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� SIPS device for quantitative monitoring of airborne toxic pollutants was developed.
� Proposed sensing device can be utilized for measuring airborne toxic pollutants.
� Concentrations of heavy metals and ammonia were differentiated as small as 0.1 mg/m3.
� Overall detection limit showed a five-fold enhancement over LIPS.
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a b s t r a c t

A growing modern-day concern is fine dust air pollution that contains heavy metals and ammonium ions
(NH4

þ) from industrial and agricultural waste sources, respectively. In the current study, the development
of an innovative and effective technique for real-time, quantitative monitoring of toxic fine dust com-
ponents using plasma emission spectroscopy is presented as a complement to emergency preparedness
plans aimed at reducing dust pollution. A novel spark-induced plasma spectroscopic (SIPS) device that
can control the frequency and magnitude of plasma was developed for the toxic pollutants in this work.
SIPS utilizes an electrical discharge from a high voltage at a low current to produce plasma when the
applied voltage is higher than the ambient voltage surrounding the electrodes. The detection limit of this
setup was enhanced by a factor of 4.3 over laser-induced plasma spectroscopy (LIPS). This compact
sensing device was used in combination with a new quantitative analytical method to measure the
concentration of heavy metals and ammonia molecules in fine dust air pollution. By integrating the time-
resolved plasma emission signals that were based on the plasma continuum decay time of each element,
quantitative measurements of the minute changes in composition of 0.1 mg/m3 were conducted. The
findings of this study could inspire future research on the use of SIPS for monitoring airborne fine dust
pollutants with better sensitivity in real-time via a new quantitative analytical method.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Fine dust pollution is a big concern globally due to the high
demands of themodern lifestyle. The air quality, specifically around
developed sections and urban centers, is affected by the particulate
matter (PM) concentration. Fine dust was recognized by the World
Health Organization (WHO) as a first-class carcinogen in 2013
following the devastating smog that developed in China earlier that
year (Lelieveld et al., 2015; Park et al., 2018). Dust refers to PM that
is floating or scattered in the air, whereas fine dust refers to
extremely small dust particles. Particulates with a diameter of
10 mmor less are classified as PM 10, whereas thosewith a diameter
of 2.5 mm or less are categorized as PM 2.5 (Ehrlich et al., 2007;
Prospero et al., 2001).

Fine dust contains substances that pose a severe threat to hu-
man health. Ammonia produced in agricultural complexes, nitro-
gen oxides present in vehicle exhaust gases, and sulfur oxides
produced in industrial complexes are all well-known toxic com-
pounds. Also, heavy metals may be present in fine dust dispersions.
Altogether, these substances can cause a multitude of diseases, and
the worst-case scenario may lead to death (Choi et al., 2018;
Dastoorpoor et al., 2018; Dianat et al., 2016). Owing to these adverse

mailto:jjyoh@snu.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2020.127237&domain=pdf
www.sciencedirect.com/science/journal/00456535
www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2020.127237
https://doi.org/10.1016/j.chemosphere.2020.127237


J.-H. Yang et al. / Chemosphere 257 (2020) 1272372
health effects, heavy metals and toxic gases in fine dust have been
extensively studied in the past (Abdel-Latif and Saleh., 2012; Cho
et al., 2018; Hadei and Naddafi, 2020; Guo et al., 2002; Neisi
et al., 2017; Ng et al., 2003; Park et al., 2018). Therefore, for char-
acterizing the generation and migration of these toxic substance,
the two primary studies on such PM dust categories have been
recently reported as (1) a collection of PM from cities to investigate
their chemical properties over time (Winchester, 1981; N. Sugimoto
et al., 2003; Zhang et al., 2013a, 2013b; Yu et al., 2011; Stone et al.,
2011; VanCuren and Cahill, 2002; Cyrys et al., 2003) and (2) a
simulation of certain situations from the agricultural or industrial
settings where high quantities of sulfur oxides, ammonia, and
ammonium are produced (Zhang et al., 2013a, 2013b; Hagen, 2004).
In the previous research (Winchester, 1981; N. Sugimoto et al.,
2003; Zhang et al., 2013a, 2013b; Yu et al., 2011; Stone et al.,
2011; VanCuren and Cahill, 2002; Cyrys et al., 2003; Zhang et al.,
2013a, 2013b; Hagen, 2004), changes in the fine dust components
at particular pollution sites and in certain real-world situations
were investigated. These studies helped us to identify the origin of
the fine dust particulates and implement effective countermea-
sures such as a real-time alert system based on real-time analysis of
the fine dust dispersion patterns in highly populated cities.

