ogy described by Nogueira et al. [13]. To produce TiO2-
OPM, 250 mg of metallic titanium was added to 100 mL of
H202/NH3 in a 3:2 proportion. The solution was inserted
in an ice-water cooling bath until the complete dissolution
of the metal was complete. The resultant solution showed
a transparent-yellow color, corresponding to the peroxyti-
tanate complex [14—16]. To form Ti(OH)4 with the surface
modified by peroxo groups, the peroxytitanate complex solu-
tion was heated to 80 °C under stirring until the formation
of a yellowish gel which was dried at 60 °C for 24 h. The
TiO2-OPM was obtained with the calcination of Ti(OH)4 at
200 °C for 4 h at a heating rate of 10 °C/min.

Preparation of Modified r-ABS-TiO2

The raw materials were mixed using a ThermoScientific
HAAKE PolyLab Rheomix QC (USA) equipment using
190 °C and 50 rpm as mixture settings, with the materials
filling 70% of the mixture chamber’s volume in a process
that lasted nearly 8 min for each composite. These compos-
ites were produced in the proportions of 0.5, 1.0, and 3.0%
of TiO,, for both commercial and OPM. Samples are named
as described in Table 1.

Evaluation of the Composite Properties

Titanium dioxide powders and composites were character-
ized by microscopy techniques such as scanning electron
microscopy SEM (FEI Inspect S50, Germany). For the
analysis, the samples were coated with a thin layer of gold,
in a method known as sputtering.

X-ray diffraction (XRD) analysis was performed using Cu
Ka radiation (Shimadzu X-Ray Diffractometer XRD-6000,
Japan) in a 20 range from 10° to 80°, with a 0.02° step scan.

Thermal characterization techniques were also used to
evaluate the thermal stability, as well as the influence of
modification on the degradative behavior of the polymer.
Both differential scanning calorimetry (DSC) and dynamic

Table 1 Nomenclature of the samples used in this work

% of the Polymer matrix % of TiO2 particles ~ Nomenclature*
(ABS)

100 0 r-ABS

99.5 0.5 r-ABS 0.5% TiO,
99.0 1.0 r-ABS 1% TiO,
97.0 3.0 r-ABS 3% TiO,

*Ti0,-COM and TiO,-OPM to commercial and modified, respec-
tively
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oxidative induction temperature (OITD) were performed
in a DSC NEZSTCH 203 F3-Maia equipment (Germany).
For the DSC analysis, an N, atmosphere was used with a
temperature range of 20-300 °C and a heating and cooling
rate of 10 °C/min, while the dynamic OIT analysis occurred
under an O, atmosphere, from 20 to 380 °C with a heating
rate of 10 °C/min.

A thermogravimetric analysis (TGA) was performed on
the materials with the intent to verify their behavior under
high temperatures and an oxidizing atmosphere. It was
performed in a TA Instruments TGA-Q50 (USA), with the
temperature ranging from 40 to 700 °C, with an increase of
10 °C/min, using an O, atmosphere.

Dynamic mechanical analysis (DMA) was performed
using a Dynamic Mechanical Analyzer Q800 from T.A.
Instruments (USA) with a film tension clamp. The analyses
were performed in cryogenic conditions, with a temperature
range of — 70 to 170 °C, increasing by 2 °C/min. The tests
were made at a 1 Hz frequency.

Infrared characterization was also used to examine raw
materials and composites. The FTIR technique was per-
formed with the ATR technique in the 4000 to 400 cm™!
range (ThermoScientific Nicolet 6700, USA).

Raman spectroscopy was performed with a Horiba
Jobin—Yvon Raman microspectrometer LabRAM (Japan)
at room temperature, using the 633 nm line of a 5.9 mW
He—Ne laser as an excitation source and an Olympus TM
BX41 microscope (Germany).

