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Laser-induced breakdown spectroscopy (LIBS) was applied for quantitative analysis of the elemental composi-
tion of wastemolding and core sands produced from industry as part of the casting process. To perform the anal-
ysis, waste foundry sands (WFS) were collected from metalcasting foundries and prepared in the form of solid
pellets with the addition of polyvinyl alcohol as binder. The measurements were carried out using the Mobile
double pulse instrument for LIBS analysis (Modì). The spectral analysis was carried out with the calibration-
free approach (CF-LIBS). Metal elements commonly found in WFS including Al, Ba, Fe, Li, Mg, Mn, Pb, Ti, Zr,
and Zn, were detected and quantified. The metal concentrations for WFS were compared with virgin sand to as-
sess the influence of the casting material as well as the binders used in the foundries to reclaim the sands. The
results demonstrated the feasibility of LIBS method as an alternative or complementary technique for the chem-
ical characterization of WFS.
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1. Introduction

Approximately 100 million tons of waste foundry sand (WFS) is an-
nually generated worldwide by foundry industry to create molds and
cores for metalcasting [1]. The molding sands are manufactured by
using virgin sands with the addition of binding agents (e.g.: bentonite
clay, organic resins). At the end of the casting process, the molds or
cores are broken apart to retrieve the pieces and to be further reclaimed.
However, after some time of reuse sand is discarded and replaced with
new sand. The WFS originated are typically sent to landfills. Thus, re-
search have been carried out on the beneficial use of WFS in geotechni-
cal (e.g.: concrete, asphalt, and road-subbase) and agricultural
applications (e.g.: manufactured soils) [2–4]. On the other hand, other
studies have examined the possible metal leaching of WFS ([5] and ref-
erences therein). For the differentmetal cast and binder types analyzed,
it was concluded that in general the metal concentrations are similar to
those present in common sand. Nevertheless, in some cases the concen-
tration of heavy metals were found elevated respect to virgin sand,
dil, Buenos Aires, Argentina.
ace).
which raises a concern of prime importance for human health and envi-
ronmental pollution. In this context, assessing an analytical tool for
rapidmonitoring of hazardousmetals inWFSwould be of great interest
in many different areas of industry as well as in environmental studies
since usual laboratory methods; e.g.: X-ray diffraction, do not match
these requirements because of performance limitations [6].

Laser-Induced Breakdown Spectroscopy (LIBS) is a versatile technol-
ogy for quantitative elemental analysis of various contaminants in a
wide range of samples including soils, sediments, and other geological
materials [7]. LIBS technique is based on spectral analysis of the radia-
tion emitted by a laser-induced plasma (LIP) generated with the mate-
rial ablated from the target for the determination of the chemical
composition of gases, liquids, and solids [8–10]. The physics of LIP gen-
eration and its temporal evolution are described in detail elsewhere
[11]. In contrast to many other common techniques requiring complex
and time consuming procedures, the inherent features of simplicity
and versatility make LIBS the technique of choice to carry out rapid,
on site, multi-elementmeasurementwith aminimum of sample prepa-
ration. Furthermore, a small amount of sample is required for the anal-
ysis, is able to detect light elements such as H, Li, B, C, N, and O, which
are not detected by other analytical methods, and can used in a
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hyphenated approach with another techniques such as Raman and
laser-induced fluorescence. Typical detection limits for LIBS are in the
ppm range.

The use of LIBS for material analysis is based on the fact that charac-
teristic peaks in the spectrum emitted by the LIP in the UV–Vis spectral
range (200–900 nm) contain the unique spectral signature of all the el-
ements of the periodic table; thus, the elements present in the sample
are identified by their “chemicalfingerprints”. Elemental concentrations
are related to the corresponding emission intensities, assuming that the
plasma composition is representative of that of the sample previous to
the laser ablation (stoichiometric ablation). Nevertheless, performing
quantitative analysis is not straightforward because the emission inten-
sity of a given specie in the LIP is strongly affected by the experimental
conditions under which it was generated; namely, laser parameters,
sample features, and surrounding atmosphere [12]. Moreover, in appli-
cations carried out in air at atmospheric pressure the main difficulties
for spectroscopic analysis come from transient plasma evolution, spatial
inhomogeneity, self-absorption, andmatrix effects [13,14]. These issues
affect the quality, accuracy and precision of the results. Therefore, labo-
ratory tests are of major importance for evaluating and optimizing the
analytical performance of LIBS aimed at achieving reliable quantitative
results.

