Characterization of Exposures To Nanoscale Particles
and Fibers During Solid Core Drilling of Hybrid
Carbon Nanotube Advanced Composites
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This work investigated exposures 1o nanoparticles and
nanofibers during solid core drilling of two types of
advanced carbon nanotube (CNT)-hybrid composites:
(1) reinforced plastic hybrid laminates (alumina fibers
and CNT); and (2) graphite-epoxy composites (carbon
fibers and CNT). Multiple real-time instruments were
used to characterize the size distribution (5.6 nm to 20
pm), number and mass concentration, particle-bound
polyaromatic hiydrocarbons (b-PAHs), and surface area
of airborne particles at the source and breathing zone.
Time-integrated samples included grids for electron
microscopy characterization of particle morphology
and size resolved (2 nm to 20 pm) samples for the quan-
tification of metals. Several new important findings
herein inclide generation of airborne clusters of CNTs
not seen during saw~cutting of simitar composites, fewer
nanofibers and respirable fibers released, similarly high
exposures to nanoparticles with less dependence on the
composite thickness, and ulrafine (< 5 nm) aerosol
originating from thermat degradation of the composite
material. Key words: nanoparticle, nanocomposites;
fiber; CNTs; airborne exposures; occupational healds;
nanotechnology.
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INTRODUCTION

Carbon nanowbes (CNTs) and carbon nanofibers
(CNFs) ofter enormous potental tor development of
new materials and products with superior thermal,
electric, mechanical, and/or other properties. They
represent a major sector of the quickly growing nan-
otechnology economy. The current global production
of all types of CNTs and CNFs has reached hundreds of
tons per year and production rates are bound to
expand rapidly.’? One important area of exploration of
CNTs is in CNT-compuosites for applications in diverse
sectors, such as telecommumication, energy, radiation
shielding, aerospace, and defense.*® Engineering of
advanced hybrid composites wherein aligned CNTs are
integrated into polymer matrices of existing fibrous
materials is one area of fast growth in research lahs
around the world.

Several studies have raised serious concerns over
potential wxicity of raw (unpurified) CNTs, especially
those of long, straight fiber morphology. Long mulii-wall
CNTs have been shown 1o cause asbestoslike patho-
genicity, such as inflammation and lesions, in mice when
CNTs were inwoduced directly into ther abdominal
cavity.™ Additional effects such as oxidative stress, acute
inflammatory/cytokine vesponses, fibrosis, decrease in
pulmonary function, granulomatous pneumonia, and
increased susceptbility to other pollutants have been
documenied in mice when CNTs were instilled into their
hmigs or inhaled.*!! A range of toxicities is expecied
among ditferent types of CNTs (including single-walled
vs. multi-walled, raw vs. purified, long vs. short, aligned
vs. tangled) and depending on production method as
documented by several more recent inhalation toxicity
studies.'*% Fiber length (particularly longer than 10
pm), aspect ratio (length/diameter ratio > 3), enhanced
biopersistence in the lung fluids, as well as surface reac-
tivity enbanced by the presence of transition metals and
organics on their surfaces have been recognized as key
parameters in enhancing CNT fibrogenicity and car-
cinogenicity.™*"* The increased surface area and reac-
tivity of nanoscale particles may also vesult in impaired
macrophage clearance, increased bioavailability due to
enhanced dissolution in biological fluids and direct
access into the bloodstream, and novel pathways (such as
olfactory nerve to brain shunt).
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TABLE 1 Summary of Process Parameters and Measured Aerosol Properties®

Specifications
Volume fraction (wit%)

Thickness CNT Measurements and
Composite Plies # {mm) AIZO3 Epoxy CNT (#/cm’) Instrumentation®
Base-alumina 1 1.3 44.7 863 - - « Number concentration and
2 2.3 67.5 325 - - size distribution (tast mobility
2 29 44.3 55.7 - - particle sizer. aerodynamic
3 27 61.0 39.0 - - particte size, and condensa-
tion particle counter),
CNT-alumina ! 1.7 618 36.0 22 + Mass concentration (Dust
1 1.3 428 55.2 20 ~2 x 10”2 Trak);
2 2.8 53.8 44.9 1.3 ¢ Particle morphology and
3 3.0 52.5 455 20 elemental composition
(SEM/TEM. EDAX);
* Surface area (diffusion
Base-carbon 22 3.9 54.5 455 - - charger); Bound PAHs (phato-
electiic aerosol sensor); Size
CNT-carbon 22 39 54.5 455 0.03 1.5 x 10" selective chemical analysis

for Al, Fe, Zn, Ni, Co, Cr, by
ICP-MS (m2) in the breathing
zone (B2):

Respirable fibets at the
source and breathing zone.

“Diamong dritt diometer constant, 3/8"; driling speed: 725 and 13585 RPM: driling conditions: wet and dry.
BRefer to the instrumentation section in the fext and Appendix B for detailed information.

The widespread uses of CNT-composites in laboratory
setings for research on synthesis, uses, and testing comes
with the real possibility of routine exposures to the CNTs
and/or nanoparticles (NPs) generated from their pro-
cessing. Yet ar present only a handful of papers have
directly uddressed the issue of exposures 10 CNTs, CNFs,
and NPs during synthesis and processing of new material
forms containing CNTs. For example, Bello et al. found
no exposures to CNTs or NPs during chemical vapor dep-
osition (CVD) growth of the CNT forest films, their wans-
fer out of the furnace, and their mechanical removal
from the silicon support substrate.™ In another study, low
levels of micron-sized clumps of CNTs were measured
during handling of the raw product (such as shovelling it
out of the furnace), whereas NPs could only be gener-
ated during laborawry tests under high energy levels
using a fluidized bed vortex generator.™ Modest release
of CNFs as loosely bound agglomerates has been ineas-
ured during the weighing /transferring of CNFs, mechan-
ical mixing of CNFs with the epoxy resins to form com-
posites, and during wet-saw cutting of the polymer
compusilesf“ In contrast, .another study indicated that
dry abrasive cutting of both baseline and CNT-epoxy
hybrid composites did not generate free or bundles of
CNTs; however, high exposures 1o NPs, nanofibers, and
respirable fibers were noted.” These few studies suggest
the potential for exposure to CNTs/CNFs during various
processes. More importantly, it has heen shown that such
exposires depend on the unique characteristics of the
process itself, the material form the process is acting on,
and other factors, making characierization of different
processes a necessity.

Recognition of poential exposure sources 10 such
NPs, CNTs, and respirable fibers as well as an under-
standing of the factors affecting exposure levels is of
special importance as it will enable evidence-based and
tmely interventions w eliminate or reduce exposures.®
This study focuses on idemifying and quantifying expo-
sures 10 CNTs and NPs associated with the processing of
advanced CNT-containing composites. and evaluating
the impact of process faclors, including control meas-
ures, on exposure levels. An appendix of acronyms has
been provided as a convenience to the reader.

METHODS
Compostles

Two types of advanced CNT-hybrid composites were
investigated and are summarized in Table 1 and Figure
1: (1) “fuzzy fiber” reinforced plastic lamminate compos-
ite containing woven alumina fibers in each lamina
with aligned CNTs grown on the surface of the alumina
fibers (referred 1o heve as CNT-alumina [CNT-A)), and
(2) a graphite-epoxy prepreg system (aligned and colli-
mated carbon fibers with an epoxy resin arranged in a
layered laminate configuration) with aligned CNTs
placed at the center (termed here CNT-carbon [CNT-
C] composites). Samples without CNTs (baseline com-
posites) were also investigated for comparison to the
CNT hybrid composites and are referred to here as
base-alumina (BA) and base-carbon (BC), respectively.
The fabrication of these compasites has been described
previously 2428
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Fjgure I—fllustration of the hybrid architectures used in this and prior work: (fop) “nanostitched” composite with ver-
tically aligned CNTs (VACNTs) placed in-between two plies of a laminated composite; (bottom) “fuzzy fiber” rein-
forced plastic (FFRP) hybrid laminate with in situ grown aligned CNTs on the woven fiber surfaces (CNTs in blue and

green).

Processing of Hybrid Carbon Nanotube Composites

Laboratory setting and processes. The experimental study
was conducted on a drill press (Rockwell Modet 15-
665) Jocated in a laboratory with no direct air
exchange with the outside environment (such as
through windows or window-positioned air condition-
ing units).** The lab has instituted strict hygiene con-
trols for all work involving processing of composites
and disposal of composite wastes, including composites
containing CNTs. During this entire study, the
researchers wore N100 respirators and gloves. The rel-
atve humidity in the laboratory varied between 33%
and 36% during the testing period.

