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ABSTRACT: The aim of this review is to provide a brief introduction to recent research advances in in-situ online detection
of atmospheric pollutants based on laser-induced breakdown spectroscopy (LIBS) under atmospheric environments. Atmospheric
pollution has drawn much public attention, and there is increasing demand for
rapid and accurate evaluation of atmospheric environments. LIBS has the

advantages of in-situ online detection, simultaneous multi-element analysis, and
noncontact measurement, making it a highly competitive analytical technique in
the field of environmental monitoring. In terms of the different target samples,

some typical research cases, including atmospheric particulate matter,
atmospheric pollution sources, halogens in VOCs, atmospheric sulfur, and stable
isotope abundance, are presented to illustrate the current development and

problems of LIBS detection in this field.

INTRODUCTION

In recent decades, there has been ever-increasing demand for the
rapid detection of atmospheric pollutants, including volatile
organic compounds (VOCs), heavy metals, NO», and other
hazardous substances, as the global atmospheric environment has
worsened owing to natural changes and anthropogenic activities in
many countries, and thus there has been ever-increasing demand
for the rapid detection of these atmospheric pollutants.! The
presence of these atmospheric pollutants has caused serious
atmospheric environmental problems such as haze, increased size
of the ozone hole, and photochemical smog, and it has become a
serious threat to the global ecological environment and human
health,>? a problem that is gaining the attention of world
governments. To solve these environmental problems or reduce
their negative effects on the environment and human health, it is
essential to first determine the composition of the atmosphere in a
targeted area and then take specific measures after that. However,
the types and concentrations of the components in the atmosphere
vary from hour to hour with air flow. Hence, detection must be
accomplished in a very short time to ensure the validity of further
analysis and the timeliness of the measurement results, which is a
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great challenge for current detection methods.

Laser-induced breakdown spectroscopy (LIBS) is a well-
known atomic emission spectroscopy (AES) technique. In LIBS
measurements, the target sample is ablated to a high-temperature
plasma by a high-intensity pulse laser, and then the atomic, ionic,
and molecular spectra containing the compositional information
emitted from the plasma are qualitatively and quantitatively
analyzed to determine all the components and their concentrations
in the sample.* LIBS has attracted significant attention since it was
first reported at the X Colloquium Spectroscopicum Internationale
by Brech and Cross in 1962.5 Shortly thereafter, Runge et al.
established a calibration curve for quantitative analysis of target
elements based on the intensity of the characteristic line and the
plasma radiation mechanism,® demonstrating that LIBS could be
a useful tool for spectrochemical analysis. Over the past several
decades, much scientific work covering a wide range of subjects
has been carried out by research groups worldwide,” and the basic
theory of LIBS has gradually matured. Now, it has a wide variety
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of applications in many fields, such as in material sorting,>'# coal

20-22 environmental
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analysis,'>1¢ food testing,'”"'* medical testing,
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monitoring,?>-2° ocean exploration,?’** and space exploration.
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Unlike current chemical analytical methods, LIBS is a novel
optical analytical method with many distinguishing features, such
as rapid and precise response, high sensitivity, small sample loss,
and simultaneous multi-element analysis, and it is pollution-
free.3*3% These unique advantages make the LIBS technique an
effective method for compositional analysis. Moreover, detection
based on the LIBS technique requires no sample preparation, and
it can be performed on gaseous, liquid, and solid samples under
atmospheric pressure,**3% which gives LIBS detection a great
advantage over the current analytical techniques in terms of
environmental detection. The elemental information of the sample
can be determined according to the obtained emission spectra in a
short time, providing real-time detection. Therefore, it is
appropriate and promising to apply the LIBS technique to the in-
situ online detection of atmospheric environmental pollutants.
However, compared with its application for the detection of liquid
and solid samples, there are few publications on the detection of
gaseous samples, especially in-situ detection under atmospheric
pressure, because the low density of gas samples makes it difficult
to observe the characteristic lines of the target element in the
emission spectra. With the development of laser techniques and
the theory of light-matter interaction, some novel LIBS techniques,
such as femtosecond LIBS and dual-pulse LIBS,***? have been
applied to improve the intensity and stability of the spectral signal.
More and more studies are currently being carried out to improve
the performance of the LIBS detection of gas, and the LIBS
technique is playing an increasingly important role in the detection
of atmospheric environmental pollution.

