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Abstract

To meet the demand for identifying and controlling toxic air contaminants in environmental justice
communities, we have recently developed a cost-effective spark-induced breakdown spectroscopy
(SIBS) instrument for detecting and quantifying toxic metal air pollutants. We characterized the
detection limit and linearity of this SIBS instrument by analyzing nebulized elemental standard
solutions. The experimental parameters affecting SIBS performance were optimized, including
the time delay to observation, the distance between electrodes, and the ablation voltage. The
instrument successfully detected Cr, Cu, Mn, Fe, Zn, Co, and Ni, with limits of detection ranged
from 0.05 pg m~3to 0.81 pg m=3 at a flow rate of 15 | min~1 and a 30 min sampling duration.
Similar to other investigations using ion breakdown spectroscopy, we did not observe strong
emissions lines for As, Sh, Se, Hg, Pb, and Cd, which were likely due to spectral overlap, matrix
effects, and the limited detection range of the optical components. Overall, SIBS is a promising
technique for field measurements of toxic metals for environmental justice, industrial and urban
applications.
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Introduction

The term “heavy metals” refers to metallic elements that have high density, atomic weight,
or specific gravity (Duffus, 2002; Popoola et al., 2018; Suvarapu and Baek, 2017). They
enter the atmosphere by both natural processes (e.g., off-gassing from the earth’s crust and
weathering of rocks) and anthropogenic emissions from industrial and agricultural activities
(Cheri and Tavassoli, 2011; Singh et al., 2011). Exposure to high concentrations of heavy
metals may cause major health issues (Rehman et al., 2018). For example, inhalation of
hexavalent chromium (Cr(V1)), cadmium (Cd), lead (Pb), mercury (Hg), and nickel (Ni)
have been found to be associated with cancers of lung, liver, and kidney (Rahman and
Singh, 2019). Some heavy metals such as copper (Cu), zinc (Zn), iron (Fe), manganese
(Mn), and cobalt (Co) are required for metabolic activity at low concentrations, but can
cause adverse health effect if exposed to high concentrations (Tchounwou et al., 2012).
Consequently, identification and quantification of heavy metals in the atmosphere are
necessary for occupational health and environmental justice concerns, and for developing
air pollution management strategies.

Among the various techniques for monitoring heavy metals, /n situ measurements with
optical emission spectroscopy (including spark-induced breakdown spectroscopy (SIBS,
also referred to as spark-induced plasma and spark emission spectroscopy (Walters, 1977,
1969)) and laser-induced breakdown spectroscopy (LIBS)) have shown great potential
because of their relatively low cost and easy operation (e. g., (Anabitarte et al., 2012;

Hahn and Lunden, 2000; Hunter et al., 2000; Kim et al., 2019; Srungaram et al., 2013)).
Compared to conventional instruments used to analyze elemental compositions (such as
X-ray fluorescence (XRF) and inductively coupled plasma mass spectrometry (ICP-MS)),
optical emission spectroscopy is a relatively simple method, which does not require complex
sample preparation (Fichet et al., 2006; Zhang et al., 2014). Although a recently-developed
XRF instrument (Xact 625, Cooper Environmental Inc.) has been gained extensive attention
in the field of pollution detection due to its relatively high time resolution (1 h or less)

and low air flow (16.7 | min~1), its operation still requires frequent calibration and blank
assessment (Belis et al., 2019; Furger et al., 2017; Tremper et al., 2018). Furthermore, the
equipment and maintenance costs (e.g., replacement of filters) of the instrument are rather
considerable. In comparison, optical emission spectroscopy has been claimed to be more
cost-effective, compact, and fast-acting (Doh et al., 2019; Sdvizhenskii et al., 2020).

Rapid progress in optical and electronic components, the understanding of the mechanism
of plasma emission, as well as the development of quantitative models have made

optical emission spectroscopy attractive for aerosol measurements in various environmental
conditions. For example, many laboratory studies have applied optical emission
spectroscopy to detect metal particles (such as sodium (Na), magnesium (Mg), calcium
(Ca), aluminum (Al)) by nebulizing elemental standard solutions (e.g., LIBS: Gallou et al.
(2011) and Kim et al. (2019); SIBS: Diwakar and Kulkarni (2012)). For field studies, optical
emission spectroscopy was traditionally used to measure particles emitted from combustion
processes (e.g., LIBS: Ottesen et al. (1989) and Zhang et al. (1995); SIBS: Hunter et al.
(2000) and Fraser et al. (1999)); however, recent studies have extended its application to
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monitor ambient particles (e.g., LIBS: (Carranza et al., 2001; Hettinger et al., 2006; Kwak et
al., 2012; Lithgow et al., 2004); SIBS: Yang et al. (2020)).

