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简要介绍（研究背景、问题、方法、创新点、学术及应用价值和引用情况等）： 

研究背景：空气是人类生存的宝贵资源，其破坏是一个不可逆转的过程。因此，空

气污染越来越受到重视。而现代的生产生活会产生大量的重金属污染物，这些重金属元

素被排放到空气中会极大地污染空气环境，也严重威胁着人类的健康。其中的铅元素和

锰元素的危害尤其大。 

问题：根据空气污染的范围来看它有广域和局域之分，广域的颗粒物重金属污染主

要是由工业生产和汽车尾气排放引起的，而局域空气污染主要来源于我们的日常生活，

比如说蚊香、农药这类驱虫剂的使用，秸秆的燃烧及烟花爆竹的燃放等。所有这些行为

都会对环境造成很大的破坏。近年来，广域大气污染已经引起了人们的高度重视，但是

针对局域大气污染的研究还比较少。传统的污染物监测技术皆存在价格昂贵、过程复杂、

检测周期长、检测元素单一等弊端，无法对大气中重金属元素进行实时在线的探测和分

析。 

方法：利用激光诱导击穿光谱技术，直接对蚊香燃烧的烟雾、人类的呼吸和周围环
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Abstract: The smoke of burning mosquito-repellent incense was taken as an example for the 
local air pollution to be detected and analyzed in situ and in real time. And the spectra of the 
ambient air, human breathing, and smoke were detected in situ with the LIBS technique. 
There are some additional spectral lines being found in human breathing, such as the C, Hβ 
line, and the CN molecular bands. Some characteristic peaks of the elements Fe, Ca, Ti, Sr, 
and Cr have been observed in the smoke. Moreover, the vibrational and rotational 
temperature of the CN molecule were calculated. The mosquito-repellent incense was dipped 
into the solutions containing Mn and Pb to simulate heavy metal pollution in the atmosphere. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Air is a precious resource for human survival, and its destruction is an irreversible process. 
Therefore, more and more attention has been paid to air pollution. According to the research, 
atmospheric particulate matter is the main pollutant affecting air quality, among which there 
are many heavy metals that harmful to human health [1–3]. Based on the scope of air 
pollution, the wide-area pollution of atmospheric particulates is mainly caused by industrial 
production and vehicle exhaust emissions [4,5], while the local air pollution mainly comes 
from our daily life, such as the use of mosquito-repellent incense, pesticide and other insect 
repellents, burning of straw and discharge of fireworks [6–8]. All these behaviors will cause 
great damage to the environment. 

There are a lot of heavy metal elements in atmospheric particulate matter, among which 
manganese and lead are two typical elements that do great harm to human beings. Although 
manganese is an essential trace element we need, excessive manganese can lead to 
neurological disorders in the brain and irreversible damage to the central nervous system [9]. 
Lead, which has a strong potential toxicity to many tissues and can cause cancer, has been 
listed as a strong pollutant [10]. 

In recent years, wide-area air pollution has won much attention [11–13], but there are few 
studies on local air pollution. Conventional detection methods for elements include atomic 
absorption spectrometry (AAS), inductively coupled plasma mass spectrometry (ICP-MS) 
and so on [14,15]. However, these techniques are not suitable for rapid elemental analysis due 
to the complex sample pretreatment. Laser induced breakdown spectroscopy (LIBS) is a new 
technique for the analysis of material composition based on the atomic or molecular spectra in 
laser-induced plasma [16]. LIBS technique has the advantages of simultaneous multi-element 
analysis, fast and real-time detection, and small sample loss [17–19], so it has been widely 
used in different fields [20–22]. 

LIBS was applied in the experiment, which is one of the important and convenient 
techniques to analyze the composition of substances. Although LIBS has been applied in 
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various gas-mixtures and aerosol studies, there is no work reported particularly on attention of 
the real-time and in situ detection of local air pollution, to our best knowledge. As we know, 
local air compositions can be easily changed even by the breathing of human. However, the 
monitoring of human breathing has never been addressed in situ via LIBS technique as well. 
In this paper, the spectra of human breathing and the ambient air were compared and 
discussed. What’s more, the smoke of burning mosquito-repellent incense was taken as the 
example for the detection and analysis of the local air pollution in situ and in real time. The 
mosquito-repellent incense was also dipped in the solution containing Mn and Pb to have a 
semiquantitative analysis on the atmospheric pollution of heavy metals. 

