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ABSTRACT: Current methods for quantifying aerosol chemical exposures rely
primarily on filter-based collection and off-line laboratory analysis, resulting in
significant delays in chemical risk assessment. We describe the development and
evaluation of the Tandem Raman and Elemental Aerosol Spectrometer (TREAS), a
compact instrument designed for the near-real-time measurement of trace elemental
and molecular speciation in workplace atmospheres. TREAS employs an automated,
cyclical “collection-analysis-ablation” scheme, in which aerosols are focused onto a dry
spot, analyzed by Raman spectroscopy (RS), and subsequently ablated by pulsed
spark discharges for elemental quantification via spark emission spectroscopy (SES).
Laboratory evaluation using occupationally relevant aerosols in the PM,  size fraction,
specifically crystalline silica (a-quartz) and titanium dioxide (TiO,), demonstrated
mass limits of detection (LOD) that were significantly lower than those of
standardized X-ray diffraction and infrared methods. The LODs for a-quartz were 420
ng (RS) and 900 ng (SES), while LODs for TiO, were 155 ng (RS) and 250 ng (SES).
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Beyond quantification, the tandem approach

provided complementary chemical insights: while SES quantified trace elements, RS can successfully distinguish between the
chromium(VI) and chromium(III) oxidation states in welding fumes. The study demonstrates the potential of TREAS to provide

high-sensitivity, automated, and analyte-specific monitoring of complex aerosol exposures in near real-time.

Bl INTRODUCTION

Exposure to hazardous aerosols in ambient and workplace
environments can pose significant risks to human health."”
The established methods for quantifying aerosol chemical
components, particularly for exposure measurements, rely
primarily on filter-based collection and subsequent laboratory
analysis with various analytical instruments, resulting in lengthy
turnaround times.”* There is a continuing need to develop
field-portable, compact instruments and sensors that enable
analyte-specific quantitative measurements to advance expo-
sure science research.”® On-site rapid analysis is also essential
for immediate hazard identification and mitigation, as well as
for emergency response.

Significant progress has been made in real-time chemical
speciation of aerosol particles.”” Single-particle analysis
techniques, such as mass spectrometric detection methods,
including Aerosol Mass Spectrometers, provide detailed
information on the chemical components and speciation of
aerosols.”"® These measurement tools are indispensable for
atmospheric chemistry studies. More recently, other near real-
time spectroscopic methods have been developed, such as the
X-ray fluorescence methods'' and the infrared absorption
methods.'> However, these are impractical tools (due to their
size, weight, and cost) for field-portable, hand-held, or routine
aerosol-exposure measurement applications, particularly in
indoor air or occupational environments. To address these
needs, our laboratory has been investigating several micro-
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plasma-based atomic-emission techniques suitable for compact,
hand-portable instrumentation for portable field exposure
measurement. These include aerosol analysis using laser-
induced breakdown spectroscopy,'’
wave-induced plasma spectroscopy,'* glow-discharge spectros-

corona-assisted micro-

copy,” and spark emission spectroscopy.'®™'* We have shown
that adequate detection limits for exposure measurements can
be achieved for all relevant particulate metals using a coaxial
electrode system that employs dc corona-based aerosol
collection, followed by ablation with a pulsed spark
discharge.'*™"*
developed and deployed in several field studies. The ability

to simultaneously measure over 25 elements, including carbon,

The compact, hand-held instrument was

at a time resolution of a few seconds to a few minutes and
detection limits of 0.01 to 1 ﬂg/m3 was demonstrated.’® Its
performance was evaluated across different indoor and
workplace settings, and the measurements were compared
with time-integrated filter measurements to demonstrate the
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applicability of the spark-emission-based technique for
particulate-metal measurement.'®

Our work demonstrated that the pulsed spark microplasma-
based technique is particularly suited for developing low-cost,
compact, and robust field instrumentation for aerosol
elemental analysis. The application of this technique has
recently been extended to atmospheric particulate matter
analysis20 and occupational measurement”’ applications.

Several recent studies have employed benchtop or research-
grade Raman systems for quantitative molecular speciation of
aerosols. Raman spectroscopy, while promising,*~>* faces
challenges due to weak scattering, poor sampling statistics,
sample fluorescence background (for complex organic
samples), and the need for relatively high-power lasers and
precision optics, making it impractical for field-portable use.
Some recent portable Raman instruments that collect particles
on filter tape require manual tape replacement, remain bulky,
and have not been fully evaluated, limiting their suitability for
exposure monitoring.”””*® Our recent work has shown that by
concentrating the particulate sample over a small spot,
adequate detection limits for various analytes can be obtained
using commercial field-portable Raman spectrometers.”’ >’

In this study, we describe the design of a compact, hand-
portable Tandem Raman and Elemental Aerosol Spectrometer
(TREAS) instrument that enables aerosol measurement with
high specificity and sensitivity for mixed aerosol exposures in
near real-time, addressing many of the drawbacks of the
traditional techniques discussed above. The instrument uses
two orthogonal spectroscopy techniques in tandem to obtain
atomic and molecular characterization of aerosols. In TREAS,
an automated cyclical scheme involving collection-analysis-
ablation is adopted to obtain continuous measurements using
Raman and Spark Emission Spectroscopy. Raman spectroscopy
(RS) can selectively identify specific vibrational modes of
organic and inorganic substances in chemical, biological, and
particulate aerosols,”*”*" while spark emission spectroscopy
(SES) can be used for elemental identification and
quantitation,'®™"*

TREAS showed low LODs for hazardous workplace aerosols
(a-quartz and titanium dioxide) using both RS and SES
techniques. This was achieved through spot sampling at
modest flow rates and collection times (from a few seconds to
a few minutes for most analytes). Elemental quantification in
TREAS allows application to broad exposure problems. In
contrast, molecular characterization through RS allows high-
specificity measurement involving polymorphs (e.g., SWCNT
v/s graphene), crystallinity (amorphous v/s crystalline silica),
and specific oxidation states (e.g,, distinguish Cr (VI) from Cr
(IIT)). The automated near-real-time capability of the field-
portable TREAS was evaluated by continuously measuring
titanium dioxide aerosol. The instrument design, calibration
process, analytical figures of merit, and quantification and
characterization of field aerosols are presented. We demon-
strate that the tandem technique enables the application of
TREAS to broad aerosol assessment applications involving
complex chemical mixtures, speciation, and oxidation states.

