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In this study, an ultrasonic nebulizer unit was established to improve the quantitative analysis
ability of laser-induced breakdown spectroscopy (LIBS) for liquid samples detection, using solutions
of the heavy metal element Pb as an example. An analytical procedure was designed to guarantee
the stability and repeatability of the LIBS signal. A series of experiments were carried out strictly
according to the procedure. The experimental parameters were optimized based on studies of the
pulse energy influence and temporal evolution of the emission features. The plasma temperature and
electron density were calculated to confirm the LTE state of the plasma. Normalizing the intensities
by background was demonstrated to be an appropriate method in this work. The linear range of this
system for Pb analysis was confirmed over a concentration range of 0-4,150ppm by measuring 12
samples with different concentrations. The correlation coefficient of the fitted calibration curve was
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as high as 99.94% in the linear range, and the LOD of Pb was confirmed as 2.93ppm. Concentration
prediction experiments were performed on a further six samples. The excellent quantitative ability of
the system was demonstrated by comparison of the real and predicted concentrations of the samples.
The lowest relative error was 0.043% and the highest was no more than 7.1%.

Keywords laser-induced breakdown spectroscopy (LIBS), ultrasonic nebulizer, quantitative
analysis, water solution, plasma diagnostics

PACS numbers 42.62.Fi, 52.38.-r

atomic emission spectroscopy (ICP-AES) [5], and atomic
absorption spectroscopy (AAS) [6]. each
method has its own disadvantages,

However,
such as time-

1 Introduction

The heavy metal element Pb is a common water pollu-
tant in industrial wastewater and agricultural pesticide
outflow. It is extremely harmful to the digestive system,
nervous system, and immune system of human beings
[1]. Strict restrictions on the concentration of Pb are laid
down in waste water discharge standards [2] and water
quality standards [3] worldwide. Therefore, scientific
methods for the qualitative and quantitative analysis of
Pb play an important role in the enforcement of those
standards. Currently, the most common techniques used
for Pb analysis include inductively coupled plasma mass
spectrometry (ICP-MS) [4], inductively coupled plasma-

*Special Topic: The 1st Asian Symposium on Laser-induced
Breakdown Spectroscopy (Eds.: Xiao-Yan Zeng, Zhe Wang &
Yoshihiro Deguchi)

consuming operation, tedious sample preparation, and
the use of additional harmful agents.

Laser induced breakdown spectroscopy (LIBS) is an
atomic spectral analysis method that has drawn increas-
ing attention in recent decades [7]. Many researchers have
demonstrated that the LIBS method has immense poten-
tial in the field of solid sample analysis. However, many
problems appear when the LIBS technology is applied to
the analysis of liquid samples [8, 9]. On the one hand,
the sensitivity of LIBS signals of bulk liquid samples is
poor due to the low ablation efficiency and short plasma
decay lifetime [8]. On the other hand, the quantitative
analysis ability of the LIBS technique is considered as
its heel of Achilles because of the complex matrix effect
[10], and this situation becomes even worse for liquid
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sample applications. Therefore, various approaches have
been taken to improve the signal sensitivity and stability
for Pb analysis, such as moving the focus point onto the
interface of the liquid and air [11], converting the liq-
uid samples into solid ones [12], transforming bulk sam-
ples into flowing liquid jets [13], depositing the solute in
samples on the surface of solid substrates [14, 15], and
enriching the target elements on the exchange polymer
membranes [16]. As a result, the obtained limits of de-
tection (LOD) for Pb are usually lower than100 ppm.

