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Styrene-Butadiene-Rubber (SBR) is a synthetic rubber copolymer used to fabricate several products. This
study aims to demonstrate the use of SBR as feedstock for carbon nanomaterials (nanofibers and nanotubes)
growth, and therefore to establish a novel process for destination of waste products containing SBR. A three stage
electrically heated flow reactor was used. Small pellets of rubber were pyrolyzed at a temperature of 1000 °C.
The pyrolyzates were mixed with oxygen-containing gases and were burned. The products of combustion were
used to synthesize the carbon nanomaterials (CNMs) at the presence of a catalyst. CNMs have a wide range
of potential applications due to their extraordinary mechanical, thermal and electrical properties. Produced
materials were characterized by SEM and TEM, whereas combustion products were assessed using GC. Results
showed that CNMs with outer diameters of 30-100 nm and lengths of about 30 um were formed. Therefore, it
was demonstrated that waste products containing SBR can be used to generate CNMs which are value-added

products of intense technological interest.
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1. Introduction

Styrene-Butadiene-Rubber (SBR) is a synthetic rubber copolymer
consisting of styrene and butadiene. This material is used in a number
of different applications around the world, such as shoe heels and
soles, children’s toys, caulking compounds, sponges, and floor
tiles, however the SBR is most massively used in the production
of automobile tires'2. According to the International Rubber
Study Group, the world production of synthetic rubbers was about
12 million tons in 2009°.

In this work, SBR was chosen as carbon feedstock for growing
nanomaterials because of the high volume of wastes materials
containing this rubber. Therefore, the study of SBR can be expanded
for tires or other materials that use this copolymer as predominant
raw material. The waste rubber materials are thermoset polymers,
which cannot be reprocessed like thermoplastic polymers, therefore
recycling of these materials requires special techniques that demands
high investments*. A solution to the disposal of waste rubber products
is provided by the pyrolysis or combustion processes. The pyrolysis
is a process wherein the material is decomposed using means of
temperature with the absence of an oxidized gas, and the combustion
is characterized by the addition of the oxidized gases during the
process. Past research in the Combustion and Air Pollution Laboratory
of Northeastern University showed that SBR products are attractive
potential fuels due to their high heating values (29-37 MJ.kg")*7,
which exceed those of lignite (10-20 MJ.kg™") and bituminous coals
(30 MJ.kg™)3. This study proposes a novel technique to co-generate
carbon nanomaterials (CNM) during the combustion of SBR, or
materials produced from SBR. The reason that SBR is first pyrolyzed
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and then burned is to be able to generate premixed combustion, upon
mixing with oxygen containing gases at the venturi, and thus minimize
the production of condensed products of combustion, such as soot’.
Such products would contaminate the catalyst substrates, which are
placed downstream.

Nanotechnology products were responsible for a consumer
market of about US$ 11 trillions in 2010, wherein US$ 340 billion
correspond just to nanomaterials’. Nanomaterials consist of structures
with at least one dimension in the order of nanometers (1 x 10~ m).
These materials have a wide range of potential applications due to
their extraordinary mechanical, thermal and electrical properties'*!.
To generate carbon nanomaterials carbon bearing gases are needed at
an elevated temperature environment. Such gases can be generated by
high temperature pyrolysis and/or combustion of hydrocarbon-based
feedstocks'. In prior work, it was found that carbon bearing gases can
be provided from other types of solid waste fuels, such as plastics'?
and biomass'. It will be shown herein that SBR-based products can
be used as feedstock to generated nanomaterials.

2. Materials and Methods

2.1. Materials

Small pellets of SBR with average dimensions of about 2 mm
were used as carbon feedstock for the nanomaterials growth. The
physical and chemical properties of the used SBR pellets are shown
in Table 1. A ceramic boat was used to insert batches SBR samples
of 1 g in the furnace.
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Table 1. Physical properties and chemical composition of SBR used in the work.
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Particle size  Fixed carbon  Volatiles Ash C H, S N, O, Heating value
(um) (%) (%) (%) (%) (%) (%) (%) (%) MJ kg™
180-212 21.7 52.3 26.0 60.9 5.3 2.5 0.3 7.1 29
2.2. Samples preparation SBR Flame Catalysts

The laboratory furnace consists of a three-section quartz
laminar-flow, electrically heated, muffle furnace. The first section
(37 mm ID x 870 mm) is the feedstock pyrolyzer, the second
section (37 mm ID x 260 mm long) is connected to a mixing venturi
(8 mm ID), and the third section is the nanomaterials synthesis furnace
(37 mm ID % 380 mm long), the effluent of which is connected to the
gases analyzers. A design of the furnace can be seen in the Figure 1.

