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Fibrous materials, both natural and synthetic, have been
an important part of global technologies for decades.
Many of these materials in their elemental forms are
nanomaterials with unusual properties, especially crys-
talline whiskers and fibers used to make an array of
composite materials systems. Around 1970, asbestos,
especially chrysotile (Mg3Si2O5(OH)4), and crocido-
lite (Na2(Fe2+

3 , Fe3+
2 )Si8O22(OH,F)2) had been used to

fabricate nearly 80 000 miles of asbestos–cement (AC)
water pipe in the United States, alone, hundreds of mil-
lions of tons of asbestos insulation, brake-linings, AC
sheet (commonly referred to as transite), and a host of
other commercial products. But by the early 1970s, the
health effects of asbestos mining, milling, and man-
ufacturing began to emerge [1–3], and asbestos was
observed in beverages and drinking water [4, 5]. This
of course led to a moratorium on AC pipe and other
asbestos products, including brake-linings, especially
in the United States. Other studies of ingested min-
eral fibers, including asbestos, suggested that asbestos
fibers longer than 20 µm but thinner than 3 µm were
more carcinogenic than fibers of greater diameter, re-
gardless of length, or those shorter than 20 µm, regard-
less of diameter. Of course, these were actually fiber
bundles.

It is now well known that the geometry and surface
chemistry of particulates can play an important role in
causing lung toxicity, especially chrysotile asbestos ex-
posure [6]. Renwick et al. [7] have demonstrated that ul-
trafine particulates impair macrophage phagocytosis to
a greater extent than fine particles (compared on a mass
basis). Schwartz et al. [8] have shown that episodes in-
volving high concentrations of coarse particles are not
associated with increased mortality while Oberdörster
et al. [9] correspondingly showed that ultrafine particles
contribute to acute mortality. In addition, crystalline
particulates in contrast to amorphous particulates in the
same size range are more damaging to human lungs
[10], and Momarca et al. [11] have shown that ul-
trafine crystalline particulates are major contributors
to adverse health effects. There is mounting evidence
that ultrafine airborne particulates with mean diameters
<100 nm are far more toxic than expected and pose
considerable health risks, including mortality, asthma
complications, chronic bronchitis, respiratory tract in-
fections, ischaemic heart diseases, and stroke. A recent
joint industry, government, and private sector, multicity
analysis found that a daily increase of 20 µg/m3 in in-
halable particulate matter <10 µm increased the death

rate by about 1% [12], while a 25 µg/m3 increase in av-
erage lifetime concentration of fine particles (<2.5 µm
diameter) increased the overall total annual death rate
by some 15% [13].

The start of the 21st century heralded the U.S.
National Nanotechnology Initiative [14], following
a decade of materials discovery and development,
notably carbon nanotubes [15], which have demon-
strated a wide range of remarkable properties [16]. This
has led to predictions of annual production quantities
of single-wall carbon nanotubes (SWCNTs) in thou-
sands of tons within the first decade of the 21st cen-
tury [17]; however, large quantities of multiwall car-
bon nanotubes (MWCNTs) are already in commercial
use [18].

In a recent summary of American Chemical Society
Symposium on Nanomaterials and Nanotechnology,
Dagani [19] concluded that “early results suggest that
some nanoparticles, such as carbon nanotubes, may
pose health risks.” Correspondingly, Lam et al. [20]
have recently shown that SWCNTs are more toxic than
carbon black or silica (SiO2) particulates (on an equal
weight basis) in mouse lungs, while Warheit et al.
[21] have demonstrated that pulmonary exposures to
SWCNTs in rats produced evidence of a foreign tis-
sue body reaction. Recent exposure assessment studies
conducted at workplace sites where carbon nanotubes
are either manufactured or utilized reported low air-
borne particulate exposure levels of respirable SWC-
NTs, not exceeding 100 µg/m3 [22, 23]. Moreover, it
has recently been observed that carbon nanotubes, par-
ticularly MWCNTs are ubiquitous in the atmosphere,
both indoor and outdoor, and are produced by a wide
range of fuel gas combustion sources, including nat-
ural gas and propane gas kitchen stove tops, gas fur-
naces and hot water heaters, electric power generation
stations, etc. [24–26]. These airborne MWCNT par-
ticulates are actually complex aggregates often com-
posed of hundreds or thousands of carbon nanotubes
and related carbon nanocrystal particles. While specific
quantitation has not been measured, estimates of car-
bon nanocrystal aggregate concentrations can exceed
100 µg/m3.

