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Research Significance: Toxicological evidence suggests the potential for a wide range of health 
effects from exposure to carbon nanotubes (CNTs) and carbon nanofibers (CNFs). To date, 
there has been much focus on the use of direct-reading instruments (DRIs) to assess multiple 
airborne exposure metrics for potential exposures to CNTs and CNFs due to their ease of use 
and ability to provide instantaneous results. Still, uncertainty exists in the usefulness and inter-
pretation of the data. To address this gap, air-monitoring was conducted at six sites identified 
as CNT and CNF manufacturers or users and results were compared with filter-based metrics.

Methods: Particle number, respirable mass, and active surface area concentrations were 
monitored with a condensation particle counter, a photometer, and a diffusion charger, respec-
tively. The instruments were placed on a mobile cart and used as area monitors in parallel with 
filter-based elemental carbon (EC) and electron microscopy samples. Repeat samples were 
collected on consecutive days, when possible, during the same processes. All instruments in this 
study are portable and routinely used for industrial hygiene sampling.

Results: Differences were not observed among the various sampled processes compared with 
concurrent indoor or outdoor background samples while examining the different DRI expo-
sure metrics. Such data were also inconsistent with results for filter-based samples collected 
concurrently at the same sites [Dahm MM, Evans DE, Schubauer-Berigan MK et al. (2012) 
Occupational exposure assessment in CNT and nanofiber primary and secondary manufac-
turers. Ann Occup Hyg; 56: 542–56]. Significant variability was seen between these processes 
as well as the indoor and outdoor backgrounds. However, no clear pattern emerged linking the 
DRI results to the EC or the microscopy data (CNT and CNF structure counts).

Conclusions: Overall, no consistent trends were seen among similar processes at the various 
sites. The DRI instruments employed were limited in their usefulness in assessing and quantifying 
potential exposures at the sampled sites but were helpful for hypothesis generation, control tech-
nology evaluations, and other air quality issues. The DRIs employed are nonspecific, aerosol moni-
tors, and, therefore, subject to interferences. As such, it is necessary to collect samples for analysis 
by more selective, time-integrated, laboratory-based methods to confirm and quantify exposures.
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Introduction

Carbon nanotube (CNT) and carbon nanofiber 
(CNF) production and incorporation into consumer 
and commercial materials are steadily rising. These 
materials have moved beyond small, laboratory-scale 
syntheses to large-scale production and manufactur-
ing methods (Invernizzi, 2011). Applications for 
CNTs and CNFs include advanced composite mate-
rials, batteries, fuel cells, and electronics—such as 
memory devices and flat panel displays. The global 
production capacity for multiwalled carbon nano-
tubes (MWCNTs) has increased from 390 ton in 
2008 to nearly 3400 ton in 2010 (Innovative Research 
and Products Inc., 2011). As this market continues to 
expand, the potential for worker exposure, especially 
those involved in the manual handling, transferring, 
or conveyance of these materials will also increase.

Despite the rapid rise in production and com-
mercialization of CNT/CNF materials and concerns 
about their possible health hazards, little is known 
about the potential adverse effects from workplace 
exposures. Studies suggest that exposures to CNTs/
CNFs may result in pulmonary inflammation, granu-
lomas, oxidative stress, and fibrosis (Lam et  al., 
2006; Mercer et  al., 2008; Shvedova et  al., 2008; 
Kisin et al., 2010). Possible extrapulmonary effects 
under investigation include cardiovascular inflam-
mation (Duffin et al., 2007), immunological effects 
(Kunzmann et al., 2011), systemic exposure (Riviere 
et  al., 2009; Simeonova et  al., 2009), genotoxicity 
(Sargent et al., 2009), and penetration of the blood–
brain barrier (Mercer et al., 2009).

Currently, there is a lack of epidemiologic evi-
dence linking exposure to CNTs/CNFs to human 
health effects. However, in the wake of the results of 
animal studies, there has been great emphasis on fol-
lowing the precautionary principal to limit exposure 
levels as low as possibly achievable (Schulte et al., 
2008). Therefore, several international agencies, 
groups, and authors have made recommendations for 
characterizing emissions/exposures to various nano-
materials (Brouwer et al., 2009, 2012; Methner et al., 
2010a; British Standards Institute, 2010; Institute of 
Energy and Environmental Technology et al., 2011; 
Ramachandran et al., 2011). For the most part, these 
sampling approaches have focused on application 
of various direct-reading instruments (DRIs), with 
filter-based chemical analyses or microscopy used 
as confirmatory samples. Similar DRI methodolo-
gies have been used to conduct a majority of the pub-
lished exposure assessment studies for CNTs/CNFs 
(Bello et  al., 2008, 2009, 2010; Han et  al., 2008; 
Tsai et al., 2009; Evans et al., 2010; Lee et al., 2010; 

Methner et  al., 2010b; Cena and Peters, 2011), as 
well as for other nanomaterials (Demou et al., 2008, 
2009; Peters et al., 2009; Plitzko 2009).

