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Abstract: A new calibration procedure, known as mapping conditional-calibration laser-induced
breakdown spectroscopy (LIBS), has been suggested to improve analysis results for heterogeneous
samples. The procedure is based on LIBS elemental mapping, followed by signal conditioning in
every sampling spot to skip signal outliers, then by finalizing the calibration curve construction. The
suggested mapping conditional calibration procedure was verified for zinc analysis in soybean grist
samples. The laser parameters correspond to those of the hand-held LIBS instrument in order to
estimate the influence of sample surface heterogeneity under on-site analysis conditions. The laser
spot (60 um) was equal to or smaller than the typical size of grist particles (40-500 um) but laser crater
dimensions were significantly greater and varied widely (150450 um). The LIBS mapping of different
spectral signals (atomic and ionic lines for major and minor components) was achieved. Elemental
maps were normalized to achieve signal maps that were conditionally spotted to skip signal outliers.
It was demonstrated that the suggested mapping conditional-calibration LIBS provided 15 ppm
RMSECYV for zinc determination in heterogeneous samples, which is typical for agricultural products.

Keywords: laser-induced breakdown spectroscopy; express analysis; heavy metals; grist quality;
cattle food diagnostics

1. Introduction

The control of concentrations of major and minor elements in agriculture has been of
great interest during the last decade, due to requirements for the online management of
nutrients and preventing contamination from toxic metal. The express detection of harmful
elements in fresh plants, vegetables, or fruits can enable effective control in the food indus-
try, resulting in safe and healthy food alimentation. Toxic elements and heavy metals in
agricultural products can induce intoxication and even diseases, so express multi-elemental
analysis techniques are required. Conventional laboratory techniques, such as inductively
coupled plasma-atomic emission spectrometry (ICP-AES), inductively coupled plasma
mass spectrometry (ICP-MS), graphite furnace atomic absorption spectrometry (GFAAS),
flame atomic absorption spectrometry (FAAS), and X-ray fluorescence spectrometry (XRF)
have been successfully adopted for food and agricultural products [1-7]. All the above-
mentioned techniques require laboratory conditions, are time-consuming, and need sample
preparation. However, high-quality agricultural production needs instruments that can
provide onsite or inline control of heavy elements in plant or food materials, for example,
in cattle.

Laser-induced breakdown spectroscopy (LIBS) is of growing interest in agriculture and
food production in recent years, due to its capability of express multi-elemental analysis
without any sample preparation [8-20]. LIBS was successfully utilized for the analysis

Photonics 2021, 8, 563. https:/ /doi.org/10.3390/ photonics8120563

https://www.mdpi.com/journal /photonics


https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0002-4197-670X
https://orcid.org/0000-0001-5612-7973
https://orcid.org/0000-0002-9821-0422
https://orcid.org/0000-0003-0918-2990
https://orcid.org/0000-0002-8814-6906
https://doi.org/10.3390/photonics8120563
https://doi.org/10.3390/photonics8120563
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/photonics8120563
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics8120563?type=check_update&version=2

Photonics 2021, 8, 563

2 0f9

of different food products like wheat [21,22], vegetables [23,24], milk powder [25-28],
bread [29], oil [30] and wine [31]. For example, Beldjilali et al. [24,32] analyzed fresh potato
flesh and skin without any sample preparation. They achieved good agreement between
LIBS results and the values measured by conventional techniques (ICP-AES, ICP-MS and
AAS) for both major and minor elements (Al, Mn, Ti, Li, and Si). Later, the same team
suggested a two-step procedure for trace element analysis in food utilizing calibration-free
LIBS [33].

Three different approaches are used in LIBS to quantify the elemental composition of
organic materials [11,32,34]: (a) single or multiple variable calibrations with the standard
samples; (b) calibration-free LIBS; (c) chemometrics. Calibration-free LIBS can perform
analysis without any reference materials, but such an approach can provide reliable results
only for major components, while errors of determination for additives are too large for
meaningful analysis [35]. Chemometrics methods became very popular in LIBS within
the last decade for both identification and quantitative analysis [36,37]. However, conven-
tional calibration curve construction by reference materials is also widely used, due to its
simplicity and good analytical performance [11].

Food and plant samples demonstrate complex composition and the heterogeneous
distribution of elements, so LIBS calibration curve construction will be affected by large
measurement errors. Because of the samples” complex structure, every food item gives
a different response to laser ablation due to differences in absorption coefficients, ther-
mal diffusivity, oil/water concentration, etc. In order to improve LIBS measurements’
reproducibility and to achieve a flat surface on the sample, food or plant materials are
pressed into tablets [11,19,38,39]. The granular sizes in plant material varied from a few
microns up to a few millimeters, while an LIBS sampling spot is typically in the 10-200 um
range. In order to improve analysis reproducibility, different spots are ablated and the
LIBS spectra are quantified and averaged across the sampling area. Typically, internal
normalization on the matrix component is utilized to eliminate any unwanted shot-to-shot
LIBS signal fluctuations. In such a case, LIBS spectra averaging is a poor choice since the
variation of plasma properties caused by the heterogeneity of elements is diminished, so
calibration curves will provide poorer analysis results compared to those samples with a
homogeneous composition.