Core drilling of composites is a common process for
making holes for testing and mounting attachments,
and is most typically performed using a hollow core
drill, which is a hollow cylinder with diamond-grit abra-
sives on the circular cuuing edge. Solid core drilling is
used for very small diameter holes where 4 hollow cylin-
der is impractical; the solid core drill has a circular-arca
cutting surface. During this study we focused on four
major potential exposure modifying factors: composite
type (CNTA, CNT-C, BA, and BC); drilling RPM (low,
725 rpm; and high, 1355 rpm); specimen thickness;
and dry vs. wet drilling (Table 1). A constant drill yate

was achieved by applying a conswant force (maintained
by a constant weight) on the specimen. Following pre-
liminary testing, a 3/8" (0.95 cm) drill bit size was used
for all experiments. Wet drilling was conducted on BA
and CNT-A composites nnder conditions that had the
potential to produce the highest exposures during dry
drilling (thac is, high drilling RPMs and thicker com-
posites). Wetting of the composite was achieved by con-
tinuous spraying of distilled water on the compaosite
using a spray bottle.

The processes were monitored on wwo different
accasions over the course of one year (session one took
placc ou April 3, 2009; session two took place on
August 26, 2009). Five counsecative drills were per-
formed on each composite sample, for each combina-
tion of experimental factors, lasting < 5 min. Ten o 30
replicate tests were available for each combination.
Each experimental session lasted six hours.

Exposwre characterization. A combination of realtime
and integrated samples were collected at the source
and breathing zone (BZ) to facilitate a comparison of
the source (signature) characteristics with personal
exposure characteristics. A suite of instruments was
employed in order to capture several important physic-
ocheniical properties of the generated acrosol includ-
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Figure 2—Schematics of the drill process and sample arrangement of personnel and equipment. For details about
the instruments, please refer to the instrumentation section of this paper.

ing: particle size distribution, number and mass con-
centration, particle-bound polycyclic aromatic hydro-
carbons (b-PAHs) concentradon, surface area, and
microscopy analyses of integrated samples including
particle size, morphology, elemenial analysis, res-
pirable fibers, and size-fractionated chemical composi-
tion to facilitate a comprehensive characterization of
exposure (summarized in Appendix B).

Aerosol characterization i real time. Particle size distribu-
tion and nwmber concentration of the generated
aerusols were measured using a fast mobility particle
sizer ([FMPS] Model 3091, TSI Inc., St. Paul, MN) and
an aerodynamic particle sizer ([APS]) TSI Model
3321). These instruments cover a broad size distribu-
tion range of 5.6 nm to 20 jun and have a fast response
time of one second, a cridcal requirement for acquir-
ing size distributions of transient processes that last
less than two minutes. A condensation particle countes
({CPC] TSI Model 3007) and a DustTrak (TSI Model
8720) were used with a one second response time (o
obtain measures of the total number concentration in
the runge of 0.01 to 1 pm, and mass concentration in
the range of 0.1 to 10 pm respectively.

During the first monitoring session only, a diffusion
charger ([DC] Model 2000CE, EchoChem, League Ciry,
TX) was used to measure the surface area of NPs and a
photoelectric aerosol sensor ([PAS] EchoChem Model
9000CE) was used to measure b-PAHs. Tt has been shown
that PAHs are produced during the synthesis of CNTs;®
quantifiable amounts of several PAHs (such as fluorene,
phenanthrene, pyrene, and benzo(ghi) perylene) have
been measured on multiple commercial CNT samples at
levels up 1o 30 ppm (Bello D, unpublished data).

The inlets of FMPS, APS, CPC, and DustTrak, all
connected with conductive tubing (< 1 m) and bun-
dled together, were positioned 10 cm from where the
drill contacted the composite at a 45" vertical angle
(Figure 2). After five replicate tests, the inlets of the
insruments were switched to the BZ of the operator
(~10 cm from the nose/mouth) for personul expo-
sure monitoring and the tests were repeated again.
The repositioning of instrament inlets between
source and BZ was done only after airborne exposure
levels had returned to background levels. Due to
space constaints, the inlets of the DC and PAS
instruments were positioned 5 cm behind the bun-
dled suite of other instruments (15 ¢cm from the
source and on the same vertical plane), and remained
stationary for the entirety of session one. All insuu-
ments were factory calibrated and they all passed field
tests with an online high efficiency particutate air
(HEPA) filter.

Integraiced Sampling

Particle morphology. An electrostatic precipitator ([ESP],
Spokane Laboratories, NIOSH, WA) and a thermal pre-
cipitator ([TP], Fraunhofer Institute of Toxicology,
Germany) were used to collect particles directly onto
transmission electron microscopy (TEM) grids for elec-
tron microscopy analysis. The TP was operated ac a
probe temperature of 120° C and tp temperature of
38'C. The TEM grids were 100-mesh copper with
carbon film (Elecuron Microscopy Sciences, Hatfleld,
PA). The TEM grids were analyzed by TEM (Plilips EM
00T and Topcon (02-B) for particle size and mor-
phology. Elemental analysis for particles of interest was
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Figure 3—lilustration of the continuous monitoring instrument responses during dry drifing at 1335 RPM on three-ply
3mm thick CNT-alumina at the source (first cluster of peaks. ~11:00) and breathing zone (second cluster. ~11.12).
Note the distinct responses of the condensation particle counter (CPC) and DustTrak in relation to the fast mobility
particle sizer (FMPS) and aerodynamic particle sizer (APS) responses.

obtained with the inwegrated energy dispersive spec-
troscopy (EDS) detector on the Topcon TEM. An aver-
age of two TEM grids were collected for each compos-
ite type, resulting in a total of 10 TEM grids, including
background samples,

Respivable fibers. Sampling for respirable fibers (length
> 5 pm and aspect ratio > 3) was conducted as per
NIOSH Method 7400™ with a commercially available
ashestos sampling cassette (Millipore Inc., Bedford,
MA). Samples were collected both at the source and in
the BZ. A wedge of each filter from the cassette was
analyzed by SEM (JEOL Ltd., |SM-7401F) after gold
coating and by NIOSH Method 7400 (for respirable
fibers) by phase contrast microscopy. An average of
two fillers were collected for each composite type,
resulting in a total of 10 filters incuding background
samples.

Stze selective chemical analysis. A wide-range aerosol sam-
pling system ([WRASS], Nanenm Ltd., UK) was used to
collect a single integrated area sample over the entire
session for size- selective (2 nm to 20 jun on 12 stages)

chemical analysis. This sampler consisied of a cascade
impactor for the upper seven stages (0.25 to 20 pm)
with glass slides as collection media, and a diffusion
battery for the lower five stages (2 to 250 nm) with
mesh net collection media.*' Double-sided 1ape was
used on the glass slides of the cascade impactor for easy
recovery of the analytes from the glass slides and for
minimizing any possible particle bounce. No evidence
of particle overload was observed on any of the
impactor stages. The WRASS was positioned next 1o the
operator (25 cm away) in the BZ height (Figure 2).
Two WRASS sumiples were collected in o1al, one for
eacly session, both having an air volume of ~ 3.0 m? at
20 1/min.

Chemical analysis of each stage was performed for
aluminum (Al), iron (Fe), and zinc (Zn), the three
major metals besides silicon (Si) expected in the com-
posites based on preliminary EDS analysis as well as
analysis of the veference composite and CNTs materi-
als. The analyses were performed with inductively cou-
pled plasma mass spectrometry (ICP-MS) on an Agilent
7500cs 1CP-MS system (Agilent Technologies, Yoko-
gawa, Japan) based on the EPA 3051A™ method, which
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uses microwave-assisted acid digestion of samples. Four
reference composite materials (one for each composite
type}, two CNT nanoforest samples, and several media
blanks were also sent to the lab for chemical analysis. In
order to minimize sample losses during transport, each
stage was wansferred shortly after sampling into the
laboratory-provided precleaned digestion vessels for
1CP-MS analysis.
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Figure 4—Average particle size distributions at the
source and breathing zone for baseline- and CNT-alu-
mina composites as measured by fast mobility particle
sizer (FMPS, electrical mobility diameter) and aerody-
namic particle sizer (APS. aerodynamic diameter).
Note the different units for the x-axis (FMPS, nm. APS,
um).

