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QUANTITATIVE ANALYSIS OF TRACE METALS IN AQUEOUS SOLUTIONS
BY LASER INDUCED BREAKDOWN SPECTROSCOPY COMBINED
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The sensitive quantitative analysis of trace heavy metallic elements (Cd, Mn, Cr, and Cu) in aqueous
solutions was achieved successfully through the combination of filter paper enrichment with laser induced
breakdown spectroscopy. Filter paper was enriched with 0.4 mL aqueous solutions to form a homogeneous
sample layer on the surface of the metallic target. Considering the limits of detection, the values deduced
with calibration curves already exhibited the high performance of the proposed method at several hundred
or 10 ug/L (Cd 0.165, Mn 0.035, Cr 0.012, and Cu 0.078 mg/L), lower than or comparable to those using
other similar methods. The LIBS results agreed reasonably well with those from ICP-MS for real samples.
All results showed that our method was suitable and accurate for rapid on-site detection of trace metals in
aqueous solutions. This indicates that filter paper enrichment combined with laser induced breakdown spec-
troscopy is a feasible approach to wastewater quality monitoring.
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(Ilocmynuna 2 anpens 2019)

Ocywecmenen wy8cmeumenbHbill KOAUYECMEEHHbII AHATU3 MUKPOIIeMenmo8 madcenvix memannog (Cd,
Mn, Cr u Cu) 6 80OHLIX pacmeopax ¢ NOMOubIo CHEKMpPOCKONUU UHOYYUPOBAHHO20 1A3EPHBIM U3TYYEeHUeM
npo6osi, OONONHEHHOU UCNOb308aAHUEM PUILMPOSATbHOU bymacu. Boonwiii pacmeop obwvemom 0.4 mn npo-
nyckanu uepe3 unomposanvHyro bymazy s 06pazoeanus Ha NOGEPXHOCHU MEMATUYECKOU MUWEHU 20MO-
2eHH020 cnos (0bpaszya). [lokazana evicokas 3¢hghekmusHocms npediazaemoco Memooa ¢ y4emom npeoenos
oonapyacenus (Cd 0.165, Mn 0.035, Cr 0.012 u Cu 0.078 me/n), umo Hudice unu Cpa8HUMO C AHANOSULHBIMU
memodamu. Pesynomamol n1a3epHO-uHOYYUPOBAHHOU CHEKMPOCKONUY OOCMAMOYHO XOPOUO COSNIACYIONICS C
pesynomamamu ICP-MS ons peanvrvix 06pasyos. Ilpeoracaemulii menood nooxooum oas 6bicmpo2o u mou-
HO20 OOHAapYJICeHUs Cle008 Memalios 6 00pasyax GOOHLIX PACMBOPO8 U MOJCENm NPUMEHAMbCS KAK 803-
MOJICHBII NOOX00 K KOHMPOTIO KA4ecmea CMOoYHbIX 600.

Knrwouesvle cnoea: msaicenvie mMemanivl, CneKmpockonusi UHOYYUPOBAHHO20 NA3EPHLIM UTYYEHUEM
npobosi, KOHMPOIb KA4eCmed 600bL.

Introduction. Heavy metal pollution of water poses a serious threat to the health of humans. For exam-
ple, cadmium (Cd), copper (Cu), manganese (Mn), and chromium (Cr), which are common heavy metal ele-
ments in industrial wastewater from the electroplating and mineral processing industry, can be extremely
harmful to the aquatic environment when their concentrations exceed the national standard. Sensitive and
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quantitative analysis of trace metals in water is vital for environmental monitoring and process control [1],
drinking water quality analysis [2], and industrial wastewater detection [3, 4]. Therefore, concentration mon-
itoring and determination of trace metals in water provide an efficient way to identify and mitigate adverse
consequences.

The laser induced breakdown spectroscopy (LIBS) technology has seen rapid development in recent
decades and has been extensively applied for a wide range of scientific and industrial purposes [5—10]. How-
ever, the plasma emission in bulk is difficult due to the complex process of ablation in bulk, so the detection
sensitivity is relatively low [6, 11].