Within the laboratory studies of SIBS used for aerosol analysis, Diwakar and Kulkarni
(2012) recently proposed a coaxial electrode system to create an electrical field such that the
charged aerosols can be directed to the tip of the cathode, followed by ablation and spectral
analysis. Using this technique, this group of authors further investigated the analytical
performance of different types of particles (L. Zheng et al., 2016a; Zheng et al., 2018a),
measured the system collection efficiency (Zheng et al., 2017), and explored the dynamic of
spark discharge (Zheng et al., 2018b).

Based on these promising results of the SIBS instrument, we most recently developed a
similar system to analyze atmospheric heavy metal particles (Davari and Wexler, 2020). Our
instrument does not employ the charge-and-collect scheme of Diwakar et al. (2012) and the
related works, but instead only collects particles by impacting them onto the cathode. Our
previous work has concentrated on the development of cost-effective instrument components
(including the construction of the spark generation enclosure and the delay generator) and
the application of a machine learning approach (i.e., least absolute shrinkage and selection
operator (LASSQ)) to optimize the quantification of heavy metal particles (including Cr,
Cu, Ni, and Pb) (Davari and Wexler, 2020). By using a pipette to apply dilutions of the
pre-mentioned metals to the surface of ground electrode, we have achieved detection limits
in the range of 3.55-54.40 ng mass of the element on the electrode.

In this work, we added an aerosol inlet to the instrument enabling it to characterize heavy
metal particles nebulized from elemental standard solutions (0.5-5 ug ml~1, corresponding
to mass concentrations from 3 to 30 ug m=3). The spectral behaviors with respect to

plasma parameters (i.e., delay time, breakdown voltage, and interelectrode distance) were
investigated. Using the optimal plasma parameters, we then tested different heavy metals
included by the US Environmental Protection Agency (EPA) in the Hazardous Air Pollutants
(HAPs) list, including Cr, Cu, Mn, Ni, Pb, Co, Hg, Fe, Zn, Cd, selenium (Se), arsenic (As),
and antimony (Sb) (EPA, 2017). Calibration curve and limit of detection (LOD) for the
detectable elements were obtained using univariate calibration. The ultimate goal of this
work is to measure the presence of toxic metals in total suspended particles (TSP) at a low
cost, which will allow environmental justice communities to quickly identify and respond to
emission events, and thereby minimize the impacts of heath hazardous incidents. However,
if analysis of the inhalable fraction is desired, size-selective inlets (such as a PM2.5 or PM10
head) can be attached to our instrument.

Methods

2.1. Operation of the spark-induced breakdown spectroscopy

The principle of SIBS is the generation of a spark discharge between two high-voltage
electrodes, which results in the formation of a high-temperature and short-lived plasma. The
plasma atomizes and excites particles loaded onto the ground electrode (see Section 2.2

for more details about particle collection). As the plasma cools, the excited atoms and ions
return to their ground states, causing the plasma to emit light with discrete spectral peaks.

Atmos Environ (1994). Author manuscript; available in PMC 2024 April 23.
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The emitted light from the plasma is then collected by a spectrometer for analysis. As each
element in the periodic table has unique spectral peaks (Ralchenko et al., 2006), we can
determine the chemical composition of the analyzed samples. The intensity of the spectral
peaks can be used to quantify the amount of each element in the sample via calibration
approaches (Diwakar and Kulkarni, 2012; Zheng et al., 2018a).

Our SIBS system consisted of three components: spark generation, delay generator, and
spectra collection. The key parameters of the three components are summarized in Table

1 and the detailed design can be found in Davari and Wexler (2020). In general, the
instrument uses low-voltage electronics and an Arduino microcontroller to control charging
and discharging of a high voltage capacitor. During the charging phase of operation, the
mechanical relay first connects the circuit between the boost converter (high voltage output)
and the capacitor (charge phase, ~5 s). During the discharge phase, the relay disconnects
the boost converter and directs the charge on the capacitor to the electrodes creating an arc.
A photodiode is used to detect the spark and transmit a trigger signal to the delay. After a
specified time interval (a few microseconds, controlled by a digital potentiometer), the delay
generator sends a trigger pulse to the spectrometer to initiate data acquisition (See Fig. S1
for the schematic of the delay generator). Once the discharge phase is completed, the circuit
will start a new cycle of charging and discharging.