Ultrasonic nebulizer (abbreviated as USN or UN) sam-
ple introduction units are also utilized in LIBS experi-
ments to produce dry aerosol. Some of the studies are
aimed at obtaining gaseous samples with a certain con-
centration of the target elements for gas analysis [17, 18],
and the others aim to improve the LIBS signal in the
analysis of liquid samples [19, 20]. For example, Han-
sheng et al. used a commercially available USN unit to
produce dry gas aerosol, and then investigated the LIBS
calibration techniques for analysis of the elements Cr and
Cd in air [17]. Aras et al. combined a USN unit and
a dryer unit into one system for LIBS analysis, which
was utilized to analyze seven different metal elements in
water, with an obtained LOD of 13.6 ppm for Pb [19].
The authors of this paper have developed a purpose-built
USN unit which does not employ a dryer unit. The lig-
uid droplets from this unit were directly broken down by
the laser pulse to create plasma for LIBS analysis. The
properties of the plasma such as the electron density,
temperature, and spectral emission lifetime were exper-
imentally investigated in the initial works. The LOD of
manganese in water solution was subsequently confirmed
as 0.242 ppm [20].

In this paper, the quantitative analysis ability of LIBS
assisted by a USN unit for Pb detection was investigated.
The repeatability, linear range, LOD, and accuracy of
concentration prediction for Pb detection in water so-
lutions are discussed with reference to the experimental
results.

2 Experimental and operation procedure

Figure 1 illustrates the design of the experimental setup,
which consists of a combination of a purpose-built ultra-
sonic nebulizer sampling unit and a conventional LIBS
system.

2.1 Ultrasonic nebulizer sampling system

The ultrasonic nebulizer sampling system was composed
of a sample cell and a buffer chamber. The glass sample
cell was a hollow glass column with an oscillating plate
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Fig. 1 Schematic diagram of the experimental setup.

Sample cell

fixed at the bottom with a fan (Fan 1) mounted on the
top. A latex tube was used to connect the sample cell
and the buffer chamber, which was a 20 mm high cylin-
der with an inside diameter of 12 mm. Two pipes (pipe 1
and pipe 2) with different lengths and same inside diame-
ters (4 mm) were fixed to the top of the buffer chamber.
One end of pipe 1 was connected to the latex tubing,
and the other end was inserted into the chamber 10 mm
above the base. The second pipe was also inserted into
the chamber, with the inside end of the pipe 5 mm from
the top side of the chamber.

When the USN unit was operating, the oscillating
plate, driven by a capacitance feedback oscillator cir-
cuit, would vibrate at an ultrasonic frequency of 1.7 MHz
to transform the liquid sample in the cell into a dense
aerosol composed of liquid drops. Fan 1 then assisted
the aerosol to flow slowly into the buffer chamber along
pipe 1, and then slowly fill the inner space of the chamber
from the bottom to the top. Finally, the aerosol would
slowly and stably flow out of the buffer chamber through
pipe 2. The aerosol flowing out of pipe 2 was maintained
in a stable cylinder shape with the assistance of a sec-
ond fan in order to facilitate LIBS analysis. The waste
aerosol was gathered for treatment.

According to calculation formula proposed by Céaceres
et al., the average diameter of the droplets generated by
USN depends on several factors including the vibration
frequency, the surface tension of the liquid sample, at-
mosphere pressure, and temperature [21]. Using this for-
mula, the average diameter of the droplets in this study
was calculated as 2.92 pm. The experimental results re-
vealed the transport efficiency to be approximately 400

mL/hour with a droplet density of 300 per mm?.

2.2 LIBS System

The LIBS system utilized a Q-switch Nd:YAG laser
(Quantel, Brilliant, 10 Hz repetition frequency, 8 ns pulse
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width) operated at 1064 nm as the light source. The out-
put laser pulses were focused on the aerosol generated
by the USN unit using a quartz convex lens with a fo-
cal length of 38.1 mm. The resultant plasma light emis-
sion was collected by a convex fiber with one end placed
about 2.5 cm away from the center of the plasma and
the other end coupled into a Czerny—Turner spectrom-
eter (Acton, Spectra Pro 2500i, 1200 lines/mm). The
time resolved spectra were recorded with an ICCD (An-
dor, istar, DH734-18F) camera triggered by the Q-switch
synchro-out signal.

