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Abstract: Laser-induced breakdown spectroscopy (LIBS) shows promising applications in the analysis
of environmental heavy metals. However, direct analysis in water by LIBS faces the problems of
droplet splashing and laser energy decay. In this study, a novel liquid–solid conversion method
based on agarose films is proposed to provide an easy-to-operate and sensitive detection of heavy
metals. First, the water samples were converted into semi-solid hydrogels with the aid of agarose
and then dried into agarose films to make the signal intensities stronger. The calibration curves of Cd,
Pb and Cr were constructed. The proposed method was validated by standard heavy metal solutions
and real water samples. The results showed that the values of R2 were 0.990, 0.989 and 0.975, and
the values of the LOD were 0.011, 0.122 and 0.118 mg L−1 for Cd (I) 228.80, Pb (I) 405.78 and Cr
(I) 427.48 nm, respectively. The RMSEs of validation were 0.068 (Cd), 0.107 (Pb) and 0.112 mg·L−1

(Cr), and the recovery values were in the range of 91.2–107.9%. The agarose film-based liquid–solid
conversion method achieved the desired ease of operation and sensitivity of LIBS in heavy-metal
detection, thereby, showing good application prospects in heavy metal monitoring of water.

Keywords: heavy metal detection; laser-induced breakdown spectroscopy; liquid–solid conversion;
agarose film

1. Introduction

As the continuation of human activities and industrialization, various untreated pollu-
tants are discharged into the environment [1]. According to the World Health Organization
(WHO) and United States Environmental Protection Agency (USEPA), the average concen-
tration (1972–2017) of heavy metals in global rivers and lakes has exceeded the threshold
limits [2]. Heavy metal pollution has become a major global concern [3].

The severe heavy metal pollution poses a great threat not only to the ecological
environment but also to human health. Heavy metals can diffuse in the environment and
reach the top of the food chain through bioaccumulation mechanisms [4]. Most importantly,
they are toxic and cannot be biodegraded [5]. The accumulation of heavy metals in the
human body may cause serious damage to the respiratory, digestive systems and central
nervous system and is extremely carcinogenic [6–8].

Due to the widespread contamination and serious harm of heavy metals in water, the
monitoring of heavy metal pollution in water is receiving increasing attention. Atomic
absorption spectroscopy (AAS), inductively coupled plasma mass spectroscopy (ICP-MS)
and ultraviolet-visible spectrophotometry (UV-VIS) are the traditional methods used for
heavy metal detection in water samples [9]. However, these methods often need complex
sample preparation processes and high technical requirements for the operators. With
the advantages of simple sample preparation process as well as fast and direct detection
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compared to conventional analytical techniques, laser-induced breakdown spectroscopy
(LIBS) has been extensively studied for elemental detection [10].

LIBS is an atomic emission spectroscopy technique based on high-energy laser sam-
pling [11]. After irradiating the sample with high-energy density pulsed lasers, the plasma
emission spectra containing information on the type and content of the elements of the
sample to be measured is produced. The qualitative and quantitative determination of the
sample elements can be achieved by analytical plasma spectra. Theoretically, under the
action of extremely high laser energy, substances can be ablated into a plasma state; thus,
the LIBS technique can be used to analyze samples in any phase, including gases, liquids
and solids [12]. Researchers have made great efforts in theoretical exploration and engineer-
ing application of LIBS [13]. Thus far, LIBS has been applied in industrial production [14],
geological exploration [15], environmental analysis [16] and many other fields.

Water samples are an important category for LIBS analysis. However, there are some
drawbacks when LIBS is applied directly to water samples. On the one hand, when the
laser pulse is focused on the surface of the water body, the huge impact generated by the
laser is likely to lead to droplet splashing and contamination of the optical path, and the
ripples on the water surface will interfere with the coupling between the laser and the
sample, thus, affecting the detection accuracy. On the other hand, a large part of the laser
energy is used for the vaporization of water, which greatly reduces the efficiency of the
laser energy utilization, resulting in a significant decrease in the intensity of the plasma
emission spectrum and affecting the sensitivity of detection [17].

In order to achieve accuracy and sensitivity in elemental detection of water samples,
the moisture effect of the LIBS detection process needs to be reduced. Water sample
introduction systems were designed to change the morphology of the water and reduce
droplet splash, including liquid jets [18], droplet [19] and atomization [20]. However,
laser energy loss and water splash in LIBS detection still exist, resulting in weak spectral
intensity [21]. In addition, the systems are not convenient to install on LIBS and are
troublesome to clean after each use.