While the technological and health-related issues
involving carbon nanotubes have emphasized SWC-
NTs, it is apparent that the most prevalent occur-
rence of carbon nanotubes is MWCNTs and especially
complex aggregates of MWCNTs and related carbon
nanocrystal forms. Harris [27] has noted that chrysotile
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asbestos is strikingly similar to carbon nanotubes,
particularly MWCNTs. Consequently, considering the
pervasive health consequences of asbestos, studies
and comparisons of MWCNTs and chrysotile nan-
otubes (or their aggregates) may be especially enlight-
ening. This study illustrates striking similarities be-
tween combustion-formed, multiwall carbon nanotubes
and natural chrysotile asbestos nanotubes through ob-
servations in the transmission electron microscope
(TEM).

Fibers from a chrysotile mineral specimen from Que-
bec Province, Canada were placed in a sandwich of two
carbon/formvar-coated Ni mesh TEM grids and exam-
ined in the TEM: a Hitachi H-8000 analytical TEM fit-
ted with a Noran energy-dispersive (X-ray) spectrome-
ter (EDS) system and a goniometer-tilt stage, operated
at 200 kV accelerating potential. Samples of multiwall
carbon nanotubes and related carbon nanocrystal ag-
gregates were collected from the exhaust streams of
propane and natural gas kitchen stove top burners by
thermal precipitation onto single carbon/formvar or sil-
icon monoxide/formvar-coated Ni or Cu mesh TEM
grids. The thermal precipitation device utilizes a heated
wire to produce a thermal gradient relative to an ice-
water-cooled copper block onto which the TEM grid
substrates were placed, causing airborne particle ad-
sorption to produce a corresponding collection effi-
ciency of about 90%, described previously by Bang
et al. [28].

Fig. 1 shows typical examples of MWCNT aggre-
gates collected from a propane gas kitchen stove top
burner exhaust. The lower magnification TEM image
in Fig. 1a shows a complex aggregation of longer
MWCNTs and various other concentric graphene (car-
bon sheet) nanocrystals or quasicrystal forms. Note that
these carbon nanoforms exhibit end caps. These fea-
tures are more readily observable in the more magni-
fied example shown in Fig. 1b. The random arrange-
ment of varying sizes and types of concentric, closed,
graphene shells and more elongated concentric (multi-
layer) graphene, closed tubes gives rise to a very fine,
nanocrystal, ring diffraction pattern which is shown in
the insert in Fig. 1a. Prominent graphite (hexagonal:
a = 0.25 nm; c = 0.67 nm) reflections are indicated,
and correspond to interplanar crystal or d-spacings
(d = λL/R, λL = camera constant in Å cm when the
diffraction ring radii are measured in cm) of 0.34 nm
and 0.21 nm for (002) and (100) respectively. It can
be noted in Fig. 1b that the tube core diameter varies
from roughly 3 nm to 5 nm while the outer tube di-
ameters vary from 5 nm to 15 nm. Similar features are
exhibited for natural gas (∼96% methane) kitchen stove
burner-derived carbon nanocrystal aggregates shown
typically in Fig. 2. The selected-area electron diffrac-
tion (SAED) pattern insert in Fig. 2a illustrates a higher
degree of crystallinity or larger graphene crystal do-
mains because the corresponding (002) diffraction ring
is composed of regular diffraction spots. The MWC-
NTs shown in the enlarged view of Fig. 2b also show
capped nanotubes with an internal core diameter of
5 nm and outer tube diameters ranging from ∼10 nm to
15 nm.

Fig. 3 shows, for comparison with Figs 1 and 2, typi-
cal TEM images of chrysotile asbestos nanotubes which
also occur in fibril aggregates, but with a propensity
of long nanotubes. As indicated by the correspond-
ing arrows in Fig. 3a and b, these nanotubes are pre-
dominantly capped. Like the MWCNTs in Figs 1b and
2b the chrysotile nanotubes in Fig 3b have a core di-
ameter of 5 nm while the outer tube diameters vary
from ∼15 nm to 35 nm. The SAED pattern insert
in Fig. 3a shows typical diffraction streaks perpen-
dicular to the crystal (monoclinic: a = 0.53 nm, b =
0.91 nm, c = 1.46 nm) axis (c-axis direction); (002)
and (004) reflections are indicated corresponding to
crystal d-spacings of 0.73 nm and 0.37 nm respectively
[29, 30].

