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Case Study

Emission of Carbon Nanofiber (CNF) from
CNF-Containing Composite Adsorbents
INTRODUCTION
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C

arbon nanofibers (CNFs) are a new class of synthesized carbonaceous materials
receiving increased attention. They have been extensively studied due to their
interesting properties (i.e., purity, mechanical strength, high geometric surface area)
and potential for use as adsorbents and catalyst supports.(1–4) Production costs are
significantly lower than those of carbon nanotubes (CNT), and CNFs provide high
performance for certain applications.(5,6)
CNFs are produced from chemical vapor deposition (CVD), the catalytic decomposition of hydrocarbon gases or carbon monoxide over selected metal particles,
including iron, cobalt, nickel, and some of their alloys at temperatures in the range
of 400–1000◦ C.(5)
CNFs are characterized by the graphite-like structure at the nanoscale. Variable
alignments of laminated hexagonal layers along the fiber axis typically provide three
types of CNFs: (1) platelet (aligned perpendicular to the fiber axis), (2) tubular
(aligned parallel to the fiber axis), and (3) herringbone (aligned at an angle to the
fiber axis).(2) These structures differ according to the growing conditions and the
metal used as a catalyst.(7)
Several studies have shown that CNFs improved adsorbent properties. For example, Lim et al.(3) gave activated carbon fiber (ACF) multiple additional properties by
growing CNFs on its catalytic surface. This improved the performance of ACFs
for such applications as SOx and NOx removal. Schlogl et al.(8) grew carbon
nanostructures (CNFs and CNTs) on a carbonaceous carrier (activated carbon-AC)
for the removal of metal species in water purification. In a recent study by some of the
present study’s authors,(9) a composite of AC and CNFs (AC/CNF) was prepared. AC
was impregnated with a nickel nitrate catalyst, and CNFs with a diameter between
10 to 20 mm were deposited on the catalyst particles in AC micropores using
CVD. Prepared samples were then activated by CO2 to recover the surface area
and micropores. The prepared composite adsorbent was tested for VOC adsorption
and then employed in an organic vapor respirator cartridge in granular form. The
breakthrough time of cyclohexane vapor for a cartridge prepared with CO2 -activated
AC/CNF was significantly longer than for those cartridges prepared with the original
AC with the same weight of adsorbents. This study(9) suggested that the granular
form of AC/CNF composite could be an efficient alternative adsorbent for respirator
cartridges due to its larger adsorption capacities and lower weight.
The broad utility of manufactured nanomaterials resulted in increased levels of
production, greater risk of human exposure, and the potential for release of these novel
materials into the environment. Therefore, close attention to potential health risks,
i.e., the potential for exposure and toxic responses to manufactured nanoparticles,
including various fibrous nanomaterials, is important.(10) A growing body of literature
indicates a potential hazard from exposure to CNFs.(5,11–13) One study showed that
CNFs can penetrate human cells in target organs and cause cellular damage.(12) Kisin
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et al.(6) showed that CNFs may have a genotoxic effect comparable to asbestos and stronger than single-walled carbon
nanotubes (SWCNT).(6) Due to the huge number of potential
applications for CNFs,(14) their possible release during fabrication or usage warrants further investigation. In the present
study, the potential release of CNF from a respirator cartridge
prepared from AC/CNF composite adsorbent and different particulate filters was evaluated by carbon analysis and electron
microscopy analysis.
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MATERIAL AND METHODS
Cartridge Preparation
The experimental cartridge was designed to correspond to
an AC/CNF composite adsorbent prepared for the purpose of
respiratory protection against organic vapors. For this purpose,
12 g of granular CNF/AC absorbent (40% CNF) was placed in
a cartridge holder (a plastic case) and retained with particulate
filters. Four common types of respirator particulate filters were
used in these studies: (1) coarse, (2) pre-filter (3M 6075),
(3) FFP2 (3M 9322), (4) and FFP3 (3M 9332). The amounts
of adsorbent in the cartridge holder and the airflow rate that
passed through were similar to that of a typical respirator
cartridge (25–40 g and 30 L/min).(15,16) The cartridge was
connected to a sampler equipped with a quartz particle filter
used to capture the EC and OC present in the potentially
released particles (Figure 1). The system was connected to
a high-volume flow pump, running continuously at 12 L/min
for 12 hr.

FIGURE 1.