In order to improve the detection sensitivity of LIBS to liquid samples, a variety of methods have been
developed and lower detection limits have been obtained. Among these methods, converting liquid samples
into solid ones is available and effective to improve the LIBS sensitivity to liquid samples. The limits of de-
tection (LoDs) of trace metals in liquid samples have been improved effectively by LIBS via solid sub-
strates, such as wood [12], graphite [13], metal electrode [14], bamboo [15], ion exchange membrane
[16, 17], ice [18], carbon [19], and paper [20-23] for aqueous solutions. However, obtaining accurate meas-
urement results of heavy metals in water using LIBS is still a serious challenge for analytical chemistry.

Recently, a solid metallic target or a silicon target was used as a substrate to assist LIBS analysis of
aqueous solutions [24-27] in a process named surface-enhanced LIBS (SENLIBS). The detection sensitivity
was improved greatly compared with direct analysis for liquid due to the high-temperature laser induced
plasma. However, it was hard to confine the liquid samples in a settled area on the surface of the polished
target. Only liquid droplets with a smaller volume of the aqueous solution was dropped onto the target sur-
face, causing an inhomogeneous distribution of liquid samples. Based on the improvement of SENLIBS,
some methods such as chemical replacement-SENLIBS [28] and laser-pretreated metallic target-SENLIBS
[29] were developed to obtain better detection results. The detection sensitivity of LIBS for heavy metals in
aqueous solutions was improved further.

In this work, filter paper enrichment was introduced as a sample pretreatment method to be combined
with LIBS. Aqueous solution samples were dropped onto the filter paper placed on the surface of the metal-
lic target. Then the filter paper was dried and the metallic target was taken off. A homogeneous sample layer
was formed on the surface of the metallic target. In our previous reports, the filter paper adhered to the me-
tallic target surface and absorbed aqueous solutions of heavy metals. Then the laser pulse was focused on the
filter paper to induce plasma. The LoDs of Mn, Cr, Cd, and Cu in aqueous solutions were up to the level of
sub mg/L [23, 30]. Also, indirect ablation laser induced breakdown spectroscopy has been demonstrated to
be an efficient way for precise and sensitive analysis of wear metals in oils. We obtained the best LoDs of
metal determination in viscous liquids [31]. In this paper, filter paper enrichment combined with LIBS was
used to detect Cd, Mn, Cr, and Cu elements in aqueous solutions, and the detection sensitivity of this method
to these heavy metals in aqueous solutions was also investigated. The detection accuracy of this method was
verified by the concentration determination in real samples, the results of which were compared with those
obtained by inductively coupled plasma mass spectrometry (ICP-MS).

Experimental. Sampling. Commercially medium speed quantitative filter papers (202, Hangzhou
Fuyang Filter Paper Co. Ltd. Hangzhou, China) were used as the enrichment and transmission medium be-
tween the aqueous solution samples and the metallic substrate (Fig. 1). A pure aluminum target (Al 99.99%,
Techlab, France) with a size of 21x22 mm was used as the metallic substrate. The commercial analytical
reagents CdCl,-2'/,H,0, MnClp-4H,0, Cr(NO3)2-9H>0, and Cu(NO3),-3H,0 (Sinopharm Chemical Reagent
Co. Ltd., China) were dissolved with deionized water with a concentration of 100 mg/L each, which was
used to obtain a set of reference samples by dilution for Cd, Mn, Cr, and Cu concentrations with 6, 5, 4, 3, 2,
1, and 0.5 mg/L, respectively. At first, the aluminum substrate was polished and cleaned, and then the dry
filter paper (20x20 mm) was placed on the surface of the aluminum substrate as shown in Fig. 1a.