In order to solve these problems, liquid–solid conversion has been investigated to
eliminate the drawbacks of LIBS water detection by transferring the target element from
liquid to solid [22] or solidifying the sample [23,24]. The transfer of target elements from
liquid to solid can completely eliminate the effects of moisture and can be divided into solid-
phase extraction [25] and substrate liquid–solid conversion [26]. The former can obtain
high sensitivity benefiting from the high enrichment ratio. However, absorbent materials
are often expensive and require precise control of the extraction conditions, such as the
temperature, time and pH, which have a significant impact on the extraction effect, which,
in turn, affects the accuracy of the detection. The latter, which involves the transfer of the
target elements from a water sample to a solid substrate surface, has become a popular
strategy for the advantages of convenient operation and enrichment of elements [27,28].
However the evaporation process of water droplets is often accompanied by the coffee ring
effect that greatly affects the uniformity of sediment distribution and affects the detection
accuracy [27,29].

The existing solidification method suppresses the droplet splash and water surface
fluctuation during laser-induced breakdown by reducing the mobility of the water sample
and achieves better reproducibility and accuracy compared with the LIBS direct water-
detection method. However, the presence of moisture results in a weak spectral signal that
cannot meet the needs of LIBS for the detection of trace heavy metals in water.

To improve the easy-to-operate and sensitive LIBS water sample detection, a new
liquid–solid conversion method based on agarose films was proposed. Agarose is a polysac-
charide compound isolated from seaweed, which has the property of forming a good
semi-solid hydrogel when mixing with water and heating to boiling point and then cool-
ing [30]. The simple composition and thermal gelability of agarose allow it to be used as
an ideal water solidifying aid. In this new liquid–solid conversion method, to reduce the
water splashing and surface ripples, liquid samples were converted into hydrogels with
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the help of the thermal gelation properties of agarose. To meet the need for high sensitivity
detection, agarose hydrogels were dried into agarose films containing heavy metals to
further eliminate the detrimental effects of moisture on LIBS detection.

The main objectives of this work were (1) to compare the LIBS emission spectral
intensity and the detection sensitivity of target heavy metals using agarose hydrogels and
agarose films; (2) to find the reasons for the difference in LIBS spectra between agarose
hydrogels and agarose films by analyzing the ablation crater morphology parameters;
(3) to optimize the main parameters affecting agarose film-based liquid–solid method of
the agarose-to-solution ratio, delay time and the laser pulse energy; and (4) to achieve
high sensitivity for the quantitative detection of Cd, Pb and Cr in water by establishing
calibration curves.

2. Results and Discussion
2.1. Sample Comparison
2.1.1. Spectral Intensity

In this study, agarose hydrogel and agarose film samples prepared by 2 mg L−1 heavy
metal solutions were detected under same experimental conditions to compare the emission
spectra. Figure 1 shows the comparative spectra collected by the spectrometer SR-500i-A-R
and the spectrometer ME5000. We found that most of the blue lines from agarose hydrogel
samples could not be observed clearly. However, red lines from agarose film samples had
distinct lines. The results indicated that high moisture content could cause a significant
decrease, which was consistent with previous research [31,32]. However, the H and O lines
in blue were higher than those in red because the intensities of the H and O lines were
positively correlated with the water content [33], and agarose hydrogel sample had a higher
water content than did the agarose film samples.
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Figure 1. The LIBS spectra of agarose hydrogel and agarose film samples prepared by 2 mg L−1 metal
ion solution collected by spectrometer SR-500i-A-R (a) and spectrometer ME5000 (b).

Among the agarose hydrogel samples containing the three heavy metal elements to be
measured, only the characteristic spectral lines of Cd (Cd (II) 214.44 nm, Cd (II) 226.50 nm
and Cd (I) 228.80 nm) could be vaguely distinguished, while the characteristic spectral lines
of Pb (Pb (I) 368.35 nm and Pb (I) 405.78 nm) and Cr (Cr (I) 425.43 nm, Cr (I) 427.48 nm
and Cr (I) 428.97 nm) were concealed by the background signal. However, the elemental
spectral lines in the agarose film sample could be effectively excited with strong signal
intensities. This indicates that the presence of moisture in the sample was the main reason
for the weakened signal intensity.

When the agarose hydrogel sample was irradiated by a laser pulse, part of the laser en-
ergy was used first for the evaporation of water. Subsequently, the water vapor dissociated
and ionized, resulting in laser energy shielding [31]. In addition, too low concentrations of
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the target elements in the agarose hydrogel samples may also result in the failure to excite
the corresponding emission spectra. In the agarose film sample, due to the removal of water,
on the one hand, the laser energy was fully used for the ablation of the sample, and on the
other hand, it also had a concentrating effect on the target elements in the sample, which
increased the concentration of the target elements and made the characteristic spectral
intensities of the target elements stronger. Therefore, due to the presence of moisture effects,
the transfer of water samples to the gel state alone could not achieve satisfactory detection
requirements. Moisture removal after sample hydrogelation was necessary.

2.1.2. Ablation Crater Morphology

The moisture removal of agarose hydrogel improved the spectral intensities. Ablation
crater morphology analysis is useful to understand the performance of laser action on the
samples. Figure 2a,b shows the ablation crater morphology of the agarose hydrogels and
agarose films using a shape measurement laser microscope system (Keyence VK-X3000) The
ablation crater morphology parameters were obtained using the system analysis software.
In Figure 2a, the shape of the ablation crater on agarose hydrogel was inverted conical,
which was consistent with the ablation crater morphology in most studies [34].
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Figure 2. The ablation crater morphology of agarose hydrogel (a) and agarose film (b); SEM image of
ablation crater morphology on agarose film (c).

