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Thi.., work inv(:'stigatt"d exposures to nanoparticlt-s alld 
nanofibcr.':> dllling solid COfe dlilling of two type.., of 
advanc.:ed carbon nanulUbe (CNT)-hybrid composites: 
(1) reinforced plastic hybtid laminates (alumina fibers 
and CNT); and (2) graphite-epoxy composites (carbon 
fibers and CNT).' Multiple:- real-time:: in')(rUIlH:·nt.., Wt'Te 

Hsed to charactelizt' the size dit.Lribution (5.6 nIll to :to 
pm), number and mOl..,.., concentration, particle-bound 
polyaromatic liydrocLlrbom. (b-PAHs), and stlrfact' drea 
of airborne panides at the suurce and breathing zone. 
Time-integrated samples included grid~ for electron 
microscopy characterization of particle morphology 
and size resolved (2 nm to 20 pm) ::.amples for the quan­
tification of mel.'-lis. Several new imponant findings 
herdn include generation of airborne clusters of CNTs 
not seen during saw-cutting of similar composites, fewer 
nanofibers and re!:lpirable fibers rdea~d, similarly high 
exposures to nanoparticles with less dependence on the 
composite rhickncf)s, and ultrafine « 5 nm) aerosol 
originating from thermal degradation of the composite 
material. Key words: nanoparticle. nanocomposites; 
fiber; CNTs; airborne exposures; occupational health; 
nan()fechnology. 
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INTRODUCTION 

CJrbon llanotubes (eNTs) and carbon nanotibers 
(CNFs) offer enormolls potenrial tor de\'elopmenl of 
new materiab and products with Mlperior thermal. 
electric, m(:'chdni(.al, and/or other properties. They 
represent a major serloI' of the quickly growing 11.l11-

otechnology economy. The Cllrrent global production 
of all types uf CNTs and CNFs has reached hundreds of 
ton~ per year O:lnd production rale~ are bound to 

expand rapidly.l,:! One import..'tnt area of exploration of 
CNTs is in CNT-composites for applications in diver.':.e 
sectors, such a!:l telecommunication, energy, radiation 
shielding, aerospace. and defense.:.-n Engineering of 
advanced hybrid composites wherein aligned CNTs are 
intt:grated into polymer matrict's of existing fibrous 
materials is one area of fast gro\,~·th in research labs 
around the world. 

Sevel-al sllldie~ ha\'e raised serious concerns (wer 
potential toxicity of raw (unpurified) CNTs, e~pecially 
those oflong, straight fiber morphology. Long multi-wall 
CNTs have been shmvn 10 cause asbestos-like patho­
genicity, such as inflammation and lesions. in mice when 
CNTs were introduced directly into their abdominal 
cavity.7.M Additional effects such af) oxidative stress, acute 
inflammatory / cytokine responses, fibrosis, decrease in 
pulmonary fUllction, granulomatous pneumonia, and 
increased susceptibility to other pollutants have been 
documented in mice when CNTs wefe instilled into their 
lungs or inhaled.Y-1i A range of toxicities is expected 
among differellt type.., of CNTs (including single-walled 
\'5. multi-walled, raw vs. purified, long vs. short. aligned 
\'s. tangled) and depending on production method as 
documented by severa] more recent inhalation toxicity 
studies.I~-I.~ Fiber length (particularly longer than 10 
pm), aspect ratio (length/diamel.er ratio> 3), enhanced 
biopersistence in the lung fluids, as well as surface reac­
tivity enhanced by the presence of transition metals and 
organiC.':. on their sur[;.lces havt' been recognized as key 
parameters in enhancing CNT fibrogenicity and car­
cinogenicit)'. .... ·lf ..... IK The increased surface area and reac­
ti\'ity of nano~cale particles may also rt'sull in impaired 
macrophage clearance, ilJcreased bioavailability due to 
enhanced di!:lsolution in biological fluids and direct 
access into the hloodstream, and novel pathways (such as 
olfaoory nerve to brain shunt). 

TABLE 1 Summary of Process Parameters and Measured Aerosol PropertiesQ 

Specifications 
Volume fraclian (wi"!.) 

Thickness CNT Measurements and 
Composile Plies # (mm) AIL0 3 Epoxy CNT (#/cm3 ) Instrumentationb 

Base-alumina 1 1.3 44.7 55.3 · Number concentration and 
2 2.3 67.5 32.5 size distribution (fast mobility 
2 2.9 44.3 55.7 particle sizer, aerodynamic 
3 2.7 61.0 39.0 particle size, and condensa-

tion particle counter), 
CNT-alumina 1 1.7 61.8 36.0 22 · Mass concentration (Dust 

1 1.3 42.8 552 2.0 -2 x ]012 Trak); 
2 2.8 53.8 44.9 1.3 · Particle morphology and 
3 3.0 52.5 45.5 2.0 elemental composition 

(SEMjTEM. EDAX); 

· Surface area (diffusion 
Base-carbon 22 3.9 54.5 45.5 charger); Bound PAHs (photo· 

electric aerosol sensor); Size 
CNT-carbon 22 3.9 54.5 45.5 0.03 1.5 x 10" selective chemical analysis 

for AI. Fe. Zn. Ni. Co. Cr. by 
ICp·MS (m2) in the breathing 
zone (BZ); · Respirable fibers at the 
source and breathlng zone 

CODlomong drill diameter' constant, 3/Bh; drilling speed: 725 and 1355 RPM. drilling conditIons: wet and dry 
bRefer to the instrumentation section in the text and AppendIX B for detailed Information. 

The widespread llses ofCNT-composites ill laboratory 
~ttings for research on synthesis, uses, and lesting comes 
'''lith the real possibility of rOlltine exposures to the CNTs 
and/or nanoparticles (NPs) generaled from their pro­
ce~sing. iet at present only a handful of papers have 
directly arlrlressed the i50sue of exposures [0 CNTs, CNFs, 
alld NPs dtlling s~11thesb and processing of new material 
forms containing CNT.'l. For example, Bello t't al. found 
no ex.posures to CNTs or NPs during chemical \'apor dep­
osition (CVD) growth of the CNT fore.'ol films, their trans­
fer Ollt of the furnace, and their mechanical removal 
ii'om the silicon support substrate. 1<1 In allother '\wdy, low 
level::. of micron-sized clumps of CNTs wert' measured 
during handling of the raw product (such as shovelling it 
out of the furnace), whereas NPs could only be gt'nt'r­
ated during laboratofY tests under high enerbJ), le\'els 
using a fluidized bed vortex generaLOI'. til Modest relea~ 
of CNFs as loosely bound agglomerate::. has been meas­
ured diuing the weighing/ transferring of CNFs, mechan~ 
ieal mixing of CNFs with the epo>"1' resins to form fOlll­

posites, and during wet-saw cutting of the polymer 
compm,ites.21 In contrast, ,anotilt'r study illdicated dlat 
dry abrasive cutting of both baseline and CNT -epoxy 
hybrid composites did not generate free or bundle::. of 
CNTs; howe\'er, high exposures tu NPs, nanofibers, and 
respirable fibers ' ..... ere noted.:!:! These few stlldie~ suggest 
the potential for exposure to CNTs/CNFs during \'ariuus 
pro(es~es. More impOi tantiy, it has been shown that such 
expo~llres depend on the unique characteristics of tht' 
process iL<;e1f, the material furm the proct:'~s i~ acting on, 
,mel other factors, making characterization of different 
proct's.':.e.'l a necessi ty. 
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Rt'(og-nilioll uf potential expo~lIre 80llrct's to sllch 
NPs, CNTs, ~llld respirable fibeL'l as well as an ulldt:'r­
standing of the factors aflecting exposure levels is of 
special importance a~ it will en<.lblt' evidence-ba~ed and 
timely illtt:'nention~ lU eliminate ur red lice exposures.:!" 
Thi~ study fuclI.'les on identit).'ing and quantifying expo­
sures to CNTs and NPs associated with the prore!:lsing of 
ad\'anct~d CNT-('ontaining composites. and evaluating 
the impact of process !3ctors, including control meas­
ures. on expu~lIre le\'ds. An appeudix of acronyms has 
been provided as a convenience to the reader. 