Rheological analyses were performed using parallel
plates Modular Compact Rheometer MCR-302 from Anton
Paar (Austria). The viscoelastic linear region (VELR) values
were obtained from each sample by applying an increasing
deformation, from 0.1 to 50%, using an angular frequency
(w) fixed at 1%, under an N, atmosphere and a temperature
of 190 °C. Frequency Sweep analyses were then made fol-
lowing the shear strain value obtained by the VELR regi-
men. Samples were also analyzed under an N, atmosphere
and a temperature of 190 °C. The shear strain (y) used was
fixed at 1%, and the angular frequency (®) was diminished
from 500 to 0.01 rad/s. The rheometer’s rotational plate
diameter was 25 mm and it was separated from the station-
ary plate by a 1 mm gap.

To investigate the electrical properties of the materials,
they were subjected to a surface resistivity analysis using an
ESD-800 equipment from ROHS. The analyses were per-
formed using the two-probe method.

Two-probe Method

To perform the two-probe method [18], samples with a
diameter of 5 cm+0.17 cm and thickness of 0.2-0.4 mm)
and area (A) were used. For each sample, the measurement
was performed in triplicate.

Voltage (V) and current flow (i) were monitored using
a voltmeter, and a voltage source (DC) was used to gener-
ate current flow. The electrical resistivity (p) was calculated
using Eq. 1.

VA
P=T ey

As is well known, there can be no current flow between
two points of a material if there is no voltage difference in
the applied potential between those points. In the internal
circuit of the multimeter, there is a voltage source (DC),
which is used to apply an electrical voltage to the mate-
rial. The multimeter itself calculates (R =V/i) the electrical
resistance of the sample.

Results and Discussion

Morphological and Structural Analysis
of the Particles

Figure 1a, b shows the SEM images for the TiO, particles.
Commercial titanium dioxide (Fig. 1a) has a more uniform
distribution of morphology and size of its particles, with
most of them in the nanometric range (100 nm). It is also
visible that they tend to agglomerate. On the other hand,
the TiO,—OPM particles (Fig. 1b) lack uniformity in size
and morphology. It seems that the particles are much larger
than the nanometric scale. This lack of uniformity makes
the material rich in defects that may contribute to charge
redistribution and the presence of peroxo groups bonded to
the surface of TiO2 particle enhanced reactivity relative to
the commercial one. Furthermore, as previously analyzed
by Francatto et al. [26] TiO2—-OPM presents a short time
needed to disperse the energy released during the exother-
mic decomposition of the peroxo groups. This increases
its reactivity, which means there is enough local energy to
activate the TiO2—OPM surface to react faster and at lower
temperatures when compared to commercial ones. This is
discussed by Ribeiro et al. [19], noting that the TiO,-OPM
powder is, in fact, smaller than commercial TiO, and, due to
its small size—and therefore high surface energy—they form
agglomerates with no defined morphology.

The XRD patterns of the TiO, and TiO,-OPM are shown
in Fig. 1c and give the structural information for the parti-
cles. Commercial titanium dioxide equals the diffractogram
for the anatase phase, with its distinctive peaks at 20 val-
ues of 25.62°, 38.16°, 48.44°, 54.27°, 55.45°, 63.02°, and
69.17°, representing the (101), (004), (200), (105), (211),
(204) and (116) planes, shown in the image, as presented
in the literature (ICDD No. 00-021-1272/COD 9008213
[20-22]).
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Fig. 1 a SEM microscopy of a commercial dioxide of titanium, b peroxo modified titanium dioxide, and ¢ DRX patterns

The diffractogram for the OPM particles does not give
an exact indication of its form. It shows their amorphous
structure, with the smaller size of those particles being the
reason for the pattern shown in the image. These results
are corroborated by the aforementioned Ribeiro et al. work,
especially for the TiO,-OPM, where the same XRD pattern
is observed.

The Effect of the Particle on Physicochemical ABS
Properties

Figure 2a shows the XRD results for the r-ABS and its com-
posites with 3% of both TiO,. For the r-ABS, it is visible that
there are peaks that are not present in the neat non-recycled
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Fig.2 a DRX patterns and b FTIR spectra of the composites
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ABS, according to the literature [23]. It is expected, though,
as the r-ABS contains a vast number of additives in its com-
position, resulting in those peaks. For the diffractogram of
the composites, it is shown that the incorporation of the par-
ticles gives the typical peaks for the anatase phase for either
commercial or OPM titanium dioxide.