From an experimental point of view, the most common approach to
perform quantitative LIBS analysis relies on the construction of calibra-
tion curves employing matrix-matched standards. However, in many
practical situations reference samples are often either limited or un-
available, as it is often the case with geological and environmental sam-
ples. Calibration-free LIBS (CF-LIBS) is an alternative method based on
plasma characterization for performing quantitative analysis without
the need for calibration samples [15]. Satisfactory results have been ob-
tained with CF-LIBS in a wide range of solid materials including geolog-
ical samples such as minerals and rocks.

The recent reviews by Harmon et al. [16] and Senesi [17] summarize
the current state-of-the-art on applications of LIBS for the analysis of
geological and environmental samples. However, only a few studies
have been reported in the pertinent literature dealingwith quantitative
analysis of elements in sand samples. Krasniker et al. [18] investigated
matrix effects in sand–soil mixtures bymeasuring the emission intensi-
ties of trace elements. Harris et al. [19] reported the determination of
the content of N in soil samples using sand as a surrogate. Haider et al.
[20] used LIBS technique for the identification of valuable minerals in
beach sands. The content of Ti was quantified by constructing a calibra-
tion curve with reference samples specifically manufactured with sand.
In a secondwork, the analysiswas extended for the simultaneous detec-
tion of rare earth elements, and others, in raw monzanite sands [21].

The aim of the present work was to evaluate the potential of the CF-
LIBS method for multi-elemental quantitative analysis of WFS. For this
purpose, a set of WFS samples of different nature were analyzed for
total content of metal elements. The information of this study will be
useful to potential environmental and industrial applications.

2. CF-LIBS method for quantitative analysis

CF-LIBS is a method capable of providing analytical quantitative re-
sults without employing calibration standards, thus also avoiding ma-
trix effects. It is based on LIP characterization in the acquisition time
window through the determination of the temperature, electron densi-
ty and atom/ion densities of the detected elements. We refer the reader
to Ref. [15,22] for a detailed description of its main characteristics and
the underlying hypothesis.

The CF-LIBS approach relies on modeling the LIP as an ideal plasma.
Thus, the following conditions are assumed: stoichiometric laser abla-
tion, local thermodynamic equilibrium (LTE), spatial and temporal ho-
mogeneity, and optical thinness of the spectral lines included in the
calculations. In LTE condition, the standard statistic distributions are
used, i.e.: the excited levels are populated according to the Boltzmann
distribution and ionization states are populated according to the
Saha–Boltzmann equilibrium equations [23]. Under the above men-
tioned assumptions, the measured integrated spectral line intensity Iji
(J s−1 m−1 sr−1 nm−1) emitted along the line of sight is given by solu-
tion to the equation of radiation transfer [24,25],

Iji ¼ F
hc

4πλ0
nsAji

g j

Us Tð Þ e
−E j=kT ð1Þ

where λ0 (m) is the central wavelength of transition, ns (m−3) is the
number density of the emitting species s in the plasma, Aji (s−1) is the
transition probability, gj (dimensionless) and Ej (eV) are the degeneracy
and the energy of the upper energy level respectively, Us (T) (dimen-
sionless) is the partition function of the species s, kT (eV) is the plasma
temperature, and F is and unknown experimental factor depending on
the instrumental set-up and accounting for the absolute efficiency and
units.