METHODS 

Composites 

T,·"o type~ of advanced CNT-hybrid composites were 
invt:'~tigaled and are sllmllurizect in Table 1 and Figure 
1: (1) "fuzzy fiber" reinforced plastic lalllinate (.ompos­
ite containing \\Ioven alumina fibers in ea<.:h lamina 
with aligned CNTs grown on the surLicf' of the alumina 
fibers (Iefened to he)'t' a~ CNT-alumlna [CNT-A)), and 
(2) a graphite-epux), prt'preg sy'ltelll (aligned and colli­
mated carbon fibers with all epoxy resin <llTanged in a 
layered laminate configuration) with aligned CNTs 
plated at the centef (termed here CNT-carbon [CNT .. 
C] composite.':.). S<unples ,·"ithout CNT~ (baseline culll­
posites) were al~o investig<lled for comparison to the 
CNT hybrid composites and art' referred to here a!:l 
base-alumina (HA) and hase-carbun (BC), respecti\'ely, 
The fabrication uf the~e rompo~itn has been described 
previou!:Ily. ::4-:!~ 
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4CNT-<arbon' hybrid composite 

Figure 1-:-lIIustratian of the hybrid architectures used in this and prior work: (top) "nanostitched" composite with ver­
tlcal/y alIgned CNTs (VACNTs) placed in-between two plies of a laminated composite, (bottom) "fuzzy fiber" rein­
forced plastIc (FFRP) hybfld laminate with in situ grown aligned CNTs on the woven fiber surfaces (CNTs in blue and 
green). 

Processing of Hy&rid Carbon Nanotu&e COIJlposiles 

LabomtOt), jetting {{lid proce!J!Jes. The experimental study 
was conducted on a drill press (Rockwell Model 15-
665) located in a laboratory with no direct air 
exchange \\lith the outside dnvironment (such as 
through windows or window-positioned air condition­
ing units).:lt The lab has instiuHed strict hygiene con­
trols for all worl.. involving proces~ing of composites 
and disposal of ('ompositt' \\'astes, including composites 
containing CNT.'). During this entire study, the 
researchers wore NI00 respirators and glo\'es. The rd­
ative humidity in the laboratory varied bttween 33% 
and 36% during the testing period. 

Core drilling of compositts 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 diamund-grit abra­
sh'es on the circular clilling edge. Solid core drilling is 
used for very small diameter holes \vhere a hollow cylin­
der is impranical; the solid core drill has J drclilar-art'J 
clltting surface. During this study we focused on fuur 
major potential exposure modifying factors: composite 
Lype (CNT-A, CNT-C, BA, and Be); drilling RPM (low, 
725 rpm; and high, 1355 rpm); specimen thickness; 
and dry vs. wet drilling (TabJe 1). A cunstant drill rate 
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was achieved by applying a constant force (maintained 
by a constant weight) on the specimen. FollOWing pre­
liminary testing, a 3/8" (0.95 cm) drill bit size was llsed 
for aJl expt:'riments. Wet drilling \\'as conducted on SA 
and CNT-A composites under condition.') that had (he 
potential to produce the highesl exp0::.ures during dry 
drilling (that is, high drilling RPM~ and thicker com­
posites). \-\letting of the composite was achieved by COIl­

tinllolls spraying uf distilled water on the composite 
using a spray boule. 

Tht proce~ses were monitored on IwO different 
occasions over the course of one year (session one took 
place on April 3, 2009; session hva took place on 
August 26, 2009). Five con~ecllti\'e dlills were per­
formed on each composite sample, for each combina­
tion of experimental factors, lasting < 5 min. Ten 1O 30 
repli(:ate tests were available for each cumbination. 
Each experimental se.')~ion laslt:'d six hours. 

Expusure t/Ulractl'rhation. A cumbination of real-time 
and integrated sample~ \-vere collt:cted at the source 
and breathing zone (BZ) to facilitate a comparison of 
the sOllrce (signature) characteristics with personal 
exposure characteristics. A suite of instruments was 
employed in order to capture several important physic­
ochemic.Il properties of the generated aerosol 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 ~ize dbtribution, number and mass con­
centration, particle-bound polycyclic aromatic hydro­
carbons (b-PA.Hs) concentration, surface area, and 
microscopy analyses of integrated s.. .. unples including 
panicle ~ize, morphology, elemental analysis, res­
pirable fibers, and size-fractionated chemical n.lInpo.')i­
lion [0 facilitate a comprelu'nsi\'e characterization of 
exposure (summarized in Appendix B). 

.. lewwl dUl1aderiwtion in real lilllt". Particle size distribu­
tion and number concentration of the generated 
aerosols wele measured using a fast mobility panicle 
,izer ([HIPS] Model30~1, TSllnc., SL. Paul, MN) and 
an aerodynamic particle ~iLeJ" ([APS] TSI ~iodel 

3321). These instruments cover a broad size distribu­
tion range of 5.G nm to 20 pm and have a f~t~t response 
lime of one second, a critical requit emel11 for acquir­
ing size distributions of transient processes that last 
less thall two minutes. A condensation panicle (OllBtel 
([Cpe] TSI Model 3007) and a DUSLTrak (TSI Model 
8520) Wt'Tt' lIsed with a one second respon~t' time to 
obtain measures of the total number concentl·ation in 
the range of OJ)} to I pm, and mass cuncentration ill 
the range of 0.1 to 10 ~Hn respectively. 

During the first moniwring session only, a diffusion 
charger ([DC] ModeI20{JOCE. EchoChem, League City, 
TX) was used to measure the surface area of NPs and a 
phoweieftric at'Hlsol sensor ([ PAS] EchoChem Modd 
~OoOCE) was lIsed to measure b-PAHs. It has been shown 
thal P.\H.') are produced during the .')ynthesis of CNT~;'tY 
qUi.LDtifiable amounts of several PAIls (such as fluorene, 
phenanthrene, pyrene, and btnzo(ghi) perylene) have 
been measured on multiple commercial CNT samples at 
levels up 10 30 ppm (Bello D, unpublished data). 
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The inlets of FMPS, AI'S, epe:, and Du"Trak, all 
('olHlened with cOndUCli\'e tubing « 1 Ill) and bun­
dltd together, were positiolled 10 (Ill from ",hert:' the 
drill contacted the (·omposite at a 45' vertical angle 
(Figure 2). After five replicate tests, The inlets of the 
instrulllenLs were switched to the BZ of {lie operator 
(-10 cm from the llo.')e/IllOlHh) tur personal expo­
sure monitoring and the tests were rept~Hed again. 
The repositioning of instnlllH~nt inlets between 
source and BZ was done only after .lirbornt exposure 
It"vels had reltlrned to hackground levels. Due to 
space cons[r.linls, the inlet~ of the DC and PAS 
in.')truments were positioned 5 em behind the bun­
dled suitt" of other instruments (15 em from the 
source .Ind on the ~ame vertical plane), and remained 
stationary for the entirety of .')ession one. All in ... tru­
menlS \Vere bctury calibratt"d and tht')' a.ll passed field 
te.':>ts with an online high efficiency parTiculate air 
(HEPA) filler. 

1 fllegTaJ.('.d Sampling 

Pal"tid.l' lIwrplwlog)l. An electrostatic precipitator ([ESP], 
Spokane Laboratorie ... , NIOSH, \tVA) and a thermal pre­
cipitator ([TP], Fraunhofer Institute of Toxicology, 
Germany) were \l.':>t'd to collect panides directly onto 
transmission electron microscopy (TEM) grids for elec­
tron microscopy analysis. The TP \V~t.':> opera led at a 
probe temperature of I~U· C and tip telnperature ot 
~\8·C. The TE?vt grids were 100-mesh copper with 
carbon film (EleClroll Min-usc-opy Science.'), Hatfield, 
PA). The TEM grids were analyzed by TEM (Philips EM 
400T and Topcoll 002-B) ff.u- part ide ~iLe and mor­
phology. Elemental analy.':>b 1'01 panicle.') of intert'.':>t was 
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Figure 3-lI/ustration of the continuous monItoring instrument responses during dry dnJling 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 CAPS) responses 

obtained with the integrated elltfID' dispersive ~pec· 
troscopy (EDS) detector on the TOpCOIl TEM. An aver­
age of two TEM grids were collected for each compos· 
ite type, resulting in a lOlal of 10 TEM grids, including 
background &'1mples. 

ReljJimble jibe.,-J,. Sampling for re ... pirable fiber ... (length 
> 5 pm and aspect ratio> 3) was conducted as per 
NIOSH Method 7400:\t/ with a commercially ~t\'ailable 
asbesto ... sampling ca ... sette (Millipore Inc., Bedford, 
~L\). Sample ... were collected both ,H the .'>Ollrct' and in 
the BZ. A wedge of each filter from the ca~:-.etle was 
analyzed by SEM (jEOL Ltd., .JSM-7401F) after gold 
coating and by NIOSH Method 7400 (fur respirable 
fibers) by phase contrast microscopy. An av~rage of 
two filters were collected for t'3ch compositt' type, 
resulting in a tOlal of 10 filten,: including backgn,und 
samples. 