Figure 2b presents the FTIR spectra for the ABS and
its composites. It is visible that no noticeable changes in
its characteristic peaks were produced with the addition of
the TiO, particles. The peaks from each ABS monomer are
noted, with the butadiene’s aliphatic CH bond shown at the
3050-2850 cm ™! region, along with a couple of peaks at the
970-910 cm™! region, where the CH=CH, bond is noted.
The sharp peak at 2235 cm™! denotes the CN group existing

b
(101)
r-ABS
——r1-ABS 3% TiOz-OF’M
r-ABS 3% TiOz-COM
u\
=AY
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in the acrylonitrile monomer. The polystyrene presence is
confirmed by the ring’s C=C bond sharp peaks observed
at the 1500-1400 cm™" region, jointly with the aromatic
CH bond peaks at the 700 cm™! region. There is a peak
at 1730 cm™!, which denotes the C=0 group. This could
be intensified due to degradation processes suffered as the
polymer is recycled. It can also be attributed to groups that
exist in the carbon black additive that is also present in the
recycled material. Furthermore, the incorporation of tita-
nium dioxides did not cause changes in the region around
1000400 cm™! where a broad peak was expected, as it is a
characteristic peak for the anatase TiO,.

Effect of the Modification of ABS on the Thermal/
Degradation Properties

The DSC and DMA curves for the samples of r-ABS and
its composites were illustrated in Fig. 3a, b, respectively.
The glass transition temperature (Tg) for the materi-
als obtained by both techniques is present in Fig. 3. The
results obtained by DSC were practically unchanged. This
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is probably because the addition of particles did not signifi-
cantly change the mobility of the amorphous phase. How-
ever, the Tg values obtained by the DMA analysis show a
tendency to be superior for the composites when compared
to pristine ABS. The ABS is a blend of two random copoly-
mer—poly(acrylonitrile-stat-butadiene), SAN phase, and
poly(butadiene), phase PB and, as described by Algadhi
et al. [24], the phase PB presents a Tg lower than — 90 °C,
that means the Tg present in Fig. 3 is associated with SAN
phase.

The DMA analysis is more precise than the DSC as a
means of obtaining the Tg values, as stated by Foreman et al.
[25]. From the results presented in Fig. 3 an increase in Tg
(SAN phase) is observed indicating a possible polymeric
matrix-particle interaction.

Although inorganic materials are widely used to
improve properties, especially thermal and mechanical
ones, they can often induce degradative processes in the
polymeric matrix. And few works in literature have been
devoted to studying this aspect. Considering this context,
a detailed investigation of the thermal behavior of this

DSC DMTA

Amostra Tg (°C) Tg (°C)
——-ABS 103+ 1 108
—— - ABS 0.5% TiO, - COM 103+0 109
r- ABS 0.5% TiO, - OPM 103+ 1 110
——r- ABS 1% TiO, - COM 104 41 109
r- ABS 1% TiO, - OPM 103+ 1 112
r- ABS 3% TiO, - COM 1031 113
1022 113

r- ABS 3% TiO, - OPM

Fig.3 a DSC curves and, b DMA curves for the composites indicating the Tg of SAN phase
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system was done, and dynamic OIT, as well as TGA analy-
ses, were performed (Fig. 4). A more in-depth look at this
discussion can be given by analyzing the mechanisms of
ABS degradation (Fig. 5).

The first exothermic event, Fig. 4a, represents the thermo-
oxidation of the butadiene phase, where, under the effect of
heat, the carbon bond adjacent to the double bond is broken,
resulting in radical species that are attacked by the O, pre-
sent in the sample. The second event starts around 320 °C
and represents the SAN (styrene/acrylonitrile) phase degra-
dation. The sequence of events can be explained by analyz-
ing Fig. 5, which presents a proposed mechanism for ABS
degradation.

The event for the r-ABS follows a smooth curve, while
the composites produce several peaks that can be attributed
to the effect of the particles in the way degradation occurs.
Those particles can influence the path of degradation of
the SAN phase, slowing it or giving different degradation
subproducts in the process. These values are presented in
Table 2 in the form of the onset temperature (T,,.,), the
temperature at which the technique detects the beginning of
a degradation process for both phases.