Tandem Raman and Elemental Aerosol Spectrometer

TREAS involves two hyphenated spectroscopic techniques to
provide elemental and molecular composition of airborne
particles and builds on previous methods developed for aerosol
analysis using spark emission spectroscopy'>~'*** and Raman
spectroscopy.”® A “collection-analysis-ablation” scheme is

employed to obtain continuous automated measurements.
Airborne particles are first sampled from the air and collected
as a dry spot on a rotating electrode; the dry spot is then
analyzed by Raman spectroscopy (RS), followed by elemental
analysis using pulsed spark emission spectroscopy (SES).

Instrument Design

The overall layout of the different components of TREAS is
shown in Figure S1 in the Supporting Information. The
instrument consists of three main sections: (a) an aerosol
collection system (ACS), (b) a laser Raman spectrometer, and
(c) a pulsed spark generator and optical emission spectrom-
eter. The components in the system, powered by an onboard
supply, are electronically controlled using an embedded
microcontroller. The data acquisition system (LabVIEW,
National Instruments) allows for automated measurements.
Aerosols are sampled through a converging nozzle onto an
electrode in the ACS. The collected particulates are excited
using a laser source, and the characteristic Raman vibration
modes are detected through the probe. The Raman signal is
recorded by the spectrometer, following which the collected
particles are ablated using a high-voltage spark generator and
measured using the optical emission spectrometers. The field-
portable TREAS instrument prototype measures 28 X 28 X 19
cm (HXWXD) and was fabricated using commercially
available optical spectrometers. The prototype instrument is
shown in Figure S1 in the Supporting Information.

The overall measurement scheme comprises the following
cyclical procedures: (i) the collection of aerosol particles on
the electrode within the ACS for a specified duration, (ii) a 90°
counterclockwise rotation of the electrode, (iii) the acquisition
of Raman spectra at predetermined signal integration times
followed by spectral analysis for quantification of aerosol mass,
(iv) an additional 90° counterclockwise rotation of the
electrode (i.e, 180° rotation with respect to initial orientation
in step (i) above), (v) the removal of the sample via ablation
accompanied by the simultaneous acquisition of emission
spectra, and (vi) the return to the initial position, as described
in the next section.

Aerosol Collection System (ACS)

The aerosol collection method relies on impaction-based
collection. A cross-sectional view of the ACS used in the
instrument is shown in Figure la. Airborne particles are
collected using a size-selective inlet. A PM, 5 inlet was used in
this study to ensure compatibility with other reference
instruments, such as QCM impactors; however, respirable or
thoracic inlets can also be used depending on the application.
Subsequently, size-selected aerosol particles are focused onto a
tungsten collection electrode through a converging nozzle with
an orifice diameter of 0.5 mm for a predetermined time. The
collection electrode offers a narrow planar surface, facing the
nozzle orifice, to facilitate particulate deposition through
impaction, as shown in the inset in Figure la. At a flow rate
of 0.5 L min~’, the collection efficiency of the nozzle, obtained
via finite-element simulation of flow and particle transport
(COMSOL), reduced below 50% for particles smaller than
0.75 um (Figure S2 in the Supporting Information).

The single-stage nozzle used in this study was modified from
the one used in a previous study’” to obtain a smaller spot
sample in TREAS. Experimental and theoretical (obtained
using fluid-dynamic simulations) collection efficiency curves in
Zervaki et al.”” were in reasonable agreement for both a single-
stage converging nozzle and a much more complex multistage
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Figure 1. (a) A cross-sectional view of the Aerosol Collection System (ACS) within TREAS is shown. Airborne particles are sampled onto the
collection electrode through a converging nozzle. The collected particles are first analyzed with the Raman probe, followed by atomic emission
analysis during pulsed spark discharge. An inset at the top right shows a magnified view of the nozzle exit and electrode region. The rotating
collection electrode acts as the cathode, while the bottom coaxial electrode serves as the anode during spark discharge (b) Rotational sequence of
electrode orientations in TREAS used for particle collection, Raman analysis, spark ablation, and atomic emission analysis.

nozzle. We did not experimentally measure the collection
efficiency of the modified nozzle used in TREAS; however, we
assumed that the modeled collection efficiency (shown in
Figure S2 in Supporting Information) is a good approximation.

The rotating electrode (1.5 mm diameter and 56 mm long;
Knd3981, ESPI Metals, Ashland, OR) is driven by a geared
stepper motor (model 42M048C2B-R21, Portescap, West
Chester, PA) with a rotational step size of 0.75°, serving as the
cathode for spark discharge generation. The aerosol flow
through the ACS is driven by a miniature pump (Premotec
BL30 EB, Allied Motion, Amherst, NY) that is maintained at a
specified flow rate using a proportional-integral-derivative
(PID) controller with feedback from a flowmeter.

Raman Measurement

Following a 90° rotation of the collection electrode, the
particulate sample deposited on the electrode is subjected to
analysis via Raman spectroscopy, as shown in Figure 1b,
utilizing an integrated Raman probe that provides the
excitation source and collects the Raman signal, a laser source,
and a spectrometer (Model WP 78S, Wasatch Photonics,
Morrisville, NC). The Raman probe is incorporated with the
ACS, with the excitation laser incident perpendicularly to the
planar collection surface of the electrode. The distance
between the probe and the collection surface is maintained
at 22 mm. The excitation wavelength employed is 785 nm,
with a maximum output power of 450 mW and a focal spot
diameter of 120 um. The spectrometer records the intensity
over Raman shifts from 235 to 2000 cm™' at a spectral
resolution of 6 cm™. A 3 s integration time was used to
optimize the signal-to-noise ratio for the materials analyzed.
Raman spectra were acquired at the maximum laser power.