Statistical Analysis

All da analyses were conducted in SAS 9 (8AS Iuc,,
Carry, NC). The distributions of the mass, count, sur-
face area, and b-PAH concenuations from thie real-time
instrinents were exanined graphically via probability
plots and histograms. The data were found to be log-
nornal and were hence log-uansformed; all analyses
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TABLE 2 Summary Statistics of the Total Particle Number Concentration (particles/cm?) for Composites at the
Source Stratified by the Process Type (Drilling Speed and Dry vs. Wet Drilling)

Fast Mobility Particle Sizer

Aerodynamic Particle Sizer
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Figure 5—Average size distiibutions at the source and breathing zone for baseline- and CNT-cqrbon gomposires as
measured by fast mobility particle sizer (FMPS, electrical mobility dlameter) and aaerodynamic particle sizer (APS,
aerodynamic diameter). Nofe the different units for the x-axis (FMPS, nm; APS, um).

were conducted on the transformed data. Reakime
data from four instruments (FMPS, APS, DC, and PAS)
were modeled using time-sevies techniques since serial
measurements of short duration (1 to 10 seconds) are
expecled to be highly autocorrelated. The autoregres-
sive integrated moving average (ARIMA) procedure in
SAS was used to investigate autocorrelation and 10 test
autocorrelation coefficients at different time lags, as
well as 10 generate correlograms (plots of autocorrela-
tion coefficients vs. tme lags) and partial autocorrela-
tion plots. The plots showed a range of exposure pat-
terns over time in the different processes, and
significant autocorrelation coefficients were observed at
different time lags, but all samples consistently demon-
strated a significant autocorrelation coefficient at the
first time lag (first order autovegressive process). Hence
summary statistics including the geomerric mean (GM)
and geometric standard deviation (GSD) were calcu-
lated for processes using the PROC MIXED procedure
in SAS and specifying the first order autoregressive cor-
relation structure. Lognormal partcle size aerosol dis-
uibutions, which are characterized by three parame-
ters—a count median diameter (CMD), a geometric

standard deviation (a ), and the ol number concen-
tration—were examined for each process from log-
probability plots 3

RESULTS
Process Dynamics

Figure $ is a typical response from muluple real-time
continuous instruments and was recorded during high
RPM dry drilling on CNT-A composites. The first clus-
ter of peaks represents source emissions whereas the
second cluster is the BZ concentrations for the same
process. The total number concentration increased
sharply as soon as the drilling tool touched the com-
posite, but not when the tool was spiniing freely, and
decreased similarly when the ool reuracted. The CPC
response provides a good overall picture of the conr
bined responses from FMPS and APS, an ohservation
that was consistent thronghout the study. The DustTrak
lacks sensitivity to reflect changes in emissions of sub-
micron particles and NPs during these transient
processes (Figure 3).

(particles/cm?) (particles/cm?)
Geometric Geometiic
Geometric Standord Geometric  Standard Fibers
Composite Process Mean Deviation Max Mean Deviation Max (#/cmd)°
Background — 4.2E+03 1.1 A.9E+03 12 1.1 137 —
Base-clumina HS* 1.6E+05 6.8 1.0E+07 128 9.3 5602 1.3
Ls** 5.0E+04 45 3.6E+06 31 Q.1 3877
HS_w*** 6.8E+03 2.6 1.5E+05 16 8.0 1420 —
CNT-alumina HS 1.8£+05 6.8 1.1E+07 96 7.4 5849 1.0
LS 8.5£+04 4.3 3.9E+06 12 59 1746
HS_ W 8.7E+03 3.4 2.0E+05 13 8.7 136 —
Base-carbon HS 1.3E+05 79 4.6E406 206 22 2458 17
CNT-carbon HS 8.4E+04 51 3.9E+06 155 1.3 548

*High speed RPM driling (13585 rpm); **Low speed RPM driling (725 rpm); ***Wet driling.
aThis includes fibers that were > 5 um in length with on aspect ratio > 3. The data shown here are the average of two independent

rmeasurements. (m4)

Size Distribution

Alumina composites. The average size distibutions for
alumina composites are presented in Figure 4. Three
peaks are evident, two in the FMPS and one in the APS
size distributions: a (sometimes runcated) peak of < 10
nm particles, a broad peak with a maximum between
30 and 70 nm (elecuical mobility diameter), and a
mild third peak in APS with a maximum of 600 nm
(aerodynamic diameter). The first peak, although
severely truncated in the FMPS, is contributing a sig-
niticant fraction w0 the wtal number concentraton in
FMPS. Drilling on BA at high RPMs produced the
broadest size distribution at the source, with the high-
est normalized particle number concentration of 7 X
10° particle/cm® at its peak size maximum of 70 nm
(Figure 4A). In contrast, low RPM drilling on BA pro-
duced a 10 times smaller peak maximum, whereas
CNT-A produce a peak that was twice as small. The APS
size disuributions were more orderly: high RPM drilling
generated four to six times higher peak maxima than
low RPM, whereas BA produced ~50% higher peak
maxima than CNT-A (Figure 4B). The highest normal-
ized number concentration at the peak maximum was
1500 and 1000 particles/ cm?® for BA and CNTA high
RPM drilling, respectively. Based on field observations,
the < 10 nm aervsol (Figures 4A, C, E) corresponded to
periodically generated white smoke, which likely
resulted from localized overheating and thermal degra-
dation of the composite material. High RPM drilling
on thicker composites tended o generate more simoke.

The BZ size distributions were multimodal, with at
least two peak maxima in the FMPS size distributions
and one in the APS (Figures 4C, D). Although they did
resemble the source distributions, some differences
were abvious as well. More notable was the prominence
of the peaks with a maximum at ~10 am, and the
broadening, deformation, and reduced intensity of the

second peak with maxima at 30-70 nm (Figure 4C).
The major APS peak centered at 600 nm at the source
shifted to ~800 nm for three out of four of the
processes. Drilling on CNT-A at high RPMs generated
the highest mean normalized number concentration of
650 pnrlicles/cm:’, which was approximately five times
higher than the corresponding low RPM  dirilling
(Figure 4D). Additionally, a small peak at ~6pm was
more prominent in the BZ size distributions.

Carbon fiber composites. The average size distributions for
carbon composites (Figure 5, high RPM drilling only)
are distinct from those of alumina composites. The
most predominant peaks at the source have their
maxima at 30 o 40 nm and 0.8 pm and were similar for
both BC and CNT-C composites (Figures 5A, B). The
BZ size distributions were similar 10 source distribu-
tions, except thai the BZ distributions in FMPS were
skewed towards larger particles (Figure 5C). Base-
carbon composites produced generally higher peak
maxima, both at the source and BZ. The average
number concentration at the source for BC composites
were 6.5 X 10" and 700 p;\rticles/'cm:' in FNIPS and APS,
vespectively. The BZ average peak maxima values for
base carbon composites were 3.0 X 10¢ and 380 parti-
cles/cm?® in FMPS and APS, respectively. In comparison,
the peak maxima for CNT-C composites were for the
most part less than two times smaller than BC comnpos-
ites. In contrast to alumina composites, lack of particles
<10 nm for carbon composites and the more orderly
ranking of size distributions at the source and BZ were
notable. The 4.8 pm peak for carbon composites at the
source was also higber than for alumina composites.

The size distributions of the alumina and carbon
composite aerosols (Figure 44, C; Figure 5A, C) were
multmodal, especially for alumina composites in the
BZ, and they could not be described properly with a
single lognormal distribution.
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TABLE 3 Summary Stdtistics of the Total Particle Number Concentration (particles/cm3) at the Breathing Zone
Stratified by Sampling Location and the Process Type for Ench Composite

Fast Mobility Parlicle Sizer

Aerodynamic Patrticle Sizer

(particles/cm®) (particles/cm?)
Geometiic Geometric
Geometric  Standard Geometiic  Standard Fibers
Composite Process Mean Deviation Max Mean Deviation Max (#/cm?d)°
Background — 4.28+03 1.1 4.96+03 12 1.1 137 —
Base-alumina HS* 1.6E+04 4.3 7 9E+05 107 1.2 304 1.0
LS 1.9E+04 34 4.5+05 30 108 433
CNT-aglumina HS 4.6£+04 a1 1.36+06 59 10.4 5155 0.7
LS 4.3+04 6.2 2.9E+06 30 10.2 666
Base-carbon HS 1.0E+04 25 2.78+05 195 15 817 1.9
CNTY-carbon HS 1.2E+04 29 3.8£+05 178 14 1100

“High speed RPM driling (1355 rpm): **Low speed RPM drilling (725 rpm),
°This includes fibers that were > 5 prn in length with an aspect rotio > 3.

