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A B S T R A C T

Carbon black (CB), a material consisting of finely divided particles, can be obtained by the partial combustion of
heavy petroleum feedstock. The commercial preparation of CB nanoparticles require sophisticated equipment,
chemical pre-treatment, and combination of complex separation and purification techniques. CB nanoparticles
can also be recovered from scrubbed rubber, but yields are modest and the process is technically complex. Here,
we report the development of a simple and inexpensive method for the preparation of CB nanoparticles from
waste tires. Under optimal conditions, the yield of recovered CB nanoparticles (~22 nm) was of approximately
81%; the nanomaterial presents good thermal stability and conductivity, and forms chain-like agglomerates;
chemical composition analysis and solubility tests indicates that it is partly oxidized (C, 84.9%; S, 10.21%; O,
4.9%). The product was fully characterized by FTIR, Raman, TGA, BET, SEM and TEM. This preparation method
could become a viable alternative to reduce the large amount of waste tires and decreasing their negative
environmental impact, producing good quality CB nanoparticles useful for batteries, sensors, electronic devices,
catalysis, pigments, concrete, and plastics, among many other applications.
1. Introduction

Plastics pollution is currently one of the most important environ-
mental problems in the world. Over 320 million tons of plastics are
produced every year. Nearly 1 billion tires are disposed each year, which
adds to the estimated 4 billion unwanted waste tires already existing in
landfills and stockpiles. More than 2.5 million tons of scrap tires are
disposed every year, only in North America, becoming a growing envi-
ronmental problem [1]. Disposal of used tires is a global problem; more
than 50% are discarded without any treatment. By the year 2030, the
number of waste tires would reach 1.2 billion tires yearly [2]. They
constitute a problem due to their large volume, durability (more than 100
years for partial degradation), and may possess a strong environmental
impact as some components or degradation products are toxic com-
pounds (carbon monoxide, PAHs, heavy metals, among others) [3].
About 47% of a tire is rubber, 22% is carbon black (CB), 17% metals, 6%
textiles and the rest other additives (ZnO, sulfur, clays and other com-
pounds). Nearly a 74–76% of a tire are carbon-based materials [4].
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Rubber from tires can be grinded into crumbs and recycled for use in
numerous consumer products, or transformed by thermal or chemical
processing into petrochemicals, fuels or other useful products [5].
Considering all this, recycling of waste plastics in new applications is
highly desirable and has a beneficial impact on the environment and the
economy. Some other alternatives for the reuse of waste tires include
their use as a fuel in cement kilns [6], to produce carbon black [7,8], in
asphalt pavements [9] or as aggregates in concrete [2,3,10].

Carbon black (CB) consists essentially of finely divided, spherical
particles of carbon produced by incomplete combustion of carbonaceous
fuels, both liquid and gaseous, that are chemically bonded forming
agglomerate chains via weak Van der Waals interactions [11]. CB may
have applications in areas such as antibody delivery [12] catalyst [13],
supercapacitors [14], capacitors [15] UV stabilizers [16], pigments [17],
concrete additive [18], paper additive [19], plastic additives [20],
coatings [21] and structural reinforcement [22]. CB has been produced
from different sources such as lignite [11,23], hydrocarbons [24],
carbonaceous industrial waste [22,25], rice husks [26], tyres [7,27] and
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biomass [28]. Additionally, CB has been explored as a new source for the
preparation of carbon nanomaterials [25]. Several factors influence CB
preparation: the composition of the hydrocarbon feedstock; the tem-
perature of synthesis; the conditions for thermo-oxidative treatment; the
level of interaction of the oxidant with the medium, among others [24].
Temperature and processing time are two of the most important factors
that affect yield and chemical nature of the product of thermal treatment.
Thermal treatment at low temperatures (300–450 �C) usually favor the
formation of carbon black particles, while medium temperatures
(450–600 �C) favors the formation of liquid products (oils). Higher
temperatures (>600 �C) trend to generate mainly gaseous products [29].
These factors affect the properties (size, composition, agglomeration) of
the product. In the literature, there are many reports on CB synthesis such
as: pyrolysis [7,24], hydrolysis [23,26], carbonization [26], AC thermal
plasma [27] and vapor thermolysis [22]. Yields are variable and depend
on several conditions such as carbon source or temperature; yields in the
range from 35 to 70% are common from the oil furnace process, but from
recycled waste tires yields are in the range from 36-50% and depend on
temperature and heating time [29,30]. These techniques present some
disadvantages, for example, the CB produced by the pyrolysis process is
expensive and the quality of the product is inferior to that produced from
petroleum products [2]. In addition, several other processing steps such
as hydrolysis, carbonization and pyrolysis are required to, at the end,
obtaining CB. Finally, these techniques require the use of sophisticated
equipment, expensive gas mixtures and chemical pre-treatment.