Elemental Measurement

Once the Raman analysis is completed, the collection electrode
is rotated a further 90° (180° from the initial orientation used
for aerosol collection; Figure 1b) to face the high-voltage
electrode (a sharp tungsten electrode; Knd3981, ESPI Metals,
Ashland, OR) with a tip diameter of approximately 10 ym. The
particulate sample (deposited on the collection electrode) is

11925

ablated using a sequence of pulsed spark discharges between
the collection electrode (cathode) and the tungsten electrode
(anode), using the high-voltage pulse generator (Firefly,
Cascodium Inc., Andover, MA) with an output energy of
200 mJ/pulse and a frequency of 1 Hz. The atomic emission
signals from the ablated particles were collected through two
optical fiber cables (FCRL-7UV100—0.45-SR, Avantes Inc.,
Lafayette, CO) placed orthogonally coplanar to the Raman
probe. These fibers are connected to two spectrometers
(AvaSpec-Mini2048CL, Grating: MN18000—0.25, from 290—
450 nm/Grating: MN18000—0.5, from 450—590 nm, Avantes
Inc., Lafayette, CO). A delay time of S ys and a gate width of
1000 us were used.

A total of 60 spark pulses were employed to acquire the
cumulative atomic emission signal from each ablation event.
An additional 40 spark ablations were introduced to clean the
electrode and prepare it for subsequent sample collection
cycles. For each collection shot, the instrument records a single
emission spectrum by integrating the outputs of two
spectrometers covering the entire wavelength range. The
resultant spectrum is subsequently baseline-corrected utilizing
the Savitzky—Golay Coupled Advanced Rolling Circle Filter
(RCF) algorithm.

B MATERIALS & METHODS

Instrument Calibration

Aerosols comprising a-quartz (Min-U-Sil S, US Silica Company,
Berkeley Springs, WV) and titanium dioxide (Ti-Pure, C35R4,
DuPont Chemicals, Wilmington, DE) were generated for instrument
calibration purposes utilizing a fluidized bed aerosol generator (model
34004, TSI, Inc., Shoreview, MN), as shown schematically in Figure
S3 in the Supporting Information. The fluidized bed was operated at
an air flow rate ranging from 10 to 12 L min~’, with 3.5 L min™’
directed toward a PM, ; personal sampling cyclone (BG14L/BGI4CP,
Mesa Laboratories Inc., Lakeview, CO), while the excess airflow was
exhausted through a HEPA filter. The outlet of the PM, 5 cyclone was
connected to a quartz crystal microbalance micro-orifice uniform
deposition impactor (QCM MOUDI impactor model 140, TSI Inc.,
Shoreview, MN) and the TREAS. TREAS was operated at 0.5 L
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min~}, whereas the QCM MOUDI drew 3 L min™’. To account for
the total operational flow rate of 10 L min™" for the QCM impactor,
additional HEPA-filtered air was supplied at 7 L min™" using a mass
flow controller. The QCM impactor measures the mass of aerosols
with aerodynamic diameters between 0.045 and 2.44 um (PM,) in
real time. The aerosol mass collected on the electrode was calculated
from the total mass accumulated and recorded by the QCM over a
specified period prior to Raman and emission spectral data
acquisition.

Raman spectra used to construct the calibration curve were
averaged from five measurements per aerosol sample collection cycle.
A S-point Fast Fourier Transform (FFT) algorithm was employed to
smooth the instrument’s average raw data. Each smoothed spectrum
was corrected for baseline using the anchor point obtained via the
second-derivative method and connected through spline interpola-
tion.

The Raman spectrum acquired from the background- specifically,
the bare tungsten electrode- showed peaks at 449, 495, and 608 cm™},
which interfered with the a-quartz and TiO, peaks of interest at 465
and 610 cm™, respectively. Peak deconvolution was applied within
the Raman shift range of 356—550 cm™ to isolate the a-quartz at 465
cm™". However, deconvolution was not effective for the TiO, peak at
610 cm™, since it lies too close to the background peak at 608 cm™.
Therefore, the background peak was subtracted from the spectra of
the TiO, calibration samples, to isolate the corresponding Raman
intensity. The baseline-corrected peak height at the Raman shift of
interest was utilized to generate the calibration curves for TiO, and a-
quartz.

The peak height from the spark emission spectra, determined as the
difference between the instrument response and the average
background intensity at the wavelength of interest for a specific
element, was employed to construct the calibration curves.

Field and Laboratory Test Aerosol

Performance of TREAS was investigated using representative
workplace aerosol samples. Instrument’s measurement sensitivity
was probed using aerosolized samples of @-quartz-containing dust
(obtained during stone grinding operations) and TiO,. The
instrument’s specificity for other analytes was also examined using
aliquots of colloidal suspensions deposited directly on the collection
electrode of TREAS as described below.

Crystalline Silica-Containing Workplace Aerosols

Aerosols from commercial engineered stone products (A and B) were
generated in the wind-tunnel test chamber by manual grinding using a
hand-held pneumatic angle grinder (GPW-216, Gison Machinery Co.,
Ltd., Taiwan) equipped with a medium grit segment cup wheel
(Model S-04HDZGX3-M, 4-in. Dia., turbo rim, Diamond Vantage,
Irvine, CA). These aerosols have been shown to contain crystalline
silica, posing significant health risks.*> The operation of the test
chamber and the test protocol for generating aerosols from
engineered stone are described in detail elsewhere.”* Briefly, this
wind-tunnel-like laboratory testing system was designed (in
accordance with European Standard EN 1093-3) and housed an
automated testing chamber that simulated the emission of aerosol
particles generated during the grinding of materials. The airflow
through the automated testing chamber was approximately 0.17 m*/s
and was monitored using a calibrated Delta tube and micro-
manometer. Isokinetic sampling ports ensured representative size-
selective sampling and measurements. Incoming air was filtered
through prefilters and HEPA filters to remove background particles
and maintain uniform airflow.

