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Airborne nanoparticles released during the synthesis of single-
walled and multi-walled carbon nanotubes were measured
and characterized. This study reported the field measurements
during the development of carbon nanotube production.
Monitoring data were taken and the sampling methods to
characterize aerosol release were developed along with the
modification of carbon nanotube production in a time period from
2006 to 2009. Particle number concentrations for diameters
from 5 nm to 20 um were measured using the fast mobility particle
sizer and the aerodynamic particle sizer; the particles
released from the furnace were found to be less than 500 nm
in diameter. The morphology and elemental composition of
the released nanoparticles were characterized by scanning and
transmission electron microscopy and energy dispersive
spectroscopy. Different operating conditions of multi-walled
carbon nanotubes (MWCNT) production were studied to evaluate
their effects on the number and morphology of aerosol
particles, and the number of particles released. Carbon nanotube
filaments and carbon particles in clusters were found among
the released aerosol particles during production of multiwalled
carbon nanotubes.

Introduction

The field of nanotechnology has progressed rapidly in the
two decades since the carbon nanotube (CNT) was discovered
(I). Nanotechnology refers to the productive use of materials
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on the nanometer size scale. It is generally agreed that a
“nanoparticle” is a particle with at least one dimension less
than 100 nm (2). Carbon nanotubes, fibers with dimen-
sions of a few to tens of nanometers, meet this definition.
In this paper, nanoparticle is used when referring to
nanoparticles in general, while “CNT” refers specifically to
carbon nanotubes. CNTs are now being manufactured in
large quantities, and many uses are being investigated; this
widespread interest, however, has brought increased atten-
tion to research into toxicity, human exposure, and envi-
ronmental releases associated with CNT manufacture and
use.

Emissions from CNT furnaces have not been extensively
characterized. CNT synthesis by chemical vapor deposition
(CVD) is very inefficient: less than 3% of carbon feedstock
is actually converted to CNTs (3). As small furnaces in
universities are scaled up to production levels in industry,
there is increasing concern regarding emissions to the
environment. In January 2009 the state of California asked
all manufacturers of CNTs to submit information on CNT
operations and release from their facilities, including fate
and transport in the environment. The environmental fate
and transport of engineered nanoparticles, including CNTs,
hasbeen a subject of increasing concern in recent years (4, 5).

The toxicity testing of CNT has been limited to date. Early
studies tested CNTs in short-term single dose assays of
pulmonary toxicity by instilling or aspirating CNTs into mice
and rat lungs. In general these studies found inflammation
and granulomas comparable to the toxic dust quartz (6, 7).
However, Shvedova et al. (8 9), in both a single-dose
aspiration study and a four-day inhalation study, found an
initial inflammatory response followed by granulomas,
fibrosis, and decreased rates of respiration and bacterial
clearance from the lungs. Two recent studies found asbestos-
like effects in short-term bioassays when CNTs were injected
intraperitoneally into mice (10, 11).

There are many aspects of these first toxicology studies,
beyond the usual difficulties inherent in any toxicology study
of inferring human toxicity from animal data, that limit their
direct applicability to human exposure. These issues are
reviewed in some detail by Warheit (12). The term “carbon
nanotube” does not define a single entity, in the way that
“silica particle” does. There are many different CNT: single-
walled and multi-walled, different catalysts, “dirty” vs puri-
fied, long vs short, etc. Each toxicology study used either
single-walled CNTs (6—9) or multiwalled CNTs (10, 11), thus
limiting the generalizability of the results. In addition, most
ofthe published studies did not use CNT inhalation to deliver
the dose; typically, a single dose was delivered via intratra-
cheal instillation (6, 7), aspiration (8), or intraperitoneal
injection (10, 11). The only study that used inhalation was
Shvedova et al. (9); similar but more severe toxicological
responses were found when inhalation was used rather than
aspiration.

In order to maximize the possible response, the single
doses used are extremely large compared to any possible
occupational or environmental exposure. For example,
Shvedova et al. (8) exposed mice to single doses of single-
walled CNTs via aspiration; the highest dose was 40 mg;
assuming that a “typical” single-walled CNT can be modeled
by a solid carbon cylinder 10 nm in diameter by 10 um long,
this is equivalent to 2 x 10'2 CNTs. If a worker were exposed
to 1 CNT/cm? (see exposure discussion below), (s)he would
inhale approximately 107 CNTs in the course of one workday;
the dose used in the NIOSH study thus would represent
hundreds of years of occupational exposure.
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In spite of the recognized shortcomings in the published
CNT toxicology studies, there appears to be sufficient
evidence for concern. Shvedova et al. (8) exposed mice to
the same doses of CNTs and silica, a known fibrinogen; the
CNT-exposed mice developed fibrosis, while the silica-
exposed mice did not. The studies finding a possible as-
sociation between CNT exposure and mesothelioma are of
particular concern, since mesothelioma is a deadly disease
associated historically with exposure to asbestos (13). Because
of the cancer risk, the OSHA 8 h time-weighted average
permissible exposure limit for asbestos is only 0.1 fiber/cm?®
(19).