In addition to the benefits of on-site measurement, 
a major reason for this focus on DRIs has been the 
fact that the current toxicological and epidemiologi-
cal research has not determined the most relevant 
dose metric(s) to monitor exposures to CNTs/CNFs. 
It has been proposed that at least particle number, 
surface area, and mass be simultaneously monitored 
when attempting to assess potential nanoparticle/
nanomaterial exposures (Maynard and Kuempel, 
2005; Oberdörster et  al., 2005; Heitbrink et  al., 
2009; Ramachandran et al., 2011).

In an effort to understand the interrelationship 
between these metrics and provide insights into 
respiratory deposition and transport through the 
workplace, particle size distributions are desirable 
(Heitbrink et al., 2009). Current methods and equip-
ment most capable to size particles in real time are 
relatively large and expensive, and they can only 
practically be used as area monitors, such as a scan-
ning mobility particle sizer (SMPS) or electrical 
low-pressure impactor (ELPI). The SMPS or ELPI 
can provide valuable information on the nature and 
sources of many types of aerosols in the workplace, 
in ways that filter-based samples cannot, but they are 
not specific to any particular particle type. The port-
able, empirical instruments more commonly used by 
industrial hygienists provide more limited data, but 
at lower cost, and offer greater mobility. One major 
advantage for all DRIs is their ability to provide 
nearly instantaneous results, allowing investigators to 
make sampling/exposure mitigation decisions in the 
field. DRIs can be useful in determining how expo-
sures may be occurring in the workplace, a crucial 
prerequisite to controlling them (Evans et al., 2010).

A combination of portable DRIs and filter-based 
sampling was employed to assess exposures at pri-
mary (producers) and secondary (downstream users) 
CNT/CNF manufacturers. All instruments used at 
these site visits have been routinely employed for 
industrial hygiene sampling. This manuscript reports 
the DRI results, while a previous article reports the 
filter-based sample results co-collected at the same 
facilities (Dahm et al., 2012). The primary objective 
of this study was to identify, characterize, and differ-
entiate exposure points by job task at various CNT/
CNF primary and secondary manufacturers within 
the USA using various metrics (particle number, 
respirable mass, and active surface area concentra-
tions). Secondary goals for this study were to exam-
ine data analysis methods for the DRIs in addition to 
determining the utility of the data.
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Methods

Plant and process descriptions

A total of six site visits were conducted between 
May and September 2010 at primary and secondary 
manufacturers of CNTs/CNFs. Of the six companies, 
three were primary manufacturers of MWCNTs, 
double-walled CNTs (DWCNTs), or single-walled 
CNTs (SWCNTs) (coded as Sites A–C). The remain-
ing three sites were secondary manufacturers of 
MWCNTs or CNFs (coded as Sites D–F). Facility 
and process descriptions are briefly discussed below, 
while specific uses of engineering controls and per-
sonal protective equipment are discussed in detail 
elsewhere (Dahm et al., 2012).

Site descriptions

Site A was a primary manufacturing facility 
specializing in the production of MWCNTs and 
DWCNTs. Two processes were primarily sampled: 
the production of MWCNTs and subsequent har-
vesting of two batches of MWCNTs and DWCNTs. 
During a typical day, two batches of MWCNTs 
were produced and harvested. The production pro-
cess for MWCNTs was enclosed and process gases 
exhausted out of the building. No forms of exposure 
controls were used during harvesting.

Site B was a primary SWCNT manufacturer. 
SWCNT production was run once per day and 
yielded ~5 g of material. After production, the raw 
material was harvested and weighed in a chemical 
fume hood. The entire production process was under 
vacuum with the product being harvested within a 
baghouse. The reactor was cleaned using a HEPA 
vacuum cleaner in combination with wet wiping. 
Replicate samples were completed on two separate 
days for the same processes.

Site C was a primary and secondary manufac-
turer of MWCNTs. Multiple days of sampling were 
conducted, which focused on the production of 
MWCNTs within a reactor, under vacuum, and the 
harvesting of two batches of MWCNTs in a custom-
made glove box. Further sampling focused on the 
sonication of a 1-l solution of MWCNTs housed 
within an unventilated enclosure and the sieving of 
5 g of MWCNTs in a chemical fume hood concurrent 
to spray coating of copper plates with an MWCNT 
aqueous solution.