CB has a high surface-to-volume ratio due to its small size (usually,
below 50 nm). Normally, the carbon content of CB is>98%, but oxygen it
is always presents in a small percent, due to the presence of numerous
oxygen-containing functional groups on the surface of the nanoparticles.
Through chemical oxidation a material known as oxidized carbon black
(OCB). Methods for the preparation of OCB nanoparticles, usually from
graphite, graphene [31] or by direct oxidation of CB nanoparticles in
piranha solution (3:1, v/v, H2SO4:H2O2) [29], usually have low yields
(from 8 to 25%), and produce other side products such as carbon nano-
tubes, graphene oxide sheets, among others. OCB nanoparticles have
found applications as catalysts for water and alcohol oxidation reactions
[32] and for antibody delivery across cell membranes [12]. CB is an
alternative nanomaterial widely consumed in rubber products such as
automotive tires due to its structural reinforcing properties, but it has
been used as support for catalysts and the preparation of conductive inks
[33].

Motivated by the need of contributing to the reduction of this type of
waste and its transformation into a technologically valued product, in
this paper a simple, inexpensive, one-step and high-yield process to
obtain CB nanoparticles from waste tires is reported; the partially
oxidized CB nanoparticles are water soluble, conductive, mesoporous,
thermally stable and present moderate polidispersity.

2. Experimental

2.1. Chemicals

Small pieces of crumb rubber, of approximately 6 mm in size, were
obtained from a waste tire (Hankook Ventus V2 brand), previously
cleaned thoroughly with water, soup and acetone, and dried at room
temperature. Two square pieces of the tire from the inner and outer
sections with approximate dimensions of 10 � 10 cm were cut and
grinded in small fragments using a rotary abrasive metal tool (automo-
tive lime, Snap-on brand) to scrub the surface. The grinding of the tire
was carried out carefully without reaching the reinforcing thread of the
tire (metallic wire), which was carefully removed.

2.2. CB nanoparticles preparation

100 g of grinded waste tires were poured into a lab-made cylindrical
stainless steel reactor (20 � 10 cm), which has a hermetic head cap that
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can be closed with 4 cap screws. The reactor containing the rubber was
left inside a high-temperature furnace (Thermolyne 1400), pre-heated
until it reached a temperature of 1000 �C. After heating during 4
hours, the furnace was turned off and left it to reach room temperature
before removing the reactor. After opening the reactor, a black solid was
recovered and grinded using an agate mortar. The grinded black solid
was washed with water, filtered and dried under vacuum at room tem-
perature. No further processing of the material was performed, and
characterization was made on the dried product.