Total Number Concentration

Swmmary statistics of the total number concentration
measured by several instruments for different processes
are provided in Table 2 (source) and Table 3 (BZ). The
distributions of total number concentration from sev-
eral tests were right skewed and could be approximaied
with a lognormal disiribution. Each process resulted in
a sharp spike in aerosol concentrations above back-
ground, both at the source and the BZ, especially for
FMPS. High RPM dry drilling produced much higher
to1al number concentrations than low RPM drilling,
with GM values mieasured by FMPS at the source rang-
ing from 1.6-1.8 X 10° particles/cm®and GSD of seven
to eight. Low RPM dry drilling produced exposures
with GM in the range 5.0-8.5 X 10" and GSDs of ~4.5.
The GM wotal number concentration values of FMPS for
low RPM drilling at the source (available only on alu-
mina composites) were on average 12 to 20 times higher
than background, and about o to three times lower
than high RPM drilling. The highest maximuwn FMPS
total number concentration values at the source were
recorded for high RPM drilling of alumina composites
(~1.0 x 107 particles/cm?), whereas carbon composites
produced a maximum value of ~4 X 10" particles/cm?,

The GM total number concenuadon (BZ) of FMPS
for all processes were significantly higher than back-
ground and varied in the range 1.0-4.6 X 107 (GSD
range 2.5 to 6.2). Alumina composites generally
resulted in higher BZ exposures than carbon compos-
ites. The highest BZ total nuiber concentration of 2.9
X 10° particles/cm® was recorded for low RPM drifling
of CNT-A composites, a value approximately two times
higher than the second highest, high RPM drilling of
CNT-A composites.

The APS total number concentration trends were
slighaly ditferent than FMPS. High RPM duilling of alu-
mina cowposites at the source generated higher expo-
sures than low RPM drilling, as can be seen by (he
much higher (four to eight times higher) GM total

number concentration values. The highest APS 1otal
number concenuation maxima of > 5500 were
recorded tor high RPM drilling of alumina composites
at the source. The APS total number concentration of
carbon composites was much higher than that of alu-
mina composites and their GSDs notably smaller (< 2.2
vs. > 6). All APS (o1al number concentration exposures
at the source were higher than background. Similar
wrends were seen for BZ exposures. The maximum BZ
wtal number concentradon values of 5155 and 1100
particles/cim® were recorded for the CNT-A and CNT-C
composites, respectively.

Particle Morphology

Select representative images from the TEM analysis of
several grids are presented in Figure 6. Analysis by SEM
of the finer dust collected from the composite surfaces
at the end of drilling with double sided carbon wpe
(images not shown) revcated alumina and carbon
fibers fractured perpendicular to the fiber axis, as well
as splintered fragments along the axis, very similar to
the fibers seen iu Figure 61 and 6K. The finest NPs we
best scen in Figures 6B and 6H, whereas the 30 10 80
nm size particles are best seen in Figure 64, which is
common in multiple TEM grids. A new linding related
to the drilling of these composites, not seen with blade
saw cutting, 1s the release of clusters of CNT aggregates,
as illusirated in Figures 6E (0 6G. The size of these CNT
agyregates was in the vespirable runge (a few microns)
and was found only on the TEM grids collected during
drilling of CNT-comiposites. High aspectratio (fiber-
like) structures with at least one nanosize dimension
(Figures 6D, H) were also seen occasionally, bat they
were uncommon. Another interesting morphology is
shown in Figure 6C, where a straight CNT bundle is
auached to a much larger film fragment. The res-
pirable fibers (> 5 pm long, aspect ratio > 3) on the
filter cassette were numerous (quantitative data pre-
sented below) and were of two distinct motphologies:
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Figure 6—Select representative images of particie momphology from breathing zone sampies collected during dry
solid core driing. Images 6A to 6H (TEM) originated from CNT-alumina composites. iImages 61 to 6 K (SEM) originated
from personal breathing zone filfers collected during ariling of CNT-carbon composites and represent the most
common fiber morphology for both CNT-alumina and CNT-carbon composites.

(1) straight fiber fragments of the same thickness as the
parent ahunina or carbon fiber (low aspect ratios) or
thinner fiber splinters with a much higher aspect ratio
(Figure 61) and (2) long, thin, wavy, and rope-like
strtctures tens of microns long (Figure 61, , and K).
The first class of {ibers (Figure G1) was the predominant
type, encompassing (based on visual observations)
roughly :‘,/‘1 or more of the total counted fiber number.

Respirable Fibers

Due to concerns over insufficient aivhorne fiber collec-
tion (thus not reaching the method limit of detection),
fiber sampling was extended over high and low RPM
drilling of the same composite type. Each filer col-
lected fibers from more than two tests of five drillings
for each speed (ten tests overall). Thus, sampling {o

BA at the source and at the BZ included « towal of 40
events (eight tests X five replicates) over 45 minutes.
For CNT-A, sampling inchuded 75 events (15 tests X
five replicates) over 65 minutes. The airthorne concen-
trations of respirable fibers at the source and BZ are
presented in Tables 2 and 3, respectively. The fiber con-
centration at the sowce was in the order of one
fiber/cm* BA produced a stighdy higher airborne
fiber concentration than CNT-A (1.3 vs. 1.0). Drilling
ol carbon composites (a single sample for BC and CNT-
C) resulted in 1.7 fibers/cin?®, indicative of similar
alounts of fiber generation as with alumina compos-
ites. The BZ fiber concenurations were slightly lower
than source concentrations for alumina composites
and comparable for carbon composites. Because the
sampling volume and the fiber surface density on the
fillers were below the optimal specification range of
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TABLE 4 Surface Area and Particle-Bound Polyaromatic Hydrocarbons of the Nanoscale Fraction for
" Alumina Composites at the Source, Measured by Diffusion Charger and Photoelectric Aerosol Sensor, Respectively

Surface Area (upm2/cm3)

) Geometric Geometric
Geometric Standard Geometric Standard
- Process Mean Deviation Max Mean Deviation Max
Background 9 1.3 0
Base-alumina HS* 25 4.4 égé g ; Zl g:g
CNTaumi LS 13 1.8 86 7 1.9 56
aturnina HS 51 57 686 10 24 53
LS 23 2.9 425 6 19 37

"High speed RPM diiing (1355 PM); **Low speed RPM driling (725 pm).

NIOSH method 7400, these fiber concentrations values
should be considered as a first order approximation.

Swrface Area of the Nan ofaction

The DCGmeasured surface area (SA) varied from a
background GM (GSD) of 9 (1.3) 10 51 (5.7) pm?/cm?®
for the high RPM drilling of CNT-A composites (Table
4). Consistent with previous observations from FMPS
outputs, low RPM drilling produced Jower SA vatues for
boih the BA and CNT-A composites. The maximum SA
values of 666 and 686 jn?/cm?® were recorded for high
RPM drilling of CNT-A and BA, respectively.

Particle-Bound Polycaromatic Hydrocarbons

The b-PAH levels for the alumina composites at the
source are also summarized in Table 4. The b-PAH
concentrations were moderately above background
values. For example, the GM values of all processes
were six 10 10 ng/m3, up w0 1.7 times higher than back-
ground (GM, 6 ng/m* and the range of GSDs was 1.9
to 2.4. The maximum b-PAH values of 37 o 69 ng/m?
were two to three-and-a-half times that of background
(maximum valie = 19). The higher values corre-
sponded to higher peak exposures.

