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Monitoring contaminated sites is faster and cheaper if portable analytical instruments are used rather than
traditional laboratory analysis. We developed a transportable system based on the laser-induced breakdown
spectroscopy (LIBS) technique for rapid on-site measurement of heavy metal concentrations. Portable
instruments also offer great advantages for on-site remediation technology, where continuous monitoring
is required. LIBS is especially useful when plants are used to remove or contain contaminants. Phytore-
mediation takes time to achieve its goals, and many analyses are required to evaluate its efficiency during
the process. In this study, LIBS was used to measure Pb concentration in soils from three contaminated
sites and in plant samples from phytoremediation experiments. Results obtained from LIBS show good
correlation with data obtained with atomic absorption spectroscopy (AAS). In particular, in the case of
contaminated site characterisation, LIBS permits delimitation of areas showing metal concentration over
the legal limits, where further investigations are required. Speeding up the characterisation procedure
decreases investigation costs and increases the number of analysed samples with a given economic budget,
thus increasing the informational value of data. Thus reliable spatial information can be obtained, leading
to lower remediation costs.

Keywords:. laser-induced breakdown spectroscopy; lead; soil contamination; monitoring; plant material;
phytoremediation

1. Introduction

The number of contaminated sites is increasing along with industrial development. These sites
must be investigated, especially to estimate risk through better understanding of their conditions
and to gather data for designing remedial or control measures [1]. Whether the goal is to contain
a contaminant or to remediate an area, the site must be routinely sampled and monitored. More-
over, reliable estimation of the contaminant is critical to ensure that remediation is proceeding
sufficiently to protect human health and the environment. In particular, when plants (phytoreme-
diation) are used to remove or contain contaminants, considerable time is needed to achieve the
goal and many analyses are required to choose the appropriate species and to evaluate remediation
efficiency over time [2-4].
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Conventional characterisation techniques require extensive sampling and analyses, which are
costly, time-consuming and can lead to high levels of personnel exposure. However, the budget
often limits the number of samples used to determine the presence and degree of contamina-
tion. As stated by Crumbling [1], a much more accurate picture of the site is gained when many
samples are analysed even though the analytical method is less accurate. Moreover, real-time
technologies encourage the modernisation of technical practices to characterise and remediate
chemically contaminated sites [5]. Thus many operators are turning to new technologies to opti-
mise (i.e. minimise) remediation costs just starting from an effective, real-time, low-cost site
characterisation.

Laser-induced breakdown spectroscopy (LIBS) is a powerful method for direct measurement
of element concentration in nearly all materials [6—8]. The technique is based on detecting light
emitted from a micro-plasma produced by a short laser pulse. The high temperature of the plasma
ionises the material of the sample and after a few microseconds atomic lines are emitted. LIBS
works well on heavy metals due to the strong emission of these elements in the UV and visible
spectral region (200-500 nm). Little preparation of the sampled material is required. LIBS char-
acteristics can be used to set up portable instruments as a field alternative to traditional laboratory
analyses. Recently Cunat et al. [9] developed a portable LIBS and measured Pb contamination in
road sediments, finding good correlations with atomic absorption spectroscopy (AAS) data. Other,
still limited, studies report data on LIBS analyses of plant tissues, mostly devoted to evaluating a
crop’s nutritional status [10,11] or the spatial distribution of Pb within leaves [12].

Our aim was to explore the performance of LIBS technology for measuring Pb content in
soil and plant samples from contaminated areas. Our data are on-site measurements of Pb from
three contaminated sites carried out with a portable LIBS analyser. The ability to describe metal
contamination in the sites is compared with analyses performed by a traditional technique (flame
AAS), in reference to Italian legislation limits. Moreover, plant samples from Pb-phytoextraction
experiments were also analysed by LIBS to verify its ability to detect and measure metals in
plant materials.

2. Materialsand methods

2.1. Samples

Soil samples were collected from three areas with similar soil structural characteristics, and
different sources of Pb contamination. The soils were sandy loam, with a CEC ranging from 12 to
16 meq and ~ 1% org C. Site A was a former mining area, located in southern Tuscany where Pb,
Cuand Ag have been extracted every now and again since the seventh century. It was characterised
by heavy metal contamination due to abandoned mining waste. Site B was an industrial area in
the Liguria region, characterised by Pb contamination due to the presence of a lead oxide factory.
Samplings were performed at 24 points on a regular grid at both site A and site B, exploring
areas of ~ 7500 m?. Site C was an urban brownfield located in the Lombardy region, where for
over 80 years gas-production activities (coal gasification and catalytic reforming processes of
petroleum light derivates) have contaminated the soil. Here six sampling points were fixed in a
small sub-area (150 m?) devoted to phytoremediation field trials and characterised by a low level
of Pb contamination. In all three sites, at each sampling point, a composite from three samples
was collected in the 0-10 cm layer using an Edelman auger. An aliquot of the composite sample
was used immediately for the LIBS measurements, while the remaining material was stored in
plastic bags and transported to the lab for AAS measurements.