2.3. Sample characterization

Sample characterization was performed using several analytical
techniques. The sample morphology and microstructure was character-
ized with an high-resolution scanning electron microscope (HRSEM)
MAIA 3 (TESCAN, Czech Republic) equipped with an Bruker Quantax
200 energy dispersive spectroscopy (EDS) detector. Samples were
mounted on top of an aluminum pin with a double conductive graphite
tape, and analyzed using a 15 keV electron beam. Transmission Electron
Microscope (TEM) images were obtained on a JEOL J-2100 electron
microscope at an acceleration voltage of 200 kV. TEM samples were
prepared by depositing one drop a dilute suspension of the sample in
water on a carbon-coated copper grid and allowing the solvent to evap-
orate at room temperature. Fourier Transform Infrared Spectroscopy
(FTIR) analysis were made using a FTIR Agilent Cary 630 spectrometer in
the transmission range of 400–4000 cm�1 with an ATR detector and
finely grinded samples. Thermogravimetric Analysis (TGA) was deter-
mined from room temperature to 800 �C, with a heating rate of 10 �C
min�1 in nitrogen atmosphere with a flow speed of 90 mL min�1, using a
Netzsch Regulus STA 2500 (TGA/DTA) thermal analyzer. Hydrodynamic
diameters were determined by dynamic light scattering (DLS) using a
Malvern Zetasizer NanoZS model MAL1166028 instrument equipped
with a 4 Mw He–Ne solid-state laser operating at 633 nm. CB nano-
particles were dispersed in water and sonicated for 5min to obtain a well-
defined, non-flocculated starting state. Specific surface area of the CB
samples was measured by nitrogen adsorption at liquid nitrogen tem-
perature (77 K) using an ASAP Model 2020 Physisorption Analyzer and
calculated using the Brunauer-Emmett-Teller (BET) isotherm method.
Before the analysis, the samples were heated at 300 �C for 24 h at N2 flow
in vacuum for degassing. Raman spectra was obtained with a micro ID
Raman spectrometer (Ocean Optics, Florida, USA) equipped with a 785
nm laser (max power 71 mW). Samples were deposited on silicon sub-
strates and the spectra was calibrated against the single-crystal Si peak at
520 cm�1 (spectral resolution of about 12 cm�1). Each spectrum was
summed from 6 accumulations of 3 seconds each.

3. Results and discussion

The preparation of carbon black (CB) nanoparticles followed the
preparative process showed in Fig. 1, as described in the Experimental
section.

It has been previously reported that CB nanoparticles recovered from
waste tires are structurally close to those obtained from hydrocarbon
pyrolysis, with some small differences. Recovered CB nanoparticles
presents a more diverse chemical composition, strongly related with the
variety of additives present in the tires and the carbon source used for its
synthesis. After the thermal decomposition of 100 g of scrapped waste
tires, which do not contain any metallic reinforcement material as it was
removed before treatment, into our lab-made stainless steel cylindrical
reactor at a temperature of 1000 �C during 4 h, a total of 81 g (81% yield)
of a solid, light, black powder was obtained. Acid-basic chemical pre-
treatment of waste tires is another alternative for the elimination of
inorganic additives such as silica and metals, among others [34]. For this
work, a temperature of 1000 �C was selected for thermal processing of
waste tire scraps as it was found optimal for gasification of the carbon
precursors present in the tires and its transformation into carbon black



Fig. 1. Schematic representation of the carbon black nanoparticles preparative process steps.

