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ABSTRACT

A sensitive, field-portable microplasma spectroscopy method has been developed for real-time
measurement of carbon nanomaterials. The method involves microconcentration of aerosol on a
microelectrode tip for subsequent analysis for atomic carbon using spark emission spectroscopy
(SES). The spark-induced microplasma was characterized by measuring the excitation temperature
(15,000-35,000 K), electron density (1.0 x 10'7-2.2 x 10" cm—3), and spectral responses as functions
of time and interelectrode distance. The system was calibrated and detection limits were determined
for total atomic carbon (TAC) using a carbon emission line at 247.856 nm (C ) for various
carbonaceous materials including sucrose, EDTA, caffeine, sodium carbonate, carbon black, and carbon
nanotubes. The limit of detection for total atomic carbon was 1.61 ng, equivalent to 238 ng m~>
when sampling at 1.5 L min~' for 5 min. To improve the selectivity for carbon nanomaterials, which
mainly consist of elemental carbon (EC), the cathode was heated to 300°C to reduce the contribution
of organic carbon to the total atomic carbon. Measurements of carbon nanotube aerosol at elevated
electrode temperature showed improved selectivity to elemental carbon and compared well with the
measurements from the thermal optical method (NIOSH Method 5040). The study shows the SES
method to be an excellent candidate for development of low-cost, hand-portable, real-time instrument
for measurement of carbonaceous aerosols and nanomaterials.
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1. Introduction

Carbon nanomaterials, such as carbon nanotubes (CNT)
and carbon nanofibers (CNF) have promising technolog-
ical applications. However, the increasing production
and widespread application of nanomaterials could have
adverse health effects on workers who are routinely
exposed to these materials (NIOSH 2013). Measurement
of airborne nanomaterial concentration and composition
is of great significance for the prevention of exposure
and protection of workers’ health. Most existing methods
for measurement of carbonaceous particles involve filter
collection over several hours, followed by off-line analy-
sis (Chow et al. 1993; Birch and Cary 1996). Although fil-
ter-based methods are in common use for routine
monitoring in both occupational and environmental set-
tings, they have several drawbacks. In particular, they are
time-integrated methods that are labor and time-inten-
sive, with typical analysis turnaround times of several
days to weeks. Field-portable, near real-time instruments

can meaningfully augment filter-based methods to pro-
vide more timely as well as accurate characterization of
aerosols to which workers may be exposed.

There are several real-time atomic and molecular
spectrometric methods for carbonaceous aerosol analy-
sis. Mass spectrometry-based, real-time instruments
have been widely used for both elemental and molecular
analyses in atmospheric chemistry studies (Gross et al.
2006; DeCarlo et al. 2006), but they have not been practi-
cal for workplace aerosol measurements due to their high
cost and lack of portability. Optical spectroscopies, par-
ticularly microplasma-based emission spectroscopies, are
attractive alternatives for elemental speciation measure-
ments (Broekaert 2002). These techniques involve identi-
fying and quantifying elements based on their
characteristic atomic emission, which occurs at particu-
lar wavelengths when the sample is placed in a high-tem-
perature excitation medium such as a flame, plasma, arc,
or spark (You et al. 1996; Martin et al. 1999; Hunter
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et al. 2000; Broekaert 2002; Diwakar and Kulkarni 2012).
These plasma spectroscopy techniques have been applied
to measure the carbon content of some solid samples,
such as soil, coal, and fly ash (Glumac et al. 2010; Dong
et al. 2012; Yao et al. 2012). Vors and Salmon (2006)
reported a limit of detection (LOD) of 60 ug m ™ of car-
bon using test aerosols of glucose and NaHCO; for their
laboratory benchtop laser-induced breakdown spectros-
copy (LIBS) system. Lee and Yoh (2012) reported an
LOD of 150.4 ug m > at a low flow rate and 240.4 ug
m~> at a high sample flow rate in their LIBS system.
They used 15 um test particles and analyzed them in
situ in the aerosol stream flowing past the LIBS micro-
plasma. Though these and other studies have successfully
measured airborne carbon, the detection limits achieved
were not adequate for practical aerosol measurement
applications, especially for workplace monitoring of
CNT aerosol. NIOSH has proposed a recommended
exposure limit (REL) for CNT/CNF of 1 ug m>, as a
respirable elemental carbon (EC), 8-h time weighted
average (NIOSH 2013). Sensitive near real-time techni-
ques that can provide accurate measurements with much
lower detection limits are needed. The objective of this
study was to investigate the effectiveness of LIBS and
spark emission spectroscopy (SES) for near real-time
measurement of carbonaceous aerosol using preconcen-
tration techniques developed earlier (Diwakar et al. 2012;
Diwakar and Kulkarni 2012).