The aerosol generated from the grinding of engineered stone A (in
the wind tunnel chamber) was directly sampled into the TREAS inlet.
Aerosol from engineered stone B could not be directly sampled in
real-time by TREAS due to logistical constraints. Instead, the settled
dust on the chamber floor from grinding the engineered stone B was
collected and subsequently aerosolized in the laboratory using the
vortex-shaking method* to obtain the test aerosol.

A sample of fracking sand dust (FSD) collected at an oil and gas
extraction site’® was utilized as a representative occupational

aerosol. The physicochemical and biological properties of FSD have
been documented in previous studi_es.%’37 FSD was aerosolized
employing the vortex-shaking method®® to prepare the test sample. All
aerosols were collected for 2 min (i.e,, sampling time), followed by
spectral analysis using TREAS.

Carbonaceous Aerosols

Carbon-based materials such as multiwalled carbon nanotubes or
MWCNTs (OH Functionalized, Outer diameter 10—30 nm, US
Research Nanomaterials, Inc, Houston, TX),>® Diesel Particulate
Matter or DPM (NIST SRM 2975; U.S. Department of Commerce,
NIST, Gaithersburg, MD), and carbon black (REGAL 400R, Cabot
Corporation, Billerica, MA)I7 were suspended in ultrafiltered DI
water and directly pipetted onto the TREAS electrode. Spectra were
acquired once the sample dried.

Welding Aerosols

An aqueous solution containing hexavalent chromium (NIST SRM
2109; U.S. Department of Commerce, NIST, Gaithersburg, MD) and
an aqueous suspension of trivalent chromium oxide powder (393703-
100G, Sigma-Aldrich, Saint-Louis, MO) were directly pipetted onto
the TREAS collection electrode. The hexavalent chromium was used
to obtain a spark emission spectrum, while the trivalent chromium
oxide powder was used to obtain both Raman and spark emission
spectrum. All spectra were acquired after the deposited aliquots had
dried at room temperature. A stainless steel welding fume reference
material (HSE SSWF-1; Health and Safety Executive, United
Kingdom) was used to assess TREAS’s ability to speciate metals in
welding aerosol, using both RS and SES. The aerosolized welding
fume sample was generated using a medical nebulizer (Salter 8900
Series; Salter Laboratories, Arvin CA), containing a 1 g Lt
suspension of the welding fume material and operated at a flow rate
of 4—5 L min~". The droplet stream was dried through a sequence of
diffusion dryers, and the dried particles were sampled by TREAS,
deposited onto the collection electrode, and subsequently analyzed.
Finally, the Raman spectra of chromite (FeCr,04) sourced from
California, USA, and crocoite (Pb(CrO,)) sourced from Dundas,
Tasmania, were obtained from the literature, with an excitation
wavelength of 780 and 785 nm, respectively (ID R110060 and ID
R040053).*

B RESULTS AND DISCUSSION

Calibration Curves for Titanium Dioxide and a-quartz
Aerosols

The calibration curves for TiO, are shown in Figure S4 in the
Supporting Information. The Raman (red symbols) signal
(using peak height at 610 cm™") and the atomic emission (blue
symbols) signal (using the 498.2 nm line) as a function of
titanium dioxide (closed circles) mass collected on the TREAS
collection electrode are used to construct two calibration
curves (corresponding to RS and SES). The Raman mode at
approximately 610 cm™ corresponds to the antisymmetric
bending vibration of O—Ti—0,*~* while the emission line at
4982 nm is associated with the 3d*(4F)4p to 3d*(4F)4s
transition.*”

We note that the mass of analyte calculated to construct the
calibration curve in this study is the gravimetric mass of the
analyte derived from its air concentration measured at the inlet
using a real-time QCM impactor, the sampling flow rate, and
the duration of sample collection by TREAS. Additionally, it is
assumed that the impaction collection efficiency is 100%, an
assumption that may not be valid depending on the aerosol
size distribution being sampled. Notably, the collection
efficiency of the nozzle-electrode system decreases significantly
for particles with diameters less than 0.75 ym (Figure S2 in the
Supporting Information). Assuming complete collection could
therefore introduce substantial calibration errors, especially if
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Figure 2. (a) Raman (left) and (b) emission (right) spectra of aerosols from engineered stone A, (c) Raman and (d) emission spectra for
engineered stone B, and (e) Raman and (f) emission spectra for FSD, measured using TREAS. Raman spectrum of engineered stone A in (a) is

corrected using the background spectrum.

the aerosol contains a significant proportion of fine or ultrafine
particles smaller than 0.75 ym in diameter. The calibration
aerosols employed in this study have a much larger geometric
mean diameter, with only a minor fraction of mass below 0.75
um, which will likely minimize this error.”~* As discussed
later, we acknowledge that the size-dependent collection
efficiency of the impaction-based collection used in TREAS
is a limitation. These limitations are being addressed by
incorporating a more efficient, high-throughput aerosol
collection method.*>*’

The calibration curves for crystalline silica are also shown in
Figure S4 in the Supporting Information. The Raman signal
(using peak height at 465 cm™") and the emission signal (using
the 288.2 nm line) were plotted as a function of the a-quartz
(open circles) mass deposited on the collection electrode of
TREAS. The Raman mode observed at approximately 465
cm™! is associated with the symmetric stretching-bending of
Si—0—Si,””** while the emission line at 288.2 nm corresponds
to the 3s* 3p4s to 3s*3p” transition,*”

The calibration curve was generated by depositing varying
quantities of particulate mass from the aerosol containing the
analyte. Deposited mass was varied by changing the sample
collection time at a fixed aerosol concentration and flow rate.
An alternative method would be to vary the inlet aerosol
concentration and calibrate the spectroscopic signal directly to
the analyte’s known inlet air concentration. However, varying
analyte air concentrations over 2 orders of magnitude posed
several experimental challenges and could not be used in this
study. The fluidized-bed technique used to aerosolize the
reference materials required maintaining a relatively narrow
range of sample flow rate to ensure stable operation. Each
calibration curve in Figure S4 in the Supporting Information
was fit using a linear regression model (least-squares
approach), y = Sx + ¢, where S is the slope of the calibration
(i.e., sensitivity), and c is the y-intercept. When ¢ < 0, the fit
was forced through zero. The fit parameters are tabulated in
Table S1 in the Supporting Information. The mass LODs were
obtained by computing the standard error of the regression,

o= (X6 —»"/n-

2))"/%, where n represents the
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number of data points (listed in Table S1 in Supporting
Information), while  represents the predicted response. The
detection limits were computed using LOD = 30,/ 8.0

