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Abstract

The use of laser-induced breakdown spectroscopy (LIBS) for the analysis of heavy metals in
water samples is investigated. Some factors such as splashing, surface ripples, extinction of
emitted intensity, and a shorter plasma lifetime will influence the results if the water sample is
directly measured. In order to avoid these disadvantages and the ‘coffee-ring effect’, hydrophilic
graphite flakes with annular grooves were used for the first time to enrich and concentrate heavy
metals in water samples before being analyzed by LIBS. The proposed method and procedure
have been evaluated to concentrate and analyze cadmium, chromium, copper, nickel, lead,
and zinc in a water sample. The correlation coefficients were all above 0.99. The detection limits
of 0.029, 0.087, 0.012, 0.083, 0.125, and 0.049 mg1~" for Cd, Cr, Cu, Ni, Pb, and Zn,
respectively, were obtained in samples prepared in a laboratory. With this structure, the heavy
metals homogeneously distribute in the annular groove and the relative standard deviations are
all below 6%. This method is very convenient and suitable for online in sifu analysis of heavy
metals.

Keywords: laser-induced breakdown spectroscopy, quantitative analysis, heavy metals,
graphite flake

(Some figures may appear in colour only in the online journal)

1. Introduction multi-elemental analysis [1]. It can be used as a fast method

for elemental analysis of various forms of samples such as
Laser-induced breakdown spectroscopy (LIBS) is a widely solid, liquid, and gas. Also, multiple elements can be detected
used technique due to its unique characteristics such as simple  simultaneously by this method. In this technique, a high
sample preparation, noncontact measurement, and fast and power pulsed laser beam is focused onto the surface of the

samples. Radiation energy is locally coupled into the sample
3 Author to whom any correspondence should be addressed. and it starts to be ablated, resulting in the vaporization and
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Table 1. The actual concentration of the heavy metals in the standard solutions (unit: mg1~').

Sample number Cd Cr Cu Ni Pb Zn
1 0.0578 0.0513 0.0534  0.0521 0.0503  0.0493
2 0.1156  0.1027  0.1068  0.1042  0.1006  0.0987
3 02312 0.2054  0.2136  0.2084  0.2012  0.1973
4 0.58 0.51 0.53 0.52 0.5 0.49
5 1.16 1.03 1.07 1.04 1.01 0.99
6 2.31 2.05 2.14 2.08 2.01 1.97
7 5.78 5.13 5.34 5.21 5.03 4.93
8 11.56 10.27 10.68 10.42 10.06 9.87
9 23.12 20.54 21.36 20.84 20.12 19.73
10 57.8 51.34 53.41 52.11 50.30 49.33

ionization of the sample in hot plasma. The plasma is then
analyzed by a spectrometer. Each element has a unique
spectral signature that allows its identification [2].

At present the LIBS technique is applied in different
fields such as industry [3-5], environmental monitoring [6],
biomedicine [7], archeology [8, 9], aerospace [10, 11], food
[12, 13], and so on [14], but researchers still must strive to
improve the stability, sensitivity, and accuracy of the tech-
nique. Take a liquid sample for example, several inherent
drawbacks such as splashing, surface ripples, quenching of
emitted intensity, and a shorter plasma lifetime restrict the use
of LIBS [15]. All these drawbacks degrade the analytical
performance of the technique. For a long time, several
methods have been investigated to solve those difficulties. For
example, double-pulse techniques [16, 17], jet technology
[18], high frequency atomization technology [19], and the
ring-oven based preconcentration technique [20] have been
used for analysis of liquid samples. These strategies are high
cost or involve a troublesome operation, and the reproduci-
bility is still poor [21]. The transfer of a liquid sample to a
solid sample has been reported in many studies in the litera-
ture. The methods used are as follows: enrichment with filter
membrane [12, 22, 23], freezing samples [24], surface liquid
layers evaporated onto a substrate [7, 25, 26], electrochemical
preconcentration [27], ion exchange membranes [28],
extraction technology [29], and so on. Yang and his team
applied chemical replacement for the detection of trace heavy
metal elements in aqueous solutions, in which a magnesium
alloy was chosen as the substrate, and the limits of detection
(LODs) obtained were 0.25 ugmL ™" for Cu, 0.118 ygmL ™"
for Pb, 0.420 g mL~" for Cd, and 0.025 g mL ™" for Cr [21].
Sarkar and co-workers employed spectroscopically pure gra-
phite planchets of 32 mm diameter and 1.6 mm width as a
solid sample support to quantify platinum group metals in
simulated nuclear waste [30] and boron in groundwater
samples [31]. A round flat solid state graphite was used as the
solid sample support for analyzing Ni [32], Pb [33, 34], and
Cr [35] in water by Zhao’s team, and the LODs of Ni, Pb, and
Cr were 0.28, 0.0665, and 0.52mg1™"', respectively. How-
ever, using these supports without any treatment may result in
inhomogeneous distribution [31]. Bae and his team used a
laser-patterned silicon wafer (LPSW) to analyze a small
amount of liquid sample [36]. An LPSW with 40 x 40

