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Abstract: High levels of heavy metal contamination in soil present substantial threats to human health
and the environment, leading to severe health problems such as neurotoxicity, cancer, kidney issues,
chronic obstructive pulmonary disease, and reduced life expectancy. This research aims to identify
and analyze heavy metals in soil samples collected from Superfund sites in North Birmingham,
Alabama, specifically in affected areas with zip codes 35207 and 35217 and control area 35214. These
affected areas were previously used for mining, coal-fired power plants, coke furnaces, smelting,
and other potential sources of heavy metal pollution. Laser-induced breakdown spectroscopy (LIBS)
was employed to study 60 soil samples systematically collected from affected and control areas. We
found that by using LIBS, we could detect arsenic (As), lead (Pb), and manganese (Mn) in all soil
samples from the affected areas. The limit of detection (LoD) was 29.5 mg/kg for Pb, 95.5 mg/kg
for As, and 327 mg/kg for Mn using specific parameters of the detection system and/or argon gas
purging at atmospheric pressure. The results were compared with ICP-MS measurements to validate
the accuracy of the LIBS findings. The data showed good linearity for all calibration data at relatively
low concentrations and a good correlation with ICP-MS measurements.

Keywords: laser-induced breakdown spectroscopy (LIBS); soil; heavy metals (HMs)

1. Introduction

In contemporary society, numerous human activities, such as accelerated industrial
development, atmospheric deposition, agricultural practices including manure application,
and the widespread use of chemical fertilizers, have led to the release of metals into the
environment, becoming a major contributor to pollution. Soil is particularly affected by
the release of heavy metals such as manganese (Mn), lead (Pb), cadmium (Cd), and arsenic
(As) [1]. These toxic heavy metals (HMs) in soil present a significant environmental chal-
lenge due to their persistent characteristics and detrimental effects. Consequently, elevated
levels of heavy metal contamination in soil pose significant risks to both human health
and the environment, leading to a variety of serious health issues, including neurotoxicity,
carcinogenicity, renal problems, shortened lifespans, Parkinson’s disease, Alzheimer’s
disease, kidney disorders, respiratory ailments, mental health disorders in children, vi-
sion impairments, depression, dementia [2], and chronic obstructive pulmonary disease
(COPD). COPD, characterized by chronic lung inflammation and obstructed airflow, affects
approximately 11.7 million adults annually and results in numerous emergency department
visits and significant healthcare costs (American Lung Association). Notably, COPD, a
leading cause of death in the USA, has been linked to exposure to heavy metals carried in
airborne dust.
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North Birmingham in Alabama, specifically the area covering zip codes 35207 and
35217, as depicted in Figure 1, hosts active open quarries, mining operations, steel mills,
coal-fired power plants, coke furnaces, and other industrial activities that contribute signifi-
cantly to heavy metal pollution. Cadmium, arsenic, manganese, and other toxic substances
have heavily contaminated this region’s air, soil, and water, posing significant health risks
to local residents. Due to the historical and ongoing pollution in North Birmingham, this
area has been suggested for inclusion in the National Priorities List (NPL) as a Superfund
site. Therefore, the persistent contamination of air, water, and soil in North Birmingham
due to heavy metals and other toxic compounds significantly elevates health risks within
the community.
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Figure 1. Affected zip codes 35207 and 35217 (red) and control zip code 35214 (yellow) (similar demo-
graphics, smoking prevalence, and socioeconomic status). There is more than twice the prevalence of
patients with COPD and other lung diseases in zip codes 35207 and 35217.

Rapid and comprehensive analytical techniques for detecting HMs are essential to
address these concerns. These methods are crucial for comprehending HM-induced pul-
monary injuries and assessing the efficacy of mechanical and chemical pollution mitigation
strategies. They are also instrumental in implementing effective control measures.

Conventional off-line analytical techniques such as atomic absorption spectroscopy
(AAS), UV–visible spectrophotometry, inductively coupled plasma atomic emission spec-
troscopy (ICP-AES), X-ray fluorescence (XRF), energy-dispersive X-ray spectroscopy (EDX),
and inductively coupled plasma mass spectrometry (ICP-MS) have traditionally been used
to measure HM concentrations in soil. While these methods offer good detection limits
and accuracy, they are limited by lengthy and complex sample preparation procedures,
extended detection times, resource-intensive requirements, and the generation of chemical
waste. As a result, they often fail to meet the demand for cost-effective and real-time mea-
surements [3,4], crucial for practical rapid analysis [5]. Moreover, many of these techniques
are inherently destructive [6], further complicating their applicability.