In the present paper, we suggest an alternative way of LIBS calibration to account for
sample surface heterogeneity. The sampling procedure is based on LIBS elemental mapping
and signals leveling in order to avoid large fluctuations of plasma properties during pulse-
to-pulse measurements, so the calibration curve is constructed with reproducible spectra.
Owing to the rapid progress in developing commercial hand-held LIBS analyzers [16,40],
it would be most appropriate to test our mapping sampling strategy for the analysis of
agriculture samples with such portable devices. Soybean grist samples were analyzed
by LIBS, since such material is of high importance in the cattle industry and heavy metal
concentrations must be controlled to assure high-quality milk products. Cattle for high-
quality dairy products need a diet with high fat or protein contents, such as sunflower
meal, soybeans, rapeseed, etc., which are the processed products of oilseed processing. In
order to increase production efficiency, oil producers will utilize chemical extraction so the
processed products (grist) may be contaminated by harmful substances. For this reason,
the onsite/inline analysis of cattle food is of high importance.

2. Experimental Technique
2.1. Laser-Induced Breakdown Spectroscopy Setup

The experiments were carried out at a LIBS setup previously described in detail in [41]
and will be described in this study hereafter (Figure 1). Laser parameters were set close to
those for hand-held LIBS analyzers (1064 nm, 10 ns, 5 mJ, 5 Hz, TEM 00, @ 3 mm) in order
to achieve the same conditions (power density, sampling spot size). The laser beam was
focused by a quartz lens (F = 110 mm) placed orthogonally to the sample surface on the spot
of 60 pm. Plasma emission was collected by a quartz lens (F = 60 mm) placed at two focal
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lengths, then the plasma image was transferred at 1:1 magnification to the spectrograph
input slit. The spectrograph (Shamrock 303i, Andor, Belfast, UK) was equipped with
a gated camera (iStar, Andor, UK) to capture the plasma spectra. The sample holder
was installed on a two-dimensional motorized stage (8MT173-30, Standa Ltd., Vilnius,
Lithuania) that can be moved in a 25 mm range, with 0.2 pm position precision. Control
and synchronization of the motorized stage, laser, and spectrometer were performed via
custom-written software developed in the LabVIEW environment. Spectral data processing
was also performed via custom-made LabVIEW programs. Here, we utilized a laser with
parameters similar to those of hand-held LIBS systems.

Nd:YAG laser with amplifier

1064 nm mirror 4 ” I
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lens _i= 4
<y ICCD camera
LIBS plasma —; F
: ' Spectrometer
motorized stage PG e e

Figure 1. Experiment setup scheme for grist tablet analysis by laser-induced breakdown
spectroscopy (LIBS). ICCD—intensified charge-coupled device camera, PC—personal computer.

2.2. Samples

Commercially available soybean grist was purchased from Rusagro LLC (Tambov,
Russia). The grist was milled in a milling machine (JSM 100, Herzeg, Nattheim, Germany)
for 5 min and then the material was pressed into pellets under a load of 150 kN (Retsch
PP25, Haan, Germany). A photograph of the grist pellets can be seen in Figure 2. After
creating the pellets, they were analyzed with an X-ray fluorescence spectrometer (ARL 9900,
Thermo Fisher Scientific, New York, NY, USA) [42], which revealed a low concentration of
Zn (Table 1).
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Figure 2. Soybean grist samples—color photo (a), milled and pressed soybean tablet photo (b), and
microscopy image of the tablet surface (c).

Table 1. Soybean grist elemental composition (wt. %) as revealed by X-ray fluorescence spectrometry
(ARL 9900, Thermo Fisher Scientific).

Sample K Ca Mg Zn Na Pb
samplel 1.67 1.0500 0.0849 0.0645 0.0058 0.00487
sample2 1.70 1.0600 0.0812 0.0395 0.0057 0.00260
sample3 1.69 1.0600 0.0820 0.0520 0.0051 0.00387
sample4 1.68 1.0300 0.0822 0.0270 0.0047 0.00103
sample5 1.72 1.0400 0.0792 0.0195 0.0049 0.0061

sample6 (raw material)

