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Preparation of Fluorescent Carbon-Based Dots from Waste Tire Pyrolysis
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The pyrolysis of waste tire has been proposed as an alternative route to its recycling producing
residual oils that can be used as fuels. In this work, a physicochemical process to obtain carbon-
based dots (CBD) from carbon black (CB,) derivatives of tires is described. For this, the CB,
was treated with different acids to produce CB,, and CB,, particles suspension. The pH of the
suspension was adjusted to 5.6 to precipitate remaining impurities. Afterwards, the supernatant
was ultra-centrifuged and the yellow pale solid, the purified CBD obtained by roto evaporation,
was characterized by ultraviolet-visible spectrophotometer (UV-Vis), photoluminescence (PL)
at 320-380 nm, high-resolution transmission electron microscopy (HRTEM), scanning electron
microscopy (SEM), thermogravimetric analysis (TGA), energy-dispersive X-ray spectroscopy
(EDX), Fourier transform infrared microscopy (UWFTIR), and X-ray photoelectron spectroscopy
(XPS). This material showed the typical excitation wavelength dependent emission and a PL
quantum yield of 19.29% and was constituted by a well-defined spherical shaped and single sheets
of “graphene quantum dots” with undefined shape, with potential applications in optoelectronic
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and fluorescence imaging devices.
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Introduction

The accumulation of industrial, agricultural, and
urban waste has substantially increased, while residues
of tires are considered a major environmental issue due
to the continuous and growing amount corresponding
to approximately 50% of all products sold annually
(around 1.5 billion tires). Another problem is the severe
environmental damage caused by their inadequate disposal,
thus affecting the environment, e.g., water contamination,
emission of harmful pollutants such as SO,, (NO),, and
several organic compounds.'?

In this context, the pyrolysis, a thermal degradation
process carried out under an inert atmosphere from
moderate to high temperatures (normally 400-900 °C) has
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proven to be a viable alternative to recycle such residues.
This occurs as the product of the pyrolysis is rich in
molecules originated from the cleavage of C—C bonds
yielding smaller molecules, enabling the attainment of
several products such as fuels, alkylbenzenes, aromatic
compounds, terpenes, etc. It is also possible to generate
products of higher added value, e.g., limonene in cosmetic
and food industries. On the other hand, tire pyrolysis oil
and diesel blends are unconventional fuels. Exploitation of
such aspects can be a promising alternative for removing
scrap tires from environment.?

Tires encompass large amounts of solid products such
as carbon black (CB,) and some inorganic compounds
originated from their manufacture. CB, is an amorphous
material used as reinforcing filler and pigment in plastic and
rubber production. From the pyrolyzed product derived from
carbon black, it is also possible to obtain interesting carbon-
based nanomaterials, such as activated carbon, fullerenes,
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carbon nanotubes, carbon nanoparticles, nanodiamonds,
graphene oxide, graphite, among others. Such carbon-based
nanomaterials can be applied in several processes, especially
in the production of adsorbents, high-flux membranes, depth
filters, nanocomposites, antimicrobial agents, environmental
sensors, as well as in advanced technologies for controlled
release of drugs in tissues, renewable energy, and in pollution
prevention strategies.*’

It is also possible to highlight the attainment of
carbon-based dots (CBDs) from carbon black. These
are mainly composed of graphene quantum dots and
carbon quantum dots, which are in evidence among
the nanocarbon materials. They are fluorescent carbon
nanoparticles generally measuring 2-10 nm, presenting
optical, fluorescent, and electronic properties directly
related to their size. They also have several applications,
e.g., in displays and lighting, photovoltaic devices,
semiconductors, production of catalysts, biological
markers, and imaging of tissues.*!!

The interest in quantum dots, i.e., very small
nanoparticles exhibiting quantum confinement effects,
leads to functional and structured properties which are not
available from discrete molecules and bulk materials. Thus,
the CBDs can be classified in two large groups of materials
based on carbon:'?'® carbon quantum dots (CQDs), which
present a quantum confinement and crystalline structure in
spherical shape, and graphene quantum dots (GQDs) a not
well-defined single sheet material, both exhibiting strong
emissions in the visible.