Research advances in LIBS applications in the field of
environmental monitoring have been widely reported in many
other reviews.* This paper mainly introduces the development
of atmospheric environment detection based on the LIBS
technique in recent years. To adequately demonstrate the scientific
research development of LIBS detection in an atmospheric
environment, several typical cases are discussed to illustrate the
current development and future trends in this field.

EXPERIMENTAL

A diagram of a typical LIBS system used for gas detection is
shown in Fig. 1. The pulse laser is the core device of this system,
and it plays a key role in the ablation of the target sample. As
shown in Fig. 1, a nanosecond Nd:YAG laser system is used as
the excitation laser, which is operated at a fundamental wavelength
of 1064 nm. Three dielectric lenses and a plano-convex lens are
used to focus the laser pulse onto the target sample. An air pump
is used to control the flow direction of the gas sample and ensure
that the focus point is filled with the gas sample. The emission
spectra emitted from the plasma are recorded using a spectrometer.
Moreover, because bremsstrahlung caused by the collision of
electrons in the plasma interferes with the atomic and molecular
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Fig. 1 Schematic diagram of the LIBS experimental apparatus for detection
of gaseous sample.

emission, which contains the compositional information of the
target sample, a digital delay is set between the spectrometer and
laser system to control the integral delay time of each LIBS
measurement and avoid the effect of background noise.

CASE STUDIES

Some studies have been conducted on the detection of
atmospheric environments based on LIBS detection, most of
which can be found in other reviews.*”*® In this review, some
typical cases carried out in the last few years are carefully analyzed
to illustrate the current development and problems in this field.

Atmospheric particulate matter analysis. Air quality is closely
related to health. However, air quality has steadily declined
because of the use of fossil fuels, and thus the air in many cities
has reached a serious level of pollution. The main pollutant in most
cities is floating particulates, which is the main reason for the
formation of haze in the air. A variety of heavy metal elements
exist in these atmospheric particulates, such as lead, mercury,
chromium, arsenic, and cadmium.* Once these heavy metal
element particulates enter the human body through breathing, they
do great harm to bodily health and can lead to diseases of the
respiratory system, cardiovascular system, reproductive system,
etc.* More seriously, these heavy metal pollutants are mostly
nondegradable, and they could exist in the bodies of animals and
plants for a long time, traveling up the food chain and causing
more serious damage to the human body. Hence, the detection of
heavy metal elements in atmospheric particulates based on the
LIBS technique is worth studying.