Plasma spectroscopy is an atomic emission spectroscopic tech-
nique used in multi-elemental analyses. The laser-induced plasma
spectroscopy (LIPS) is a representative spectroscopic technique that
was previously applied to dust monitoring. In particular, the pre-
sent study focuses on the spark-induced plasma spectroscopy
(SIPS) as opposed to LIPS, favorably owing to its recently discovered
advantages for both real-time analysis and easy integration into the
compact mobile devices. SIPS was first introduced in 2000 to
measure the concentration of heavy metals in plasma emissions
(Hunter et al., 2000a, 2000b). Since then, the spark-induced
breakdown effect has been used as a supplement to LIPS or laser
ablation to improve the signal intensity of the plasma emissions
(Vieira et al., 2018; He et al., 2018; Srungaram et al., 2013). In
addition to the improved cost-effectiveness of SIPS, it can be
configured and manufactured into a relatively compact size when
compared to LIPS. Moreover, SIPS is useful for analyzing gaseous
dispersions in situations where the breakdown voltage of the me-
dium is relatively low. SIPS is also known for having a superior limit
of detection (LOD) when compared with LIPS in the gas phase (Jung
et al., 2020). Similar to this study, Khalaji et al. (2012) used SIPS for
dust monitoring in which the atomic signals, such as those for
calcium and magnesium, were measured according to particle size.
The application of SIPS in a real-world experimental environment
was demonstrated through Hunter’s work on airborne heavy
metals in aerosols and the subsequent detection of chromium and
lead signals (Hunter et al., 2000a, 2000b). In a report by
Kammermann et al. (2018), a study was conducted to detect the
methane/air ratio in engine emissions using SIPS. Yao et al. (2018)
prepared samples in which the concentrations of C, MgO, and
SiO2 in flowing particles were varied, and the subsequent quanti-
tative analysis of the carbon components was performed using
SIPS. Through these examples, we can see that SIPS is recognized as
a suitable analytical technique for gases.

In the present work, an innovative SIPS device that can control
the magnitude and frequency of plasma via a customized micro
control unit (MCU) was designed to be adaptable to the unstable
atmospheric conditions that cause variances in the plasma gener-
ation process. Compared with other conventional
cameraespectrometer setups, the present system was configured
to be compact as it used only a few components, namely a band-
pass filter and photodiode. In addition to this novel system
configuration, a new quantitative analytical or chemometric
method was developed by integrating the photodiode signals in a
time-resolved format that uses the optimal detection of the spark-
induced plasma emissions. Two experiments were conducted to
verify the suitability of the detection device: (1) detecting the
change of the total concentration of fine dust, and (2) measuring of
the concentration of specific components in the same fine dust
sample. The total concentration of fine dust was reflected by the
magnitude of the electrical signal, whereas changes in the con-
centration of the specific component were measured by integrating
the electrical signals.

In short, the objectives of this work can be expressed as follows:
1) to configure the SIPS to control the plasma size and its generation
frequency for fine dust analysis, 2) set up a small-scale sensing
system for quantitative chemical analysis, and 3) conduct real-time
monitoring of heavy metals and ammonia.

2. Materials and methods

2.1. Sample preparation

Fine dust samples were collected using PM 10 and PM 2.5
cyclone filter pack systems (ParticleSampler C, Sant Inc.) at a flow
rate of approximately 17 L/min. The filter that was 47 mm in
diameter, was composed of a PTFEmembrane and quartz filter with
a pore size of 2.0 mm.

Multiple devices were utilized to simulatewindy conditions that
contain fine dust dispersions (Fig. 1(a) and (b)). A chamber
(100 � 100 � 100 cm3) in which a fan circulated air at the flow rate
of 100e200 m3/h was designed to prevent external airflow and
made from transparent acrylic to minimize any difficulty associated
withmeasuring plasma light from the outside. The fine dust sample
was collected from Seoul, where 3.3 g of suitable dust sample was
extracted over ten days for use in ICPeMS and ion chromatography.

For quantification and qualification purposes, ICPeMS (NexION
350D, PerkinElmer) and MCeICPeMS (Nu Instruments, UK)
methods combined with a laser ablation system were used to
detect the metal concentrations in the fine dust samples. An ion
chromatography method, GCeHRMS (gas chromatographyehigh-
resolution mass spectrometer, JWL-700, Japan), was used to detect
the concentration of the ion component in the samples. Quantifi-
cation of the fine dust samples was performed using the ion and
metal concentrations detected through these data as references.
The concentration of the ions and metals detected are presented in
Table S1.