As described previously, peroxo groups are quite unsta-
ble, which can result in their decomposition at lower temper-
atures, catalyzing the degradation reactions of the butadiene
phase. Releasing around 305 J/g [19], the decomposition
of peroxo groups bonded to TiO, leads to an exothermic
decomposition, where the local energy needed to activate
the nanoparticle surface is enough to make the reaction go
faster at lower temperatures, approaching an adiabatic trans-
formation. Peroxides can decrease the energy barrier during
the solid-state reaction due to the increase of the chemical
bond's lability near central titanium making the diffusion of
atoms at lower temperatures and shorter times [26].

Both the presence of commercial TiO,-COM and
TiO,-OPM affect oxidative stability at low concentrations.
At higher concentrations, an antagonistic effect is observed.
Concentrations of 3% commercial TiO, shows an increase
in thermal stability, but the modified TiO, (r-ABS 3%
TiO,-OPM) appears to catalyze the degradation reactions.
It is observed for the SAN phase an increase in the tem-
perature for the beginning of the oxidative reactions in both
cases. The results may be supported by analyzing Fig. 5,
which shows a proposal for a mechanism scheme for these
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Fig.4 a OITD, b TGA curves for ABS-TiO,-COM, and ¢ ABS-TiO,-OPM
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Table 2 Temperatures for the degradation events observed in the
dynamic OIT

Polymer/composite Texo (°C) (PB) Texo
()]
(SAN)
r-ABS 190 284
r-ABS 0.5% Ti02-COM 184 282
r-ABS 1% Ti02-COM 187 282
r-ABS 3% Ti02-COM 190 279
r-ABS 0.5% Ti0O2-OPM 184 282
r-ABS 1% Ti02-OPM 187 283
r-ABS 3% Ti02-OPM 155 274

degradation events. In the initiation step of the PB phase,
high temperatures easily promote C-H bond homolytic cleav-
age in the secondary allylic position producing free allyl
radicals which are resonance-stabilized by a double bond
(1) (Fig. 5a). The second stage involves the reaction between
the allyl radical 1 with molecular oxygen and the formation
of the peroxy radical 2. The abstraction of hydrogen atoms
of these peroxy radicals from the carbon chain (R-H) gradu-
ally accumulate hydroperoxide 3. These hydroperoxides can
trigger a sequence of events after thermal decomposition and
formation of the alkoxy radical 4, inducing autoxidation of
the PB phase. Alcohols are produced from alkoxy radical
4 by the abstraction of a hydrogen atom. Alternatively, the
formation of carbonyls (ketones and aldehydes) can easily be
formed after a process called p-scission or f-fragmentation
of alkoxy radicals 4 [27].

A similar sequence of events could explain the damage
to the polymeric chain of the SAN phase under a severe
thermal oxidative condition (Fig. 5b). Heat-induced chain-
scission of SAN grafts occur via homolytic cleavage, form-
ing resonance-stabilized benzylic radicals S that in the pres-
ence of oxygen, undergo oxidative processes, as described
in Fig. 5b. After formation of hydroperoxides 6 and thermal
decomposition, alkoxy radical induce autoxidation of the
PS mers. On the other hand, the primary free radical PAN

fragment 8 from the SAN phase can undergo an isomeriza-
tion process, forming a more stable tertiary and benzylic
radical, which can be oxidized during more severe degrada-
tion stages [28].

A TGA analysis was performed (Fig. 4) to further inves-
tigate the degradative processes suffered by the materials.
In literature, it is described that there are three main events
in ABS thermal decomposition in the presence of oxygen in
TGA: (1) the first one is around 340 °C, related to butadi-
ene; (2) the second is around 420 °C, where styrene phase
becomes more important, and the last one (3) that starts
in 400 °C and ceases by 450 °C showing the evolution of
the decomposition of acrylonitrile [29]. Table 3 shows the
events for all samples obtained from the TGA analysis under
an oxygen atmosphere. The first event concerning butadiene
is quite subtle for both TiO,-COM and TiO,-OPM, indicat-
ing negligible mass loss.