At the same time, the outermost layer of the ablation crater was depressed downward
because the agarose hydrogel was not a dense structure, and the impact of the high-energy
laser caused extrusion on the surface of the sample. For the agarose hydrogel ablation
crater, the average ablation crater depth was 53.9 µm, the average cross sectional area was
2.66 × 105 µm2, and the average volume of the ablation crater was 1.43 × 107 µm3. In
Figure 2b, the shape of the ablation crater on agarose film resembles a volcanic crater. The
SEM image of the ablation crater on the agarose film sample shows the morphology of the
crater after 1650 times magnification in Figure 2c.

The outer edge of the ablation crater of the agarose film was clearly raised, while
the center was slightly shallow. This phenomenon can be explained as follows: when the
sample was shot by a high-energy laser beam, in addition to the laser area being ablated,
the material at the periphery of the ablation crater was heated and melted, forming a bulge
after cooling, similar to solidified magma. This also shows the susceptibility of the agarose
film material to ablation. At the same time, due to the dense nature of the agarose film, the
laser could not penetrate it.

The average ablation crater depth was 7.18 µm, the average cross sectional area
was 2.23 × 103 µm2, and the average volume of the ablation crater was 1.60 × 104 µm3.
The depth, average cross sectional area and average volume of ablation crater on agarose
hydrogel were 7, 120 and 890 times, respectively, than on agarose film. However, for agarose
hydrogel samples, a larger amount of ablation did not result in a better detection sensitivity
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due to the presence of water. Therefore, agarose film-based liquid–solid conversion was
chosen for heavy metal detection in the subsequent study.

2.2. Characteristic Lines Selection

Figure 3a,b show the spectra of agarose film samples containing heavy metals (red line)
and blank samples (black line) collected by the spectrometer SR-500i-A-R and spectrometer
ME5000, respectively. We found that the blank samples did not contain the target elements
(Cd, Pb and Cr); however, the characteristic lines of target elements can be clearly observed
in agarose film sample. This showed that the agarose film-based liquid–solid conversion
was feasible for the detection of heavy metal elements in water. However, there were
quite distinct interference spectral lines near the Cd (I) 214.44 nm. The characteristic peak
Cr (I) 428.97 nm could also be influenced by Ca (I) 428.94 nm. There is no doubt that
fewer interfering spectral lines and higher intensities of the spectral signal are beneficial
for the analysis of the target elements. Considering the need for the sensitive detection of
elements, in this study, the characteristic lines of Cd (I)228.80 nm, Pb (I) 405.78 nm and Cr
(I) 427.48 nm were selected for further analysis.
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metal ion solution collected by spectrometer SR-500i-A-R (a) and spectrometer ME5000 (b).

2.3. Optimizing the Experimental Parameters

To obtain the best performance in the detection process, the agarose-to-solution ratio
(Magarose/Vsolution, g/mL), delay time and the laser pulse energy were optimized. The
agarose-solution ratio determines the strength of the hydrogels and films, which, in turn,
affects the signal stability during LIBS detection. Laser-induced plasma can last only a very
short time. In the primary stage of plasma, the intensity of the atomic emission spectra
and the continuum background spectrum have strong signals under the excitation of the
pulsed laser. However, as the delay time increases, they will weaken but at different rates,
which leads to a change in the signal-to-background ratio (SBR). Signal intensity can also
be affected by laser intensity, which directly influences the ablative quantity of the sample.

2.3.1. Optimizing the Agarose-to-Solution Ratio

The agarose-to-solution ratio plays an important role in the characteristics of agarose
hydrogels. In general, the higher the proportion of agarose added to the solution, the
greater strength of the agarose hydrogel and, accordingly, the greater the thickness and
strength of the agarose films obtained after drying. Hence, we investigated the effects of
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five agarose-to-solution ratios (Magarose/Vsolution from 0.015 to 0.035) on the signal intensity
and signal stability of LIBS detection for the samples.

We set the delay time to 2.0 µs and the laser pulse energy to 90 mJ. Relative standard
deviation (RSD) was used to evaluate the stability. In Figure 4a–c, with the increase of the
agarose-to-solution ratio, the emission intensity gradually decreased, likely because the
heavy metal ions were diluted as the thickness of the agarose film increased.
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Figure 4. (a–c) Effects of the agarose-to-solution ratio (Magarose/Vsolution) on the spectral intensity
and RSD (red line) in the range of 0.015–0.035 (delay time: 2.0 µs and laser pulse energy: 90 mJ).
(d–f) Effects of the delay time on the spectral intensity and SBR (red line) in the range of 1–5 µs
(agarose-to-solution ratio Magarose/Vsolution: 0.025 and laser pulse energy: 90 mJ). (g–i) Effects of the
laser pulse energy on the spectral intensity and SBR (red line) in the range of 50–120 mJ (agarose-to-
solution ratio Magarose/Vsolution: 0.025, delay time: 1.5 µs for Cd, and delay time: 4.0 µs for Pb and
Cr). The error bars are the standard deviations of the three parallel samples.

