Downloaded via CENTERS DISEASE CONTROL & PRVNTN on October 22, 2019 at 18:57:04 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

.
analytjcal.
CheMIStrY .. i cren 2000 1715172

pubs.acs.org/ac

Real-Time Measurement of Airborne Carbon Nanotubes in

Workplace Atmospheres
Lina Zheng" and Pramod Kulkarni*

Centers for Disease Control and Prevention, National Institute for Occupational Safety and Health, Cincinnati, Ohio 45226, United

States

O Supporting Information

ABSTRACT: With growing applications of carbon nanomaterials, there
is a concern over health risks presented by inhalation of carbon nanotube
(CNT) aerosol in workplace atmospheres. Current methods used for
CNT aerosol measurement lack selectivity to specific form of
carbonaceous component or allotrope of interest. Moreover, the
detection limits of these methods are also inadequate for short-term
monitoring. Here, we describe, for the first time, a near real-time, field-
portable instrument for selective quantification of airborne CNT
concentration. The approach uses an automated cyclical scheme
involving collect-analyze-ablate steps to obtain continuous near real-
time measurement using Raman spectroscopy. The method achieves
significantly lower detection limits by employing corona-assisted particle
microconcentration for efficient coupling with laser Raman spectroscopy.
A combination of techniques involving (i) use of characteristic Raman
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peaks, (ii) distinct ratio of disordered and graphitic peaks, and (iii) principal component classification and regression is
employed to identify and quantify the specific form of the aerosolized carbonaceous nanomaterial. We show that the approach is
capable of selectively quantifying trace single-walled CNT in the presence of interfering agents such as diesel particulate matter.
The detection limit of the method for the single-walled CNT studied in this work was 60 ng m™~, corresponding to a 10 min
aerosol collection period, which is significantly lower than that for the NIOSH Method 5040 (~0.15 ug m™> for an 8-h
collection on a 25 mm filter at 4 L min™"), a commonly used method for elemental carbon. We demonstrate the automated real-

time capability of this field-portable method by continuously measuring a transient single-walled CNT aerosol.

As industrial production of carbon nanotubes (CNTs) and
their commercial applications continue to grow," there is
an increasing concern about the potential health risks to
workers exposed to these materials in aerosolized form in
occupational environments. Our understanding of the nature
of health risks associated with inhalation exposure to CNTs is
still evolving. Animal studies of CNTs have shown that
inhalation exposure can lead to fibrosis, cytotoxicity, and
mutagenesis.” '’ A specific type of multiwalled CNT
(MWCNT) has been classified as potentially carcinogenic to
humans by the International Agency for Research on Cancer
(IARC)."" Insufficient evidence exists for other types of carbon
nanotubes. On the basis of the available toxicological evidence
and quantitative risk assessment, the National Institute for
Occupational Safety and Health (NIOSH) set a recommended
exposure limit (REL) for airborne CNTs and carbon
nanofibers (CNF) of 1 ug m™>, as an 8-h time weighted
average (TWA) for respirable elemental carbon (EC)
determined by a modified NIOSH Method 5040."” To reduce
occupational CNT exposure, accurate and sensitive measure-
ment at low concentrations in air is of critical importance.
Measurement of carbonaceous aerosols in general is of great
significance in atmospheric,'> environmental,"> and occupa-
tional health®'* sciences due to the critical role they play in
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influencing the earth’s climate and human health. Measure-
ment of engineered nanomaterials at trace levels, such as
CNTs, in industrial workplace atmospheres is often challeng-
ing due to the ubiquitous presence of organic and inorganic
carbonaceous interfering agents in indoor and outdoor
air."”>~"” Moreover, various allotropes of carbon, such as
amorphous and graphitic carbon,'® and fullerenes'” are often
present in anthropogenic combustion aerosols. These factors
present challenges in making trace level measurements of
specific forms of carbonaceous component of the nanomaterial
of interest.

Measurement of carbonaceous aerosols for environmental*’
and occupational health'>*" applications has involved
determination of the EC content of the particulate matter
using thermal-optical methods.”’ EC is an operationally
defined analyte. In the case of air pollution monitored by
thermal-optical reflectance (TOR)*™** or thermal-optical
transmittance (TOT)>"**~*” method, it represents the
thermally refractory, light-absorbing component of the
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particulate sample collected on a quartz filter.”' Thermal-
optical analysis has been applied to measurement of workplace
exposure to diesel particulate matter (DPM), and thermal
analysis was later extended to monitor occupational exposure
to CNTs.'**** An EC marker provides selectivity to CNTs,°
when the EC contribution from other anthropogenic sources is
low and the target CNTs contain negligible amorphous carbon
impurities."®*" The TOT method typically has a detection
limit of about 0.15 yg m™ for a full-shift (8-h) air sample
collected at 4 L min~" (about 2000 L) on a 25 mm quartz
filter.'® However, typical concentrations of atmospheric EC are
in the range of 0.03—2 ug m™>’"** which can potentially
interfere with the measurement of CNTs using TOR or TOT
methods when measuring air concentrations that are close to
the REL.

