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Abstract: Laser-induced breakdown spectroscopy (LIBS) was applied to the analysis of aerosolized
Cu- and Pb-bearing particles generated from aqueous solutions. A nitrogen-driven nebulizer was
utilized to aerosolize Cu- and Pb-spiked solutions. The liquid matrix of the aqueous droplets
was evaporated before the LIBS analysis, and the remaining gas-phase analyte-rich aerosols were
analyzed in a LIBS system that featured a 1064 nm Nd:YAG laser, a Czerny—Turner spectrometer,
and an ICCD camera. The Cu and Pb concentrations in the aerosol streams were 0.26-1.29 ppm
and 0.40-1.19 ppm, respectively. Laser diffraction and the particle size distributions of the aqueous
aerosols were obtained to indirectly demonstrate the evaporation of the liquid matrix. Highly linear
calibration curves (R? = 0.995 for Cu and R? = 0.987 for Pb) and acceptable limits of detection (2 ppb
for Cu and 9 ppb for Pb) and quantification (5 ppb and 28 ppb) were obtained. The applications of the
presented methodology include the near-real-time and in situ analysis of wastewater and gas-phase
aerosols contaminated with heavy metals.

Keywords: laser-induced breakdown spectroscopy; LIBS; lead; copper; wastewater; heavy
metals; aerosols

1. Introduction

The detection and quantification of contaminants in the atmosphere, water bodies,
wastewater, and potable water are important in the fields of environmental protection,
climate, agriculture, ecology, food and water distribution, and public health. The contam-
inants of interest have multiple origins, but heavy metal contamination usually comes
from industrial processes [1-3] and the aging of heavy-metal-bearing pipes and accessories
utilized for water transportation [4,5]. Heavy metals such as Cu and Pb are of special
interest due to their potentially harmful effects on human health. Pb, for instance, is persis-
tent (slow to break down) and can bioaccumulate (accumulation in a biological organism).
Possible effects that range from stomach distress to brain damage can be associated with the
heavy metal content in drinking water [4]. Optical spectroscopy techniques such as atomic
absorption spectroscopy (AAS), atomic fluorescence spectrometry (AFS), and inductively
coupled plasma optical emission spectroscopy (ICP-OES) are typically utilized to monitor
heavy metals from various sources [3,6-9]. In AAS and AFS, the sample is first atomized
and decomposed into gas phase using plasmas, flames, or electrothermal atomizers. The
gaseous sample is then probed by a single-wavelength light source, which is absorbed by
the constituent atoms. In AAS, the amount of absorbed light is measured as it is propor-
tional to the analyte’s concentration. AFS measures the analyte’s characteristic fluorescence
emission after excitation by light absorption [6,7]. AAS and AFS can be utilized for analysis
of various elements; however, the analysis is typically performed one element at a time,
which adds complexity and turnaround time. ICP-OES uses its high-temperature plasma to
atomize and ionize a sample fed in aerosol form. The atomic emission of the excited atoms,
which is proportional to the analyte concentration, is then measured. Unlike AAS and AFS,
ICP-OES is a multi-elemental technique [6,7]. These three techniques are well established
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and have excellent analytical figures of merit. In general, they are bulky, time-demanding,
and costly; they require sample preparation and concentration calibration and are not
suitable for real-time in situ analysis.

Depending on the source, Cu and Pb concentrations in wastewater effluents can vary
from tens to thousands of parts per million (ppm), and remediation processes are required
before discharge to the environment [8,10,11]. Current remediation processes should reduce
the Cu and Pb concentrations to 2 ppm and 10 ppb [12], respectively, before discharge. In
the case of potable water, it has been agreed that there is no known safe concentration of
a contaminant such as Pb [5]. However, because Cu and Pb contamination of drinking
water originates mostly from aging of plumbing materials, government agencies have
established reference Cu and Pb concentrations (known as action levels) based on the
effectiveness of corrosion treatments of water systems rather than based on maximum
contaminant concentrations [5]. The action levels for Cu and Pb are, respectively, 1.3 ppm
and 15 ppb [4,5]. Contaminant concentrations that exceed the action levels in more than
10% of tap water samples would trigger the execution, by the public water system, of
multiple activities such as lead service line replacement and public education to address the
findings [5]. In the case of Pb, lead-free regulations have also been established that prohibit
the use of pipes, fittings, solder, and flux that exceed specified Pb concentrations [13].