Because of concerns about potential toxicity, measure-
ments of release and exposure to CNTs are needed. There
have been few published studies of CNT exposure in the
workplace; Maynard et al. (15) found almost no release of
fibers when CNT were removed from a high pressure carbon
monoxide reactor and transferred into a secondary container.
The peak mass concentration measured during the transfer
procedure was low (53 ug/m?). Han et al. (16) conducted air
monitoring for MWCNTSs during several procedures in a
research laboratory. They found that levels of MWCNTs
during a blending procedure generated MWCNT concentra-
tions between 172.9 and 193.6 CNT/cm?. The addition of an
enclosure and exhaust ventilation reduced levels to between
0.018 and 0.05 CNT/cm?.

In summary, previous studies regarding exposure to CNTs
showed almost no release to the workplace during the
production process, provided that the processes were
adequately enclosed and vented. Airborne concentrations
were measured at room background locations during the
monitored operations. The morphology and quantity of
aerosols found in furnace exhaust during the synthesis of
carbon nanotubes and possibly emitted to the environment
have not been reported to date and the effect of operating
conditions has not been studied. Operating conditions
significantly change the growth mechanism (17).

This study was conducted as field monitoring in the time
period of 2006 to 2009 during the development of carbon
nanotube production, thus, the sampling method was
developing along with modification of production from
single-walled to multiwalled CNT to determine a successful
sampling method and investigate the environmental release.
The study reported here investigated the effect of different
operating conditions on the number and morphology of
aerosol particles released from a CVD furnace. These results
should contribute to further development of strategies for
the evaluation and control of CNT environmental release
and human exposure.

Materials and Methods

Experimental Process. This research was conducted in two
parts, i.e., evaluations of the synthesis of SWCNTs, performed
in 2006 and MWCNTs, a new development performed in
2009. SWCNTs are normally produced with a prepatterned
catalyst; in order to determine the effect of the catalyst on
aerosol production, the experiment was repeated without
the catalyst present. The evaluation of MWCNT production
through continuous catalyst injection was performed for two
scenarios; i.e., growing MWCNTSs on a substrate, and having
no substrate for the growth. For the no substrate scenario,
two different conditions, high and low injector temperature,
were tested to evaluate the effect of temperature on released
nanoparticles during synthesis. A list of experiments and
notation used is provided in Supporting Information (SI)
Table SI.

All experiments were performed in a common laboratory
CVD setup consisting of a 2.5 x 60 cm fused silica cylindrical
reactor chamber heated by a clamshell furnace located in a
laboratory fume hood. To produce SWCNTs, substrate-bound
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FIGURE 1. (a) Illustration of measuring locations (b) Illustration
of process diagram.

SWCNTs were obtained by depositing a catalyst on a Si/SiO,
substrate prior to synthesis. The sample was then pretreated
as previously described (11) and CNT were grown for 20 min
at 925 °C with ethanol as the carbon feedstock in a stream
of 600 scm®/min Ar and 440 scm®/min H,. The resulting CNT
are expected to be firmly attached to the substrate at one
point at their upstream end and with the other end floating
several hundreds of micrometers over the substrate during
synthesis (18). Once they make contact with the substrate,
strong van der Waals interaction keeps them attached over
the whole length of the sample. SI Figure Sla is a scanning
electron microscope (SEM) image which demonstrates that
the obtained CNT are aligned in a parallel manner by the gas
flow and atleast several hundred micrometers long. Aerosol-
assisted CVD was used to generate MWCNTs at high yield
following the procedure of Xiang et al. (19). In this approach
both the catalyst and the carbon feedstock were continuously
introduced into the reaction zone during the 20 min CVD
process by evaporating a solution of ferrocene and cyclo-
hexane at a feeding rate of 10 mL/h from a heated nozzle.
The resulting CNTs grew on the reactor walls and Si/SiO,
substrates and exhibit a forest-like alignment as shown in SI
Figure S1b. Varying the temperature of the injector nozzle
affected the morphology of the obtained nanotube films; at
a low nozzle temperature of ~100° MWCNT forest-like
structures of 600 um height were synthesized whereas
increasing the nozzle temperature resulted in carpet-like
structures. The reaction temperature was 800 °C which is
substantially lower than for the SWCNT growth and a gas
stream of 500 scm?®/min Ar and 50 scm?®/min H, were used.
The difference in growth protocol is related to different
applications of these materials. The SWCNTs were generated
from a predefined catalyst area for applications in electronic
devices, where low density and flow alignment are required.
The continuous introduction of catalyst and carbon feedstock
in the case of MWCNT growth creates high density films for
structural applications.