2.3 Operational procedure

In order to obtain the most stable and repeatable LIBS
signal, the operational procedure was elaborately de-
signed and meticulously executed. Each set of valid data
was obtained from independent experiments performed
according to the procedure. In each experiment, 25 mL
of liquid sample was injected into the sample cell and
the capacitance feedback oscillator circuit was activated.
After 20 s, a stable aerosol flow was achieved, the laser
pulses were emitted. Each valid spectrum was an accu-
mulation of the signals induced by 100 laser pulses. After
each spectrum measurement, fan 1 continued operating
for at least 60 s to purge the aerosol from the sample
cell and the buffer chamber. The sample cell was then
washed using deionized water twice. In order to correctly
determine the calibration curves and concentration pre-
dictions, the data obtained from three independent ex-
periments were used to calculate the average intensity
and associated errors. The obtained spectral data were
processed using the Origin software on a PC.

2.4 Sample preparation

The commercially available analytical reagent Pb(NO3)s
was dissolved into deionized water in a laboratory envi-
ronment to prepare a high concentration aqueous sample.
The low concentration samples were prepared by subse-
quent dilution operations.

3 Results and discussion

3.1 Parameter optimization

The temporal evolution features of spectral emission pro-
vide important information for parameter optimization
in LIBS measurement. In this section, the experiments
were performed using an aqueous solution with a concen-
tration of 2072.0 ppm Pb. The spectral emissions emitted
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by the plasma, induced by 6 different laser pulse energies
(38 mJ, 60 mJ, 81 mJ, 100 mJ, 120 mJ and 139 mJ), were
recorded using the ICCD operating in the time resolved
gate mode. For each pulse energy level, 12 spectra were
measured with gate delays from 0.2 ps to 5.7 us, and a
gate width of 0.5 pus. The line of Pb at 220.35 nm was
selected for the analysis, and the emission around this
peak (200 pixels of the ICCD corresponding to a range
of wavelength of 216.83 nm to 219.54 nm and 220.62 nm
to 223.33 nm) was studied to provide measurements of
the background. The obtained temporal evolution of in-
tensity and signal to background ratio (SBR) is presented
in Fig. 2.

As shown in Fig. 2(a), the intensity of Pb for all of the
six pulse energies displayed a similar decreasing trend
during the recorded period. The intensity decreased from
the maximum to a very low value (about 5% of the max)
over a time of approximately 4.2 us, which indicated that
the lifetime of the LIBS signal with this system could last
for longer than several microseconds. Comparison of the
curves obtained from the laser pulses of six different en-
ergies, revealed that the values did not change obviously
in the recorded period when the laser pulse energies were
higher than 81 mJ. The temporal evolutions of signal to
background ratio are shown in Fig. 2(b). It can be seen
that the values of the signal to background ratio in the
initial period were not very high because of the con-
tribution of the bremsstrahlung, which formed a strong
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Fig. 2 Temporal evolutions of ion line intensity of lead at 220.35
nm (a) and signal to background ratio (b).
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background in the early stage of the plasma. The max-
imum signal to background ratios for different laser en-
ergies occur at different times. When the laser pulse en-
ergy was higher than 81 mJ, approximately 1.2 us was
required for the signal to background ratio to reach a
maximum after the Q-switch signal arrived. For values
of the gate delay time up to 4.2 ps, the signal to back-
ground ratio was higher than 1.7 for the energy of 120
mJ.

According to the above results, the laser energy was
selected as 120 mJ. The gate delay and gate width em-
ployed were 0.5 us and 4 ps as shown in Fig. 2. With the
optimized experimental parameters, 30 independent ex-
periments were carried out to analyze a solution sample
with a Pb concentration of 2072 ppm. By subtracting the
background from the original spectra, the absolute sig-
nal intensity of Pb at 220.35 nm was obtained, as shown
in Fig. 3. Absolute signal to background ratios were also
calculated to evaluate the stability and repeatability of
the system.

As shown in Fig. 3, the RSD (Relative Standard Devi-
ation) of the intensity obtained is 0.0033, and the RSD
of the LIBS signal to background ratio is somewhat bet-
ter than that of the intensity, reaching 0.0027. These
results indicate that reproducibility of this system is ac-
ceptable. According to previous studies [11, 22], LIBS
spectral lines of target elements could be normalized by
the background emission, which is considered as an ef-
fective method for quantitative analysis, thus the same
calibration method was utilized in this work.