Laser-induced breakdown spectroscopy (LIBS) is an atomic emission spectroscopy
technique that uses a focused laser beam to produce a plasma on a target, which can be
solid, liquid, gas, or aerosol. Laser absorption by the targeted material induces heating,
melting, vaporization, atomization, and ionization of its constituent elements. As the
excited elements decay, they emit characteristic light that can be utilized as a chemical
fingerprint. Collection, wavelength dispersion, and detection of the light emitted by the
plasma allow qualitative and quantitative elemental analysis [14]. The most well-known
advantages of LIBS are its capacity to perform near-real-time analysis of any element with
minor or no sample preparation in tabletop, stand-off, and remote configurations. Multiple
reports and reviews exist regarding the use of LIBS for the analysis of several analytes
in liquid solutions [15-18]. In general, the sampling of liquid targets can be done on the
liquid surface [19,20] or inside the liquid [21]; after freezing [20], through the generation
of droplets [22], jets [23,24], and aerosols [14,25-27]; and by depositing the solutions onto
substrates [16-18]. In addition, the application of LIBS for analysis of heavy metals has
been carried out in solids [28], liquids [29], gases [30], and aerosols [31,32].

In particular, the LIBS analysis of Cu and Pb in aqueous solutions has also been re-
ported, and a summary of relevant results for this investigation follows. When possible, all
values are reported as mass/mass part per million (ppm) or billion (ppb) for a straightfor-
ward comparison among the limits of detection (LOD). Sobral et al. [20] reported the LODs
for Cu and Pb when aqueous solutions were analyzed by direct liquid surface sampling
and ice surface analysis after freezing the solution. Freezing the solutions provided better
LODs than direct liquid surface analysis. The LODs for liquid surface analysis were 9.6 for
Cu and 12.5 ppm for Pb, whereas the corresponding values for ice analysis were 2.3 and
1.3 ppm. This methodology requires the use of a freezer and extends the analysis time as the
samples need to be converted to ice. Lee et al. [33] reported the analysis of Cu and Pb from
aqueous solutions deposited and preconcentrated on filter papers. The aqueous solutions
were deposited on a paper and then evaporated in an oven. The LOD of Pb was reported as
2.7 ppm. Further improvement in the LOD (i.e., 75 ppb) values was reported by increasing
the amount of solution utilized for preconcentration; however, the evaporation method
lasted about 1 h and required amounts of solution of the order of 40 g. Following the same
method, Cu emission lines were found in tap water samples with a Cu concentration of
641 ppb. Zhao et al. [34] electrically deposited the metal ions Cu?* and Pb?* dissolved
in tap water on a high-purity aluminum rod for LIBS analysis. The LODs for Cu and Pb
were, respectively, 0.162 ppb and 0.570 ppb. An improvement of 2 orders of magnitude
for the LODs with respect to the direct analysis of aqueous solutions was reported. This
methodology requires an electrically driven apparatus for sample deposition, deposition
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times of about 20 min, and a high-purity deposition rod that may need replacement due to
continuous surface ablation.