Transmission electron microscopy (TEM) has also been
used to obtain selective, but semiquantitative information on
air concentration of CNT structures.”® However, this method
is very tedious, and it can take several days to analyze one
sample. Moreover, counting statistics and the associated
uncertainty in air concentration estimates is often too poor
to be meaningful. To address these limitations, Raman
confocal microscopy has been used to selectively measure
large CNT agglomerates (that are optically visible), which
allows faster mapping of larger filter areas to provide better
estimates.’”** Raman spectroscopy has played a critical role in
characterizing fundamental properties of graphitic materials.>
As a material characterization tool, it can provide fundamental
properties of pure graphene and CNTs, such as their crystallite
size, presence of sp” or sp® hybridization, edge structure, strain,
number of graphene layers, nanotube diameter (SWCNT),
etc.’® Because of its high specificity, the technique has been
applied to the measurement of carbon in various environ-
mental media such as water’” and air.’® Braun et al. used
Raman confocal microscopy to identify the presence of CNTs
in particulate matter collected from the surface of the benchtop
of an analytical balance workstation.”* Lynch et al. recently
used a Raman confocal microscope to correlate the occurrence
frequency of Raman signal specific to the CNT with EC
content of the same sample.”” However, these approaches, in
addition to being cumbersome laboratory methods, suffer from
poor detection limits, poor sampling statistics, artifacts related
to sample heating and degradation, and/or large measurement
uncertainty.

The laboratory methods are resource- and time-intensive; it
takes several hours to collect an aerosol sample in the field and
hours or days to receive the results back from the laboratory
when using either TOT/TOR methods or microscopy.
Therefore, these methods are not useful for rapid hazard
idenfication on site that is often needed for effective mitigation
of hazard exposure. Real-time condensation particle counters
and optical particle counters have been used to obtain near-
instantaneous concentration of aerosol;**~** however, these
instruments count all of the sampled particles without any
selectivity for the target analyte.

A near real-time approach involving measurement of total
atomic carbon at elevated temperature has been used;"”
however, this approach lacks specificity to the carbonaceous
component of interest. Currently, no real-time, field-portable
methods exist that provide selective measurement of trace
airborne CNTs in the presence of interfering carbonaceous
components. We present a field-portable instrument based on
Raman spectroscopy that minimizes sample degradation and

allows near real-time measurement of CNTs at levels well
below 1 ug m™>, with robust sampling statistics and superior
analytical figures-of-merit.

B EXPERIMENTAL SECTION

Instrumentation. Figure 1a shows the overall layout of the
instrument system used in this study. The system consists of
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Figure 1. (a) Overall layout of the instrument system used in this
study, (b) measurement scheme used for continuous, automated
aerosol measurement, and (c) a cross-sectional view of CAM; also
shown is the magnified view of the corona and collection electrodes.

three key components: an aerosol collection system (i.e.,
CAM), a compact Raman spectrometer, and a pulsed spark
generation system. All key components were controlled
through an interface with a data acquisition system and an
embedded microcontroller to allow continuous, automated
measurements. Airborne particles are sampled through a PM;

DOI: 10.1021/acs.analchem.9b02178
Anal. Chem. 2019, 91, 12713-12723


http://dx.doi.org/10.1021/acs.analchem.9b02178

Analytical Chemistry

inlet cyclone into a corona aerosol microconcentrator*
(CAM), described in detail below, where the particles are
collected for analysis on an electrode tip for a predetermined
amount of time (typically a few minutes). The particulate
sample deposited on the ground electrode is analyzed using a
portable Raman system consisting of an integrated Raman
probe, a laser source (Innovative Photonic Solutions, Inc.,
Monmouth Junction, NJ), and a spectrometer (model
BWS415-785S-PRB, B&W Tek, Newark, DE). The Raman
laser has an excitation wavelength of 785 nm, a maximum
power of 572 mW, and a focal spot diameter of 105 pm. The
spectrometer has a wavenumber range of 100—3200 cm ™" at a
spectral resolution of 3.5 cm™. After the Raman analysis, the
particulate sample deposited on the ground electrode is ablated
using a sequence of pulsed spark discharges generated by a
high voltage pulse generator (Firefly, Cascodium Inc.,
Andover, MA) with an output energy of 200 m] per pulse.
The sample-free ground electrode is subsequently available for
the next cycle of measurement. The aerosol flow through the
CAM is driven by a miniature pump and was maintained at 2 L
min~" using a proportional-integral-derivative (PID) controller
with a feedback from a flowmeter.

Figure 1b shows the overall measurement scheme used in
our approach, which consists of the following cyclical steps: (i)
collection of particles in the CAM for a predetermined time,
(i) acquisition of Raman spectra at predetermined signal
integration time, (iii) spectral analysis and classification to
determine CNT type and content, (iv) sample removal via
ablation, and (v) return to the first step. These steps were
repeated for the desired number of times to obtain
semicontinuous automated measurements.