Monitoring and Sampling Procedure. Fast mobility
particle sizer (FMPS) and aerodynamic particle sizer (APS)
were used to monitor particle release. Equipment use is
described in the SI. Measurements were taken at the
background, breathing zone and source locations as il-
lustrated in Figure 1a, notation listed in the SI. Background
particle concentration was measured 1 m from the fume
hood to represent the concentration in the room. The
breathing zone concentration was measured in the research-
er’s working area which is about 0.5 m from the hood. Also
shown is the sampling location of the FMPS and APS at the
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FIGURE 2. Particles number concentration during synthesis of

SWCNT at the source and the background locations.

particle release source, designated the source location, which
was inside the fume hood. The source location was defined
as the exhaust of the reactor inside the fume hood. Since the
exhaust gas flow (2 L/min) was less than the required FMPS
(10 L/min) and APS (5 L/min) sample air flow, the incoming
exhaust stream was diluted with air from the fume hood as
shown in Figure 1b. The measurements by FMPS and APS
were taken individually. The exhaust from the SWCNT reactor
went through a water bath placed inside the fume hood under
normal operations. The water bath was not used for these
experiments in order to measure actual particles released
from the furnace. For MWCNT synthesis, the exhaust
normally went through a cellulose acetate filter, which also
was not used for these experiments. Background concentra-
tion in the room was recorded before, during, and after each
operation. Source concentration was recorded before and
during the synthesis of CNT.

The FMPS and APS measurements yield detailed infor-
mation about airborne particle size distribution, but give no
information about particle morphology and elemental
composition. To provide this information, aerosol particles
were collected for analysis. For SWCNT production, the
sampling method is described in the SI. For MWCNT
production, a new nanoparticle aerosol filter sampler (20)
was used in these experiments. The sampling location is
shown in Figure 1b. A schematic layout of the sampling device
is shown in SI Figure S2. Transmission electron microscope
(TEM)-copper grids (SPI 400 mesh with a Formvar/carbon
film) were taped onto 47 mm diameter polycarbonate
membrane filters (0.2 um pore size). Fiber backing filters
were used to support the polycarbonate filters. Air was drawn
through the filters at 0.3 L/min using a calibrated personal
sampling pump, and aerosol particles deposited on the grid
via Brownian diffusion. This deposition process has been
confirmed both experimentally and theoretically, as described
in the SI.

Analytical methods are described in the SI.

Results

Results for SWCNT Production. Typical results of the aerosol
monitoring at the exhaust from the reactor during SWCNT
production are shown in Figure 2. Only FMPS data are shown
in Figure 2, since the APS was not available at the time of the
measurements. Measurements were taken under two condi-
tions, i.e., the experimental data were obtained during
SWCNT growth using a catalyst and the control data were
obtained without a catalyst which results in no production
of nanotubes during the furnace operation. As shown in
Figure 2, particle concentrations measured at the source
location peaked at a dimension of approximately 50 nm and
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FIGURE 3. Particle number concentration and size distribution
at source location. L-temp A: Low temperature, use substrate;
L-temp B: Low temperature, no substrate; H-temp B: High
temperature, no substrate.