Aerosolizing or nebulizing liquid samples is another approach for chemical analysis
with LIBS [14,25,26,35]. The analysis of aqueous or other types of aerosols can be realized
through direct analysis of the aerosol stream and analysis after deposition of the aerosol
particles on substrates [14]. Direct aerosol analysis only requires optical access to the
process and can provide real-time results. Indirect analysis may improve the performance
due to a preconcentration effect of the analytes; however, spectral interferences may be
found, and the collection time on the substrates increases the total analysis time. Aras
et al. [35] utilized LIBS to analyze various sub-micron aerosol particles of various elements,
including Cu and Pb. The aerosols were produced from aqueous solutions after ultrasonic
nebulization, desolvation, and further drying through a membrane filter. The aerosol
stream was then sampled with a LIBS system. The LODs for Cu and Pb were, respectively,
1.99 and 13.6 ppm. In order to investigate the effect of the nebulizing gas on the LIBS
signals from Cu-containing aerosol particles, Palazzo et al. [36] reported LODs for Cu as
23 ppb in air and 41 ppb in nitrogen. Indirect analysis was reported by Panne et al. [31],
who sampled aqueous solutions containing heavy metals such as Cu and Pb deposited
on quartz fiber filters. The LODs per unit area for Cu and Pb were, respectively, 0.01 and
0.06 pg/cm?.

This research reports a proof-of-concept LIBS analysis of gas-phase aerosols produced
from aqueous solutions spiked with Cu and Pb. The approach involves the nebulization of
analyte-bearing aqueous solutions followed by a drying step of the water content and LIBS
analysis of the remaining analyte-rich solid particles in a N, gas stream. Cu- and Pb-spiked
water solutions were prepared, nebulized, dried, and then analyzed with LIBS. Laser
diffraction was utilized to characterize the nebulized aqueous droplets. Linear calibration
curves and acceptable LODs and limits of quantification (LOQ) were obtained through this
experimental approach.

2. Materials and Methods
2.1. Aerosol Generator and LIBS System

The experimental setup consisted of two custom-made components: an aerosol gener-
ator system and a LIBS system, as depicted in Figure 1 [25,26]. A 15-mL medical nebulizer
(McKesson, Irving, TX, USA), which holds a liquid sample, generates a fine mist of submi-
cron to micron-sized particles when a driving gaseous flow enters through the nebulizer
inlet. The nebulizer is connected to a stainless-steel tapered cylinder that allows mixing and
drying after nebulization of the sample. A N; coflow is introduced through a porous plate
at the base of the tapered section to evaporate the aqueous aerosol droplets and transport
the resulting analyte-rich solid particles to the LIBS chamber [25,26,36,37]. The nebulizer
driving flow and coflow were powered by compressed and filtered N, gas. The flow rates
were kept constant at 5 slpm for the driving flow and 20 slpm for each coflow gas, for a total
of 45 slpm running through the system. Flow measurements were adjusted at standard
conditions (298.5 K and 101,325 Pa).

The LIBS analysis chamber rests on top of the aerosol generator and has a six-way
stainless-steel vacuum cross with 38 mm diameter flanges. To focus the laser beam, a UV-
grade 50 mm diameter plano-convex lens with a focal length of 75 mm (L1) was mounted
on the horizontal flange that faced the laser system (see Figure 1). Quartz windows and
solid stainless-steel covers were fitted on the other horizontal flanges. The vertical top
flange was connected to an exhaust system. Neoprene gaskets sealed all flanges airtight.
The LIBS system included a Nd:YAG laser (Surelite I-10, Continuum Inc., Santa Clara, CA,
USA) delivering 10 ns pulses of 6 mm diameter at a wavelength of 1064 nm. The laser
system ran at a repetition rate of 5 Hz with a nominal beam energy of approximately 400 m].
This beam was split into two beams with a nonpolarizing beamsplitter (angle of incidence:
45 degrees, 50% reflective). The beam splitting is not shown in Figure 1 as it is not relevant
for this research. The laser beam utilized in the current LIBS setup had a maximum energy
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of 178.9 & 1.5 m] per pulse. The second beam was utilized for a different setup. The focused
spot diameter for this optical configuration is estimated to be 0.5 mm for an approximated
fluence of 9.2 J/cm? and irradiance of 9.2 x 10° W/cm?2. A high irradiance is desirable
when analyzing gases and aerosols to guarantee the production of the laser-induced plasma
at each single laser pulse in clean nitrogen (without the presence of aerosol particles). The
beam energy was measured with a pyroelectric energy meter (Ophir, Andover, MA, USA).
The beam energy was maintained constant across all the experiments. However, the beam
energy of the Nd:YAG laser utilized in this research can be varied by adjusting the g-switch
delay time (i.e., time between the command to fire the flashlamp and the command to fire
the Pockels cells) and/or adapting a combination of a half-wave plate and a polarizer in
the beam path. The former method does not require any extra components but induces
a change in the pulse duration. The latter method requires extra optical components but
allows for a continuous variation of energy by rotating the half-wave plate.