Figure 1c shows the cross-sectional view of the CAM used in
our study. The design and collection characteristics of the
CAM used by our group have been described in detail
elsewhere.'”**™*® The collection efficiency of the CAM was
approximately 65% (Figure S1). The CAM uses two coaxial
tungsten electrodes with a separation distance of 3 mm. The
corona electrode is 500 ym in diameter and has a sharp tip
(with a diameter of 20 ym) for creating a corona, while the
collection elecrode is 1 mm in diameter and has a flat tip to
provide a planar surface for particle deposition. During aerosol
collection in this study, a high positive potential (~4.5 kV) was
applied to the corona electrode using a miniature high voltage
power supply, and the corona current was maintained at 3 uA
using a PID controller. The particles pick up electrical charge
from the ions in the corona zone, and subsequently migrate
toward the ground electrode where they deposit on its flat tip
(Figure 1c). The Raman probe is integrated into the CAM
such that the excitation laser is incident at an angle of 45° to
the planar collection surface of the ground electrode. The
working distance between the probe and the collection surface
was 9.5 mm. The Raman scattering was collected by the probe
and was analyzed by the spectrometer to obtain the Raman
spectra.

Calibration. Calibration curves were obtained for different
materials: SWCNT1 (P7-SWNT; Carbon Solutions Inc.,
Riverside, CA) and DPM (NIST SRM 2975; U.S. Department
of Commerce, NIST, Gaithersburg, MD). Test aerosols were
generated using a pneumatic atomizer (model 3076, TSI Inc.,
Shoreview, MN) to aerosolize suspensions prepared by mixing
test materials in ultrafiltered DI water (Fisher Scientific,
Pittsburgh, PA). The calibration aerosol was passed through a
diffusion dryer to remove associated water and then passed

through a PM, cyclone to obtain particles with aerodynamic
diameter less than 1 ym. The particulate mass collected on the
ground electrode of CAM was determined from the measured
aerosol mass concentration at the inlet of the CAM, volumetric
aerosol flow rate, collection time, and the collection efficiency.
The mass concentration of the test aerosol was measured using
a piezobalance dust monitor (Series 3520; Kanomax USA, Inc.,
Andover, NJ) and a calibrated DustTrak instrument (model
8533, TSI Inc.). For generating the calibration curve, varying
analyte mass levels were obtained by varying the aerosol
collection time in CAM from 15 s to S min. Calibration curves
were constructed by plotting the Raman signal intensity per
unit integration time as a function of mass loading on the
ground electrode. For each analyte mass level, three replicate
Raman measurements were obtained. The average of the three
replicate measurements was used to construct the final
calibration curve.

Spectral Acquisition and Analysis. The Raman spectra
were collected at the maximum power (572 mW) of the
excitation laser. Detector integration time ranging from 1 to 3
min was used to optimize the signal-to-noise ratio for a given
nanomaterial. Dark and blank spectra subtraction and baseline
correction were applied to each spectrum. A baseline drawn
tangentially to the spectral curve on each side of the peak was
used as a baseline for a given peak Raman frequency shift. In
the univariate approach, the signal intensity of a characteristic
peak for a given nanomaterial was calculated as the peak height
with respect to the peak baseline. In the multivariate approach,
partial least squares (PLS) regression was performed on the
Raman spectral data for samples with varying analyte mass
levels to construct a PLS calibration model, an approach
described elsewhere.*® Principal component analysis (PCA)
was performed to identify the type of carbon nanomaterial.
PCA and PLS regression were carried out using The
Unscrambler 10.0 X (CAMO Analytics Inc., Woodbridge, NJ).

B RESULTS AND DISCUSSION

Laser-Induced Sample Heating. Measurement artifacts
created by the laser-induced heating in Raman gpectroscopy
can be of concern for many sample matrixes."’ ~** Sample
degradation can occur depending on several factors including
laser power density, thermal conductivity of the particuate
matrix and the underlying substrate, and the porosity of the
particulate sample. For instance, we observed that during
Raman measurement of as-received CNT bulk powder sample
directly deposited on the tungsten electrode of the CAM, the
sample underwent rapid heating and decomposition as seen in
the microscope images shown in Figure S2. However, the same
CNT sample, when aerosolized and collected as a thin layer on
the tungsten electrode of CAM, does not exhibit thermal
degradation during Raman analysis (the CNT aerosol has a
count median diameter of 54 nm and a geometric standard
deviation of 1.7; see Figure S3). This was verified to be the
case for different types of CNT and for different aerosolization
methods including liquid atomization and dry dispersion. In
this case, the heat conduction to the conductive tungsten
substrate is more efficient, and the substrate acts as an effective
heat sink for the particles.””""