2.2. Spark-induced plasma (SIP)

While laser system is not quite extreme environment friendly
due to its bulky size and low electrical efficiency, SIPS can produce a
higher concentration of plasma in the gaseous state when
compared with the LIPS (Jung et al., 2020). The SIPS technique
operates by first discharging a spark via electrical charging under
the high voltage. The discharge occurs when the voltage is higher
than the breakdown voltage of the medium around the electrodes,
which in turn generates the plasma. Following the plasma gener-
ation, the information on the atomic components of the fine dust
dispersion is readily obtained as the excited electrons of the atoms
return to their lowest energy state.

The SIPS schematic is presented in Fig.1(b) for the production of a
spark via a high voltage discharge. The circuit for the spark-induced
plasma consisted of a power supply (UltraVolt 6C24eP30, 6 kV,
90 mA) that provided a high DC voltage, a parallel coupling of two
high-voltage capacitors (HVCAP DMS HV Capacitor, 0.1 mF, 30000
Vdc) to store electricity, a charging resistorwith a gap switch, diodes,
and an electrical converter that facilitated conversion from AC to DC.
The spark-induced plasmawas generated from a tungsten electrode



Fig. 1. Systems for producing (a) laser-induced and (b) spark-induced plasmas. (c) Time flow chart for the electrical signal using MCU in the SIPS system.
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pair with a purity of �99.7%. A micro control unit (Arduino Uno R3)
was used to connectwith the ICCD systemand to control the size and
frequency of the plasma. Fig. 1(c) shows how the gate “on/off” of the
ICCD camera is controlled using the MCU by transmitting an elec-
trical signal after the capacitor charging time had passed. Typically,
the optimal gate delay (t2 � t1) is set up using the laser-induced
plasma measurement method. In our case, the MCU was designed
to signal for the generation of a spark instead of a laser, as is standard
for a conventional gate generator. Furthermore, the MCU could
control the generating time and magnitude of the plasma.

2.3. Laser-induced plasma (LIP)

The LIPS experimental setup is presented in Fig. 1(a). The 1064-
nm wavelength Q-switched Nd:YAG laser (Surelite II, Continuum
Inc.) was used to make the laser-induced plasma. The pulse dura-
tion was set to 5 ns. A pulse generator (BNC 565-8CG) and an
oscilloscope (Tektronix TDS-2014) were utilized to synchronize
with the spectrometer that was coupled with the ICCD camera.
Furthermore, to capture plasma emissions, an optic collector and
fiber were used to send the plasma emission signal to the spec-
trometer (Mechelle 5000, Andor) coupled with the ICCD camera
(iStar, Andor). The gate delay time of the ICCD was set to 1 ms, and
the gate width was fixed at 20 ms. In this study, the LIPS data was
used to compare the precision of the SIPS signals.

2.4. Sensing device for plasma emissions using the photodiode and
band-pass filter

The proposed device was designed to produce electrical signals
upon the detection of heavy metals and ammonia in fine dust
samples without the need for a bulky spectrometer and the ICCD
configuration. Previously, the capacity of photodetectors for use in
combustion and flame diagnostics was established, and their per-
formance was compared with the performance of spectrometers
(Jun et al., 2018). The previous setup was aimed at finding the
equivalence ratio by detecting the oxygen and hydrogen signals
emitted in a flame. For measuring the concentration of heavy
metals and ammonia in fine dust air samples, the setup was also
compactly designed to be ideal for mobile and field applications,
thus facilitating real-time quantitative analysis.

Here, two lens tubes (SM05V05, Thorlabs) were equipped in the
sensing device and were sealed in the tubes. The length of the lens
tubes was 26.2 mm, and diameter was 17.8 mm. Since the other
components were fixed inside, the size of these two lenses deter-
mined the total size of the measuring unit. The atomic and mo-
lecular lines for plasma emission of Pb, Fe, Cu, and NH exhibited a
strong correlation with the concentrations of heavy metals and
ammonia. Thus, the sensing device included four band-pass filters
for the atomic lines of Pb (405.78 nm), Fe (238.20 nm), Cu (324.75,
327.39, and 521.82 nm), and NH fluorescence (336 nm). Fig. 2(a)
presents a schematic of the proposed simple setup in comparison
to a conventional ICCD setup shown in Fig. 2(b). Band-pass filters
for Pb detection (405FS10e12.5, Andover) with a center wave-
length (CWL) of 405 nm and for Fe detection (280FS10e12.5,
Andover) with a CWL of 280 nm were utilized to target Pb and Fe
signals, respectively. Additionally, the full width at half maximum
(FWHM) was set to 10 nm. For the Cu and NH signals, three
different band-pass filters (326FS10e12.5, 520FS10e12.5,
337FS03e12.5, Andover) were used. All of these filters were