Although we used a design similar to that used by Diwakar and Kulkarni (2012) and Zheng
et al. (20164, b) to ablate particles on the flat tip of the cathode, our design varied from
theirs in terms of particle collection. We did not apply the high voltage to electrodes when
collecting particles but instead we simply used a nozzle for impaction. As seen in Fig. 1a
and c, a 3D-printed nozzle held the anode and impacted aerosol particles onto the cathode.
The nozzle and cathode were mounted on a frame that enabled an adjustable separation
distance (a few millimeters).

2.2. Generation and collection of heavy metal particles

An illustration of the aerosol sampling system is shown in Fig. 1b. We used a nebulizer
(MiniHEART, Westmed, Inc.) to generate metal particles from an aqueous solution of metal
salts. The nebulizer was driven by filtered compressed air with a flow rate of 8 | min~! and
a pressure of 125 kPa, with a liquid consumption rate of 10 ml h=1. The air stream from the
nebulizer was dried to a relative humidity (RH) of ~50% using a diffusion dryer and then
mixed with additional HEPA-filtered air. A vacuum pump downstream maintained a total
flow rate of 15 | min~L. During experiments, we used ball valves to direct flow to either

the spark generation enclosure (i.e., aerosol sampling period) or the exhaust duct (i.e., SIBS
operation period).

A metal enclosure (0.55 m (L) x 0.5 m (W) x 0.42 m (H)) was constructed to house all
physical and electrical components. The enclosure was connected to building exhaust and
operated at negative pressure to confine toxic aerosol. During each sampling period, air from
the nebulizer and drier passed to the nozzle (see Fig. 1a). The diameter of the nozzle is 1
mm (same diameter as the cathode, but much greater than the diameter of the anode tip

(50 um)), which allows the particles to exit the nozzle and impact on the surface of the
cathode (theoretical cut-off diameter (Dgg) = 0.43 um, see the Supplementary Materials for

Atmos Environ (1994). Author manuscript; available in PMC 2024 April 23.
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the detailed calculation). After sampling for a known period of time, the valve connecting
the air flow to the enclosure was closed, and the high voltage charge and discharge cycles
were performed.

In addition to the SIBS analysis, the test particles were passed into an Aerodynamic Particle
Sizer (APS) (model 3321, TSI Inc.) to analyze the particle size distribution over the range of
0.45-10 um aerodynamic diameter. Moreover, we calculated the mass concentration of the
tested metal in the air (C,;, g m~3) using the following equation:

C; X solution consumption rate

Cair = -
o carrier gas flow rate

@

where C, is the concentration of the metal solution (ug ml~1), the solution consumption rate
is in ml hr1, and the carrier gas flow rate is in m3 hr~1,

Similarly, the delivered mass of the tested metals by the nebulizer (M,, pg) can be calculated
as:

M, = C; X solution consumption rate X sampling duration

@

M, represents the total mass of particles transported in the air sampling system, and thus
does not take into account particle wall losses and impaction efficiency through the nozzle.
Theoretically, the impaction efficiency can be estimated based on the calculated Reynolds
number and Stokes number of the tested particles (Rader and Marple, 1985). However,
because we impacted particles onto a small deposition area as opposed to a flat surface,

the impaction efficiency of our instrument will likely be smaller. With an overall capture
efficiency of the collection electrode, M, can be further converted to the deposited mass of
the tested particles. Zheng et al. (2017) has conducted rigorous experiments to characterize
the collection efficiency on probes as functions of particle size and probe geometries. At a
given air flow rate (e.g., 5 I min™1), the collection efficiency was found to increase from ~5%
to 65% when the cathode diameter increased from 0.5 to 1.5 mm, but relatively independent
of particle sizes within 1 um. Because it remains uncertain how the collection efficiency

of our instrument compares to that reported in Zheng et al. (2017), we simply use M, to
generate the calibration curves and calculate elemental LODs in this work.

2.3. Heavy metals

We tested thirteen heavy metals included on the EPA HAPs list, including Cr, Cu, Mn, Ni,
Pb, Co, As, Sh, Hg, Fe, Zn, Se, and Cd (Table 2). Different concentrations of metal solution
were prepared by diluting standard elemental solution (1000 pg mi~1, AccuStandard Inc.)
with deionized water. Table 2 also shows the atomic lines and LODs reported by previous
studies for each investigated metal. To narrow the scope, we focused on the studies using
aerosols nebulized from aqueous solutions. Using optical emission spectroscopy, Zhang et
al. (1999) and Zheng et al. (2018a) found that different heavy metals can have very different

Atmos Environ (1994). Author manuscript; available in PMC 2024 April 23.
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LODs, where Sh, As, Hg, Cd, and Pb tend to have greater LODs than the others. Because of
differences in sampling time and flow rates, care should be taken when comparing LODs in
g m=3 across studies.