In contrast, laser-induced breakdown spectroscopy (LIBS) overcomes these challenges.
LIBS can examine samples in any atmospheric condition, regardless of their state (solid,
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liquid, gas, powder, aerosol, biological material, polymer, etc.). It is a safe and eco-friendly
method that avoids the complexities associated with conventional analytical techniques
like XRF, neutron activation analysis (NAA), AAS, X-ray photoelectron spectroscopy (XPS),
ICP-AES, and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS).
While these traditional methods are more precise, they are often less preferred due to the
complexity of instrumentation and the demanding nature of sample preparation. The
cost-efficiency, speed, and minimal waste generation of LIBS make it a compelling choice
for elemental analysis.

LIBS is a form of atomic emission spectroscopy [7,8] widely acknowledged for its
effectiveness in elemental analysis. LIBS uses a high-energy pulsed laser to interact with
the sample surface, causing ablation and forming a high-temperature plasma. As atoms
and ions in the plasma move from high to low energy states, they emit photons that
provide elemental information in the resulting spectrum. Compared to conventional
analytical techniques, LIBS offers numerous benefits. These include rapid analysis in
real time with minimal or no sample preparation [9], capability for online, in situ, or
stand-off detection, portability, non-destructiveness, remote analysis, and simultaneous
multi-element detection [10]. As a result, LIBS has been widely applied across various fields
such as materials science, metallurgy, jewelry analysis, cultural heritage preservation, soil
and sediment studies [11], combustion processes, environmental monitoring, archeology,
space exploration, biomedical research, medicine, and military applications. LIBS can
analyze elements ranging from very light to heavy, and its instrumentation is cost-effective
and easy to use [8,12,13]. These attributes have contributed to LIBS becoming a preferred
choice among elemental analysis techniques, expanding its application from explosives
detection to the analysis of biological materials [14].

In recent years, there has been a pressing need to improve and optimize the perfor-
mance of LIBS, particularly by lowering the limit of detection (LOD) for certain elements
and enhancing the signal intensity of emission lines across various applications. However,
enhancing the signal can also be achieved by refining conventional LIBS systems [15]. One
common criticism of LIBS is its poor signal repeatability from shot to shot, attributable to
the complex interactions between the laser and sample, the transient and heterogeneous
nature of plasma phenomena, and the sensitivity of the plasma to the physical and chemical
characteristics of the sample and environmental conditions [16]. The presence of oxygen in
the atmosphere has been observed to affect the persistence of LIBS emission lines [17].

Matrix effects pose a significant challenge in quantifying toxic elements using LIBS, an
issue many reviewed studies have inadequately addressed. Typically, these studies have
utilized a limited number of samples doped with varying toxic element concentrations.
The authors of these studies argue that this approach is necessary to create a calibration set
with a reasonable range of element concentrations, which is difficult to achieve with actual
soil samples. However, this strategy has a major flaw: the calibration models are developed
using samples with minimal matrix variation, which do not accurately represent actual soil
conditions. Recent advancements in the LIBS technique for toxic element analysis have
greatly improved signal strength and minimized matrix effects, representing significant
progress in this area.

Some studies have managed to minimize the matrix effect effectively. One such method
involves normalization using an internal reference or background radiation. This technique
employs an element with minimal variation among samples, like Fe in soil samples [18],
as an internal reference. Background radiation can be evaluated by measuring the total
plasma intensity [11] or examining a spectral region without peaks near the emission line
of interest [1].

Another effective strategy is the use of multivariate models, which establish linear or
nonlinear relationships between the element of interest and the matrix elements, thereby
reducing matrix effects [18–20]. Soil classification is another successful approach, followed
by developing calibration curves for each class. Bousquet et al. [21] emphasized significant
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matrix effects in quantification models and recommended classifying soil samples and
creating a quantification model for each class.

The phase transformation method introduced by Yi et al. [22] involves a solid–liquid–
solid transformation process that theoretically eliminates matrix effects. Additionally,
Wang et al. [20] implemented a comprehensive data processing sequence that includes
log transformation of the spectrum, outlier removal using the median absolute deviation
(MAD) method, denoising via Wavelet Transform, baseline removal, and the application of
multivariate models.

In this research, we evaluated the capability of LIBS for quantitative analysis on
diverse soil samples through the calibration curve method. We determined the overall
concentrations of As, Mn, and Pb, and these findings were compared with those acquired
through ICP-MS. The differences in soil samples’ physical and chemical properties, like
particle size, heterogeneity, and organic matter content, made it hard to determine an
appropriate internal standard for the analyzed soils. Therefore, the methodology chosen
included the construction of a calibration curve and the normalization of spectral intensity
to the overall integrated signal of plasma emission.