Size-Resolved Chemical Composition

The ICP-MS analysis of the WRASS stages for Al, Fe, and
Zn for both sessions, as well as of the reference com-
posites, is summarized in Table 5. The first visit included
drilling only on alumina based composites, whereas the
second visit included both alumina and carbon com-
posites. Base alumina composites contained 25.5% Al,
0.02% Fe, and 0.47%, Zn, whereas CNTA contained
165 % Al, 0.21% Fe and 7.4% Zn. In contrast, the
carbon compasites conwined much less Al Fe, and Zn
than alumina composites: each 0.005% or less. Several
other metals were also analyzed (nickel [Ni], chromimm
{Crl, cobalt [Co], manganese [Mn), and vanadium
{V]) but they were either non-detectable Or were pres-
entonly in trace quantities. The two major inetals found

PAHs (ng/m?)

in the CVD-grown nanoforests used in CNT-C compos-
ites were Fe (0.05%) and Zn (0.03%).

The majority of Al and Fe mass was found on the
stages corresponding 0 0.25 to 4 pm aerodynamic
diameter; the metalspecific disuibutions for b('x[h ses-
sions were similar. In these stages, Al varied in the
range of (1.7 10 4.7 pg, whereas Fe ranged from 0.2 to
3.6 pg. Small amounts of Al and Fe were generally
found in the lower stages (< 250 nm) during both ses-
stons, except in the second session when higher
amounts (1.1 pg Al; 0.5 pg Fe) were found in the < 2nm
stage. Amounts of Al and Fe in the upper siages were
slightly higher during the first session, a finding thauis
consistent with the larger number of tests conducied
on alumina composites at that time and the much
higher content of Al and Fe in the composites. No
quantifiable Zn was found in the upper stages of the
cascade impactor (amowmnms were marginally above
blank values) during either session. However, higher
amounts of Zn were found in the two to 250 nm range
during the second session, ranging from 3.4 1o 7.9
ng/stage. The highest amounts corresponded 10 the
two to 60 min range. Normalized mass distributions for
each metal are plotred in Figure 7 for both sessions, in
which similarities and differences are hetter visualized.

Wet Drilling

Wer drilling was efficient at suppressing the release of
particles > 10nm (Figure 4E). However, particles < 10
nm continued to escape at high concenwations, 5.0 X
10* em®. This finding is consistent with the observation
of smoke generation, likely resulting from the localized
heating and decomposition of the internal microsguc-
ture of the hydrophobic composite.

DISCUSSION

Poiential Exposures During Dvilling of Advanced
Composites

In this study we investigaed the generation of
nanoscale and submicron particles during dry and wet
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TABLE 5 Size-Resolved Metal Composition of the Aerosol Collected at the Breathing Zone with the

WRASS Instrument (ug metal/stage)

Session mﬁr_n‘ioﬁwﬂ

Session 2 (August 2009)

Stage Size Range (um) Media Al Fe In Al Fe In

1 35-20 1xGS 7.75 1.25 <0.06 705 1.5 0.48
2 20-8.1 1xGS 1.05 115 <0.04 1.45 0.05 <0.01
3 8.1-4.0 1xGS 4.65 3.55 0.19 3.65 0.85 0.1
4 4.0-20 1xGS 2.65 0.35 <004 3.65 1.45 <0.01
5 20-1.0 1xGS 3.85 1.25 <005 1.45 0.05 <0.01
<} 1.0-05 1 XGS 3.45 1.65 <0.09 0.65 0.05 <0.01
7 0.5-0.25 1xGS 1.55 1.05 <004 2,55 0.15 <0.01
8 0.250-0.060 1 x PTF 01 01 <001 0.3 0.5 0.75
9 0.060-0.015 10 x NYL —o° —a —o <01 <0.01 7.89
10 0.015-0.005 4 x NYL 0.3 <04 0.57 0.1 <0.01 6.72
n 0.005-0.002 2xNYL <006 <01 033 0.36 02 6.05
12 <0.002 1xNYL <006 02 023 1.1 05 3.37
z 253 10.6 1.32 222 5.4 254
Reference Material® Percentage Al Fe In

Base-alumina 256 0.022 0.47

CNT-aturnina 165 0.21 7.6

Base-carbon 0.005 0.005 7E-4

CNT-carbon 0.001 0.003 2E-4

CNT-nanoforest — 0.05 0.03

SVessel ruptured during sampte prep and the sample was lost. A value of < 0.1 was used for the size distribution data.
tThe reference material was a CNT-nanoforest grown by chemical vapor deposition on a siicon substrate. s metal composition
should be fhe similar to the nanaforest grawn on alumina composites because the process parameters are similar.

solid cove drilling of advanced CNTA and CNT-C fiber
composites and their CNT-free counterparts. A suiwe of
instruments was employed for real-time characteriza-
tion of size diswibution (5.6nm to 20pm) and otal
number concentration, surface area of the nanoscale
fracuion, particle morphology, airborne fiber concen-
tration, and aerosol chemistry near the source and in
the BZ of the operator. We investigated several poten-
tial exposure modifiers, including four compuosite
types, two drilling RPMs, and he effect of wet drilling
as a conirol measwe. Although the study was con-
ducted in a vesearch luboratory, this investigation pro-
duced several important findings translatable to similar
processes in a non-laboratory setting.

High exposures compared to background were
measured during dry abrasive drilling of all composites
(with contrals off). Thus, the GM total number con-
cenuation (by FMPS) were greater than 14 (source)
and 2.4 (BZ) times higher than background for all
composites (not considering the wet processes). In
addition 0 the nanoscale particles, elevated exposures
were also measured in the submicron range (peak
maxima, 600 to 800 nm) for all composites.

Exposure Modifiers (Determinants)

Higher input energies (such as the higher drilling
RPMs, larger drill bits, and longer dyilt times associated
with thicker composites) generally produced higher
exposures. For example, the GM tonal number concen-

tration values for FMPS at the source for high RPMs
were about two to 3.2 times higher than for the lower
RPMs. In a limited set of tests with the '/, drill bit on
BA and CNTA, the larger drill bit (3/,") produced
higher exposures (results not presented). We also
noticed that drilling on thicker composites was move
likely 1o generate a white plume of smoke (< 10 nm) as
seen in real time in FMPS size distribuwions. This was in
addition to a general increase in the number concen-
iration of other size fractions. Therefore, one can envi-
ston that larger scale indastiial operadons that may ase
higher energy and lurger composite volumes can
potendiatly generate higher exposures than those meas-
ured in this study.

The type of composite was expected to be an impor-
tant exposure modifying tacior. The long aligned CNTs
in the nanoengineered composites reinforced the bulk
nmechanical properties, and provided greater cohesion
during machining (cutting or drilling). Carbon nau-
otubecomposites generally tended to produce less
exposures than their basetine counterparts, which was
more prominent in the APS data (Table 2), although
the differences are likely masked by other confounders
such as composite thickness. Carbon-based composites
produced distinet exposure distributions in  the
nanoscale range (FMPS) compared to the alinnina
composites. However, the distributions within the same
composite type were similar. Additionally, the airhorne
respirable fiber concenirations were also similar
between different composite types.
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Figure 7.—Airborne mass distribution (ug/m?) for afuminum (A, iron (Fe). and zinc (Zn). the three major metals in the
alumina composites. (A) Session one: April 2009, driling on alumina composites only: (B) Session two: August 2009,

driing on the four composite types.

Chewmical Composition of the Aerosol

The sharp increase in the PAS response corresponded
to the processing of composites and was high for CNT-
compusites at high RPM drilling. This finding sug-
gested the possible presence ot b-PAHs or other organ-
ics, consistent with the expectation that CNTs contain
several PAH congeners. However, high response for the
b-PAHs was also seen with BA composites. Further
investigations are needed in order 1o dvaw any conclu-
sions. It is possible that complex organic molecules
may be created following high pressure and tempera-
ture curing of the epoxy polymer, as well as from ther-
mal degradation of its components during drilling. It
would be prudent to conduct targeted chemical analy-
sis for PAHs (several of which are human carcinogens)
during drilling and cuuting of advanced hybrid com-
posites, as well as during handling of CNTs. One rea-
sonable interpretation of the b-PAHs results is that
these nanoaerosols are likely to be chemically conplex.
We measured acid-dissolved meials (Al, Fe and Zn in
particular) as markers of different phases of the com-
posites. The ratio of Fe in CNT-A to BA composite was
0.9, whereas that of Al was 0.35. For an equal number of
tests on both composites (and assuming similar diges-
tion efficiencies for the composite material and the
NPs), one could reasonably argue that the vast majority
(up to 90%) of Fe in the WRASS stages during the first
session may have come from the CNT-composite. Simi-
larly, it could be argued based on Fe content in differ-
ent composites (Table 5) that CNT-A composites have
likely contributed the larger portion of the airborne Fe
and Zn compared to CNT-C composites. Since alumina
composites contained #4% to 68% weight alumina
(Table 1), the total composite mass corresponding to
the measured Al would be seven to nine times higher.