Graphene and such fluorescent carbon materials
(CBDs)!” were introduced as a member of carbon family in
2004." These CBDs were synthesized in large quantities in
2006 by Sun’s group,' and there are several bottom-up?-#
preparation methods by carbonization of organic raw
materials developed, as well as top-down techniques
through breakdown in bulk of carbon sources.?** Both
approaches result in CBDs capable of substituting the
conventional type II-VI semiconductors quantum dots in
the field of light emission materials.*® However, several
synthesis methods involve additional steps of surface
passivation, high temperatures, expensive raw materials,
and long reaction times. For this reason, extraction
techniques have been recently proposed to obtain CBDs
from foods or natural materials, such as coffee, beer,
humic substances, and beverages,*** including commercial
carbon black.*

Taking these applications into account, several
advantages can be explored, mainly bright fluorescence,
high photostability, low toxicity, chemiluminescence,
electrochemiluminescence, excellent biocompatibility,
conductivity, and resistance to metabolic degradation
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when applied to bioprocesses.®*” However, the physical,
chemical, and morphological properties of carbon-based
materials are extremely important for the development of
real applications.” In this context, a physicochemical method
for preparing CBDs obtained from ordinary carbon black
(CB,) of the pyrolytic waste tire is presented in this work.

Experimental
Materials

Analytical grade reagents were used to prepare all
solutions. Sulfuric acid (98 wt.%) was acquired from Vetec,
Sao Paulo, Brazil. Phosphoric acid (85 wt.%), hydrochloric
acid (37 wt.%), diethyl ether (98 wt.%), and potassium
permanganate (> 99 wt.%) were purchased from Dinamica,
Indaiatuba, Brazil. Nitric acid (65 wt.%) and hydrogen
peroxide (30 wt.%) were acquired from Merck, Sao Paulo,
Brazil, and sodium hydroxide (> 97 wt.%) from Neon,
Suzano, Brazil. Hydrofluoric acid (40%) was acquired from
Merck, Sao Paulo, Brazil.

Methods

CB, purification from demineralization and oxidation
processes

The CB, was subjected to a leaching process in
order to reduce minerals such as ash, sulfur, and silica
concentration. For this, 42 g of CB, were suspended into
840 mL of a mixture of HNO, and HCI (1:1 v/v) and heated
to reflux temperatures for 30 min and then cooled to room
temperature and filtered. The solid was washed with water
up to get a neutral pH and dried at 60 °C. The resulting
solid was denominated CB,,.*

Afterwards, 40 g of CB,, were added to 1.4 L of a
mixture of sulfuric acid and phosphoric acid (9:1 v/v) in a
round bottom flask under mechanical stirring, and 63 g of
potassium permanganate were slowly added in a 10 mL of
40 wt.% hydrofluoric acid solution. The reaction mixture
was heated to 50 °C for 24 h under stirring, cooled down to
room temperature and transferred to a recipient containing
1 L of deionized ice water.

Finally, 78 mL of 30% hydrogen peroxide were added,
gradually.® The mixture was filtered, and the solid obtained
submitted to a continuous extraction with diethyl ether in
a Soxhlet for 12 h. The aqueous phase was filtered twice
through a 0.45-micron membrane to obtain CB,,.

CBDs production from purified CB,,
In this stage, 50 mL of the CB,, suspension was put
into an Erlenmeyer and reacted with sufficient NaOH to
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increase the pH to 5.6, precipitating a white fluorescent
solid. This process was monitored using an UV lamp. The
supernatant was centrifuged in an ultrafiltration centrifugal
tube (MWCO 3K) at 5,000 rpm for 10 min. Finally, the
supernatant was put into a rotary evaporator (60 °C, low
pressure, 20 min) yielding a pale yellow solid (CBD), which
was used in all studies described now on.

Characterization

UV-Vis absorption and photoluminescent emission
UV-Vis absorption spectra of CBD dispersion in
aqueous media were recorded on a Hewlett Packard 8453 A
diode array spectrophotometer, in the 190 to 1100 nm range,
using a quartz cuvette. Photoluminescent emission was
recorded on a Photon Technology Inc. equipment, using an
InGaAs detector and Felix GX 1317 software. The analyses
were performed in the 320 to 380 nm wavelength range.