A series of Raman spectra for aerosolized SWCNT1
collected on the tungsten ground electrode of the CAM
were obtained for various nominal laser power density levels
ranging from 1.2 to 6.6 KW cm™> (Figure S4). The peak
intensity (Ip) at the characteristic Raman frequency shift at 166
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cm™! (radial breathing mode; RBM) increases linearly with the
power density of the laser (Figure 2a, red square). Studies have
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Figure 2. (a) Variation of the RBM peak signal intensity as a function
of nominal laser power (red square symbol); also shown are
consecutive measurements (each at detector integration time of 60
s) over 10 min continuous irradiation of the same sample spot (shown
by blue circles) at the highest laser power density (6.6 KW cm™); the
excitation laser was turned on at all times during the 10 min duration;
the shaded areas represent 95% confidence bands. (b) Sample
temperature rise as a function of particle diameter and laser power
computed using one-dimensional heat transfer model.

shown that sample heating can induce a small change in
Raman frequency shift in some materials.”>>> Measurements at
elevated power densities in our study showed frequency shifts
less than 0.2% of the mean value, implying minimal heating. In
addition, as shown in Figure 2a, we obtained a series of
consecutive Raman measurements of the same deposited
SWCNTI over 10 min (at the highest laser power density of
6.6 KW cm™) to simulate prolonged sample irradiation times.
The signal intensity was practically the same for each of the
periodic measurements over the 10 min duration (relative
standard deviation of 1% around mean value). These
observations suggest that the laser-induced heating for airborne
CNT deposited on the CAM electrode is negligible for
nominal laser power of up to 6.6 KW cm™> Theoretical
estimates of temperature rise from laser-induced heating
qualitatively support our experimental observations noted
above. These calculations were performed using a one-
dimensional heat transfer model following an approach
described by Rosasco et al.’’ The details of the calculation

are presented in section S2 of the Supporting Information. The
model assumes a layer of particulate sample with known
thermal conductivity and layer thickness deposited on a known
substrate. The results of these calculations are summarized in
Figure 2b, which shows variation of temperature rise of the
particulate matrix as a function of particle diameter and the
nominal laser power. The temperature rise increases with
increasing particle diameter and laser power. For a particle
with diameter of 1 ym, the temperature rise was estimated to
be 46 K at the highest laser power density studied (6.6 kW
cm™?); for a 4 um particle the rise was 53 K, suggesting only
mild heating for the respirable>* aerosol size range. Such mild
temperature rise is unlikely to cause thermal degradation of
carbonaceous particles studied in this work.>>™>” On the other
hand, for particles as large as S00 um diameter, the
temperature rise could be as high as 1000 K. Heat transfer
from a larger CNT particle (which is a poor thermal
conductor) to the heat sink (i.e., the tungsten electrode) is
less efficient as compared to that for smaller particles. These
calculations are consistent with our experimental observations
of as-received bulk CNT samples, which readily decompose
when irradiated with the Raman excitation laser (see Figure
S2). However, our experimental results and calculations
suggest negligible artifacts from laser-induced heating for
respirable aerosol collected in CAM.

Calibration. Figure 3a shows Raman spectra of SWCNT1
aerosol at different particulate mass collected in CAM. The
SWCNTI1 exhibits four characteristic bands: the radial
breathing mode (RBM; 166 cm™'), the disorder peak (D
mode, 1314 cm™"), the tangential vibrational mode (G mode;
1594 cm™!), and the second order overtone of the D mode
(2D; 2592 cm™). The RBM mode is a unique characteristic
band for SWCNTs, which corresponds to the symmetric in-
phase displacements of all of the carbon atoms in the radial
direction. The D-band corresponds to defective graphitic
structures near the edge of the microcrystalline structure. The
G-band corresponds to the in-plane stretching vibrations of
graphitic sp’ carbon atoms.”

From Figure 3a, the peak intensity at characteristic
frequency shift (referred to here as peak Raman signal
intensity [Ip] or peak height) increases with increasing analyte
mass. Figure 3b shows the corresponding calibration curves for
SWCNT1 using different vibrational modes. Raman signal
intensity was normalized by the detector integration time to
construct these calibration curves. All calibration curves could
be described using a linear regression fit with an R* > 0.98. For
a given material type, the measurement sensitivity varied
depending on which vibrational mode was used. The RBM
mode provided the most sensitive measurement for SWCNT1.
The measurement sensitivity of different types of SWCNT may
vary depending on the properties of the SWCNT such as the
nanotube diameter, chirality, and chemical composition.
Calibration for each target SWCNT type may be necessary
for reliable measurement. Each point on the calibraiton curve
represents an average over three replicates. The error bar
represents the standard deviation around the mean; the relative
standard deviation was in the range 2—15% (with a mean value
of 6.7%). This level of precision or repeatability is deemed
acceptable for exposure monitoring applications.>®

DPM was used in this study to mimic the background
carbonaceous interfering agent, because it is present in many
workplace aerosols'***~®" and may potentially interfere with
selective CNT measurement. Raman spectra of the certified
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Figure 3. (a) Raman spectra of SWCNT1 deposited on the collection
electrode at different mass loadings, and (b) calibration curves for
SWCNT1 constructed by plotting peak signal intensity per unit
integration time as a function of mass loading on the ground electrode
of CAM. Measurement integration time was 1 min. The lines
represent linear fits to the experimental data. The error bars represent
standard deviations of three replicate measurements. The shaded
areas represent 95% confidence bands.