were as high as 107 particles/cm?®, close to the maximum
concentration measurable by the FMPS. The exposure
concentrations measured at the breathing zone location
(designated as “BZ” in Figure 2) outside the fume hood were
less than 2000 particles/cm?®. This indicates that the nano-
particles released from the furnace did not escape from the
fume hood, and the fume hood sufficiently removed released
nanoparticle during SWCNT synthesis. In addition, the
exposure concentration at the background location was low
prior to the experiment due to the effective general ventilation
system designed for the new laboratory that could maintain
the low background laboratory concentration of less than
2000 particles/cm?®. The difference between the particle total
number concentration at the source and breathing zone was
greater than 10° particles/cm®. The difference between
particle concentrations during SWCNT growth and the
control experiments is small, which could be due to
conditioning effects in CVD reactors that were used prior to
these experiments, i.e., despite the absence of catalyst on
the substrate, the catalytic activity of the reactor walls seems
to be sufficient to generate carbon nanoparticles in the gas
stream. The mechanism that produced nanoparticles at such
high concentrations during production is not clear. This
conditioning effect is still subject to investigation but seems
to be related to the presence of catalyst that deposited on
the reactor walls. Before every growth the reactor was oxidized
at 1000 °C in an attempt to passivate these catalyst particles
and ensure that no carbon particulates were present. The
results of particle sampling are available in the SI.
Results for MWCNT Production. Comparison of Particle
Concentrations at Different Locations. Typical results of the
aerosol concentration measurements at the furnace exhaust
during synthesis of MWCNTSs are shown in Figures 3 (furnace
exhaust), SI Figure S4 (room background), and SI Table S2.
The background concentrations in the nanoparticle size range
were all very low compared to those at the source, as shown
in SI Table S2. The monitoring in the case of high injector
temperature using substrate was not performed because it
resulted in a low production yield, thus this condition was
not of interest for the manufacturing process. The particle
concentrations measured at the source and the background
location are plotted in Figure 3 and SI Figure S4 respectively;
the primary y-axis on the left is the scale for particle
concentrations in the complete size range (5—20 000 nm)
which are shown by the solid line curves; the secondary y-axis
on the right is the scale for particle concentrations for the
larger size range of 550—20 000 nm which are shown by the
dotted line curves. The released particles at the source during
synthesis were found to be at a high concentration (Figure
3), more than 4 x 10° particles/cm?; the concentrations at
the background, however, were low and close to the baseline
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(SI Figure S4). The released particle size distributions varied
by the operating condition, but most particles were less than
300 nm in diameter. Due to scale differences between the
two vertical axes in Figure 3, the performance of the two
instruments at the common measurement point of 500 nm
cannot be compared. The actual data, however, were similar,
with a measured concentration on both instruments of
approximately 50 particles/cm?® at a diameter of 500 nm. The
particle concentrations and size distribution in the range
above 550 nm were very similar at the source and the
background, indicating that no aerosol particles above one-
half micrometer in diameter were released at the source
during synthesis.

The total particle concentrations for the measurements
plotted in Figure 3 and SI Figure S4 are shown in SI Table
S2. The numbers in Table S2 are the actual FMPS and APS
data. These data were affected by two experimental condi-
tions. First, approximately 15% of the furnace exhaust was
diverted to the filter sample, so that the number of particles
reaching the FMPS and APS was reduced by this fraction.
Second, the furnace air was diluted with room air at a rate
of approximately 4 to 1 and 5 to 2 for FMPS and APS,
respectively; so the actual furnace concentrations would have
been higher than the values reported in SI Table S2 by the
same factors. Thus, the values in Table S2 only reflect relative
particle concentrations under different conditions, not
absolute ones. The size distributions shown in Figure 5 and
SI Figure S2 are not affected by the dilution. The total
concentrations of particles at the source for sizes less than
560 nm were about 2—3 x 10° particles/cm? and the
concentrations at the background were extremely low
compared to the source. The total concentrations for particle
sizes >500 nm at both the source and background are very
similar as seen in Figure 3 and SI Figure S4. Background
levels outside the fume hood during synthesis were identical
to background levels before processing began, indicating no
release of particles from the hood.

Comparison of Substrate Presence and Temperature.
Three conditions were evaluated while measuring particle
release during synthesis of MWCNTs. For MWCNT produc-
tion, in the case of low injector temperature, two scenarios
were chosen. In the first scenario (L-temp A) a substrate was
placed inside the reaction chamber to collect the CNT during
growth, and in the second scenario (L-temp B) no substrate
for MWCNT growth was used. For the case of high injector
temperature (H-temp B), no substrate was used. The quantity
and size of particles below 550 nm that were released during
synthesis was affected by the operating conditions described
above, as shown in Figure 3 and SI Figure S4. Particles released
at the source when using a substrate was used for MWCNT
growth were in the size range of 25—100 nm with the particle
mode at 60 nm as shown by the solid curve “L temp-A” in
Figure 3. The solid curve “L temp-B” represents the particle
release at the source when the substrate was not present.
The particles released during synthesis without using a
substrate yielded a similar but broader particle size distribu-
tion from 20 to 200 nm with a larger particle mode at about
95 nm as shown on the solid curve “L temp-B” in Figure 3.

