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Liquid analysis using metal powder-assisted laser induced
breakdown spectroscopy (LIBS) utilizing a pulse CO; laser

Abstract

Analysis of impurity and trace element in liquid is urgently needed in environment
and industries. In this present work, new sampling technique in LIBS has been
devised using metal coarse utilizing pulse CO: laser. Experimentally, a liquid and
polluted liquid was dropped into a metal coarse powder. A pulse CO2 laser (10.6
pm, 200 ns) beam with a laser energy from 0.75 to 1.5 J was bombarded on a metal
coarse to generate a plasma. The plasma contains elemental analytical lines
obtained from the liquid material; the metal coarse itself is never ablated and only
works to induce a plasma. By this present technique, identification of major and
minor elements in liquid material target such as commercial milk liquid and multi-
vitamin liquid has successfully be made. Furthermore, a quantitative analysis of
impurity of Cr has been demonstrated, resulting in good precision and good
sensitivity with limit of detection of approximately 2 pg/ml. This developed
technique is feasible to be utilized for examination of major, impurity, and trace
elements in liquid and water.
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1. INTRODUCTION

Analysis of impurity and trace metal elements is required in various fields
including industries and environment. In food and herbal products such as tea, dry
fruits, moringa, and shilajit, periodic analysis of impurity and poisonous elements
are very important to control the quality of the products [1-4]. In environment,
analysis of impurity and trace metals elements as contaminants in water is urgently
needed to identify and ensure the pollution of the metal in the water [5-8]. In
drinking water, analysis of impurity is really necessary to ensure the quality of water
from its impurity. In industries such as food and drinking industries, analysis of
liquid is very important to control the stability of main ingredient in commercial
products [8-10]. In metal industries, analysis of metal liquid is made to ensure the
quality of the metal product from the impurity, which may contain during the
production process [11-13].

Many various techniques have been employed to analysis of water and liquid
including ICP-OES, AAS, and XRF spectroscopy [14-18]. By using mentioned
techniques, analysis of elements in liquid with high accuracy and responsiveness
can be carried out. However, those methods require serious sample pretreatment,
are labor intensive and therefore should be carried out off-site, and are high-cost
instrument.

LIBS is a tremendous analytical technique for identification and analysis of
elemental composition in various phase samples including liquids, solids, and gases
[19-24]. In this tool, a pulse Nd:YAG laser is more often used as a source of energy

to induce a luminous plasma, which emits atomic emission from the material target.




However, researchers most often apply LIBS for solid and gas targets rather than
liquid samples. This is mainly due to the technical complication in the use of LIBS
for analysis of liquid sample [25, 26]. To solve this issues, various sampling
techniques have been developed such as liquid jets [27-29], using filters for liquid
deposition [30], aerosol technique [31], and solid conversion [32, 33]. However,
most developed techniques are still limited by low reproducibility and detection
sensitivity. The disadvantages of LIBS for liquid analysis include fast plasma
quenching due to the splashing and fluctuation of liquid [34-36]. Furthermore, it
has been found the limit of detection (LoD) of analyte is quiet high in the order of
tens part per million (ppm). To overcome this problem, some researchers used metal
nanoparticles mixed with the liquid sample to enhance the emission sensitivity [37].
The other improved sampling techniques in LIBS for analysis of liquid were
developed by Jin Yu et al. utilizing surface-assisted thin film [38-40]. The results
certified that the developed techniques can overcome the matrix effect from the
sample targets and improve the limit of detection of the analytes.

In other direction, we have treated a pulse transversely excited atmospheric
(TEA) CO2 laser for specific applications of LIBS including analysis of organic
powder material [41] and aerosol or liquid analysis [42]. The results certified that
LIBS using pulse TEA CO: laser can improve the LoD of analyte to few ppm level.
Pulse CO: laser is entirely reasonable for examination of organic material, liquid
and soft solid material because the laser has longer wavelength (10.64 pm) and
longer pulse duration (200 ns) than that of Nd:YAG laser (1.064 um and 10 ns in

wavelength and pulse duration), which is commonly used in LIBS. Therefore, the




TEA CO: laser has high absorbance in those material targets. Furthermore, by
assisting a metal subtarget [43]. plasma temperature can be enhanced increasing the
effective dissociation and excitation of analyte in the sample, resulting higher
detection limit. Recently we employed a new technique of pulse CO2 LIBS by
assisting metal coarse powder for sensitive metal impurity analysis of soil material
[44]. The technique was utilized for quick assurance of poisonous metal elements
of Hg, Pb,and Cr in loam soil with limit detections of around 0.7, 15,and 0.8 mg/kg,
respectively.