It is difficult to directly perform LIBS measurements of
particulate matter (PM) without any pretreatment because of the
low density of PM samples in air. Many different preconcentration
methods have been used to increase the hit efficiency of the laser
pulse. The filter-based technique is a simple but useful tool to
focus PM onto a membrane or substrate. Kwak et al. developed a
LIBS experimental system with a particle collection substrate
stage that could automatically move in a specific time interval.”!
The detection results of the PM in every time interval were
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averaged to obtain time-resolved compositional information about
the PM. Zhang et al. carried out research on the qualitative and
quantitative detection of heavy metal elements in PM samples.>
The PM was collected using an air pump and focused onto a quartz
fiber filter (QFF) membrane. The LIBS signal was greatly
improved after this preconcentration. The recorded spectra
showed clear spectral lines of Na, Al, Si, Cu, Mg, and Fe in the
emission spectra. In addition, the authors established a calibration
curve of Pb using the internal standard method. However, the
filter-based technique required a lot of time to extract the PM from
the air, and thus the LIBS measurement could not be performed in
real time or accomplished in a short time. Chances are that some
pollutants that only existed for a short time were not observed in
the spectra after the preconcentration process. In addition, the
detection accuracy of the LIBS technique is greatly influenced by
the matrix effect caused by the use of a substrate or filter
membrane. To solve these problems, some new methods have
been proposed to rapidly extract PM. Diwakar ef al. designed an
electrostatic aerosol collection system to collect particles for LIBS
measurements.”> The aerosol particles were charged using a
corona needle to which a 5-kV positive potential was applied and
then collected by the flat tip of a microneedle electrode. The
particle capture efficiency was as high as 99% over a wide range
of particle sizes, 30—600 nm, using this aerosol collection system.
The elements Cd, Cr, Cu, Mn, Na, and Ti were simultaneously
measured using LIBS, and a calibration curve was constructed by
plotting the peak-to-base (P/B) ratio as a function of mass
deposited on the collection needle tip. The limits of detection
(LODs) of these elements were calculated to be 5.03,0.035, 0.138,
0.155, 0.018 and 0.44 ng, respectively, at a flow rate of 1.5 L mint
with sampling times of 5 min. Similarly, Park ez al. developed an
aerosol-focusing LIBS system with sheath air focusing to
determine the elemental composition of fine and ultrafine metal
aerosol particles.”* Maeng et al. established a novel LIBS system
with timed ablation and applied it to the determination of the
elemental composition of individual airborne particles.>® Saari ef
al. studied the identification of fungal spores and bacteria particles
in biological aerosols using an electrodynamic balance-assisted
LIB electrodynamic balance (EDB) chamber.’® The above works
demonstrate that preconcentration methods can improve the
detection efficiency of the LIBS technique. However, even
combined with these methods, the LIBS technique cannot realize
the in-situ detection of PM.

Some researchers have attempted to improve conventional
LIBS systems to enhance the detection capability of particles in
specific environments. Xiong et al. studied the in-situ detection of
TiO2 nanoparticle aerosols based on low-intensity phase-selective
LIBS (PS-LIBS).”’ In novel, low-intensity LIBS measurements,
the laser fluence as the excitation source is between the breakdown
thresholds of the gas and particle phases. Hence, only the solid
phase nanoparticles would break down, forming plasmas, without
any surrounding gas-phase breakdown. PS-LIBS emissions were
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also enhanced with secondary resonant excitation by matching the
excitation laser wavelength with an atomic transition line in the
formed plasma. The enhancement factor of this method can be up
to 220 times with advantageously selected lines. Heikkild ez al.
studied single-particle elemental analysis of airborne aerosols by
combining EDB trapping with the LIBS technique.”® A corona-
based aerosol charger, double-ring EDB trap were imposed in the
LIBS setup to increase the detection efficiency and reduce the
LOD.

Atmospheric pollution sources. Clean air is a prerequisite not
only for human life, but also for all life on the planet. However, a
large number of emission sources of various environmental
pollutants have seriously damaged the atmospheric environment
and cause both local pollution and wide-area pollution.”®-" It is
essential to understand the pollution source and the properties of
the pollutants before taking measures. Studying the rapid online
detection of these atmospheric pollutants is meaningful for
determining emission sources and helpful for choosing the
corresponding degradation methods according to the sources of
pollution.

Coal is the major fuel used for producing electricity in many
countries, and the emission of coal ash produced during the
combustion of coal in the plant causes severe haze and acid rain.®
Zhu et al. therefore carried out a study on the quantitative analysis
of Fe and the detection of multiple elements in coal ash via the
LIBS technique.® Taking Al as the reference element, a calibration
curve of Fe concentration was established by plotting the relative
intensity of Fe lines versus the Fe concentration in the coal ash
based on the internal standard method. Then, the Fe concentration
of unknown coal ash could be determined according to the
calibration curve, and thus the sorting of coal ash could be rapidly
realized. In addition, X-ray fluorescence spectrometry (XRF) was
used to test the accuracy of the quantitative analysis based on LIBS
measurements. Yin et al. studied the quantitative analysis of Pb in
coal ash and the rapid detection of various metal elements,*
nonmetal oxides, and salts based on the LIBS technique, which is
of great importance in coal utilization.