LIBS system Aerosol generation system

Exhaust

Aerosol Sample

Mixing-drying
chamber

| I—

Co-flow
Nebulizer
(Pb, Cu)

Driving flow

Figure 1. Scheme of LIBS and aerosol generation systems. L1 and L2: plano-convex lenses; PM:
pierced mirror.

The laser was aligned and focused on the geometrical center of the analysis chamber.
The light emitted by the plasma was captured in backscattered mode and collimated
by the lens L1. The collimated light was reflected 45 degrees by a pierced mirror (Al-
enhanced coating) and then focused onto a fiber optic (2 m length, 200 um diameter,
19-fiber bundle) by a second UV-grade 50 mm diameter plano-convex lens with a focal
length of 75 mm (L2). The plasma light was resolved by a Czerny-Turner spectrometer
(Teledyne Princeton Instruments, NJ, USA) with a focal length of 0.5 m (1800 grooves/mm
grating) and registered by an ICCD detector (256 x 1024 pixels). Spectra of approximately
25 nm wide were obtained with a spectral resolution of 0.10 nm.

2.2. Samples

The aqueous solutions were created by spiking distilled water with various amounts
of Cu (10,000 pg/mL in 5% HNO) and Pb (10,000 pg/mL in 5% HNOj3) standard solu-
tions (Spex CertPrep). The Cu and Pb aqueous concentrations ranged, respectively, from
1000 to 200 ug/mL and 3004 to 1001 pg/mL. These concentration ranges represent highly
contaminated wastewater samples that would require the application of a remediation
process for safe use. In the nebulization processes, the aqueous solutions are diluted by
the nitrogen gas, thus creating concentrations from 0.26 to 1.29 ppm for Cu and 0.40 to
1.19 ppm for Pb. Table 1 presents the analyte concentrations of the stock solutions (columns
1 and 2) and the concentrations in the aerosol stream (columns 3 and 4). Tap and distilled
water were utilized as blank samples and measured under identical conditions to the
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analyte-bearing samples. The tap water samples were taken from the laboratory facilities.
Tap water was utilized as a blank because it was expected that no detectable amounts
of Cu or Pb were present in the laboratory facilities. This was then confirmed through
LIBS analysis as no observable emission lines of Cu and/or Pb were found in the LIBS
spectra. Furthermore, the use of tap water allowed for the investigation of the potential
presence of other emission lines that would create spectral interference with the Cu and Pb
emission lines. No significant interfering emission lines were found except the emission
line at ~406 nm, which will be discussed in Section 3.2. Each sample, including the blanks,
was analyzed 3 times. The measurement time was 6.7 min.

Table 1. Analyte concentrations in the aqueous solution and the gas-phase aerosol stream.