DPM standard and the corresponding calibration curves are
shown in Figure SS. The certified DPM standard used in this
study exhibits two overlapping peaks at 1320 and 1594 cm™
(ie., D and G bands), consistent with earlier studies.®>~*

Detection Limits. The LOD was estimated using 3-sigma
criteria defined by the International Union of Pure and Applied
Chemistry (IUPAC).%® Details on the determination of LOD
are provided in section S4 of the Supporting Information.
Table 1 shows the LODs for SWCNT1 and DPM in terms of
mass and air concentration obtained from the calibration
curves in Figures 3b and S6b. At a signal integration time of 3
min, the mass LOD was 0.9 ng for SWCNT and 8.1 ng for
DPM. The LODs in terms of air concentration were obtained
for different aerosol collection times of 2, 10, and 20 min by
using a Raman signal integration time of 3 min and a sampling
flow rate of 2 L min~". Using a collection time of 20 min, the
LOD in terms of air concentration was estimated to be 0.03 ug
m~* for SWCNT1 and 0.3 yg m™ for DPM. Lower LODs
could be achieved by further increasing the aerosol collection
time in CAM.

The LOD corresponding to a 20 min collection period and
analysis by our Raman method is significantly lower than that
of the TOT/TOR methods. The LODs of thermal-optical

Table 1. Limits of Detection for Determination of SWCNT1
and DPM Using Our Raman Method

LOD in terms of mass, ng

integration time, min SWCNT1 DPM
1 1.6 12
2 1.2 10
3 0.9 8.1
LOD in terms of concentration,”
pg m™
sample collection time, min SWCNT1 DPM
2 0.35 3.1
10 0.06 0.6
20 0.03 0.3

“Assuming a Raman integration time of 3 min, a sampling flow rate of
2 L min}, and a collection efficiency of 65%.

methods for EC correspondin% to the 8-h aerosol collection
range from 0.07 to 3.4 ug m~>."°*®” The drastic improvement
in sensitivity of our system is accomplished by collection of
particles over a small spot in CAM, which allows effective
coupling with the Raman excitation laser.

We anticipate that these limits of detection will hold in the
presence of large amounts of DPM or atmospheric black
carbon in the particulate matrix, in excess of ratios studied in
this work. On the basis of the 1-D heat-transfer model
discussed earlier, we estimate the temperature rise induced by
the Raman laser in a 10-pg particulate sample to be only about
55 K. This rise is much lower than the ignition temperature for
SWCNT of 620 K.°° Assuming a ratio of SWCNT to EC of
1:1000, the amount of SWCNT associated with 10 pug of EC is
10 ng, which is much larger than the mass detection limits in
Table 1. These calculations suggest that measurements could
be made at these detection limits without introducing sample
heating artifacts in the presence of large amounts of DPM or
black carbon.

Selective CNT Measurement. To further probe the
selectivity of our method, we used a mixed aerosol generated
by mixing the aerosolized SWCNT1 with the interfering agent
DPM in different proportions (see section SS on the
measurement of nanomaterials in the presence of DPM in
the Supporting Information for details). The DPM in the
mixed aerosol was meant to simulate the broad range of
interfering levels of EC, for instance, from the outdoor or
indoor ambient air or from automobile emissions. Figure 4
shows Raman spectra for SWCNT1 aerosol (pink), DPM
aerosol (gray), and mixed aerosol containing both SWCNT
and DPM samples (blue). The total mass loading of each
sample, and the relative composition of DPM and SWCNT1
for each sample, are shown using the pie charts adjacent to
each sample spectrum in Figure 4. Four mixed aerosol samples
were tested, with varying ratios of SWCNT1 to DPM, ranging
from 1:20 to 1:2. These ratios are comparable to those
typically expected in the workplace atmospheres (see section
S6 in the Supporting Information). Raman spectra of mixed
aerosol for all of the samples show the RBM mode. As
expected, Raman spectra of pure SWCNT1 aerosol and the
mixed aerosol suggest that the Raman signal intensity of the
RBM peak only depended on the SWCNT1 mass, regardless of
the DPM content, ruling out any potential interference.

Figure 5 shows the comparison of TOT and Raman
measurements for a mixed aerosol containing SWCNT1 and
DPM. EC concentrations were measured using the TOT
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Figure 4. Raman spectra of various test aerosols: (i) SWCNT1, (ii)
DPM, and (iii) mixture of SWCNT1 and DPM aerosol. The
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sample is shown in the pie charts.
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Figure 5. Comparison of graphitic carbon (GC) and specific
SWCNT1 air concentrations measured using our Raman method
with the elemental carbon (EC) concentrations obtained by thermal-
optical analysis (NIOSH Method 5040 with manual split). The test
aerosol was a mixture of SWCNT1 and DPM aerosol in varying
proportions. The SWCNT1-to-DPM ratios of the four test aerosol
samples are 1:2, 1:4, 1:10, and 1:20, respectively.