As a result of constant media attention and efforts made by
government departments, many scientists have joined the study of
wide-area pollution, and much research has been carried out.
However, local pollution, which impacts people’s daily lives, has
seldom been stressed. The online detection of local air pollution is
an important part of environmental protection and is beneficial to
the health of people who work or live indoors.

Mosquito-repelling incense is often used to reduce biting in
summer, where a large amount of smoke is emitted from the
burning incense. It is noted that most brands of incense include Mn
for the purpose of repelling mosquitoes. Although Mn is an
essential trace element in the human body, excessive intake of Mn
can cause neurological disorders in the brain and irreversible
damage to the central nervous system.®>% Qu et al. studied the
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online real-time detection of smoke by using a mosquito-repelling
incense as a representative example of local air pollution.®” Metal
elements, including Mg, Fe, Ca, and Ti, as well as some toxic
elements, such as Sr, Cr, and Cd, were simultaneously observed in
the spectra. Furthermore, there was also a characteristic spectral
line of F I (685.6 nm) in the spectra, which proved the existence of
meperfluthrin (C17H16C2F403) in the mosquito-repelling smoke.
Moreover, the real-time detection of the ambient air via the LIBS
technique and its effect on human breathing were also discussed
to enlarge the scope of the developed LIBS system in the local
environment.

Incense is widely used by people who practice Buddhism and
Taoism in some developing countries or regions. Large quantities
of inferior incense containing a variety of poisonous substances
are extensively produced and sold by manufacturers because of its
low cost. Hence, incense smoke causes local air pollution in indoor
environments, especially in temples. Long-term exposure to these
poisonous substances from burning incense can seriously damage
the skin, respiratory system, and nervous system.®*® Yin et al.

studied the online and offline detection of incense smoke via LIBS.

70 Mass spectrometry was also used to determine and analyze the
elemental composition of incense smoke using a home-built
single-particle aerosol mass spectrometer (SPAMS). Through
measurements based on the combination of LIBS and SPAMS, the
authors not only obtained elemental information but also identified

the particle size and chemical composition of a single particle with
extremely high temporal and spatial resolution.

There are many smokers worldwide, and it is generally known
that cigarette smoking is harmful to one’s health owing to the toxic
ingredients in cigarettes. Moreover, cigarette smoking, which
contains nicotine, tar, Pb, As, and other noxious ingredients, also
has pernicious effects on nonsmokers.” Many studies have
demonstrated that second-hand smoke can cause a wide range of
diseases, such as lung cancer and heart attacks.”>’* Nonsmokers
exposed to second-hand smoke have shown increased risk of heart
disease by 25%-30% and lung cancer risk by 20%-30%.7> Hence,
it is important to accurately evaluate the local pollution caused by
cigarette smoke in public areas. Zhang ef al. carried out research
on the in-situ detection of cigarette smoke in public areas.”® By
using a strong pulse Nd: YAG laser (260 mJ/pulse) as the excitation
source, LIBS was applied to the sidestream smoke of a burning
cigarette. The characteristic lines of most metal elements,
including Mg, Ca, Sr, Na, and K, were observed in the obtained
spectra, as shown in Fig. 2. Moreover, the matrix effect of the
smoking detection was also discussed by comparing the LIBS
spectra of cigarette smoke and cigarette ash.