2.4. Spectra baseline correction

It has been acknowledged that baseline drift can significantly affect the robustness of
spectrum analysis (Cai et al., 2018; Kuzmiakova et al., 2016; Lieber and Mahadevan-
Jansen, 2003). In our experiments, the integration time used for spectral acquisition (3

ms, Table 1) was much longer than the lifetime of spark plasma (~20 ps, Fig. 2), so

the background noise of the spectra is needed to remove before analysis. In the present
work, we conducted a simple automatic baseline correction to separate signal response to
analytes from interference effects of the anode and cathode spectra and background noise.
Specifically, we first applied K-means clustering (K = 5) to the original spectrum detected
by the spectrometer (Kanungo et al., 2002; Verbeeck et al., 2020). The spectrum is grouped
into K clusters based on the similarity of intensity values. Each cluster has a centroid
which is the mean of the intensities that comprise the cluster. Then the group that has the
lowest cluster center is selected since the data in this group are closest to the baseline.

We next performed the Chebyshev polynomial fitting to the selected data and derived the
baseline of the spectrum (Smyth, 2014). The detailed results of K-means clustering analysis
and the Chebyshev polynomial fitting are provided in the Supplementary Materials, and

an example of a spectrum and its corresponding baseline is shown in Fig. S2. Finally,

the original spectrum is divided by the baseline to obtain a baseline-corrected spectrum
(hereafter referred to as “relative intensity”).

3. Results

3.1. Spark plasma characteristics

To optimize the spark ignition condition for spectral analysis, we investigated the behaviors
of the plasma under different spark characteristics, including delay time, spark voltage,

and interelectrode distance (Srungaram et al., 2013; Zheng et al., 2016b). We carried out
the experiments by generating spark discharges in the absence of and in the presence

heavy metal particles on the cathode and collecting the spectra after each individual spark.
The results were evaluated by comparing the intensity of spectral lines emitted from the
electrodes (tungsten, W) and analyte with respect to the change in spark characteristics. Fig.
S3 compares the W emission lines detected by our SIBS instrument to NIST atomic spectra
database.

3.1.1. Influence of the delay time—The early stage of plasma evolution is dominated
by continuum radiation, which can hide the emission lines related to the chemical species of
interest (Anabitarte et al., 2012). However, because continuum radiation decays faster than
the elemental emission lines, we can select a proper delay time to detect elements. Fig. 2a
shows a set of spectra with different delay times and Fig. 2b and ¢ shows the representative
emission lines of W at 304.52, 429.77, and 522.43 nm as a function of delay time. For

each delay time, ten spectra were recorded and the average spectrum was calculated. As
seen in the figure, the spectral intensities decrease with increasing delay time, suggesting a

Atmos Environ (1994). Author manuscript; available in PMC 2024 April 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

3.2.

Page 7

lifetime of ~20 ps. In addition to W emission lines, the studied delay times exhibit similar
results for the analytes of interest. For example, by changing the delay times when ablating
Cr particles, we found that the relative intensities of Cr have a clear maximum at a delay
time of ~2 us (Fig. S4a). After baseline correction, we set the delay time to be 1.88 ps for
subsequent experiments since this value yields the strongest relative intensities of W and
analyte.

3.1.2. Influence of the applied voltage—Theoretically, increasing the applied voltage
could create a stronger microdischarge between electrodes, and therefore excite more
energetic electrons and ions in the plasma (Jahanmiri et al., 2012; Zheng et al., 20163, b).
By changing the applied voltage from 4,500 V to ~10,000 V, we observed that the spectral
intensities of W increase continuously (Fig. S5a). However, the baseline correction of the
spectra removes the pronounced trend related to voltage changing (Fig. 3a for the W results
and Fig. S4b for the analyte results). In subsequent experiments, a voltage of 6,000 V is
selected.

3.1.3. Influence of the distance between electrodes—\We next tested different
interelectrode distances to find the optimal condition for elemental analysis. Theoretically,
the interelectrode distance should be neither too short to avoid generations of a weak plasma,
nor too long to ensure the consistency and stability of the spark path (Doh et al., 2019;

Jung et al., 2020). Besides the influence on the generated spark plasma, the interelectrode
distance also affects the distance between the nozzle and impaction plate because the anode
was mounted to the nozzle (Fig. 1a). To achieve an ideal particle collection efficiency, the
impactor should be designed so that the nozzle-to-plate distance is not much greater than the
nozzle outlet diameter (Marple and Willeke, 1976). We therefore varied the interelectrode
distance from 1 to 2 mm with a step size of 0.25 mm (corresponding to a nozzle-to-plate
distance of 2.5-3.5 mm), and studied both W and analyte signals.