Site D was a secondary manufacturer of MWCNTs 
for the development of semiconductor devices. 
MWCNT in powder and aqueous form was handled 
within a cleanroom. Two processes were sampled: 
sonication and the weighing of 100 g of powdered 

MWCNTs. A  single employee oversaw the sonica-
tion of a 5-l MWCNT aqueous solution while the 
sonicator was housed within a HEPA-ventilated 
chemical fume hood. Another employee weighed 
100 g of dry powdered MWCNTs inside a HEPA-
ventilated glove box.

Site E was a secondary manufacturer of MWCNTs, 
which mixed MWCNTs with different resin formu-
lations. Sampling was focused on several processes 
which included the weighing and extrusion of 1 kg 
of MWCNTs mixed with a polyvinyl chloride-based 
resin, the weighing of 15 g of MWCNTs and use 
of a batch mixer, and the milling of CNT compos-
ite materials. Powdered MWCNTs were weighed 
and added to the extruder, while another employee 
weighed and mixed 15 g of MWCNTs with various 
resins. A HEPA vacuum was used intermittently for 
clean-up. The final milling operation was conducted 
using an automated milling machine with exhaust 
ventilation.

Site F was a secondary manufacturer of MWCNTs 
and CNFs. The processes sampled at Site F included 
weighing, mixing, and sonicating of several grams 
of MWCNTs and CNFs within chemical fume hoods 
(hoods were not always in operation during handling 
of nanomaterials) and on an open table, as well as 
the transferring of ~1 kg of CNFs within a custom 
unventilated glove box. All sampled processes were 
conducted within a cleanroom.

Direct-reading instruments

Three DRIs were employed: a condensation par-
ticle counter (CPC), photometer, and diffusion 
charger (DC). All DRIs were placed on carts for 
enhanced mobility and used as area samplers. The 
DRIs were arranged with all sampling inlets placed 
~14 cm apart from each other in order to sample the 
same air space. These area samples were generally 
located as close as possible to the potential emission 
source, but the location depended on the process. 
Area filter-based samples for the mass concentration 
of elemental carbon (EC) and transmission electron 
microscopy (TEM) were collected in parallel with 
the DRIs for comparison. Sampling and analysis 
methods for the filter-based samples are discussed 
in a related article. CNT/CNF microscopy images 
showed few single-fiber CNTs/CNFs; a majority 
of the materials observed consisted of agglomer-
ated nanomaterials estimated to range from several 
nanometers to 10 µm (Dahm et al., 2012).

Direct-reading measurements of particle number 
concentration were performed with a CPC (CPC 
3007; TSI Inc., Shoreview, MN, USA). The CPC 
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measures the total particle number concentration 
(TNC) in the size range from 10 to 1000 nm and has 
an inlet flow rate of 0.7 l min−1. Data are expressed 
as total number of particles per cubic centimeter (P 
cm−3), with an upper linear limit of 100 000 P cm−3. 
Real-time respirable mass estimates were obtained 
using a photometer (DustTrak Models 8533, 8520; 
TSI Inc.). The operating range of the DustTrak 8520 
(used for the first two sites) is 0.001–100 mg m−3 
and the instrument utilized a 10-mm nylon Dorr-
Oliver cyclone as a (particle size) pre-classifier. The 
cyclone provides a 50% penetration diameter at 4 µm 
operating at a flow rate of 1.7 l min−1. The operating 
range for the DustTrak DRX 8533 (used for remain-
ing sites) is 0.001–150 mg m−3 and the respirable size 
fraction is determined optically and has an inlet flow 
rate of 3 l min−1. Active surface area measurements 
were provided by a diffusion charging-based instru-
ment (DC 2000 CE; EcoChem Analytics, Murrieta, 
CA, USA). Units are expressed as µm2 cm−3, and the 
instrument has an operating range of 0–2000  µm2 
cm−3 and an inlet flow rate of 2 l min−1.

All instruments were factory calibrated prior to 
sampling. On-board data-logging capabilities were 
utilized for all DRI and the shortest logging intervals 
were selected for process and indoor background 
samples. All instruments were time synchronized 
each day at the commencement of sampling.

Background samples

Outdoor and indoor background measurements 
were collected at each site when feasible. These 
samples were used as a comparison to the process 
samples due to the potential for interference from 
incidental particle sources. Anthropogenic sources 
of nanoscale particulate (i.e. ultrafine aerosol) can 
result from combustion or hot processes such as 
vehicle exhaust, industrial dryers, compressors, and 
vacuum cleaners which can contribute to the total 
particle concentration measured by the CPC (Vincent 
and Clement, 2000; Shi et al., 2001; Heitbrink and 
Collingwood, 2005; Lam et  al., 2006; Heitbrink 
et  al., 2007; Szymczak et  al., 2007; Demou et  al., 
2008; Evans et al., 2008, 2010; Peters et al., 2009). 
To account for this, background samples were col-
lected using at least a CPC and at certain sites, when 
available, a photometer. Due to the small size of the 
background aerosol, it was expected to affect the 
number concentrations to a greater extent than mass.