Scanning electron microcopy (SEM)

SEM images were obtained on a high-resolution JSM
7500F (JEOL) microscope, using an acceleration voltage
of 2kV. The samples were drop casted on silicon substrate.

High-resolution transmission electron microscopy (HRTEM)
The fine particles morphology was analyzed by HRTEM
using a JEOL, model JEM 2100 equipment, operating with a
LaB, electron emitting filament, at a maximum acceleration
voltage of 200 kV by means of a drop casting technique.
The statistical distribution was made by the Imagel
software 1.51j8% only considering the spherical CBDs.

Thermogravimetric analysis (TGA)

TGA was carried out using a Shimadzu DTG 60
instrument from room temperature up to 1,000 °C,
at a heating rate of 10 °C min’', under a synthetic air
atmosphere. The measurements were carried out using
two platinum pans, one to place the sample and another
for reference (empty).
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X-ray fluorescence spectra (EDX)

The EDX were obtained at 25 °C in a Shimadzu
EDX-720 equipment, with a Rh tube as radiation source,
setting the voltage to 15-50 kV, and current varying from
1 to 1,000 HA, and a Si(Li) semiconductor detector cooled
in liquid nitrogen. The powder samples were placed onto
Mylar® films in a sample holder with 30 mm of diameter
and analyzed.

Infrared microscopy (UFTIR)

The CBDs material were collected, rinsed with
nanopure water and allowed to dry on a rotary evaporator
at 60 °C. The dried sample was monitored on a Shimadzu
AM30 pFTIR microscope, and the vibrational spectrum
collected directly from the powder, scanning from 800 to
4000 cm™ and collecting the average of 32 scans per point.

X-ray photoelectron spectroscopy (XPS)

A Thermo-Fisher Scientific XPS device, K-alpha+
model, was used to obtain the XPS spectrum. The
equipment analyzed solid, powdered or densified samples,
allowing the identification of chemical elements (except He
and H) and their oxidation states on the surface of materials.
The radiation penetration was 10 nm. The equipment has
an argon ion beam for load compensation and performs
experiments as a function of depth profile.

X-ray diffractometry (XRD)

The crystalline structures of samples were surveyed
by XRD investigation on D2 Phaser diffractometer from
Bruker company with Cu Kot radiation (A = 1.5418 A) at
20 keV, angle (20) varying between 10 to 90 degrees.

Results and Discussion

A physicochemical method to obtain CBDs from carbon
black (CB,) derived from tires is shown in Figure 1. Two
processes were possible to obtain the CBDs, one was the
direct solvent extraction and other with our methodology.

Acetone or Ethanol or Chloroform

.
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2. HNO, il 2. Ultrafiltration = \ws '
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Figure 1. Schematic illustration of the process to obtain purified CBDs from waste tire, highlighting the importance of all stages independently of the

origin of tires.
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The characteristics of the CBD particles shown in this
article, revealed that the purification method is critical and
must be applied to ensure the elimination of impurities
which may alter the photoluminescence (PL). For this
reason, it is not recommended the use of a physical method
or any organic solvent in a direct extraction process. Due
to varying tire sources, various impurities, molecules or
materials that may be carried along the direct extraction
process of carbon black from tire pyrolysis, especially
without prior chemical treatment or using acetone as the
extraction solvent, for example. This supernatant can be
rotoevaporated and the solid obtained as CBD, can be
resuspended again in another organic solvent to obtain a
comparative PL spectra. A not so well-defined emission
profile was observed, contrary to the case with the CBDs
obtained by our purification method. Therefore, the
presence of impurities in direct extraction can decrease
the quantum emission yield, presumably through trapping
states, altering its emission profile (PL), leading to wide
bands.

A carbon black purification process was carried out
by a demineralization stage to partially remove S and Si,
as well as decrease the amount of Zn and ashes in CB, ,
resulting from the tire manufacturing and vulcanization.
An oxidation process was also performed to obtain CB,,.
Purified CB; was obtained after these processes and
characterized by DRX as shown in Figure 2.

The fluorescence of the residual suspension of the CB, ,
purification process indicates the presence of CBDs, which
was observed as an intense green fluorescence from the
light-yellow colored suspension when irradiated with a blue
laser pointer. Afterwards, this suspension was precipitated
with sodium hydroxide, separated, ultracentrifuged
and the supernatant was rotoevaporated, and their
physicochemical properties evaluated. Fluorescence
spectroscopy experiments were performed to characterize
this material.