In our approach, signal improvement under ambient conditions involves using an
inert gas, specifically argon (Ar). With its lower conductivity and specific heat compared
to air, argon has a lower breakdown point [23]. Under an Ar gas environment, the spec-
tral intensity of heavy metals (HMs) has demonstrated a doubling effect. Additionally,
argon promotes larger and more stable plasma emissions while reducing the self-reversal
effect, resulting in a more uniform plasma core temperature [24]. Improving LIBS sensi-
tivity involves either increasing signal intensity or reducing background noise from the
plasma [1].

The primary objective of this study is to enhance LIBS signal performance for the
quantitative analysis of HMs in soil samples collected from the Superfund site in North
Birmingham. The results obtained from LIBS were compared with those from ICP-MS
to validate the accuracy and reliability of the experimental results. The major novelty is
the demonstration of LIBS’s utility for monitoring heavy metal toxic substances in soil
samples at levels below EPA regulatory importance to protect both public health and the
environment in North Birmingham.

2. Materials and Methods
2.1. Experimental Setup

Figure 2 illustrates the diagram of the LIBS system. This system comprises a Q-
switched Nd:YAG laser (Litron Laser Nano 120-20) with an output wavelength of 1064 nm,
an energy of 100 mJ per pulse, a pulse width of 7 ns, and a repetition rate of 20 Hz. The
laser beam is focused through an aperture in the collecting spherical mirror onto the sample
surface using a focusing optical system with a focal length of 400 mm. The plasma emission
spectrum is collected by a spherical mirror (F = 150 mm) positioned 300 mm from the focal
point and directed onto a fiber input with a numerical aperture (NA) of 0.22. An optical
fiber (in the original configuration) transmits the LIBS signal to an Echelle spectrograph
(Aryelle 200; aperture of f/10; spectral resolving power of 9000; 40 µm input slit; spectral
resolution of 22–83 pm) paired with an intensified charge-coupled device (ICCD) camera
(DH334T-18F-03-27A, Andor Technology, London, UK).

However, as shown in the figure, we have modified the LIBS system by replacing the
optical fiber with two CaF2 collection lenses. This modification improved coupling to the
spectrometer and increased the overall signal severalfold.

The delay between the optical pulse and the ICCD gate is adjusted using a pulse
generator. Sophy Software version 7.8.3 (LTB Lasertechnik Berlin, GmbH, Berlin, Germany)
manages the ICCD gate width, delay time, and pulse averaging. The detection platform’s
sensitivity is calibrated with the 63358 Oriel lamp. An XYZ translational stage adjusts
the position of the platform holding the samples. LIBS spectra were measured in the
200–850 nm spectral range.
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The volume of the LIBS system chamber was approximately 100 L. An argon flow
rate of 13 L per minute was used to continuously purge the chamber under atmospheric
pressure to measure As and Mn concentrations in soil samples.

All measurements were performed in a laser laboratory with controlled environment
conditions with the temperature set at 21 ◦C ± 1 ◦C and humidity at 55% ± 5%.

2.2. Sample Preparation

To examine heavy metal contamination in soil, we gathered soil samples from areas
near industrial sites, mining operations, transportation routes, waste disposal facilities,
parks, and residential areas. Our prominent sampling locations included zip codes 35207
and 35217 (Superfund sites) and 35214 (control area), known for significant metal pol-
lution from metallurgical activities, coal power plants, and mining operations in North
Birmingham’s Superfund sites.

To ensure accurate soil testing, we carefully collected samples from the topsoil layer
(5–10 cm depth) using appropriate tools and protective gear, such as gloves, trowels, con-
tainers, tags, documentation forms, and GPS devices, ensuring they remained uncontami-
nated. Before processing, each sample was stored in individually labeled containers with
essential information, including the location name, GPS coordinates, and date.

For sample preparation, we manually removed organic matter, gravel, and rocks,
followed by drying the samples at 130–140 ◦C for 1–4 h, depending on the soil moisture
content. The samples were then ground using a stainless-steel grinder, and the resulting
powder was sifted through a 100 µm plastic sieve into a clean, uncontaminated plastic
container. This sieving process was repeated until all fine particles passed through the
sieve, with larger particles reintroduced into the grinder for reprocessing as needed. The
grinder was cleaned with methanol after processing each sample to maintain accuracy.