The butadiene phase is present in a smaller amount. Thus,
the analysis of its stability was determined when the mass
loss is associated with 5% (Tqs—Table 3). The presence of the
TiO,-OPM particles results in a reduction of the temperature
for the initiation of the degradation of the butadiene phase.
The degradation step described in the proposed mechanism
(Fig. 5) indicates that this phase can be initially degraded
with the contribution of TiO,-OPM. This fact is corrobo-
rated by the reduction in temperature for the initiation of
oxidation reactions of this phase (Fig. 4). Although no sig-
nificant change in T _,, of the polystyrene phase (T, ;) is
observed, the degradation kinetics (AT, ;) concerning the
PB phase is slower, especially with the incorporation of
TiO2- OPM. This fact was already expected since the ini-
tiation for decomposition occurs at lower temperatures. The
same behavior is observed for the acrylonitrile phase con-
cerning degradation kinetics. However, an increase in T,
for this phase is observed. The particle was hypothesized to
act as a physical barrier that prevents the release of volatiles.
Comparatively, Fitaroni et al. observed similar behavior on
the influence of montmorillonite clay on the thermal stability
of PP [30]. The results presented indicated that the Ti values

Table 3 Events observed with

TGA analysis for the samples Polymer/composite Tys' (°C) Taxi (CO) T a2 CO) AT o (CO) AT, .0 (°C)
r-ABS 340.5+0.7 420.0+2.8 493.0+8.8 79.5+2.1 152.5+7.8
r-ABS 0.5% TiO2-COM 339.5+0.7 422.5+0.7 495.5+4.3 83.0+1.4 156.0+4.2
r-ABS 1% TiO,-COM 338.0+7.1 422.5+2.1 500.0+1.7 84.5+4.9 162.0+8.5
1-ABS 3% TiO,-COM 339.5+4.9 424.0+1.4 505.0+1.9 84.5+3.5 165.5+6.4
r-ABS 0.5% TiO,-OPM 334.0+1.4 421.0+14 503.5+1.7 87.0+0 169.5+0.7
r-ABS 1% TiO,-OPM 3345+3.5 421.0+14 501.0+£5.9 86.5+2.1 166.5+9.2
r-ABS 3% TiO,-OPM 334.5+3.5 422.0+2.8 504.0+4.0 87.5+0,7 169.5+7.8

“Tys indicates that the samples lose 5% of the initial mass, T,,,; is associated with the maximum speed
mass loss temperature of the styrene phase, T,,,., is associated with the maximum speed mass loss tem-
perature of the acrylonitrile phase and, AT represents the difference between 7, and Ts
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did not change significantly, but an increase in Tmax was
observed with increasing clay content.

The increase in AT observed indicate that the presence
of particles alters the internal structure of the polymer in a
way that hinders the production of volatiles. This behavior
is clearer for samples with TiO,-OPM, again signaling that
a good interaction occurs between particle and polymer.
Additionally, an increase in the mean free path for oxygen
entry and volatile exit due to the presence of particles can be
observed, meaning slower gas diffusion inside the polymer
matrix.

Rheological Analysis

To evaluate the interaction between the particles and the
polymeric matrix, rheological tests were performed in an
oscillatory regimen and information on the complex vis-
cosity and storage and loss modules were obtained (Fig. 7).

At lower frequencies, it is possible to see that there is an
increase in the complex viscosity values with the particle
incorporation, except for the composites with 0.5% TiO,,
which indicates a good particle/polymer interaction, as veri-
fied by thermal analysis. As the frequency increases, these
values tend to converge to approximate values. In this high-
frequency condition, the polymeric chains cannot return to
their natural state of entanglement, acquiring more fluid-
ity and consequently being less dependent on the particle
presence. They are more frequency-dependent than particle
concentration.