trenches was devised for spreading a water droplet, and the LOD
of potassium was 0.53 ppm and the relative standard deviation
(RSD) was 4%. Lin detected ultra-trace amounts of Ag, Cu, and
Cr in a water-based liquid using LIBS based on the utilization of
a PVA material [37]. The LODs for Ag, Cu, Cr, Pb, Ni, Co,
and Cd obtained were 1ngml™', 8ngml™', 16ngml ",
Imgml ', Imgml™', 2mgml~', and 5 mgml ™', respectively.
Daniel [38] also used a similar method to test fertilizer samples,
which demonstrated a good agreement between the results of
LIBS and inductively coupled plasma optical emission spec-
trometry for Cu, K, Mn, Mg, and Zn.

In this work, highly pure graphite flakes are used to
concentrate and enrich heavy metals (Cd, Cr, Cu, Ni, Pb, and
Zn) in a water sample. In order to improve the homogeneity of
the enrichment, graphite flakes were treated with sodium
hydroxide solution, and they changed from hydrophobic to
hydrophilic. The new structure of the graphite flakes was used
to enrich heavy metals, namely graphite flakes with an annular
groove, which confined the solution in the space to ensure
homogeneous distribution. Calibration curves in the range of
about 0.05-50mg 1" were constructed using reference sam-
ples with known amounts of Cd, Cr, Cu, Ni, Pb, and Zn in
order to evaluate the analytical performance of the method.

2. Experimental

2.1. Sample preparation

The nitrate and sodium hydroxide used in the experiment
were purchased from Tianjin Guangfu Fine Chemical
Research Institute (99.99% purity). The stock solution of the
mixed heavy metals was prepared by dissolving 196.2 mg of
Cd(NO3), - 4H,0, 409.6 mg of Cr(NOj3); - 9H,0, 219.9 mg
of Cu(NO3), - 3H,0, 289.7 mg of Ni(NO3), - 6H,0, 92 mg
of Pb(NO;), and 233.2 mg of Zn(NOs3), - 6H,0 in a beaker
and was added to a 1000 ml volumetric flask, diluted with
deionized water to volume, and mixed. For standard solutions
preparation, different volumes of this solution were added to
11 100 ml volumetric flasks, respectively, and diluted with
deionized water to volume. The actual concentration of the
heavy metals in these standard solutions are listed in table 1.
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Figure 1. Schematic diagram of the LIBS system.

Then the standard solutions were added into the graphite
flakes, dried, and analyzed.

The hydrophilic graphite flakes were prepared as follows:
the graphite flakes were placed in a Teflon reaction kettle,
1 moll~" of sodium hydroxide solution was added until all
the graphite flakes were immersed in the solution, and then
the reaction kettle was put in the oven and heated at 80 °C for
12 h. Finally, the graphite flakes were taken out and washed
with deionized water.

2.2. Experimental setup

A LIBS schematic diagram of the experimental setup is shown
in figure 1, which is divided into two parts: the enrichment
module and detection module. For the enrichment module,
there is a disk in the center, as seen in figure 1, and four
locations respectively for stowing the blank graphite flakes,
sample injection, sample drying, and analysis. Blank graphite
flakes were stored at position 1, and then rotated around the
center of the disk to position 2 for sample injection, and then
rotated to position 3 for sample drying, after which the solution
was dried and the graphite flakes were rotated to position 4 for
analysis by LIBS. During the analysis, the graphite flakes were
rotated around the center of themselves at position 4 to avoid
laser repetition on the same site, which enabled the laser pulses
to be equally spaced in the annular groove. After the analysis
was completed, the graphite flakes were rotated to position 1
again and put into the accumulator at position 1.

The detection module is composed of a pulsed laser,
focusing system, transmitter system, optical receiving system,
spectral detection system, and computer-control system. A
1064 nm Nd:YAG laser (BIGSKY, Ultra-100, 3 Hz repetition
rate, 100 mJ/pulse and 6 ns pulse width) was focused by a
lens with a 100 mm focal length to ablate the sample and
generate plasma. The signal is collected and detected by a
spectrometer (Avantes, AVS-DESKTOP-USB2, three chan-
nels, 200-500 nm spectral range, and 0.08-0.12 nm spectral
resolution). The experiment is performed at the rate of 2 Hz,
the laser energy is 100 mJ, the delay time is 1.5 us, and the
gate time is 1.05 ms. The diameter of the focal spot on the
graphite flake is 0.7 mm.