From the general trends, the RSD of the three elemental signals gradually decreased
with increasing agarose-to-solution ratio. At low agarose-to-solution ratios, the films
were more brittle, and, when subjected to the laser pulse ablation, the ablation points were
susceptible to fluctuation. At high agarose-to-solution ratios, due to the formation of thicker
films, the strength of the agarose films was enhanced, resulting in an improving coupling
stability between the laser pulse and the target elements. To balance the signal intensity and
signal stability at the same time, we considered a ratio of 0.025 as the optimized parameter
for the further experiments.
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2.3.2. Optimizing the Delay Time

When the laser ablates the sample surface, the plasma generated, the gradual cool-
ing, and the kinetic energy of the free electrons decreases after colliding with the ions,
and then photons are radiated to form bremsstrahlung radiation. Compound radiation
arises when electrons are trapped by ions to form neutral particles and radiating pho-
tons. Bremsstrahlung and compound radiation produce continuous spectra and form a
continuum background spectrum.

During the excitation radiation, the electron transition from the high energy level to
the low energy level produces a spectrum of specific wavelengths that represent different
elements. At the very beginning period of plasma formation, the continuum background
spectrum is very strong and dominant. With the plasma cooling, the spectra were domi-
nated by characteristic radiation.

The delay time is the time between the generation of plasma by laser ablation of the
sample and the start of detection of the plasma signal by the detector. The integration time
is the detection gate width of ICCD. The sum of the delay time and integration time is
approximated as the plasma lifetime. By changing the delay time, a satisfactory SBR can
be obtained according to the time evolution law of continuum and characteristic spectra.
In this work, the plasma lifetime of the characteristic spectral lines of Cd, Pb and Cr were
determined as about 20 µs by pre-experiments. In order to minimize the effects of the
continuum background spectrum on the target element peaks, delay time ranging from 1
to 5 µs was investigated, and the gate width changed accompany the delay time.

We set the agarose-to-solution ratio Magarose/Vsolution to 0.025 and laser pulse energy
to 90 mJ. As shown in Figure 4d–f, with the delay time increased, the intensity of Cd,
Pb and Cr emissions declined rapidly at the initial period and then leveled off. The SBR
of the Cd (I) 228.80 nm spectral line increased until the delay time reached 1.5 µs, and
then a gradual reduction was seen. The SBR of the Pb (I) 405.78 nm and Cr (I) 427.48 nm
spectral lines continuously increased until the delay time reached 4.0 µs, which meant that,
despite the element emission decreasing, the continuum background spectrum intensity
decreased more significantly. After comprehensive consideration of the spectra intensity
and SBR, the delay times of 1.5 µs for Cd and 4.0 µs for Pb and Cr were selected in the
following experiments.

2.3.3. Optimizing the Laser Pulse Energy

Laser pulse energy is an important parameter of LIBS that has a great influence on the
ablation of samples and the formation of plasma. Due to the presence of the sample ablation
threshold, too low laser pulse energy can lead to instability of the generated plasma. In
order to determine the appropriate pulse energy of the laser, an optimizing procedure in the
range of 50–120 mJ was performed. We set the agarose-to-solution ratio Magarose/Vsolution
to 0.025 and delay time to 1.5 µs for Cd and 4.0 µs for Pb and Cr.

As clearly shown in Figure 4g–i, the intensity of the three elements gradually increased
with the growing laser pulse energy. Owing to the rise of energy, the ablation quantity
by single laser pulse also increased. However, when the laser pulse energy increases to a
certain level, the intensity growth of the spectral lines slowed down, while the background
signal was still enhancing. That is why the SBR of Cd and Pb reached extreme values at
100 mJ and then began to decline. To perform the analysis of the elements simultaneously,
100 mJ was selected as the optimal laser pulse energy.

2.4. Quantitative Analysis

Calibration curves were established by six standard solutions in the concentration
range from 0.05 to 1.25 mg·L−1 of Cd and from 0.25 to 2.0 mg·L−1 of Pb and Cr under
the above-mentioned optimal parameters. Figure 5a–c shows the calibration curves of
Cd (I) 228.80 nm, Pb (I) 405.78 nm and Cr (I) 427.48 nm. The error bars at each point
reflect the standard deviation of four parallel measurements. Linear regression was used to
calculate the regression equations, and the coefficient of determination was used to evaluate
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the degree of correlation between the emission intensity and the element concentration.
The calibration curves of the target elements show a good linear relationship in the fitted
concentration range with R2 values above 0.97 for all the analytes.
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The limits of detection (LOD) for the three elements were calculated according to
the equation:

Limit of detection (LOD) = 3σB/s (1)

where σB represents the standard deviation of background intensities obtained by blank
samples, and s represents the slope of the calibration curve. The LODs were 0.011, 0.122
and 0.118 mg·L−1 for Cd, Pb and Cr, respectively.