Pollutants in the air, especially over a wide area, mostly
originate from a variety of different sources.””””® For example, the
haze that occurs frequently in cities is a mixture of construction

Fig. 2 The LIBS spectra of air and the smoke from a burning cigarette. (a) 240-340 nm, (b) 400—450 nm, (c) 500—600 nm, and (d) 600—780 nm (left y-axis

for smoke off, right y-axis for smoke on).”
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dust, vehicle exhaust, factory emissions, and power plant fumes.8081
Therefore, studies on the classification and source tracing of
atmospheric pollutants are necessary for detection in complex
environments. The classification of samples is mainly dependent
on the analysis of characteristic lines in the spectra, which could
reflect the compositional information of the different pollutants.
However, it is common that air pollution is caused by two or more
atmospheric pollutant sources, and it is difficult to distinguish
them by simple elemental analysis based on the LIBS technique.
However, by combining LIBS with machine learning algorithms,
it is possible to determine the pollutant sources based on their
characteristics. Typically, the spectral data of characteristic lines
are extracted from the spectra and used as a sample set to establish
a suitable classification model. Currently, the most common
algorithms used in LIBS analysis are principal component analysis
(PCA),32% linear discriminant analysis (LDA),%*%8 support vector
machine (SVM),¥! random forest (RF),”>** and artificial neural
networks (ANN).”8 For the classification of pollutants, these
methods work equally well. Lu et al. applied PCA,” SVM, and
back-propagation artificial neural networks (BP-ANN) for real-
time in-situ detection and classification of some typical pollutants.
Classification models were established according to the principal
components extracted from the characteristic lines. The test
experiments showed that the recognition rates of the models based
on the SVM and BP-ANN algorithms were 90.00% and 93.33%,
respectively. The combination of these algorithms and LIBS
significantly improved the recognition accuracy of the
classification established based on LIBS analysis.

Isotopic detection. Nuclides of the same element with the same
proton number but different neutron numbers are called isotopes,
and many elements have more than two types of isotopes in nature.
It is noted that stable isotopes obtained from different sources are
likely to have different isotope ratios.'” Based on this principle,
there have been many studies on contamination tracing via the
isotopic technique.'?'"1%° Currently, the detection of stable isotopes
is based on mass spectrometry. However, mass spectrometry
generally requires complicated sample pretreatment procedures,
and the measurement must be performed in a vacuum
environment. Moreover, it is difficult to accurately distinguish the
peaks of different elements or fragments in the mass spectrum if
there are more than two possibilities for the identification results.
The LIBS technique is promising as a supplement or alternative
for the detection and analysis of mass spectrometry owing to its
merits mentioned above.

Yin and Zhang et al. carried out research on the quantitative
detection of three principal Pb isotopes (*?°Pb,2"’Pb, and 2°°Pb) in
smoke from a burning cigarette and incense based on the
combination of LIBS and SPAMS.”*7 The concentration of Pb
and the abundance ratio of isotopes were analyzed according to the
obtained LIBS spectrum and mass spectrum, as shown in Fig. 3.
Such studies have successfully proved that the assistance of LIBS
measurements could greatly improve the identification accuracy
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Fig. 3 (a) The variations of the spectral lines with the different
concentrations of Pb. (b) The mass spectrum of Pb isotope and abundance
in cigarette smoke.”

XXX

of the peaks in the mass spectrum. However, measurements based
on the combination of these two methods require too much time,
and the drawbacks, such as complicated sample pretreatment and
rigorous experimental conditions, still restrict the application of
these techniques in the field of isotopic detection.

In recent years, isotopic analysis based on the LIBS technique,
termed laser ablation molecular isotope spectrometry (LAMIS),
has drawn significant attention.!°1%7 In LAMIS, both the atomic
lines and molecular emission bands are recorded using a
spectrometer. The characteristic atomic lines provide elemental
information, whereas the molecular bands can be used for
compositional analysis. Here, we take the carbon-nitrogen free
radical emission band as an example to illustrate the formation of
diatomic molecules in plasma and isotopic analysis based on the
LAMIS technique. The temperature in the outer layer of the
plasma is lower than the temperature in the center, and the
molecular fragments can be directly released from the sample and
combined with the molecular fragments in ambient
atmosphere.'%110 The formation of CN radicals can be explained
by the reaction of carbon in the sample with nitrogen in the air,'!!
as shown in Fig. 4. Carbon isotopes have two principal mass
numbers, 2C and '3C, and the variation in the mass number of
carbon atoms leads to a change of the reduced mass of the CN
molecule. Then, the emission band of CN shifts a certain distance
because of the isotopic effect. Hence, there is a wavelength
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Fig. 4 The formation mechanism of CN radical. In the outer layer of plasma,
the carbon in the sample combined with the nitrogen in the air.