The mass LODs of TREAS for TiO, were determined as
155 (£5) ng and 250 (+30) ng using RS and SES, respectively.
The mass LODs for a-quartz were 420 (+30) ng and 900
(£100) ng using RS and SES, respectively. These mass LODs
are equivalent to LODs in terms of air concentration of 42 pg/
m® (using RS) and 90 ug/m* (using SES) for a-quartz and
15.5 ug/m* (using RS) and 25 ug/m® (using SES) for TiO, (at
a flow rate of 0.5 L min~" and 20 min sample collection time).

Comparing the mass LODs of TREAS for a-quartz in this
study with those reported in the literature may be challenging,
as variations in sample configuration, signal integration times,
and spectrometer settings complicate meaningful comparisons.
The LOD of a-quartz via Raman spectroscopy (0.42 ug)
appears to be marginally higher than the method LODs
reported by Stacey et al. using benchtop Raman instruments
(0.26 yg).23’24 However, there are significant differences in
signal integration time (3 s in this study versus 7 s by Stacey et
al.”>**) and the instrumentation employed (portable CCD
spectrometers in this study versus a research-grade benchtop
instrument used by Stacey et al.”>**). The detection limit of
TREAS using Raman for a-quartz appears to be comparable to
that reported by our research group using a portable Raman
spectrometer. In our previous study,”’ we reported LOD of
0.49 ug for a-quartz when employing a probe-based Raman
system with a S s signal acquisition time. Variations in LOD
across different studies may not be statistically significant,
given differences in spot size, signal acquisition time,
measurement methodologies, and the laser and spectrometer
specifications used in these investigations. The detection limit
of Si (as SiO,) using SES of 900 ng corresponds to a detection
limit of elemental Si (as atomic Si) of 420 ng. In our previous
study,'® we reported a detection limit for elemental Si of 0.8
ng, utilizing a comparable pulsed spark emission spectroscopy
method, which is approximately 3 orders of magnitude lower,
albeit with a markedly different and more efficient aerosol
microconcentration technique.
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Table 1. Analyte Mass (m,) in Workplace Aerosols Estimated using RS and SES Measurements in TREAS®

source material analyte SES
mass, m, (ng) air conc. (ug/m?) mass, m, (ng) air conc. (ug/m®)
engineered stone A TiO, 700 (+30) 70 (£3) 320 (+60) 32(%6)
a-quartz N.D. ; 1700 (+300) 170(£30)
engineered stone B TiO, N.D. - N.D. -
a-quartz <LOD <LOD 1200 (+200) 120(+20)
ESD TiO, N.D. - N.D. -
a-quartz 1300 (£200) 130 (+20) 1500 (+200) 150(+20)

“The air concentration of analyte (mptc_ch_l) was calculated assuming a collection time, t., of 20 min. The collection flow rate, Q. was 0.5 L
min~". For reference, the Permissible Exposure Limits (PELs) of an 8 h time-weighted average set by the Occupational Safety and Health
Administration (OSHA) for TiO, and a-quartz are 15 mg m~and 50 pg m~>, respectively.”®

The detection limit of TREAS of 250 ng (as TiO, when
using SES) corresponds to an elemental Ti detection limit of
150 ng (as atomic Ti), which is approximately 2 orders of
magnitude greater than the value reported in our previous
study (1.1 ng).'® As previously noted, this disparity is likely
attributable to the superior aerosol collection technique used
previously.

The SES signal for TiO, and a-quartz saturated above mass
loadings of 550 ng and 1600 ng, respectively (as shown in
Figure S4 in the Supporting Information). However, a
combination of both spectroscopies enhanced the dynamic
measurement range for these aerosols in TREAS.

It is noteworthy that the detection limits of analytes in
TREAS for air concentrations are substantially higher than
those reported in our prior studies using comparable
methodologies. This discrepancy is primarily attributable to
the low aerosol sample flow rate and the reduced sample
collection time employed. Longer collection periods can
facilitate lower detection limits in terms of air concentration;
for instance, increasing the sampling duration from 20 to 200
min could proportionally decrease the limits of detection by a
factor of 10.

Quantification of Silica and Titanium Dioxide in
Workplace Aerosols

The analytical performance of TREAS was assessed using test
aerosols that were generated from or collected during
workplace activities and contained an occupationally relevant
particulate matrix and composition. Three aerosols containing
quartz and trace amounts of TiO, were employed: engineered
stone A, engineered stone B, and FSD. The Raman and
emission spectra for each aerosol are shown in Figure 2.
Engineered stones primarily consist of crystalline silica, with
titanium dioxide frequently used as a pigment.

Figure 2a,b show the Raman and the emission spectra,
respectively, of engineered stone A. Raman spectra exhibited
vibrational modes at 449 cm™ and 610 cm™ (in Figure 2a,
shown after back§round subtraction), commonly associated
with rutile TiO,,”' whereas emission spectra of engineered
stone A showed the presence of elemental silicon, titanium,
and copper (Figure 2b). The TiO, RS peak at 449 cm™
partially overlaps with the a-quartz peak at 465 cm™'. In
TREAS, the Raman measurement sensitivity for TiO, is
approximately 23 times greater than that for a-quartz (based
on the ratio of the corresponding calibration slopes); thus, the
a-quartz peak at 465 cm™' is obscured by the much stronger
TiO, peak at 449 cm™'. Therefore, a-quartz in engineered
stone A was quantified using the SES calibration (in Figure S4
in the Supporting Information), as shown in Table 1. Based on

RS, the quantified TiO, mass was 700 (+30) ng while the SES
measurements yielded a TiO, mass of 320 (+60) ng. The
observed discrepancy between the mass measured by RS and
SES is attributed to saturation of the SES calibration curve at
concentrations exceeding 550 ng, and the greater spread of
measured intensities within the 95% confidence interval in
Figure S4 in the Supporting Information.