The root-mean-square-error (RMSE) of validation represents the difference between
the predicted value and the reference value, expressed as:

RMSE =

√
∑n

i=1(ŷi − yi)
2

n
(2)

where yi is the reference concentration of sample i, ŷi is the predicted concentration of
sample i, and n is the number of samples.

Samples with the heavy metal concentrations of 0.3, 0.6 and 1.2 mg·L−1 were prepared
to validate the calibration curves. The predicted values of heavy metal concentration were
calculated using the calibration curves. The RMSEs of validation were 0.068, 0.107 and
0.112 mg·L−1 for Cd, Pb and Cr, respectively.

Various analytical methods have been reported to the literature for the quantification
of Cd, Pb and Cr. A comparison of the LODs obtained from the present study with those
reported in the literature is presented in Table 1, which can help us to better understand
the advantages of the agarose film-based liquid–solid conversion method compared with
the general method. After the removal of water, the target elements were pre-concentrated,
and the signals were enhanced. The LODs of the new method were lower than most liquid-
to-solid methods, such as the hydrogel-based methods, which were apparently affected by
the water during the laser pulse ablation. Even when compared with some liquid–solid
conversion methods that require expensive materials, such as ion exchange membranes,
our method showed competitiveness.

Table 1. Comparison of the limit of detection (LOD) of Cd, Pb and Cr using different techniques for
water samples.

Spectrum (nm) Sample Methodology Matrix Material LOD (mg L−1) Ref.

Cd (II) 214.44 Ice solidification Water 1.4 [35]
Cd (II) 214.44 Chelating resin enrichment Chelating resin 0.036 [25]

Cd (I) 226.50 Biomimatic array droplets Glass with super hydrophobic
surface 0.0135 [26]

Cd (I) 228.80 Agarose film-based
liquid–solid conversion Agarose film 0.011 This work

Pb (I) 405.78 Filter papers absorption Filter papers 2.7 [36]

Pb (I) 405.78 Ion exchange polymer
membranes filtration Ion exchange polymer membranes 1.1 [37]

Pb (I) 405.78 3D nano-channel porous
membrane absorption

3D nano-channel porous
membrane 0.081 [38]

Pb (I) 405.78 Agarose film-based
liquid–solid conversion Agarose film 0.122 This work

Cr (I) 425.43 Hydrogel based solidification Sodium poly acrylate resin 4.44 [23]

Cr (I) 425.43 Ion exchange polymer
membranes filtration Ion exchange polymer membranes 0.46 [39]

Cr (I) 427.48 3D nano-channel porous
membrane absorption

3D nano-channel porous
membrane 0.11 [38]

Cr (I) 427.48 Agarose film-based
liquid–solid conversion Agarose film 0.118 This work

Natural water samples (Qizhen Lake, Zhejiang University, Hangzhou, China) were
used to verify the application of the agarose film-based liquid–solid conversion method.
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Before detection, the lake water samples were filtered through a 0.22 µm membrane to
remove insoluble impurities. The lake water was spiked by heavy metal solutions to
meet the needs of analysis. The samples were analyzed in triplicate under the optimal
experimental conditions.

The recovery value can be mathematically calculated according to the equation:

R =
x′ − x
xspike

× 100 (3)

where x′ represents the mean value of the concentration found in the spiked sample, x
represents the mean value of the concentration found in the unspoked sample, and xspike
represents the added concentration.

Table 2 shows the analytical results of heavy metals in real water samples. The mean
recovery values of the spiked samples were in the range of 91.2–107.9%. Generally speaking,
the results of the LIBS analysis were satisfactory.

Table 2. Concentrations and recovery values of Cd, Pb and Cr in spiked lake samples.

Element Spiked (mg·L−1) Found Value (mg·L−1) Recovery (%)

Cd 0 ND a /
0.6 0.621 ± 0.082 103.50%

Pb 0 ND a /
0.6 0.547 ± 0.078 91.20%

Cr 0 ND a /
0.6 0.647 ± 0.027 107.90%

a ND: not detected.

Overall, agarose film-based liquid–solid conversion LIBS is significantly faster in
heavy-metal detection in water than chemical methods, such as AAS and ICP-MS. In addi-
tion, the proposed method is more environmentally friendly as no chemical contamination
(e.g., nitric acid) is introduced during the process with the treatment. For the LIBS method
in this study, the drying time can be further shortened, and the detection efficiency can be
improved in the future by optimizing the drying parameters, such as the temperature and
air speed, or by using advanced drying devices.