SiZl' 5eledivt' chemiml {J1w(VSil. A wide-range aerosul sam­
pling system ([WRASS] , NaneuIH Ltd., UK) was used tu 
collect a single integrated area sample over the entire 
session for size- selective (2 nm to 20 11m on 12 stages) 

438 • Bello at at. 

chemical analysis. This sampler consisted of a ca:-.cade 
impactor fur the upper seven stages (0.25 to ~o lUll) 

with glass slides as collection media, and a diffusion 
baltery for the lower five stages (2 to 250 nm) \\lith 
mesh net collection media.:1i Double-sided tape was 
u~ed 011 the glas:. slides of the cascade impactor for t~asy 
recovery of llie analyte:. from the gla:-.s slides and tor 
lTlinimizing any possible particle bounct'. No evidence 
of panicle overload was observed on any of the 
impactor sL1.ges. The \\R>\SS was pu~i[i()lIed next to the 
operator (25 em away) in the BZ height (Figure 2). 
Two \\TRASS samples were collected in total, one for 
each session, both haYing an air volume uf - ~1.0 Ill:} at 
20 l/min. 

Chemical analysis uf eac h :-'L.1.ge was performed for 
aluminum (AI), iron (Fe), and zinc (Zn), the three 
m<~or merals beside:-. silicon (Si) expected in the COIl1-

po~ites based on preliminary EDS analysis as well as 
analysis of the reference cumposite and CNTs materi­
als. The analyses were performed with inductively cou­
pled pla~ma mass sp~ctroll1t:lry (lCP-MS) on an Agilent 
7500cs ICP-MS system (Agilt:nt Technologies, Yoko­
gawa,Japan) based on the EPA 3051A '\:! method, which 
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lIses mitTow'l\'e-assisted .Kid digestion of samples. Four 
reference compusite materials (oue for each composile 
type), two CNT narwforesl samples, and several media 
blank~ were also sent to the lab for chemical analy:-.is. In 
order to minimize sample lo:,ses during transport, each 
stage was tran~ferred short!) after sampling into the 
laboraLOry-provided precleaned dige:.rion ve:-:.sels fOJ 
I C:P-MS analysis. 
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Figure 4-Average particle size dIstributions at the 
source and breathing zone for basellne- 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. 
11m). 

Statilliral Alla(-.'sis 

AJI data analyse~ were runducted in SAS \'9 (SAS 111(" 
Carry, NC). The di:-:.lriblHions of the ma:-.s, (OU1H, sur­
face area, aud b-PAH concentra[ion~ from tlie real-time 
inMrull1ents wei e ex.ullined graphically via probability 
plots .. 1Iul histograms. The d,Ha were found LO be log­
nurmal aBd were hellce log-u ansformed; all ,maly:-.es 
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Figure 5-Average size distributions at the source and breathing zone for boseline- and CNT-cc:rbon ~omposites as 
measured by fast mobility particle sizer (FMPS, electrical mobility diameter) and aaerodvnamlc particle sIZer (APS, 
aerodynamic diameter), Note the different units for the x-axis (FMPS, nm,' APS, JJm), 

wtre conducted 00 the transformed data. Real-time 
dala from four instruments (FMPS, APS, DC, and PAS) 
were modeled using time-series techniques since serial 
measuremelHs of short duration (l to 10 M'coods) are 
expected to be highly autocorrelated. The autoregres­
sive integrated m.o\'ing average (ARI?\l\) procedure in 
SAS was used to in\'estigate autocorrelation and to test 
autocorrelation coefficients at diffe-rem time lags, as 
well as to generate correlograms (plots of autocorrela­
tion coefficients \'s. lime lags) and partial autocorrela­
tion plots. The plots ::.howed a range of exposure pat­
terns oyer time in the different procesfl.es, and 
significant autocorrelation coefficients were observed at 
different time lags, but all samples consistently dem.on­
strated a significant autocorrelation coefficient at the 
first tinle lag (first order autoregressive proces~). Hence 
summary statistics induding the geometric mean (GM) 
and geometric standard deviation (CSD) were calcu­
latt'd for processes using the PROC MIXED procedure 
in S.<\S and specifying the first order amoregressi\'e cor­
relation structure. Lognormal particle size aerosol dis­
tributions, which afe characteriled by three parame­
ters-a count median diameter (CMD), a geometric 
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standard deviation «(Tj.~)' and the LOlai l1umbe: concen­
n-ation-were examined for each pruc.e~s from log­

probabiliLy plots.33 

RESULTS 

PWCtH Dynamics 

Figure 3 is a typical respom,e from multiple real-time 
continuous instruments and was recorded during high 
RPM dry drilling on CNT-A composites. The first clus­
ter of peah represellt~ source emissions whereas the 
second cluster is the BZ concentrations for the same 
process. The tOlal number concentration increased 
sharply a::. soon as the drilling tool tOllched the com­
posite, uut not when the tool ,,'as spinlling- freely, and 
decreased similarly when the tool retracted. The epc 
response provides' a good O\'eral1 picture of the com­
bined responses from FMPS and APS, an oh~erva[ion 
that wa:;, con~istellt throughout the study. The DllstTrak 
lacks sensitivity to reflect changes in embsions of sub­
micron particles and NPs during these trallsient 
processes (Figure 3). 
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TABLE 2 Summary Statistics of the Total Particle Number Concentration (particles/cm') for Composrtes at the 
Source Stratified by the Process Type (Drilling Speed and Dry VS, wet Drilling) 

Fast Mobility Particle Sizer Aerodynamic Particle Sizer 
(particles/cm') (particles/cm) 

Geometric ~eometric 
Geometric Standard Geometric Standard Fibers 

Composite Process Mean Deviation Max Mean Deviation Max (#/cm3)O 

Background 42E+03 Ll 4,9E+03 12 Ll 137 
Base-alumina HS' 1,6E+05 6,8 1'oE+07 128 9,3 5602 1,3 

LS" 5,OE+04 4.5 3,6E+06 31 9.1 3877 
HS_W'" 6,8E+03 2,6 1,5E+05 16 8.0 1420 

CNT-alumina HS 1,8E+05 6,8 1.1E+07 96 7,4 5849 l,Q 
LS 8,5E+04 4.3 3.9E+06 12 5.9 1746 

HS W 8,7E+03 3,4 2.0E+05 13 8,7 136 
Base-carbon HS L3E+05 7.9 4,6E+06 206 2,2 2458 1.7 
CNT-carbon HS 8,4E+04 51 3,9E+06 155 13 548 

"High speed RPM drilling (1355 rpm), ··Low speed RPM drilling (725 rpm); ···Wet drilling. 
oThis includes fibers that were> 5 IJm in length With on aspect ratio> 3 The data shown here are the average of two independent 
measurements. (m4) 

Sl:e Di!1tributioll 

Alumina wmjJOsilf'5. The aVt'rage size distributions for 
alumina compo~ites are presented in Figure 4. Three 
peaks are evident, two in the FMPS and one in the APS 
... ize distributions: a (solllt'times truncated) peak of < ]0 
nIll particles, a broad peak with a maximum between 
30 and 70 nm (electrical mobility diameter), and a 
mild third peak in APS with a maxirnul11 of fiOO nm 
(aerodynamic diameter). The first peak, although 
se\"erely truncate-d in the FMPS, is contributing a sig­
nificant fraction to the lOlal number concentration ill 
Fl\IPS, Drilling on BA at high RPM, produced the 
broadest size distribution at Ihe source, with the high­
est normalized particle number concentration of 7 X 

105 panicle/cm:l 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 pt'ak that wa~ t\-vice as small. The APS 
size distributions were more orderly: high RPM dlilling 
generatt'd 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/em' for BA and CNT-A high 
RPM drilling, respecti\'ely. Based on field observations, 
the < 10 nm aerusol (Figures 4.A., C, E) corresponded to 

periodically generated white ~moke, which likely 
resulted from localized overheating and thermal degra­
dation of lhe composite ·material. High RPM drilling 
on thicker composites tended to generate mure smoke. 

The BZ size distributions were lllultimodal, with at 
least t\\'o peak maxima in the FMPS size distributions 
and one in the APS (Figures 4e, D). AlLhough Lhey did 
resemble the source distribution~, some differences 
were obvious as well. More notable was the prominence 
of the peaks with a maximum at -10 Bill, and the 
broadening, deformation, and reduced intensity of the 
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second peak with maxima at ~()-70 11m (Figure -1C). 

Tht' major .APS peak celllered at 600 nm at the ~Ollrce 
shifled to -800 nIll for Ihrt't' out of four of the 
processes. Drilling on CNT-A at high RPI\'ts generated 
tIte highest me,lI1 nonHalized numuer concelHration of 
6S0 particles/cm:1, which was approximately ii\'(" Limes 
hight'J" than the CotTt'sponding low RPM drilling 
(Figure 4D). Additionally, a small peak ilt -6pm was 
more prominellt in the BZ size di~tributions. 

