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Abstract Laser-induced breakdown spectroscopy (LIBS)
has been employed for the analysis of slurry samples.
Quantitative analysis of slurry samples is crucial and
challenging. The problems associated with slurry samples
include splashing, surface turbulence, and the difficulties of
obtaining reproducible samples due to sedimentation. The
LIBS analysis has achieved limited success due to inherent
disadvantages when applied to slurry samples. In order to
achieve improved measurement precision and accuracy, a
spin-on-glass sampling method was evaluated. Five ele-
ments (Al, Ca, Fe, Ni, and Si) were examined in five slurry
simulants containing varying amounts of each ion. Three
calibration models were developed by using univariate
calibration, multiple linear regression, and partial least
square regression. LIBS analysis results obtained from the
partial least square regression model were determined to be
the best fit to results obtained from inductively coupled
plasma optical emission spectroscopy analysis.
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Introduction

Laser-induced breakdown spectroscopy (LIBS) is a spectro-
scopic technique that is widely used for qualitative and

quantitative analysis of the elemental composition of solids,
liquids, and gases [1–3]. One of the main advantages of using
LIBS is the possibility of rapid analyte measurement with
little or no sample preparation. Although LIBS may be
applied to any sample forms, the use of LIBS for the direct
analysis of liquid samples is still very challenging due to
problems associated with splashing, aerosols above the
surface, and bubbling inside the liquid. The selection of
sampling configuration can greatly affect the stability and
reproducibility of the LIBS measurement for liquid samples.
Generally, liquid samples are used in the form of a static
liquid pool, droplets or aerosols, bulk flowing liquids, or
liquid streams in LIBS analysis [4–9]. Previous studies have
shown that the presence of solids and their constituent
materials and dissolved gases can influence the laser focus
and decrease the intensity of the LIBS signal. Therefore,
LIBS has achieved limited success in the quantitative
analysis of liquid samples. To reduce splashing and provide
better limits of detection (LODs), Schmidt et al. have
performed elemental analysis of solutions via LIBS by
concentrating and immobilizing metal ions into an ion
exchange polymer membrane [10]; Yaroshchyk et al. have
employed paper substrates for the quantitative elemental
analysis of used lubricating oils [11].

Applications of LIBS to slurry samples not only involve
the challenge associated with liquid sample analysis but also
the additional challenge of obtaining a valid representative
sample of the slurry. Michaud et al. have applied LIBS to the
analysis of iron ore slurries [12–14]. To overcome the
problems associated with slurry samples, they used sampler
geometry with a slurry recirculator to produce a column of
free-falling slurry for LIBS measurement [13]. They studied
the influence of particle size and mineral phase on the
analysis of iron ore slurries with LIBS and discovered the
LIBS intensity was dependent upon the particle size and on
the magnetite content [12]. An empirical correction equation
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for the calibration model was needed to correct the intensity
of either iron or silicon lines due to the variation of the
average particle size within the ore sample. Previously,
application of LIBS as a remote, real-time analytical
technique to analyze liquid radioactive wastes during the
vitrification process was explored using direct sampling and
slurry circulation systems [15, 16]. The problems encoun-
tered with direct analysis of wet slurry samples were
sedimentation, splashing, and surface turbulence. Also, water
could quench the laser plasma and suppress the LIBS signal,
resulting in poor sensitivity. Investigations on the effect of
water from slurries on LIBS spectra indicated that as the
water content decreased, the LIBS signal was enhanced with
the decrease of standard deviation. A preliminary study of
the slurry samples coated on substrates for elemental analysis
with LIBS has shown good correlation between spectral
intensity and elemental concentration [17].

For this study, a thin-coating procedure called “spin-on-
glass” was applied for LIBS analysis of slurry samples. In
this approach, the moisture in the slurry sample is near
completely removed before analysis, and LIBS measure-
ments transform from slurry samples analysis to almost
solid samples analysis. Several experimental configurations
and detection conditions were studied to obtain optimum
experimental conditions for slurry measurements. To evaluate
the quantitative measurement and the reproducibility
capabilities of the LIBS technique, the LIBS data of an
unknown slurry sample was analyzed and compared with
the results of plasma optical emission (inductively
coupled plasma optical emission spectroscopy (ICPOES))
analysis.

Experimental

Apparatus

The two experimental setups used to record the LIBS
signal from slurry are shown in Fig. 1. A frequency doubled,
Q-switched Nd:YAG laser (Continuum Surelite III, 10 Hz,
5-ns pulse width, 9 mm diameter, 425 mJ maximum) was
used as an excitation source. The laser light at 532 nm was
focused on the sample surface by using a 30-cm focal
length of fused silica convex lens. The size of the focused
spot is about 50 μm. The energies of the laser pulse used
in this work were between 8 and 44 mJ, corresponding to
peak intensities of approximately 8.2×1010 and 4.5×
1011 W/cm2, respectively. The emitted light from the laser-
induced plasma was collected either in a backward direction
or with a pick-up lens (Ocean Optics Inc. (OOI) Part No.
74-UV) aligned at a 45° with respect to the laser beam to
a 100-μm optical fiber. The distance of the pick-up lens
was 6 cm from the focal point of the laser beam. The

collected signal was sent to a broadband spectrograph (Andor
Mechelle 5000), which was integrated with the intensified
charge coupled detector. The detector head has a built-in
digital delay generator (DDG) that controls the gate delay and
gate width. To synchronize the data acquisition with the laser
pulse, the DDG is activated by a trigger pulse from the output
of a DDG (DG535, Stanford Research Systems) which is
triggered with the laser Q-switch output. The data acquisition
and analysis were performed by using a personal computer
and Andor iStar software. To obtain better signal-to-noise
data, each spectrum recordedwas an average of five shots. Ten
spectra were collected from each sample. Measurement was
performed on a rotating platform to ensure data collection
from various parts of the prepared sample. LIBS data were
collected for various rotation speeds from 1 to 3 rotation/min.