Generally, background measurements were col-
lected throughout the full day of sampling, concur-
rent to the sampled processes. Indoor background 
samples were collected before work operations 

began, in-between processes, and after completion 
when possible. Locations for indoor and outdoor 
background monitoring were selected based on pro-
fessional judgment, once knowledge of the facility 
and surroundings was gained.

Data analysis

The distributions of all DRI observations were 
examined graphically via probability plots and his-
tograms and were found to be log-normal; therefore, 
a log transformation was applied. Before log-trans-
forming, all 0 values for the CPC and DC data were 
replaced by one half of the lowest nonzero value, 
which always resulted in the value 0.5 (only occur-
ring within cleanrooms at Sites D and F for the CPC 
and all sites, except Site E, for the DC). For measure-
ments collected every second, values were averaged 
over every minute; the final analysis was performed 
on these observations. Entire processes were ana-
lyzed as a whole, and for select sites each process 
was also broken up into smaller subtasks consisting 
of 25- to 30-min periods for further analysis.

As anticipated for DRI data, all observations were 
highly autocorrelated. For whole processes and sub-
task periods with corresponding outdoor background 
measurements, the analysis was performed on the 
difference between the process and concurrent out-
door background observations. Since these differ-
ences were also autocorrelated, PROC AUTOREG in 
SAS was used with order (p) = 2 to model the differ-
ences using a second-order autoregressive [AR(2)] 
covariance structure.

If the whole processes and subtask periods did not 
contain corresponding outdoor background meas-
urements, the average of the log-transformed process 
measurements was compared with the average for 
the entire outdoor background time period during the 
same process or subtask. For whole processes or sub-
task periods with no collected outdoor background 
measurements, measurements were compared with 
the average of the log-transformed outdoor back-
ground measurements for the entire day. For pro-
cesses for which there were no outdoor background 
measurements collected on that day, measurements 
were compared with the average of the log-trans-
formed indoor background measurements. PROC 
AUTOREG with p  =  2 was used to estimate the 
mean and standard error for both the whole process 
or subtask measurements and the outdoor or indoor 
background measurements. The ratio of the differ-
ence between the mean estimates and the square root 
of the sum of the squares of the standard errors was 
then computed. Since both sample sizes were fairly 
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large, the P-value using the Z-distribution was cal-
culated based on this ratio. In order to adjust for 
performing multiple hypothesis tests, a Bonferroni 
adjustment was used (adjusted P-value = number of 
comparisons × usual P-value) for each site, day, and 
instrument.

PROC AUTOREG in SAS was used with p = 2 to 
model all autocorrelated data. p = 2 was chosen for 
consistency, since many series were not adequately 
modeled using AR(1), while very few required 
AR(p) with p > 2.  In addition, all estimates for  
p  =  2 and p > 2 were similar. For a random sam-
ple with autocorrelated errors, AUTOREG estimates 
the mean and standard error. However, it does not 
directly estimate the standard deviation. For an auto-
correlated time series, the usual standard error esti-

mate ( s n/ ) underestimates the true standard error.
The statistical correlations between background-

corrected DRIs and in parallel filter-based samples 
for the mass concentration of EC and CNT structure 
counts were examined using PROC CORR in SAS, 
version 9.1 (Cary, NC, USA). Statistical significance 
was evaluated using the Spearman rank-order corre-
lation coefficient (due to the extreme skewness of the 
DRI data) and a cut-point for P of 0.05. Filter-based 
samples, which may encompass several processes, 
were compared with the time-weighted averages of 
the corresponding processes collected by the DRIs.

Results

In total, 37 processes/activities were assessed 
using the DRIs at six facilities. Results are presented 
in Table 1 (primary manufacturers, A–C) and Table 2 
(secondary manufacturers, D–F) stratified by site, 
process (including the averaged outdoor and indoor 
background samples), and instrument, which are 
further stratified by number of minutes sampled (n), 
geometric mean (GM), geometric standard deviation 
(GSD), maximum value, and the adjusted P-values.

Tables 1 and 2 provide summary statistics for the 
entire duration of the process, while Table 3 provides 
summary statistics for subtasks at Site A. The averag-
ing times were reduced for the subtasks to determine 
if there were intermittent peak exposures during the 
process, as a whole, which could impact the variance 
of exposures.