2. Experiment 

2.1 Experimental setup 

The schematic diagram of LIBS experiment is shown in Fig. 1. All the samples are irradiated 
by the Q-switched Nd:YAG laser with a fundamental wavelength of 1064 nm and the 
maximum energy of 680 mJ in a single laser pulse. To increase the stability of signals and 
improve the quality of image, laser beam used in the experiment was about 290 mJ/pulse with 
8 ns duration at a frequency of 10 Hz. The detection of the smoke is challenging. Optical 
optimization for the laser beam is required. The setting of pulse energy in this experiment is 
also important. The employed pulse energy is approximately 290 mJ/pulse to achieve the 
most ideal experimental results. Meanwhile, the delay for the spectrometer is chosen to 6 μs 
for the best timing setting for this measurement, to detect both the CN molecular 
spectroscopy (for CO2 gas in smoke) as well as the atomic spectroscopy (for particulate 
matter in smoke). The laser been was focused by 15 cm focal length lens onto the ambient air, 
smoke and other samples. And then a focal spot diameter of about 100 μm would be formed 
on the surface of the samples, radiating the plasma. The collector could detect the emission 
signals and transmit them to the spectrometer system to record spectra on the computer via 
optical fibers. The detection range of spectra is 236—773 nm, and the resolution is about 0.1 
nm. Fifty measured spectra were averaged to obtain better signal-to-noise ratio. 

 

Fig. 1. Schematic diagram of experimental setup. 

2.2 Sample preparation 

The mosquito-repellent incense analyzed in the experiment is purchased in the supermarket. 
In order to study the heavy metal pollution in the air, two of the most representative elements, 
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manganese and lead, were selected in the experiment. Four solutions were prepared and they 
are two kinds of solutions with different quantity of 3 2( )Mn NO  and 3 2 2(C COO) 3H Pb H O⋅ . 
The high and low concentration of solution 3 2( )Mn NO  is 50.0% and 12.5%, respectively. 
And the high and low concentration of solution 3 2 2(C COO) 3H Pb H O⋅  is 1.78% and 0.46%, 
respectively. The mosquito-repellent incense was dipped into the solutions respectively for 15 
minutes. And then the samples were dried in the drying oven. Therefore, the water in the 
mosquito-repellent incense evaporated, and the element Mn and Pb were retained. And the 
semiquantitative analysis on the heavy metals in the smoke could be carried out. 

3. Results and discussion 

3.1 Real-time detection of the air and human breathing 

In order to have a good analysis of local atmospheric pollution and make it clear, we first 
obtained the spectrum of the air with LIBS, which is shown in Fig. 2. The characteristic 
spectral lines of air are mainly distributed in the range of 550 nm through 750 nm. It is well 
known that the main components of air are nitrogen and oxygen, which are consistent with 
the characteristic peaks of the spectrum we detected. Since there was some water vapor in the 
ambient air, the atomic line of hydrogen was also observed at about 656 nm. 
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Fig. 2. The spectrum of air ranged from 500nm to 780nm. 

After that, human breathing was simulated and the spectrum was recorded, which is 
compared with the air, as shown in Fig. 3. It can be found that there are some additional 
spectral lines in the spectrum of human breathing. Referring to the NIST database [23] and 
some studies [24,25], they were identified as the C I, Hβ line and the CN molecular bands, 
which can be seen more clearly in Fig. 4. This is because human breathing contains carbon 
dioxide and water vapor. However, hydrogen (Hβ) has a weak intensity and it may due to the 
little content of water vapor. 
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Fig. 3. The spectra of air and human breathing. 

The molecular emissions of CN are distributed in the ranges of 355—360 nm, 384—389 
nm and 413—422 nm, which correspond to the sequences of Δ = + 1, Δ = 0 and Δ = −1, 
respectively. The results are in good agreement with the previous study of CN bands [26]. 
However, the sequence of Δ = −1 can’t be observed clearly. Since there is no CN in human 
breathing and air, it is deduced that two reactions may proceed and lead to the formation of 
CN [27]: 

 C+N CN.→  (1) 

 2C+N CN+N.→  (2) 
The laser pulse dissociates the N2 in air and the CO2 in human breathing, and then the 

nitrogen and carbon plasma appear. They may recombine to form CN molecule or the atomic 
carbon would react directly with N2. What’s more, it can be found in the Fig. 3 that the 
relative intensity of the element N in human breathing decreases, which can also be 
considered as the evidence that nitrogen in the air participates in reactions. 
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Fig. 4. The spectrum of human breathing ranged from 235 to 520nm. 