Fig. 2. Comparison between (a) simple photodiode detector and (b) conventional
spectrometer (ICCD).
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12.5 mm in diameter. We installed Si photodiodes (FDS010, Thor-
labs) in the measuring unit to capture plasma emissions. The rise
time for the photodiodewas 1 ns, and peak responsivity was 0.44 A/
Wat 238 nm. The four different photodiodes were connected via an
oscilloscope (Tektronix TDS-2014) equipped with BNC cables to
capture the electrical signals in real-time.

3. Results and discussion

3.1. Comparison between SIP and LIP in air

The LIPS and SIPS signals for pure air (dust-free) samples were
compared. Here, such pure air state is defined when the concen-
tration of fine dust is 3 mg=m3or less. For LIPS, the laser energy was
fixed at 40 mJ, and the 30 spectra obtained were averaged for all
experiments. SIPS used the total electrical energy of 2 J to generate
a spark. In the pure air without any fine dust, LIP and SIP did not
exhibit much difference in the amount of nitrogen and oxygen
present. However, the signal intensity of SIPS was 3e4 times
greater than the signal intensity of LIPS. The signals observed at
744, 746, and 868 nm were assigned to N I, whereas the signal at
777 nmwas assigned to O II. The main emission lines from samples
with fine dust air pollution samples are presented in Table S2.

Fig. 3(a) and (b) present a comparison of the emission spectra
for laser-induced and spark-induced plasmas in dust-free Air. For
laser-induced plasma, the signal of the plasma emission light
increased when the laser energy was increased. This observation
was attributed to the influence exerted by the more efficient heat
transfer processes commonly observed in LIPS. A similar trend was
observed for SIPS in that the signal intensity increased as the gap
distance between the electrodes widened up to a certain distance.
Additionally, as the electrode gap increased, the breakdown me-
dium increased, thereby increasing the amount of voltage required.
Thus, larger electrode gaps resulted in increased breakdown due to
the high voltage discharge that was excited by the plasma. This was
confirmation that an expansion in the electrode gap had the same
effect as the increase in the laser energy of the system.

If the plasma emission light equation is used as an example, we
see that higher voltages lead to a temperature rise and higher total
amount of the material excited. A knock-on effect of this is the
increase in the plasma emission light signal due to the widening of
the electrode gap. In this study, the optimal SIPS setup for detecting
the plasma emission light was set to 5mm.When the electrode gap
was larger than 5e6 mm, an arc was generated instead of a spark,
and continuous electric discharge occurred. Since the plasma must
be selectively generated at the desired time, electrical discharge via
a spark was preferred. Thus, all experiments were conducted with
an electrode gap distance of 5 mm to eliminate the risk of gener-
ating an arc. Using Eqn. (1), it was verified that the electrode gap
distance enhanced the total amount of atomic density in the
plasma, thereby facilitating more efficient heat transfer processes.

I¼ FNI
aAul

gu
UI
a
expð�Eu

KBT
Þ (1)

Herein, I is the signal intensity of plasma emission, F is the
experimental parameter, NI

a is the number density of the species at
various ionization stages, Aul is the atomic number density indi-
cating the transition probability, gu is the upper-level degeneracy,
and UI

a is the partition function of temperature, T .
Pellet samples containing inert binders in calcite were prepared

to determine the effectiveness of SIPS, and the plasma spectroscopy
was quantitatively conducted. The total energy of 2 J was used for
SIPS experiments, whereas LIPS experiments utilized 40 mJ of laser
energy. However, the electrical energy for the laser system was
expected to be higher than 2 J in the LIPS system. Theoretically, the
electrical voltage required to generate the plasma was high due to
the high voltage for SIPS, but in practice, the entire operation was
possible with the commonly used 220 V capacity power supply.