Subsequently, 2.5 g of the sifted soil sample was used to create compressed pellets
using a hydraulic press, applying 8 metric tons of pressure for 3 min, followed by a 30 s
resting period. These compressed pellets were then analyzed using LIBS to assess soil
properties comprehensively.

The calibration samples were prepared using actual soil samples that contained lower
initial concentrations of concomitants, according to ICP-MS measurements. For arsenic (As)
and lead (Pb), we selected samples with initial concentrations of 12 mg/kg and 14 mg/kg,
respectively. Here and further, the concentrations of analytes refer to dry weight. For
manganese (Mn), we used a soil sample with an initial concentration of 63 mg/kg. We
added the appropriate amounts of standard solutions for atomic absorption spectrometry
(AAS), obtained from Fisher Scientific, to each sample to achieve the desired concentrations
for the calibration curves. The samples were then dried and pressed into pellets as described
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above. We verified the accuracy of the calibration sample preparation using Mn samples
with the ICP-MS method and obtained a good match with the understanding that ICP-MS
spectrometry, requiring the conversion of dry samples to liquid, is prone to leaching and the
possible loss of analytes. Assuming the correctness of our sample preparation procedure,
we proceeded in the same manner with As and Pb.

3. Experimental Results and Discussion

The quantitative analysis of arsenic (As), manganese (Mn), and lead (Pb) was achieved
by constructing a calibration curve for each element and plotting the emission line intensity
against the concentration determined by ICP-MS. The specific emission lines used in these
experiments were As at 228.812 nm, Mn at 403.30 nm, and Pb at 405.78 nm. Identifying
an appropriate internal standard for the soils analyzed was challenging given the high
element content, a wide range of concentrations, and variability in physical and chemical
properties such as texture, particle size heterogeneity, organic matter content, and thermal
properties. Therefore, the chosen methodology for calibration curve construction involved
normalizing the spectral intensity to the overall (integral) plasma emission signal in the
200–850 nm spectral range. This approach is acceptable by the consistent experimental
conditions across all experiments and is further validated by the good linearity observed in
the calibration curves. The calibration linearity was confirmed by a correlation coefficient
higher than 0.96 for Mn and higher than 0.98 for As and Pb.

The limit of detection was calculated using the following equation [25–28]:

LoD = 3.3

√
σ2

BG + σ2
a

b
, (1)

where σBG is the standard deviation of the sample’s signal with zero concentration (in
our experiments, we measured this deviation as a deviation of the background outside
emission lines); σa is the deviation of intercept in the calibration curve (y = a + bx).

At the initial creation of laser-induced plasma, a broad spectrum of continuum emis-
sion is observed due to Bremsstrahlung radiation. This phenomenon can mask the analyte
emission lines until the plasma expands and its temperature decreases. Thus, selecting the
correct detector gate delay and gate width is essential to acquire optimal line emissions
while minimizing the continuum radiation. Through our experiments, we have found that
the optimal parameters for manganese (Mn) detection were a 1.5 µs delay time, a 5 µs gate
width, and an accumulation of 100 pulses. In the case of arsenic (As) and lead (Pb), different
settings were required due to the distinct parameters associated with plasma formation in
an argon atmosphere. Our findings indicated that the following parameters were optimal
for As and Pb detection: a 2 µs delay time, a 30 µs gate width, an accumulation of 10 pulses,
and 100 averages to enhance the signal-to-noise ratio. For Mn, the LIBS spectra were
recorded in an ambient atmosphere, while for Pb and As, the spectra were recorded in an
argon atmosphere at ambient pressure. Initially, the LIBS system chamber, with a volume
of 100 L, was purged with argon at a rate of 13 L/min for 30 min before measurements
commenced. Following this, LIBS spectra were measured under continuous argon purging
at the same rate to maintain consistency and accuracy in our observations.

Figures 3 and 4 present the plasma emission spectra generated by the fundamental
harmonics of an Nd:YAG laser in soil samples. The spectra show emission lines of As(I) at
228.812 nm, Pb(I) at 405.78 nm, and Mn(I) at 403.3 nm. Figure 5 displays the calibration
curves and measurements for pristine soil samples of As(I) at 228.812 nm, Pb(I) at 405.78 nm,
and Mn(I) at 403.3 nm. The points represented by black squares were used for the linear fit.
In contrast, although part of the calibration measurements, the red squares were excluded
from the linear fit due to saturation effects common in LIBS measurements at high analyte
concentrations. The points depicted as green triangles correspond to the measurements of
pristine soil samples.
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statistical parameters for regression are shown in Table 1. 