Carbon Jibe,. t011IjJOsitl'!.. The a\'er~lge size di~(riblitioHs for 
carbon composites (Figure 5, high RPtvl drilling ouly) 
art' distiner from those of alumina composites. The 
most predominant peaks at the source ha\ e their 
maxima al 30 to 40 nm and U.8 pm and were similal for 
both Be and CNT--C composites (Figures SA, B). The 
BZ size distribution ... weI e similar to source distribu­
tions, except that the BZ di ... tribution~ in FMPS were 
skewed towards larger particles (Figure SC). Base­
carbon ("ompo~ites produced generally hight'r peak 
maxima, both at the source and BZ. The average 
number concelltration at the ~ource for Be composites 
were 6.5 X 10:' and 700 particle~/cm:l ill FMPS and APS, 
respectively. The BZ a,'erage peak maxima values for 
base carbon composite!> were 3.0 X lO~ and 380 parti­
cles/cmJ in FMPS and APS, rt:'spt'eri\dr- In comparison, 
tht' peak maxima for CNT-C composites wert' for the 
most pan less than two times srnaller (han Be compos-­
ites. III contrast to alumina composites, lack of particlt's 
<10 nm for carbon composite ... and the more orderly 
ranking of size di~tl ibutions at tht' source and BZ were 
notable. The 0.8 pm peak fur carbon composites at the 
source was also higher than for alumina (omposites. 

The size distributions uf the alumina and carbon 
composite aerosoh (Figurt:· 4A, C; Figure 5A, C) were 
l11ultimodal, especially for alumina composites in the 
BZ, and they could not be described pi operly wirh a 
sillgle lognormal distribmiun. 
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Fast Mobility Particle Sizer Aerodynamic Particle Sizer 
(particles/em') (particles/em') 

Geometric Geometric 
Geometric Stondard Geometric Standard Fibers 

Composite Process Mean Deviation Max Mean Deviation Max (#/cm')O 

Background 4.2E+03 1.1 4.9E+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 3.4 4.5E+05 30 10.8 433 
CNT-alumina HS 4.6E+04 4.1 l.3E+06 59 10.4 5155 0.7 

LS 4.3E+04 6.2 2.9E+06 30 10.2 666 
Base-carbon HS 1.0E+04 2.5 2.7E+05 195 1.5 817 1.9 
CNT-corbon HS 1.2E+04 2.9 3.8E+05 178 1.4 1100 

"High speed RPM drilling (1355 rpm); "·Low speed RPM drilling (725 rpm), 
aThis includes fibers that were> 5 IJm in length with an aspect ratio> 3. 

TolullVulIliJer COIICPlllmtion 

Summary statistics of the lOtal nUmbtT COIKentration 
measured by several in.'!llflllnentS fur diffen~nl proces~es 
are prm'ided in Table 2 (source) and Table 3 (BZ). The 
distrihutions of total Humber concentration flOm sev­
eral tests were right skewed and could be approximated 
with a lugnormal distributioll. Each process resulted in 
a sharp spike in aerosol concenlI alions above back­
ground, both at the SOllf(:e and the BZ, especially [01 

FMPS. High RPM dry drilling produced Il1uch higher 
total number concelltrations than low RPM drilling, 
'"ith CM \'alllt')) llIeasured by FMPS al the suurce rang­
ing from 1.ti--1.8 X 10" particle~/cm''Iand GSD of seveB 
to eight. Low RPM dry (II iJling produced eXp()~llreS 

with GM in tht:' range 5.fJ-8.5 X 10" and GSDs uf -4.5. 
The CM Wtalllllmbel loncentr.uiull values ofFMPS '(ll 
low RPM drilling at the .... ource (avaiLlble only on alu­
mina l.OmpOsiles) wei t' on Ll\'erage 12 to 20 times highe, 
than background, and aboLll t\vo to Ihree times lower 
than high RPM drilling. The highe .... t maximum Fi\lPS 
total Ilumber concentration values at the sourfe were 
recorded for high RPM drilling of alumina composiles 
(-1.0 x l(p panicles/ cur'), whereas c.lrbon composites 
produced a maximum value of -4 X HY' panjdes/ cm:l. 

TIH:' Gi\1 £Olal number UJIlcelltrLlIion (BZ) of FIvlPS 
for all pr()res~e~ were significantly higher than b'-ltk­
groulJd and varied in the range 1.0--4.6 X lU..J (LSD 
range 2.5 to 6.2). Alumina cOlllpo.,ites gellt'rally 
re~ultt'd in higher BZ exposure.') than Glrbon compo~­
ites. Tht" highest BZ {owl Humber concentration of ~.9 
X 10h IMrticln!cm:'Iwa~ Itcorded fur luw RPM driHillg 
of CNT-A composites, a "dillt" apploxilll<ttdy twu time~ 
higher than the ~e(ond highest, high RP~,t drilling of 
CNT-A (ompusiles. 

The APS total number c()ncel)[r~ttiun trend., were 
slightly ditJerent than Ft-.·lPS. High RPM dl illing ot alu­
lIlilla composites at the source generated higher expu­
. .,t1re~ than 1m ... · RPrvt drilling, a~ can be seen by lht" 
milch higher (four to eight time~ higher) GM tOlal 
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Illllnbn concentration values. The highe:-.t APS towl 
number cuncernratioll maxima uf > 5500 \vere 
recorded for high RPM drilling of alumina cOl11po~ites 
at lhe :'OliI"Ce. The APS lOtal I1HmlH:T concentration of 

carbon cOIlIIw .... ites wa~ mllch higher than that of alu­
mina cOlllposi[es alld their GSD~ notably .... maller « 2.2 
vs. > 6). AJI APS tOlallHlluber concentration exposures 
a[ the source were higher than hackground. Similar 
tl-ends were seen fur BZ exposures. The maximum BZ 
total number concentralion vallle~ uf 5155 and 1100 
particles/ un ''I wefe rt~'col-ded for the CNT-A and CNT-t-:: 
cUlnpositt'.~, respectively. 

Particle IHurplwlogy 

Select re)Jre~enlali"t' iIll;}ges from the TEr..-1 analysis of 
sen"ral gl id~ are pi e .... entt"d in Figllle 6. Analysi .... by SEM 
of the finer dust culleCled from Ihe compusite ,"llrf~lCes 
at tlie elld of drilling with double sided carbon rape 
(illlage~ nut shown) rewoaled alumina ann carbon 
fibers fractured perpendicular to the fiher axis, a~ well 
as splintered fragmellts along the .lxis, very similar to 
tht' tibers ~een ill Figure 61 and GK. The finest NP .... are 
be~t seen in Figure .... 6B and 6H, \\'herea~ llit' :W 10 80 
nm ~ize particles an: ht'st seen in Figure 6A., which is 
lommon in lllultiple TEl\l grids. A new lindillg related 
to the drilling of these cumposilb, nO[ ~etll with blade 
saw (lilting, is the relea~e Ofrillst(:TS ofCNT aggregates, 
a~ illustrated in Figures 6E to 6G. The size ofthese CNT 
aggregate .... ' .. ·d .... in the respirable range (a few microns) 
and \\as found only on the TEM grids collened during 
drilling of CNT-collJpo!'.ites. High aspect-r.uio (flber­
likt:') ~trllctllres \-vith at Ieas( one llanosize dimension 
(Figures 6D, H) were abu seen uccasionally, but they 
were UI1CUIlI11101l. Another interesting morpholugy is 
ShOWll in Figlll e 6C, where a straight CNT bundle is 
atl,Khed tu a llluch larger tillll fragllwllt. The res­
pirable fibers (> 5 pm long, a .... pen ratiu > 3) 011 the 
filter cass.eUe wert;' lHlInerOl1S (quanrilative data pre­
~ented below) and were of two di~tilll't mOl phologies: 
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Figure 6--Select representative images of particle morphology from breathing zone samples collected dunng dry 
solid core drilling. Images 6A to 6H (rEM) originated from CNT-alumina composites. Images 61 to 6 K (SEM) originated 
from personal breathing zone fflters collected during drilling of CNT-carbon composites and represent the most 
common fiber morphology for both CNT-alumina and CNT-carbon composites. 

(1) straight fiber fragment .... of the samt" thicknes~ a .... the 
p,lrellt alumina or (arbon fiber (low aspect ratios) 01 

thinner tiber splil1ter~ with a much higher aspect r~llio 
(Figure:- 61) and en long, thin, wavy, and f(.)pe-like 
~trllctures. tells of microns. long (Figure fil, j, and K). 
The fllst class offibers (Figure 61) was the prt'ciominanl 
type, encompa .... sing (bJ.sed on "isual obsef\'~tlioll .... ) 
r~)tlghlr :'1/

4 
ur more of the total counted fiber number. 