As seen in Fig. 3(c), calcium and carbon signals were detected in
both SIPS and LIPS using a 100% calcite mass. As the proportion of
calcite decreased, the intensities of the calcium signals for both LIPS
and SIPS decreased, and the signal change was constant (Fig. 3(d)).
For SIPS, the Ca II signal (393 nm) varied from approximately 8,000
to 3,000, whereas the signal intensity varied from 4,500 to 1,000 for
LIPS. When analyzing the gaseous state, the SIPS signal strength
was three times greater; however, solid samples exhibited an
improvement in signal strength that was approximately two times
lower than that seen in the gaseous state. This was because the
breakdown medium in the solid sample was lower than that
observed in the gas state, thereby causing an increase in the elec-
trical resistance. Consequently, the efficacy of the SIPS method
could be confirmed by tracing the calcium signal obtained from the
quantitative analysis of calcite. Herein, the LOD was lower in
comparison to the results obtained from the LIPS analysis. This
meant that gaseous samples could also be used in this study. In
analytical chemistry and spectroscopic studies, the LOD generally
indicates the lowest quantity of a substance that can be detected.
The LOD can be calculated using Eq. (2), where S is the correlation
between mass concentration and signal intensity derived from the
slope of quantitative analysis, and sb is the standard deviation
obtained from the quantitative experiments. The LOD of the SIPS
and LIPS methods were 19 and 82 ppm, respectively, which cor-
responds to a 4.3 times enhancement.

LOD¼3sb
S

(2)

3.2. Particle size effect

Fig. 4(a) and (b) present the plasma spectra for the LIPS and SIPS
systems according to particle size. A 3.3-g sample of fine dust was
collected using a particle cyclone filter system and then subjected
to appropriate analytical methods. Various heavy metal signals
were detected simultaneously rather than in a spectrum in which
only nitrogen and oxygen existed as in the gaseous state without
any fine dust. A breakdown medium was observed for small



Fig. 3. For dust-free Air: (a) SIPS and LIPS results, (b) signal comparison between SIP and LIP. For Calcite: (c) SIPS and LIPS results, (d) signal comparison between SIP and LIP.
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particles, indicating a high signal intensity. Additionally, when the
particles were small, the breakdown of the air occurred easily and
quickly.

For the fine dust sample, the plasma signal was detected within
the range of 50e100 mg/m3, as seen in Fig. 4(c) and (d). As the
concentration of the fine dust increased, the signal of the heavy
metals presents in the samples increased, whereas the signal
strength of the wavelength for oxygen or nitrogen showed no sig-
nificant changes. This meant that the signal intensity changed with
varying concentrations of heavy metals and other atoms when
there was a change in the fine dust concentration, and the ratio of
nitrogen or oxygen atoms in the air did not vary significantly. As
verification, the photodiode detection signal over various concen-
trations of fine dust is presented in Section 3.3.

As shown, the experiments were conducted with two different
particle sizes. For both SIPS and LIPS, as the particle size increased,
the signal strength decreased, thereby disrupting the breakdown
medium. Also, any variations in the concentration of the fine dust
particles resulted in a change in the heavy metal and other atomic
signals, whereas the signals for atoms such as oxygen and nitrogen
remained unchanged.
3.3. Optical configurations

Unlike the CCD camera, detection using the photodiode showed
that (1) the gate width of the conventional plasma detection
method was too long to detect in real-time, and (2) the optimum
gate delay time was determined by identifying the integrated area
of the electrical signal. As a result, determining the optimal gate
delay for each heavy metal atomwas advantageous for quantitative
analysis. Therefore, the optimal gate delay time was derived using
the values obtained from the SIPS experiments with heavy metals
such as lead, iron, and copper. Herein, the electrical signals were
integrated based on the delay time for manufacturing the sensing
device and experimental photodiode usage. After the quantitative
analysis was conducted, the following optimum gate delay times
were obtained: 2.2 ms for lead, 2.6 ms for iron, 2.2 ms for copper, and
1.0 ms for NH (see Fig. S1). The optimal gate delay time for detecting
the maximum signal strength at a gate width of approximately 1 ms
was assumed.

Since the plasma emission of the copper signal had a signal-to-
noise ratio of less than 10, it was determined that quantitative
analysis was impossible in this case. For this reason, only quanti-
tative analyses of lead and iron were conducted in this study. Here,
finely powdered lead and iron samples were mixed with the dust
samples circulating in the chamber before being subjected to
ingredient analysis (Fig. 5). When the fine dust concentrations were
varied, the lead and iron photodiode signals passing through the
band-pass filter changed owing to the magnitude of the electrical
signal itself. Thus, the size of the plasma itself was strongly corre-
lated to the increase in the total concentration. However, when the
fine dust concentration was kept uniform, only the lead sample
showed any differences when its concentration was altered by
adding lead powder. For accurate quantitative analysis, we added
0.1 mg of pure, heavy metal powder in each lead and iron sample
because the minimum resolution of the microbalance (Balance
XPR2U, Mettler Toledo) used was 0.1 mg. Although the strength of
the electrical signal was similar here, quantitative analysis was



Fig. 4. Particle size effect for SIPS and LIPS: (a) PM 2.5 and (b) PM 10. Fine dust concentration effect for SIPS: (c) PM 2.5 and (d) PM 10.

