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Carbon nanotubes and nanocrystals in methane combustion

and the environmental implications
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A variety of combustion-related and thermal plasma
techniques, as well as thermal decomposition of hy-
drocarbons, have been used to produce a wide vari-
ety of carbon-based nanoparticles [1, 2]. These have
included numerous, novel grades of carbon blacks,
fullerenes, and carbon filaments and fibers, particu-
larly carbon nanotubes, which have been produced by
decomposition of a hydrocarbon gas over a transition
metal since the 1960’s, but were only identified around
1991 by Iijima [3] using electron microscopy. Current
methods involving aerosol synthesis of carbon nan-
otubes include arc discharge, laser ablation, and cat-
alytic/decomposition growth for the production of sin-
gle and multi-walled nanotubes of carbon. Common to
these approaches is the generation of particles in the
presence of a reactive hydrocarbon species at elevated
temperatures (600–1200 ◦C). In contrast, ordinary com-
bustion flames can naturally form carbon nanoparticles,
primarily carbon blacks. Such flames represent a com-
plex chemical environment characterized by steep tem-
perature gradients and concentrations of species. Cat-
alytic decomposition of acetylene (C2H2) and methane
(CH4) in the presence of an iron catalyst has been a
common methodology for carbon nanotube production
[4, 5]. In this letter, the production of a range of carbon
nanotubes and nanocrystal particulates, primarily ag-
gregates, by near optimal combustion of pure methane
(99.5%) in a laminar methane-air co-flow flame, and
evidence for the presence of these carbon nanotubes
and nanocrystals in atmospheric aerosols is reported.

Methane was issued from a 0.2 cm-diameter stainless
steel tube burner described in detail elsewhere [6]. A
narrow range of linear fuel (methane) flow rate/linear
air flow rate of (4–5 cm/s)/(50–70 cm/s) was employed
to establish a predominantly blue, stable laminar flame
with a visible height of ∼7 cm on the burner port.

A thermal precipitator described in detail elsewhere
[7] was employed to collect representative combustion
products on standard (3 mm) transmission electron mi-

croscope (TEM) grids: 100 mesh nickel coated with
60 nm of formvar and carbon. It was located at the top of
a cylindrical tube surrounding the flame; approximately
1 m from the flame center. The thermal precipitator has
also been employed in the collection of particulate mat-
ter, especially nanoparticles, in the indoor and outdoor
air of El Paso, TX, USA over a 2-year period [7–9].

Finally, particulate matter with mass median diame-
ter <2.5 µm (PM2.5) was collected using the Versatile
Aerosol Concentration Enrichment System (VACES)
[10, 11] in Houston, TX, USA in close proximity to a
heavy traffic road. Microdrops ∼1 mm 3 of the PM2.5
suspension were pipetted onto the 3 mm, 100 mesh
nickel—formvar/carbon-coated grids for examination
in the TEM. This technique has been described in more
detail in previous studies of particulate matter in wa-
ter samples using the TEM [12]. In the present studies
the TEM was a Hitachi H-8000 analytical TEM oper-
ated at an accelerating potential of 200 kV, employing
a goniometer-tilt stage; and fitted with a Noran energy-
dispersive X-ray spectrometer system.