method (NIOSH Method 5040). Here, we define a term
“graphitic carbon” (GC) to quantify the carbonaceous
components represented by both the D and the G vibrational
modes in the Raman spectrum. Earlier studies have defined
similar graphitic carbon content using the G mode only.*>”°
However, here we also include the D mode to account for the
disordered graphitic mode. A linear calibration curve was
constructed for the determination of GC by relating the area
below the D and G peaks of the Raman spectrum with the
corresponding mass of SWCNT1. We also note these two
modes overlap with the D; mode corresponding to the
amorphous carbon. Therefore, our GC estimate also includes
contribution from amorphous carbon (D; mode). In principle,
the contribution of Dy mode should be subtracted; however, its
contribution was negligible for most samples in this study. The
air concentration of GC (ug m™) was obtained using the
aerosol flow rate, the collection efficiency, and the collection
time. The SWCNT1 concentration was determined using the
calibration curve constructed using the RBM mode. In
addition, GC and SWCNT1 concentrations were also

measured using the G and D peaks. Although both EC and
GC are not equivalent measurements, both represent the
graphitic and amorphous carbon content of the sample (the
GC also includes contribution from Dj as noted above). It is
likely that these two estimates are close to each other for most
carbonaceous materials with sp* hybridization (except in cases
where there could be significant interference in TOR or TOT
measurement from charring).

Because both SWCNT1 and DPM contribute to G and D
modes, an approach was developed to subtract the
contribution from SWCNT1 to these modes to obtain the
contribution from only the non-SWCNT1 carbonaceous
component. The G mode is from in-plane stretching vibration
of carbon atoms pairs. This mode is always active, and it is
characteristic of all materials with sp” structures, including
CNT, graphene, and graphite. The D mode is from an in-plane
breathing vibration of the aromatic ring involving motion of
the six atoms. This band is active only in the presence of
disorders and in nonideal structures. The ratio of D and G
band intensities provides an estimate of the amount of defects
in the graphitic structure; this ratio is inversely proportional to
the size of the ordered sp’ domain (L), given by the
relationship: L = [2.4 X 107'%2%(Ip/I;)™"], where I, and I
are the integrated intensities of the D and G peaks, and 4, is
the excitation wavelength in the range of 458—645 nm.”"~"
Assuming this equation is applicable to 785 nm excitation laser,
the ordered sp®> domain size was estimated to be 182 nm for
SWCNT1 and 16 nm for DPM in our study.

Comparisons in Figure S show that the GC estimates from
our Raman method are within 16% (normalized root mean
squared error [RMSE]) of the EC estimates from the TOT
method, while SWCNT1 estimates are significantly lower than
the EC value from the TOT method. For the four test aerosol
samples, the ratios of measured air concentration of SWCNT1
to GC using our method were 4%, 7%, 20%, and 32%,
respectively. These ratios agreed well with the corresponding
predetermined ratios (by mass) (5%, 9%, 20%, and 33%) in
the mixed test aerosol containing SWCNT1 and DPM. The
error bars show the standard deviation around the mean of
three replicate measurements. The relative standard deviations
were in the range of 4—11% for our Raman method, and 0—9%
for the TOT method.

Results in Figure 5 clearly demonstrate that using the RBM
peak, the Raman method can provide selective measurement of
SWCNT even when other carbonaceous components are
present. Alternatively, one can also retrieve the CNT
concentration using the peak intensities at G and D modes
and their distinct ratio (Ig/I) (see section S7 on SWCNT
quantification using D and G modes in the Supporting
Information for details). We compared this alternate I/,
ratio approach with the RBM mode method; the results were
comparable as shown in Figure S. The normailized RMSE was
12%.

For measurement of SWCNTs, the RBM mode provides
high specificity. However, for other nanomaterials such as
MWCNT and graphene that do not exhibit the RBM mode,
the Ig/I, ratio approach can be used to obtain reliable
estimates of graphitic carbon component associated with only
the nanomaterials. Such an approach has been used to
distinguish functionalized MW CNTs,”* emissions from aircraft
engines,75 and DPM.”®

Identification of Type of Carbon Nanomaterials. The
G mode, which is common to all graphitic materials, has
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distinct shape for each material and can be used to distinguish
the nanostructures.’® These distinct shapes of G and D modes
can be further revealed by deconvoluting the measured
spectrum into underlying separate modes that correspond to
different phonon transitions within graphene layers.”””® Figure
S7 shows the measured D and G peaks, along with the
deconvoluted bands,”’ for various carbon nanomaterials
studied in this work. The Raman spectrum of DPM is
deconvoluted into five bands including four Lorentzian bands
(G, D, D,, D,) and a Gaussian band (D;).”” The Raman
spectra of SWCNT1, MWCNT1, and graphene are deconvo-
luted into three bands (G, D, D;). The D, band is related to
the presence of incomplete graphitic structure at the borders of
crystallites, which stretches C—C bonds; the D; band is
associated with amorphous carbon; and the D, band is related
to the presence of impurities in the DPM such as ions, metals,
and polyenes.”” Table S2 shows a comparison of full width at
half-maximum (fwhm) of the D and G modes, and the I/I;
ratio obtained for the four carbon nanomaterials. The fwhm of
the D mode and the ratio I/ are distinct for all four carbon
nanomaterials.