Rnpim/Ji,: Fibers 

Due to COllcerns O\'t'l insufficient airborne fiber collec­
tiun (thu .... lw{ reaching the method limit of (!etection), 
fiuer sampling wa~ extended. over high and low RPM 
drilling of the ~allle composite type. Each tilter col­
lectt'd fiher~ from more than two te .... ts of fi\'e drillings 
for each ~peed (ten Lests overall). Thll~, sampling tOI 
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BA d.t the ~ource alld a1 lhe BZ included <t total of -10 
events (eight tnts X five replic<He:-.) ()\'er 45 miulHt' ..... 
For CNT-A, sampling induded 7:1 evenb (15 tt'sts X 
fi\'e replicates) oyel 65 minlltn. The airborne conlen­
trations of respirable fibers al the .... ource and BZ are 
presented ill Tables 2 and 3, l-e .... peCli\dy. The tiber 1...011-
eeutI ariun at the source wa~ ill the 01 del' uf lille 
fiher/ em \ BA pn)dllced a slightly higher airborne 
fiber (onlt'lltr.uion than CNT-A (1.3 \'s. 1.0). Drilling 
of carholl composites (a single sample for Be alld CNT­
c) resulted in 1.7 fiber .... /nn:I, indicatiye of simihir 
<lIllOllnts of fib(:-r generation as. \"ith alumina compos­
itt"~. Tht" BZ fiber conct"lltrariolls \Vefe ~lighll) lower 
tllan SOUl ce concelilratiollS [01 ahllllina HHllposites 
and comparable for GH bOll composites. Becallse the 
sampling volume and the fiber surface density 011 [he 
fillers were beluw the optimal specification range uf 
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S~rfaee Area and Particle-Bound Polyaromatic Hydrocarbons of the Nanoscale Fraction for 
at the Source, Measured by Diffusion Charger and Photoelectric Aerosol Sensor, 

Surface Area (1Jffi2/cm3
) _____ :..:PA--;H::-S:....:c=~~----

Geometric 
Geometric Standard Geometric 

Process Mean Deviation Max Mean Max 
Background 9 1.3 20 6 1 7 19 Bose-alumina HS' 25 4.4 666 8 2.4 69 LS" 13 1.8 86 7 1.9 56 CNT-olumina HS 51 5.7 686 10 24 53 LS 23 29 425 6 1.9 37 
'Hlgh speed RPM drilling (l35tJ rpm); HLow speed RPM dniling 025 rpm). 

NIOSH method 7400, these fiber c{Jl1( .. elltrations values 
should bt" con~idert"d as a firsl order approximation. 

SUI/ace .1 rea oft/I!' Nall(ifiaction 

The DGmeasured surface area (SA) varied from a 
backglOund GM (GSD) of9 (1.3) to 51 (5.7) pm'/cm' 
for the high RPM drilling of CNT-A composites (Table 
4). Consistent with previous observatiolls from FMPS 
outputs, low RPM drilling produn'd lower SA values for 
both the BA and CNT-A composite~. The maximum SA 
values of 666 and 686 ~1I112 / cm':! were recorded for high 
RPM drilling of CNT-A and BA, respectively. 

Particle-Bound Polymromatic HydrocarbOlv, 

The b-PAH level~ [01· the alumina (.omposites 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 to 10 ng/m3, up LO 1.7 times higher than back­
ground (GM, 6 ng/m') and the range of GSDs was 1.9 
to 2.4. TIle maximum b-PAH value~ of 37 1O 69 ng/m3 
were rui0 to three-and-a-half times that of ba<,kground 
(maximum value == ]9). The higher values corre­
sponded to higher peak exposures. 

Size-Resolved Chemical Composition 

The ICP-MS analysis of the WRASS stages for AI, 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 CNT-A cOlltained 
16.5 % A.l, 0.21 % Fe and 7.4% Zn. In (·ontrast, the 
carbon composires contained much les~ Al, Fe, and Zn 
than alumina composites: each 0.005% or less. St:'verai 
other metals ,vere also analyzed (nickel [NiJ, chromium 
[Cr], cobalt [Co], manganese [Mn), and vanadium 
[V]) but. they were either non-detectable or ,\'ere pres­
ent only m trace quanlitie~. The two major metals found 
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in the C\'D .. growll nanofore~b used ill CI'\T-C compo~­
ite.,> were Fe (O.()5~:f,) and Zn (O.03\.'{.). 

The Ill<ljorit} of Al and Fe mass \Va" found on the 
stages cont:~pondjllg tu 0.25 to 4 pill aerodvnamic 
diameter; the ll1etal-~pecific distrihutions for h(')th ses­
sions were similar. In these stages, AI varied ill the 
range of 0.7 to 4.7 pg, whereas Fe ranged from 0.2 to 
3.6 pg. Small amounts of Al and Fe were generally 
fOlllld in the lower ~tages « 250 nm) during both ses­
sions, except in the second session when higher 
amounts (1.1 pg A.l; 0.5 pg Fe) were fOlllld in the < 2nm 
stage. A.mounts of Al and Fe in the upper stages were 
slightly higher during the first session, a finding that is 
consistent with the larger number of te~ts conducted 
on alumina composites at thal time and the much 
higher content of AI and Fe in the composites. No 
quantifiable Zn was found in the upper Slages of the 
cascade impactor (amoulU!I were marginally above 
blank values) during either session. However, higher 
amounts of Zn were found in the t\vo to 250 nm range 
du,"ing the second session, ranging from 3.4 tu 7.9 
pg/stage. The highest amounts corresponded to the 
two to 60 nm range. Normalized mass distributions for 
each metal are plotted in Figure 7 for both ses8ions, in 
which similarities and differences are hetter visualized. 

11ft Drilling 

\\re { drilling was efficient at suppressing the release CIf 
panicles> !Onm (Figure 4E). However, particles < !O 
nm continued to escape at high (onceluratiollS, 5.0 X 
10

4 
cm3

. This finding is consistent with the observation 
of smoke generation, likely resulting from the localized 
heating and decomposition of the internal microstruc­
ture of the hydrophobic compo'iite. 

DISCUSSION 

PO/fillial ExposllleS During Drilling 'if Advanced 
COllljJosites 

In this study we investigated 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 wHh the 
WRASS Instrument (lIg metal/stage) 

----.. ----
Session 1 (Aprit 2009) Session 2 (August 2009) 

Stage Size Range (11m) Media AI Fe Zn AI Fe Zn 

1 35-20 1 x GS 7.75 1.25 < 0.06 7.05 1.55 0.48 
2 20-8.1 1 .x GS 1 05 1.15 < 0.04 1.45 0.05 <0.01 
3 81-4.0 1 x GS 4.65 3.55 0.19 3.65 0.85 0.11 
4 4.0-20 1 x GS 2.65 0.35 < 0.04 3.65 1.45 <001 
5 20-10 1 x GS 3.85 1.25 < 0.05 1.45 0.05 <001 
6 1.0-0.5 1 x GS 3.45 1.65 < 0.09 0.65 0.05 <0.01 
7 0.5-0.25 1 x GS 1.55 105 < 0.04 2.55 0.15 <0.01 
8 0.250-0060 1 x PTF 0.1 01 < om 0.3 0.5 0.75 
9 0.060-0015 1O?< NYL <0.1 <0.01 7.89 
10 0.015-0.005 4 x NYL 0.3 < 0.4 0.57 0.1 <0.01 6.72 
11 0.005-0.002 2 x NYL < 0.06 < 0.1 0.33 0.36 0.2 6.05 
12 <0.002 1 x NYL < 0.06 0.2 0.23 1.1 0.5 3.37 

L 25.3 10.6 1.32 22.2 5.4 25.4 

Reference Materialb Percentage Al Fe Zn 

Base-alumina 25.6 0.022 0.47 
CNT-alumina 16.5 0.21 7.6 
Base-carbon 0.005 0.005 7E-4 
CNT-corban 0.001 0.003 2E-4 
CNT-nanoforesl 005 0.03 

nVessel ruptured dUring sample prep and the sample was tost A value of < 0.1 w,?s used for t.he size distribution data. . . 
bThe reference matenal was a CNT"nanoforest grown by chemical vapor depOSition on a Silicon substrate Its r:netal compOSition 
should be the similar to the nanoforest grown on alumina composites because the process parameters are similar 

solid core drilling of advanctd (NT-A and CNT-C fiber 
composites and their CNT-free counterparts. A suite of 
instrllll1tllts was employed for real-time characteriza­
tion of sizt' dj~tribution (5.611111 to 20pm) and LOtal 
numher concentration, surLtee area of the nano~cale 
fraction, particle morphology, airborne fiber cuncen­
tration, and aerosol chemistry near the source and ill 
the BZ of the operatul. \Ve inve!itigated :,everal poten­
tial exposllrt modifiers, including fuur compu~itt" 

types, two dl illing RPMs, and the effect of wet drilling 
as a control mea~H1 e. Although the study was con­
ducted in a research laboratory, this investigation pro­
duceu several imporram findings translatable 1O similar 
processe:-. in a non-Iaburatory seuing. 