It is interesting to note that while the chrysotile
nanotubes shown in Fig. 3 are predominantly capped,
Harris [27] has asserted that “capped chrysotile tubes
are never observed.” But Murr and Kloska [5] also
observed capped chrysotile tubes in fibril aggregates
collected from municipal water supplies, and Fig. 3
therefore demonstrates that MWCNTs and chrysotile
nanotubes are more similar than suspected. Of course
because chrysotile nanotubes or aggregated fibrils are
brittle, the tubes are easily and frequently broken, and
these features are illustrated in Fig. 4. In fact in the
earlier TEM work by Yada [30] the samples observed
were primarily crushed. In contrast to chrysotile, car-
bon nanotubes, both single wall and multiwall, are not
brittle, and may be difficult to break. Consequently
if toxicology studies compare chrysotile nanotubes
with carbon nanotubes, the propensity of broken, un-
capped chrysotile nanotubes may cause cell responses
different from capped nanotubes. While the appear-
ance of the multiwall carbon nanotube caps in Figs 1
and 2 and those shown for the chrysotile nanotubes
in Fig. 3 look essentially the same, they are likely
different, especially because the chrysotile must in-
corporate a tetrahedral silicate layer and a layer con-
taining Mg coordinated to oxygen to create continu-
ous curvature [31]. In contrast, each concentric carbon
nanotube can be capped in a large number of differ-
ent ways, especially when the tube diameter exceeds
about 1 nm [27]. Nonetheless, all capped carbon nan-
otubes must obey Euler’s law: a hexagonal lattice of
any size can only form a closed structure by the in-
clusion of 12 pentagons, or 6 pentagons for a hemi-
sphere equivalent. For example, a single wall nanotube
would close with half a C60 fullerene (buckyball), while
larger tubes in concentric, multiwall carbon nanotubes
would require half spheres correspondingly larger than
C60.

Of lesser importance in comparing the carbon nan-
otubes and the chrysotile nanotubes would be the dif-
ferences in actual tube formation, shown to differ from
spiral to concentric layers for both chrysotile [31]
and carbon [27] nanotubes, although the propensity of
multilayer carbon nanotubes seems to be concentric.

While the issue of capped nanotubes versus broken,
uncapped nanotubes may be important in toxicology
or related studies incorporating chrysotile in compari-
son to carbon nanotubes, there is also the question of
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Figure 1 TEM bright-field images of carbon nanotube and related carbon nanocrystal aggregates extracted for a propane gas (propane/air) flame
exhaust: (a) portion of carbon particle aggregate showing numerous multiwall nanotubes. Selected-area electron diffraction (SAED) pattern insert
shows graphite (002) and (100) diffraction rings and (b) magnified view of multiwall carbon nanotubes at the edge of an aggregate.

actually qualifying the cell exposure to carbon nan-
otubes since single-wall carbon nanotubes may pose
differences from multiwall carbon nanotubes, and the
actual propensity of carbon nanotubes amongst other

fullerene forms may be an even more serious con-
cern. Indeed, in the recent studies of Warheit et al.
[21], the experimental particulate regime, characterized
as single-wall carbon nanotubes, actually consisted of
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Figure 2 TEM bright-field images of carbon nanotube and related carbon nanocrystal aggregates extracted from a natural gas (natural gas/air) flame
exhaust: (a) portion of large carbon particle aggregate showing numerous multiwall nanotubes. SAED pattern insert shows graphite (002) and (100)
diffraction rings and (b) magnified view of (a) showing nanotube structures, sizes, and size variations.

laser-ablation generated soot [32] composed of 30–40%
(by weight) amorphous carbon, 5% each of Ni and Co,
and the balance being carbon nanotube agglomerates,
or agglomerated “ropes” or bundles (∼30 nm in diam-

eter composed) of individual tubes ∼1.4 nm in diame-
ter, roughly one-third the diameter of the smallest tube
in Fig. 1b. Consequently, nanomaterials must be care-
fully characterized in order to differentiate morphology,
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Figure 3 TEM bright-field images of chrysotile asbestos nanotube (fibril) aggregates: (a) typical aggregate portion with corresponding SAED
pattern insert showing chrysotile (002) and (004) diffraction spots and (b) magnified view of (a) with emphasis on regions indicated by reference
arrows.

size, crystallinity, and chemistry effects. Such char-
acterization must include TEM analysis as illustrated
herein.

We have observed end caps or closed nanotubes of
both carbon nanotubes and chrysotile asbestos nan-

otubes by TEM. Multiwall carbon nanotubes and
chrysotile asbestos nanotubes are therefore strikingly
similar and this should be an important consideration
in the evaluation of potential toxicological effects of
aggregates of multiwall carbon nanotubes.
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Figure 4 TEM bright-field images of chrysotile asbestos fibrils exhibiting broken segments: (a) and (b) show low and higher magnification sequence
referenced to the arrow designated r. Other broken ends are indicated by arrows in (a).
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