3.2 Real-time detection of the smoke from burning mosquito-repellent incense 

The combustion of mosquito-repellent incense was taken as an example to analyze the local 
atmospheric pollution, and the smoke of the burning mosquito-repellent incense was detected 
in situ. In the experiment, the ambient environment was kept free from the unstable air flow. 
The hot air would generate when the mosquito-repellent incense was lit and it could raise to 
form a stable channel, from which the smoke could rise continuously. The smoke was 
captured by igniting the mosquito-repellent incense (without open flames), and it was 
enclosed by immersing the burning mosquito-repellent incense into water. As depicted in Fig. 
5, some metal elements have been identified in the spectra of smoke, such as Mg, Fe, Ca, Ti. 
Also, it can be found that there are also some toxic elements in the smoke, such as Sr, Cr and 
Cd [28–30], and somehow the use of mosquito-repellent incense is possibly potential for the 
pollution to the local atmosphere. 

Since the spectra were obtained in the air atmosphere, it is reasonable to observe the 
spectral lines of nitrogen, oxygen and hydrogen (Hα). In addition, the atomic line of Hβ and 
CN molecular bands are also detected, which do not appear in the spectrum of air. Therefore, 
it can be speculated that there should be elements such as carbon and hydrogen in the 
mosquito-repellent incense. A component called meperfluthrin (C17H16Cl2F4O3) have been 
found in the ingredient list of the sample we used. It has great lethality to mosquito and fly, 
and widely exist in mosquito-repellent incense or pesticides as the additive. The carbon and 
hydrogen in meperfluthrin may react with nitrogen or oxygen in air to form CN and H2O. The 
characteristic spectral line of element fluorine [31] is around 685.6 nm, which was also 
observed in the experiment, as shown in Fig. 5(c). However, the characteristic line of chlorine 
is about 837.6 nm [32], which is out of the detection scope for this measurement. 
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Fig. 5. The spectrum of the smoke. 

It should be noted that the carbon from the CN molecule could come from the human 
breathing, the air or the smoke. However, in the experiment of the naturally occurring in the 
air, the CN molecular bands were not observed clearly (Fig. 3). It could be reasonably 
explained by the factor that CO2 in natural air is too rare to be detected. While when the 
human breathing (Fig. 4) and the burning mosquito-repellent incense (Fig. 5(a)) occur, the 
CN molecular spectrum as well as the carbon atomic line (247.94 nm) are clearly observed. 
Therefore, it is inferred that the carbon of the CN is likely to come from the CO2 generating 
from the human breathing and the smoke with higher concentration. 

Temperature is one of the most important thermodynamic parameters of molecular 
radiation. The measurement of the temperature is significant for studying the transitions of 
molecules and their chemical reactions. Molecular emissions of CN (B2Σ+−X2Σ+ band system) 
have been found in both spectra of human breathing and smoke, of which the Δ = + 1 and Δ = 
0 sequences can be identified clearly. In the experiment, LIFBASE [33], a spectrum 
simulation software developed for diatomic molecules and ions, was used to fit the spectral 
data of the two vibration bands. Baseline and wavelength shift are common phenomena in 
LIBS technique, and the corrections were done before the simulation to have a more accurate 
result. In LIFBASE software, the temperature of vibration and rotation were kept adjusting to 
minimize the mean square error between the results of simulation experiment. The 
comparison between the two results is shown in Fig. 6, and it can be seen that they are in 
good agreement. Therefore, the vibrational temperature of CN molecule in human breathing 
and smoke can be estimated to be 8200 K and 7900 K respectively, and the rotational 
temperature to be 7600 K and 7000 K respectively. Moreover, the vibrational level 
populations of CN molecule in X2Σ +state (ν”) in the rotational temperature at 7000 K for 
human breathing and 7600 K for smoke were obtained, as shown in Table 1. 
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3.3 Semiquantitative analysis of the smoke containing heavy metals 

The results demonstrate it is feasible to detect atmospheric particulate matter in situ by 
applying LIBS technique. With the development of industry, heavy metal pollution in the 
atmosphere is becoming more and more serious. In order to simulate this, the mosquito-
repellent incense was dipped into the solutions containing Mn and Pb element respectively. 
The excessive intake of manganese will paralyze the central nervous system while lead has 
been listed in the range of strong pollutants and has strong potential toxicity to the tissues. 
Hence the two typical elements were selected to have the analysis of heavy metal pollution. 