difference between the emission bands of '>’CN and *CN, and it is
easy to distinguish the carbon isotopes using the LAMIS technique.
Furthermore, the intensities of the molecular bands emitted from
different molecules have a significant linear correlation with the
abundance of each isotope, which is the foundation of the
quantitative analysis of isotopes.

Zhang et al. carried out research on the online detection of
carbon isotopes and studies the atmospheric carbon cycle by
LIBS.!"2? The carbon element in the PM generated from burning
coal, wood, and paper samples was determined first. Then,
isotopic shifts of the CN molecular emission bands in the LIBS
spectrum of gaseous CO: were experimentally measured, as
shown in Fig. 5. Theoretical calculations based on density
functional theory were performed to obtain the energy differences
of'the isotopic shifts of the CN molecular band, as well as those of
many other molecules formed by different types of isotopes.
Recent research has shown that LIBS is a useful tool for the stable
isotope analysis of several elements.

However, only a few types of molecular bands have been
reported, and most of the free radicals have never been observed
in LIBS measurements. Moreover, the isotopic effect on the
molecular band was highly related to the mass number of the
element. The larger the mass number, the smaller the isotopic shift
of the emission band.!® Hence, it is difficult to accomplish the
isotopic analysis of the heavy metal element in atmospheric
pollutants merely by LIBS. Other techniques, such as mass
spectrometry, must be applied in combination with LIBS.

Detection of halogens in VOCs. VOCs are the major atmospheric
pollutants. VOCs are the precursors to the formation of ozone and
secondary organic aerosols, such as fine PM,''* which can cause
serious atmospheric environmental problems. In addition, some
specific VOCs that contain bromine and chlorine atoms have long
been regarded as culprits in the destruction of the ozone layer.!'*
15 Therefore, the rapid direct detection of VOCs in the
atmospheric  environment is

of great significance for

environmental protection.

Most of the current studies on the LIBS technique have focused
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Fig. 5 The isotopic shift of CN molecular emission bands. (a) The isotopic
shift is almost 0 when the vibrational quantum number Av equals 0. (b) The
emission band of the transition B?Z" (v=1)—~X*Z" (v=0)(Av = +1) redshifts
approximately 0.6 nm. (c) The emission band of the transition B> =" (v=0)
—X2Z" (v=1)(Av = -1) blueshifts approximately 0.8 nm.''?

on the qualitative and quantitative analysis of metal elements in
target samples. In contrast, there are few studies on the LIBS
analysis of nonmetallic elements, such as F, Cl, Br, I, and S.
Compared with metallic elements, the LIBS detection of
nonmetallic elements, especially halogens and sulfur, presents
particular difficulty for LIBS analysis because of the high
ionization energy of such elements and the relative weakness of

their spectral lines,''¢

which is unfavorable for the appearance of
the characteristic emission lines in the measurements. Furthermore,
most of the spectral lines of such elements lie in the vacuum
ultraviolet (VUV) (110-190 nm) spectral range,''” and the
requirement for the collection of emission spectra is so robust that
it hinders the development of LIBS applications in environmental

detection.
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Fig. 6 Schematic of the LIBS experimental setup designed for online
detection of VOCs. The home-made sample cell, which includes a tube
with a valve, was used to store the gaseous sample, switch the gas flow
on/off, and control the direction of gas flow.'?