Plant samples (Brassicajuncea) were collected from the previous phytoremediation experiment
focused on Pb uptake [13,14]. In this experiment, chelate agents were added to soil to increase
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the bioavailable Pb fraction for plant uptake. Plants grew in three different conditions: (1) soil
without any amendment (control plants); (2) soil amended with nitrilotriacetate sodium salt (NTA)
4.2mM-kg~? soil; and (3) soil amended with ethylenediaminetetraacetate sodium salt (EDTA)
2.0mM-kg~* soil. The different mobilising agents were distributed in soil for 4 days during
irrigation in the more suitable growth period (just before the flowering stage). The aerial parts of
plants (shoot/leaf) were analysed.

2.2. Conventional analyses

Soil samples were air-dried and sieved to 2 mm, while plant samples were dried for 48 h at 80 °C
and ground to < 1 mm size. Both soil and plant samples were digested with a nitric—perchloric
acid mixture in a microwave oven (Milestone 1200) and solutions were analysed by flame AAS
(Perkin—Elmer 3030) for Pb content.

2.3. LIBSanalyses

The LIBS prototype used in this study can be viewed as three logical units: laser, detection appa-
ratus and control and analysis unit (Figure 1), which can be easily transported in the rear of a van.
The laser is a Nd-YAG (Quantas System) and delivers up to 300 mJ per pulse at 1064 nm with a
repetition rate of 10 Hz. The beam is guided within an articulated arm into a head probe mounting
the focusing lens and the collection optics. The optical signal is delivered into the entrance slit of
the spectrograph via an optical fiber. The Chromex 550i spectrograph uses a holographic grating
of 2400 grooves per mm that allows a 0.2 A sampling step. Spectra are acquired by an Andor Tech.
Intensified Charge Coupled Device (ICCD). All functions of the spectrograph (slit width, grating
selection, wavelength position) and ICCD detector (cooling temperature, trigger settings, etc.) are
controlled by a fully integrated software package developed for the scope. The analytical software
allows the acquisition and instrument control, data manipulation (smooth, peaks picking), qual-
itative and gquantitative measurements (peak labelling, plasma temperature calculation), spectra
simulation and database manager. For Pb analysis the interference free emission lines at 217 and

Laser 2., @1060 nm

Lo @256 Nnm

Mobile arm, 7 mirrors to
deliver the laser beam

Sample =
Point Control unit
Acquisition and detection
i system (spectrograph coupled

with an ICCD detector)

4 /I Cooling system

Figure 1. Schematic representation of the LIBS system used in this study.
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220 nm are used. Estimation of the concentration is performed by the comparison of the intensity
of resonance line of trace elements with respect to weak transition of some matrix elements [7]
without the use of calibration curves. Thus, the presence of water in the samples does not affect
the measurement of the metals.

LIBS works better on compacted surfaces, so soil and plant material were compacted into
tablets of ~ 1 cm?. Soil moisture did not affect tablet preparation, although the water content of
plant samples did not allow suitable compaction, so the plant samples were dried before tablet
preparation. On each tablet, several hundreds of laser shots were performed along a 12-mm
circumference. The entire procedure (tablet preparation, data acquisition, spectra analysis) lasted
10 min for each sample. Analyses were conducted on-site and results were elaborated by software
developed for the purpose of producing a real time interpolated map using kriging 2D algorithm.

3. Resultsand discussion

3.1. Soil samples

Concentration ranges and mean values of Pb are reported in Table 1. As expected, levels of
contamination in the three sites were different due to different types of exposure and activities
performed in the areas. Pb concentration ranged from tens of thousands of mg-kg = in the mining
area to thousands in the factory area to hundreds in the urban brownfield. Because of these
considerable differences, LIBS performance could be appreciated in different situations and in a
wide range of metal concentrations.

Differences between the mean values of AAS and LIBS were < 10% in sites A and B and
~ 30% in site C. These values are in agreement with Cunat et al. [9], where results of Pb in road
sediments differed by ~ 14%. The different behaviour could be ascribed to the different number
of samples among the sites, and to metal content ranges. When the absolute metal content is low,
as in site C, sampling errors tend to be larger and the per cent differences between analytical
methods can be higher. To evaluate the accuracy of the LIBS measurements, Figure 2 shows
results obtained with the portable LIBS instrument compared to those obtained with flame AAS.
The square correlation coefficient (R?) as well as the equation of the linear fit are described in
the figure. All three sites reveal a reasonable correlation between the analytical methods, with
R? always > 0.71. Site C showed the highest R?, similar to that found by Cunat et al. [9], who
analysed a similar number of samples to that of our sampling in site C. Again the different slopes
of the three sites and their relative weights can be explained by the range of metal concentrations
in which the instruments work.