As shown in Figs. 3b and S5b, different W emission lines exhibit slightly different patterns
with respect to the interelectrode distance. W emission lines at 429.77 and 522.43 nm show
an initial increase with the interelectrode distance, reaching a peak at 1.5 mm followed by

a decrease; whereas, the W emission line at 304.52 nm remains stable for all interelectrode
distances. We also obtained the spectra for ablation of Cr particles collected on the cathode
and showed the results in Fig. S4c. Similar to the W results, changing interelectrode distance
did not result in significant changes in the emission signal of Cr. Moreover, there is no
similar relationship between spectral intensities and electrode distances for the two strong Cr
emission lines.

Although we only studied a relatively small, but practical, range of electrode distance,
within this range its influence on the emission signals appears to be mild. In this work
we designed the interelectrode distance to be 1.5 mm in this work, which results in a
nozzle-to-plate distance of 3 mm (three times the nozzle diameter).

Detection of heavy metal particles

In order to minimize carryover of residual particle depositions from one experiment to
another, we performed multiple ablations after each particle deposition period. Our results

Atmos Environ (1994). Author manuscript; available in PMC 2024 April 23.
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demonstrate that one or multiple sparks are required to ablate different masses of deposited
particles on the cathode. For example, a single ablation is sufficient to clean off a low

mass loading on the cathode (e.g., 1 ug mI~1 solution and 1 min sampling duration for a
loading of Cr particles), while multiple ablations are needed for high mass loadings (e.g., 4
sparks are required for an experiment using 2 pg ml~1 solution and 5 min sampling duration
for a loading of Cr particles). Furthermore, the required number of ablations varies with
metal species. To capture the entire signals of analyte from different number of sparks and
compare across experiments, we summed the spectral response of five consecutive sparks
after each particle loading (similar to Diwakar and Kulkarni (2012) and Zheng and Kulkarni
(2017)). Hereafter, if not specified, the spectrum is the summed spectrum of five sparks from
each experiment.

Using the current SIBS setup, we successfully detected 7 of 13 heavy metals, including Cr,
Cu, Mn, Fe, Zn, Co, and Ni (see Section 4.2 for our speculations on the metals which were
not detected). Besides the investigated heavy metals, we also observed the emissions lines

of Na and Ca due to impurities in the nebulizing water. Fig. 4 shows an example of our

SIBS results for Cr. The experiments were conducted using an aqueous solution of Cr(NO3)3
with a concentration of 2 pg mi~1 (corresponding to 12.5 ug m=2 of Cr in the air, calculated
by Eq. (1)). By varying sampling durations from 0.5 to 5 min, we varied the mass of Cr
particles loaded on the ground electrode. Each experiment was repeated at least three times
to assess for consistency of results. As seen in Fig. 4, longer sampling duration yields greater
spectral intensity and different Cr emission lines can be easily detected (with the strongest
one at 520.6 nm). When comparing the two panels of Fig. 4, it is clear that our baseline
correction method eliminates the background shift due to the change of particle loading

and results in similar relative intensities at all wavelengths except for the emission lines
produced by Cr, Na, and Ca.

3.3. Aerosol mass concentration

The APS measurements of particle size distributions demonstrate that the tested heavy
metals have a single mode with a geometric mean diameter (D,) of ~0.55 um (Fig. 5a).
Increasing solution concentration increases D,, although the effect is weak (e.g., from 0.53
um (1 pug mi~1) to 0.62 pm (5 pg mi~1) for Co particles). Comparing the total mass
concentration derived by the APS to C,, calculated by Eq. (1), we found very small
discrepancies between the APS results and C,, for the solution concentrations of 2 and 5
g mi~1; however, lower solution concentrations (e.g., 0.5 and 1 pg mI~1) can yield large
discrepancies between the APS results and C,;, (Fig. 5b). The large discrepancies are not
surprising. The location of the distribution mode is near the lower boundary of the APS
range (0.45 pm, Fig. S7), so the APS appears to miss the quantification of small particles
generated by aqueous solutions of low concentrations. Nevertheless, the relatively good
agreement for the solution concentrations of 2 and 5 pg ml~ implies a minimal particle loss
during transport between nebulization and measurement in APS.