Number concentration

Outdoor background GM concentrations col-
lected by the CPC at primary manufacturers (Sites 
A–C) ranged from 2.9 × 103 to 8.9 × 103 particles 
cm−3, while indoor background samples collected at 

Site C, on consecutive days, varied from 3.2 × 103 
to 1.23 × 104 particles cm−3. TNC GMs at primary 
manufacturers collected during specific processes 
fluctuated from site to site as well as day to day 
(2.1 × 103 to 4.26 × 104 particles cm−3). TNC GMs 
during these processes ranged from 0.55 to 17 times 
higher than their concurrent process background 
GMs as opposed to using the full day GM displayed 
in Table 1. A majority of the highest TNC processes 
seen above background were found at Site A (3–17 
times higher). All P-values associated with the pro-
cesses were significantly different compared with 
background (P-value <0.05). This indicated a prob-
able indoor nanoparticle source but did not reflect 
CNT exposure. In this case, the elevation in TNC 
was due to an inoperable exhaust system for reac-
tion byproducts (Discussion section). No changes in 
significance were seen when processes were divided 
into subtasks at Site A, seen in Table 3.

Other notably high TNC GMs observed at primary 
manufacturers included the reactor clean-out process 
on day 1 at Site B (1.43 × 104 particles cm−3, 2.8 times 
higher than background) and spray coating and sieving 
(A and B) processes sampled at Site C (3.21 × 104 par-
ticles cm−3, 5.5 times higher than background; 4.26 × 
104 particles cm−3, 7.3 times higher than background).

Outdoor background samples were not collected 
at secondary manufacturers due to the use of clean-
rooms (Sites D and F) or a small single enclosed 
lab (Site E), where only an indoor pretask sample 
was taken (1.53  × 104 particles cm−3). TNC GMs 
within the cleanroom atmospheres ranged from 
5 to 512 particles cm−3, while the non-cleanroom 
secondary manufacturing site (Site E) TNC GMs 
ranged from 6.8 × 103 to 1.60 × 104 particles cm−3, 
across a wide range of tasks. The highest TNC GMs 
measured at Site D were seen during the weighing 
of 100 g of MWCNTs inside of a HEPA-ventilated 
glove box (512 particles cm−3). However, this eleva-
tion was unlikely due to the MWCNTs. Site E saw 
its highest TNC during the extrusion of MWCNTs 
with a polyvinyl chloride-based resin (1.60  × 104 
particles cm−3). A HEPA vacuum was used intermit-
tently, and most likely contributed to the elevation in 
TNC. These were very similar to the collected pre-
task, indoor background samples (GM ratio of 0.96; 
P-value 1.000). However, one of the highest filter-
based samples for the mass concentration of EC was 
also collected at Site E from a personal breathing 
zone sample during this same process (7.86 µg m−3, 
0.242 CNT structures cm−3; Dahm et al., 2012). The 
area filter-based samples, collected next to the DRIs, 
were not nearly as high (1.01  µg m−3, 0.008 CNT 
structures cm−3).
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Site F saw its highest TNC GMs during vari-
ous weighing and mixing operations of 2–100 g of 
MWCNTs (35 particles cm−3). Similar to Site E, one 
of the highest filter-based results for the mass concen-
tration of EC was collected for a personal breathing 
zone sample during this process (7.54 µg m−3, 0.065 
CNT structures cm−3). The concurrent area sample 
did not show evidence of exposure (nondetectable 
mass concentration, 0.003 CNT structures cm−3).

Overall, no consistent trends were seen between 
similar processes among all sites using the TNC 
GMs (Fig. 1a). A majority of the grouped processes 
were fairly similar to the collected outdoor back-
ground samples. There was very little to no cor-
relation between the CPC and the area filter-based 
samples for the mass concentration of EC and CNT 
structure counts collected in parallel with the CPC, 
seen in Fig. 2a,2b (r = 0.13, P-value 0.64 compared 
with the mass concentration of EC and r  =  0.23, 
P-value 0.41 for the CNT structure counts).

Mass concentration

For the most part, the respirable mass concentra-
tion samples measured by the photometer were com-
parable to the indoor or outdoor background samples 
(Fig.  1b). Similar to the CPC, there was no correla-
tion seen between the area filter-based samples and 
the photometer (Fig. 2c,2d; r = −0.08, P-value 0.79 for 
mass of EC; r = −0.24, P-value 0.42 for CNT structure 
counts). However, most P-values did show processes 
to be significantly different than background (P-value 
<0.05) at both primary and secondary manufacturers. 
However, most were lower than background. Indoor 
and outdoor background respirable mass concentration 
samples at both primary and secondary manufactur-
ers ranged from 0.011 to 0.046 mg m−3, while specific 
processes ranged from 0.011 to 0.107 mg m−3 (Tables 1 
and 2). GM concentrations ranged from 0.5 to 4 times 
higher than background samples although a majority 
of the processes sampled had ratios of 1. For the most 
part, the photometer lacked the sensitivity to reflect 
changes for most emissions of CNTs/CNFs during the 
sampled process, due to either the small quantities of 
CNTs/CNFs, the distance from the source, or the use 
of exposure controls in the facilities. However, small, 
but transient elevations were observed with the time-
series data on occasions. Furthermore, no differences 
in significance were seen when individual processes 
were divided into shorter subtasks (Table 3).