In this present study, the technique of metal-coarse-powder-assisted CO2 LIBS
is used for the direct analysis of liquid material. To this end, few amounts of liquid
was dropped and trapped into the coarse metal powder. The pulse CO2 laser was
subsequently bombarded into the metal coarse. Some liquid materials were
employed including liquid commercial milk, liquid vitamin, and contaminated
water. The emission reproducibility of analytes was examined and finally semi-

quantitative analysis of impurity in contaminated water was demonstrated.

2. EXPERIMENTAL PROCEDURE

New setup of this work is schematically displayed in Fig. 1. The system
consisted of high-energy pulse TEA CO: laser (a wavelength of 10.6 ym and pulse
duration of 200 ns), a monochromator (Jobin-Ybon HRS-2, spectral resolution of
002 nm) with an optical multichannel analyzer system, and optical system

including optical fiber, ZnSe lens, sample holder.




In this experiment, a pulse TEA CO: laser beam was focused by ZnSe lens (20
cm in focal length) on liquid materials, which are trapped in coarse metal powders
to generate a breakdown plasma (Fig. 2). The laser beam was focused both on liquid
and metal coarse. The focus point size of laser beam on the coarse metal powder
was around 2 mm in diameter. The size of coarse metal powder varies from around
100-500 gm. Ranging of laser energy used was from 0.75 to 1.5 J. The plasma
emission spectra were produced from a monochromator. The gate width and gate
delay of the optical multichannel analyzer were 10 s and 100 us, consecutively.

The samples examined in this study were liquid commercial milk, which were
overwhelmingly obtainable in the market. The other targets included commercial
Ca and Mg vitamins, phosphoric acid, sodium chloride solution, KNOs solution and
polluted water containing Cr at various concentrations of 10, 20,40, and 200 pg/ml.
During experiments, 350 mg coarse metal powders were set in a hole (diameter of
10 mm) made in an acrylic plastic plate (thickness of 8 mm), on which the copper
plate was tightly attached in the tight contact of the back of acrylic; the copper plate
functions to keep the coarse metal powder from falling down during laser
bombardment. Subsequently, 3 ml liquid sample was homogeneously dropped into
the metal coarse and finally covered by stainless steel mesh with a diameter of 0.1
mm and a lattice constant of 0.4 mm, which was set in close contact on the front
side of the metal coarse. The steel mesh functions to cover and keep the metal
powder from the blow-off of coarse during laser bombardment. It ought to be
referenced that during data acquisition, the mesh was not damaged and ablated

because the ablation threshold of the mesh material is higher than laser power




density on the mesh due to the plasma shielding effect [44]. The samples were then
settled in a chamber (120 mm and 100 mm in a diameter and a height, respectively).
Inside the chamber can be filled by with various surrounding gases including air,
N2, and He. In this present work, He gas (purity of 99.999%) was drifted in the
metal chamber during the data acquisition. The rate of gas flowing was 3 liters per
minute and the inside of the chamber pressure was set at 1 atmosphere; the helium
plasma provided lower background emission compared to the use of a nitrogen gas

and air.