3. Materials and Methods
3.1. Heavy Metal Solution Preparation

Stock solutions (1000 mg L−1) of Cd, Pb and Cr were prepared by dissolving known
amounts of Cd(NO3)2·4H2O, Pb(NO3)2 and Cr(NO3)3·9H2O in ultrapure water (18.25 MΩ cm−1)
and stored in the dark. All the reagents used were of analytical grade chemicals (Sigma-
Aldrich, Shanghai, China). Appropriate dilutions were made from the stock solutions to
prepare the samples with Cd, Pb and Cr concentrations in the range of 0.05–1.25 mg L−1

(Cd), 0.25–2 mg L−1 (Pb and Cr) to establish the calibration curves. The agarose powder
used was purchased from Aladdin reagent (Shanghai, China), biochemical grade, with the
chemical formula C12H18O9 and molecular weight 306.23.

3.2. Sample Preparation

Using the heavy metal solution samples mentioned above, the preparation steps of
the samples are shown in Figure 6.
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(1) Weighing 0.125 g of agarose powder with an electronic balance and adding to a screw
cap reagent bottle containing 5 mL of standard heavy metal solution.

(2) Screwing the reagent bottle tightly and placing it in the water bath heater for 15 min
at 100 ◦C in order to make sure the agarose is completely dissolved.

(3) Transferring 3.0 g of the solutions into a 3.5 cm diameter petri dish and placing the
dishes at room temperature cooling for 5 min to transform the solution into the agarose
hydrogel with a smooth surface and homogeneous inside. A portion of the agarose
hydrogel samples was kept as a reserve.

(4) Placing the rest agarose hydrogel samples in a ventilated environment until the water
completely evaporates.

At this point, the agarose hydrogel and agarose film samples containing heavy met-
als were obtained. For comparison, blank samples were also prepared under the same
operation using ultrapure water instead of a heavy metal solution with an equal mass
of agarose.

3.3. Experimental Setup

The experimental setup of the LIBS system is shown in Figure 7, of which detailed
information can be found in article [40]. The excitation source was a Q-switched Nd:YAG
nanosecond pulsed laser (Vlite-200, Beamtech Optronics, Beijing, China) operating at
532 nm with a pulse frequency of 1 Hz and a pulsed duration of 8 ns. With the self-
designed optical path system, the laser beam passed through a half-wave plate, reflected
by a mirror and focused onto the sample 2 mm below the surface by a plano-convex lens
(f = 100 mm).
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Under the action of laser ablation, the plasma was excited, and the spectra were
collected before the plasma disappeared using the spectrometers, which split the spectrum
and obtain high-resolution spectral information. In this study, two spectrometers were
used to achieve simultaneous detection of Cd, Pb and Cr. The difference between those two
spectrometers is that the spectrometer (ME5000, Andor, Belfast, UK) could split a spectrum
with a range from 229 to 878 nm and with a resolution of 0.03 nm for Pb and Cr detection,
while the spectrometer (SR-500i-A-R, Andor, Belfast, UK) could split a spectrum in the
short wavelength band of 210–231 nm with higher resolution for Cd detection.

The spectra were converted into electrical signals by an intensified charge-coupled
device (ICCD, iStar DH334T-18F-03, Andor, Belfast, UK) camera and recorded in a computer.
The digital delay generator (DG645, Stanford Research Systems, -California, USA) enabled
realize time series control between the lasers and ICCD detectors. To make the ablation
point cover the sample surface and obtain better ablation, an X–Y–Z motorized stage (Zolix,
Beijing, China) with movement precision of 0.625 µm was applied to realize the movement
of samples, and the spectra were collected at 64 different locations on each sample.

To improve data stability, 64 different positions in a sample were ablated. Each position
was ablated once. The spectra were averaged to represent the LIBS spectrum of a sample.
The delay time, gate width and pulsed laser energy were the three important parameters
for the LIBS system and were optimized.

In this study, a shape measurement laser microscope system (Keyence VK-X3000,
Osaka, Japan) was applied to obtain the ablation crater morphology and parameters of
samples. SEM used in the experiment was the Phenom ProX system (Phenom ProX,
Phenom-World BV, Eindhoven, The Netherlands), which was a platform that integrated
scanning electron microscope (SEM) and energy dispersive X-ray spectrometer (EDS)
capable of surface microscopy of nano and sub nano-scale samples less than 100 nm in
diameter at magnifications up to 100,000 times.

4. Conclusions

In this study, we proposed a novel, easy-to-operate and sensitive liquid–solid con-
version method using LIBS for detecting heavy metal in water samples. Water samples
were transformed into hydrogels to avoid splashes and ripples during the laser ablation
process. In order to reduce the effects of moisture on the LIBS determination and enrich
the concentration of target elements, agarose hydrogels were dried into agarose films,
which resulted in higher signal intensity compared with agarose hydrogel samples and
significantly improved the sensitivity of detected elements. The main parameters affecting
this method were optimized.