Intensity / a.u.

20 / degree
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One of the characteristics of carbon-based dots
materials is the excitation wavelength-dependent
photoluminescence (PL), resulting in varied emission
wavelengths. These materials present a contrasting
behavior as compared to common luminescent organic
materials, whose characteristic emitting state is unique
and presents lower energy, i.e., a specific emission
wavelength.

The CBDs were light yellow under visible illumination,
while they emitted bright blue fluorescence under UV-Vis
light excitation under 365 nm. The CBDs displayed a
strong UV-Vis absorption peak located at 247 nm, which
is typically assigned to the m-m* transition of sp?> domains
from carbon materials.*'*> The phenomenon of excitation
wavelength-dependent emission is clearly observed
in Figure 3. It was possible to see that the emission
spectra were sensitive to the excitation wavelength. The
emission peak varied from 380 to 495 nm as the excitation
wavelength increased from 320 to 380 nm, showing a strong
red-shift as mentioned in previous studies.®

The PL spectra described in Figure 3 shows CBDs
exhibiting a strong PL peak at 415 nm at the maximum
excitation wavelength. The CBDs’ quantum yield was
approximately 19.29% (see the Supplementary Information
section). The CBDs’ PL gradually decreased within fifteen
days because of the agglomeration process and ageing. In
addition, the photos of colloidal suspensions of CBDs’
prepared soon after the oxidation procedure under daylight
(left) and UV lamp irradiation at 365 nm (right) are shown
in the inset of Figure 3a.

The HRTEM micrographs are shown in Figure 4. Both
micrographs show that CBDs consist of very small particles
with not well-defined shape. In calculating size distribution,
the spherical shape of the CBD was used as criteria. Both
morphological structure characteristics are consistent with
what is reported for these new carbon-based nanomaterials,
where the size corresponds to a value below 10 nm.**

Figure 2. (a) XRD analysis showing the efficiency of the purification method in removing impurities, leading to high luminescent CBDs. (b) and (c) SEM

images evidencing the non-homogeneous shape and structure of the CB, ,.
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Figure 3. (a) UV-Vis absorption (blue line), maximum PL excitation wavelength (dotted line), maximum PL emission wavelength (red line). Inset: photo
of a CBD suspension under daylight (left) and UV lamp irradiation at 365 nm (right). (b) The emission spectra from 320 to 380 nm demonstrating the

dependence on the excitation wavelength.
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Figure 4. (a, b) HRTEM micrographs of CBD particles with not well-defined shape; (c) size distribution histogram of the spherical structures.

The CBD particle dispersion was not mostly spherical
shaped and monodisperse in our specific case as observed
in HRTEM, contrary to the literature.* It is common to
observe aggregates according to the sample preparation
by drop casting method, as reporting by Ray ef al.* in
2009. The images reflect a closer characteristic of GQD
than the CQD one.*” However, two types of CBDs may
commonly be originated from the pyrolysis of organic
molecules submitted to high temperatures.*® One structure
is related to CQD, a quasi-spherical nanoparticle consisting
of amorphous and crystalline parts. The second structure,
GQDs, usually have graphene lattices inside the dots,
resembling the crystalline structure of single or few layered
graphene. It is relevant to note that the PL emission of this
type of material happens when electron trapping states are
present in the bandgap, due to superficial imperfections
or functional groups on the surface. In this case, the
recombination of the electron-hole pair leads to a greater
radioactive wavelength emission.

The absorption and emission results indicate that the PL.
response of CBD material is probably a specific combination
of the intrinsic quantization effect of the core and the

particle’s surface, which is ruled by the surface functional
groups. In this study, due to the oxidation process, several
carboxylic groups produced by the oxidation process appear
on the surface, as it is shown by FTIR spectroscopy and
X-ray photoelectron spectroscopy (XPS) (Figure 5). The
oxidation must increase the occurrence of trapping states
and wavelength dependent excitation emission.