Surface area

Indoor background active surface area meas-
urements were 7.4 and 61.8  µm2 cm−3 at primary 

manufacturers (Table  1). The remaining surface 
area GM measurements collected during specific 
tasks at primary manufacturers ranged from 8.8 to 
63.4  µm2 cm−3. The sole surface area GM indoor 
background value at a secondary manufacturer was 
140 µm2 cm−3. The remaining surface area GMs col-
lected at secondary manufacturers during specific 
tasks ranged from 9.3 to 148.3 µm2 cm−3. The high-
est surface area observations at both primary and 
secondary manufacturers were statistically similar to 
the collected indoor background sample (63.4 µm2 
cm−3, P-value 1.0; 148.3  µm2 cm−3, P-value 0.96) 
and GM surface area values ranged from 0.7 to 1.9 
times higher than indoor background GMs. Fig. 1c 
displays the collected DC measurements by process 
and indicates results consistent with the previous 
observations from the CPC and photometer; no clear 
exposure patterns were seen. Compared with the 
filter-based samples, negative correlations were seen 
(Fig. 2e,2f; r = −0.45, P-value 0.32 for mass of EC; 
r = −0.05, P-value 0.91 for CNT structure counts).

Discussion

Number concentration

Overall, no consistent trends were seen among 
similar processes at the various sites or between the 
various DRIs (Fig. 1a). There was also little correla-
tion seen among the side-by-side filter-based sam-
ples compared with the background corrected DRI 
data (Fig. 2a,2b). TNCs varied widely depending on 
the site, process, and time of day. Of all the instru-
ments, the CPC was most often affected by other 
particle sources which included hot processes such 
as CNT production, electric HEPA-filtered vacuum 
cleaners, anthropogenic outdoor sources, and indoor 
sources found in manufacturing environments, mak-
ing interpretation of the data difficult. Similar find-
ings were reported in the Evans et al. (2010) study, 
where the TNCs measured by the CPC were domi-
nated by other nanoparticle sources, not the material 
of interest.

An example of this can be seen in Fig. 3, which 
displays the time-series plot for all instruments at 
Site A.  An elevation in TNC occurred during the 
initiation of MWCNT production at 6:50 (processes 
I and II; Fig. 3), while the other DRIs did not show 
a similar response. It was later determined that the 
elevation in TNC was due to an inoperable exhaust 
system for the MWCNT and other production pro-
cesses. Thus, the DRIs were useful in this instance 
in alerting the authors and the facility staff to faulty 
process controls, which resulted in reactor ultrafine 
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Fig. 1.  DRI GM results by process and instrument. Samples were not background corrected (source sample background). Box 
plot represents range (minimum to maximum), 25th percentile, median, and 75th percentile. (a) TNC plotted by process sampled, 

(b) respirable mass concentration plotted by process sampled, and (c) active surface area plotted by process sampled. **Tasks 
include weighing and mixing; extrusion; transferring CNFs, batch mixer use; and weighing. *Tasks include spray coating and 

sieving; reactor clean-out; and milling CNT composite.
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emissions (not MWCNTs) into the workplace. Time-
integrated samples cannot provide this time resolved 
information in the timely manner required. The TNC 

elevations above background during these sampled 
processes later in the day were due to an R&D reac-
tor in operation (the same inoperable exhaust system 

Fig. 2.  Correlation graphs of the background-corrected DRI results (process/task − background) compared with filter-
based results for TEM and background-corrected EC. (a) CPC particle concentration results compared with area EC mass 

concentrations. (b) CPC particle concentration results compared with area TEM structure count concentrations. (c) DustTrak 
mass concentration results compared with area EC mass concentrations. (d) DustTrak mass concentration results compared with 
area TEM structure count concentrations. (e) DC results compared with area EC mass concentrations. (f) DC results compared 
with area TEM structure count concentrations. Filter-based samples, which may encompass several processes, were compared 

with the time-weighted averages of the corresponding processes collected by the DRIs. All EC mass concentration samples were 
background corrected (process/task − background), and nondetected samples subtracted by background were treated as zero.
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was used). Area filter-based samples collected dur-
ing the same period of MWCNT production found 
little mass or visual evidence of MWCNT exposure 
(0.49 µg m−3, 0.034 CNT structures cm−3). Another 
example of potential misclassification of exposure 

occurred from elevations at Site B during the reac-
tor clean-out process. The elevations during the 
clean-out process were likely due to the operation 
of a HEPA vacuum that was used intermittently, and 
most likely contributed to the TNC [also observed 