3.2 Plasma temperature and electronic density

Local thermodynamic equilibrium (LTE) states of
plasma are considered as one of the two necessary con-
ditions for LIBS quantitative analysis. Therefore, the
plasma temperature and electron density were calculated
to understand the properties of the plasma induced in
these experiments.
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Fig. 3 Reproducibility ability of Pb II at 220.35 nm.
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In order to obtain enough spectral lines, a sample of
iron dissolved in water was employed for the plasma tem-
perature calculations. Following the same experimental
parameters employed previously, spectra of iron in ul-
trasonic nebulizer assisted LIBS experiments were ob-
tained. 21 ion lines of iron were selected for Boltzmann
Plot method. The intensities and parameters of those
spectral lines are shown in Table 1.

By fitting the intensities of those 21 lines, a straight
line was obtained as shown in Figure 4. The function of
the line is shown below:

Y = —0.984z + 4.17.

The slope of the straight line obtained is —0.984 and
the intercept is 4.17, with a correlation coefficient of
0.857. According the Boltzmann plot method, the slope
of the straight line is equal to —1/(KT'), where the K is
Boltzmann constant and 7' is the plasma temperature.
Therefore, the plasma temperature under typical exper-
imental conditions was determined to be 1.18x10* K.

The alpha line of hydrogen at 656.27 nm is often em-
ployed as an analytical tool for electron density calcula-
tion in LIBS investigations. In this work, this line was
very strong and was selected for electron intensity cal-
culation. The spectral dots obtained in the wavelength
range from 645 nm to 665 nm are shown in Fig. 5.

As shown in Fig. 5, the Voigt profile fits the exper-
imental data very well and the correlation coefficients
obtained reached as high as 99.6%. The broadening of
the obtained Lorentz profile was confirmed as 1.08 nm.
According to Ref. [23], the electron density of hydrogen
elements could be calculated by following formula.

N, = C(Ne, T)(Apwim)*2,

where the constant C'(N,,T) is a coefficient which is

= In[f;/(4;g)]
—— Boltzmann plot

LF

In[Z;/(4;g)] (a.u.)
v

48 56 6.4 72 8.0
E;(eV)
Fig. 4 Boltzmann plot of iron according experimental data of