Atmos Environ (1994). Author manuscript; available in PMC 2024 April 23.
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4. Discussion

4.1. Calibration and limit of detection

Greater particle concentration and longer sampling duration should both result in more
particles loaded on the electrode, so we first explore their effects on the SIBS signal. Fig. 6a
shows the relative intensity of Cr at 520.6 nm as a function of solution concentration, with
different sampling durations. As seen in the figure, the signal of Cr increases gradually with
the increase of solution concentration. Moreover, longer durations can also lead to stronger
signal of Cr under certain conditions of solution concentration. Eq. (2) implies that different
combinations of sampling duration and solution concentration can yield same the M, (e.g.,
0.5 pug mi~1 x 2 min and 1 pg mI~1 x 1 min), which is anticipated to result in the same

SIBS signals. Fig. 6b confirms our expectation that the SIBS signal is only proportional

to the actual mass of the delivered particles through the air sampling system, regardless of
the sampling duration and solution concentration used to generate particles. This leads us

to believe that the ablation efficiency of our instrument remain constant within the mass
loading tested in the present work. Therefore, our instrument should be applicable to studies
of heavy metals from environments with different levels of contamination by changing
sampling durations.

We next construct calibration curves for all tested metals (Fig. 7a and Table 3). For each
element, the relative intensity of one representative emission line is plotted against the
delivered mass (M, in Eq. (2)) and “air concentration (C,, in Eq. (1)) x sampling duration”
on a linear scale. The representative emission lines were picked based on the criteria of high
intensity of atomic spectral lines in the detected wavelength range (250-800 nm) and low
interference with other elements (e. g., W, Ca, and Na emission lines). Fig. 7a suggests that
the sensitivity of our SIBS instrument to different mass loading varies with metal types.

For example, Cr has the largest calibration curve slope indicating that our instrument is
most sensitive to Cr particles. In comparison, our instrument is much less sensitive to mass
changes of Ni and Zn.

The LODs of the metals can be determined based on the standard deviation of the response
(o) and the slope of the calibration curve (S):

LOD =333¢/S
3

where ¢ is derived using the results of 20 sparks in the absence of heavy metal particles.
Using the calibration curves in Fig. 7a, we computed the LODs in terms of the delivered
particle mass, which ranged from 0.03 to 0.36 g (Table 3). LODs in terms elemental air
concentrations (ug m~3) can be obtained by assuming a sampling duration and an air flow
rate. Using the current sampling system at a flow rate of 15 | min~1, the LODs of our
instrument is estimated to range from 0.14 ug m=3 for Cr to 2.42 g m=3 for Ni (10-min
sampling), and from 0.05 pg m=3 for Cr to 0.81 pg m=3 for Ni (30-min sampling). The
LODs estimated at other sampling intervals can be found in Fig. 7b. We further verify

the reasonability of the LODs by conduction experiments using aqueous solutions with
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concentrations at the limit of quantification (LOQ, defined as 3 times LOD). The results
were evaluated in Fig. S8 by comparing the analyte spectral intensities at the corresponding
LOQs and the intensities of blank samples. The existence of peaks was verified and no
background disturbance was observed, confirming the robustness of the calculated LODs.

Although it is not fair to directly compare the LODs obtained in the present work to

the results reported in the previous LIBS/SIBS studies due to the differences in plasma
characteristics, selected emission lines, and nozzle aerosol deposition characteristics, it is
worthwhile to evaluate our detection efficiencies for different metals using the other studies.
Our instrument was able to detect most of the metals that Zhang et al. (1999) and Zheng

et al. (2018) determined to have LODs less than 1 pg m=3 (Table 2). Our study did not
cover extreme concentrations necessary to detect high LOD metals (e.g., Hg with a LOD

of 680 pug m™3 and As with a LOD of 600 pug m~3) since such high air concentrations do

not occur outside of extreme occupational and industrial environments. Moreover, consistent
with these two studies and other works (e.g., (Diwakar et al., 2012; Gravel et al., 2011,
Panne et al., 2001)), we observed that the optical emission spectroscopy is more sensitive to
certain heavy elements yielding lower LODs for elements such as Cr, Cu, and Mn.

4.2. Thoughts on instrument capabilities

There are several caveats when using the current experimental setup to analyze heavy metal
particles. First, the particle sizes of the elements are relatively small (0.55-0.6 um, see Fig.
5a), so it remains uncertain about the performance of our SIBS instrument for large particles
(e.g., coarse particles). For example, previous studies have shown that the signal strength of
LIBS/SIBS tends to be reduced for large particles. Gallou et al. (2011) reported an abrupt
deviation of Cu emission signal when testing particles greater than 7 um. Similarly, Yang

et al. (2020) found that large particles (e.g., PM10) can disrupt the breakdown medium and
decrease the signal of LIBS and SIBS. Furthermore, the variation of collection efficiency as
a function of particle sizes is worth investigation to derived LODs in terms of the deposited
mass of particles. It is also crucial to understand at what concentration the calibration curves
deviate from linearity and if different toxic metals have similar nonlinear effects at high
particle loadings.