Adding aqueous solution  Drying and taking off the filter

a L b l- c

Fig. 1. Schematic diagram of the sample pretreatment procedures: dry filter paper (a) and wet filter paper (b)
on the surface of the Al-metal substrate, c — Al-metal substrate with laser ablation.
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During sample preparation, the enrichment effect of the filter paper was assessed to avoid the deposition
of a part of the analyte on the fibers of the filter paper. The maximum volume of aqueous solutions absorbed
on the filter paper was obtained. In our experiment, the evolution of the line intensity of the Cul 324.7 nm at
different sample dropping volumes ranging from 0.05 to 0.50 mL was achieved, as shown in Fig. 2. The
concentration of Cu in an aqueous solution sample was 20 mg/L. Each point represents the average value of
seven measurements ablated on the same Al substrate, and the error bars represent the associated standard
deviations. We can see that the line intensity increases sharply before the dropping volume of 0.3 mL, and its
rate decreases when the volume is between 0.30 and 0.45 mL. When the dropping volume is from 0.45 to
0.50 mL, the water enrichment saturation of filter paper occurred, possibly leading to decreased or unstable
intensity. For Cd, Mn, and Cr, the line intensities are all higher and more stable at 0.4 mL. Moreover, in or-
der to detect different elements simultaneously, it is necessary to set an agreed volume. According to the
analysis above, the sample dropping maximum volume was therefore set as 0.4 mL.
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Fig. 2. The evolution of the line intensity of Cu I 324.7 nm at different sample dropping volumes ranging (s)
from 0.05 to 0.5 mL. The concentration of Cu in the aqueous solution sample was 20 mg/L, and each point
represented the average value of seven measurements ablating the same Al substrate.

The aqueous solution with a volume of 0.4 mL was dropped onto the filter paper placed on the surface
of the aluminum substrate, as shown in Fig. 1b. The aluminum metallic substrate with the filter paper was
heated by a heating plate at a temperature of 70 deg centigrade. After 5 min, the filter paper was removed,
and a sample layer was formed on the surface of the aluminum metallic substrate, as shown in Fig. 1c. Then
the aluminum target was placed on a rotating motor (60 rpm) to be ablated, as shown in Section 2.2. The
surface morphology of the aluminum target after ablation exhibits good uniformity (Fig. 1c), making it pos-
sible to obtain good data reliability and reproducibility (as described in Section 3.1).

Experimental. A standard LIBS setup experiment was used in this experiment (Fig. 3). Its detailed de-
scription can be found elsewhere [32]. Briefly, a O-switched Nd:YAG laser (1064 nm) was used for ablation
with a laser pulse energy of 90 mJ. The laser pulse was focused slightly on the surface of samples by lens L1
(f=50 mm). The Al metallic target covered with a sample layer was mounted on a rotating motor with
a speed of 60 rpm. The plasma emission was collected by a combination of two lenses L2 and L3 with a focal
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Fig. 3. Schematic diagram of the experimental setup. M1 — mirrors; BSH — beam shutter;
BS — beam splitter; L1, L2, L3 — lenses.
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length of 100 and 50 mm, respectively, and it was coupled into the entrance of a spectrometer (Andor,
Mechelle 5000), which was in turn coupled with an intensified charge-coupled device camera (ICCD, iStar,
Andor Technology). Each spectrum was obtained by the accumulation of over 200 single-shot ablations at
different craters. A photodiode was used to detect the part of the laser pulse that provided the trigger signal
for the ICCD camera. The detection window was set from 1.0 to 3.0 ps after the impact of the laser pulse on
the target. The experimental conditions, including the laser parameters and detection parameters such as the
detection gate and the gain applied to the ICCD, were kept identical for all the samples.

Results and discussion. Spectral line selections. In order to obtain high performance for quantitative
analysis, it is necessary to select a sensitive and available spectral line for the analytical element. In our
work, the echelle spectrometer was used to record the emission spectrum over a wide spectral range from
220 to 850 nm. Figure 4 shows the spectrum of 200 single-shot LIBS obtained while 0.4 mL aqueous solu-
tions was dropped onto the filter paper on the surface of the Al target with Cd, Mn, Cr, and Cu at a concen-
tration of 10, 50, 30, and 20 mg/L, respectively. The spectrum of the most interesting spectral range for each
element is presented.
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Fig. 4. Typical 200 single-shot LIBS spectra obtained while 0.4 mL aqueous solutions
were dropped onto the filter paper on the surface of the Al target with Cd, Mn, Cr, and Cu
concentrations at 10, 50, 30, and 20 mg/L, respectively.