The variation in temperature of the injector needle
resulted in significant differences in the particle concentration
and size distribution of released particles at the source as
seen on the solid curves “Ltemp-B” and “H temp-B” in Figure
3. Particles released at the high temperature condition were
in a smaller size range of 7—90 nm compared to the particles
released at low temperature condition with a size range of
20—200 nm. In addition, the highest particle concentration
measured at the high temperature condition approached 7
x 10% particles/cm?. The particle concentration above 500
nm size showed a much lower value of 10 particles/cm?
peaking at 700 nm at the condition of high injector tem-
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perature compared to the other conditions. However, the
total concentrations at the source and the background
locations are similar in all cases for particles above 500 nm.

Characterization of Aerosol Particles by TEM. For
MWCNT production, particles released in the exhaust were
collected using the aerosol filter sampler. The particles
collected on grids under the different operating conditions
were characterized by TEM as shown in Figure 4. For low-
temperature injector conditions, the particle concentration
was higher during no-substrate synthesis as shown in Figure
3 and SI Table S2, and indeed the TEM images showed a
higher density as can be seen in Figures 4a and 4b. In addition,
for the low injector temperature the collected particles were
predominantly clusters of spherical shape with some indi-
vidual nanoparticles, as well as MWCNTSs. The individual
spherical nanoparticles are as small as 20 nm, and the size
of clusters have a broader distribution but are no larger than
300 nm as can be seen in Figure 4a and 4b. This result is
consistent with the measurement of particle concentration
shown in Figure 3.

CNT filaments were found among the aerosol particles
collected when applying high injector temperature during
synthesis as seen in Figure 4c, e, and f. The morphology of
particles produced at the different injector temperatures is
shown in Figure 4c and d: A multitude of CNT filaments
attached to clusters of nanoparticles was collected. The
filaments are few nanometers in diameter, as seen in Figure
4e and fand are from few nanometers to several micrometers
inlength. Our TEM method was designed to identify particle
morphology and elemental analysis. Particles were not
counted on the TEM grids, since this is very labor-intensive
and the particle count distribution is obtained from the FMPS
and APS.

Elemental analysis was performed on typical clusters of
light and dark gray individual nanoparticles (marked by
arrows) that were collected at both high and low injector
temperature; an example is indicated by the circle in Figure
4f. Theresults of the elemental analysis are shown in SI Figure
S5. While the Cu peaks and some contribution to the C and
O peaks are expected to originate from the TEM grid, the Fe
peaks are due to the collected particles and are likely from
the dark gray particles which seem to include the Fe catalyst.
This indicates that the particles are both clusters of carbon
particles and iron catalyst particles coated with carbon.

Samples of MWCNTs synthesized at the low injector
temperature were collected by scraping MWCNTs from the
substrate. Grids were gently contacted to the MWCNTSs and
the attached MWCNTs were analyzed by TEM; the collected
nanotubes are about 50 nm in diameter as can be seen in
images of SI Figure S6a and b. In SI Figure S6b, the multiple
layers inside a MWCNT can be seen at a fracture site of a
nanotube.

Particle Concentration Change for The Laboratory
Background. Particle concentrations at the laboratory
background were measured before, during and after
synthesis of CNT. The purpose was to evaluate the extent
of particle release from the fume hood to the room. Typical
measurements taken when using the low injector tem-
perature for synthesis are shown in SI Figure S7, which
shows the actual number concentration in the room. The
concentration changes before furnace operation (no
symbolline) and during operation (symbol line) varied by
particle size, and the distribution patterns were similar.
The consistent particle distribution pattern indicates that
the concentration changes were due to the variability
of the general ventilation system in the laboratory, and
not associated with nanoparticles released from furnace.
It should not be assumed that the excellent protection
afforded by the fume hood used here would be provided
by every chemical fume hood. A study by Tsai et al. (20)



FIGURE 4. TEM images of collected aerosol particles from different conditions of MWCNT production (a) L temp-A, Direct
Mag:15 600x (b), L temp-B, Direct Mag:15 600, (c) H temp-B, Direct Mag:26 000, (d) L temp-B, Direct Mag:26 000, (e) and (f) TEM
images of MWCNT filaments collected from condition of high injector temperature and no substrate use (H temp-B).