Intrinsic matrix composition, humidity or grain size could carry differences in both analytical
techniques. Moreover, the acidic digestion involved in AAS analyses measures the pseudo-total
concentration against the total obtained with analyses such as LIBS. These features can induce
positive or negative bias when comparing both techniques, as reported in Figure 2. Each national
legislation gives different limit values that define soil contamination, so it is important to compare

Table 1. Pb concentration ranges and mean values in sites A, B and C (mg-kg™1).

Site A Site B Site C
AAS LIBS AAS LIBS AAS LIBS

Pb Range 450-23,500 190-18,576 0-2175 0-3048 147-821 65-1170
Mean 6488 6326 521 565 430 564
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Figure 2. Correlations of results obtained with the field LIBS instrument vs. those obtained by flame-AAS for sites A
(y = 0.8516x, R? = 0.7067), B (y = 0.9628x, R? = 0.7739) and C (y = 1.3767, R? = 0.8860).
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Figure 3. Pb concentrations (mg-kg~?!) at each sampling point of site A, B and C. Lines at 100mg-kg~* and at
1000 mg-kg~! represent the Italian legal limits in public parks and gardens, and industrial areas, respectively.
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Figure 4. Isoconcentration maps of Pb in site B obtained with data from LIBS (left) and AAS (right). Scale blue-red,
0-5000 mg-kg~* (colour online).

analytical data with the legal limits. The Italian limits for soils in public parks and gardens and for
soils in industrial areas are reported in Figure 3, as dotted and continuous lines, respectively. The
data show that LIBS was just as efficient as AAS in classifying each sampling point with respect
to both limits.

Results obtained using both techniques were also software processed, and interpolated maps
could be made of the on-site localisation. Figure 4 shows the Pb isoconcentration map of site
B obtained with data from AAS and LIBS. The maps revealed very similar positions for a hot
spot in the right upper corner of the pictures and a zone of low Pb concentration in the central
sampled area.

3.2. Plant samples

Phytoextraction is a mild, long-lasting procedure for removing heavy metals from a contaminated
site. This process requires plants that accumulate high quantities of metals in their tissues. Several
vegetative cycles are required to give measurable differences in total metal concentrations in soils
before and after plant growth. However, at the end of a vegetative cycle, the plant’s efficiency in
accumulating metals can be evaluated. Our test compared measurements with AAS and LIBS of Pb
accumulation in plants of Brassica juncea grown on contaminated soil with different mobilising
agents. Pb concentrations in plant samples measured by AAS and LIBS are reported in Figure 5(a).
Plant samples with low Pb concentrations (samples 1-3) refer to plants grown in unamended
soil. Higher Pb concentrations were found in shoots of plants grown in soil amended with NTA
(samples 4-7) and EDTA (samples 8, 9). Sample 10 refers to analysis of leaves alone, after EDTA
treatment. Pb concentration increased in the following sequence: control (shoots) < NTA (shoots)
< EDTA (shoots) < EDTA (leaves), as reported previously [13,14]. LIBS was able to measure
these increasing concentrations the same way as AAS. Our results are in good agreement with
data obtained by Galiova et al. [12] where the overall Pb concentration in leaves measured using
LIBS increases by the increased Pb availability. The correlation between AAS and LIBS was very
high (R? = 0.97, slope = 1.0045), as shown in Figure 5(b), although this information must be
considered with caution, because of the low number of samples.

4. Conclusions

LIBS is still an experimental technique, but it appears promising for environmental science.
Our approach to quantitative analysis of metals involves comparison with respect to an internal
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Figure 5. Results obtained with LIBS and AAS for the plant samples: (a) Pb concentrations (mg kg~1); (b) correlation
between LIBS and AAS (y = 1.0045x, R? = 0.9738).

reference, producing results that are less accurate, but are suitable for field application. The
system is easily transported by car. Results obtained with LIBS showed acceptable correlation
with data obtained using AAS. In particular, in the characterisation of contaminated sites, LIBS
permitted easy delimitation of areas showing metal concentrations above the legal limits, where
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further investigations are required. The major advantages of using LIBS as a semi-analytical
tool are rapid analysis, a low-cost approach to site characterisation because the system needs
no gas or replacement parts, and the possibility of obtaining an optical signal from any solid
matrix (rocks, soils, plants) without laborious and time-consuming pre-treatments. Speeding up
the characterisation procedure decreases cost and increases the number of samples analysed
within a given budget, increasing the informational value of data. Thus, a more reliable spatial
information can be obtained, leading to lower remediation costs.

Our results analysing plant materials with LIBS are encouraging. When confirmed, LIBS
will be useful for the rapid screening of heavy metal accumulating plants and for monitoring
phytoremediation activities.
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