In LIBS experiences, Stark broadening is the predominant mecha-
nism that determines the Lorentzian contribution to line profiles in
comparisonwith theDoppler broadening and the other pressure broad-
ening mechanisms [23]. As broadening effects are strongest for atoms
showing linear Stark effect, the H lines present the largest broadenings.
In fact, typical Stark width of H lines is by an order of magnitude larger
than that of heavier elements.When LIBSmeasurements are carried out
in air, the Hα emission is generally originated from the very small con-
centration of natural humidity in the ambient. Thus, the electron density
ne (cm−3) is independently calculated by using the experimentally
measured Stark width of the Balmer line Hα at 656.28 nm [26]. Namely,

ne ¼ 8:02 x 1012
Δλ1=2

α1=2

� �3=2

cm−3 ð2Þ

whereΔλ1/2 is the Lorentzian linewidth (FWHM) of theHα line, andα1/

2 is the half width (HWFM) of the reduced Stark profiles, which is a
weak function of the electron density and temperature. The values of
α1/2 are tabulated in Table III.a of Ref. [27].

3. Experimental

3.1. Samples

The samples used for this study were WFS collected from foundries
located in the province of Buenos Aires (Argentina). The selected analyt-
ical set was composed of seven samples (S1–S7) manufactured using
silica sand and different unknown binding agents. One additional sam-
ple of virgin silica sand (S0) was also obtained from the foundries feed-
stock without further treatment other than drying for comparative
purposes.

Sand is a naturally occurring granularmaterial composed of rock and
mineral particles with a widespread composition and grain size. Hence,
the samples were firstly crushed in a ball mill for 2 min to reduce the
particle size and then prepared in the form of pellets with a binder to
improve cohesion. For each sample, 4 g of sand were mixed with 0.5 g
of polyvinyl alcohol (PVA; Merck, molecular formula (C2H4O)x) in pow-
der form diluted with 5 ml of hot distilled water. The mixture was well
stirred to homogenize it, poured in a plastic die, and left dry at room
temperature until it was harden. In this way, pellets of approximately
3 cm of diameter, 0.5 cm of thickness, and 4.5 g of weight were
manufactured for subsequent LIBS analysis (Fig. 1).

3.2. Experimental setup

The sand sampleswere analyzed using theModì “Smart” instrument
developed by the Applied Laser Spectroscopy Laboratory at CNR (Pisa,
Italy) in collaboration with Marwan Technology s.r.l. [28,29]. Modì is a
transportable LIBS instrument which has been widely tested for



Fig. 1. Sand samples analyzed in this work (diameter = 3 cm).
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chemical analysis of art and archeological objects [30–34]. The experi-
mental arrangement is sketched in Fig. 2. Two collinear laser pulses at
Nd:YAG fundamental wavelength (1064 nm) are delivered on the tar-
get with an energy up to 80 mJ per pulse with a FWHM of about 10 ns
at a maximum repetition rate of 10 Hz. In our experiment, the pulse en-
ergy was 50 mJ per pulse and the interpulse delay was set at 1 μs. The
laser beam is focused on the target by a f = 10 cm converging lens;
the plasma emission was collected by an optical fiber placed at 10 mm
distance from the laser spot on the target, at a 45 degrees angle. In
this arrangement the emission of the whole plasma was collected for
the spectral analysis and transferred to a dual-channel broadband
Avantesmini-spectrometer equipped with a CCD detector and covering
the spectral range between 200 and 900 nmwith a resolution of 0.1 nm
in the range 200–430 nmand 0.3 nm from 430 to 900 nm. The response
curve of the optical systemwas measured using a certified Deuterium–
Halogen lamp (Avalight from Avantes). The LIBS spectrum acquisition
was triggered 2 μs after the second laser pulse to avoid the initial contin-
uum emission and the acquisition time was 2 ms, which was typically
much longer than the plasma lifetime. Although the spectral acquisition
was non time-resolved, in a recent paper Grifoni et al. demonstrated the
Fig. 2. Experimental L
possibility of using this kind of spectrometer for themeasurement of the
main plasma parameters used for CF-LIBS analysis (electron tempera-
ture and number density) with an equivalent time integration window
of about 1 microsecond [35]. The measurements were taken in 5 differ-
ent points of the samples, averaging 10 consecutive laser (double)
pulses after 10 cleaning shots. The 5 resulting LIBS spectra were further
averaged to obtain a single spectrum representative of each sample. In
such experimental conditions, spectra with an appropriate signal-to-
noise ratio (SNR) were recorded.