Second, a number of W emission lines from the material of electrodes may interfere with
the detection of some metals. In the present work, the detection of Pb particles at 405.78 nm
was hidden by the strong emission lines of W at 404.4 and 407.39 nm (forming a “shoulder”
which spans 405.5 nm). This shoulder overlaps the Pb emission line and constrains us to
draw general conclusions about Pb detection. An alternative is to use platinum or iridium
electrodes, as they do not have strong emission lines around 405 nm.

Third, the light detection range of the spectrometer and optical fiber appears to prevent us
from detecting some metals. As seen in Table 2, the strong emission lines of As, Se, and Sh
are beyond the lower detection range of our optical fiber (250 nm), so we are not able to
detect them using the current setup.

Lastly, spectral matrix effects may limit the utility of our instrument for quantitative analysis
of heavy metals in the present work. Many studies have reported that matrix effects can
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result in large uncertainties when using univariate calibration, and therefore proposed
various multivariate calibration methods for elemental determination (e.g., (Debus et al.,
2019; Takahama et al., 2019; Zheng et al., 2018a)). Although the intensity at 405.78 nm
does not allow us to derive a univariate calibration curve of Pb in the present work, our
previous study (Davari and Wexler, 2020) successfully built a LASSO model (similar to
multivariate calibration) for the quantification of Pb and demonstrated a reasonable R? of
0.9.

5. Conclusions

In this work, we modified our recently-developed SIBS system to detect heavy metal
particles nebulized from aqueous solutions. The major plasma characteristics that affect

the analytical performance have been optimized for the best identification and quantification.
Using a delay time of 1.88 ps, a voltage of 6000 V, and an interelectrode distance of

1.55 mm, the system effectively detects multiple metals (including Cr, Cu, Mn, Fe, Zn,

Co, and Ni) and implies good reproducibility of analyte signal. We applied the univariate
calibration method to determine LODs of the metals in terms of both delivered mass and air
concentration. The tested metals exhibit a broad range of LODs, varying from 0.14 ug m=3
(Cr) to 2.42 pg m=3 (Ni) at a flow rate of 15 | min~1 for a 10 min sampling duration. Heavy
metals of As, Sh, Se, Hg, Pb, and Cd cannot be identified using the current experimental
setup, and we suspect that it may be due to the interference of atomic lines of W electrodes,
spectral matrix effects, and the limited wavelength range of our optical components (as
discussed in Section 4.2). Future work will be conducted to improve the instrument for the
detection of these metals.

Certainly, the proposed low-cost SIBS system is a promising instrument for /n situ analysis
of heavy metal particles and/or any elements of interest. Considering the LODs of our
instrument, it may be more applicable to industrial and polluted urban environments.
Mamun et al. (2019) recently reviewed the field studies of heavy metals around the world
and found that the concentration of toxic metals is typically less than 100 ng m~3, but

with large variation (e.g., the concentration of Zn ranges from 1 to 340 ng m~3 in North
America). In addition, Zn and Pb, respectively, have the highest and lowest concentration
among the toxic metals. The authors also reported large variation in the sizes of toxic metals
due to complicated sources and influence of meteorological conditions. However, most of
the anthropogenic toxic metals (such as Zn, Ni, Cd, and Pb) are concentrated in the fine
range (<2.5 um).

To apply our instrument to environments with relatively low metal concentrations, possible
adjustments include increasing sampling flow rate and sampling duration. For example,
using a sampling duration of 30 min, the LOD of Ni (the least sensitive element detected by
our instrument) is expected to be reduced to 0.81 ug m=3. However, in practice, the use of
our instrument faces a trade-off between cost and performance. Using a large pump means
a cost of power and weight; similarly, longer sampling period means a cost in temporal
resolution.
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However, our characterization of the instrument is not without limitation. As the preliminary
study towards the use of our SIBS instrument, our goal is not to give a precise report

of LODs and measurement uncertainty of the instrument, but to provide a scheme to semi-
quantitatively measure atmospheric particles. Hence, we limited our calibration to nebulized
particles with a geometric mean diameter of ~0.6 um and probed the approximate LOD