Current methods for measurement of carbonaceous
aerosols typically measure total carbon (using various
techniques) and attempt to distinguish between EC and
organic carbon (OC) by heating a filter sample in inert
and oxidizing atmospheres (Birch and Cary 1996; Birch
1998). The thermal-optical analyzer on which Method
5040 is based has been successfully applied to workplace
monitoring of diesel particulate matter (Birch and Cary
1996) and carbon nanomaterials (Birch et al. 2011;
Dahm et al. 2012; NIOSH 2013). The semi-continuous
OC-EC analyzer (Sunset Laboratory Inc., Tigard, OR) is
widely used to measure time-resolved particulate organic
and elemental carbon concentrations in ambient air
quality studies (Polidori et al. 2006; Batmunkh et al.
2011). Normally, this semi-continuous instrument is
operated with a 1-2 h sample collection period, depend-
ing on the EC concentration, followed by a 20 min sam-
ple analysis period (Bae et al. 2004).

In this article, we describe a near real-time, plasma-
based method for analysis of submicrometer airborne
carbonaceous particles. The method collects particles on
an electrode tip using electrostatic principles (Diwakar
et al. 2012; Diwakar and Kulkarni 2012), following
which emission spectrometric analysis is conducted.
Various carbonaceous materials including organic and

inorganic carbon (carbonates and carbon allotropes)
were used to calibrate the instrument and establish the
LODs. LODs, uncertainty, accuracy, and applications to
nanomaterial measurements in air are presented and
discussed.

2. Experimental methods
2.1. Experimental setup

A schematic diagram of the experimental setup is shown
in Figure 1. The major components include: (i) an aero-
sol generation system, (ii) an aerosol collection system,
and (iii) an SES system.

2.1.1. Aerosol generation
Test aerosols were generated using a pneumatic atomizer
(model 3076, TSI Inc., Shoreview, MN, USA) to aerosol-
ize solutions or suspensions prepared by mixing carbon-
containing materials in ultra-filtered DI water (Fisher
Scientific, Pittsburgh, PA, USA). The aerosol was passed
through a diffusion dryer to remove associated water,
and the resulting dry aerosol was passed through a differ-
ential mobility analyzer (DMA; model 3080, TSI Inc.,
Shoreview, MN, USA) to obtain a near-monodisperse
test aerosol (with geometric standard deviation less than
about 1.1 nm) in the size range of 10-300 nm. An
uncharged and near-monodisperse test aerosol was then
produced by passing the aerosol through a neutralizer (a
Po-210 source) and an electrostatic precipitator (ESP).
Typical number concentrations of the test aerosols gen-
erated in this study were in the range of 1x10°-2x10*
cm >, depending on the carbon materials and concentra-
tions of the solutions or suspensions.

Various carbon materials are used for calibration in
this study, including sucrose, EDTA, caffeine, sodium

[Pneu@atsc H Diffusion H DMA |—)| Neutralizer H ESP }
atomizer dryer

Aerosol in

HV pulse a5 HV for corona
generator generation
— O
Ak
Iw“ Optical fiber

Aerosol out

L =

Vacuum

Spectrometer

DMA: Differential Mobility Analyzer
HV: High Voltage
MFC: Mass Flow Controller

ESP: Electrostatic Precipitator
CPC: Condensation Particle Counter

Figure 1. Schematic diagram of the experimental setup used in
this work.



carbonate (Na,CQOs), carbon black, and CNT. Detailed
description of these materials is given in Table S1 in the
online supplementary information (SI). Powder samples
of 99.9% pure sucrose, EDTA, caffeine, and Na,CO;
(Fisher Chemical, Pittsburgh, PA; Sigma-Aldrich, St.
Louis, MO, USA) were dissolved in ultra-filtered DI
water to obtain solutions for aerosol generation. A car-
bon black suspension was prepared by adding carbon
black (REGAL® 400R, Cabot Corporation, Billerica, MA,
USA; >99% elemental carbon) to ultra-filtered DI water,
and a CNT suspension was obtained by mixing hydro-
philic single-walled carbon nanotubes (P7-SWNT, Car-
bon Solutions, Inc., Riverside, CA, USA) into ultra-
filtered DI water. The P7-SWNT nanotubes are surface
functionalized with polyethyleneglycol and possess car-
bonaceous purity greater than 90%.

A constant flow rate of 1.5 L min~' was maintained
through the aerosol collection system and was driven by
the native pump in the condensation particle counter
(CPC; model 3022A, TSI Inc.). The overall flow scheme
was controlled using a mass flow controller (MFC; model
247 C, MKS Instruments, Inc., Andover, MA, USA).

2.1.2. Aerosol collection

An electrostatic aerosol collection system designed in an
earlier study (Diwakar and Kulkarni 2012) was used,
with some modifications needed for monitoring atomic
emission from carbon. As shown in Figure 2, the system
consisted of two coaxial electrodes with a separation dis-
tance of 5 mm. A high positive potential (~5 kV) was
applied on the corona electrode through a DC power
supply (Bertran S-230, Spellman Corp., Hauppauge, NY,
USA). The sidewalls of the electrodes were covered with
a high dielectric strength sheath (polyether ether ketone
[PEEK]; McMaster-Carr, Princeton, NJ, USA) to avoid
particle deposition on the sidewalls. The corona elec-
trode, made of tungsten, was 500 um in diameter. The
electrode has a sharp tip, with an approximate radius of
100 um, and was used to create a corona around its tip.
The ground electrode was 1500 pm in diameter and had
a relatively flat tip to provide a planar surface for particle
deposition. Platinum ground electrodes were used to
minimize spectral interference in carbon detection at
247.856 nm. The ground electrode was attached to a
miniature resistive heating element to allow heating of
the ground electrode up to 300°C. The ground electrode
used for particle deposition was also used as the cathode
for producing spark discharge.