High expo~lIres compared to bad,glound \vere 
llIea~Llred during dry abrd.si\"e drilling of all cUll1posite~ 
(, ... ·ith controls off). Thus, the GM total Ilumbel (on­
ct"ntration (by FMPS) were grtater than 14 (suurce) 
and :!.-l (BZ) tillle~ hight"r than background for all 
composites (not considering the wet processes). In 
addition to the nanoscale particles, elevated expo~ures 
were also measured in the submicron range (peak 
maxima, 600 to SOO nm) fur all cOl1lposile~. 

Expus",e Mudiflm (Dl'lerlllillantsj 

Higher input energies (~llch a~ the higher drilling 
RPMs, larger drill bits, and Ion gel drill tillle~ associated 
with thicker cumposites) gentrally produced higher 
expo~ures. For example, the GM lotal number concen-
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tration values for FMPS at the source for high RPMs 
were about two to 3.2 rimes higher th.tIl for the luwer 
RPMs. In a limited set of h:'sts with the I /~" drill bit Oil 

BA and CNT-A, the larger drill bit ('I,") pmduced 
higher exposures (results nut presented). \\'e also 
noticed that drilling on thicker composites ,vas more 
likely to generatt" a ',,"'hitt:' plume of smoke « 10 nIll) as 
setn in realtime in FMPS size distributions. This was in 
addition LO a general increase in the number concen­
tration of other size fractions. Therefore, one can envi­
sion that larger scale indll~Lrial operatiol1~ that may llse 
higher energ) and larger composite \'Olllllles can 
potentially generate higher t'XpOSUlt'S thall tho:-.e meas­
ured in this study. 

The type of cOlllpo!>ite \\as expected to be an impOl­
tanl exposure lllodif~'ing !actor. The IUlig aligned CNTs 
in the nanoengineered HlIllpusilf"S I einforctd the bulk 
lllt'('hanical properties, ,lIld ptudded greater cohesion 
during machining (clilting 01 drilling). Carbon nau­
oluhe-culBposites generally tended to pruduce less 
exposures than their baseline (OUnlerpans, which was 
more prominent in the APS data (Table 2), although 
the differen("t's are 1il..e1y masked hy othel confounders 
such a!l cOlnpo~ite thi(kne~s. Carbon-based composites 
pi oduced di~tillct exposure distributions in the 
nan05Llie range (Ff\lPS) compared to the alumina 
cOlllp()~itn. However, the distributions within [he same 
composite type were ~illljlar. Additionall), the airborne 
respitahle fiber concelltrations were also ~imilar 

between different cOlllpo~ilt types. 
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Figure 7,-Airborne moss distribution QJglm3) for aluminum (AI), iron (Fe). and zinc (Zn), the three major metals in the 
alumino composites, (A) Session one: April 2009, drilling on alumino composites only, (B) Session two: August 2009. 
drilling on the four composite types 

Chelltirai Composition of the .1e1mol 

The sharp illcn~ase in the PAS response corrt:,ponded 
to the processing of cOITlpo:,ites and was high for CNT­
composiles at high RPf'..1 drilling. This finding sug~ 
gested the possible prescm:e ot b-PAHs or uther organ­
ics, consistent with the expectation that CNT~ COil win 
several PAH congeners. However, high response for the 
b-PAHs was abo seen with BA composites. Further 
investigations afC needed in order to draw any conclu· 
sians. It is possible that complex organic molecules 
may he cn:ated following high pressure and tempera­
ture curing of the epoxy polymel~ as well as from ther­
mal degradation of its component~ during drilling. It 
would be prudent to conduct targeted chemical analy­
sis fur P.llis (several of which are human carcinogens) 
during drilling and culting of advanced hybrid com­
posites, as well as during handling of CNTs. One rea­
sonable interpretation of the b-PAHs results is thal 
these nanoaerosols are likely to be chemically complex. 

\Ve measured acid-dissolved m.etals (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 ofAl was 0.35. For an equal number of 
tests on both composites (and a~lIIning 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 ViRiI.sS stages during the fir;! 
session Ill.ay have come from the CNT-composite. Simi­
larly, it could be argued ba.ed 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 cont..1.ined 44% to 68% weight alumina 
(Table I), the total composite mass corresponding to 

the measured AI would be seven to nine limes higher. 
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Signature Ill.dah, however, pruvide only a limitt:'d 
picture of the chemical cOillpositiun of llw composite­
derived aerosols since it is possible that a large (·ompo­
nent of the nanoscale aerosol may be originating from 
the degradation of rhe epoxy pha!:>e of tilt' composite. 
Additionally, it is likely that meLaI exposure!:> may be 
underestimated due tu incomplete dissohltion of the 
composites under the ICP-MS PI-olOcols. Dissolution is 
particularly more prohlematic for carbon-based COI11-

posites. The high amount~ of Zn in the nanofraction 
(two to 60 nm), especially during the second session. is 
interesting. High BZ exposures were measured on Sty· 

eral occasions, \·vith peak maxima in FMPS as high as 
some source mea!:>urement~. The presence of mea~llra­
ble amounts uf Zn and Fe in the BZ should be no sur­
prise. However, its origin is less clear. Since Zn is more 
easily dis!:>olYed than AI and Fe, and the highest 
amounts of Zn were measured in lhe CNT-A compo~ 
ites. Zinc was rhe stcond highest in percentage of the 
metals in lhe CNTs grown in the lab, and its origin was 
thought to be in the impurities in lhe Fe salt cataly~LS. 
It is possible that a large fraction of lhis Zn may have 
originated from the CNT~ themselves, although this 
hyputhesis requires additional testing. 

Energy (Ii~persive x-ray analysis of the larger parti­
cles and thick fibers from the PCI !:>Ollal filters in SEM 
(SEM-EDAX, Figure 61) matched well the elemental 
analy~i~ of the bulk composite in that Al and Si (alu­
mina composiles) and C (carbon composites) were 
prominent in the spectra. The EDAX analysis of NPs on 
TEM grids (TEM-ED~X) for the most par! was domi­
nakd by C with occasiollal pure iron oxide Hakes on 
grids from CNT-A composites bpectra not shown), pre­
sumably originating from dipping the alumina cloth in 
iron calalyst salts. The EDAX of thin fibers in Figurt:' 6J 
aud 6K wa!> also dominated by C, as were many uther 
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NPs. The lilllited ~en~iti\'it\' of the EDAX tt"'(·hlliqut" OJ 
the f.tel lhal the nUlllbel of partidC"~ charallerized has 
not repn'selllali\'e of the billions of airLOI Be pankks 
may explain in part tIlt' ah~en("e of ~()me melals buch 
as Zn). It i!:> likely that a large fradion of the 
n:llloaerosul lIlay han· originated from the organic 
epoxy fraction of the composite. 

Drilling 1I.\. Cutting 

In a previow, ~tud), we ime~ligated the emissioll ofNP~ 
during dry blade saw .and wet rotal y whet"! culting of 
the same cumpo:-'i(t"s.~-i BecauM:' at prest'Jlt there i:-, ullly 
limited underslanding regarding till' inf1uelH."e of 
prucesse!:> and tasks 011 NP exposure characteri~tics, a 
c()lHpari~on bet'.veell Ihe~e prucesse~ i~ of special ililer­
e~l frum all occupational hygiene <;tandpoil1t. Although 
~ome ~imibrities existed bel\veen Clluing and drilling, 
differt'llce!:> \Vere more promillellt. Silllila.rities worth 
noting included: the t\ ansitional Il~HlIre of exposures 
(un~i~lent with short task duratioll!:>, high peak expo­
Sllre le\'els with Ill.axima in the nanoscale and slIbmi­
cron fractiolls, the generatioll of respirable fibers aud 
nanufibers, and wet processes being dliciellt al .':!lIP­
pre.'.:-.ing exposures. However. the similarities end 
tllt're. 