Table 1. The CN molecule vibrational level populations in X2Σ +state 

Tr = 7000K  Tr = 7600K 
X2Σ+ (ν”) Vib. Populations  X2Σ+ (ν”) Vib. Populations 
ν” = 0 0.323573  ν” = 0 0.315075 
ν” = 1 0.219789  ν” = 1 0.217066 
ν” = 2 0.150388  ν” = 2 0.150601 
ν” = 3 0.103699  ν” = 3 0.105268 
ν” = 4 0.072094  ν” = 4 0.074164 
ν” = 5 0.050560  ν” = 5 0.052691 
ν” = 6 0.035788  ν” = 6 0.037772 
ν” = 7 0.025630  ν” = 7 0.027383 
ν” = 8 0.018479  ν” = 8 0.019980 
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Fig. 6. The results of simulation and experiment about CN in the human breathing (a) and 
smoke (b). 

The mosquito-repellent incense was lit after drying and then the spectra of smoke were 
recorded. Figure 7 is the spectrum of the smoke from the ordinary mosquito-repellent incense 
and that dipped in the Mn (or Pb) solution and the high-purity Mn (or Pb). From the 
comparison diagram, the spectral lines of Mn (or Pb) in the spectrum of sample dipped in the 
solution can be accurately identified. Figure 7(a) shows six characteristic lines of Mn (257.62 
nm, 259.38 nm, 260.65 nm, 403.01 nm, 403.24 nm and 403.35 nm), while Fig. 7(b) shows 
three characteristic lines of Pb (363.91 nm, 368.28 nm and 405.73 nm). As shown in Fig. 
7(a), the large peak near 397 nm is the spectral line of Ca II (396.77 nm), which is from the 
mosquito-repellent incense. And the peak height of it changes from the ordinary smoke to the 
smoke containing element Mn. It could be explained by the proposal that the addition of new 
substance may lead to the self-absorption phenomenon. 
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Fig. 7. The spectrum of two kinds of smoke and high-purity Mn (a), and the spectrum of two 
kinds of smoke and high-purity Pb (b). 

Two solutions with different concentrations of manganese were prepared, as well as lead 
solutions. The three spectral lines of Mn that distributed around 403 nm and the three lines of 
Pb at 363.91 nm, 368.28 nm and 405.73 nm were selected for further analysis, because they 
have stronger intensity and are less disturbed by other elements. After the data process, it can 
be found in Fig. 8 that the relative intensity is proportional to the concentration of manganese 
and lead, which demonstrates it hopeful to have a quantitative analysis of the heavy metals in 
the atmosphere with LIBS technique. 
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Fig. 8. The relative intensity of the characteristic spectral lines of Mn (a) and Pb (b) in the 
smoke. 

4. Conclusion 

In the experiment, LIBS technique was used for real-time detections of the ambient air, 
human breathing and smoke from burning mosquito-repellent incense. The characteristic 
peaks of nitrogen, oxygen and hydrogen (Hα) were observed, which are consistent with our 
knowledge of the air composition. There are some additional spectral lines being found in the 
spectrum of human breathing, such as the C I, Hβ line and the CN molecular bands. However, 
the line of Hβ has a weak intensity and probably because there is less water vapor in human 
breathing. It is supposed that CO2 molecule may react with N2 molecule to form CN. And the 
change of relative intensity of the element N can also be considered as an evidence to support 
the deduction. It is inferred that the carbon of the CN is likely to come from the CO2 
generating from the human breathing and the smoke with higher concentration. The smoke 
from burning mosquito-repellent incense was detected in situ with LIBS technique, and some 
metal elements have been found in the spectrum, such as Mg, Fe, Ca, Ti, Sr and Cr, which 
may cause pollution to the atmosphere. In addition, molecular bands of CN were also 
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recognized in the spectrum of smoke, and vibrational temperature of CN molecule in human 
breathing and smoke can be estimated to be 8200 K and 7900 K respectively, and the 
rotational temperature to be 7600 K and 7000 K. In order to simulate heavy metal pollution in 
the atmosphere, the mosquito-repellent incense was dipped into the solutions containing Mn 
and Pb element respectively to have a semiquantitative analysis. The results demonstrate it is 
promising to have a real-time detection and quantitative analysis on air pollution with LIBS. 
Further work on quantitative analysis is being in progress and could be expected. 
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