2.1.3. SES setup

In the SES system, a high voltage pulse generator (Casco-
dium Inc., Andover, MA, USA), was used to produce a
spark microplasma in the interelectrode gap to ablate the
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Figure 2. Schematic diagram of the aerosol preconcentration
system (not to scale).

particulate matter collected on the cathode. The pulse
generator was designed for spark spectroscopy, with an
output pulse energy up to 800 mJ. The size of the micro-
plasma was measured to be about 500 ;«m in diameter.
This diameter was measured by ablating a thin film of
ink coated on the ground electrode surface and subse-
quently measuring the diameter of ablated spot using an
optical microscope. The atomic emission signals from
the microplasma were collected using a fiber optic cable
connected to a broadband spectrometer with a wave-
length range of 200-980 nm and a resolution of about
0.1 nm (LIBS2500 Plus, Ocean Optics Inc., Dunedin, FL,
USA). Data acquisition and triggering of the spectrome-
ters and laser and high voltage pulse generator were
accomplished through OOILIBS software (Version
4.5.07, Ocean Optics Inc., Dunedin, FL, USA). A delay
time of 5 s was used in the SES system (Diwakar and
Kulkarni 2012). A summary for the experimental param-
eters used in the SES systems is shown in Table S2a in
the SI. To probe the evolution of the carbon plasma gen-
erated by spark discharge, the temporal profiles of the C
I transition (25°2p” 'S to 25°2p3s 'P°) at 247.856 nm were
recorded using an intensified charge coupled device
(ICCD; iStar 334T, Andor Technology, South Windsor,
CT, USA) at different distances from the collection elec-
trode (cathode) surface and at different delay times.
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2.2. Calibration method

Six different carbon materials were used to obtain cal-
ibration curves in this work: sucrose, EDTA, caffeine,
sodium carbonate (Na,COj;), carbon black, and sin-
gle-walled carbon nanotubes (SWCNT). A solution or
suspension for each material was prepared for aerosol
generation. The aerosol was collected on the platinum
collection electrode (ground) for a predetermined
time period ranging from a few seconds to a few
minutes. The particle mass deposited on the electrode
for a given particle diameter is given by (DeCarlo
et al. 2004):

7 Cdw)
mp =nCinQstcp, 5 (m dm) ) (1]

where 7 is the capture efficiency of particles, C;, is the
particle concentration flowing into the chamber, Q is
the aerosol volumetric flow rate, ¢, is the particle collec-
tion time, 0p is the particle material density, d,, is the

volume equivalent diameter of particle, d,,, is the elec-
trical mobility diameter, C.(d,.) is slip correction factor
for the volume equivalent diameter, C.(d,,) is slip cor-
rection factor for the electrical mobility diameter, and x
is the dynamic shape factor (DSF) in the transition
regime. DSF is defined as the ratio of the drag force on
a nonspherical particle to the drag force on a spherical
particle, which has the same volume equivalent diame-
ter and travels at the same relative velocity (Kulkarni
et al. 2011). The DSF is 1 for spherical particles. For
nonspherical particles, DSF is greater than 1 and needs
to be determined experimentally for each particle type.
For particles with d,, > 100 nm and x < 2.3, &l i

> Ce(dm)
less than 1.1. By assuming % = 1, Equation (1) can

be simplified as follows:

7 (d, 3
mp =nCinQstcp, 5 <7> . 2]

Particle capture efficiency was calculated by mea-
suring the particle number concentration downstream
of the collection unit using a CPC, with and without
the presence of the electric field across the electrodes
(NI and NY =0):

out

NV:O _ NHV

out out
— —out___Tout 3
NT=0 [3]
Mass loading on the collection electrode was changed
by varying the collection time or the particle concentra-
tion at the inlet. For a given aerosol generated, and for a

given mass, three samples were collected over the same
collection time. The final calibration curve was con-
structed by averaging over these three replicate measure-
ments for each mass level.

The carbon material deposited on the electrode was
then ablated by high voltage pulsed spark (in the SES
setup). Usually, a single pulse was sufficient to ablate the
entire particulate mass; higher loadings required an addi-
tional one or two pulses. The atomic emission from each
ablation was collected using the spectrometer. The signal
intensity was subsequently converted to a peak area,
defined as the integrated atomic emission line intensity
below the peak after subtracting the baseline area. The
baseline spectrum was obtained using an identical mea-
surement, except with the absence of analyte on the elec-
trode. For those measurements that required multiple
pulses, the total signal intensity was calculated as the
sum of the carbon signal intensity from each pulse. The
calibration curve was constructed by plotting signal
intensity as a function of mass of atomic carbon in the
particulate matter deposited on the collection electrode.
The LOD was estimated using 3-o criteria defined by the
International Union of Pure and Applied Chemistry
(TUPACG; Boumans 1994).