1.71

1.0500

0.0826

0.0170

0.0059

<0.0002
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In order to calibrate the LIBS setup and estimate its analytical capabilities, a series
of samples were prepared. The raw grist powder was dried in air heated to 99 °C for
1 h. The required amount of zinc and lead solutions at known concentrations had been
added to the grist powder and then dried in air at 99 °C for 1 h. Different ratios of raw and
“contaminated” grist powders were mixed to get 5 different samples. In order to obtain the
uniform distribution of Zn and Pb additives, the prepared mixture was blended in an agate
mortar for 30 min; it was then dried at 99 °C for 1 h to remove any non-bonded water. The
obtained powders were pressed into tablets (40 mm diameter, 5 mm thickness) in air for
5 min under a load of 150 kN (Retsch PP25). The prepared tablets were analyzed with an
X-ray fluorescence spectrometer (ARL 9900, Thermo Fisher Scientific). The tablet surface
was examined using optical microscopy (Figure 2) to estimate sample non-homogeneity.
The samples were fairly heterogeneous and different color particles had dimensions from
20 to 300 um; this was equal to or smaller than the 60 pm diameter of the laser spot.

3. Results

The express elemental analysis of agriculture samples is necessary for modern farming,
and hand-held LIBS systems can provide a good solution [16]. Such instruments are based
on low-pulse-energy nanosecond lasers (1-10 mJ/pulse) that produce a small sampling
spot of 30-100 pm in diameter. Typically, several spots are ablated to improve the sample’s
representative analysis, but the LIBS spectrum is averaged during this measurement. In
this study, we reproduced the same conditions for laser ablation and studied in detail the
analytical capabilities of LIBS for heavy metals analysis.

The sample was mapped by the LIBS system in the following way: the sample was
moved, stopped, and then ablated using three laser pulses. Afterward, the translation
stage was further moved to reveal a fresh sample surface for the next LIBS measurement. A
series of 900 spots (30 x 30-spot grid) was ablated. The laser crater dimensions (diameter,
depth) and shapes varied widely for different spots, as can be clearly observed by optical
microscopy (Figure 3). Large variations in crater dimensions can be explained by the
variation of particle absorption coefficients, as well as variations in particle size and
bonding at nearby laser spots and nearby areas. For particles with a greater absorption
coefficient (dark particles), the ablation efficiency will be greater; thus, plasma temperature
and density will be greater, resulting in a higher intensity of lines in the spectrum. The
expanding plasma plume will induce a shockwave, followed by a sound wave that will
blow away powder particles, so the laser crater diameter will be much greater compared to
that for a metal target [43]. The crater diameters varied from 150 to 450 um, while the laser
spot was only 60 pm in diameter.
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Figure 3. Photograph of the soybean grist tablet surface after LIBS mapping (a), and a more detailed view of the craters (b,c),

single laser crater photo (d), and laser beam spot (e).

The optimal choice of LIBS spectral lines depends on a number of factors, including de-
tector sensitivity, line intensity, the possibility of self-absorption, and spectral interference.
Additionally, it is conventional to use an internal standardization procedure to compensate
for pulse-to-pulse variations in the amount of ablated matter and in the excitation charac-
teristics of plasma. In this study, we focused on zinc analysis at a low concentration, so
we needed the strongest lines but not to spectrally interfere with the atomic/ionic lines
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of major elements or molecular bands; for this reason, we chose the spectral region at
200-220 nm, where resonant ionic and atomic lines are present: Zn II at 202.55, Zn II at
206.20, and Zn I at 213.86 nm. Additionally, calcium Ca 11 210.32, Ca 11 211.28, and phospho-
rus P 1213.62, P 1214.91 lines were observed in the spectrum. The most intensive zinc line
Zn 11 213.85 nm cannot be used as a signal (spectral line integral corrected for background)
due to spectral interference with the P I213.62 nm line. The evolution of laser-induced
plasma spectra has been studied to reveal the optimal conditions for spectra acquisition.
Plasma emissivity decreased rapidly within the first five microseconds (Figure 4), so the
early moments of plasma emission were optimal for LIBS spectra acquisition (gate 1 us,
delay 0.2 us) due to a better signal-to-noise ratio for Zn lines.
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Figure 4. Laser plasma spectra at different moments in plasma evolution (a), the zinc (Zn II) 206.55 nm
line and signal, and the signal-to-noise ratio at different moments of LIBS plasma expansion (b).

In order to provide representative LIBS analysis for a nonhomogeneous target, the
sampling area has to be significantly greater compared to the typical particle size. To
optimize the time required for a single LIBS measurement and to estimate the minimum
sampling area for representative analysis, we have mapped the soybean grist tablets and
have constructed maps for major elements (calcium, phosphorus) and zinc (Figure 5). The
zinc distribution was fairly uniform, proving proper sample preparation (see Section 2.2);
however, some spots with a higher signal can be traced in the map. The same distribution
was observed for calcium and phosphorus. The continuous plasma emission (background)
was also quantified and mapped since this signal can be used for analytical line normaliza-
tion [44]. The corresponding maps of Zn II 206.55 nm, normalized on calcium, phosphorus
and background signals, are presented in Figure 6.
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Figure 5. Sample surface area photo after LIBS mapping (a) and corresponding atomic/ionic lines intensity maps for Zn I
206.55 (b), Ca I1211.28 (c), P 1214.91 (d) nm lines, and the plasma emission background (e).
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Figure 6. Zinc intensity (Zn II 206.55 nm) maps normalized on calcium Ca II 211.28 nm (a) and phosphorus P I206.55 nm (b)
lines and background intensity (c). (d)—Normalized zinc intensity, averaged by increasing area dimensions or increased

sampling spot number (e.g., 10 x 10 square = 100 spots).