with respect to different collection times. Further work will be undertaken to compare the
performance of our instrument against traditional elemental analytical techniques for the
analysis of particles with different sizes and/or from different pollution sources. Further
efforts will also focus on the characterization of the collection efficiency and overall
instrument sensitivity.
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HIGHLIGHTS
. We developed an inexpensive SIBS instrument for detecting toxic metal
pollutants.
. The experimental parameters affecting SIBS performance were optimized.
. The instrument successfully detected Cr, Cu, Mn, Fe, Zn, Co, and Ni.
. We used univariate calibration to obtain detection limits (0.05-0.81 ug m3).
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Fig. 1.
Construction of the SIBS system and air sampling system: (a) schematic diagram of the

nozzle and electrode assembly (not to scale), (b) schematic diagram of the aerosol collection
setup, (c) photograph of the electrodes (foreground), optical fiber communicating with the
delay generator (left of the electrodes) and the lens communicated with the spectrometer
(behind the electrodes), and (d) photograph of an arc generated between the electrodes.

To better illustrate the arc, the photographs shown in panels ¢) and d) were taken with a
nozzle-to-plate distance of 7 mm (greater than the final nozzle-to-plate distance used in the
study, see Section 3.1.3 for more details).
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Spectra acquired between 1-20 ps after the spark discharge. (a) the original spectra
collected after different delay times, (b) temporal behavior of intensities for representative
tungsten emission lines, and (c) temporal behavior of relative intensities (i.e., after baseline
correction) for representative tungsten emission lines. Each experimental condition was
repeated ten times to calculate mean values and standard deviations.
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voltages and (b) interelectrode distances. Each experimental condition was repeated ten
times to calculate mean values and standard deviation.
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Fig. 4.

SIBS results for the analysis of Cr (aqueous solution of Cr(NO3)s, 2 pg ml~1). In the figure,
each spectrum is the average result of at least three repeated experiments. The brown arrows
indicate strong emission lines of W. A zoomed plot of wavelengths from 380 to 420 nm can
be found in Fig. S6.
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Calibration curve of Cr (520.6 nm): relative intensity as a function of (a) solution
concentration with different sampling durations and (b) delivered particle mass by the
nebulizer. Each experimental condition was repeated at least three times to calculate mean
values and standard deviation. Similar to Fig. 4, the relative intensity is the sum of five

sparks after each particle loading period.
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—@—Cr
—0— Mn
Cu
Zn
Co
—&— Ni
—&@— Fe

Quantitative results for different heavy metals. (a) calibration curves: relative intensity vs. M,
(bottom axis) or C,, x sampling duration (top axis), and (b) simulated LOD as a function of
sampling duration (assuming an air flow rate of 15 I min~1). In panels (b), the dashed line
represents the condition used to derive the last column of Table 3.
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Table 1

Experiment apparatus and settings used in the SIBS system.

Component

Parameter/model number and manufacture

Spark generation

Capacitor

Boost converter

Mechanical relay

Tungsten electrodes

Delay generator

Digital potentiometer

Differential comparator

Pulse width modulation controller
Spectra collection

Spectrometer

Optical fiber
Lens

Photodiode

0.1 pF, 8000 V DC
35 W, 24 Vv DC input, 1000-10000 V DC output
8000V DC

anode: a shaft diameter of 500 um and a sharp tip diameter 50 um; cathode: flat tip with 1 mm diameter

AD5241 (Analog Devices Inc.)
LM311-N (Texas Instrument Inc.)
LTC 6994 (Analog Devices Inc.)

USB 2000 with an optical resolution of 0.35 + 0.05 nm and a spectral range of 200-900 nm (Ocean Optics
Inc.). During analysis, the integration time was set to be 3 ms (the lower boundary of the spectrometer
software).

M92L.02, 250-1200 nm (Thorlabs Inc.)
LB4330, 75 mm focal length, 25.4 mm diameter (Thorlabs Inc.)
DET36A2, 350-100 nm (Thorlabs Inc.)
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Table 3
Summary of the calibration results of heavy metals.

Element  Detection Regression R2 LOD LOD (ng

wavelength (nm) (ng)@ m‘3)b
Cr 520.6 y=872x+1171 095 003 0.14
Mn 403.08 y=179x+10.37 099 0.04 0.29
Cu 324.48 y=165x+9.93 090 007 045
Fe 373.55 y=0.69x+500 099 019 13
Co 345.1 y=0.89x+547 099 031 21
Zn 481.05 y=041x+041 092 033 23
Ni 356.89 y=0.31x+6.46 092 036 24

aLOD is expressed as the mass of particles delivered by the air sampling system (ug).
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bLOD is expressed as of air concentrations (g m'3) by assuming a sampling duration of 10 min and a flow rate of 15 | min~1 (same as our

experimental condition).
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