Major diffelences were noted in the !:>iLe distribu­
tions, fiher concentration, particle morphology, ob~er­
valinn of CNT aggregates, alld the degree to which 
exposllre~ were dependenl on the composite types. 
O\'erall, dry abrasive drilling generated higher peak 
expo~ures than cutting (3.9 X ]Oh to] X lOi vs. ~ X 

10-1 to 6 X 106 particle~/cl1l·l) during operations on [he 
same composites.:n Size distributions were abo quite 
different. Cutting on all composite types generatt.:'d 
similar distributions "·lith the two sharp peJk::, centered 
at 10 to 20 11m and olle pm and was quite similar for lhe 
sotlru~ and BZ. In contrast, drilling generated multi­
modal aerosols with peab at < 10 nm, .1 much broader 
peak at ~O to 80 11m, and a peak with a maximum at 0.6 
to o./) pm. Distributions were strongly inf1uelu'ed by the 
(·ompo~ite type and were distillct for carbon and alu­
mina composites. Profound differences were seen ill 
particle morphology. with cutting generating far more 
('oillplex particle Illorphologie~. Most notable was the 
much higher frequency of nanofibers. the higher COIl­

celltration of respirable fiber!:>, and lack of CNT~ (free, 
bundles, or ropes) generated during cutting.~:! Drilling 
generated fewer respirable fibers, but aggregate~ uf 
CNTs wel·e obsen·ed. Exposure distributions for 
drilling were sen'rely right skewed (GSD > 5) COI11-

pared to cutting (GSD < :~). Drilling generated smoke, 
whereas cllttillg did not, which was clearly illnstrated in 
the differences in ~ize distributions. Lastly, the compus­
ite thi('kness wa.~ an impOrL.l.ill Illc)difying factor of 
aelosol generatiull intensity (tutal nlimber concentr~i­
tion) during (·lIlting, consistent with the volume of cul-
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tillg. For drilling, thicJ.:ne~.':! W;\'> k~ .... Important. Thes~ 

<litieJence.':! \\'eIT CtllISi~l(,llt with tilt, pr(ln·~~c:s. A sinlpk 
change: ill the plo(es!:> fl·um cUlIillg to dllliing had pro­
'(Hind eflccts ()Il tilt' Jlaltllt' of 11~lIlt)partil"le clllis~iUlIS. 
TIH.·:-.e findings reinforce lhe 1It.'ed fOI ~ystelllati( donl-

1l1t:'lltation of tilt:' nature ,lIld t'Xlenl of t')"po~llre., to 
NPs in different ~tep~ or tlw lile("~tI(' 01 tht'~t:' nlaterials 
because the J e~uh~ of ont" eXpl)~11l e ~lell"l iu llla~ Ilot 
be rC:~ldih U <lll!:>lerred to anuliH"r Ollt:. 

StllllJ LUllilatiulls 

SeVt'T,d in~{nllllt'nt~ were lililil.ed ill duracteriling 
e"'posure.,> to Ilan()~cale and n·spirahk p.1I tidn gt"lIer­
.. ned h'OI11 drilling 01'( :NT and lXI~dill(, ( :l"\T-f1 t.·e) cum­
po,\ites. The Ff\IPS and APS lU\'t'1 ,I bload rang-I.:: of par­
ticle siEn., ami the f.bt rt'~pOlhe time (Ollt.' ~et"()lld) \\'a . .., 
an e3~ential feature for char'KteriLillg L"III~iC:llt .. tt:'Tosols 
<l!:>soci"Hecl with ..,llOl"I-cllllalion l.\..,b. Huwe\'er, ... e\'(:I,\1 
challenge3 ari~e frum three :-oels of i~slles: (l) diltel elll 
m.eastll"ing principlt'~ lItililt'd by lhe~t' tWo ill~trtlmt'nb; 

(~) there i3liule (nell.tp hetweell t11t'iJ <;izt'distriIHltions; 
and C~) mea.':!lIred aerosols are d)IMmit alld polyditr 
perse, with a complex panide Illorpholoh,). The mel"'· 
lapping rallge (50t) to 560 11m) between the tvm instru­
ments is minimal, anti the collection efficiellcy ill the 
merlap region is pOOl fur both instJ IImellb, making it 
difticult to merge the t\\'o di~li ihutions. Additionally. the 
FMPS me~"ure!:> t'inlrical llIuhilil) diameter, whereas 
APS ll1ea!:>ure!:> aelodyn,tllIit: dialHelt'r. For panicles of a 
density of -2.2 g/cm:1 (composite dt"n~it\'), the aerody­
nami( diameter is -1.4 limes the mobility diameter. 
Hen(·e, the measured size di~tributi()ns in FMPS are 
likely skewed lo the Ith, and the true ael odynamic cliam­
eters of FMPS-measured aerosols should be Ilig-her. Con­
sbtent with this prediction, recelll t."omparisons between 
FMPS and several SMPSs fuund the Ff\lPS lO lInderesti~ 

mate lhe size in the sub-lOO nm r.lI1g-e compared to 

SMPS. For t"xample. 100 nm polystyrene particles were 
binned as 80 nm panicles in F~IPS. H III thi~ !:>ame study, 
the FMPS di~triblltiuns for sodiUlll chloride aerosols 
were broader, witerea.':! thai of die~d exhilllSl \vere nar­
rower than those 01 SMPS~. Slight \',lrialions were ~ell in 
the tOlal number concentratioll and COUlll median 
diam.eter of these aerosols as well. Llstly, uncertainties 
arise regarding the complex morphologies (If aero~ols 
generated during cllning and drilling of composite!:>. For 
exalllple, it is unclear in which size bins of FMPS the 
nanoftbers and low dellsity CNT aggregates end lip. 
Since peal-. expo~llre~ were higher than the optilllum 
range of I X 10" total partides/cm:\ for FMPS and I X 
10:~ panides/nn:\at 0.5 pm ten· APS, underestimation of 
the maxim lim t'XpOSHft'S b likely. Additionally, <I ~lIb­

stantial amount of data, especially comparing the per­
fonn.Ulce ofyarious instrumellt!>, awaiLs further anal)'si~. 

Altlwugli we emplo)'t.:'d ~e\,t'ral In:hHique.':!, including 
TEM/SEM/EDAX. to elucidate the chemical composi-
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tion of the generated aerosol, including TEM/SErvl/ 
EDA .. X., trPAlh, and cOndtKted siz<:'-re.-.oin·d analysi~ for 
several signature meL.'lls (induding AJ, Fe, Zn) further 
work is llt>eded to better ullderstand the contribution of 
each composite phase-tiber, epox)', and CNTs--on the 
generation of airborne nanoaero.'.o}'" ~Uld respirable 
fihel's. Regardle:..s, adequate exposure cOllu·ols should 
be instituted in order to minimize long-term exposures 
to such aerosols both in laboratory settings and in 
larger-scale manufacturing operations involving com­
posite processing. 

CONCLUSIONS 

Drilling on BA, CNT-A, Be, and CNToC composites can 
generate significant exp0:..ures to nanoscale and suhmi­
cron particle:.., as well a~ to respirable fibers. Cum pared 
to dry abrasive cutting 011 the . .,am(:' composite:.., drilling 
resulled in profound alterations of the airborne 
aerosol's characteristics, induding size distribmions, 
panicle morphology, fiber concentrations, smoke gen­
eration, release of CNT aggregates, and lowered 
dependence of exposure intensity on the composite 
type. Tht'se findings emphasize the need for direct 
ll1easuremenlS of nanoaerosols for different processes 
since the prediction of exposures are difficult to make 
at the cllrrent level of understanding. Effective expo­
sure controls are recommended for cuning and 
drilling of advanced compo:..ites containing CNTs. 
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APPENDIX A: ABBREVIATIONS 

APS: 
b-PAHs: 
BA: 
Be: 
CNF: 
CNT: 
CNT-A: 
CNT-C: 
eVD: 
ESP: 
FMPS: 
SA: 
TP: 
WRASS: 

aerodynamic panicle siLer 
bound polw),clic .trumalil hydrucarbons 
base alumina fibel cOlllpo3ite 
bd.se-<:arboll fibel cumpo3ite 
carhon nanofibt:Ts 
carbon 11.1111 Jtube 
CNT-•. t1ullIina fiber hybrid cumpo~ite 
(:NT-c . .u btlll tibt'f hybrid cOlllpo.'>ilt' 

chemical vapor depu~itinn 
electro ... t.ltic pn'lipitatol 
fast mobility panicle sizer 
.'.urfilce art°a CUIlle11lratiuIl 
dlt:'nnuphon:tic precipitaLOr 
wide lange .wrowl s.unpling s)".'.tem 
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APPENDIX B 

Summary of Instrumenta'i.on Used in This Study for Characterization of Airborne Particles 

Size Range 
Response (I'm) Flow Rate 

Name (Model) Measures Time (sec) Channels Upper Limil (I/min) 

REAL-TIME SAMPLERS 

Fast mobility particle Size distribution and total 1.0 00056--0.56 - 1.0 x 10' p/cm3 Aerosol: 10 
sizer (FMPS) number concentration 32 Sheath air: 40 
(TSI Model 3091) (electrical mobility diameter) 

Aerodynamtc partide Size distribution and total < 0.5-20 1.0 A 10' p/cm3 Aerosol: 1 
sizer (APS) number concentration 52 Sheath air: 4 
(TSI Model 3321) (aerodynamic diameter) 

Condensation particle Toto! number concentration O.GlO--l -1.0 x 1[J5 0.7 
counter (CPC) (optical diameter) 1 
(lSI Model 3007) 

DustTrak, PM
IO 

inlet Mass concentration 010--10 up to 100 mg/m3 1.7 
(TSI Model 8520) (particle diameter < 10 ~m) 1 