3. RESULTS AND DISCUSSION

At initial, we examine that the metal coarse powder only functions to initiate a
breakdown plasma and is not ablated by the laser bombardment. To this end, coarse
metal powders without any samples were tested. Figure 3 shows emission spectrum
ranging at the wavelength of 640 nm to 680 nm obtained from the coarse metal
powder target. The laser energy used was 0.75 J. Hydrogen line at 656.3 nm and
He at 667.8 nm occur very clear with very sharp and high-intensities and low
background emission. The H line is assumed originating from H20, which is still
deposited and trapped in the metal coarse powder, while the He line comes from
He gas flowed in the metal chamber during experiments. It should be noticed that
no Fe emission lines identified in the spectrum. In this region, the Fe line has a
wavelength at around 657 nm as reported here [45]. We also confirmed that even
though the gate delay time of spectrometer was opened from 1 ps, it is still no Fe

line was identified in this spectrum region. This indicated that no ablation happened




from the coarse metal powder. The metal powder only functions to initiate and
induce a breakdown plasma. The plasma generation mechanism by assisting coarse
metal powders is assumed follows: once the pulse CO: laser beam falls on coarse
metal powder, only electrons escape from the coarse metal by multiphoton
absorption process. Those free electrons accelerate in the laser light electrical field,
inducing a chain gas ionization and generating an early breakdown plasma. The
plasma then absorbs incident laser beam by inverse bremsstrahlung. The plasma
absorption is much stronger for the CO» laser than the case of pulse Nd:YAG laser
because the coefficient of plasma absorption is proportional to the square of the
laser wavelength, thus most of the COz laser energy is absorbed by the breakdown
plasma. Furthermore, coarse metal itself is not ablated by the CO: laser with a laser
energy of 1.5 and focusing point of lens of 200 mm. This result is similar with our
previous work [43], namely when pulse TEA COz laser was directed and focused
on a metal powder or metal plate, no ablation happens from the metal and only high-
intensity breakdown plasma occurs. Therefore, identification of elements from the
liquid sample by using coarse metal powders assisted LIBS can be made without
any interference of emission lines from the metal powder itself. The technique of
coarse metal powder is then used to examination of elemental composition in liquid
sample target.

Prior to liquid elemental analysis, we examined the plasma temperature
generated by the present technique. For this purpose, we used Boltzmann
distribution technique applying the ratio of two neutral lines of Cu at 510.5 nm and

521.8 nm obtained from the CuSO4 powder mixed with iron coarse powder; these




techniques have been presented in our previous papers [44]. Figure 4 displays the
plasma temperature profile corresponding to plasma lifetime. The temperature has
long lifetime and has a peak of around 7000 K at 1 gs and finally slightly decreases
up to around 6500 K at 30 ps. This temperature profile is almost the same pattern
with our previous work of metal-assisted LIBS using pulse TEA COz laser [43].
Namely, the lifetime of plasma emission is quiet long and the plasma temperature
slightly decreases with the plasma lifetime. This sophisticated phenomenon is never
happened for the Nd:YAG LIBS where the plasma lifetime is quiet short up to
around 10 us. Therefore, with long lifetime of plasma emission and quiet high
plasma temperature, atoms can effectively be excited in the plasma region, resulting
in sensitivity increment.

Analysis of major elements in commercial liquid product was then made using
our present technique. First, we used liquid commercial milk containing Ca at a
concentration of 1000 pg/ml. It is known that Ca is a primary source of nutrition
and is to bolster the bone strength of human being and contains at high
concentration in the milk liquid. lonic Ca lines at 393.3 nm and 396.8 nm obviously
appear with high intensity as shown in Fig. 5(a). Moreover, Al lines at 394.1 nm
and 396.1 nm are faintly detected near Ca lines. Using the ionic Ca Il 393.3 nm, the
LoD of Ca was estimated to be 8 ug/ml. The other liquid samples used were two
liquid vitamins contain Ca and Mg with concentrations of 6.8% and 3%,
respectively. The emission spectra of Ca and Mg from the liquid vitamins are
displayed in Figs. 5(b) and (c), respectively. It can clearly be seen that for Ca

emission spectrum, high ionic Ca intensities at 393.3 nm and 396.8 nm occur




obviously together with He line at 388.8 nm. For Mg spectrum shown in Fig. 5(c),
Some Mg lines including neutral Mg at 2853 nm and ionic Mg at 279.2 nm and
281.3 nm appear with quiet high intensities. The other liquid sample was
phosphoric acid containing P at a concentration of 30 mg/kg. Phosphor is a
macronutrient, which is used a plant to store and use energy including for the
process of photosynthesis. Figure 5(d) shows emission spectrum of P obtained from
the phosphoric acid liquid. It can be seen that the neutral P lines clearly occur with
high intensity at the wavelengths of 253.6 nm and 255.3 nm. Also, no emission
lines of Fe appear in the wavelength of around 250 nm, whereas the Fe has many
emission lines in this region. This certified that the iron coarse powder is not ablated
during data acquisition of liquid sample. Based on the result, it confirmed that the
present technique of metal coarse-assisted LIBS is successfully used for the analysis
of major elements in liquid sample.