Solution (ug/mL) Aerosol (ppm)
Cu Pb Cu Pb
1000 3004 1.29 1.19
800 2504 1.03 0.99
600 2003 0.77 0.79
400 1502 0.51 0.59
200 1001 0.26 0.40

2.3. Spectra Analsys

Each sample was measured for 6.7 min at a laser repetition rate of 5 Hz for a total
of 2000 single-shot spectra. Single-shot spectra were ensemble averaged, and the analyte
net intensity was calculated as the peak intensity minus the background intensity. The
net intensity calculated in this manner was utilized to build the Cu and Pb calibration
curves. Signal normalization was not required. Due to the significant background noise
observed, a single-pixel approach for the peak and background intensity was employed
with satisfactory results. The emission line Cu I 324.8 nm was used to detect copper. The
delay and gate times that provided the best signal-to-noise ratio for this Cu line were 11 and
25 ps, respectively. The emission line Pb I 405.8 nm was used to detect lead. The delay
and gate times that resulted in the best signal-to-noise ratio for this Pb line were 13 and
25 s, respectively. Simultaneous detection of Cu and Pb is desirable; however, it was not
realized due to the narrow spectral bandwidth provided by the spectrometer configuration
(i.e., ~25 nm). The limits of detection (LOD) and quantification (LOQ) were calculated as
3 x SDp/m and 10 x SDy,/m [38], respectively. Where SDj, is the standard deviation of
the blank sample (or background), m is the slope of the calibration curve, and the factor
3 accounts for a 99.9 confidence level [38].

3. Results and Discussion
3.1. Characterization of the Aerosol Generation System

In general, a pneumatic jet nebulizer converts a liquid sample into an aerosol stream
with particle sizes varying from the submicron to micron size range [39,40]. The nebulizer
is driven by a compressed gas that expands after flowing through a narrow orifice. The
expanding gas jet creates a region of negative pressure that draws liquid up a feeder tube.
The lower end of the feeder tube is immersed in the sample reservoir, whereas the upper
end is near the orifice. The liquid enters the gas jet and impacts a plate where the liquid is
broken into droplets of different sizes. Larger droplets fall back into the liquid, whereas the
smaller particles leave the nebulizer [40].

To provide a known and controlled amount of aerosol particles, the aerosol generation
system requires calibration between the nebulizer output rate and the nebulizer driving
gas flow [25-27]. Knowledge of the nebulizer output rate, the analyte concentration of the
solution deposited in the nebulizer, and the coflow rate allows the calculation of the analyte
mass concentration within the LIBS sampling chamber [25-27]. The calibration procedure
was performed by measuring the total mass of the nebulizer (nebulizer plus liquid sample)
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before and after nebulization for periods of 10, 20, and 30 min at driving flow rates between
1.5 and 5.0 slpm. A linear calibration curve (R? = 0.997) between the nebulizer output rate
and the nebulizer driving gas flow was obtained. The overall relative standard deviation
(RSD%) of all measurements was 1.7%. The high value of the coefficient of determination
and the low RSD magnitude demonstrated the ability of the nebulizer to provide uniform
amounts of aerosol streams over the tested operational range. The calibration equation was
utilized to calculate the analyte mass concentration in the aerosol stream within the LIBS
sampling chamber. The mass concentrations obtained were presented in Table 1.