The calibration curve of the method was built using the optimal experimental param-
eters. The R2 values of the calibration curves were over 0.97, and the LOD values of Cd,
Pb and Cr were 0.011, 0.122 and 0.118 mg L−1, respectively. The proposed method was
successfully validated by standard heavy metal solutions and real water samples. The
RMSEs of validation were 0.068 (Cd), 0.107 (Pb) and 0.112 mg·L−1 (Cr), and the recovery
values were in the range of 91.2–107.9%. Therefore, the presented results demonstrate that
agarose film-based liquid–solid conversion is suitable for the detection of Cd, Pb and Cr
in water samples. Inexpensive material, simple pretreatment procedures and good LODs
make this method promising for heavy metal monitoring in water.
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20. Aras, N.; Yeşiller, S.Ü.; Ateş, D.A.; Yalçın, Ş. Ultrasonic nebulization-sample introduction system for quantitative analysis of
liquid samples by laser-induced breakdown spectroscopy. Spectrochim. Acta Part B: At. Spectrosc. 2012, 74, 87–94. [CrossRef]

21. Keerthi, K.; George, S.D.; Kulkarni, S.D.; Chidangil, S.; Unnikrishnan, V. Elemental analysis of liquid samples by laser induced
breakdown spectroscopy (LIBS): Challenges and potential experimental strategies. Opt. Laser Technol. 2022, 147, 107622. [CrossRef]

http://doi.org/10.1016/j.eti.2021.101504
http://doi.org/10.1016/j.gecco.2020.e00925
http://doi.org/10.1016/j.jece.2017.05.029
http://doi.org/10.1002/9781119133780.ch13
http://doi.org/10.1016/j.jksus.2022.101865
http://doi.org/10.1016/j.scitotenv.2019.134330
http://doi.org/10.3390/ijerph17072179
http://doi.org/10.1080/10643389.2010.534029
http://doi.org/10.1039/D0AY01577F
http://www.ncbi.nlm.nih.gov/pubmed/33231592
http://doi.org/10.1080/05704928.2020.1739063
http://doi.org/10.1016/j.teac.2021.e00121
http://doi.org/10.1016/B978-0-12-818829-3.00001-0
http://doi.org/10.1016/j.sab.2014.02.001
http://doi.org/10.1080/05704928.2014.911746
http://doi.org/10.1080/02757540.2014.961436
http://doi.org/10.1007/s10661-014-4058-1
http://www.ncbi.nlm.nih.gov/pubmed/25255856
http://doi.org/10.1016/j.sab.2017.03.014
http://doi.org/10.1016/j.sab.2020.105855
http://doi.org/10.1016/j.sab.2012.06.017
http://doi.org/10.1016/j.optlastec.2021.107622


Molecules 2023, 28, 2777 14 of 14

22. Yao, Y.; He, F.; Lin, Q.; Tian, Y.; Zhang, T.; Xu, B.; Qi, X.; Duan, Y. Synchronous detection of heavy metal ions in aqueous
solution by gold nanoparticle surface-enhanced laser-induced breakdown spectroscopy. J. Anal. At. Spectrom. 2021, 36, 2639–2648.
[CrossRef]

23. Lin, Q.; Bian, F.; Wei, Z.; Wang, S.; Duan, Y. A hydrogel-based solidification method for the direct analysis of liquid samples by
laser-induced breakdown spectroscopy. J. Anal. At. Spectrom. 2017, 32, 1412–1419. [CrossRef]

24. Wang, Y.; Bu, Y.; Cai, Y.; Wang, X. Quantitative analysis of mercury in liquid samples using laser-induced breakdown spectroscopy
combined with shear thickening fluid. J. Anal. At. Spectrom. 2022, 37, 1023–1031. [CrossRef]

25. Tian, H.; Jiao, L.; Dong, D. Rapid determination of trace cadmium in drinking water using laser-induced breakdown spectroscopy
coupled with chelating resin enrichment. Sci. Rep. 2019, 9, 10443. [CrossRef] [PubMed]

26. Wu, M.; Wang, X.; Niu, G.; Zhao, Z.; Duan, Y. Ultrasensitive and simultaneous detection of multielements in aqueous samples
based on biomimetic array combined with laser-induced breakdown spectroscopy. Anal. Chem. 2021, 93, 10196–10203. [CrossRef]

27. Liu, Y.; Pan, J.; Hu, Z.; Chu, Y.; Khan, M.S.; Tang, K.; Guo, L.; Lau, C. Stability improvement for dried droplet pretreatment by
suppression of coffee ring effect using electrochemical anodized nanoporous tin dioxide substrate. Microchim. Acta 2020, 187, 664.
[CrossRef]

28. Ma, S.; Tang, Y.; Ma, Y.; Chu, Y.; Chen, F.; Hu, Z.; Zhu, Z.; Guo, L.; Zeng, X.; Lu, Y. Determination of trace heavy metal elements in
aqueous solution using surface-enhanced laser-induced breakdown spectroscopy. Opt. Express 2019, 27, 15091–15099. [CrossRef]

29. Li, F.; Mingjun, M.; Deshuo, M.; Yao, J.; HUANG, X.; Wenqing, L.; Jianguo, L. Detection of heavy metals in water samples by
laser-induced breakdown spectroscopy combined with annular groove graphite flakes. Plasma Sci. Technol. 2018, 21, 034002.