R. G�omez-Hern�andez et al. Heliyon 5 (2019) e02139
nanoparticles, with yields larger than the usual amount of CB particles
normally charged as fillers into tires. This result is in agreement with
those reported in a recently published study where pyrolytic residue (PR)
from waste tires was transformed into pyrolytic carbon black (PCB) with
Fig. 2. SEM images of: a) Grinded rubber before thermal treatment; b) CB obtained
showing particle size distribution of as obtained CB NPs.
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similar yields, but after chemical and ultrasonic treatment [35]. The
mechanism of formation of CB nanoparticles may be explained by the
vaporization of carbon precursors contained in the waste tire, including
original CB particles added as fillers, textiles and other carbon-based
after thermal treatment; c) high magnification of CB agglomerates; d) histogram
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additives, and nucleation of vaporized carbon onto CB primary particles,
following a mechanism close to that reported for soot formation [25]. A
small amount of the powdered sample was mounted on an aluminum pin
and characterized by HRSEM and EDS. SEM analysis of the product
(Fig. 2) clearly showed the formation of small, nearly monodispersed,
carbon spheres with an average particle size of 22 nm (Fig. 2d). EDS
analysis (Fig. 3) indicate that the as-obtained CB nanoparticles are
chemically composed by 98.3% carbon, and 1.7% sulfur and trace
amounts of oxygen (inset, Fig. 3). No electron charging on the surface of
the samples was observed when analyzed even at voltages up to 15 keV
and magnifications in the order of 300,000 times were achieved; all the
later suggest that the as prepared CB nanoparticles are conductive.
Spin-coating deposition of a 9–12 layers thin film of CB on a Si substrate
andmeasurement of its resistivity gave values in the range from 1.2 to 1.6
kΩ (for comparison, the unmodified Si substrate had values in the range
from 5 to 100 kΩ). These results are in agreement with others reported in
the literature for CB and OCB nanoparticles [12,19,36,37]. Organically
bound sulfur is a common impurity that can be found in CB nano-
particles, because of rubber vulcanization. However, thermal desulfur-
ization usually occurs when the solid is heated at high temperatures
between 500 and 1450 �C, forming volatile sulfur oxides, SOx, As sulfur
may still be present in the voids of the CB mesoporous structure, an
elemental mapping was obtained (Fig. 4), which clearly show that
although carbon is homogenously distributed on the particles, sulfur and
oxygen are located randomly through the CB surface, suggesting they are
occupying specific spots (oxygen) or empty spaces in the mesoporous
particle. Sulfur containing CB may be of interest for the development of
new cathode materials for rechargeable batteries [38].

Fig. 5 shows a HRTEM image of the as prepared CB nanoparticles. A
highly disorder multilayer graphitic structure, typical of other previously
reported CB particles was found. It has been reported that the highly
defective multi-shell soot particles (such as CB) could be used for the
preparation of carbon nano-onions, and nano- and submicron-diamonds,
as well as superhard carbons and Mackay crystals at very low cost [25].
The distance between the graphitic layers is 0.335 nm, which is nearly to
Fig. 3. EDS analysis of CB nanoparticles obtained from waste t
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the distance between two graphitic planes (0.334 nm).
The particle size distribution of CB nanoparticles in water was

investigated using DLS. While it has been reported that CB nanoparticles
do not disperse in water, partially oxidized CB (OCB) nanoparticles are
capable of forming a stable black colloidal suspension when dispersed in
water. The particle size distribution curve is shown in Fig. 6. The data
indicates that the CB nanoparticles has an average size of 36.03 nm, with
a polydispersity index (PDI) value of 0.273, indicating that is moderately
polydisperse, that means, the particle size distribution of CB nano-
particles is not uniform. This is an expected result, as individual CB
nanoparticles trend to agglomerate forming long chain-like structures,
with fractal-like shapes, creating a relatively large size dispersion. The CB
nanoparticles have acid character due to their solubility in water, which
may indicate the presence of oxygen containing (-OH, COOH) chemical
functions on the surface. An experimental measurement of the pH of the
water suspension of CB nanoparticles confirms that acidic character (pH
~ 5).

The comparative FTIR spectra of unprocessed scrub rubber and as-
prepared CB nanoparticles is shown in Fig. 7. Unprocessed scrub rub-
ber exhibits stretching vibrations corresponding to –CH3 at 2918 cm�1,
plus a symmetric vibration corresponding to –CH2 at 2836 cm�1, a band
approximately at 1521 cm�1 for a C¼C stretching vibration, and three
more bands at 1420, 1338 and 781 cm�1 corresponding to vibrations of
CH2, CH3 and C–H groups, respectively. These vibrations are in agree-
ment with what has been reported in the literature [39, 40, 41]. In
comparison, the FTIR spectrum of CB nanoparticles obtained by thermal
carbonization of scrub rubber presents only the typical band associated to
the C–H vibration near to 781 cm�1 and no other vibrational band was
detected in the spectrum, indicating the carbonaceous nature of this
sample. The strong band at 2169 cm-1 corresponds to the typical asym-
metrical stretching vibrations of CO2 [42]. This band is present mainly
due to the porous nature of the sample that easily adsorbs molecules
present in the environment. However, in the regions associated to O–H
stretching asymmetric vibrations, only a very weak band from
3000-3200 cm�1 was observed and no evidence of C–O or C¼O
ires. Normalized mass percent is indicated for C, S and O.