In our experiment, the optimal emission lines of the four metals were selected. They were selected to be
independent for avoiding any interference with other spectral emissions. The other important criterion was
that the spectral lines would not be affected by the self-absorption effect. The shape of spectral lines was
first observed to avoid strong self-absorption. Later, the calibration curves were plotted, and the linear fitting
of the curves provided a negligible self-absorption effect for the selected lines. Finally, the spectral lines
for the quantitative analysis of the four metal elements to be detected spectral lines CdII 226.5, MnllI 257.61,
Crll 283.56, Cul 324.7 nm are selected in our experiment.

Calibration curves and LoDs for different elements. For quantitative analysis, a series of experiments
was carried out with the same experimental parameters, and the calibration curves were plotted. Figure 5
shows the calibration curves of Cd, Mn, Cr, and Cu in aqueous solutions under the normalized intensities
with the Al 1396.2 nm as the internal reference. In Fig. 5, each data point represents the mean value of seven
replicate measurements, and the error bars are their standard deviation. Calibration curves were fitted with
a linear function:

y=b+ax, D

where y is the normalized intensity of the emission line, x is the concentration of the element, and b and a are
the intercept and slope of the calibration curves, respectively. The linear correlation coefficient R* of the ca-



574 XIU J. etal.

libration curves is also presented for each element in Fig. 5. The correlation coefficient R’ was improved to
be 0.99 for each element. Both the reliability and reproducibility of the plotted data were improved due to
the normalization procedure.
In the calibration curves plotted in Fig. 5, the LoDs of Cd, Mn, Cr, and Cu in aqueous solutions were
calculated by the formula
LoD = 3o/, (2)

where o is the standard deviation of the background signals. In this experiment, ¢ was calculated from
10 measurements of background signals under the same experimental conditions. Here s denotes the slope of
the calibration curves. We remarked that the determined concentration of the elements in the samples on the
surface of the Al substrate was inconsistent with the real one in the aqueous solutions due to the different
ability of paper to absorb different elements. However, in our work, the detected concentration on the sur-
face of the Al substrate could be in line with that in real aqueous solutions, as the excess and the same volu-
mes of samples were absorbed onto the filter paper. Therefore, the horizontal axis of the calibration curves rep-
resents the real concentration of elements in aqueous solutions, which could be determined by LIBS analysis.
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Fig. 5. Calibration curves of (a) Cd, (b) Mn, (¢) Cr, and (d) Cu in aqueous solutions
with line intensity normalization.

Table 1 shows an LoDs comparison between the present work and other similar works under different
sampling configurations (e.g., wood slice substrate, filter paper substrate, other metallic substrates, ice sub-
strate, and so on). It shows that the LoDs obtained from our method are lower or comparable to those using
other similar methods. Even when the same metallic substrate was used for the aqueous solution deposition,
the presented results are more precise compared with the reported results. We remarked that the LoDs values
obtained from every method were not equal because of different experimental parameters (e.g., laser energy,
detection delay and gate width, pulse accumulation, etc.) The detection sensitivity of these methods can be
assessed by the LoDs of each element. Therefore, it was concluded that the detection sensitivity of this
method was comparatively high. Moreover, filter paper enrichment combined with LIBS can be done with-
in 5 min, shorter than the preparation time of other methods (e.g., ice, membrane, Ca(OH),, dispersive lig-
uid-liquid micro-extraction with SENLIBS (DLLME/SENLIBS) and single-drop micro extraction SENLIBS
methods (SDME/SENLIBS)). The LoDs of Cd, Mn, Cr, and Cu obtained from this method are close to or
lower than the level of the discharge standard of pollutants for the municipal wastewater treatment plant of
China (No.GB/T 18918-2002), in which the highest discharge concentrations of Cd, Mn, Cr, and Cu are
0.01, 2.0, 0.1, and 0.5 mg/L, respectively. Moreover, the lower LoDs can be achieved through two-layer fil-
ter paper depositing more solutions on the surface of the aluminum metallic substrate in our further work.
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TABLE 1. LoDs (mg/L) Comparison between the Present Work and Other Similar Works Corresponding
to the Different Sampling Configurations