2.83. Enrichment with graphite flakes

Graphite flakes have many favorable characteristics for use as
a substrate to concentrate heavy metals, namely, not easily

(a)

27
30

unit(mm)

Figure 2. Graphite flake with a circular groove.

perforated, easy to handle, low cost, simple composition with
few spectral lines, low interference, and so on. The graphite
flakes we used were purchased from Xinfei Mechanical and
Electrical Company. The graphite flakes are highly pure, with a
carbon content higher than 99.99%. Trace calcium, manganese,
and silicon in them will not affect the detection of heavy
metals.

The graphite flakes with a circular groove are shown in
figure 2(a), the diameter of which is 27 mm, and the depth is
1 mm. Two milliliters of Pb-containing solution is spotted into
the circular groove, dried with electromagnetic heating, and then
analyzed by LIBS. To get a 2D distribution of the Pb on the
surface of the graphite flakes, the graphite flakes were placed in a
program-controlled 2D rotating testbed to avoid repeat sampling
on the trajectory (the maximum radius of the trajectory is 13 mm,
the minimum radius is 2 mm, and the step size is 1 mm), and the
distance between each laser spot was 1 mm, ensuring uniformity
and stability of the sample measurements. Five-hundred sixty-
five laser pulses were fired on this type of graphite flake, and one
spectrum for each laser pulse was obtained for analysis.

The structure of the graphite flake with an annular groove
is shown in figure 2(b). The graphite flake has a diameter of
30 mm and the annular groove has an internal radius of 4 mm,
an outer radius of 5 mm, and a depth of 0.5 mm. The diameter
of the focal spot completely falls inside the annular groove. A
16 pl sample solution is spotted into the annular groove, dried
with electromagnetic heating, and then simultaneously ana-
lyzed by LIBS. The whole analysis time is about 5 min for
every sample. Forty laser pulses were fired on this type of
graphite flake. At the same time, the graphite flake was
rotated to avoid laser repetition on the same site, so that the
laser pulses were equally spaced in the annular groove.

3. Result and discussion

3.1. Emission lines

The LIBS spectra of the blank graphite flakes and the graphite
flakes enriched with heavy metals are shown in figure 3. The
concentrations of Cd, Cr, Cu, Ni, and Zn were 0.5 mg 171,
and Pb was 0.8 mg 1-!. The features of the Cd, Cr, Cu, Ni,
Pb, and Zn lines at 214.44, 425.43, 324.75, 341.48, 405.78,
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Figure 3. The spectra of the blank and the heavy metal enriched graphite flakes.
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Figure 4. The distribution of Pb on the graphite flakes with circular grooves.

and 213.86 nm, respectively, are selected for analysis. There
are no other lines around the analysis lines of the LIBS
spectra of the blank graphite. So the graphite could be used
for analyzing the concentration and enrichment of heavy
metals in the water samples.

3.2. Graphite flakes with a circular groove

When we started the experiment, we used hydrophobic gra-
phite flakes with a circular groove to gather heavy metals, and
the 2D distribution of Pb on the surface of the graphite flake is
shown in figure 4(a). We can see that the concentration of Pb
at the margin is higher than that in the center of the circular
groove. This is due to the ‘coffee-ring effect’ [12], like a drop
of coffee has dripped onto a flat surface, the particle was
inhomogeneously distributed on the flat surface when it dried.
The color of the margin is darker than that in the center of the
drop of the coffee stain. Because of the existence of the
‘coffee-ring effect’, the heavy metals cannot homogeneously
distribute in the circular groove. We found that the graphite
flake was hydrophobic. There was a large contact angle when
solution was spotted in the circular groove. During the drying
process, the solution gradually tapered and the margin of the

graphite flake dried before the center, as shown in figure 5(a).
This is the main reason for the nonuniformity of the dis-
tribution. While being enriched with hydrophilic graphite
flakes, the contact angle obviously decreased, as can seen in
figure 5(b). The margin and center of the graphite flake dried
almost simultaneously. We could see the distribution of Pb
changes, as shown in figure 4(b). The Pb concentration at the
margin shown in figure 4(b) is lower than that at the same
place in figure 4(a), and the Pb concentration in the center is
higher than that at the same place in figure 4(a). The differ-
ences between the minimum and maximum of the intensity of
Pb in the two figures are 37268.99 counts and 9889.14
counts, respectively. From this we can see that the distribution
of Pb on the hydrophilic graphite flake is much more
homogeneous than that on the hydrophobic graphite flake.
The hydrophilic graphite flake is better than the hydrophobic
one, but still not good enough.

3.3. Graphite flakes with an annular groove

When enriching the heavy metals using the hydrophilic gra-
phite flakes with an annular groove, the homogeneity
improved dramatically. In comparison with the graphite flakes
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Figure 6. The RSD between the laser pulses and measurements

Table 2. The parameters of formula (1) and the correlation coefficients.