Fig. 5. Photodiode signal changes for (a) lead and (b) iron in varied concentrations of air dust. Photodiode signal changes for (c) lead and (d) iron in varied concentrations.
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possible because the differences in the degree of the plasma signal
decreased over time. Consequently, as the concentration of lead
increased, the electrical signal exhibited a decline along the x-axis,
whichwas expressed as the signal strength in thewavelength band,
indicating Pb I (405 nm) in the plasma emission spectrum. The
same situation was also observed for iron (Fig. 5(b) and (d)). When
the fine dust signal changed, the plasma signal for the iron
component became large, and the slope of the x-axis remained
unchanged. However, when the fine dust concentration remained
the same and only the iron concentration had been changed.
Herein, the electrical signal intensity was the same, but the plasma
signal slowly declined.

Regarding the optimal gate delay time, the integrated value
could prove to be useful as a quantitative method. As presented in
Fig. 6, the quantitative analysis was conducted with a very high
degree of accuracy. The trends of the plasma emission spectra in-
tensity and the electric signal integration values were similar. With
these results, the proposed sensing systemwas determined to be a
reasonable method for quantitative analysis.

3.4. Detection of ammonia

The method for detecting ammonia was devised following the
protocol (Zhang et al., 2019). Herein, the NH infrared signal was
336 nm, and the signal for nitrogen was 337 nm. The photodiode
system, coupled with a band-pass filter, was set to receive a band-
pass filter at 5-nm intervals starting at 337 nm (see Fig. 7(a)). Thus,
the sensing system detected both nitrogen and NH signals simul-
taneously. In this study, it was assumed that only nitrogen was
detected in the pure air sample without fine dust and that quan-
titative analysis was conducted by comparing the electrical signals
when fine dust was added while capturing the NH fluorescence
signal. Even when only nitrogen was added, the reaction was
possiblewith hydrogen in the air. Thus, the experiment was divided
Fig. 6. For lead, (a) peak voltage signal per dust concentration and (b) its integrated signal
into two scenarios: with pure air and air containing ammonia. The
pathway for producing NH (A3Q:) is shown in Equations (3)e(6)
(Zhang et al., 2019; Jinkins and Wehry, 1989; Kenner et al., 1988).

NH3ðXÞþhv /NH3ðAÞ (3)

NH3ðAÞ / NH2ðXÞ þ H (4)

NH2ðXÞþhv / NH**
2 (5)

NH**
2 /NHðAÞ þ H (6)

In the presence of pure air, the electrical signal was much lower
than that observed with the inflow of fine dust. Additionally,
although there was an increase in the electrical signal, even in the
nitrogen-only environment, the change was less than the electrical
signal obtained when the fine dust containing ammonia samples
were introduced. Thus, quantitative analysis of ammonia was
possible with the addition of fine dust in pure air, upon removal of
fine dust from the combined value of ammonium and nitrogen, and
the reduction in the electrical signal caused by the concentration of
pure nitrogen (see Fig. 7(b) and (c)).
4. Conclusion

A new real-time quantitative SIPS configuration was developed
for detecting heavy metals and ammonia pollutants in fine dust air
samples. The capability of a proposed SIPS device, suitable for
controlling the frequency andmagnitude of plasma, was verified by
comparing the signal intensity with their counterparts obtained via
the LIPS method. A novel quantitative analytical technique was
additionally established by integrating time-resolved electrical
signals based on the optimum delay time for each element derived.
. For iron, (c) peak voltage signal per dust concentration and (d) its integrated signal.



Fig. 7. (a) Ammonia signals detected in the fine dust samples, (b) voltage signals of air and dust samples, and (c) AUC per dust concentration.
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Subsequently, a compact sensing device with a five-fold enhance-
ment of LOD was built for 0.1 to 10 mg=m3 concentrations of heavy
metals and ammonia over the LIPS. The present work serves as a
basis for establishing a novel atmospheric pollutant monitoring
system.
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