The present technique was further examined to perform analysis of delicate
elements in liquid. First, the technique is employed to identification of chlorine. It
is known that the analysis of chlorine is very required in building construction to
ensure durability of constructions and structural safety. However, Cl analysis is
very delicate to be conducted using the standard LIBS technique because Cl has
quiet high ionization energy, resulting in low detection sensitivity. Chlorine
emission spectrum from the sodium chloride solution is shown in Fig. 6. Three
analytical lines of neutral Cl at 833.3 nm, 837.6 nm, and 842.8 nm clearly occur.
Identification was further made in nitrogen from the KNO3 solution. Total nitrogen

analysis was important in environmental and agricultural fields. Nitrogen is one of




essential elements needed for plant growth. Thus, periodical inspection of nitrogen
in water and liquid is very required to control the content of nitrogen in water.
Figure 7 shows the nitrogen spectrum from the KNOj3 solution. Neutral N emission
lines at around 742 nm were clearly detected together with unknown emission lines.

Taking advantages of the successful identification of major and delicate
elements in various liquid samples, the present technique was further used to
quantitative analysis of Cr in water. The accurate and rapid analysis of Cr as
impurity in water is necessary in environmental and industrial fields. Figure 8
shows Cr spectrum from the tap water containing 40 y g/ml Cr. Very clear and sharp
Cr lines at 425.4 nm, 427.4 nm, and 428.9 nm are obtained with high emission
intensities. Also, Ca I 422.6 nm emission lines exhibits in the spectrum; the Ca
emission comes from the tap water. Before quantitative examination, the
reproducibility of Cr intensity concerning a quantity of the laser shots was
examined. For this purpose, the emission spectra were accumulated each 20 shots
of laser bombardment using the same sample in Fig. 8. The emission intensities of
Cr show a good reproducibility with the laser dependence (Fig. 9). The same
tendency also occurs for Ca emission, namely its intensities almost the same with
the laser shot dependence. This graph confirmed that the present procedure can be
utilized to perform an investigation with a good precision proven by good
reproducibility of emission intensity with laser shot dependence.

Finally, the metal coarse powder-assisted LIBS technique further was employed
to perform analysis of Cr in tap water containing various concentrations of Cr.

Figure 10 exhibits a calibration curve of Cr obtained from the tap water containing




various Cr concentrations. Good linearity calibration curve with an intercept zero
has been successfully produced. To perform analysis with a good accuracy, Ca
emission from the bulk was used as a standard element. Each points in the curve
represents average of three spectra, which were obtained by 20 laser shots. The
error was quiet low of around 5%. Finally LoD of Cr in tap water was evaluated
using Cr 1 425.4 nm. The LoD was estimated to be 2 ug/ml; the LoD was derived
from the 3 times noise level divided detected emission intensity [46]. This result
demonstrated that the present technique can be applied to perform direct analysis
of Cr in water containing Cr at few pg/ml level. As reported and reviewed by Wang
et al., various sample preparation techniques have been devised for analysis of
liquid including microdroplet, surface-assisted LIBS, and quick-freeze procedure
[47]. Those techniques generally attempt to overcome the chemical and physical
matrix effect usually happens in LIBS experiment so that precision and high-
sensitivity analysis can be realized. In this present work, we have successfully
demonstrated that the unique and simple sample preparation of liquid analysis using
the assist of coarse metal powder makes enable one to easier conduct analysis of
liquid using LIBS with good precision and good sensitivity without tedious sample

preparation.