To address this challenging issue, there has been significant effort
to enhance the ability of LIBS to detect nonmetallic elements in
the last several years. The experimental environment has a
significant effect on the signal strength and quality of the spectral
lines of halogens. Asimellis et al. performed LIBS detection under
a controlled inert gas ambient atmosphere so that F and CI could
be detected in the upper visible and near-infrared (NIR)
wavelengths (650-850 nm).!'® The signal-to-noise (S/N) ratio of
the spectral line was further enhanced under optimal He pressure
in the range of 60 mbar. Zhang et al. detected iodine in buffer gases
of N2 and air using nanosecond and picosecond breakdowns of
CH3I at reduced pressure.''® The results showed that the use of
buffer gases reduced the quenching rate of excited iodine in air. It
was demonstrated that the interference of the continuum emission
from the plasma decreased as the pressure decreased. However, it
is extremely difficult to use buffer gases or create a low-pressure
environment in open air. These methods are far from being
recognized as realistically suitable for the detection of halogen
traces in the atmosphere. These experiments can only be applied
to the detection of halogens in solid or liquid samples.

In addition to optimizing the environmental parameters,
determining the concentration of some nonmetallic elements by
analyzing the related molecular emission in the LIBS spectra is
also an effective solution in some specific cases. A recent review
summarized advances in halogen detection by molecular
emission.'?’ Gaft et al. studied the elemental analysis of halogens

121-122 including fluorine, chlorine, bromine, and iodine,

in minerals,
using molecular emission. The authors developed corresponding
detection methods for these halogens by combining them with
alkali-earths and other elements to form molecules whose spectra
could be easily identified, and then the analytical methods were

successfully applied to real conditions. Thus, the molecular spectra
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enabled detection under ambient conditions with much higher
sensitivity than that of F I and CI I atomic lines. Similarly, Llamas
et al. studied fluorine quantification in calcium-free samples
through the analysis of CaF molecular bands.''® Tang et al.
investigated the determination of fluorine in copper ore using

LIBS assisted by the SrF molecular emission band.'?* To improve
the sensitivity of detection, Nagli ef al. proposed combining LIBS
with molecular laser-induced fluorescence (MLIF).'?* Comparing
the ordinary LIBS method with LIBS-MLIF demonstrated that the
combination of LIBS and MLIF significantly improved the
detection sensitivity by approximately 10 times.

The LIBS detection of nonmetallic elements assisted by the
above methods is realized at the cost of speed and generalizability.
Furthermore, in terms of atmospheric VOCs, it is unfeasible to
apply such complicated treatments in an open environment. To
realize the direct detection of halogens in air, Zhang ef al. designed
a novel LIBS experimental system coupled with SPAMS, as
shown in Fig. 6."” Taking Halon 2402, Freon R11, and
iodomethane gas as target samples, the online direct detection of F,
ClL, Br, and I elements was carried out under atmospheric pressure
using an extremely strong pulse laser of 200 mJ as the excitation
source in the LIBS system. The LIBS and SPAMS spectra of the
Halon 2402 gas sample were captured, as shown in Fig. 7.

The atomic lines (Br I) and ionic lines (Br II) of bromine were
simultaneously observed in the LIBS spectrum. The different
isotopes of bromine and chlorine could be clearly distinguished at
the same time based on the SPAMS analysis. It was thus
demonstrated that the LIBS-SPAMS technique can provide
elemental and isotopic information of halogen atoms in
atmospheric VOCs. Furthermore, this method enables remote
LIBS detection to meet the actual needs of halogen detection in
most cases, especially in the atmosphere.