In order to estimate the minimal sampling area needed for representative analysis, we
have totaled the points in Figure 6a—c to achieve squared areas of different dimensions.
Normalized signals had poor reproducibility but, after averaging over 300400 pulses, the
signal stabilized (Figure 6d). A better-normalized signal convergence was determined
when normalizing on Ca II 211.28 nm, so it was convenient to use the Zn II 206.55 nm/Ca
II 211.28 nm ratio for the construction of the calibration curve. To study this in detail,
we have drawn normal box graphs for the Zn II 206.55 nm line intensity, as well as the
signal normalized by phosphor, calcium lines and background level intensity. In order to
compare the distribution function of normalized signals, we have also normalized such
data by median normalization. According to Figure 7, the narrowest distribution was
achieved when the normalization on the Ca II 211.28 nm line was chosen. Additionally,
all normalized signal values beyond 2*sigma were considered as outliers, so data were
conditioned before the calibration curve construction step.
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Figure 7. Distributions for median normalized signals for LIBS maps: Zn II 206.55 nm (green), Zn II
206.55/P 1214.91 (red), Zn 11 206.55/Ca II 211.28 (brown), and Zn II 206.55 nm/background (blue).
The Zn/Ca ratio covered by 2*sigma was taken for calibration curve construction.

Calibration curves for zinc with a different number of averaging spots have been
constructed and are presented in Figure 8a. The calibration curves were fitted by linear
functions. For viewability, only a few of the calibration curves are shown. LIBS analytical
capabilities were compared in terms of precision, calibration curve linearity and analytical
accuracy. The accuracy of the analysis was estimated by the leave-one-out cross-validation
procedure, with the root mean square error of cross-validation (RMSECV) as the main index,
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Figure 8. (a)—Calibration curves from mapping the conditional calibration LIBS for a different
number of sampling spots, averaging 4-900 spots. (b)—Coefficient of determination (R?) and the
root mean square error of cross-validation (RMSECV) for regressions as functions of sampling
area averaging.

For small-sized sampling areas (up to 225 points), the calibration curve cannot be estab-
lished for meaningful LIBS analysis (Figure 8a): RMSECV values were in the 50-200 ppm
concentration range, which was comparable to the concentration in the reference samples.
Starting from 200-300 LIBS sampling spots, a good calibration curve can be achieved;
however, additional data points in the calibration will further improve the analysis results.
The coefficient of determination (R? factor) was systematically poorer for low-spots aver-
aging. For 250-spot sampling (15 x 15 spots square), the R? reached 0.936, so meaningful
calibration can be established, but 900 spot-averaging provided a value of R? = 0.996. The
RMSECYV value (Figure 8b) showed the same tendency, and after averaging for 300 spots,
the accuracy of analysis was in the 15-20 ppm range. It should be noted that hand-held
LIBS analyzers should be used with caution for heavy metals analysis in the heterogeneous
samples (like grist) since such devices can only automatically map small areas (max spot
of 8 x 8) and thus could not provide a representative sampling.

4. Conclusions

Here, we have presented a new approach for the analysis of heterogeneous samples
by LIBS—mapping conditional calibration. The procedure is based on the LIBS elemental
mapping of large areas, followed by signal conditioning to construct calibration curves. The
suggested mapping conditional calibration procedure will be of great interest for the onsite
analysis of heterogeneous samples, like the soybean grist pellets utilized in agriculture for
cattle nutrition. Hand-held LIBS instruments are widely employed in farming due to their
simplicity and the possibility of express analysis, so mapping conditional calibration LIBS
was verified using the laser-sampling parameters that are typical for such compact devices
(alaser spot diameter of 60 um was equal to or smaller than the typical size of grist particles,
40-500 um). Elemental maps for major components were obtained and normalized, while
the signal was conditionally chosen to skip the signal outliers. It was demonstrated for
zinc analysis in soybean grist that the suggested mapping conditional calibration LIBS
provided an accuracy of determination of 15 ppm. Furthermore, employing LIBS with the
mapping conditional calibration procedure will improve the results of an analysis in the
case of homogeneous samples, since pulse-to-pulse plasma fluctuations can be traced.
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