Particle size characterization of the aerosols produced by the nebulizer only and the
aerosol generator was performed with a laser diffraction particle analyzer (HeNe laser,
632.8 nm, 10 mm diameter). Samples of distilled water were deposited into the nebulizer,
and laser diffraction measurements were performed at the nebulizer outlet. This was
conducted to characterize the aqueous aerosols directly from the nebulizer (without the
aerosol generation system). A new sample was deposited into the nebulizer, installed in
the aerosol generation system, and laser diffraction measurements were performed at the
exit of the generator. In all cases, the nebulizer was always driven with N at a rate of
5 slpm. In the case of the generator, measurements were performed with the coflow gas off
and then on at a total rate of 40 slpm. Figure 2 shows the water particle size distribution
(PSD) obtained directly from the nebulizer (dots) and at the outlet of the aerosol generator
(squares) with no coflow gas. The modal diameter (most probable particle size) for both
distributions was 6.81 um; that is, both distributions have the same peak diameter. The
50% percentile diameter for the nebulizer alone was 6.20 um, and when the nebulizer was
installed into the generator, this percentile diameter was 6.30 um. The volume concentration
(area under the curve) did not significantly vary or follow any specific trend in repeated
measurements. The volume concentration, however, increased towards smaller particles
(in the range between ~3.70 and 10.80 um) for the aerosol produced through the generator
(squares in Figure 2). This indicates a size reduction due to evaporation or breakage of
larger particles into smaller particles as the aerosol travels along the generator. Because the
volume concentration remained unchanged, the former argument seems most reasonable.
It should also be considered that the nebulizer was affixed directly within the measuring
region of the particle analyzer (i.e., between the laser and the detectors of scattered light),
and the aerosols exiting the nebulizer were measured at the exact outlet of the nebulizer.
Due to its size, the generator could not be located within the measurement region of the
particle analyzer; instead, an s-shaped plastic hose (25 mm diameter, 300 mm length) was
utilized to transport the aerosols from the generator to the particle analyzer. The extra
travel length (i.e., generator length plus hose) and hose shape may be responsible for the
slight particle size reduction due to mechanical impact with surfaces. The trace amounts of
analytes added to the water samples did not change the general particle size distributions.
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§ 7.5 1 [ ] 8
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Figure 2. Particle size distribution of water aerosols obtained at the outlet of the nebulizer (dots,
continuous line) and at the outlet of the generator (squares, dashed line).



Photonics 2024, 11,1112

7 of 11

Laser diffraction measurement of aerosolized analytical samples (i.e., distilled water
spiked with analytes as per Table 1) when the total N; flow was applied (45 slpm) to
the aerosol generator system showed no significant scattering signal, and no significant
difference in the scattered signals was found between those results and laser diffraction
measurements of static room air and a nitrogen flow at a rate of 45 slpm. The absence
of scattering signals indirectly indicates that the larger water droplets were evaporated,
and, because LIBS signals were detected in the aerosol stream, solid analyte-rich particles
remained. Direct PSD measurements of the remaining solid particles were not possible
because of the particle analyzer resolution (~0.1-0.5 um). This was expected, as the modal
particle sizes of particles generated in a similar aerosol generator (and measured with
transmission electron microscopy) were reported to be in the range between 9.5 and 50 nm
for iron oxide and titanium oxide, respectively [25].

Considering a binary mixture of water vapor in air [25], the time for droplet evapora-
tion can be estimated through the D? law [25,41]. The particle lifetime was calculated for
the modal particle size (i.e., 6.81 um) and the largest particle size (i.e., 27.1 um) obtained
from the PSD of the nebulized distilled water. The respective lifetimes were 0.013 and
0.21 s, whereas the average residence time for an aerosol particle traveling along the aerosol
generator is 0.60 s. The evaporation parameters utilized to calculate the particle lifetime
were reported by Hahn et al. [25]. The fact that the residence time was estimated to be
3 times the lifetime for the largest aqueous particle lifetime supports the assumption that
the aqueous droplets were fully evaporated.

The drying of the aqueous droplets is desirable for the improvement in LIBS analytical
performance due to three main reasons: (a) reduction in matrix effects and enhancement
of stoichiometric ablation due to the absence of the liquid and quenching matrix; (b) a
cleaner laser beam path for delivery of beam energy into the focal point and reduction
in prebreakdown effects due to elimination of large water droplets; and (c) reduction in
optics contamination. As discussed in the next section, the elimination of the liquid matrix
in the drying process allowed the use of straightforward and rapid spectral processing
(i.e., univariate, no normalization, single-pixel net intensity) and the obtention of linear
trends within relatively narrow confidence bands and acceptable LOD, LOQs, and RSD
values. The approach utilized in this research differs from the more conventional methods
for analysis of liquid samples, namely, surface analysis and deposition on substrates.