3. Results and discussions
3.1. Sensitivity of different carbon emission lines

Figure 3 shows the spectra obtained from spark dis-
charge excitation of sucrose particles collected in the pre-
concentrator. Six carbon emission lines, including
neutral emission line C I and ionic emission line C II,
were identified using the National Institute of Standards
and Technology (NIST) atomic spectra database.

As shown in Figure 3, atomic emission peaks for car-
bon appear at wavelengths of 247.856 nm, 426.726 nm,
657.805 nm, 723.132 nm, 723.642 nm, and 940.573 nm
when analyzing sucrose by SES. For a given carbon mass
loading, the strongest signal was observed at
247.856 nm. Comparing the four spectra obtained from
sucrose particles at different carbon loadings (Figure 3),
we found that only the 247.856 nm emission line was
detected at loadings below 15.9 ng. All carbon emission
peaks appeared when the carbon loadings were above
31.8 ng. These measurements show that the sensitivity
(S) for carbon measurement is different for different
emission lines, with the 247.856 nm line exhibiting the
highest sensitivity. This finding is consistent with other
studies on emission lines for atomic carbon (Vors and
Salmon 2006; Glumac et al. 2010; Bricklemyer et al.
2011; Dong et al. 2012). Figure S1 in the SI shows the
intensity of all the carbon emission lines from sucrose
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Figure 3. Carbon emission lines identified in this work using
spark emission spectroscopy. The spectra correspond to different
particulate carbon mass loadings on the collection electrode.

plotted as a function of carbon mass. Based on the
sucrose data, we assumed that sensitivity will be highest
at 247.856 nm for the other carbonaceous aerosols, with-
out consideration of effects of allotrope or molecular
structure on carbon signal. Therefore, this emission line
was used for all materials studied in this work.

3.2. Plasma characteristics

Figure 4a shows the contour map of the spatial and tem-
poral variation of the carbon emission signal (the spatial
resolution is 0.4 mm and time resolution is 1 us). After
initiation of the plasma, carbon emission only appeared
in the region close to the cathode surface, at 1 us, and
the carbon emission signal was weak. With further evo-
lution of the spark plasma, the carbon plume expands
toward the anode. At 11 ws, the emission signal was
highest at 1.4 mm away from the cathode surface
(Figure 4b), and the carbon plume extended upward
toward the anode surface. After 11 us, the carbon emis-
sion signal intensity decreased rapidly with time. The
lifetime of the plasma was estimated to be about 15 us.
The spatial and temporal trend in spark plasma emission
observed in our system was consistent with those
described in earlier studies on spark discharge formation
and evolution (Walters 1972; Walters and Goldstein
1984). As Walters (1977) noted, when a high voltage
pulse is applied between the electrodes, a conducting ion
channel is first established to induce dielectric break-
down of air and is directed toward the cathode. This con-
ducting channel further spatially expands due to energy
deposition in the interelectrode space, leading to a pulsed
spark discharge. After the energy deposition initiates, the
plasma plume at the cathode surface expands rapidly
due to space-charge effects, while the central conducting
channel rapidly shrinks as the energy deposition in the
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Figure 4. (a) Spatial and temporal signal intensity of carbon emis-
sion line at 247.856 nm from the spark plasma. (b) Variation of
carbon signal intensity as a function of interelectrode distance
along the electrode axis.

interelectrode gap ceases. Our measurements are consis-
tent with these mechanisms of spark discharge formation
and propagation. From these measurements (Figure 4a),
we estimated the transport time of the carbon species
between the cathode and anode to be about 8 us. The
axial velocity of carbon species, defined as the ratio of
inter-electrode distance to transport time between the
cathode and anode, was estimated to be 0.6 mm s .
Axial velocity reported by Walters and Goldstein (1984)
was approximately 1.0 mm s~ for copper species and
0.8 mm s~ for silver in a similar pulsed spark plasma.
The variations in the axial velocity of emission fronts are
perhaps due to differences in spark characteristics, elec-
trode characteristics, electrode configuration, and the
chemical species.

Using a Boltzmann plot, the estimated plasma excita-
tion temperature in our system, based on C II emission,
varied in the range of 15,000-35,000 K depending on the
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interelectrode distance and delay time. The electron den-
sity was estimated by examining Stark broadening of the
H, line (656.28 nm) and was found to be in the range
1.0 x 10"7-2.2 x 10" cm ™. The laser-induced plasma
in our system was not characterized in this study; how-
ever, Harilal et al. (1997) have reported the excitation
temperature in a similar LIBS carbon plasma to be in the
range of 1.6-2.4 eV (equivalent to 18,500-27,800 K), and
an electron density in the range of 1.1 x 10'7-2.1 x 10"/
cm~>. Both plasma types, i.e., laser and spark-induced,
exhibited similar ranges for excitation temperature and
electron density.