To further identify the type of carbon nanomaterial,
classification using the PCA of Raman spectra was conducted
for all of the nanomaterials studied in this work. Figure 6
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Figure 6. PCA classification analysis of Raman spectra for various
carbon nanomaterials showing scores plot using two principal
components.

shows the result of this classification analysis. Raman spectra
from three single-walled nanotube materials (labeled as
SWCNTI1, SWCNT2, and SWCNT3), three multiwalled
carbon nanotube materials (labeled as MWCNTI,
MWCNT?2, and MWCNTS3), graphene, and DPM were used
for classification. The nomenclature used for these materials is
provided in Table S3. Representative Raman spectra of these
materials are shown in Figure S8. The PCA model was
constructed using the Raman shift frequency in the range 800—
1800 cm ™!, which includes the D and G modes. The spectra
were preprocessed by applying the blank and baseline
correction and standard normal variate (SNV) normal-
ization.*> The first and second principal components (PC1
and PC2) accounted for 83% of the total variance in the data
(71% and 12%), and were used to generate the scores plot.
The loadings plot for PC1 and PC2 are included in section S8
of the Supporting Information. As seen in Figure 6, the
classification yields distinct clusters, each representing a

different material. Small variations were observed within each
cluster, for instance, various multi- and single-walled CNTs
clustered in three subgroups as seen in Figure 6. This
demonstrates the ability of this approach to identify the type of
carbon nanomaterial. This algorithm can be readily imple-
mented for automated classification and identification of
unknown carbonaceous aerosol type in the workplace air.
MWCNT Quantification Using D and G Modes. We
used PLS* regression of spectral data containg D and G
modes to develop a calibration model and subsequently apply
it to quantify the CNT content in the presence of DPM
interfering agent. This method is required for MWCNT and
graphene particles, which do not exhibit the RBM mode in
their Raman spectrum. A calibration model using PLS
regression was constructed by preparing training samples
containing a mixture of MWCNTI1 and DPM in various
proportions. The total mass of MWCNT1 and DPM in these
training set suspensions was kept the same, while the ratio of
MWCNT1 to DPM mass (in the suspension) was varied. The
fraction of MWCNT1 in these samples was systematically
varied to cover a range of 0.1—1. Raman spectra for particulate
samples containing different MWCNT1 fractions were then
obtained. PLS regression of these Raman spectra was then
performed to correlate with the fractional content of
MWCNT1. Random cross validation was used involving five
segments with four samples per segment. The cross validation
results of PLS regression showed a strong correlation between
the predicted and known MWCNTI1 fractions (ie., the
percentage of MWCNT in the mixed sample), with an R* =
0.92 (Figure 7). The model was tested on an aerosol with
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Figure 7. Predicted versus reference MWCNT1 fractional content
obtained using the PLS regression model.

unknown MWCNT1 fraction, and was able to predict the
fractional content within the RMSE of 0.1. It should be noted
that for this approach to be applicable, a priori knowledge of
the number and types of carbonaceous components and their
Raman spectra is essential. We expect this approach to provide
reliable quantification in a two-component system, for
instance, where a single type of carbon nanomaterial is to be
measured in the presence of black carbon or DPM. The
reliability may also depend on how well the training sample set
is designed for PLS calibration. The applicability of this
approach for aerosols containing more than two distinct
carbonaceous materials is unknown; it may not be effective for
aerosols containing multiple types of nanomaterials.
Variability of Raman spectra of DPM (across different
sources) or atmospheric black carbon can also affect the
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usefulness of this approach. To probe this variability, we
measured Raman spectra of various background aerosols
containing black carbon that may potentially interfere with
selective CNT measurement. These aerosols included direct
exhaust emissions from various diesel engines as well as indoor
workplace aerosols containing DPM or outdoor atmospheric
black carbon. Our measurements show that the Raman spectra
of all of these carbonaceous aerosols, containing DPM or
atmospheric black carbon, have similar spectral characteristics,
due to their similar graphitic carbon content. The peak height
ratios and peak widths of D and G peaks for various aerosols
are presented in Table S4. The table also shows deviation of
these metrics from those for the NIST SRM, which are in the
range of 1—13%. The similarity of DPM and black carbon from
various occupational and environmental sources eliminates the
need to measure the background (or interferant) aerosol for
each application, and considerably improves the efficacy of
PCA classification and PLS regression approach across various
workplaces.

It has been shown that Raman spectra of single- and double-
walled carbon nanotubes can shift due to oxidation at high
temperatures >300 °C;%? however, it is not known if such
shift is possible under conditions typical in indoor workplace
environments. It is important to ensure that the spectral
features of CNT in the unknown samples are consistent with
those of the calibration aerosol to allow reliable quantification.