Fig. 4. Elemental mapping analysis of CB nanoparticles obtained from thermal treatment of scrub rubber from waste tires.

Fig. 5. HRTEM image of the CB nanoparticles, showing the characteristic multi-
layered, highly disordered graphitic carbon nanostructure.
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stretching vibrational bands was found, suggesting that the oxygen
containing species may be restricted to a few –OH groups on the surface
of the nanoparticles, which is in agreement with the low oxygen content
determined by EDS analysis.

The Raman spectra acquired from as-prepared CB samples is plotted
in Fig. 8. The spectra exhibits two broad and strongly overlapping peaks
5

at intensity maxima of 1596 cm-1 (G band) and 1322 cm-1 (D band). The
value for the G band indicates that CB nanoparticles are graphitized, as
graphite corresponding G band appears around 1582 cm-1 [43]. The
calculated ID/IG ratio was of 1.21, which indicates that the graphitized
material contains numerous defects and a high proportion of sp3 hy-
bridization. The D peak corresponds to disordered graphite. CB is usually
a highly defective carbon form, and therefore overlapped D bands should
be present corresponding to amorphous carbon, hydrocarbon or aliphatic
moieties connected to the graphitic structural units [44].

The mesoporous nature of the CB nanoparticles was studied by N2
adsorption and desorption measurements, while specific surface area of
the nanoparticles was determined by the BET method, as presented in
Fig. 9. Fig. 9a shows adsorption-desorption isotherm of CB. This material
presents a typical reversible III type isotherm, which could be attributed
to N2 adsorption-desorption in the mesoporous carbon nanostructure.
The calculated specific surface area of the CB nanoparticles is approxi-
mately 30 m2/g (Fig. 9b). The low surface area value, in comparison to
other CB nanoparticles, strongly suggest that part of the voids in the
mesoporous structure may be occluded by impurities such as elemental
sulfur, as it was suggested by the elemental mapping analysis. The Barret-
Joyner-Halenda (BJH) model for determination of pore size distribution
(Fig. 9c and d) of mesopores was applied, which is based on the
assumption of capillary condensation of N2 in the pores. The CB nano-
particles have a wide pore size distribution, which can be attributed to
the mesoporous structure and the effect of large-chain agglomeration.
The average calculated pore size was of 30 Å.

Several carbon mesoporous materials obtained from several waste
sources have been explored in the past as adsorbents. Activated charcoal,
mesoporous carbon (CMK3), porous carbon, carbon nanotubes, fuller-
enes or carbon black obtained from different sources (waste tires,
biomass, hydrocarbons) under different processing methods (microwave
irradiation, chemical decomposition, CVD, pyrolysis, gasification, com-
bustion) and activation processes (oxidation, acid or basic treatment,



Fig. 6. DLS analysis of an ethanolic suspension of CB nanoparticles.

Fig. 7. FTIR analyses of unprocessed scrub rubber from waste tires (blue) and CB nanoparticles as-obtained from the thermal treatment of scrub rubber (green).
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physical modification) have been reported as good adsorbants toward
several common substances (phenol, dyes, wastewater, heavy metals and
pesticides) by several authors [45,46,47,48,49]. Table 1 compares the
surface areas of some selected carbon-based adsorbents obtained from
several sources and with different methods with that of the CB nano-
particles obtained in this work.