3.3. System calibration

The effect of particle size on the carbon signal was
probed before constructing calibration curves for poly-
disperse carbonaceous aerosol. Calibration curves for
sucrose particles of diameter 50 nm, 100 nm, 150 nm,
200 nm, and 300 nm were obtained and compared using
the SES system. Figure 5 shows calibration curves for
various particle diameters over the particulate mass
range of 4-140 ng. To construct these calibration curves,
the mass of particles collected on the electrodes was var-
ied and the corresponding emission signal was recorded
for each mass loading. Three methods were used to vary
the particulate mass loading on the electrode. First, the
mass loading was changed by changing the particle
diameter of the DMA-classified aerosol (Figure 5a). The
second approach involved changing the mass loading by
changing the collection time over which particles accu-
mulate on the electrode, for a given particle size
(100 nm) and aerosol number concentration (Figure 5b,
filled symbols). The third method involved changing the
inlet concentration of the aerosol to change the particu-
late mass loading (while keeping the size and collection
times the same). Figures 5a and b show that within the
range of experimental uncertainty, the sucrose calibra-
tion curves agree well. The method sensitivity (S), based
on the calibration curves, agreed within 15% for these
three methods. The data in Figure 5a also imply that the
emission signal was independent, within the range of
experimental uncertainty, of the particle size deposited
on the collection electrode. This ensures that calibration
curves constructed using monodisperse particles were
applicable when analyzing polydisperse aerosol in the
submicrometer size range investigated.

Calibration curves for organic and inorganic materi-
als, including EDTA, caffeine, Na,COs, carbon black,
and CNT were also obtained using the SES setup. The
slope of each linear calibration curve for different carbon
materials and the correlation coefficients are shown in
Table 1. The sensitivity (S) for carbon measurement was
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Figure 5. (a) Calibration curves for near-monodisperse sucrose
aerosol with different particle diameters: 50 nm, 100 nm,
150 nm, 200 nm, and 300 nm. (b) Calibration curves for sucrose
constructed by changing the collection time and aerosol number
concentration.

highest for CNT, followed by sucrose, carbon black, caf-
feine, Na,COs, and EDTA. The reasons for difference in
sensitivity across the different materials are unknown,
but part of the variability could relate to varying particle
morphology (across different carbon materials), which
indirectly affects the mass loading estimation (which
assumed spherical particle shape). For nonspherical par-
ticles with x > 1, particulate mass calculated using
spherical mobility diameter would lead to an overestima-
tion of calculated mass (Kulkarni et al. 2011), which can
range from approximately 33% at x = 1.1 to 237% at
nonspherical shapes with y = 1.5. This error in mass
estimation may partially explain the difference in sensi-
tivity across particle types, especially for carbon black
and CNT, which were relatively more nonspherical in
shape. Dynamic shape factors of carbon black and CNT
particles were not measured in this study. However,



DSFs of approximately 1.5 for diesel exhaust particles
(Park et al. 2004) and soot particles (d,, = 100 nmy;
Slowik et al. 2004) have been reported for aerosols gener-
ated by the combustion of diesel or gaseous fuel, of
which elemental or black carbon was the main compo-
nent. Ku and Kulkarni (2015) reported a DSF of 1.8 for
CNT particles (d,, = 100 nm) generated by pneumati-
cally atomizing CNT suspension (using the same system
used in this work). Based on these values, a DSF of 1.5
was assumed for carbon black particles and 1.8 for CNT
particles in this study. Since sucrose, EDTA, caffeine,
and Na,CO; aerosol were obtained from dissolved solids,
their DSF was assumed to be 1.

Figure 6 shows a calibration curve for the pooled
data from all carbonaceous materials used in this study.
A single calibration curve was obtained for the entire
data set. The sensitivity of the “ensemble” calibration
curve was 27.9 a.u. ng~', which was about 23% higher
than the lowest sensitivity measured (for EDTA) and
20% lower than the highest sensitivity measured (for
CNT) in this study. The ensemble calibration curve in
Figure 6 is useful for measurement of carbonaceous
aerosol where the nature or structure of the carbona-
ceous matter is not known a priori. The pooled, ensem-
ble calibration curve in Figure 6 captures uncertainties
in atomic emission signal due to different molecular
forms of carbon allotropes, different non-carbon matri-
ces (i.e.,, matrix effect), and uncertainties associated
with the particle collection (i.e., deposited particulate
mass on electrodes).

Using the ensemble calibration curve may lead to an
increased error ranging from 1.4% for sucrose to 23% for
EDTA. The magnitude of this error is comparable to the
uncertainty involved in the measurement of the
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Figure 6. Calibration curves for sucrose, EDTA, caffeine, sodium
carbonate, carbon black, and CNT constructed by SES.
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Table 1. LODs in terms of mass and air concentration obtained
by SES.

LODs*
Air

Sensitivity ~ Mass, concentration, RSD%
Material (S) ng ngm™3 R range
Sucrose 28.3 1.63 241 0.96 7-12
EDTA 22,6 1.94 287 0.99 3-7
Caffeine 25.9 1.70 252 0.96 2-9
Na,CO3 242 1.82 269 0.97 2-14
Carbon black 25.6 1.76 261 0.95 3-11
CNTs 34.8 1.26 187 0.96 3-12
Ensemble 27.9 1.61 238 0.97 2-14

*LOD in terms of air concentration calculated by assuming a collection time of
5 min, flow rate of 1.5 L min~", and collection efficiency of 90%.

calibration curves. The relative standard deviation (RSD)
calculated by three replicate measurements varied in a
range of 2%-14%, as shown in Table 1, representing the
reproducibility of a spectral response when measuring
airborne particles using SES.