Carbon Analysis
EC has been proposed as an indicator for exposure assessment with CNFs.(17–19) In the present study, the release
of carbonaceous particles (CNFs and/or AC) from the composite adsorbent was measured as EC by carbon analysis.
Air passed through the cartridge holder (including adsorbents
and different particulate filters) and through 37-mm quartz
filters (in a 3-piece, 37-mm sampler cassette) using the above
experimental setup. For each type of particulate filter, three
trials were conducted.
To assess the potential contribution of EC present in the
laboratory’s ambient air, air was also passed through the particulate filters (pre- and FFP2 filters) without adsorbents in the
cartridge. These experiments were done in parallel with the
samples collected after passing through the cartridge.
Collected particles on quartz filters were analyzed by a
thermal-optical aerosol carbon monitor (Lab OC-EC
Aerosol Analyzer; Sunset Laboratory, Tigard, Ore.) according
to NIOSH analytical method 5040 for airborne EC.(19,20)
In this carbon analysis, a standard-sized punch (1.5 cm2)
was made from a previously collected quartz filter sample that
was placed in a quartz oven and heated under an oxygen-free
atmosphere (He 99.999%) to remove OC, then heated again
to oxidize the EC. In the NIOSH method, the CO2 resulting
from OC or EC decomposition is catalytically converted to
CH4 . The methane is subsequently measured using a flame
ionization detector (FID). In addition, the transmittance of a
laser beam through the filter sample is recorded to consider
possible pyrolysis of the organic material. The point at which

Schematic diagram of the experimental setup for evaluation of CNF breakthrough experiments
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the value of transmittance becomes the same as the initial
value is defined as “the split” between OC and EC. The CO2
produced before the split is defined as OC and, after the split,
is defined as EC.(21,22)
The minimum detection limit of this analyzer was 0.15 µg/
cm2, corresponding to 0.15 µg/m3 in our experimental conditions. The results obtained from the instrument were corrected for potential OC and EC contamination on the filters
by subtraction of results from an unused filter. Then, the mean
concentration of OC and EC was calculated by dividing the
mass of carbon (OC or EC) by the total volume of air passed
through the filter during the sampling period.

breakthrough of CNFs were conducted in triplicate for each
type of particulate filter evaluated by TEM/SEM.
The calculation of average CNF fiber/agglomerate concentration in TEM grids was done by fiber counting according to
the following formula:(23)

Microscopy Analysis
Qualitative assessment for determining CNF breakthrough
was conducted by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Using the above
experimental setup in different trials, filter-based air samples
were collected on 25-mm MF-Millipore membrane (Merck
Millipore, Billerica, Mass.), mixed cellulose esters (MCE), and
25-mm gold-coated polycarbonate membrane filter (in carbonfilled conductive polypropylene sampler cassettes) for TEM
(CM 100 operated at 100 kV; Philips, Eindhoven, Netherlands)
and SEM (JSM-6300F operated at 10 kV; JEOL Ltd., North
Billerica, Mass.) analyses, respectively.
The MCE filters were transferred onto the TEM grids,
dissolved by dimethylformamide and acetic acid, and treated
in the plasma furnace according to ISO standard 10312(23)
for filter-based asbestos exposure assessment. Observations
were done with a 20,000:1 magnification. Two samples per
filter (one on a copper grid and one on a gold grid) were
observed, and 100 randomly selected grid fields in each sample were evaluated for CNFs. All experiments for assessing

The extrapolated number of fibers was based on the size of
one grid: 0.011 mm2 and total filter surface of 420 mm2 for
14 hr sampling with a flow rate of 12 L/min.
The gold filters were transferred to the grid directly and
observed by SEM.

C
C
Af
Ag
E
k
V

= Af × E / (Ag × k × V × 1000)
= concentration of fibers per cm3
= active surface of the filter [mm2] (420 mm2)
= surface of one TEM squares [mm2] (0.011 mm2)
= number of fibers counted
= number of TEM squares counted
= volume of the sampled air

RESULT AND DISCUSSION
Carbon Analysis
Figure 2 (left) shows the amount of OC and EC measured
after passing air through the AC/CNF adsorbents and different
particulate filters. All of the particulate filters (coarse, prefilter, FFP2, and FFP3) did not show any detectable amounts
of released EC (below the detection limit of 0.15 µg/m3).
Figure 2 (right) shows the amount of measured OC and
EC after passing air through pre- and FFP2 particulate filters
with and without CNF-containing adsorbents. Interestingly,
the amounts of OC and EC for the samples after passing
air through pre- and FFP2 filters (without adsorbents) are
higher than the samples collected after passing air through

FIGURE 2. Amount of OCEC after passing air through AC/CNF adsorbents and different particulate filters (left). Amount of OCEC after passing
air through pre- and FFP2 filters with and without adsorbents. Error bars have been calculated based on standard deviations. N/D, not detected
(below detection limits)
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became absorbed on the surfaces of adsorbents and filter fibers
either during production or storage of these materials, which
then led to these small amounts of OC on the filters. However,
when considering the values measured from collected samples
after passing air through the particulate filters (without adsorbents, Figure 2), a large part of the measured OC values could
be attributed to the laboratory’s ambient air.
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FIGURE 3.