The ceramic boat with the samples was inserted into the furnace
with nitrogen serving as carrying gas at the flowrate of 5 L/min
ensuring the absence of oxygen; therefore, pyrolytic conditions
prevailed in the first stage of the furnace. Several temperatures (in the

Effluents

Venturi O, Filter

Figure 1. Experimental apparatus consisting of two horizontal furnaces
(feedstock pyrolyzer on the left and CNM synthesizer on the right), separated
by a mixing venturi where a flame was established.

range of 600-1000 °C) were tested in the first section of the furnace §2§§ ]
in order to decide on the pyrolysis conditions that are most suitable §(5)88 ]
for CNM growth; a temperature of 1000 °C was selected because Zggg ]
it presented the best relation of burned material. In the venturi, the 2(5)88 ]
pyrolysis gases come in intimate contact with jets of a preheated 3900 7
2 L/min flow of an oxygen-nitrogen mixture (oxygen mole fractions of 43‘288 ]
17 and 19% were tested). As aresult of the blending of the pyrolyzates 3900 7
with the preheated oxidizing gases, ignition occurred and a premixed 2900 1
flame was established at the exit of the venturi. The combustion gases 1000 1 |_. ’_. ’_.
were channeled into the third stage of the apparatus where a catalyst 0 T T T T 1
mesh was placed perpendicularly to the flow with a predetermined Methane Ethylene Acetylene Benzene Toluene
CNM synthesis temperature of 1000 °C. In order to prevent any ] ]
. . . O With mesh B Without mesh
combustion-generated particulate matter (as the premixed flames

were transient in nature in these batch combustion experiments)
from entering the synthesis chamber and contaminate the catalyst,
a barrier filter was placed in the division of the two sections of the
apparatus. This filter consists of a honeycomb structure made out of
silicon carbide (SiC), and performs with a high filtration efficiency
resulting in 97% retention for submicron particles'.

The method for the nanomaterials synthesis used in this work
was the catalytic chemical vapor deposition (CCVD). The catalyst
substrates consisted of circular pieces (10 mm ID) of a mesh made
of stainless steel AISI 304 with chemical composition according
to ASTM E2016 specification: Cr (18-20,0%), Ni (8-10,5%),
Mn (£2,0%), Si (£1,0%), N (£0,1%), C (£0,08%), P (<0,05%),
S (£0,03%), and Fe (balance)'®.

The duration of each experiment was about 42-50 seconds; as
determined by the time elapsed between the onset and the termination
of the evolution of CO and CO, in the pyrolysis/combustion effluents.
These gases were monitored in real-time with an on-line dual infrared
analyzer (California Analytical Instrument, Model 200).

2.3. Sample characterization

Upon completion of each experiment, the apparatus was cooled
down to 200 °C under nitrogen before the removing the stainless
steel meshes. Morphological analyses of the collected materials
were performed using Scanning Electronic Microscopy (SEM) and
Transmission Electron Microscopy (TEM). Random sections of
the mesh were removed and placed directly on the SEM imaging
stage. SEM analysis was conducted on a Hitachi 4800, using a 3 kV
voltage, and a working distance of 8.2 mm. For TEM samples, the
meshes were sonicated in a 100% ethanol solution and the products

Figure 2. Emissions of the most prominent LHCs (in ppm) detected in the
experiments.

were analyzed in a low-magnified TEM (model JEOL 1010, with an
accelerating voltage of 70 kV).

The evaluation of generated effluent gases is important in order
to identify the precursors of the CNTs growth. Light hydrocarbon
gases (LHCs) generated during the experiments were monitored
off-line at the exit of the synthesis furnace. Gases were withdrawn
at a rate of 0.5 mL/min, using syringes mounted on a dual syringe
pump. Analysis was performed by gas chromatography (GC), with
a HP 6890-series instrument equipped with two parallel columns,
one coupled to a flame ionization detector, the other to a thermal
conductivity detectors (GC-FID and TCD).

3. Results and Discussion

3.1. Effluents of the pyrolysis/combustion of the SBR
feedstock

The pyrolysis/combustion process of SBR pellets generated
several gases, (hydrocarbons, H,, CO and CO,). The most prominent
light hydrocarbon species detected in this work were: methane
(CH,), acetylene (C,H,), benzene (C,H,), ethylene (C,H,) and
toluene (C H,). Traces of other compounds were also detected,
including 1,3-butadiene, propylene, propyne, ethylacetylene and
ethylbenzene'”. Mole fractions of the most prominent LHCs detected
in the experiments are shown in Figure 2; data was collected with
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Figure 3. SEM images of catalyzed materials using SBR using: 17% of O, (a, b, ¢) and 19% of O, (d, e, f).

and without the catalyst system (the values are listed in parts per
million - ppm).