We also studied the applicability of LIBS for carbona-
ceous aerosol measurement using the same aerosol col-
lection system. Comparison of calibration curves
obtained from both SES and LIBS methods for carbon
black particles is shown in Figure S2 in the SI. Sensitivity
of both microplasma methods was comparable.

3.4. Limits of detection

As listed in Table 1, the mass LODs range from 1.26 ng
to 1.94 ng. By assuming a collection time of 5 min and a
flow rate of 1.5 L min~"', the LOD in terms of air concen-
tration is in the range 186-287 ng m™>. Much lower
LODs can be achieved by increasing the collection time
and/or flow rate. Obviously, there is a conflict between
LOD and time resolution. However, thermal analysis
methods have higher EC LODs (e.g., typically about
1 ug m~>) and require filter sampling over relatively
long periods, and/or collection at high flow rates (air vol-
umes), to achieve comparable LODs (Turpin et al. 1990;
Rupprecht et al. 1995; Birch and Cary 1996; Schauer
et al. 2003; Bae et al. 2004). Other studies on measure-
ment of carbonaceous particulate matter by plasma spec-
troscopy have reported carbon LODs of 60 ug m™—> or
higher (Vors and Salmon 2006; Lee and Yoh 2012),
which were significantly higher than the LODs found in
our study.

3.5. CNT measurement comparison

SES measurements of unknown CNT aerosol samples
were compared with those from the other commonly
used methods for measurement of carbonaceous aerosol.
Four suspensions with different CNT concentrations
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were prepared and used to generate the test aerosols. The
airborne concentration of carbon in the test aerosol was
determined using our SES system. The ensemble calibra-
tion curve (Figure 6) was used to obtain the carbon par-
ticulate mass deposited on the electrode, which was then
inverted to an air concentration. Parallel and indepen-
dent measurements of the test aerosol were obtained
using two separate methods: (i) NIOSH Method 5040,
and (ii) a portable aethalometer (microAeth®Model
AE51, AethLabs, San Francisco, CA, USA) for “black
carbon” (BC).

As discussed, NIOSH Method 5040 is a thermal-opti-
cal technique that measures elemental and organic car-
bon. In addition to diesel particulate matter (as EC),
Method 5040 has been applied to workplace monitoring
of CNT/CNF (Birch et al. 2011). Because CNT/CNF are
composed of EC, EC is a quantitative measure of air-
borne CNT/CNF (Birch et al. 2011). A manual OC-EC
split is assigned in the 5040 analysis of CNT/CNF as the
relatively large particle size (um-scale as opposed to
nanoscale DPM) and agglomerate structure make the
auto-split unreliable (NIOSH 2013). The portable aethal-
ometer measures optical absorption of BC (ie., light
absorbing) aerosol collected on a filter, at 880 nm wave-
length. However, acthalometer measurements can result
in large bias if the size distribution and refractive index
of the aerosol are vastly different from those of the aero-
sol used for instrument calibration. All three methods
(SES, NIOSH Method 5040, and aethalometer) use dif-
ferent measurement principles. As such, the agreement
between them will depend on the aerosol properties,
including particle size distribution, refractive index, rela-
tive abundance of organic and inorganic carbon, sample
matrix components, particle morphology, and structure.
Figure 7 shows a comparison of CNT aerosol measure-
ments by SES and the aethalometer, with EC determined
by NIOSH Method 5040. SES measurements were, on an
average, 13.8% lower than the EC results determined by
NIOSH Method 5040 (with manual split), while the
average aethalometer measurements were higher by
12.0%. We note that the three methods used in this study
measure different physical or chemical properties of the
aerosol, which, in turn serve as a surrogate measure of
specific carbonaceous component of the particulate mat-
ter of interest. All three methods should agree closely, if:
(i) the same aerosol is used in calibration of all methods,
(ii) all methods are calibrated with respect to the same
reference measurement method, and (iii) particle size/
shape and sample matrix of the unknown sample and
the calibration aerosol are the same. In this study, default
calibrations for both aethalometer and the NIOSH meth-
ods were used. As a result, there was a large difference in
the size distribution and chemical composition of the
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Figure 7. Comparison of carbon nanotube concentrations mea-
sured from SES, aethalometer, and NIOSH Method 5040.

calibration aerosol as well as the calibration approaches
used for the three methods. These factors may explain
the difference in carbon measurements reported in
Figure 7.