Signature metals, however, provide only a limited
picture of the chemical composition of the compuosite-
derived aerosols since it is possible that a large compo-
nent of the nanoscale acrosol may be originating from
the degradation of the epoxy phase of the composite.
Additionally, it is likely that metal exposures may be
underestimated due to incomplete dissolution of the
composites under the 1CP-MS protocols. Dissolution is
particularly more problematic for curbon-based com-
posites. The high amounts of Zn in the nanofraction
(two to 60 nm), especially during the second session, is
interesting. High BZ exposures were measured on sev-
eral occasions, with peak maxima in FMPS as high as
some source measurements. The presence of measura-
ble amounts of Zn and Fe in the BZ should be no sur-
prise. However, its origin is less clear. Since Zn is more
easily dissolved than Al and Fe, and the highest
amounts of Zn were measured in the CNT-A compos-
ites. Zinc was the second highest in percentage of the
metals in the CNTs grown in the lab, and its origin was
thought to be in the impurities in the Fe salt catalysts.
1t is possible that a large fraction of this Zn may have
originated from the CNTs themselves, although this
hypothesis requires additional testing.

Energy dispersive x-ray analysis of the larger parti-
cles and thick fibers from the personal fihers in SEM
(SEM-EDAX, Figure 61) matched well the elemeniat
analysis of the bulk composite in that Al and Si (alu-
mina composites) and C (carbon composiles) were
prominentin the spectra. The EDAX analysis of NPs on
TEM grids (TEM-EDAX) for the most part was domi-
nited by C with occasional pure iron oxide tlakes on
grids from CNT-A composites (spectra not shown), pre-
sumably originating from dipping the alumina cloth in
iron catalyst salis. The EDAX of thin fibers in Figure 6]
and 6K was also dominated by C, as were many other
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NPs. The limited sensitivite of the EDAX echnique or
the fact that the number of particles churactervized was
not representative of the billions of airborne particles
may explain in part the ahsence of some metals (such
as Zn). It is likely that a large fracton of the
nanoaerosol may have originated from the organic
epoxy fraction of the composite.

Drilling vs. Cutting

In a previous study, we investigated the emission of NPs
during dry blade saw and wet rotary wheel cutting of
the same composites.® Because at present there is only
limited understanding regarding the influence of
processes and tasks on NP exposure characteristics, a
comparison between these processes is of special inter-
est frum an occupational hygiene standpoint. Although
some similarities existed between cutting and drilling,
differences were more prominent. Shimilarities worth
noting included: the transitional nanwe of exposures
consistent with short task dwrations, high peak expo-
swre levels with maxima in the nanoscale and submi-
cron fractions, the generation of respirable fibers and
nanofibers, and wet processes being eflicient at sup-
pressing  exposures. However, the similarities end
there.

Major differences were noted in the sice distribu-
tions, fiber concentration, particle morphology, obser-
vation of CNT aggregates, and the degree to which
exposures were dependent on the composite iypes.
Overall, dry abrasive drilling generated higher peak
exposures than cutting (3.9 X 10" 101 X 107 vs. 2 X
10* to 6 X 108 particles/cm?) during operations on the
same composites.?! Size distributions were also quite
different. Catting on all composite ypes genevaed
similar distributions with the two sharp peaks centered
at 10 1o 20 nm and one pm and was quite similar for the
source and BZ. In contrast, drilling generated muld-
modal aerosols with peaks at < 10 nm, o much broader
peak at 20 to 80 nm, and a peak with a maximum at 0.6
to 0.8 pm. Distributions were strongly influenced by the
composite type and weve distinct for carbon and alu-
mina composites. Profound differences were seen in
particle morphology, with cutting generating far more
complex particle morphologies. Most notable was the
much higher frequency of nanofibers, the higher con-
centration of respirable fibers, and lack of CNTs (free,
bundles, or ropes) generated during cuuing.‘” Drilling
generated fewer respirable fibers, but aggregates of
CNTs were observed. Exposure distibutions for
drillimg were severely right skewed (GSD > 5) com-
paved to cutting (GSD < 3). Drilling generated smoke,
whereas cutting did not, which was clearly iltustrated in
the differences in size distributions. Lastly, the compos-
ite thickness was an important modifying factor of
aerosol generation intensity {total number concentru-
tion) during cutting, consistent with the volume of cut-

tng. For dritling, thickness was less important. These
difterences were consisicut with the processes. A simple
change in the process from cutting w diilling had pro-
found effects on the natare of nanoparticle emissions.
These findings reinforce the need for systematic docu-
mentation of the nawre and extent of exposures to
NPs in differentsieps of the lifecvde of these materials
because the results of one expostive scenio may not
be readily vansferred 1o another one.

Study Limitations

Several instruments were utilized in characterizing
exposares (o nanoscale and respirable particles gener-
ated from drilling of CNT and bascline (CNTHree) com-
posites. The FMPS and APS cover a broad yange of par-
ticle sizes, and the tast response lime (one second) was
an essential featwre for characterizing uansient aerosols
assoctated with short<tmation tasks. However, several
challenges arise from three sets of issues: (1) difterem
measuring principles utilized by these o instruments;

(2) there is litde overlap between their size distributions;

and (3) measured acrosols are dynamic and polydis-
perse, with a complex particle morphology. The over-
lapping range (500 to 560 nm) bewveen the two instiru-
ments is minimal, and the collection elficiency in the
overlup region is poor for both instruments, making it
difficult to merge the two disnibutions. Additionadly, the
FMPS measures clectical mobility diameter, whereas
APS measures aerodynamic dimnseter, For particles ol a
density of ~2.2 g/cm? (composite density), the aerody-
namic diameter is ~1.4 dmes the mobility diameter.
Hence, the measured size disuibutions in FMPS are
likely skewed to the left, and the wrue acrodynamic diam-
eters of FMPS-measused acrosols should be higher. Con-
sistent with this prediction, recent comparisons between
FMPS and several SMPSs found the FMPS to underesti-
mate the size in the sab-100 nwm range compared to
SMPS. For example, 100 nm polysyyrene particles were
binned as 80 nm particles in FMPS* In this same saidy,
the FMPS diswibutions for sodium chloride aerosols
were broader, whereas that of dicsel exhaust were nar-
rower than those of SMPSs. Slight variations were seen in
the total number concentration and count nedian
diameter of these aerosols as well. Lasty, uncertainties
arise regarding the complex morphologies of aerosols
generated during cutiing and drilling of composites. For
example, it is unclear in which size bins of FMPS the
nanofibers and low density CNT aggregates end up.
Since peak exposures were higher than the optimum
range of 1 X 10° total particles/cm® for FMPS and 1 X
10% particles,/cm® at 0.5 jun for APS, underestimation of
the maximum exposures is likely. Additionally, 4 sub-
stantial amount of data, especially comparing the per-
formunce of various instruments. awaits further analysis.

Although we employed several techniques, including
TEM/SEM/EDAX, 10 elucidate the chemical composi-
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tion of the generated acrosol, incdluding TEM/SEM/
EDAX, b-PAHs, and conducted size-resolved analysis for
several signature metals (including Al, Fe, Zn) further
work is needed to better understand the contribution of
each cumposile phase—Fiber, epoxy, and CNTs—on the
generation of airborne nanoaerosols and respirable
fibers. Regardless, adequate exposure conwrols should
be instituted in order 10 minimize long-term exposures
to such aerosols both in laboratory settings and in
larger-scale manufacturing operadons involving com-
posile processing.

CONCLUSIONS

Drilling on BA, CNT-A, BC, and CNT-C composites can
generate significant exposures 1o nanoscale and submi-
cron particles, as well as to respirable fibers. Compared
to dry abrasive cutting on the same composites, drilling
resulled in profound alterations of the airborne
aerosol’s characteristics, including size distwvibutions,
particle morphology, fiber concentratians, smoke gen-
eration, release of CNT aggregates, and lowered
dependence of exposure jutensity on the composite
type. These findings emphasize the need for direct
measurements of nanoaerosols for different processes
since the prediction of exposures are difficult to make
at the current level of understanding. Effective expo-
sure controls are reconunended for cuuning and
drilling of advanced composites containing CNTs.
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References

b Thayer AM. Carbon nanatubes by the metric wn. Chem and
Eny News. 2007; 85:20-85

2. Rakov EG. The curtent staws of carbon nanotube and nano-
fiber production. Nanoteclnol in Russia. 2008; 3:575-580.

3. Samal S5, Bal S. Carbon nanotube seinforced ceramic polymer
composites—A review J of Minerals and Matey Chalacterizanon
and Eng. 2008, 7(4):355-370.