Real-Time Measurement Capability. Figure 8 demon-
strates the near real-time capability of our Raman method for
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Figure 8. Real-time measurement of airborne SWCNT mass
concentration (scatter and line plot) using Raman spectroscopy.
The markers are color-coded to show SWCNT concentration. Size-
and time-resolved particle number concentration of the same aerosol,
measured separately (and simultaneously) by an optical particle
counter, is shown as a contour plot in the x—y plane.

measurement of transient SWCNT1 aerosol. A test aerosol
containing SWCNT1 was generated in the laboratory; the
aerosol concentration was varied in the test chamber to
simulate a transient aerosol over a period of 2 h. The air
concentration of the SWCNT1 was varied from 0.15 to 55 ug
m™>. The particle size distribution of the test aerosol was
continuously measured using an optical particle counter and is
shown as a color contour map in the x—y plane in Figure 8.
Simultaneously, the SWCNT1 mass concentration of the same
test aerosol was also continuously measured using our

automated Raman method, and is shown in Figure 8 by the
line plot. The markers on the line plot are color-coded to show
the SWCNT1 air concentration at corresponding times.
Higher SWCNT1 concentrations were measured at a time
resolution of 4 min (including 2 min for sample collection, 1
min for Raman analysis, and 1 min for sample ablation). Lower
SWCNT1 concentrations below 1 ug m™ required longer
sampling times of 18 min. As the total number concentration
of the SWCNT1 aerosol decreased from 1.85 x 10° to 1.44 X
10® m~3, the SWCNT1 mass concentration decreased from 55
to 0.15 ug m~3,

These measurements clearly demonstrate the capability of
our approach to obtain continuous, automated near real-time
measurements. We note that while few studies have reported
real-time measurement of chemical speciation of aerosols using
Raman spectroscopy,”*> this is the first study, to our
knowledge, that presents a method that optimizes sensitivity,
sampling statistics, accuracy, and precision for a meaningful
measurement of aerosols, specifically airborne nanomaterials.
Many of the previous studies®~** involved Raman analysis of
aerosol particles in suspended state. Because Raman scattering
is orders of magnitude weaker than the elastic scattering, these
approaches suffered from very poor sampling statistics and
detection limits (typically >1 mg m™),”~" due to an
exceedingly small amount of sample probed. Moreover, free-
stream analysis of suspended particles (in air/gas) requires
larger lasers with orders of magnitude higher power density
and carefully designed optics to obtain a small focused spot to
induce Raman scattering, making this approach unsuitable for
field-portable instrumentation. Some recent studies have
reported field-portable instruments that involve Raman
analysis of collected particles on a substrate that have improved
detection limits.**™** Our method provides superior time
resolution and detection limits, and it is field-portable. While
this study did not focus on fabrication of an actual field-
portable prototype, all of the key components, including the
CAM cell, electrical and mechanical components, pump, and
the spetroscopy system, were designed for inclusion in a
compact, battery-operated, hand-portable instrument. A field-
portable prototype is currently under construction.

Depending on the nature of the sample, heating and
fluorescence can affect the applicability of our method, as is the
case with any conventional Raman measurement. We note that
one of the key advantages of our approach is negligible or
reduced sample heating due to efficient heat transfer to the
metal electrode of CAM. Our calculations suggest that sample
heating may not be a concern for most carbonaceous materials.
Raman studies of carbon nanomaterials typically employ
shorter excitation wavelengths such as 514, 532, or 633
nm;” %% however, 785 nm wavelength used in this study
was found to provide adequate sensitivity with minimal
fluorescence.

B CONCLUSIONS

We have described a field-portable instrument for near real-
time, sensitive measurement of airborne CNT concentrations
in workplace atmospheres using a portable Raman spectrom-
eter. We demonstrate that the method addresses several key
challenges pertaining to trace measurement of aerosols using
Raman spectroscopy: (i) it eliminates sample heating and
decomposition typical for highly light-absorbing carbon
nanomaterials, (ii) it incorporates efficient aerosol collection
and interface for semicontinuous and automated Raman
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analysis, (iii) it drastically improves sensitivity, sampling
statistics, and time resolution compared to current filter
methods, and (iv) it allows near real-time measurement in a
hand-portable instrument. The detection limit of our method
for SWCNT studied in this work was determined to be 60 ng
m ™ at a time resolution of 10 min, which is approximately 2—3
orders of magnitude lower than that of the standard thermal-
optical method using the same sampling time. We employed a
combination of different techniques to selectively identify a
nanomaterial and quantify its air concentration; these
techniques included: (i) use of unique characteristic Raman
vibrational modes for each nanomaterial, (ii) characteristic
ratio of D and G modes for each nanomaterial, and (ii)
principal component classification and regression. We show
that the method is capable of selectively quantifying trace
SWCNT in the presence of large interference from DPM. The
RBM mode in SWCNTs offers excellent selectivity to
SWCNT. For other nanomaterials (that do not exhibit the
RBM mode), calibration using PLS regression of the spectral
data (in D and G mode) obtained from a training sample set
could possibly provide selective quantification of one type of
nanomaterial in the presence of interfering DPM. The superior
detection limits, sampling statistics, and time resolution of our
Raman method make it well-suited for the development of a
hand-held instrument for monitoring of aerosol in workplace
atmospheres.
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