found significant nanoparticle release associated with
handling nanopowder when using a traditional conven-
tional fume hood. Tsai’'s study found that the use of a
conventional hood could result in a more intense exposure
to workers using the hood, due to a complex circulating
airflow pattern between the worker and the hood. However,
detectable quantities of nanoparticles were not released
into the room when using this particular fume hood during
the furnace operation. This is likely due to certain favorable
factors of the design and operation. The furnace was
operated in an extra wide (1.6 m width x 0.76 m height)
constant velocity fume hood, the sash was set at a 40 cm
height location (0.7 m/s face velocity) during the whole
operating process, and no worker was present at the hood
face. A wider hood, intermediate face velocity, and no
worker standing in front of the hood can minimize the
generation of turbulent airflow at the hood face, which
could explain the good performance when using this hood.

The evaluation of the SWCNT production found that
aerosol nanoparticles released during synthesis were
detected at the source by the FMPS; however, sampled
particles could not be individually identified for analysis.
The production scale of ultralong SWCNTs was limited to
afew micrograms per operation which made the collection
of released SWCNTs difficult. In addition, catalyst was
deposited on the surface of the silicon substrate and
SWCNTs are not expected to be released during the
synthesis process. The morphology of the released nano-
particles from SWCNT synthesis could therefore not be
characterized from this study. The measurements from
the FMPS found that the released airborne nanoparticles
were all less than 100 nm and were released at a high
particle concentration. These particles are likely to be
carbonaceous byproduct from the CVD synthesis process.
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Due to the larger amounts of precursors, a greater
quantity of aerosol nanoparticles was released during
synthesis of MWCNTs. For the MWCNT production, the
injector temperature had a substantial effect on the particle
size distribution; this is likely due to the dispersion process
of the catalyst solution, since at high temperatures the
evaporation of the catalyst is faster. The subsequent
formation at higher temperatures of small clusters from
an environment of gasified precursor will result in fine
filaments which can travel through the reactor without
depositing on its walls.

When the liquid catalyst is introduced at low temper-
ature the droplets will not evaporate completely but form
large particles. These particles cannot act as initiators for
nanotube growth because of their size and they will only
be coated with carbon instead of precipitating a nanotube.
However, when deposited on the reactor walls they can
decrease their diameter by evaporation and initiate
substrate-bound growth. In other words, MWCNTSs were
well formed and attached on the substrate under low
injector temperature operation. High injector temperature
reduced the growth of MWCNTSs on the substrate; instead,
filaments were formed in the air and were released in the
furnace exhaust. Thus, a low injection temperature has
the double advantage of increasing MWCNT production
while decreasing environmental release of nanoparticles
as can be seen by the particle concentration shown in
Figure 3.

The use of a substrate for MWCNT production results
in fewer nanoparticles released into the air because the
increased surface area can afford more CNTs growing
inside the reactor instead of being released in the exhaust.
Consequently, a higher yield production for growing
MWCNT on substrate could reduce the formation of aerosol
filaments. However, the magnitude of nanoparticle release
during all production conditions tested was very high with
particle concentration usually exceeding 106 particles/cm?
at the source. Several reports have studied the toxicity of
CNT, while the toxicity of carbon nanoparticles containing
an iron catalyst, found to be released in this study, is
unknown. The formation of filaments could be minimized
while enhancing production by optimizing process condi-
tions, but carbon particles were still formed in high
quantity. The environmental release could cause certain
impacts on human health and the environment when the
reactor exhaust is released directly into the air. For the
normal operation of this process, the exhaust tube was
filtered through a cellulose acetate filter and then through
a water bath to prevent reverse airflow into the reactor;
this had the added advantage that some aerosol particles
in the exhaust air were captured in the water. The capture
efficiency of the water bath is not known, however, and
is likely to be fairly low. Consequently, further research to
investigate more efficient methods of nanoparticle control
for the furnace exhaust was designed as a follow-up to this
study.

Release of airborne nanoparticles was not detectable
at the laboratory background location for all operations.
This indicates that the capture of nanoparticles released
from the furnace by the fume hood was efficient during
these experiments. However, research has demonstrated
thatnanoparticles can be released from fume hoods under
some circumstances, e.g., increased circulation of airflow
between researchers and the hood (21—23) and inap-
propriate hood face velocity (20). In conclusion, the
operation of a CNT furnace in a well-designed ventilation
hood or other ventilated enclosure is essential to prevent
exposure of researchers to nanoparticles during CNT
synthesis.
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