TEM photograph of synthesized AC/CNF composite

the adsorbents. This is probably because some of the OC and
EC in the ambient air has been removed while passing through
the adsorbents.
Figure 2 also shows that there is some OC in the filters
analyzed. This may suggest that some volatile organic material

TEM and SEM Observations
Figure 3 shows the TEM photographs of the original synthesized AC/CNF composite adsorbents used in this study.
CNFs with a very thin diameter of about 10–20 nm were
formed uniformly on the AC. Many CNFs are intertwined.
Such thin CNFs are not of a tubular type but are more similar
to a herringbone type.
Figure 4 shows the TEM photographs of samples collected
on MCE filters after passing air through the cartridge, including
CNF-containing composite adsorbents and (a) coarse, (b) pre,
(c) FFP2, and (d) FFP3 particular filters. We can observe some
fibrous agglomerated structures in the photographs for the
coarse and pre-particulate filters. It appears that the prepared
composite adsorbents released small amounts of CNF that
were not retained completely by these two types of particulate
filters.

FIGURE 4. TEM photographs of collected samples on MCE filters after passing air through cartridges, including CNF-containing composite
adsorbents and (a) coarse, (b) pre, (c) FFP2, and (d) FFP3 particular filters. CNF structures are observed in photos (a) and (b).
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FIGURE 5. SEM photographs of samples collected on MCE filters after passing air through the cartridge including CNF-containing composite
adsorbents and (a) coarse, (b) pre, (c) FFP2 and (d) FFP3 particular filters. No CNF structures are observed in these pictures.

Figure 4 shows that the size of these fibers is considerably
lower than that used to define asbestos fibers (length ≥5 µm
and aspect ratio ≥3:1),(23) so CNF cannot be considered an
analogous hazard to asbestos fibers in terms of penetration
into the lung wall.(24) Furthermore, the average concentration
of CNF fiber/agglomerate in TEM grids after passing air
through CNF-containing adsorbents was 1.32E-4 and 4.41E-5
fibers/mL for coarse and pre-particulate filters, respectively.
This is significantly lower than the recommended occupational
exposure limits in Switzerland for carbon nanotubes and carbon nanofibers (0.01 fibers/mL; this limit is the same as for
asbestos fibers).(24)
Figure 5 shows scanning electron micrographs of collected
samples on the gold-coated filters after passing air through the
cartridge including CNF-containing composite adsorbents and
(a) coarse, (b) pre-, (c) FFP2, and (d) FFP3 particular filters.
No fiber structures were observed on these SEM monograms.
The number of agglomerated fibers counted on TEM samples collected after the coarse particulate filter was higher
than after the pre-filter. Despite this (low) number of CNF
structures detected on the TEM grid, SEM analysis did not
identify any CNF structures, including the analysis for the
coarse particulate filter (Figure 5). For the FFP2 and FFP3
filters, we did not detect any fiber structured object on TEM
grids. These results were in agreement with EC measurements.

D134

CONCLUSION

T

his study found no detectable release of CNF from fully
intact filter cartridges containing AC/CNF composite adsorbent and only minimal amounts if the cartridges were
missing the high-efficiency particulate filters they usually contain. The carbon analysis experiments in this study identified
only minimal amounts of released elemental carbon while
passing air through the cartridge, which was significantly lower
than NIOSH’s recommended occupational exposure limits for
carbon nanotubes and nanofibers.(19) Meanwhile TEM photographs showed a few CNF structures for AC/CNF composite adsorbents with coarse and pre-particulate filters that
were not in the range defined for asbestos fibers in terms
of length and aspect ratio. Therefore, it is concluded that
the amount of CNF released from CNF-containing composite
adsorbents—prepared by a CVD process followed by a heating
process (as a fixation step)—is negligible. This is probably
because CNFs are solidly bound to the AC by the process they
undergo during synthesis, in which contaminating catalytic
metals are frequently removed either by high-temperature vaporization or acid treatment.(19) It appears that the synthesis
process of heating the composite adsorbents at 550◦ C under
flowing nitrogen gas has acted as a fixation step, stabilizing the
catalyst precursor particles. Consequently, this has controlled
and stabilized nanofiber growth on the AC.(8)

Journal of Occupational and Environmental Hygiene

July 2012

In this study, the release of CNFs from AC/CNF composite
adsorbents was evaluated under conditions equivalent to the
normal use of a respirator cartridge in the workplace. Further
studies are needed to evaluate the potential release of CNFs
in different degradation situations, e.g., chemical exposure,
climatic conditions, and shipping conditions. These efforts
should be made to ensure that the cartridges are safe by design
before the production stage and also to prevent the emission
of CNFs during respirator use.
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