Diffusion charger (DC) Surface area by diffusion up to 1000 fAmp 
( EchoChem charging 
Model 2000CE) 1-10 sec < 0.100 

averaging 1 
Photoelectric aerosol Particle-bound polycyclic interval 1000 ng/m3 

senSar (PAS) (Echo- aromatic hydrocarbons 
Chem Model 2000CE) by selective UV photo-

ionization 

INTEGRATED SAMPLERS 

Thermophoretic Particle coUection on a NA 0.001- > 100 3.3 
precipitatar (TP) TEM grid over a pre- NA 
(Fraunhofer Institute of defined time period using 
Toxicology, Germany) a thermal gradient 

Electrostatic Particle collection on a NA 0.001 - > 100 0,1 
preCipitator (ESP) TEM grid over a pre-
(courtesy of Dr. A. defined time period 
Miller, NIOSH) using a pOint-fa-plane 

electrostatic corona 
discharge 

Ride-range aerosol Particle collection and NA 0.002-20 ~m 20 
sampling system sizing of aerosol over a 12 size ranges 
(WRASS) wide size range (0.002-20 
(Naneum LId , UK) I'm) in 12 stages, five of 

which are in the 2-250 nm 
range. Subsequent chemical 
analysis on stages enables 
construction of size-selective 
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 ~m pore size 
mixed-cellulose ester filler, 
electrically conductive 5O-mm 
extension cowl. 2 I/min 

~c::r~':.he EchoChem instruments were avaIlable only 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 

Ch.lr'll"terilill~ <I prot ess aer()~ol ill lhe nanoscale 
heyond numeric cOlJcelllr~ttion em a~si~l ill hazard 
a~~eS~lHellt and ill :-.eparating aerosuliled PIU(t'SS mate­
rial froHl background aero.'>ol. Size and ~ize distribu­
tiun, chemical composition, sulubility, shap{', aucl ~ur­
bct' <llea may iJec.ume important categorization 
parameters of exclu~ion/illcl\lsi()n for }Jllrposes of 
t'Xp()!:>ufe control. Vari{H1~ particle par.tIllttel~ art' pre­
sented usillg t'xall1plt'~ hum a pro("t:ss simulation. The 
procns aerusol wa.'> cumpo.'>ed oi ill~(Jluble carbon par­
ticles pili.'> en\'ironmental hal kgl Olilul COl1stilllenLS at 
an .wtTage ~lIr (Ul1ct'ntration of 2. 76E+5 particie3/ llibic 
centimeter (p/cm:'). Createl than 70% of the Larbon 
particulate "'as blade-like in shape, 50% of \"'hich had a 
height dimell~i()ll ::s; 100 1111\. Tht' equi\\llent ~pherical 
ll"lObilit)' diameter uf 0.8% of [he particulate was::; )00 
11m in size. The carbol} blade<; had <\ lool-mean-square 
r()llghnes~ of 75 nm dnd an average fractal dimension 
of 2.25. Obtaining the.'>t' measures charaClelizes the 
aero~ol and identifies parameters that may be impor­
tant toxicologically. Key 7.tlmili~ envirunmelltal health; 
industrial hygiene; nanomaterials; nallUpruce~s expo­
~lIrt' a~5eSSl1lenl; at'ro~{)lized partinllate. 

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

Nanotechuology is an expandiu!5 field that lllauipulates 
materiab practically (Jll an atomic 3cale. The pruperties 
of materials at tile nanos(·ale (lO-!J meter) may be dit­
felent than what ha~ been traditionally understood. l 

Aero~ol characterization, air concentration monitoring, 
alld eMahlishment of \\'orkplact' controls are the three 
components of hazard control for Ilallo~cd.le materiab 

Received hum: CellLel \01 N;UH'ph..t.~ Maten.lh Sl.ieIKt'~, flpeT­
:It<:'d fIJI the; US Depallllkllt ot EUt"rgy hy Ul B,lttdle, LLL. OJ.K 
RIdge Natlului LlbOialOl~, Ual Rirlg<:', TeHlle~t:"t:", U~ UTJ, ~MH!; 
\\'e~terll CaroiJna Univer"ilY, School of HeJ.lth SLit:"IlCt:"~, Euvllun­
meutal Heahh PlOgram, (.lIJ1uwht:"t:", NC, US 1,TLZ, BRO). Thl~ 
Inr.uch wa~ Lundult<:'d at Iht: Celller for N,lllOph,hl' M.lteriab Sci· 

t:"11l-t:"S \\11iCh is ~pon~ort:"rl at O,lk Ridge Natj{1I1ai L1buralol)" b} the 
DI\"i~it)n of xielllific U~t:1 F,ICliillt:"~, U5 Dep,lIlmenl 01 E!lt"Jg)' 

(DOE) Thl~ re~ealch wa~ ~uppoltt"d in part by Tr,l("Y L. Zoutd-. J.ud 

BlllluLl Og:le'~ appoillllllellt to the US DUE Hlght:"f Erlul.l[iull 
Rest"MCh Experit'liln fur f.lCulir ,11 Q,lk R,dg<:' lustilutt' for Scienl!: 

.Ind Edulatiul1. St:"nd (one~PLJlldt'IK<:' to: j{)hn T. ,.HlkuVI{, lOtH) 
Sulltilwilk Dn\'t:", Aku,l, Tl'\ ~7"Ol USA, ell),IlI.<j.m]..milJl@hullllJ.11 

Ihlllmltln. Tht:" ~Hllhul~declolr<:' ])1. lOJllPClillg IIILt:"rt"~t~ 

at the Ct'llter for :\'.lllopha~e Materials ScielH"es, a 
Ilallo~("ale ~ciellce rnearrh ("t'lltel ~\Ipported h, the llS 
Depanment of Ellerg: (B,lsir Ellergy Sciences).'.'. This 
wurk addres~e~ the air lIlolliLOl illg .I~peLls 01 expusure 
.1~~t'SSlllent. Ail monitoring lor ll'III()~G.de llUtel i .. d~ 
(NMs) is challenging. Some exi3tillg methodologies 
work, ~ome uld Olles may Heed to Iw n'\·ised, and Ilew 

appruaches .. He under de\'t'h'pnwtll. ()cc\lp~lLional 

heahh and safet), persollnel m.lY be " ... ked lo conduct 
expo~lIre ~ts~eSS11lt'llts of proce~st's lIsilig OJ forming 
N!\b which do not havt' a tuxicologiral hi~lOry, l)("cupa­
[iollal e)"PlJ~llre linlit, of e~tabli~hed s,\I11pling protoLob 
~pl'cif)'ing the rde\'alll llH:'aSlirelllelll paralllt'LtTs.'1 One 
of tlie goals of air ll1uniwring should he Lo gather the 
type, quality, and quantity uf infofmalioll about the 
aerosol to facilitate ;t hazard a~ses.,>mellt using existing 
or developing toxiLological information for either the 
spetific NM or NM category. This characterization 
should be hi oad in cases where little toxicological data 
is a\'dilable since what we look for ami how we look 
limits our obser\".Hiolls, how \\'t' interpret them, and the 
"'pt'cificit)' of the conclusions \H' ran draw. 4 

The Europea" COlnlllis~i()II's ScientifiC Cummittee 
Oil Emerging and Newl) Identified Health Risk~ deems 
it impurtant tor risk a~~t's~lIlt'nt pllrpu~e~ to specify 
clearh' a nUmbtT oj JactOl~: ciH:·mic,ll composition 
inclll(iing imp"rities, 3Ul face chemistry, reactivity, ~olu­
bility, panicle SiLt' range and distribution, shape, 
charge, and ruughne~s murphology among others.:1 

That this core into! mation should be collected system­
atically acro~~ the NM indll~try is st'lf .. e\"ident. Guidance 
fur un·iformity in spt:'Tit\ing: panicle ~iLt:· in general and 
carbon n .. motllbe5 specifically are available frum .-\.STM 
Internati(lllal.5 

Apan from lIsing Nt\1 at'l o~ol charaL·terizatioll to 

judge Llie applicaIJility of lm .. ilolugical data for the 
pro(e~s undel- investigatioll, NM charactel"ilation can 
be llsed Lo diffel elltiate it from simibrlv siLed back­
ground parti<.."ulate. Thl3 can be anumplisherl by 
<;pecificall) measuring a chemic.II or morphological 
pruperty inherent in the NM hut absent in the b.'l.ck­
ground aerosol.!i t'lieaslired loLal aero~ol ("oncentra~ 

tion~ can alsu be <uljllsted to repre~elH Lhe nanosize 
concentration u~ing the lIanum'HtTial franion derived 
from d size distribution determination. 

The aero~ol cltardcterization pieseilled here call 
sene as a list of partide char . .Klerizatioll parametel5 
tor cunsideratiun whell initialing air monitoring of .1 

NM prO(:e~s. In addition, it llIay form .1 basis fur disclls-
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