Figure 2c—f show the Raman and emission spectra of
engineered stone B and FSD. Engineered stone B and FSD
contained elemental silicon, as indicated by the SES spectra
(Figure 2d,f). The presence of a-quartz was confirmed through
deconvolution of the RS spectra shown in Figure 2c,e. The
deconvoluted SiO, peak was obtained by assuming the
presence of three known Raman features within the 356—
550 cm ™' range: two background peaks at 449 and 495 cm™,
and the a-quartz peak at 465 cm™', with no additional
interfering peaks in this spectral region. The two background
peaks were modeled with fixed area and full width half-
maximum (FWHM), as listed in Table S2 in the Supporting
Information. According to Table S2 in the Supporting
Information, the FWHM of the a-quartz RS peak across all
calibration samples was independent of mass loading, and
ranged from 27 to 35 cm™’, with an average value of 30 (+3)
cm™'. This FWHM value was therefore held constant during
the deconvolution in Figure 2c,e), leaving the peak area at 465
cm™" as the only free fitting parameter.

The Raman intensity measured from the deconvoluted a-
quartz peak in engineered stone B (Figure 2c) was outside the
intensity range of the calibration curve of Figure S4 in the
Supporting Information, requiring extrapolation toward lower
mass loadings. However, a-quartz calibration samples with
mass loadings <770 ng did not yield any detectable Raman
intensity; thus, a-quartz present in engineered stone B could
not be quantified using RS. In contrast, SES measurements
yielded a SiO, mass of 1200 (£200) ng, sufficient, in principle,
to be detected by RS. The presence of amorphous silica as
recycled glass in engineered stones,>*> which can be detected
as elemental silica in emission spectroscopy, but does not
contribute to the 465 cm™ Raman vibration mode could
explain the observed discrepancy. This discrepancy may also
stem from the assumptions required for the deconvolution
(e.g, fixed background peak parameters) or from potential
interference by secondary compounds not accounted for in the
deconvolution model. Such discrepancies highlight the need
for onsite orthogonal analytical techniques to reliably detect
and quantify hazardous aerosols. On the other hand, RS and
SES were in good agreement for the FSD sample, yielding
1300 (+200) ng of a-quartz and 1500 (+200) ng of SiO,,
respectively (Figure 2e,f).
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Figure 3. Raman (left) and emission (right) spectra of carbonaceous aerosols measured using TREAS— (a,b): carbon black; (c,d): CNT; and (e,f):

DPM.

In Figure 2c the Raman spectrum shows a peak at 615 cm™/,
which, after deconvolution resolved into three peaks at 585,
617, and 645 cm™'. None of these corresponds to the
characteristic TiO, Raman peak. Similarly, in Figure 2e, an
observed peak at 610 cm™' was deconvoluted into four
components at 582, 600, 625, and 649 cem™! - again, none
corresponding to the expected TiO, vibrational mode.
Therefore, RS was unable to quantify TiO, in either
engineered stone B or FSD.

SES results likewise indicated the absence of elemental
titanium in both materials (Figure 2d,f). This finding is
consistent for engineered stone B, but not for the FSD sample,
as elemental Ti was detected in the FSD sample by ED-XRF
analysis (Table S3 in the Supporting Information for ED-XRF
elemental composition). FSD also contained other minerals
such as Fe, as indicated by SES and verified by ED-XRF
analysis; whereas any TiO, present in FSD was likely at trace
levels below the detection limits of RS (<155 ng) and SES
(<250 ng).

Specificity of Measurements for Other Analytes

The specificity of the measurement in other occupationally
relevant aerosol matrices was probed by directly depositing the
analyte-containing sample onto the collection electrode of
TREAS. RS and SES spectra of carbon black are shown in
Figure 3a,b, of MWCNTs in Figure 3c,d, and of DPM in
Figure 3e,f, as measured using the TREAS. All carbon-based
materials, irrespective of whether they are amorphous or
crystalline, exhibit characteristic first-order Raman peaks at
approximately 1310 cm™ and 1600 cm™ (Figure 3a,c and e;
commonly referred to as the D and G bands, respectively).”*>
The G band is attributed to the stretching of a bond
connecting two sp” sites arranged in either olefinic chains or
aromatic rings, while the D band arises from breathing
vibrations of 6-fold aromatic rings.’® The presence of
elemental silicon in carbon black (Figure 3b) is likely due to
tetraethyl orthosilicate used in its production,”® while the Ni
signal may be due to metal impurities in the feedstock.””
Elemental Ni in Figure 3d was likely from the substrate used in
CNT production.‘8 Elemental Cu, Mn, and Ti in DPM
(Figure 3f) were detected using SES,"” while the characteristic
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emission line for carbon lies beyond the wavelength range of
the optical spectrometer used in TREAS. Instead, the carbon
content in these aerosols can be quantified using either the D
or G Raman bands, as shown earlier.”” Selectivity to a specific
type of carbonaceous component (e.g, polymorph) may not
be possible based on just the Raman spectra, as all polymorphs
exhibit D and G bands. The elemental markers from SES,
specific to the particulate matrix, could possibly be used to
narrow down chemical specificity.