Several prior works have shown that the hydrocarbons can be
used as important carbon donors in the production of CNMs usir
the catalytic CVD method'®**. The CCVD process used in this work
basically consisted of thermal dehydrogenation reactions whereby
a transition metal catalyst was used to “crack” the hydrocarbon

gases into carbon and hydrogen'>. Baker et al.>>* studied the growth
of carbon fibers; they describe that the catalytic decomposition of
hydrocarbon sources start on the active transition metal surface,
wherein they decompose into C_ ., and H,.Thereafter, diffusion of
carbon into the metal particles takes place until the solution becomes
saturated. The supersaturation of the solution results in precipitation
of solid carbon particles in the metal surface, leading to an increase of
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Figure 4. TEM images of catalyzed materials using SBR using: 17% of O, (a and b) and 19% of O, (c and d).

the mesh weight. Weight increments of the mesh, AW . were in the
range of 45-50 mg. Assuming that CNM synthesis times are equal or
shorter than pyrolysis/combustion times, average CNM growth rates
were calculated to be about 1.0 mg/s.

The presence of the catalyst did not have consistent effects on the
CO and CO, emissions; in some cases a mild increase was observed
whereas in some other cases a mild decrease was recorded, typically
within experimental error.

A noteworthy trend emerging from the results of Figure 2 is
that all detected light hydrocarbon species were partially depleted
at the presence of catalytic meshes. This indicates that they are
instrumental in the formation process of carbon nanomaterials.
Several previous investigations showed that LHCs generated in this
work (benzene?'?2, ethylene??, methane'®, and acetylene®) can be
used as carbon feedstock in the production of nanomaterials. For
example, when polyethylene was used as carbon feedstock for CNM
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growth, it was found that major detected pyrolyzates include methane,
ethane, ethylene, propane, propylene, acetylene, butane, butadiene,
ethylacetylene, benzene and hydrogen'®, among which ethylene was
the predominant. When biomass were used as carbon feedstock,
methane (CH,), ethylene (C,H,), acetylene (C,H,) and benzene
(C,H,) were found to be the highest yield LHCs in the pyrolyzates'*.
Therefore, also as established for the LHCs generated by controlled
burned of unserviceable tires”, the pyrolysis/combustion of SBR
products can be considered an important sources of carbon for
growth of CNMs.

3.2. Microstructural analysis of catalyzed materials

Scanning Electron Microscopy (SEM) was used to assess the
catalyst system success, i.e., to ascertain whether if nanomaterials
were formed on the stainless steel meshes. Figure 3 shows SEM
images of synthesized materials from SBR; wherein the images
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a, b and ¢ were obtained with 17% of O, (83% N,) and images
d, e and f with 19% of O, (81% N,).

SEM images show entangled nanomaterials which cover (not
uniformly) the catalyst mesh under all conditions. The images
exhibit the catalyst meshes in the background and ramifications of
nanomaterials impregnated in the surface. Produced materials showed
long fiber forms with lengths of about 30 um.

Transmission Electron Microscopy (TEM) was used for additional
analysis of the CNM dimensions and, also, to check the structures of
the products. TEM images are showed in Figure 4 (a and b - 17% of
O,,and cand d - 19% of O,).

As expected, TEM images showed that the produced cylindrical
carbonaceous materials have appear to be either solid or tubular,
and may be characterized as nanofibers (CNFs) or carbon nanotubes
(CNTs). CNTs were discovered by Iijima® in 1991, and consist
of coaxial tubular graphene sheets, with lengths in the order of
micrometers and diameters in the order of nanometers. In past years,
a variety of synthesis techniques for CNTs have been developed: arc
discharge, laser ablation, flame synthesis, and CVD?. However, the
high cost to produce such materials limits their usage. To reduce the
cost of CNTs, it is instrumental to reduce the expenses associated
with the procurement of raw-materials and to reduce the production
expenses. By using waste rubber products as feedstock for CNT
growth, the cost of raw-material can be minimized.

Figure 4 shows the formation of long fibers and some impurities
in the background. Outer diameters of the formed materials were
in the range of 30-100 nm. Produced materials showed tiny black
points, which are metallic particles that were incorporated into the
nanotubes during the catalyst process, which was confirmed by EDX
measurements. Some impurities are expected in materials produced
by catalytic synthesis, thus purification processes are generally used
to reduce the presence of undesired components®.

4. Conclusion

This study demonstrated that a high density of entangled
nanomaterials, with outer diameters of 30-100 nm and lengths of
about 30 um, could be generated from the pyrolysis/premixed-
combustion products of SBR on the catalyst meshes. Produced carbon
nanomaterials were of cylindrical forms some of which were tubular.
They were characterized as nanofibers/nanotubes. Therefore, the use
of SBR as feedstock for CNM growth was satisfactory and it may be
considered to be an interesting field for future investments due to the
high volume of wastes produced from SBR.
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