3.6. SES measurements at elevated electrode
temperature

Our SES method measures total atomic carbon (TAC),
including the EC and OC fractions in the particulate
sample. To reduce the potential interference of OC (if
present), we examined the effectiveness of SES measure-
ments at elevated electrode temperature. Specifically, the
particle collection electrode was heated to a temperature
of up to 300°C (higher temperatures could not be main-
tained in this study, though they could possibly be
achieved with redesign of the heating elements). The OC
fraction can vary, but it will likely be reduced with
increasing temperature, through various processes such
as evaporation, oxidation, and thermal decomposition.
The degree of OC interference depends on the nature of
the organic matter. Under the thermal conditions of the
electrode surface in our SES system, held at or below
300°C, vaporization is the most likely mechanism for
removing organic compounds from the particulate
matrix on the electrode (Lapuerta et al. 2007). However,
some nonvolatile organic compounds (e.g., sucrose)
could decompose to form volatile components
(Simkovic et al. 2003), and any residue or other nonvola-
tile organic components could preferentially be oxidized
from the electrode. In our system, carbonization of car-
bonaceous particulate matter in an inert atmosphere
does not occur as oxygen is present continuously during
the analysis.



In our tests, particles were first collected at room tem-
perature over a predetermined period, following which
the heater was activated to increase the electrode temper-
ature, which was then held at a set value for 2 min. Sub-
sequently, the spark microplasma was introduced and
the atomic emission signal was recorded using the proce-
dure described earlier. During the particulate sample
heating, a constant air flow rate of 1.5 L min~! was main-
tained through the chamber, which ensured quick
removal of products of evaporation away from the inter-
electrode space. Figure 8 shows the atomic emission sig-
nals for a given initial mass, as a function of electrode
temperature, for the organic (a) and inorganic (b) mate-
rials examined in this study. All organic materials, with
the exception of humic acid sodium salt, show a clear
reduction in signal with increasing temperatures, above
approximately 200°C (Figure 8a). There was no detect-
able particulate carbon on the electrode beyond 300°C
(except for humic acid sodium salt). This behavior is
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Figure 8. Change in carbon signal intensity as a function of elec-
trode temperature for various organic (a) and inorganic (b) carbo-
naceous materials.
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consistent with the fact that these organic materials have
boiling point or decomposition temperatures below
300°C (Wendlandt 1960; Simkovic et al. 2003). However,
the signal from humic acid sodium salt was unchanged,
even when the electrode was heated to 300°C, likely due
to the higher temperature required to remove this mate-
rial (manufacturer specifies a melting point greater than
300°C). We conducted thermal optical analysis of humic
acid sodium salt using the Sunset Laboratory EC/OC
analyzer. The thermal program was modified to conduct
the analysis in the oxidative mode (5% O,/He mixture)
to approximately mimic the oxidative conditions in SES
analysis. No peak was observed below 300°C, implying
that very little mass would be lost from the electrode
below 300°C.

None of the inorganic carbon materials tested showed
a change in the emission signal with increasing electrode
temperature (Figure 8b), but electrode temperatures
higher than 300°C could not be achieved due to design
constraints. Figure 8 indicates that the OC contribution
to the TAC could be further reduced if SES measure-
ments are conducted after heating the electrode beyond
300°C.

It is well known that OC-EC measurement by thermal
analysis techniques is method dependent. Among other
factors, speciation depends on the sample composition,
particle morphology, atmosphere surrounding the sam-
ple, sample substrate and matrix, thermal program,
instrument design (including char correction method, if
used), and nature of the thermal decomposition process
(pyrolysis/combustion/volatilization). Thermal techni-
ques used for OC-EC speciation in airborne particulate
matter have mainly included thermal-optical transmit-
tance (TOT; Birch and Cary 1996; Birch 1998; Peterson
and Richards 2002; Chow et al. 2005; Bauer et al. 2009;
Pavlovic et al. 2014), thermal/optical reflectance (TOR;
Chow et al. 2007; Han et al. 2007; Pavlovic et al. 2014),
thermogravimetric analysis (TGA; Iwatsuki et al. 1998;
Stratakis and Stamatelos 2003; Lapuerta et al. 2007); and
thermal manganese dioxide oxidation (TOM; Fung 1990;
Park et al. 2005). Current methods are mainly based on
NIOSH Method 5040 and similar protocols, which use a
Sunset Laboratory analyzer, or the IMPROVE protocol,
based on a different analyzer design (Desert Research
Institute [DRI], Reno, NV, USA). Some of the OC-EC
methods that have been applied, including direct-reading
methods, and their operating parameters are summa-
rized in Table S3 in the SI. Different sample types can
exhibit varying degrees of carbonization. A major cause
of disagreement between the samples is the extent of car-
bonization and correction for it, which, in turn, depends
on the thermal program and instrument design (Birch
1998). In inert atmosphere, a maximum of 550°C (used
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in the IMPROVE protocol) gives higher EC results than
the Speciation Trends Network (STN) and NIOSH-based
protocols, which typically use 850°C or higher (Birch
and Cary 1996; Birch 1998).