Stainless steel welding fumes may contain a range of metal
oxides and spinel-type oxides, including Fe;0,, Fe,0;, Mn;0,,
Mn,0O;, Cr,05, and FeCr,0,, among others.”” > Among these
species, hexavalent chromium [Cr(VI)] compounds are of
particular concern, due to their acute health risks, and are
therefore often the primary analytes of interest in particulate
matter speciation.63’ *

Figure 4 shows the Raman spectra of chromium species
representing different valence states, along with the Raman
spectrum obtained from the aerosolized welding fume
reference material (referred to here as welding aerosol).
Cr,0; (Figure 4a) and Cr,0,>" (Figure 4b) contain chromium
in the trivalent oxidation state [Cr(III)], whereas CrO, >
(Figure 4c) contains chromium in its hexavalent state
[Cr(VI)]. The primary characteristic Raman peak of Cr,O,
appears at approximately 554 cm™', corresponding to the
symmetric Cr—O stretching in octahedral coordination (A,
vibrational mode).”> A weaker band is observed at 617 cm™,
attributed to the Cr—O stretching mode.®® In Figure 4b, the
main characteristic peak of Cr,O,*” associated with the
symmetric Cr—O stretching of octahedra CrOy, is shown at
approximately 694 cm™', with a shoulder peak at approx-
imately 650 cm™.070% Figure 4c shows the strongest Raman
peak of CrO,*” at 839 cm™', which corresponds to the
symmetric Cr—O stretching (Alg vibrational mode).”” The
characteristic Raman bands of Cr,O; and Cr,0,7%, both
containing trivalent chromium, and that of CrO, %, containing
hexavalent chromium, are distinct and can therefore be used to
speciate the two oxidation states.

The Raman spectrum of the aerosolized stainless steel
welding fume reference material is shown in Figure 4d. The
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Figure 4. Raman spectra of chromium-containing aerosols measured
using TREAS: (a) Cr,0; (Cr(Ill)), (b) Cr,0,*~ (Cr(I)), (c)
CrO,>~ (Cr(VI)), and (d) stainless steel welding fumes. Raman
spectra of Cr,0,>7(FeCr,0,) in (b) and CrO,>~(Pb(Cr0O,)) in (c)
were obtained from the literature.*®

main characteristic peak of CrO,*~ does not appear, indicating
the absence of detectable hexavalent chromium in the welding
fume sample. However, trace amounts of Cr (VI) could still be
present below the detection limits of TREAS. A peak appearing
at approximately 688 cm ™, obtained after deconvolution of the
broader feature near 649 cm™', may correspond to the
symmetric Cr—O stretching of octahedra CrOg in Cr,0,*”
(Figure 4b). The characteristic peak of Cr,O; is also not
shown in Figure 4d.

Figure 5 shows the SES spectra of chromium-containing
reference materials and the welding fume sample. Figure Sa,b

@ /Cr\\
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Figure 5. SES spectra of chromium-containing aerosols measured
using TREAS: (a) Cr,0;; (b) aqueous Cr (VI) solution; (c) stainless
steel welding fumes. The inset in (c) shows a magnified view of the
shaded region of the main spectrum, highlighting the three
characteristic chromium emission peaks.

show the elemental signatures of Cr,O; and aqueous
hexavalent chromium solution, both exhibiting the same
three characteristic Cr peaks at 312, 312.4, and 313 nm. The
SES spectrum of the stainless steel welding fume (Figure Sc)
also shows these three Cr peaks, confirming the presence of
chromium in the aerosol sample.

The absence of the characteristic CrO,>~ Raman peak and
the presence of a potential Cr,0,’” band indicate that
chromium in the stainless steel welding fume is predominantly
in the trivalent oxidation state. The remaining deconvoluted
Raman peaks in Figure 4d are likely due to interference from
other weldin% fume matrix components such as Fe;O,, Fe,O;
and Mn3,O4.3 The presence of elemental Ni, Cu, Mn, Cr, and
Ti detected by TREAS (Figure Sc) is consistent with
previously reported stainless steel welding fume composi-
tions’’ and with our ED-XRF analysis of the same sample
(Table S3 in the Supporting Information). Overall, these
results demonstrate the utility of TREAS for aerosol measure-
ments, particularly in applications where specificity with
respect to chemical speciation or oxidative state is desirable.

Near-Real-Time Automated Measurement with TREAS

Titanium dioxide aerosol was used to assess TREAS’s
continuous, automated measurement capability for capturing
variation in transient aerosol concentration. TiO, powder was
aerosolized using a fluidized-bed aerosol generator. The
concentration of the resulting TiO, aerosol was varied at 1
min intervals. Figure 6 shows continuous measurements of the
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Figure 6. Short-term measurement of titanium dioxide aerosol
concentration using TREAS in a transient aerosol simulating work
activity. The aerosol concentration was also simultaneously monitored
using the field-portable DustTrak DRX monitor. RS and SES
measurements were collected at a 1 min time resolution, while the
DRX monitor had a 1 s resolution.

mass concentration of the titanium dioxide aerosol monitored
with a DustTrak DRX Aerosol Monitor (model 8533, TSI Inc.,
Shoreview, MN, USA), while consecutive 1 min samples were
collected for RS and SES analysis in TREAS. This collection
time was sufficient to measure above the LOD of RS and SES.
In Figure 6, the solid black curve shows the real-time total
aerosol mass concentration measured by the DRX aerosol
monitor (left axis). The time resolution of DRX monitor was 1
s, significantly higher than that of TREAS (1 min). The dashed
red and blue curves show the measured TiO, concentration
measured by TREAS using RS and SES (right axis). The
TREAS captured variation in aerosol concentration, consistent
with DRX measurements, demonstrating its ability to obtain
continuous, automated, near-real-time measurements. Con-
centration measured by TREAS using RS agrees reasonably
well, given the differences in measurement techniques between
the two instruments (optical counter versus spectroscopy) and
the particle size ranges sampled by both instruments. Notably,
the agreement between SES and TREAS measurements was
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poor, particularly at higher concentrations. We believe this was
due to particulate mass loading beyond the calibration curve’s
working range (loadings >550 ng, as noted previously and
shown in Figure S4 in the Supporting Information), resulting
in saturation of the SES spectrometer.