Elements a b c R

Cd 77.823 208.825 11.949 0.9955
Cr —19.94 2783.724 5.746 0.9985
Cu 471.4671 817.1036 7.9715 0.9909
Ni 16.051 48 742.159 5.92572 0.9982
Pb —463.6877 187.8793  —1.8654 x 10" 0.9930
Zn 58.7462 85.0048 13.4643 0.9991

with a circular groove, the heavy metals in the graphite flakes
with an annular groove were distributed much more evenly.
The RSDs of the 40 laser pulses are 17.68% for Cd, 25.24 for
Cr, 10.98% for Cu, 15.18% for Ni, 20.59% for Pb, and 21.4%
for Zn, respectively, as shown in figure 6. This instability is
due to the poor stability of LIBS [3, 39], mainly caused by the
fluctuation of laser energy and plasma, and so on. Data pro-
cessing could reduce this instability, executed as follows: the
results were averaged over five laser shots and eight spectra
data were obtained. The RSDs of these eight spectral data are
all below 6% for the six heavy metals. Based on the above
statement, one can draw the conclusion that with this struc-
ture, the ‘coffee-ring effect’ can be avoided and the heavy
metals can homogeneously distribute in the annular groove
after being dried.

3.4. Calibration curves

The working curves are shown in figure 7. Each experimental
point was obtained from the peak intensity of the line minus
the background intensity. Three parallel samples were made
for each value of concentration, and the results were averaged
over the 40 laser shots.

In this work, linear fitting did not apply, so a nonlinear
function is employed [40]:

y=a+ be(l — e ¥/°), (1)
where y represents the line intensity and x the concentration of
the element, c is the concentration at which the slope of the
curve decreases at a factor of 1 /e from the value at x = 0. For

low concentrations, the above formula is approximated by the
following:

@)

The fitting parameters of a, b, and ¢, and the correlation
coefficients of R are listed in table 2. The values of R are all
above 0.99. Being different from other elements, the cali-
bration curve of Pb is nearly linear. This is because the
experimental concentration did not reach the saturation con-
centration of Pb.

y=a + bx.

3.5. Detection limits

For determining the detection limits, low concentrations of
the elements shown in figure 7 except Pb were used and linear
fittings were done. The LOD is calculated according to the
following expression:

LOD = 3%
S

3)

where ogp is the standard deviation of the background of the
spectrum, and s is the sensitivity which is given by the slope
of the calibration curve. The LODs of the six elements are
shown in table 3, and the LODs reported in other literature
studies are also shown in the table. It can be seen that the
LOD of Pb is much higher, and this is because the spectro-
meter used in this experiment had a weak spectral response of
around 405nm in the case of the Pb lines. Taking into
account the cost, complexity, and detectability, the method of
concentrated heavy metals in the water samples with graphite
flakes is comparable to other methods.
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Figure 7. Calibration curves

4. Conclusions

Cd, Cr, Cu, Ni, Pb, and Zn are detected simultaneously by the
LIBS technique. The solution is concentrated with hydro-
philic graphite flakes with an annular groove. The RSD of the
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of Cd, Cr, Cu, Ni, Pb, and Zn.

data is below 6%, and the LOD of the six heavy metals are
0.029, 0.087, 0.012, 0.083, 0.125, and 0.049 mgl_1 respec-
tively. This concentrated method is very convenient and could
be applied to in situ analysis.
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Table 3. LOD of the elements (unit: mg Ih.

Elements This work  Other literature studies  Lines used in other literature studies (nm) Comments
Cd 0.029 0.067 [41] Cd I 228.802 Electrochemistry enrichment
0.0031 [25] Cd I 228.802 Electrochemistry enrichment
4.43 [42] Cd II 226.502 Water
0.420 [21] Cd I508.58 Chemical replacement
Cr 0.087 0.004 44 [43] Cr142543 Hydrogel-based solidification
1.26 [18] Cr 142543 Liquid jets
0.33 [44] Cr142543 Montmorillonite enrichment
0.025 [21] Cr1520.84 Chemical replacement
0.001 29 [23] Cr142543 Membrane separation
Cu 0.012 0.016 [45] Cul 324.75 Enrichment with aluminum target
1.5 [46] Enrichment with filter paper
0.131 [47] Enrichment with wood
0.25 [21] Chemical replacement
0.002 59 [23] Membrane separation
Ni 0.083 0.0017 [14] Ni I 341.476 Electrochemistry enrichment
0.28 [32] Enrichment with graphite planchets
Pb 0.125 0.035 [33] Pb I 405.78 Electrochemistry enrichment
2.93 [48] Ultrasonic atomizer
0.118 [21] Chemical replacement
Zn 0.049 13.67 [43] Znll 206.20 Water
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