Analyzing the storage modulus (G’) and loss modulus
(G”), in Fig. 6b, c is seen that at higher frequencies the G’
value is higher than G”. This information indicated that
the material has a solid-like behavior. As the frequency
decreases, there is an inversion of these values, where
G” > G’, and the material begins to show liquid-like behav-
ior. But then again, at lower frequencies, this pattern changes
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Fig.6 a Complex viscosity, storage modulus (G’) and loss modulus (G”) to samples modified with b TiO,~COM and, ¢ TiO,—~OPM as a func-
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Table 4 Surface resistivity values for the samples

Polymer/composite Surface resistivity (€/  ESD Classification
sq)

r-ABS (4.59+0.46)-10'° Antistatic

r-ABS 0.5% TiO2- (3.92+1.13)-10'° Antistatic
COM

-ABS 1% TiO2-COM  (3.97 +0.26)-10'° Antistatic

-ABS 3% TiO2-COM  (2.92+0.39)-10'° Antistatic

-ABS 0.5% TiO2- (4.11+2.53)-107 Dissipative
OPM

-ABS 1% TiO2-OPM  (8.04+0.11)-10° Dissipative

-ABS 3% TiO2-OPM  (8.69+0.88)-10° Dissipative

again, and G’ surpasses G”. This profile indicates the inter-
action between polymer/particles and denotes the tendency
for the formation of a percolation network.

Electrical Analysis

To verify the influence of TiO, particles on the electrical
properties of the polymer, especially on the antistatic proper-
ties, surface resistivity tests were performed, and the results
are presented in Table 4. Given the need for good protection
against electrostatic discharges for their use in electronic
equipment, they are classified according to their ability to
avoid such discharges. Inherently, polymers are insulators,
meaning that they cannot dissipate the cumulative charges
on their surface, leading eventually to their discharge. The
manufacture of composites through the incorporation of
particles that have good electrical conductivity can lead to
a better ability to handle such charges and prevent electro-
static discharges. Thus, as the results show, the r-ABS no
longer is classified as an insulator due to the presence of
carbon black, a known additive that is capable to enhance the
polymer conductivity. Carbon black is an additive typically
employed in the electronics industry, and post-consumer
recycled material (ABS-r) has this additive in its composi-
tion. It is classified as an antistatic, meaning that it has a
slightly better capacity to dissipate the charges. Commercial
TiO, composites fall in the same classification, meaning that
this particle is not capable of changing the electrical proper-
ties presented by the r-ABS alone.

This is drastically changed for the composites containing
TiO,-OPM particles. They fall into the dissipative classifi-
cation because their surface resistivity values were greatly
diminished, even for the lowest percentage of titanium
dioxide incorporation-0.5%. However, it was expected, as
indicated by the difference in band gap values for the TiO,
powders. With a lower band gap value, the OPM powder
was expected to have better electrical conductivity, and its
incorporation within the polymeric matrix would increase

@ Springer

the overall electrical conductivity of the resulting composite,
and this is proven true.

Conclusions

In this work, ABS from waste electrical and electronic
equipment was recycled using TiO, modified with peroxo
groups. The reintroduction of this material to the same pro-
duction cycle depends, among several aspects, on adequate
viscosity/fluidity and antistatic properties. The lower band
gap of TiO,-OPM particles, when compared to commercial
TiO,, associated with a good dispersive and distributive
mixing led to materials with dissipative properties even at
low particle concentrations. Rheological data indicates the
interaction between polymer/particles and denotes the ten-
dency for the formation of a percolation network.

An in-depth investigation of the degradative processes
and their relationship with the presence of OPM in the TiO,
particle was carried out. The peroxo groups catalyzed the
degradation reactions of the butadiene due to lower stability.
Despite this, its impact on the complex viscosity/molar mass
is not observed, which can be explained by the fact that this
phase is mostly smaller—in composition—and the eventual
decrease in molar mass is compensated by the interactions
described above.

Additionally, the TGA results led to two main findings
with the incorporation of the particle modified with OPM:
(a) the degradation of the butadiene phase occurs at lower
temperatures, (b) those of the styrene and acrylonitrile phase
at higher temperatures (probably the difficulty of volatiles
output by the increase in the free mean path), and addition-
ally to this effect (c) the degradation kinetics is slower.

Finally, it is possible to conclude that the incorporation
of surface-modified TiO, into the r-ABS polymeric matrix
provided an efficient way to enhance the antistatic character-
istic of the material, allowing its use in electronic equipment.
Furthermore, it has been shown that a recycled polymer can
be reintroduced into the market with the desired properties
by manufacturing a composite with it.
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