4. Results and discussion

4.1. Analytical lines and measurements

Broadband LIBS spectra were measured from all sand samples. A
typical spectrum is shown in Fig. 3, where a few emission lines for de-
tected elements are highlighted. The identified elements included Si,
Fe, C, Mn, Mg, Ti, Al, Ca, Sr, Ba, Na, Li, K, H, O, N, Zr, and Pb whose char-
acteristic spectral lines weremeasured from all the samples with differ-
ent intensities.
IBS arrangement.



Fig. 3. Broadband LIBS spectrum from virgin sand sample (S0).
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The spectral lines measured for each element (Table 1)
corresponded to transitions belonging to neutral atomic and singly ion-
ized species with available atomic data from NIST database [36]. The
number of analytical lines was different for each element, it varied
from one line (H, Pb, Zn) to a hundred lines (Fe). The chemical compo-
sition of the different sands was quantitatively determined via the CF-
LIBS method described in Section 2, based on characterizing the LIP
with the measured line intensities. To perform the analysis, the mea-
surement of spectral lines of all the elements present in the samples is
required. Despite undetected traces with concentrations lower than de-
tection limits of the instrument may be present, they do not affect
Table 1
Main analytical spectral lines of neutral (I) and single ionized (II) elements employed for
CF-LIBS analysis of sand samples.

Species # Lines Main emission lines (Å)

Al I 4 3082.1, 3092.8, 3944.0, 3961.5
Al II 1 3586.0
Ba I 1 5535.5
Ba II 3 4934.1, 6141.7, 4554.0
C I 1 2478.6
Ca I 25 4226.7, 4307.7, 4318.6, 4454.8, 5265.6, 5594.6, 6162.2
Ca II 8 3158.9, 3179.3, 3706.4, 3736.9, 3933.7, 3968.5, 8542.1,

8662.1
Fe Ia 78 2490.6, 3020.6, 3067.2, 3570.1, 3687.4, 3745.6, 3749.5,

3763.8, 3856.4, 3859.9, 4325.8, 4383.5 4404.7
Fe IIa 34 2354.5, 2404.9, 2585.9, 2599.4, 2611.9, 2739.5, 2746.5,

2749.3
Hb 1 6563.0
K I 3 5339.7, 7664.9, 7699.0
Li I 1 6707.8
Mg I 6 2779.9, 2783.0, 2852.1, 3838.3, 5167.3, 5183.6
Mg II 4 2795.5, 2798.0, 2802.7, 6346.7
Mn I 2 4030.8, 4033.1
Mn II 1 2576.1
N I 7 7423.6, 7442.3, 7468.3, 8184.9, 8188.0, 8242.4, 8685.3
Na I 3 5889.9, 5895.9, 8194.8
O I 3 7774.2, 7949.0, 8446.4
Si I 14 2881.6, 2434.9, 2506.9, 2516.1, 2519.2, 2524.2, 2528.5,

2631.3, 6125.0
Si II 2 4130.9, 6371.4
Sr I 3 4607.3, 4868.7, 4892.0
Sr II 2 4215.5, 4077.7
Ti I 27 3341.9, 3642.7, 3653.5, 3904.8, 3981.8, 3998.6, 4534.8,

4548.8, 4981.7, 4991.1, 4999.5, 5007.2, 5014.2, 5038.4
Ti II 34 3239.0, 3349.4, 3361.2, 3372.8, 3383.8, 3759.3, 3761.3
Pb Ic 1 4057.8
Zn I 1 3302.6
Zr Id 8 3601.2, 4582.3, 4687.8, 4710.1; 4739.5, 4772.3, 4815.0;

4824.3
Zr IId 6 3392.0, 3438.2, 3496.2, 3576.8, 3674.1, 3698.2

a Employed for calculation of plasma temperature.
b Employed for calculation of plasma electron density.
c Detected in sample S4.
d Detected in samples S5 and S6.
significantly the overall concentration through the closure condition
and can be neglected [15].