3.2. Calibration and Detection Limits

Linear calibrations for the analytes Cu and Pb were obtained using the LIBS net
intensity, as shown in Figure 3b,d. The values of the coefficients of determination (R?)
were 0.995 for Cu and 0.987 for Pb. The error bars in Figure 3b,d represent one standard
deviation. The linear trend for both analytes is clear in both the spectra (Figure 3a for
Cu and Figure 3b for Pb) and calibration plots. The 95% confidence bands, shown in
dashed lines, showed a narrower dispersion of Cu compared to Pb. This may be attributed
to the stronger Cu emission intensity. The emission Cu I 424.8 nm involves the ground
state [42] and, therefore, presents a higher relative intensity. The average uncertainties of
the concentration measurements determined for a 95% confidence level were 7% for Cu
and 13% for Pb. Although these figures are higher compared with conventional analytical
techniques (e.g., AAS, ICP-OES), they are reasonable for LIBS analysis of aerosols [32]. The
lower than desirable accuracy of LIBS is well known; however, this apparent limitation
is compensated for by the well-known advantages of LIBS of inexpensive near-real-time
analysis and in situ capabilities.

The emission line around 406 nm and adjacent to the Pb line (labeled as interference)
did not hinder the quantification of the Pb line intensity for the concentration range shown
in Table 1; however, it became relevant for lower concentrations of Pb. Although the source
of this line is not known with certainty, the fact that it appeared in all samples and blanks
with a relatively constant intensity may indicate that it belongs to hydrogen, nitrogen,
or oxygen. H or N emission lines were found in the range between 405.5 and 406.5 nm;
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however, several O II emission lines are visible in this range [42]. Blank samples did not
show any analyte emission line in the spectral ranges observed, confirming their utility

as blanks.
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Figure 3. Spectral and calibration curves. (a) Cu I emission line for various concentrations; (b) Cu
calibration curve (dashed dot) and confidence bands (dashed line); (c) Pb I emission line for various
concentrations; (d) Pb calibration curve (dashed dot) and confidence bands (dashed line). Error bars
represent one standard deviation.

An aerosol sample with Pb concentration of 0.20 ppm (Pb concentration of 500 pg/mL
in solution) was analyzed in similar conditions, and, although the Pb emission line was still
visible, the constant intensity interference overlapped significantly with the Pb analyte line.
At these Pb concentration levels, the overlapping can be solved readily by deconvoluting
the emission profiles; however, lower concentrations may result in a complete obstruction
of the analyte line and additional uncertainty to the measurements. Current work is being
done regarding lower concentrations and the application of conditional analysis to improve
the LIBS sensitivity when analyzing extremely low analyte concentrations [26,32].

The minimum Cu concentration sampled with LIBS was 0.26 ppm, and the LOD
and LOQ were, respectively, 2 and 5 ppb. For Pb, the minimum concentration sampled
was 0.40 ppm, and the LOD and LOQ were, respectively, 9 and 28 ppb. The LOD and
LOQ values were approximated to the nearest integer. In the context of analyzing highly
contaminated wastewater that needs to be treated before discharge to the environment, the
LIBS performance and the obtained LOD values are promising.

The LOD values obtained in this work were below or on the same order of magnitude
as those reported in previous publications [20,31,33,35,36]. Zhao et al. [34] reported lower
LODs than in the current work (0.162 ppb for Cu and 0.570 ppb for Pb), which can be
attributed to the preconcentration effect created by the electrical deposition. However,
a more complex setup and time-consuming methodology were required. In contrast,
the methodology presented herein can be considered near real time (5 to 10 min), and,
although the current setup is of tabletop size, the LIBS system can be readily miniaturized.
The repeatability of the measurements was estimated by calculating the RSD% of three
replicate measurements. The RSD% values of the Cu and Pb measurements were 4.8% and
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5.5%, respectively. These reasonably low RSD values show an acceptable repeatability for
relatively low sampling times.