Elements
Methods Ccd Mn Cr Cu
This method 0.165 0.035 0.012 0.078
Filter paper [30] 0.4 0.13 0.52 0.39
Wood slice [12] 0.59 0.036 0.034 0.029
DLLME/SENLIBS [26] — 0.049 0.041 0.023
SDME/SENLIBS [27] — 0.301 0.05 0.054
CR-SENLIBS [28] 0.386 — 0.016 0.257
Laser-pretreated Al target [29] 0.184 — 0.019 —
Ice [18] 14 — 1.4 2.3
Carbon planchet [ 19] 0.1 — 0.1 0.01
Membrane [16] — — 0.13 —

N ot e. DLLME/SENLIBS: dispersive liquid—liquid micro extraction with surface-enhanced LIBS;
SDME/SENLIBS: single-drop micro extraction with surface-enhanced LIBS;
CR-SENLIBS: chemical replacement with surface-enhanced LIBS.

Accuracy of the concentration determination in the real samples. To assess the accuracy of this ap-
proach, we present the results of measurements obtained by LIBS and inductively coupled plasma mass
spectrometry (ICP-MS) on real samples from the wastewater collected from a local electroplating industry.
The real samples were purified and collected when the heavy metals in wastewater were removed after bio-
logical adsorption. The commercial analytical reagents CdCly-2'/,H,0, MnCl,-4H,0, Cr(NO3),-9H,0, and
Cu(NO3)2-3H20 were dissolved with the wastewater purified with the concentration of 1.5 mg/L for Cd, Mn,
Cr, and Cu to prepare the real samples measured. The concentrations of Cd, Mn, Cr, and Cu in real samples
were determined by the above-established calibration curves shown in Fig. 5. The calculated results are
shown in Fig. 6. In order to assess the accuracy of the results of LIBS with other methods, the same real
samples were detected by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7500ce, USA).
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Fig. 6. Measurement results on real samples with the prepared concentration using LIBS and ICP-MS.

In Figure 6, the LIBS and ICP-MS results are both the average of seven replicate measurements, and er-
ror bars represent intensity ratios of seven replicate measurements. The average values obtained by ICP-MS
are slightly higher than those from the prepared concentration of real samples, probably due to some residu-
als after the biological absorption of wastewater. However, based on comparison with the prepared concen-
tration of real samples, good agreement was obtained between the LIBS and the ICP-MS results, although
the error bars from the LIBS results are higher.

Firstly, the filter paper enrichment technology was used to convert liquid sample detection to solid sam-
ple detection by LIBS, which enhanced sample ablation efficiency and greatly improved detection sensitivi-
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ty. Moreover, the filter paper was used as a transmission and enrichment medium through which more liquid
samples were enriched on the surface of the metallic substrate. This can further improve the detection limits
of trace elements in aqueous solutions. In addition, the filter paper was used to place the liquid samples onto
the surface of the metallic substrate, thus helping the formation of a more uniform sample layer on the sub-
strate surface, and good data reliability and reproducibility were obtained. This indicates that filter paper
enrichment combined with LIBS is applicable to sensitive and quantitative analysis of trace metals in real
environmental water with accurate results.

Conclusions. LIBS technology combined with filter paper enrichment was applied successfully to de-
tect sensitively Cd, Mn, Cr, and Cu in aqueous solutions. Calibration curves were plotted for Cd, Mn, Cr,
and Cu at a trace level of sub-mg/L to several mg/L levels. The limits of detection were calculated with cali-
bration curves, which already exhibited high performance at the several hundred or 10 pg/L level
(Cd 0.165 mg/L, Mn 0.035 mg/L, Cr 0.012 mg/L, and Cu 0.078 mg/L). According to the comparison with
the data previously published for LIBS analysis of trace metals in aqueous solutions, the LoDs obtained from
our method are lower than or comparable to those using other similar methods. Even when the same metallic
substrate was used for aqueous solution deposition, the presented results are more precise compared with the
reported results. The LIBS results agree reasonably well with those from ICP-MS for real samples compared
to the prepared concentration of real samples. This indicates that our method is suitable for sensitive and
quantitative analysis of trace metals in aqueous solutions and can achieve accurate results.
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