Measurement Uncertainty

Multiple factors impact the overall uncertainty in the
quantification of analytes using TREAS. The primary sources
of uncertainty include variations in sampling flow rate, aerosol
size distribution, the intensity of the Raman excitation laser,
HV spark characteristics, CCD spectrometer noise, and the
rotational and alignment precision of the collection electrode.
Since rotational accuracy is specific to TREAS and
distinguishes it from other well-characterized, controllable
factors, it was investigated further to assess its influence on
spectroscopic measurement uncertainty. Since TREAS involves
cyclic rotational movements in both clockwise and counter-
clockwise directions, cumulative errors in the rotational angle
can alter the orientation of the planar collection electrode
relative to the nozzle, excitation laser, or anode, consequently
influencing aerosol mass collection or spectroscopic signal
measurement. The collection electrode was subjected to
repeated rotations of 100, 500, and 1000 cycles to evaluate
cumulative orientation changes, which were determined to be
negligible. Furthermore, the electrode was intentionally
misaligned by 5°, and the resulting variation in the Raman
signal was measured relative to the baseline orientation of 0°,
which resulted in an uncertainty of 10—15% in the measured
RS signal.

The uncertainty associated with the Raman calibration curve
derived from the standard error of the regression was estimated
at 4—5%. When these factors are considered collectively, the
resulting combined uncertainty ranges from 11% to 16% for
mass measurement via RS. Similarly, the 5° misalignment led
to an uncertainty of 7% in the measured SES signal. This
uncertainty, combined with the uncertainty in the slope of RS
calibration curves (5—13%), resulted in a 9—15% uncertainty
in mass measurement via SES. The uncertainty in the aerosol
sample flow rate was estimated at 5—10%. Using propagation
of errors, the overall uncertainty in the measurement of aerosol
concentration ranged from 12% to 19% when using RS, and
from 10% to 18% when using SES in TREAS. These are
approximate estimates and do not account for errors in particle
mass collection by TREAS due to variations in the aerosol size
distribution (attributable to the strong size-dependent
collection efficiency of the nozzle employed) and other sources
of uncertainty.

Limitations of TREAS Measurements

While the TREAS instrument demonstrates significant
potential for near-real-time aerosol monitoring, the current
prototype is subject to two key limitations that affect analytical
performance. First, the aerosol collection system, which relies
on a single converging nozzle, operates at a relatively low
sampling flow rate (0.5 Ipm) and induces a higher pressure
drop. The impaction process also results in a somewhat ill-
defined sample spot on the collection electrode, which can
compromise the overlap with the Raman laser focal point and
the spark discharge. As noted earlier, impaction collection
efficiency is also particle-size dependent. Particle bounce,
which is pronounced at larger particle sizes, further introduces
additional artifacts in the collection efficiency estimation.
These factors collectively increase uncertainty and limit the

mass accumulation rate, thereby reducing the instrument’s
analytical sensitivity and time resolution. To address these
limitations, high-throughput spot-sampling methods using
turbulent mixing condensational growth have been developed
in our laboratory*>*” and have been demonstrated to improve
collection efficiency and spot morphology, regardless of the
size distribution of the sampled aerosol. Integration of such
high-flow interfaces into the next generation of TREAS
platform is currently underway to enhance sensitivity and
reduce sampling intervals.

Second, fluorescence interference remains a known
challenge for Raman spectroscopy, particularly when analyzing
environmental samples containing organic or biogenic
materials. This background signal can obscure weak Raman
scattering features, complicating spectral analysis. Potential
strategies to mitigate fluorescence include using shorter signal
integration times or implementing pulsed laser excitation
schemes, which can temporally discriminate between instanta-
neous Raman scattering and longer-lived fluorescence. Future
iterations of TREAS will explore these optical refinements to
broaden the instrument’s applicability to complex organic-rich
aerosols.

TREAS measurements of workplace aerosols may be
influenced by interference from ubiquitous atmospheric
aerosol components, such as secondary organic aerosols,
nitrates, sulfates, and polycyclic aromatic hydrocarbons
(PAHs). Table S4 in the Supporting Information provides
the characteristic Raman shift values for major atmospheric
aerosol constituents. Raman-active vibrational modes of
common organic functional groups (e.g., C—C, C—H, C=0,
and O—H) and inorganic species (e.g, NO;~, NH,", SO,
CO;*") typically produce peaks at wavenumbers above 1000
cm™', which are unlikely to overlap with the a-quartz, TiO,,

and other inorganic peaks of interest below 1000 cm™'.

Conversely, sulfates exhibit a Raman band near 450 cm™,

which partially overlaps with the a-quartz peak at 465 cm™.
When such overlap occurs, spectral deconvolution using peak-
fitting can be employed to separate the peaks. Given that
atmospheric aerosol concentrations are generally lower than
those encountered in occupational environments by an order
of magnitude, spectral interference from background atmos-
pheric components is expected to be minimal in most

workplaces.

B CONCLUSIONS

We have presented the design, development, and performance
evaluation of the Tandem Raman and Elemental Aerosol
Spectrometer (TREAS), a compact, field-portable instrument
developed for the near-real-time characterization of occupa-
tional aerosols. By utilizing an automated cyclical “collection-
analysis-ablation” scheme, the instrument successfully integra-
tes orthogonal spectroscopic techniques, Raman spectroscopy
(RS) and Spark Emission Spectroscopy (SES), to provide
concurrent molecular and elemental speciation. The instru-
ment demonstrated high sensitivity for hazardous workplace
aerosols. The mass limits of detection (LODs) for a-quartz
were 420 ng (RS) and 900 ng (SES), while LODs for titanium
dioxide were 155 ng (RS) and 250 ng (SES). These detection
limits are orders of magnitude lower than those of standard off-
line X-ray diffraction methods.

Validation tests using complex matrices, including engi-
neered stone dust and fracking sand, confirmed the instru-
ment’s ability to identify and measure analytes in mixed
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aerosols. The tandem approach was especially useful for
determining oxidation states, successfully distinguishing
between Cr (III) and Cr (VI) in welding fumes, a distinction
vital for risk assessment. Overall, the superior sensitivity,
chemical specificity, and time resolution of TREAS can provide
a reliable solution for on-site exposure monitoring and
atmospheric aerosol measurement.
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