The current experimental setup can be utilized to monitor any other heavy metals
as long as their concentration is higher than the limit of detection of the LIBS system and
the analytes have emission lines within the observable spectral range, which is between
~250 and ~900 nm for the current setup. Notice, however, that the spectral window of
observation is about 25 nm for a single measurement.

Although the obtained LODs and LOQs are reasonable, some of the strategies that can
be utilized to improve the sensitivity of a LIBS system for aerosol analysis are (a) increase in
the beam energy to create a larger and higher temperature plasma that would excite a larger
amount of sample and therefore lead to a higher number of excited species [43]; (b) selection
of emission lines of higher intensity, free of interferences, and/or reducing the background
emission intensity and noise of the spectra around the analyte’s emission lines [44-46];
(c) aerosolization with a gas such as argon, which is known to produce higher-temperature
plasmas [47]; and (d) use of conditional analysis by selectively distinguish between spectra
with emission lines from those without emission lines [14,26,32].

The calculated LODs were below the Cu and Pb action levels for drinking water;
however, the initial stock solutions (columns 1 and 2 in Table 1) contain considerably
high concentrations of those heavy metals. The methodology presented in this work can
be applied to aqueous samples with lower heavy metal concentrations by reducing the
dilution factor during the aerosol generation. The reduction in the dilution factor can be
realized by decreasing the coflow rate. For example, by reducing the coflow rate by a factor
of 10, the concentration of the original stock solutions can be decreased by a factor of 5.
The residence time of the aqueous aerosol particles increases by a factor of 5, providing
even more time for drying of the water content. Further reductions in dilution factor can
be achieved by modifying the aerosol generation system (e.g., increasing length).

Because the LIBS analysis is performed in a gas-phase aerosol (i.e., aerosol where the
dispersing medium is a gas), the results of this work can be extrapolated to the analysis
of heavy metals in gaseous streams from industrial processes such as combustion and
atmospheric particulate matter.

4. Conclusions

This investigation aimed to address the detection of heavy metals Cu and Pb in
gas-phase aerosols generated from aqueous samples. The successful application of LIBS
for detection and quantification of Cu- and Pb-bearing particles coming from aqueous
solutions was demonstrated by the obtention of linear calibration curves and reasonable
limits of detection and quantification. Samples of Cu- and Pb-spiked water were created
and analyzed with LIBS. The aqueous samples were first aerosolized and dried, and the
resulting analyte-bearing particles were sampled with a LIBS probe. The results showed
that LIBS detection of gas-phase Cu and Pb aerosols is possible at concentration levels of
2 and 9 ppb, respectively. Quantification would require concentration levels of 5 ppb for
Cu and 28 ppb for Pb. Compared to previous publications, in addition to providing lower
LOD and LOQ values, the LIBS system utilized in this work required a relatively simple
auxiliary device for the generation of the aerosol particles that is portable and could also be
reduced in size. In addition, the improvements in the analytical performance obtained by
analyzing aerosols rather than liquid samples were demonstrated. It is considered that the
evaporation of the water content improved the LIBS analytical performance by reducing
matrix effects and improving stoichiometric ablation. Based on the experimental setup, the
experimental methodology, and the obtained analytical figures, this research demonstrates
that the well-known advantages of LIBS for rapid aerosol analysis can be utilized to
develop a portable sensor for analysis of multiple heavy-metal-bearing samples, including
wastewater, treated water (after remediation processes), and drinking water, at several
locations within processes, transport, and water distribution systems. Furthermore, because
the LIBS analysis was performed in a gas-phase aerosol, this work can be extrapolated to
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the analysis of heavy metals in gaseous streams and effluents from industrial processes.
Future work includes the analysis of actual contaminated water samples from municipal
and industrial water systems as well as flue gases from industrial processes.
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