Detection of atmospheric sulfur. The LIBS detection of sulfur
has the same problem as halogen detection because the strong
sulfur lines in the NIST database lie within the VUV or NIR
spectral range,'?® which poses great difficulty in terms of capturing
the emission spectra in open air. Because the spectral emission in
the VUV band rapidly decays in air, studies on the detection of
sulfur are carried out in a vacuum environment. Ytsma et al. used
the LIBS spectra of standard geological samples to quantify sulfur
and other main elements under a variety of atmospheric
conditions,'”’ including vacuum, Mars, and Earth atmospheres.
The authors established a quantification model based on
multivariate analysis; however, the experimental results showed
that there was poor linearity between the actual and predicted
concentrations, and thus the method was impractical for
determining the sulfur concentration. Kubitza et al. studied the
detection of sulfur in lunar analogs at concentrations ranging from
0.5 to 4.0 at% by conducting LIBS experiments in a high-vacuum
(103 Pa) environment.'?® Zhang et al. proposed a new analytical
method for sulfur determination in sulfur-bearing powder samples
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Fig. 7 The characteristic peaks of bromine in the LIBS-SPAMS spectra of Halon 2402. (a) The atomic lines (Br I) and ionic lines (Br II) of bromine in the
LIBS spectrum, and (b) the mass peaks of bromine at m/z 79 and 81 in the SPAMS spectrum.'?

Fig. 8 The ionic lines of sulfur in the LIBS spectrum of a DMS gas sample
at a laser energy of 1000 mJ/pulse.'*

using resonance Raman scattering combined with the LIBS
technique.'?’ Compared to the calibration curve achieved by sulfur
atomic emission, the linear coefficient (R’) and detection limit
were significantly better.

However, this method is not suitable for LIBS detection of
atmospheric sulfur because it is difficult to create a vacuum
environment for detection in air. Sulfur is widely distributed in
coal, petroleum, and other fossil fuels, and massive sulfide
pollutants are emitted into the atmosphere during the combustion
of these fuels and derivatives in factories. The detection of these
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atmospheric pollutants in air is of great significance for
environmental protection. To apply the LIBS technique to the in-
situ detection of atmospheric sulfur, Zhang et al. established a
novel LIBS experimental apparatus specializing in the detection
of gas samples and applied it to the online direct detection of sulfur
in the gas phase under atmospheric pressure.'3® The characteristic
ionic lines of sulfur were also clearly observed in the LIBS
spectrum of a dimethyl sulfide (DMS) gas sample, as shown in Fig.
8. In addition, a quantitative calibration model of sulfur was
established by fitting the intensity of the line and concentration of
sulfur compounds, and the LOD of sulfur by LIBS was calculated
to be 46 mg/L. The experimental results also demonstrated the
potential of LIBS detection of sulfur based on the analysis of sulfur
ionic lines in the visible range.

However, compared to the other techniques that have been
applied to the detection of sulfur, the LOD in LIBS measurements
is relatively high and insufficient for the actual environmental
quality control. The high LOD severely limits the application of
LIBS in the in-situ detection of atmospheric sulfur. Hence, it is
essential and meaningful to focus subsequent studies of this
subject on the enhancement of the LIBS signal and decreasing the
LOD of sulfur.

CONCLUSIONS

LIBS is a novel optical analytical method that has attracted
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significant attention in recent years. Because of its unique
advantages in terms of rapid and precise response, noncontact
measurement, and simultaneous multi-element analysis, the LIBS
technique has been expected to play an important role in the field
of environment detection or even replace conventional analytical
methods under some circumstances since its inception. However,
compared with the detection of solids, liquids, and aerosols,
progress in atmospheric detection by LIBS was disappointingly
slow in the early years. As some advanced laser techniques,
including femtosecond pulse lasers, have become available, and
the fundamental theory of light-matter interaction has been
improved, development in this field has significantly increased in
the last few decades.

In this review, a brief introduction to the in-situ online detection
of the atmospheric environmental pollutants using the LIBS
technique is presented, and we have highlighted recent advances
in the research on the LIBS detection of atmospheric particulate
matter, atmospheric pollution sources, and stable isotope
abundance.

Over the past 30 years, the experimental instruments, methods,
and analytical algorithms have been greatly improved, and LIBS
detection now stands at its highest level of functionality. Our
current research on the in-situ online detection of atmospheric
environmental pollutants is focused on using LIBS to detect
pollutants with extremely low concentrations and the analysis of
the molecular structure of the organic matter.
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