30. Ogrenci, A.S.; Pekcan, O.; Kara, S.; Bilge, A.H. Mathematical characterization of thermo-reversible phase transitions of agarose
gels. J. Macromol. Sci. Part B 2018, 57, 364–376. [CrossRef]

31. Chen, M.; Yuan, T.; Hou, Z.; Wang, Z.; Wang, Y. Effects of moisture content on coal analysis using laser-induced breakdown
spectroscopy. Spectrochim. Acta Part B: At. Spectrosc. 2015, 112, 23–33. [CrossRef]

32. Peng, J.; He, Y.; Ye, L.; Shen, T.; Liu, F.; Kong, W.; Liu, X.; Zhao, Y. Moisture influence reducing method for heavy-metal detection
in plant materials using laser-induced breakdown spectroscopy: A case study for chromium content detection in rice leaves. Anal.
Chem. 2017, 89, 7593–7600. [CrossRef] [PubMed]

33. Paris, P.; Piip, K.; Lepp, A.; Lissovski, A.; Aints, M.; Laan, M. Discrimination of moist oil shale and limestone using laser induced
breakdown spectroscopy. Spectrochim. Acta Part B: At. Spectrosc. 2015, 107, 61–66. [CrossRef]

34. Brouard, D.; Gravel, J.-F.Y.; Viger, M.L.; Boudreau, D. Use of sol–gels as solid matrixes for laser-induced breakdown spectroscopy.
Spectrochimica Acta Part B: At. Spectrosc. 2007, 62, 1361–1369. [CrossRef]

35. Sobral, H.; Sanginés, R.; Trujillo-Vázquez, A. Detection of trace elements in ice and water by laser-induced breakdown spec-
troscopy. Spectrochim. Acta Part B At. Spectrosc. 2012, 78, 62–66. [CrossRef]

36. Lee, Y.; Oh, S.W.; Han, S.H. Laser-induced breakdown spectroscopy (LIBS) of heavy metal ions at the sub-parts per million level
in water. Appl. Spectrosc. 2012, 66, 1385. [CrossRef]

37. Schmidt, N.E.; Goode, S.R. Analysis of aqueous solutions by laser-induced breakdown spectroscopy of ion exchange membranes.
Appl. Spectrosc. 2002, 56, 370–374. [CrossRef]

38. Shi, Q.; Niu, G.; Lin, Q.; Wang, X.; Wang, J.; Bian, F.; Duan, Y. Exploration of a 3D nano-channel porous membrane material
combined with laser-induced breakdown spectrometry for fast and sensitive heavy metal detection of solution samples. J. Anal.
At. Spectrom. 2014, 29, 2302–2308. [CrossRef]

39. Niu, G.; Shi, Q.; Xu, M.; Lai, H.; Lin, Q.; Liu, K.; Duan, Y. Dehydrated carbon coupled with laser-induced breakdown spectrometry
(LIBS) for the determination of heavy metals in solutions. Appl. Spectrosc. Soc. Appl. Spectrosc. 2015, 69, 1190–1198. [CrossRef]

40. Peng, J.; Song, K.; Zhu, H.; Kong, W.; Liu, F.; Shen, T.; He, Y. Fast detection of tobacco mosaic virus infected tobacco using
laser-induced breakdown spectroscopy. Sci. Rep. 2017, 7, 44551. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1039/D1JA00310K
http://doi.org/10.1039/C7JA00143F
http://doi.org/10.1039/D1JA00431J
http://doi.org/10.1038/s41598-019-46924-z
http://www.ncbi.nlm.nih.gov/pubmed/31320722
http://doi.org/10.1021/acs.analchem.1c01484
http://doi.org/10.1007/s00604-020-04640-w
http://doi.org/10.1364/OE.27.015091
http://doi.org/10.1080/00222348.2018.1463052
http://doi.org/10.1016/j.sab.2015.08.003
http://doi.org/10.1021/acs.analchem.7b01441
http://www.ncbi.nlm.nih.gov/pubmed/28625048
http://doi.org/10.1016/j.sab.2015.02.017
http://doi.org/10.1016/j.sab.2007.10.047
http://doi.org/10.1016/j.sab.2012.09.005
http://doi.org/10.1366/12-06639R
http://doi.org/10.1366/0003702021954746
http://doi.org/10.1039/C4JA00220B
http://doi.org/10.1366/15-07864
http://doi.org/10.1038/srep44551

	Introduction 
	Results and Discussion 
	Sample Comparison 
	Spectral Intensity 
	Ablation Crater Morphology 

	Characteristic Lines Selection 
	Optimizing the Experimental Parameters 
	Optimizing the Agarose-to-Solution Ratio 
	Optimizing the Delay Time 
	Optimizing the Laser Pulse Energy 

	Quantitative Analysis 

	Materials and Methods 
	Heavy Metal Solution Preparation 
	Sample Preparation 
	Experimental Setup 

	Conclusions 
	References