To further probe the degree of selectivity for EC, meas-
urements were conducted on four test aerosols, which
were atomized from four liquid solutions (A-D) of
organic and elemental/inorganic materials mixed in vary-
ing proportions. Composition and liquid concentration of
each component in these solutions are shown in Table $4
in the SI. As the focus was on measurement of EC, only
one source of EC (i.e., CNT) and three sources of OC
(sucrose, EDTA, and caffeine) were used. These mixtures
resulted in EC/OC ratios in the range 1-13 as shown in
Table S4. The carbon particulate mass deposited on the
electrode was obtained based on the ensemble calibration
curve (Figure 6), and then inverted to an air concentra-
tion. Total atomic carbon results from SES measurements
of the test aerosols generated from these four samples (A-
D) were compared with the corresponding EC measure-
ments by NIOSH Method 5040. Results of the compari-
son are shown in Figure 9, at electrode temperatures of
25°C and 300°C. The pie charts in Figure 9 show the
composition of the mixtures as relative fractions of CNT,
sucrose, EDTA, and caffeine in each sample: A, B, C, and
D. The ensemble calibration curve was used to obtain
TAC in SES measurements. The lowest EC concentration
was limited to 12 g m™> in these tests. At this air con-
centration, the detection limits of NIOSH Method 5040
required a minimum of 2 h of sample collection. The test
aerosol was relatively stable during this 2 h period. SES
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Figure 9. Comparison of TAC obtained in this work with EC from
NIOSH Method 5040. The pie charts show relative compositions
of liquid solutions used to generate the test aerosol. The actual
liquid concentrations of individual components in these solutions
are shown in Table S4 in the SI.

measurements (with collection time of 2 min) were
obtained every 30 min during this 2 h period (for each
sample mixture). Each data point in Figure 9 is the aver-
age of four SES measurements. Figure 9 shows linear fits
to data obtained at two electrode temperatures of 25°C
and 300°C. A slope of 1 for these linear fits would indi-
cate excellent agreement between TAC and EC. The figure
shows that, for the carbon concentration range studied,
SES measurements overestimate EC by 6%, 14%, 28%,
and 29% for sample A, B, C, and D, respectively, at 25°C;
whereas they underestimate the EC about 13% at an elec-
trode temperature of 300°C. The TAC at 25°C was
obtained before the separation of OC and EC, such that it
was higher than the EC results from NIOSH Method
5040. In contrast, the TAC at 300°C agreed well with EC
results determined by NIOSH Method 5040, being within
the range of measurement uncertainty. Thus, our study
indicates that TAC measurement at elevated electrode
temperature can improve the selectivity for EC.

The time resolution of our SES carbon measurement
will depend on aerosol sampling flow rate, aerosol con-
centration, and the limits of quantification (LOQ) of the
method. Assuming a flow rate of 2 L min~’, the calcu-
lated particle collection time (corresponding to measured
mass LOD) was in the range of 1-15 min at an air con-
centration of carbonaceous aerosol in the range 0.2-3 g
m™>. Each carbon measurement cycle consists of the fol-
lowing steps: (i) particle collection (~ minutes), (i) wait
time (<30 s), and (iii) repeated ablations of the particu-
late sample and atomic emission measurement (<30 s).
The apparent time resolution (i.e., duty cycle), corre-
sponding to the above particle collection times, therefore
would be in the range of approximately 2-16 min. The
commercially available, semi continuous OC-EC aerosol
analyzer from Sunset Laboratory Inc. has a time resolu-
tion of 30 min to 8 h, and the R&P 5400 Ambient Partic-
ulate Carbon Monitor has a time resolution of 1 h (Lim
et al. 2003). The SES method is capable of providing
more sensitive detection at higher time resolution.

4, Conclusions

Microelectrode-based preconcentration was successfully
coupled with microplasma emission spectroscopy, using
spark plasmas as excitation source, for near real-time
measurement of carbonaceous aerosols. Calibration
curves were obtained for various pure organic and inor-
ganic materials including, sucrose, EDTA, caffeine,
Na,COs, carbon black, and CNT. The measurement sen-
sitivity was found to vary across types of carbonaceous
material for a given excitation source; the difference
between the lowest and the highest measured sensitivity
was about 54%. A single calibration curve could be



obtained by pooling together the calibration data for all
the organic and inorganic carbonaceous materials. The
method intrinsically measures total atomic carbon. It was
shown that selectivity to inorganic carbon can be
improved by conducting measurements at elevated elec-
trode temperatures of up to 300°C. Measurements at
electrode temperatures beyond 300°C should allow fur-
ther improvement in measurement selectivity to engi-
neered carbonaceous nanomaterials. LOD (in terms of
TAC) was found to be in the range of 1.26-1.94 ng,
which corresponds to 187-287 ng m~>, in terms of air
concentration at a sample flow rate of 1.5 L min~' and a
sampling time of 5 min. The reproducibility of spectral
response for laboratory generated aerosol was in the
range of 2%-14%. Measurement of carbon concentration
of test aerosols, generated by using complex mixtures of
organic, inorganic, and CNT material, using our SES
method agreed well with those from the NIOSH method
5040. The SES method presented here has superior sensi-
tivity and time resolution compared to current commer-
cial methods. In addition to carbon, the method is also
capable of measuring several metals of interest to work-
place exposure, which makes it suitable for measurement
of engineered nanomaterials containing metals and car-
bon. The method is particularly well-suited for develop-
ment of low-cost portable hand-held instruments for
personal or mobile aerosol measurement applications.
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