In performing experiments as outlined above, it
was the intention originally to examine variations
in soot microparticle agglomeration (assumed to be
mostly amorphous carbon or carbonaceous spherules
or clusters); and related black carbon forms with small
variations in the methane/air flame-related combustion
phenomena. What was observed was a variation in
crystalline carbon nanostructures, some of which are
illustrated in Fig. 1. Fig. 1 shows a series of nanopartic-
ulate/nanocrystal agglomerates observed in the TEM.
This series shows the collected agglomerate particulate
along with a corresponding, high-magnification, bright-
field TEM image. Fig. 1a and b show an agglomerate
of primarily carbon nanocrystal polyhedra and other
fullerene-related nanoforms. Fig. 1c and d show an
agglomerated, complex mixture of carbon nanocrys-
tal polyhedra and other forms, including very promi-
nent nanofibrils which are mostly multi-walled carbon
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Figure 1 Examples of three different aggregate, particulate, carbon nanocrystal forms collected in a methane/air combustion stream. (a) and (b) show
bright-field TEM images of aggregated nanocrystal polyhedra, and a magnified view (b) at arrow in (a). (c) and (d) show nanocrystal polyhedra-nanotube
mixture. (d) is a magnified view of (c) at arrow. (e) and (f) show mainly nanotube aggregate. (d) is a magnified view of (e) at arrow.
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nanotubes having diameters ranging from 10 to 20 nm.
As shown in Fig. 1d the nanotubes exhibit symmetrical
and asymmetrical caps. Nanotubes with asymmetrical,
cone-like caps are also shown prominently in the mag-
nified view of nanotube agglomerates shown in Fig. 1f.
The agglomerated carbon nanocrystals shown in Fig. 1e
exhibits primarily nanotubes, somewhat more irregular
than the straight, uniform nanofibrils shown in Fig. 1c
and d. Some other carbon nanocrystal forms are con-
tained in the aggregated particulate shown in Fig. 1c.

The variations in carbon nanotubes and other
nanoforms, and their complex intermixing or agglom-
eration are reflected in variations in the selected-area
electron diffraction (SAED) patterns which are shown
in Fig. 2a–c; corresponding to the bright-field image
sequences shown in Fig. 1. Fig. 2d shows an energy-

Figure 2 Selected-area electron diffraction (SAED) patterns corresponding to Fig. 1 aggregate sequence. (a), (b) and (c) correspond to Fig. 1a, c, and
e, respectively. Carbon interplanar spacing reflections are noted. (d) shows the energy-dispersive X-ray spectrum for Fig. 1c.

dispersive X-ray spectrum corresponding to Fig. 1c, and
very typical for all of the collected carbon nanoparticu-
late agglomerates shown in Fig. 1. The Ni peaks (shown
dark shaded) represent the Ni grid mesh and act as an
internal, elemental calibration. The S peak is character-
istic of most hydrocarbon fuel contaminants. It might
be noted in Fig. 2a–c that reflections corresponding to
a carbon layer or d-spacing of 0.34 and 0.17 nm is
absent in Fig. 2a, while the 0.34 nm d-spacing is es-
sentially absent in Fig. 2c; corresponding to Fig. 1e
and f.

While we have not yet specifically explored the
methane/air flame parameters in detail in order to max-
imize the selectivity towards carbon nanotube or other
specific fullerene-related nanoforms, it may be possible
to achieve such selectivity, as implicit on comparing
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Figure 3 Examples of TEM bright-field images for carbon nanocrystals and nanotubes in airborne particulate-aggregates. (a) El Paso, TX, USA air
particulate. (b) shows a magnified view at arrow in (a). (c) and (d) show original and magnified image (arrow in (c)) for Houston, TX, USA air
particulate. (e) and (f) show 10 000 year-old particulate trapped in a Greenland ice core. (f) shows a magnified image at arrow in (e).

2202



Fig. 1a–f; without seeding the flame with catalyst
particles. The production of carbon nanotubes and
nanocrystal aggregates in a reasonably efficient burning
methane/air flame raises the question of the potential
health and environmental implications of such nanopar-
ticle emissions from natural gas (∼96% methane) burn-
ing, including gas stoves and heaters in homes, electric
power generation plants, and many other industrial pro-
cesses or combustion process sources.