In LIBS applications carried out at in air atmosphere the achievement
of an accurate plasma characterization is usually hindered by self-ab-
sorption of spectral lines and spatial inhomogeneity of the plume. Sev-
eral methods have been proposed to compensate self-absorption [37–
43]. An automated recursive algorithm (SAC: Self-Absorption Correc-
tion) based on the curve of growth can be applied in CF-LIBS method
for correcting the line intensities of self-absorbed lines [37]. Further,
models of inhomogeneous plasmas have been reported [44–49], but
these are intrinsically more elaborated and time-consuming, which
may reduce their practical applicability. Line overlapping and spectral
interference are additional concerns for the analysis of complex multi-
element samples, such as sand. Furthermore, recording many emission
lines is advisable to carry out both, Boltzmann and Saha–Boltzmann
plots.

Therefore, all the analytical lines were included in the CF-LIBS rou-
tine despite not being optimum for quantitative analysis, SAC procedure
was not used, and a homogeneous plasmawas assumed. One exception
was theHα line forwhich self-absorptionwas evaluated, as described in
the following section.

4.2. Plasma characterization

The plasma electron density was calculated through the Stark width
(wStark) of the Hα line (λ = 6563 Å) according to Eq. (2). The Hα lines
recorded from the samples were isolated and with a good SNR allowing
an accurate determination of the electron density. In our experiment,
the H emission is due to ambient air and PVA. Hence, a possible self-ab-
sorption of the Hα line was evaluated. In fact, self-absorption will have
the effect of broadening the Hα line producing an apparently larger
Starkwidth and, then, an over-estimation of the electron density. An in-
accurate value of the electron densitywill cause a vertical shift of the co-
ordinates of ionic lines on the Saha–Boltzmannplotwhichwill affect the
slope obtained from the linear regression and, finally, the plasma
temperature.

Due to the large Stark broadening of the Hα line, the spectral resolu-
tion of our experimental setup allowed a detailed measurement of the
line profile. Therefore, the analysis of the experimental spectral lines
of Hα lines was carried out employing amethod similar to that reported
in previous works, based in modeling emission line profiles for an arbi-
trary optical thickness under the framework of a homogeneous plasma
in LTE [50]. The method does not require a previous estimation of plas-
ma parameters or construction of curves of growth, so the experimental
lines were rapidly analyzed by a computer algorithm developed in
MatLab® environment. The emission lines were calculated and
matched to the experimental ones through a least-squares iterative
fitting procedure based on the calculus of the optical thickness.

The observedmean FWHMof theHα lineswaswFWHM=(15±1) Å.
In the calculus procedure, each experimental Hα line was fitted to an in-
trinsic line profile dominated by Stark broadening with and a wave-
length-dependent optical thicknesses τλ = L(τ0,wStark). The line profile
was represented by a normalized Lorentz function depending on two
fitting parameters: its maximum at the line center (τ0), and the Stark
width (wStark). The Doppler width, estimated from the plasma temper-
ature, was wD ≈ 0.50 Å and can be neglected respect to wStark. The in-
trinsic line profile was convoluted with the instrument profile,
represented by a Gaussian profile with a fixed width wG ≈ 1.40 Å. The
fitting routinewas run until the deviation of the theoretical from the ex-
perimental line was minimized and, hence, the profiles that best
reproduced the measured lines were obtained along with its optical
thicknesses. Next, the self-absorption coefficient; i.e.: SA ≡ 1 − (1 −
e−τ0) / τ0, was calculated. It should be noted that SA was defined here
slightly different than that in Ref. [38,41], in such a way that SA = 0
(or 0% absorbed) if the line is optically thin and it increases up to 1 (or
100%) as the line becomes self-absorbed. The effect of self-absorption



Fig. 6. Major (wt%), minor (wt%), and relevant trace (ppm) element compositions for
virgin sand sample (S0).

Fig. 5. Saha–Boltzmann plot constructed with Fe I–II lines. Linear fitting and apparent
temperature are shown.Fig. 4. Example of analysis of the experimental profiles for the Hα lines. The obtained

values for Stark width wStark, maximum optical thicknesses τ0, and self-absorption
coefficient SA are shown.
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starts to be appreciable when τ0 ≈ 1, and thus SA ≥ 0.35. In our exper-
imental conditions, the SA coefficients were ≤0.015 for the Hα lines
recorded from all the samples (Fig. 4). Therefore, the total H concentra-
tion in the plasmawas sufficiently low to consider self-absorption of the
Hα line negligible. The Starkwidths obtainedwere in the range 13–15 Å,
in agreement with the values reported in other works [26,51].