Figure 5. Calibration curves and measurements of pristine soil samples of (a) As(I) at 228.812 nm,
(b) Pb(I) at 405.78 nm, and (c) Mn(I) at 403.3 nm. The points shown as black squares were used for the
linear fit, while the red squares belong to the calibration measurements but were excluded from the
linear fit due to the effect of saturation, typical in LIBS measurements for high analyte concentrations.
The points shown as green triangles correspond to measurements of pristine soil samples. The linear
range was 50–587 mg/kg for As, 14–214 mg/kg for Pb, and 188–488 mg/kg for Mn. The statistical
parameters for regression are shown in Table 1.
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Table 1. Statistical parameters for calibration lines.

Element R2 Value F Value P > F Value

As 0.977 83.342 0.012
Pb 0.992 372.629 3.036 × 10−4

Mn 0.929 13.034 0.172

At low analyte concentrations, calibration curves usually exhibit a linear dependence.
However, they start to deviate from linear dependence and experience saturation [29,30].
The points that deviate from linearity are usually excluded from the linear fit. This ef-
fect was especially noticeable in Mn calibration measurements because we had to use
relatively high concentrations, in thousands of mg/kg, due to the high abundance of Mn
in soil. To assess the analytical capability of our LIBS system, we explored the linearity
of calibration curves with analyte concentration and determined the limit of detection
using expression (1). The detection limit (LoD) was calculated as 29.5 mg/kg for lead
(LoDPb = 29.5 mg/kg), 95.5 mg/kg for arsenic (LoDAs = 95.5 mg/kg), and 327 mg/kg for
manganese (LoDMn = 327 mg/kg).

We have found that under an argon atmosphere, arsenic and lead signals were en-
hanced approximately threefold compared to the ambient atmosphere. This significant
(approximately threefold) enhancement enabled the limit of detection (LoD) of the LIBS
system to reach the double-digit range for both As and Pb. Consequently, this improve-
ment allowed us to accurately measure the concentrations of As and Pb in practically all
soil samples collected from the affected area. This capability is particularly valuable for
comprehensive environmental assessments, ensuring that even low concentrations of these
elements can be detected and quantified with relatively good precision.

Table 2 shows the permissible amounts of As, Pb, and Mn in soil, as established by the
United States Environmental Protection Agency (EPA). As we can see, the detection limit
of our LIBS system is reaching the safety level due to the improvement of the collection
system and additional purging with argon during measurement.

Table 2. Permissible amounts of As, Pb, and Mn in different media published by several agencies.

Element Media Level Agency and
Reference LoD

Max Measured
Concentration in
Studied Samples

Arsenic (AS) Soil 40 mg/kg USS EPA [31] 95.5 mg/kg 174 mg/kg
Led (Pb) Soil 200 mg/kg USS EPA [32] 29.5 mg/kg 234 mg/kg

Manganese (Mn) Soil 1800 mg/kg USS EPA [33] 327 mg/kg 2100 mg/kg

We used soil that visually consisted of sand, clay, and loam to create samples for
calibration curves. However, some samples presumably contained a large amount of coal,
considering the place of origin close to the coke factories; these samples produced a signal
about twofold weaker, likely due to a considerably larger plasma plume, which was visually
observable. This larger plasma plume particularly affected the coupling efficiency of the
detection system due to its size. However, normalizing the spectra by the integral signal of
the plasma over the entire spectral range substantially mitigated this matrix effect, as seen
in the Mn detection case.

4. Conclusions

In conclusion, we would like to report that the obtained limit of detection (LoD) was
29.5 mg/kg for lead (LoDPb = 29.5 mg/kg), 95.5 mg/kg for arsenic (LoDAs = 95.5 mg/kg),
and 327 mg/kg for manganese (LoDMn = 327 mg/kg). We achieved these results due
to the modification of the LIBS optical collection, which provided better coupling to the
spectrometer. We also measured As and Pb in an argon atmosphere under ambient pressure.
This modified the ablation plasma characteristics, further improving the signal-to-noise



Appl. Sci. 2024, 14, 7868 9 of 10

ratio. We could measure Mn and Pb within the safety range established by the US EPA in
all soil samples from the affected area of the Superfund site. Surprisingly, most soil samples
from the affected area contained cadmium (Cd) below the detection limit of ICP-MS, and
only a few had Cd concentrations in the single digits (mg/kg). Therefore, we are not
reporting Cd detection in this manuscript.
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