4. Samal S5, Bal S. Carbon nanvwhe reinforced polymer compos-
ites—A state of the are. Bull of Mater Sci. 2007, 30(4):379-386.

5. Khare R, Bose S. Carbon nanotuhe based composites—A review.
J of Minerals und Mater Characierization and Eug. 2005; 4(1):
31-46.

6. Moniruzzaman M, Winey K1 Polymer nanocompaosites contain-
ing carbon nanotubes. Macromolecules. 2006; 39(16).5194-5205,

7. Takagi A, Hitose A, Nishimura T, Fukumati N, Ogata A, Ohashi
N, Kitajima S, Kanno J. bnduction of mesotheliona in p53+,-
mouse by invaperitoneal application of maltiwall carbon nan-
otube. Toxicol Sci. 2008; 33(1):105-116

8. Poland CA, Duffin R, Kinloch I Maynurd A, Wallace WAH,
Seaton A, Swne V, Brown S, William MacNee W, Donaldson K.
Carbou nanutubes inwroduced into (the abdominal cavity of
mice show mbestoslike pathogenicity in 1 pilot study. Nat Nan-
otechnol. 2008, 3(7):423-428.

12

6.

18

22,

26,

Shvedava AA, Kisin ER, Mercer R, Mwrray AR, Johnson V],
Powapovich Al Tyarina VY, Gorelik O, Arepali 5, Sclnvegler-
Bervy D, et al. Unusual inflammatory and fibrogenic putmon,
responses to single-wadled carbon nanotubes in mice. Am J Phys-
iol Lung Cell Mol Physiol. 2005; 284(5):1.093-708.

Li Z, Huklerman T, Salmen R, apman R, Leon. S8, Young
SH, Shveda A, Luster MI, Simeonova PP Cardiovasculu
effects of pulmonary exposwre w singlewall carbon nanotubes.
Envirun Health Perspect 2007; 115(3):377-382.

Slvedasa AA, Kisin E, Murray AR, Juhmson Y], Goielih O,
Arcpalli 3, Hubbs AF, Mercer RR, Keohavong P, Sussinan N, et
al. Inhalation vs, aspiration of smglewalled carbon nanotubes
m Ch7BL/ 6 m Inflammation, Bbrosis, oxidative stiess, and
setiesis. A ] Physiol Lung Cell Mok Physiol. 2008, 205(4):

Ellinger-Ziegelbauer H, Pauluhin J: Pulmonary woxicity of mula-
walled carbon nanotubes (Bayuibes) refative o alpha-guartz fol-
lowing a single 6h inhalation exposure of rats and 4 3 months
postexpostine period. Tuxicol. 2008; 266(1-3):16-29.

Paululin J. Subchronic 13-week in jon exposure of rats (o
multivalled carbon nanowbes. Toxic eflects are determined by
density of agglomerate soructuces, no fibriliar structures. Toxi-
ol Sci. 2009; 113(1).226-242.

Ma-Haock L, Treumann S, Stanss Y, Buill S, Luizi F, Merder M.
Wiench K, Gamner AO, van Ravenzwaay B, Lundsiedel R, inhala-
tion toxicity of multiwall carbon nunotubes in rats exposed for
3 months. Toxicol Sci. 2009; 112(2):468-481

Li JG, Li QN, Xu JV. Cai XQ, Liu RL, Li Y], Ma JF, Li WX, The
pulmonary toxicity of mulu-wall carbon nanotubes in iice 30
and 60 days atter inhalation exposure. ] Nanosci Nanotechnol.
2009; 9(2):1384-1387.

Donaldsou K, Aitken R, Tran L, Stone V, Duffin R, Furrest G,
Alexander A. Carbon nanotubes: A review of their properties in
relation o pulmonary wxicology and workplace salety. Toxicol
Sci. 20006; Y2(1):5-22.

Lam CW, James JT, McClushey R, Arepalli S, Hunter RL. A
1eview of carbon nanowibe wxicity and assessment of potential
occupational and environmental health risks. Crit Rev Toxicol.
2006; 36(3):189-217.

Sanchez VC, Piewruska JR. Miselis NR, Hurt RH, Kane AB. Biop-
ersistence and potental adveise health impacts of fibrows nano-
materials: Whit have we Jearned from asbestos? Wiley Interdis-
cip Rev Nanomed Nanobiotechnol. 2009; 1(5):511-324

Bello D, Hart A], Ahn K, Hallock M, Yamamoto N. Garcia EJ,
M] E, Wardle BL. Particle exposure levels during CVD growth
and subsequent handling of verticalh-aligned carbun nanobe
filims. Carbon. 2008; 46:974-981.

Maynard AD, Baron PA, Foley M, Shvedova AA, Kisin ER, Cas-
tranova V. Exposure 1o carbon nanotube materiul: Aerosol
1elease during the handling of unrefined single-walled carbon
nanatube material. ] Tosicol Enviton Health. A 200+4; 67(1):87-
107.

Methner MM, Bich ME, Exans DE, Ku BK, Crouch K, Houver
MD. Idenuficaton and char :

scterization of potential sources of
worker exposure 1o carbon nanofibers durmg polyaer compos-
ite laboratory nperations. ] Occup Environ Hyg. 2007;
4(12):D125-134.

Bello D, Wacdle BL, Yamamato N, Guzman deVilloria R, Garcia
EJ, Hart A, Abo K, Ellenbecker MJ, Hallock M. Exposure ro
nanuscale particles and fibers during machining of hybrid
advanced composites containing carbon nanotubes. | Nunopar-
ucle Res. 2009; 11(1):231-249.

Seaton A, Tran L, Aitken R, Donualdson K Nanoparticles,
human health hazard and regulation. J R Soc lnterface. 2009. 7
Suppl 1:5119-129.

Garcia EJ, Wadle BL., Hart JA, Yamamoto N, Fabrication and
multifunctonal properties of a hybrid laminate with aligned
carbon nanotubes grown in siwn. Composites Sci and Technol.
2008; 68(%) 42041,

Garcia EJ, Hare A], Wardle BL, Slocumn AH, Shim D). Aligned
carbon nanotube reinforcement of graphile,/epoxy ply inter-
faces. In: Conlerence Procecdings, 16th lmernational Confer-
ence on Composite Materials (ICCM), Ryoto Japan, July 813,
2007,

Yamamoto N, Garcia E, Hart 4], Wadle BL, Slocum A. Mulu-
functional characterization ot aligned CNTreinforced hybrid

448 - Bello et al.

www.jjoeh.com e INT J OCCUP ENVIRON HEALTH

2H

29,

30,

compaosites. In, Conference Proceedings, 16th International
Conlerence on Composite Materials (ICCM), Kyoto, Japan July
B-12, 2007,

Vamamotw N, Hart Al Garara B, Wicks 8, Duong HM, Slocum
AH, Waidle Bl.. Higb-yield growtb and morphology control of
aligned carbon maotubes on ceramic fibers for multifunctional
enhancement of structural composites. Carbon. 2009; 47(3):

5 .
Wicks 85, Guzman de Villoria R, Wardle BL. Interlaminar and
intraluminar reinforcement of composite  lamiates with
aligned carbon nanovtubes, Compaosites Sci and Technol. 2010;
70:20-28.

Plua DL, Gschwend PM, Reddy CM. Industrially synthesized
single-walled carbon nanowibes: Compositional data for users,
environmental rish assessments, and source apportonment.
Nanotechnology. 2008; 19: 185706.

National Instituie for Occupational Safety and Health
{NIOSH). Asbestos und other fibers by PCM. Method 740,
[Ineernet} 1994, 1n: NIOSH Manual of Anabyiical Methods. 4th
ed. Eller PA, Cassinelli ME, eds. Cincinnat, OH: NIOSH. Aval-
able from: hitp://www.cde.gov/niosh/docs 2003154/ pdfs,/
7H00.pdf.