In addition, for a normalized Lorentzian function the product of its
maximum height (L0) and FWHM (wL) is constant, namely L0.wL =
2 / π ≈ 0.64 [52]. This can be used as a rule of thumb to check if a line
was emitted under optically thin conditions by evaluating it for its in-
trinsic line shape. In our case, L0.wL was found on the average to be
0.63 ± 0.01 for the intensity peaks and Stark widths retrieved from
the analysis of the Hα lines. Thus, the optically thin emission of the Hα

lines in our experiment was further verified.
The average electron density, calculated by using Eq. (2), was Ne =

(1.9± 0.1) × 1017 cm−3. The errors corresponded to the standard devi-
ation of the values obtained from the different samples. The Ne values
obtained from the different samples were close within the uncertainty
of measurement. A criterion proposed by McWhirter [53] necessary to
satisfy LTE conditions in a plasma is based on the existence of a critical
electron density Ne

0 for which the collisions with electrons dominate
over the radiative processes, namely, Ne

0 = 1.6 × 1012T1/2(ΔE)3 cm−3,
where T (K) is the temperature and ΔE is the energy gap difference be-
tween the transition levels. The critical electron number density value
was Ne

0 ∼ 1 × 1015 cm−3; however, no additional measurements [13]
were performed and therefore LTE condition was assumed.

The accuracy of temperature determination depends on the avail-
ability of atomic and ionic spectral lines with large difference in the ex-
citation energies of upper levels. Thus, the plasma temperature was
obtained froma Saha–Boltzmannplot of Fe I–II lines. Fewas selected be-
cause it is the element with the largest number of transitions with
known atomic data in the UV–Vis spectral range. In the Saha–
Boltzmann plots obtained from the different samples, the data points
were low scattered (R2 ≥ 0.960) and the majority of Fe lines followed
a linear trend (Fig. 5). The average temperature was kTFe = (0.90 ±
0.02) eV. The error corresponded to the standard deviation of the values.
The kT values obtained from the different sampleswere closewithin the
uncertainty of measurement.

It should be stressed that the results presented; i.e.: temperature,
electron and atom/ion densities, have been derived from spectra obtain-
ed via time- and spatial-integration of the measured emission intensi-
ties. Hence, as described in [54], the plasma parameters corresponded
to apparent values as a result of population-averaged values over the
real spatial–temporal distribution of species emissivity along the line
of observation.
4.3. Quantitative analysis of WFS

In order to obtain quantitative results for major, minor, and trace
components of the sand samples, the CF-LIBS concentrations of the dif-
ferent species detected were calculated by the intercepts qs derived
from the linear regressions of the corresponding Boltzmann plots car-
ried out with a fixed slope; i.e.:m = −1 / kTFe.

A typical output of the CF-LIBS procedure is shown in Fig. 6 for the
overall elemental composition of sample S0, evidencing the wide
range of compositions measured for sand samples. Major elements
with concentrations at percent levels indicated a sand matrix mainly
composed by silicates andAl-rich clays. In addition, N, O, and Cwere de-
tected. Minor elements with concentrations ranging from 0.1 to
0.25 wt% suggested the presence of Fe and Ti compounds, as well as H.
Several trace components were determined with concentrations from
a few to 500 ppm. Concentrations of N, O, C, and H were included in
Fig. 6 for consistency. Actually, contributions due to both, the surround-
ing ambient air excited by the plasma plume and the binder, respect to
the sample composition is presumed. To estimate the concentrations of
these elements in the samples, LIBS analysis should be carried out at a
reduced air pressure or under a noble gas atmosphere (e.g.: Ar, Ne).



Table 2
Metal concentrations for waste foundry sands examined.
Note that they are expressed in wt% for major and minor components, and in ppm for trace elements.