ultrasonic nebulizer assisted LIBS experiments.
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Table 1 Parameters of the lines of iron used for Boltzmann plot.
No. A 71 o 1:”;1 E; E; c, c; In[l;;/(Aij9:)]
(nm) (10" a.u.) (10°S—4) (eV) (eV) (a.u.)
1 235.91 7.28E+07 6 0.5 0.107 5.361 3d5(5D)dss /o 3d5(°D)4ps 2 ~1.41619
2 238.20 7.74E+08 12 3.13 0 5.203 3d5(5D)dsg /2 3d5(°D)4p11/2 -1.57957
3 238.86 1.74E+08 8 1.05 0.048 5.237 3d5(5D)dsz /o 3d5(°D)4ps 2 ~1.57487
4 239.56 7.52E+08 10 2.59 0.048 5.222 3d5(5D)dsz /o 3d5(5D)4pg /- -1.23676
5 239.92 1.84E+08 6 1.39 0.083 5.249 3d5(°D)ds5 /2 3d5(°D)4ps 2 ~1.50967
6 240.49 4.01E+08 8 1.96 0.083 5.237 3d5(°D)ds5 /2 3d5(°D)4ps 2 -1.36336
7 240.67 1.90E+08 4 1.61 0.107 5.257 3d5(5D)dss /o 3d5(°D)4p /2 -1.21905
8 241.05 3.71E+08 6 1.55 0.107 5.249 3d5(5D)dss /o 3d5(°D)4ps 2 -0.91883
9 241.33 9.64E+07 4 1.02 0.121 5.257 3d5(5D)ds; /o 3d5(°D)4p3 2 —1.44297
10 249.33 1.68E+4-08 16 3.04 2.635 7.606 3d5(3H)dsq3,2 3dS(*H)4p15,2 ~3.36387
11 258.59 4.69E+08 8 0.89 0 4.793 3d5(°D)dsg /2 3d5(°D)4p7 2 -0.41678
12 259.84 8.57E+08 6 1.43 0.048 4.818 3d5(°D)ds7 /2 3d5(°D)4ps 2 —-9.0E-04
13 259.94 1.36E+09 10 2.35 0 4.768 3d5(5D)dsg /2 3d5(°D)4pg 2 ~0.54427
14 260.71 5.17TE+08 4 1.73 0.083 4.837 3d5(5D)ds5 /2 3d5(°D)4p3 2 -0.29214
15 261.19 7.27TE+08 8 1.2 0.048 4.793 3d5(5D)dsz /o 3d5(°D)4p7 2 -0.27825
16 261.38 3.05E+08 2 2.12 0.107 4.849 3d5(5D)ds3 /o 3d5(5D)4p1 /o -0.33002
17 261.76 2.31E+08 6 0.49 0.083 4.818 3d5(°D)4s5 /2 3d5(°D)4ps 2 -0.24283
18 262.57 3.27E+08 10 0.35 0.048 4.768 3d5(°D)ds7 /2 3d5(°D)4pg 2 -0.06802
19 262.83 2.84E+408 4 0.87 0.121 4.837 3d5(5D)ds; /o 3d5(°D)4p3 2 -0.20243
20 252.95 8.79E+07 10 2.2 2.807 7.707 3d5(3F)4s7 /o 3d5(3F)4pg 2 -3.26645
21 253.68 1.97E+07 10 1.69 2.676 7.562 3dS(3H)dsz /o 3d5(*H)4pg /o ~2.88496
12105 where the AFE is the energy difference in electron volts
fi between the two states of the transition of analytical el-
= ement, and the T is the plasma temperature. In this
B 9.0x10% study, the energy difference corresponding to the se-
2 lected atomic line of Pb at 220.35 nm was 5.62 eV
% 6.0%10° and the plasma temperature obtained was determined
- to be 1.18x10* K. Thus, the minimum electron den-
: sity to guarantee a state of LTE could be confirmed as
=] 2.67x10'% ¢cm~3, which were two orders of magnitude
lower than the density obtained from the hydrogen spec-

645 630 655 660 665
Wavelength (nm)

Fig. 5 The obtained alpha spectral line (o) of hydrogen and the

fitting line (—) with Voigt profile.

weakly correlated with the electron density and tempera-
ture. The AApwnwm is the Stark broadening which could
be regarded as Lorentz broadening obtained by fitting
experimental data. The constant C'(N,, T') can be found
in Table 14-1 of Ref. [23]. Therefore, the electron den-
sity of the plasma in this study was determined to be
2.0x10'7 cm~3.

The criterion for LTE is that collisional processes must
be much more important than radiative processes, which
is possible at very high plasma electron densities such
that:

N. > 1.6 x 10"*T'/2AE,

Shi-Lei Zhong, et al., Front. Phys. 11(4), 114202 (2016)

trum in this study. Therefore it was reasonable to assume
that the plasma induced with the optimized experimen-
tal parameters is in an LTE state.

3.3 Calibration curves and limits of detection

The variation of the signal intensity as a function of con-
centration is very important in LIBS experiments. On
one hand, it reflects the features of the signal emission
affected by self-absorption, which often occurs when the
concentration increase to a certain extent. It is helpful to
understand the radiation mechanism of plasma excited
by a laser pulse. On the other hand, it is also the most
important basis for determining the linear range of cali-
bration. Pb in solution ranging from 25.9 ppm to 10 360
ppm were prepared and employed for LIBS experiments.
The obtained results are shown in Fig. 6. The intensities
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Fig. 6 Spectral intensities of Pb at 220.35 nm with concentration
from 25.9 ppm to 10 360 ppm.

provided here were all separately normalized by the back-
ground for intensity calibration and are written as INor.