4. CONCLUSIONS
Developed technique utilizing metal coarse powder has been successfully
demonstrated for an identification and analysis of Cr impurity in water. Besides,

the present technique has also been employed to perform identification of major




and delicate elements in liquid material target such as commercial milk liquid and

multi-vitamin liquid. Impurity analysis of Cr has been demonstrated, resulting in

good precision and good sensitivity with LoD of approximately 2 ug/ml. This

present technique is possible to be employed for analysis of major, impurity, and

trace elements in liquid and water without any tedious sample pretreatment.
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Figure captions
Figure 1 Experimental setup used in this work.
Figure 2 Mlustration of metal coarse supported induced plasma.

Figure 3 Emission spectrum obtained from the coarse metal powder only without
any liquid sample.

Figure 4 Plasma temperature at various plasma lifetime

Figure 5 Emission spectra obtained from (a) the commercial liquid milk containing
1000 pg/ml Ca, (b) the commercial liquid vitamin containing 6.8% Mg, (¢) the
commercial liquid vitamin containing 3% Mg, and (d) the Phosphoric acid liquid.

Figure 6 Emission spectrum obtained from the NaCl solution
Figure 7 Emission spectrum obtained from the KNO3 solution.
Figure 8 Emission spectrum of Cr taken from the tap water containing 40 g g/ml Cr.

Figure 9 The reproducibility of emission intensities of Cr with respect to the number
of laser shots.

Figure 10 Calibration curve of Cr taken from the tap water containing various
concentrations of Cr.
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RUBRIC: SHORT ANSWER

CLAIM/FOCUS

State a clear claim/topic sentence and stay focused on supporting it.

MEETS EXPECTATIONS A precise claim/topic sentence based on the topic and/or source(s) is present. The
response maintains a strong focus on developing the claim/topic sentence,
thoroughly addressing the demands of the task.

APPROACHES A claim/topic sentence based on the topic and/or source(s) is present, but it may
EXPECTATIONS not completely address the demands of the task, or the response does not
maintain focus on developing it.

DOESN'T MEET The claim/topic sentence is vague, unclear, or missing, and the response does not
EXPECTATIONS address the demands of the task.
SUPPORT/EVID

Provide evidence and explain how it supports the claim/topic sentence.

MEETS EXPECTATIONS The response includes sufficient, appropriate evidence to support the claim/topic
sentence. Reasoning and understanding of the topic and/or source(s) are
demonstrated by thorough explanations of the relationship between claims and

support.
APPROACHES The response presents some evidence to support the claim/topic sentence, but it
EXPECTATIONS may be insufficient or inappropriate. Some reasoning and understanding of the

topic and/or source(s) are demonstrated, but attempts to explain the relationship
between claims and support are inadequate.

DOESN'T MEET Evidence is general or largely absent, and explanation of the relationship between

EXPECTATIONS claims and support is minimal.

ORGANIZATION
Present ideas in a logical structure that shows the relationships between ideas.

MEETS EXPECTATIONS An effective organizational structure enhances the reader's understanding of the
information. The relationships between ideas are made clear with effective
transitional phrases.

APPROACHES An organizational structure is evident, but may not be fully developed or
EXPECTATIONS appropriate. Transitional phrases may be used but the relationships between
ideas are somewhat unclear.

DOESN'T MEET An organizational structure is largely absent and the relationships between ideas
EXPECTATIONS are unclear.
LANGUAGE

Communicate ideas using formal language and vocabulary specific to the topic.




MEETS EXPECTATIONS The response has an established, formal style that is maintained throughout.
Varied sentence structure, precise language, and domain-specific vocabulary are
used to communicate ideas effectively. The response may stray from an objective
tone at times, or have some errors that do not interfere with meaning.

APPROACHES The response attempts a formal style that may not be maintained throughout.

EXPECTATIONS Sentence structure is somewhat varied and some precise language and/or
domain-specific vocabulary are used. The response contains some errors that may
interfere with meaning.

DOESN'T MEET The response does not establish a formal style and and ideas are unclear at times.
EXPECTATIONS There is little variety in sentence structure and language is general throughout.
The response contains several errors that interfere with meaning.