Samples Metal concentrations by LIBS

Al Fe Ba Li Mg Mn Ti Pb Zr Zn Total
wt% wt% ppm ppm ppm ppm ppm ppm ppm ppm wt%

S0 33.7 0.9 9.1 0.05 921.6 405.7 2018.0 – 243.4 – 34.9
S1 51.7 0.8 12.5 0.09 607.5 357.9 751.0 – 162.9 – 52.7
S2 34.1 0.8 12.5 0.03 1057.9 431.7 483.7 – 88.2 – 35.1
S3 43.4 1.0 16.5 0.09 840.6 420.9 1100.8 – 345.0 – 44.7
S4 44.1 0.8 11.1 0.06 853.9 289.4 736.5 368.9 162.6 – 45.2
S5 45.2 0.7 12.4 0.08 966.5 719.2 613.3 – 457.0 341.3 46.2
S6 55.0 0.9 17.2 0.14 851.1 574.5 866.2 – 4397.4 463.8 56.6
S7 37.6 2.0 39.5 0.16 2841.1 2002.8 1924.1 – 952.7 – 40.4
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The compositional analysis was focused in metal concentrations in
WFS in order to assess their potential beneficial use. The concentrations
of Al, Ba, Fe, Li, Mg, Mn, Pb, Ti, Zr, and Znwere determined in the differ-
ent samples (Table 2). The metal compositional ranges obtained for
WFS (i.e., samples S1–S7) are summarized in Fig. 7. By comparing
these values to those obtained from sample S0, it was found that the
total trace metal concentrations in the WFS were greater than those
found in sample S0, with the exception of sample S2. This suggests
that metals were derived from the metal cast and/or the chemical
binders (e.g., clays, coal, and resins) added to the molds and cores
(Fig. 8).

The analysis of heavy metal traces is of paramount relevance since
they can be harmful to human and animal health if found at elevated
concentrations in the environment. In four of the WFS analyzed, con-
centrations of Ba, Zr, Zn, and Pb were found considerably elevated re-
spect to their natural concentrations in sample S0 (Fig. 9). The Ba
concentration (39 ppm) was elevated in sample S7 respect to sample
S0 (9 ppm). Ba result commonly elevated as a result of additives
added to green sands in ductile iron foundry. The elevated Zr concentra-
tion (4397 ppm) found in sample S6 respect to sample S0 (243 ppm)
may be attributed to the fact that it is the main constituent of paints
used in the molds. In turn, Pb and Zn, that were not detected in sample
S0 above their respective LIBS detection limits, were present at signifi-
cant concentrations in samples S4 (370 ppm Pb), S5 (340 ppm Zn),
and S6 (460 ppm Zn). The concentrations of Zn may be due to the pres-
ence of this metal in the poured metals, i.e., bronze. The Pb concentra-
tion can be due to either bronze casting or the use of this metal in
alkyd urethane resin.
Fig. 7. Composition range for metals determined in waste foundry sands. Box plot:
whisker range: min–max; Box: 25th percentile, median, 75th percentile; Mean (■).
5. Conclusions

LIBS techniquewas successfully applied for the analysis of elemental
composition of waste foundry sands. Spectral lines characteristic of sev-
eral metals; i.e.: Al, Ba, Fe, Li, Mg, Mn, Pb, Ti, Zr, and Zn, were measured
and their concentrations quantitatively determined via the calibration-
free approach, that is, without the use of calibration standards. The
laser-induced plasmawas accurately characterized through the calculus
of the temperature and the electron density.

The elemental analysis showed that the total metal concentrations
in waste sands were increased respect to virgin sand. In particular, the
results provided valuable evidence on the relatively elevated concentra-
tion of heavy metals, i.e., Ba, Zn, Zr, and Pb, found in four of the samples
analyzed as a consequence of the casting material as well as chemical
binders used for sand reclaiming.

Overall, our results demonstrated the feasibility of LIBS technique for
the rapid screening of metal concentrations in geological samples with
complex matrices such as waste sands generated from industrial
manufacturing activities. It should be mentioned that LIBS is not com-
petitive but complementary to other analytical techniques. In fact, it al-
lows a pre-selection of samples and analytes of interest which, if
necessary, would be later examined with a more accurate laboratory
technique.
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