As shown in Fig. 6, it could be found that the linearity
between the spectral intensities and the concentrations
of the Pb was acceptable for concentrations lower than
4000 ppm, however this relationship progressively deteri-
orated with further increases of concentration. This phe-
nomenon is most likely because of the influence of self-
absorption on the intensities, though no peak reverse
was observed. This situation agrees with the Scheibe-
Lomakin formula, which is expressed as I = AC?, where
I is the signal intensity of the target elements, C' is the
concentration of the element, A is a constant, and b is a
variable which has a close relationship with the concen-
tration. When the concentration is low enough the rela-
tionship shows a fine linearity and the value of b equals
1. However, when the concentration increases beyond a
certain extent, the linear relationship is destroyed, and
the value of b becomes less than 1. Therefore, in this
study, the linear range could be confirmed as 0 ppm to
approximately 4000 ppm.

The data displays excellent linearity between the nor-
malized intensities and the concentrations in the linear
range, and the obtained correlation coefficient of the fit-
ted straight line was as high as 99.94%. The fitting line
almost went through the origin of the coordinates as
shown in the figure. The formula of the fitting line was

Inor = 0.0139C — 0.226.

As shown in Fig. 7(b), the fitting results of the non-
calibrated intensities obtained from the same set of sam-
ples display a lower correlation than those shown in Fig.
7(a), with a correlation coefficient of only 98.06%. There
is an obvious difference of the error bars in the two
figures, which proved the contribution of the normaliza-
tion. In Table 1, spectral data of the samples in the linear
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Fig. 7 Calibration curves of Pb with (a) and without (b) nor-
malization by background.

concentration range was given to provide details of the
experimental results. The average values of the absolute
intensities of Pb, the backgrounds, and the normalized
intensities were presented as Taps, Inck, and InoRr, Te-
spectively.

When the sample concentration of Pb was 2072 ppm,
the relative error of the original intensity of Pb was as
high as 25.3%, however it could be improved to 0.21%
by normalizing the absolute peak intensity by utilizing
background. This demonstrates that intensity normal-
ization by the background was an effective method for
calibration curve improvement in this study.

The LOD of Pb could be calculated by the function
below :

LOD =30/,

where o is the normalized standard deviation of the back-
ground, and S is the slope of the calibration curve. For
the calculation of S, as mentioned above, the intensities
employed the for calibration curve were all obtained from
background-normalized spectral data. According to the
calibration curve in Fig. 7(a), the value of S was con-
firmed as 0.0139. For the calculation of o, 20 original
spectral data sets were used for the standard deviation
calculation, and an average background value of those 20
spectra was obtained. Through normalizing the standard

Shi-Let Zhong, et al., Front. Phys. 11(4), 114202 (2016)
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deviation by the average background value, the o could
be calculated which was then confirmed as 0.0135. The
LOD value subsequently obtained was 2.93 ppm.

The LODs of Pb and some other common heavy metal
elements obtained by this method are given in Table 3.
The analytical line employed and the correlation coeffi-
cients are also provided. The LODs for heavy metal ele-
ments derived from this method are no more than several
ppm, which is acceptable compared to other signal en-
hancing methods in the references.

3.4  Concentration prediction

In order to understand the quantitative prediction abil-
ity of the USN assisted LIBS method, 6 new samples
were separately prepared. The concentrations of these
samples ranged from 51.8 ppm to 2072.0 ppm as shown
in Table 2. With exactly the same experimental proce-
dure and spectral processing methods, the concentra-
tions were predicted utilizing the previously developed
expression. Every sample was independently measured 3
times, and the resulted plots (x) are shown in Fig. 8.
The solid line in Figure 8 is the calibration curve ob-
tained from Fig. 7(a).

Table 2 Spectra data of the employed samples in the linear range
confirmed.

Concentration IABs IBck INOR Deviation
(ppm) (a.u.) (a.u.) (a.u.) (a.u.)
25.9 46100 363000 0.127 0.0367
103.6 336000 284000 1.19 0.102
207.2 870000 311000 2.80 0.13
414.4 1380000 257000 5.38 0.215
828.8 4020000 338000 11.90 0.407
1243.2 6110000 363000 16.80 0.217
1450.4 6910000 337000 20.50 0.624
2072.0 6210000 221000 28.00 0.468
4144.0 15800000 272000 58.10 1.10

Table 3 The LODs of common heavy metal elements in aqueous
solutions got in this work versus the LODs got in other works.