Fig. 3.  Time series of particle number, respirable mass, and active surface area during the five highlighted processes: (I) 
MWCNT Production-B, (II) MWCNT Production-A, (III) Harvesting MWCNTs, (IV) Harvesting DWCNTs, and (V) Harvesting 

MWCNTs (second batch). Solid black lines denote processes (Table 1), while dotted lines denote subtasks (Table 3). Red data 
consist of at-source samples of processes. Black data are corresponding outdoor background sample.
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by Maynard et  al. (2004)]. The filter-based, area 
samples associated with these tasks found little 
visual evidence or mass-based evidence of exposure 
(1.13 µg m−3, 0.012 CNT structures cm−3).

Mass concentration

In general, and at all sites, the respirable mass con-
centration data collected with the photometer do not 
reflect changes in emissions of CNTs/CNFs during 
the sampled process, most likely due to inadequate 
sensitivity. Similar results were seen with a photom-
eter during solid core drilling on various CNT com-
posites (Bello et al., 2010). However, in a previous 
study by Evans et  al. (2010), conducted at a CNF 
primary producer, the respirable mass concentration 
measured by a comparable photometer was found to 
be the most useful monitoring metric. This can likely 
be attributed to the large quantity of CNFs produced 
and handled, as well as the general lack of exposure 
controls within the facility.

Surface area

Active surface area measurements by the DC 
appeared to closely follow TNC, more so than respir-
able mass, as previously observed by Heitbrink et al. 
(2009) and Evans et al. (2010). Due to the relatively 
high and transient-background ultrafine particle 
concentrations, it was often difficult to differenti-
ate background ultrafine aerosol from any CNT/
CNF contribution, if any, limiting the usefulness of 
the data. However, from an indoor air quality and 
mixed exposure perspective, these measurements 
may provide some useful information and also high-
light other issues within the workplace (Evans et al., 
2010; Birch, 2011).

Data analysis

The time-series analysis methods used to interpret 
the data were complicated, time consuming, and for 
the most part outside the typical statistical methods 
used for industrial hygiene. It may be difficult to 
develop a standardized protocol to analyze all data 
sets with consistency since there can be varying 
levels of autocorrelation. It was also problematic to 
determine the best averaging time to further analyze 
the data, due to the range of exposure variances seen 
from task to task. However, no differences in signifi-
cance were seen in this study when processes were 
further subdivided into subtasks. The assistance of a 
statistician may be needed to help develop an analy-
sis plan, on a case-by-case basis.

However, time-series plots of the data, combined 
with concurrent background samples collected at 

carefully selected locations, and detailed worker 
observations can provide useful insight on possi-
ble breaches of engineering controls or on specific 
employee actions which may increase the risk of 
exposure. Nevertheless, caution has to be used when 
interpreting the data due to the potential for transient 
changes in particle background, simultaneous emis-
sions of ultrafine particles, or the potential influence 
from other particle sources (Evans et al., 2010).

Data utility

It has been mentioned previously that the pooling 
of data requires consistent methodologies of assess-
ing exposures which should consist of at least par-
ticle number concentration, surface area, and mass 
(Maynard and Kuempel, 2005; Brouwer et al., 2009; 
Ramachandran et  al., 2011). Ideally, the data col-
lected with similar instruments could be useful for 
various applications, including risk assessment, 
standards development and epidemiologic studies 
(Woskie et al., 2010). While it is still unclear which 
exposure metric is the most relevant to human health, 
it is obvious that the choice of the exposure metric 
will affect the classification of workers into expo-
sure groups for future epidemiologic studies. DRIs 
may not be the most appropriate tools for collecting 
quantitative exposure assessment data for epidemio-
logic studies because of the inability to assign gra-
dient levels of exposure, but they may be used as a 
nonspecific, integrative measure of ultrafine or other 
mixed particle exposure.

Less-sophisticated, empirical instruments were 
used throughout this study, compared with the 
instruments used in more refined laboratory stud-
ies, but all data provided by nonselective instruments 
for particle measurement should be interpreted cau-
tiously. For field application, interpretation is fur-
ther confounded by uncontrolled aerosol sources. 
Taken alone, the DRI data from this study and oth-
ers may not be useful for future risk assessments and 
epidemiologic research on engineered nanomateri-
als because of the lack of specificity and inability 
to assign gradient levels of exposure based on the 
processes sampled. However, in parallel work using 
filter-based samples for the mass of EC and electron 
microscopy, we found positive correlations between 
the mass and microscopy metrics and saw common 
trends between processes. Currently, it is unclear 
whether a metric other than mass is a more appro-
priate metric to predict human health effects due to 
CNT/CNF exposure.