The thermal stability of the prepared CB nanoparticles was evaluated
by TGA-DTA analysis under a nitrogen atmosphere. Fig. 10a shows the
thermogram for unprocessed scrub rubber. Two stages were identified,
the first starting at 199 �C where rubber stars to decompose, and some
moisture, residual solvents and oils are lost as volatiles. That stage ends at
a temperature of 383 �C, as an endothermic process, maybe associated
with total gasification of rubber, accompanied by a significant loss of
6

weight (nearly 50% of the total mass). In the last step, complete thermal
degradation of the material occurs from there up to 684 �C, associated
with the total decomposition of carbon fillers and other carbon additives
until complete carbonization. In the other hand, Fig. 10b shows the
thermogram corresponding to the decomposition of the CB nano-
particles; no thermal processes associated with residual rubber or carbon
additives were detected from beginning and up to 500 �C. The contin-
uous loss of mass starting at 520 �C seems to continue at a constant rate
after 800 �C, suggesting that some organic moieties may be being
decomposed and volatilized, with a partial weight loss of around 30% at
the end of the temperature cycle. This thermal behavior is very similar to
that reported by Zhang and coworkers in 2018 for CB particles prepared
also from waste tires under pyrolytic conditions [35]. The fact that, in



Fig. 8. Raman spectra of CB nanoparticles as-obtained from the thermal treat-
ment of scrub rubber.
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contrast with the rubber used as starting material, that only a 30% of the
mass has been lost when temperature reached the limit of 800 �C, in-
dicates that the as produced CB nanoparticles have larger thermal
stability.
Fig. 9. Surface Measurements of carbon black nanoparticles: isotherm (a), surfac
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4. Conclusions

As carbon black usually constitutes around 20–35% of the mass of
scrap rubber of tires, the high yield of recuperation of carbon black (CB)
nanoparticles in this work must be a consequence of thermal trans-
formation of rubber, and other carbon additives into pyrolysis residues
that, under the high temperature processing (1,000 �C) and self-
pressurized conditions produces mainly CB nanoparticles in large yield.
While traditional methods for CB recovery from different sources are not
higher than 26–30%, the method here presented for the preparation of
very small (~22 nm) CB nanoparticles has yields higher than 80%; to our
knowledge, this is among the highest yield reported for the preparation
of CB nanoparticles from waste tires and it is also a very good yield when
compared to other conventional methods of preparation of CB nano-
particles starting from several carbon precursors. Only other recent
report, with close yields, is available in the scientific literature [35].
HRSEM, EDS, FTIR, Raman, surface measurements, DLS and TGA anal-
ysis, indicates that the methodology here presented produces partly
oxidized, water soluble, highly conductive CB nanoparticles with average
size of 23 nm, with nearly spherical morphology, moderate PDI and high
thermal stability. As waste tires are becoming a serious and growing
environmental hazard, their transformation into a potentially useful
technological material may open the door for alternative ways to dispose
and use this type of products. CB nanoparticles may find applications as
components for the development of batteries [52], flexible electronic
devices [19], mechanical reinforcement additive [53,54], sensors [55],
and fluorescent displays [56], among other uses. Current work on the
exploration of practical application of CB nanoparticles from waste tires
is being performed at our research group.
e area (b), adsorption diameter pore (c), and desorption diameter pore (d).



Table 1
Comparison of different carbon-based adsorbents and CB nanoparticles as prepared in this work.

Adsorbent Source Waste Method Chemical Treatment
-
Activation Agent

BET Surface Area (m2/g) Reference

Activaded Charcoal Tire Pyrolisis Air
Nitrogen
Nitrogen and Stream

38–110 [50]

Activated Carbon Polyethylene Pyrolisis Sulfuric Acid
Water Vapor

513 [51]

Carbon Black Carbonaceous AC termal plasma Plasma Gas (N2, Ar, He, CO, H2) 20–53 [27]
Carbon Black Waste tires Thermal decomposition None 30 This work

Fig. 10. Curves of thermogravimetric and differential thermal analyses (TGA/DTA): (a) Rubber from scrap tires and (b) CB nanoparticles.
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