This work .
Elements et (o) 2 LoD (ppm) LODs in Refs.
Pb 220.35 0.999 2.93 100 [11], 20 [12], 50
[13], 3.87 [14], 1.27 [15],
1.1 [16], 13.6 [19]
Cr 267.72  0.998  3.38 1.2 [12], 0.13 [16], 5.4
[19], 0.52 [15]
cd 226.50 0.990  1.90 129 [12], 0.21 [16], 44.0
[19], 0.4 [15]
Mnb) 257.61  0.996 0.233 0.39 [24], 0.13 [15]
Zn® 206.19 0.996  0.596 120 [11], 21 [12], 0.85

[16], 41.6 [19], 0.51 [15]

1 The laser energy employed was 30 mJ.

Shi-Lei Zhong, et al., Front. Phys. 11(4), 114202 (2016)
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Fig. 8 The spectral intensities (x) of the 6 samples.

It can be seen that the plots for all the 6 samples match
the calibration curve closely. According to the straight
line fitted to the data, an expression for concentration
prediction could be developed as below:

Cp =16.3 4 72.2IN0R,

where Cp is the predicted concentration and Inor is
the obtained intensity normalized by the background.
The concentration could then be confirmed from the ob-
tained spectra lintensities. The actual concentrations C,
the concentrations predicted by independent intensities
Cp, and the average values are presented in Table 4.
The values of Cp were used to calculate the relative er-
rors shown in Table 4. The actual concentrations (solid)
and the average value of concentrations predicted (grid
lines) of the 6 samples are presented in Fig. 9 in the form
of a histogram.

It was found that the concentrations of the samples
could be accurately predicted. The relative errors of the
predicted concentration for all samples were lower than
7.1%. The average relative errors (Eg) of the samples
with lower concentration were obviously higher than
those of the higher-concentration samples, which could
reach 7.07% and 6.50%. The most accurate concen-
tration prediction was obtained from the sample with a
concentration of 2072.0 ppm, which has a low average rel-
ative error of 0.43%. This phenomenon satisfied the basic

Table 4 The predicted concentrations and its relative errors.

c Cp (ppm) Cp S
Sample ERr
(ppm) st 2nd 3:a__ (ppm)
S 51.8  56.42 52.72 57.25 5546  7.07%
Sy 621.6 682.8 674.9 6284 6620  6.50%
Ss 1036.0 1036 1045 1066 1049  1.25%
Sa 1657.6 1664 1615 1614 1631  1.60%
Ss 1864.8 1820 1782 1814 1805  3.20%
S6 2072.0 2119 2041 2082 2081  0.43%
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Fig. 9 The predicted concentration (fill) versus the real concen-
tration (grid line) of the 6 samples.

tenets of analytical chemistry.

4 Conclusions

In this work, an ultrasonic nebulizer unit was estab-
lished to introduce liquid samples for LIBS detection in
order to improve the quantitative analysis ability of the
heavy metal element Pb. An operational procedure was
designed to guarantee the stability and repeatability
of the LIBS signal. A series of experiments were car-
ried out with optimized experimental parameters. The
plasma temperature and electron density were calculated
to confirm the LTE state of plasma. According to the
experimental data obtained, normalizing the LIBS spec-
tral intensity by background was demonstrated to be
an applicable method to improve the calibration curves
in this study. The linear range of this system for Pb
analysis ranged between 0-4150 ppm and the correla-
tion coefficient of the calibration curve was as high as
99.94%. The LOD of Pb and of 4 other heavy metal
elements obtained utilizing this method were no more
than several ppm. The excellent quantitative ability was
demonstrated by comparing the real and predicted con-
centrations of samples. The relative error ranged from a
low of 0.043% to a maximum of 7.1%.
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