At present, there are no readily available instru-
ments that provide reliable and cost effective on-
line or off-line data on the previously suggested, 
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alternative metrics, which ultimately limits their 
usefulness. To date, filter-based, chemical analyses 
and TEM structure count methods, although burden-
some, appear to be the most reliable, selective, and 
feasible way to conduct quantitative exposure assess-
ments of workers exposed to CNTs/CNFs (Birch 
et al., 2011; Dahm et al., 2012).

Limitations

As previously emphasized, the DRIs employed are 
nonspecific measurement tools that cannot distin-
guish CNT/CNF particles from other particle types. 
In order to account for other sources, preprocess 
indoor and concurrent outdoor background samples 
were collected, based on knowledge of the facility 
and various work-related actions being performed 
in or around the facility. However, with simultane-
ous operations occurring at various locations within 
complex workplaces, at times, it may be difficult to 
select appropriate positions for indoor or outdoor 
background samples, which could greatly affect the 
determination of the contribution of CNTs/CNFs to 
the measured aerosol exposures.

Another notable limitation is that many instru-
ments rely on a particle’s optical properties or 
refractive index as the basis for operation. Further, 
the accuracy in response to particles or fibers of 
irregular shape may vary (Gebhart, 1991; Umhauer 
and Bottlinger, 1991; Szymanski et al., 2009). The 
varying and highly irregular shapes of CNT/CNF 
particles, many of which are complex aggregates, 
may result in erroneous measurements. Calibration 
procedures using CNT/CNF reference materials, 
rather than spherical reference materials, should be 
adopted. However, the CNT/CNF materials may dif-
fer widely in both their propensity for dispersal and 
their airborne properties (Evans et al., in press); so, 
ideally a calibration is required for each material 
encountered.

Moreover, from a practical standpoint, even if 
DRIs were reliable indicators of CNTs/CNFs, most 
DRI instruments can only be practically used as 
static area samplers, which can greatly limit their 
utility for workplace monitoring. It has been previ-
ously noted that area samples for CNTs/CNFs can 
be substantially lower than personal breathing zone 
samples (Birch et al., 2011; Dahm et al., 2012). This 
is highlighted at Sites E and F where the personal 
exposures, measured with the filter-based samples, 
were much higher than the corresponding area fil-
ter-based samples, even though they were only 1 or 
2 m away from the source. There has been a recent 
emergence of small, portable, battery-operated 

instruments that use electrical diffusion charging 
principles to provide total and size-selective number 
concentrations. In a recent study comparing these 
instruments, a CPC was found to provide the best 
accuracy for number concentration determination. 
All instruments reacted quite differently to the test 
aerosols and none were challenged with high-aspect 
ratio nanomaterials such as CNTs/CNFs (Asbach 
et al., 2012).

Conclusions

The DRIs used in this study (CPC, photometer, and 
DC) are nonselective assessment tools, perhaps best 
used to determine how and where exposures may be 
occurring, rather than to quantify exposures (Evans 
et  al., 2010). The statistical treatment of the time-
series data in this study did not identify meaningful 
trends between any of the DRI’s sampling at similar 
processes at various sites, or between the side-by-
side filter-based samples for the mass concentration 
of EC- or TEM-based CNT structure counts. The 
differentiation of CNT/CNF exposure points by job 
tasks at various CNT/CNF sites was not determined 
through the use of the DRIs described here, but 
through the time-integrated approaches described 
in a previous article (Dahm et al., 2012). Data from 
these instruments can be misinterpreted without an 
understanding of other particle sources within work-
places. Though simple industrial hygiene approaches 
with a primary focus on DRIs have been previously 
recommended (Methner et  al., 2010a), erroneous 
conclusions can potentially be drawn when these 
simple tools are used to assess complex workplace 
exposures and processes (Evans et al., 2010; Birch, 
2011; Birch et  al., 2011). A  more comprehensive, 
multimetric approach is preferable for conducting 
workplace studies with CNTs/CNFs, particularly 
when a mixed exposure is suspected, and/or for 
resolving other indoor air quality issues. However, 
for industrial hygiene applications and control evalu-
ations, using filter-based (time integrated) samples 
in combination with good professional industrial 
hygiene judgment may be more effective in terms of 
cost, time, and data quality. Given the uncertainties 
in the data provided by DRIs, the CPC, photometer, 
and DC are unreliable tools for quantifying exposure 
to CNTs/CNFs.
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