It is in fact in the environmental context that the real
significance of the observations presented in Fig. 1 be-
comes apparent. For several years we have collected
a wide variety of airborne particulate matter by ther-
mal precipitation onto TEM grids [7–9]. In hundreds
of samples collected both indoors and outdoors in El
Paso, TX, USA, nearly 90% of the particles collected
were aggregates, and a similar percentage were crys-
talline or polycrystalline [9]. Many of these aggregates
were originally characterized as complex aggregates
of silica or other nanocrystals with carbonaceous mat-
ter. A re-examination of these TEM images and their
corresponding analytical data in light of the findings
illustrated in Figs 1 and 2 have revealed that a very sig-
nificant fraction of these airborne particles exhibited
aggregated carbon nanocrystals and nanotubes as illus-
trated typically in Fig. 3a and b. Furthermore, PM2.5
freshly collected with the VACES in a water suspen-
sion, and transferred to 3 mm, coated, TEM grids also
contained complex aggregates of carbon nanotubes and
other nanocrystal forms intermixed with nanocrystals
of silica; as illustrated typically in Fig. 3c and d. In fact,
Fig. 3d is very similar in appearance to Fig. 1f.

Chianelli et al. [13] recently noted that amor-
phous, carbonaceous material collected in atmospheric
aerosols occurring in heavily polluted areas of Mexico
City also contained fullerene-like materials dispersed
throughout. They attributed this particulate material to
soot production from burning hydrocarbon-based fuels.

Finally, numerous particle aggregates extracted from
a 10 000 year-old ice core melt sample (Greenland ice
cap, Dye –3, tube No. 1596 at 506 m depth) and ob-
served in the TEM in a manner identical to Fig. 3c
and d for freshly collected airborne particulate matter
(with drops put on grids in a class 100 clean room en-
vironment) [12] also exhibited carbon nanotubes and
nanocrystal forms, and an example of these observa-
tions is reproduced in the bright-field TEM images of
Fig. 3e and f. The corresponding energy-dispersive X-
ray spectrum for the particle in Fig. 3e contained a C/Si
signal ratio similar to the C/S signal ratio in Fig. 2d,
and the SAED pattern was essentially the same as that
shown for carbon nanocrystals shown in Fig. 2b. The
significance of Fig. 3e and f in contrast to Fig. 3a–d is
the implication that carbon nanotubes and nanocrystals
have occurred naturally in the atmosphere for at least
10 000 years, and continue to be a prominent compo-
nent of the particulate matter regime characteristic of
the contemporary atmosphere.

The non-optimized combustion of hydrocarbon fu-
els, both liquid and gaseous, produces recognizable soot
or smoke emissions—carbon blacks and complex car-
bonaceous mixtures—often observed as branched clus-

ters of essentially amorphous carbon or hydrocarbon
spherules. These spherules are 20 to 50 nm in diameter;
with up to 2000 such spherules forming single, com-
plex particle aggregates; with average, aerodynamic di-
ameters up to 2 µm [14]. However, more optimized
combustion may produce complex aggregates compar-
atively enriched in the nanotubes and other nanocrystal
forms which are common observations in airborne par-
ticulate matter as shown typically by Fig. 3a–d in this
study.

While the lean burning of hydrocarbons yields excep-
tionally low pollutant emission in the context of visi-
ble soot, as well as superior combustion characteristics,
it appears from this very preliminary study that there
may be considerable production of carbon nanotubes
and other nanocrystal forms in the pollution emission
regime which is difficult to detect except by observa-
tions utilizing transmission electron microscopy. This
also requires the collection of these nanoparticles and
nanoaggregates in a format suitable for observation
and analysis by TEM. Furthermore, the range of com-
bustion characteristics conducive to carbon nanocrystal
production has not been established, and must be ex-
plored for a number of fuels, including natural gas, be-
cause such emissions may have important implications
for the health compromising effects associated with ex-
posure to airborne particulate matter; in particular the
ultra-fine mode. A recent survey of 27 toxicology stud-
ies world-wide concluded that ultrafine particles can
enter the body through the skin, by breathing, or by
ingestion, leading to inflammation and other toxic re-
actions [15]. A Chemical and Engineering News (April
28, 2003) [16] summary of an American Chemical So-
ciety Symposium on Nanotechnology and the Environ-
ment questioned whether nanomaterials are safe, and
asserted that, “early results suggest that some nanopar-
ticles, such as carbon nanotubes, may pose health risks.”
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