In order to identify the surface groups of CBDs, the
materials were investigated by FTIR and XPS analyses.
There is a broad band at about 3,400 cm™ signed to
hydrophilic groups such as the O—H and/or N—H stretching
on the surface, as well as C—H stretching bands at about
2,930 cm’! and 2,850 cm’'. Moreover, the band at about
1,740 cm! indicates the presence of carbonyl (C=0) groups,
and the one at about 1,600 cm™ was assigned to C=C
stretching of polycyclic aromatic hydrocarbons, which is
consistent with UV-Vis absorption spectra.*

There is a broad band starting from 1,480 cm!
until 1,160 cm™ indicating epoxide/ether C—O—C and
deformation vibrations of CH, and CH; present on the
surface. These last bands at about 1,090, 980, and 880 cm’!
can be signed as C—H bending, ring puckering and N-H
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Figure 5. (a) FTIR microscopy spectrum of the purified CBDs showing the characteristic vibrational peaks. (b) Cls XPS spectrum of the purified CBDs
that could be further deconvoluted into three peaks (sp?, sp® and carbonyl groups).

wagging. These results show that the CBDs have abundant
CH, and CH, groups, as well as several hydrophilic groups
such as carboxyl and hydroxyl groups on their surface,
which can explain the PL feature of this material and
the presence of GQDs and CQDs. The high resolution
Cls XPS spectrum of CBDs corroborates with the FTIR
results. It could be further deconvoluted into three bands,
corresponding to sp? (C=C/C-C, 283.32 eV), sp® (C-0O,
284.76 eV), and carbonyl carbons (C=0, 285.94 eV).12#
The use of demineralization and desulfurization agents
play an important role to remove ashes, silica, and sulfur
as described by Banar et al.¥” Also, using oxidant agents
produce a carboxyl groups and hydroxyl in CBD material,
becoming soluble in water, according to assignment of
FTIR and XPS of this material. The addition of NaOH
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after this process is very important to precipitate metal
hydroxides which remained in the sample after treatment
with KMnO, (Figure 6).

Analyzing the TGA of solid II in Figure 6b, the absence
of a substantial quantity of manganese (remaining 0.2%
in weight) and zinc was verified in the purified CBDs,*!
where no substantial mass loss was observed, only a drying
process. These purified CBDs show potential as fluorescent
agents in future applications, such as non-destructive tests*
and bioimaging.*

It is important to see in Figure 6b that mass loss keeps
occurring after 800 °C for solid I. At about 1,000 °C,
0o-Mn,0O; is unstable and decompose into Mn;0,. This
temperature effect is due to the negative values of the
formation entropy term, which in general is more negative
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Figure 6. (a) EDX spectra of the solid obtained after the first precipitation with NaOH (black line-solid I) and EDX spectra of the purified CBD obtained
after solvent evaporation (red line-solid II); (b) TGA of the solid obtained after the first precipitation with NaOH (black line-solid I), and TGA of the

purified CBD obtained after solvent evaporation (red line-solid II).
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for materials with manganese ions in higher oxidation
states. Besides, it should not be inferred that there is not
Mn, 0, at all in the final residue under the conditions used
here. Some amount of y-Mn,O; could still remain after this
treatment. The EDX spectra in Figure 6a shown at inset,
the lowering intensity signal referring to manganese and
zinc elements, indicating an efficient purification process.
Finally, the goals of the work were achieved as can be seen
by applying a methodology to obtain a purer CBD than
simply extracted directly with an organic solvent. However,
it must be clear that the obtained samples are directly related
to the tire source. For that reason, sometimes, the samples
are not homogeneous, and its characterization became a
challenge.

Conclusions

The pyrolysis of unserviceable tires has been an
alternative to improper disposal of waste tire, as it may
contribute to remove these residues from inappropriate
locations. This study presents a physicochemical method
to prepare CBDs from regular tires.

The extracted CBDs showed water solubility and
presented an emission behavior dependent on the
excitation wavelength and a high quantum yield of up to
19.29% compared to other carbon dots in the literature.
Besides, this type of material showed a mixture of two
kinds of structures: one well-defined spherical shape with
confinement and crystalline structure (CQDs) and another
not well-defined shape conjugated single sheet of graphene
(GQDs), giving rise to a potential class of materials which
may be used in fluorescence imaging and optoelectronic
devices.

Supplementary Information

Supplementary information about quantum yield
procedure is available free of charge at http://jbcs.sbq.org.br
as PDF file.
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