Gorbunoy B, Priest ND, Muir RB, Jackson PR, Gnewuch H. A
novel size-selective airhorne pawticle size fractionatng insuro-
ment for health hisk evaliation. Ann Occup Hyg 2009;
53(3 37.

Environmental  Protection Agency. Method 3015A.
Microwave assisted add digestion of sediments, sludges, soils,
and oils. [Internet] 2007, Available from: hup:/,/ www.epa.gov/
osw/hazard/tesunethods/ swi46,/ pdfs/3051a.pdf.

33 Hinds WC. Aciosol techoology:  Properiies, behaviour, and
meamnement of awboine patticles. 2nd ed. New York: Wiley;
1999,

34 Asbach C, Kuninshi H, Fissin H, Monz ¢, Dabmann D, Mal-
hapt S Comparison ol ton mobili partice ~ic with cilfer-
ent time resolution for stationary exposwie measurcmenns, | of

Nuanopuiticke Res. 2004; 11(7):1543-1609

APPENDIX A: ABBREVIATIONS

APS: aerodynamic particle sizer

b-PAHs:  bound polveyclic aromatic hydrocarbons
BA: base alumina fiber composite

BC: base-carhon fiber compuosite

CNF: carbon nanofibers

CNT: carbon nanotube

CNT-A:  CNT-alumina fiber hybrid composite

CNT-C: CNT-carbun tiber hybrid composne
CVD: chemical vapor depusition

ESP: electrostatic precipitator

FMPS:  fust mobility particle sizer

SA: surface area concentration

TP: thermophoretic precipitator

WRASS:  wide range aerosol samphing sysiem
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APPENDIX B
Summary of lnstrumentali_on Used in This Study for Characterization of Airborne Pasticles
Size Range
Response (pm) Flow Rate
Nome (Model) Measures Time (sec) Channels Upper Limit {I/min)
REAL-TIME SAMPLERS
F‘osi mobility particle Size distribution and total 1.0 0.0056-0.56 ~1.0 x 10cp/cm®  Aerosol: 10
sizer (FMPS) number concentration 32 Sheath air: 40
sl Model 3091) (electrical mobility diameter)
Aerodynamic particle  Size distribution and total 1 <0.5-20 1.0 < 10* p/em? Aerosol: 1
sizer (APS) number concentration 52 Sheath air: 4
(TSt Model 3321) (aerodynamic diameter)
Condensation particle  Total number concentration 1 0.01011 ~1.0 % 10* 0.7
counter (CPC) (optical diameter) 1
(TSI Model 3007)
DustTrak, PM,; inlet Mass concentration 1 0.10-10 up o 100 mg/m? 1.7
(TSt Model 8520) (particle diameter < 10 um) 1
Diffusion charger (DC)  Surface orea by diffusion to 1000
( EchoChem charging wpie tAme ]
Modet 2000CE) 1-10 sec <0100
‘ averaging 1
Photoelectric aerosol Particle-bound polycyclic interval 1000 ng/m? 1
sensor (PAS) (Echo- aramatic hydrocarbons
Chem Model 2000CE) by selective UV photo-
ionization
INTEGRATED SAMPLERS
Thermqphoretic Particle collection on a NA 0.001->100 — 33
precipitator (TP) TEM grid over a pre- NA
(Fraunhofer Institute of  defined time period using
Toxicology, Germany)  a thermal gradient
Electrqsfcfic Particle collection on a NA 0.001 ->100 — 0.1
precipitator (ESP) TEM grid over a pre-
(courtesy of Or. A. defined time period
Miller, NIOSH) using a point-to-plane
electrostatic corona
discharge
Ride-rgnge aerosol Particle collection and NA 0.002-20 pm — 20
sampling system sizing of aerosol over a 12 size ranges
(WRASS) wide size range (0.002-20
(Naneum Ltd., UK) wm) in 12 stages, five of
which are in the 2-250 nm
range. Subsequent chemicat
analysis on stages enables
construction of size-setective
distributions of analytes of
interest (aerodynamic
diameter)
Fiber sampling (as per  Asbestos sampling cassette NA — — 2

NIOSH Method 7400

(Millipore Inc., Bedford, MA);
25-mm, 0.45 um pore size
mixed-cellulose ester fitter,
electrically conductive 50-mm
extension cowl, 2 I/min

Note: The EchoChem instruments were available onl

source.

ly during one of the two sessions and were stationary and positioned near the
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Characterizing Aerosolized Particulate as
Part of a Nanoprocess Exposure Assessment

JOHN T. JANKOVIC, TRACY L. ZONTEK, BURTON R. OGLE, SCOTT M. HOLLENBECK

Characterizing a process acrosol in the nanoscale
beyond nmumeric concentration can assist in hazard
assessment and in separating aerosolized process mate-
rial from background aerosol. Size and size distribu-
tion, chemical composition, solubility, shape, and sur-
face wrea may become Important categovization
paraiselers of exclusion/inclusion for purposes of
exposure control. Yarious particle paramerers are pre-
sented using examples from a process simulatuon. The
process aerosol was composed of insoluble carbon par-
ticles plus environmental background constiluents at
an average air concenuation of 2.76E+5 particles,/cubic
centimeter (p/cnf‘y Greater than 209 ol the carbon
particulate was blade-like in shape, 50% af which had a
height dimension € 100 um. The equivalent spherical
mobility diameter of 0.8% of ihe particulate was < 100
nm in size. The carbon blades had a rootmean-square
roughness of 75 nm and an average fractal dimension
of 2.25. Gbaaiming these measiures characterizes the
aerosol and identifies parameters that may be impor-
tant toxicologically. Key words: envivonmental health;
industrial hygiene; nanomaterials; NANnoprocess expo-
sure assessiment; aerosolized particulate.

INT J OCCUP ENVIRON HEALTH 2010;16:451-457

INTRODUCTION

Nanotechunelogy is an expanding field that inanipulates
materials praciically on an atomic scale. The properties
of materials at the nanoscale (10™ meter) may be dit-
ferent than what has been taditionally understood.!
Aerosol characierization, air concentration menitoring,
and establishment of workplace controls are the thice
components of hazard control for nanoscale materials
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cience

at the Center for Nanophase Materials Sciences, a
nanoscale science vesearch center supporied by the US
Deparment of Energy (Basic Encrgy Sciences) * This
work addresses the air monitoring aspects ol exposure
assessiment. A monitoring for panoscale  materials
(NMs) is challenging. Some existing mcethodologies
work, some old ones may need 10 he revised, and new
approaches are under development. Occupational
healih and safety persounel may be asked o conduct
(‘Xl)Oalll’(‘ assessiments U(l PI'U(
NMs which do not have a toxicological hisiory, occupa-
tional exposure limit, vr established sanipling protocols
specifying the relevant measurenient paraneters.® One
ol the goals of air monitoring should be 1o gather the
type, quality, and quantity of information about the
acrosol o faciliate w hazard assessment using existing
or developing toxicological information for either the
specific NM or NM category. This characterization
should be broad in cases where litle woxicological data
is available since what we look for and how we look

S S O1 f(u‘mmg

limits our observations, how we interpret them, and the
specificity of the conclusions we can draw.?

The Europeau Commission’s Scientific Committee
on Emerging and Newly Identified Health Risks deems
it important for risk assessiment purposes to specify
clearly a number of factors: chemical composition
including impuries, swrface chemisury, reactivity, solu-
bilily, pm’liclc size range and  disuibution, shape,
charge, and roughness morphology among others.?
That this core information should be collecied system-
aucally across the NM industry is self-evident. Guidance
for uniformity in specifying particle size in general and
carbon nuanowbes specitically are available from ASTM
International®

Apart [rom using NM acrosol characterization o
judge the applicability of toxicological data for the
process under in\'csliguliun, NM characterization can
be used 0 diffevendate it from similarly sized back-
ground particulate. This can be accomplished by
specifically measuring a chemical or morphological
property inherent in the NM but absent in the back-
ground aerosol® Measured total aerosol concentra-
tions can also be adjusted o represent the nanosize
concentration using the nanomaterial fraction derived
trom a size distribution determinasion.

The aerosol characterization presented here can
serve as a list of particle characterizaion parameters
for consideration when initiating air monitoring of a
NM process. In addition, it may form a basis for discus-
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