Sample preparation

Following literature procedures, to evaluate LIBS calibra-
tion for slurry analysis, five sludge simulants were prepared
and labeled as 8F, 10F, 12F, 14F, and unknown [18]. Five
analytes, aluminum, calcium, nickel, iron, and silicon, were
selected for weight percent adjustments based upon original
percentages found in 8F simulant composition. A sample
from each simulant was submitted for ICPOES analysis.
Samples from 8F, 10F, 12F, and 14F simulants were
utilized for instrument calibrations for each analyte. Table 1
contains the weight percent (dry) of these components
obtained from the identified sludge simulants. The un-
known simulant sample contained each of the selected five
components differing only in the weight percentages, but
remained within the calibration ranges used in the LIBS
experiments. LIBS data of the four slurry samples (i.e., 8F,
10F, 12F, and 14F) were collected and used to build
calibration models. The data of the unknown sample were
analyzed by using these calibration models.

LIBS experiments with liquid samples create splashing
and shockwaves, which cause poor signal reproducibility.
The slurry samples used in this study contained mostly
water (∼80%), ferric oxide, alumina, sodium oxide, and
small quantities of oxides of carbon, silicon, chromium,
manganese, magnesium, etc. [18]. To solve problems
related with liquid samples, we have evaluated the method
known as “spin-on-glass” with double-sided tape in order to
reduce water content. The slurry sample is first deposited
on a substrate (glass slide with double-sided tape), then
placed in a spin-coater machine (Chemat KW-4A) for
spinning. Samples were coated using 380 rpm for 18 s and
2,060 rpm for 60 s. By adjusting the rotation speeds,
coating thickness, sample distribution on the substrate, and
moisture removal will be well controlled. When the
substrate is at the lowest rotation speed, the coating
thickness will be adjusted, at a higher rotation speed, the
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distribution of sample on the substrate and moisture
removal are controlled. For the average of samples, upon
completion of the spin coating, excess slurry was removed,
leaving the total slurry present on the substrate about
7.8 mg. Finally, the slurry-coated substrate sample was

dried on a hotplate (55 °C) for 90 s to remove the moisture
from the sample completely. The remaining weight of the
dried slurry sample on the substrate after moisture removal
was about 2.5 mg.

Two advantages of sample preparation using this method
are (1) to ensure uniform thickness (2.5–3.5 μm) of the
slurry sample on the glass substrate and (2) moisture
content or wetness of the sample is reduced, so low laser
energy is sufficient to obtain a good signal.

Data analysis

Forty spectra from each calibration sample were used to
develop the calibration model, and ten additional spectra
of each calibration sample were used for validation of
the calibration model. Three calibration models evaluated
in this work were univariate calibration (UC), multiple
linear regression (MLR), and partial least square regression

Table 1 Weight percent of solids in the simulants from ICPOES
analysis

Analyte Sample

8F 10F 12F 14F Unknown

Al 9.52 10.3 13.4 4.61 8.09

Fe 24.6 20.6 22.4 28.4 27.1

Ca 0.65 3.78 0.78 3.11 2.22

Si 0.93 0.74 1.89 3.86 1.54

Ni 2.73 4.46 1.74 4.12 3.22
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Fig. 1 Schematic diagram of two experimental setups of LIBS
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(PLS-1) [19, 20]. The UC is based on a plot of the signal of
an analyte spectral line as a function of analyte concentra-
tion. The calibration curves were obtained from the LIBS
data of a series of known concentration samples and then
used to determine the concentration of an unknown sample.
To account for various factors that could affect the LIBS
signal, such as interference effects caused by other compo-
nents of the sample matrix or random experimental errors,
the MLR was also evaluated for LIBS calibration. The peak
area of each selected analyte line was extracted from the
spectral data of each slurry sample and normalized to the
total emission intensity. The calibration curve was obtained
by fitting the linear equation below to a set of experimental
data consisting of the measured peak area and known
concentrations of analyte. The MLR procedures estimate a
linear equation of the form:

Cx ¼ b0 þ
Xn

i

biAið Þ ð1Þ

where Cx is the concentration of the element x, and Ai is the
peak areas of the selected analyte lines. The multiple lines
can be used in the regression to improve the measurement
accuracy by correcting for the matrix effect. PLS-1, a

multivariate analysis using whole spectrum or selected
spectral regions to develop a calibration model, was also
tested in this work. Some preprocessing methods, including
multiple scattering correction, normalization, and baseline
correction, could be applied to the calibration data sets. This
analysis method relies on simultaneously fitting the intensity
of the selected spectral region and species concentration to
minimize the variance of both the spectral intensity and
species concentration. The GRAMS/AI PLSplus/IQ (Thermo
Scientific) software was used to perform multivariate
analysis for slurry data.

The predictive quality of the calibration models were
evaluated by calculating the correlation coefficient R2, root
mean square error prediction (RMSEP), and relative error
of prediction (REP) in the validation step with independent
samples. The RMSEP values are an estimate of the absolute
error of prediction for each component.

RMSEP ¼ 1

n

Xn

i¼1

bxi � xið Þ2
" #0:5

The REP is calculated as:
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REPð%Þ ¼ 100

x
� 1

n

Xn

i¼1

bxi � xið Þ2
" #0:5

where xi is the true concentration of the analyte in the
sample i, bxi represents the estimated concentration of the
analyte in the sample i, xi is the mean of true concentrations
in the prediction set, and n is the total number of samples
used in the prediction sets.

Results and discussion

Effects of laser energy and gate delay

The backward detection (Fig. 1a) and 45° detection
(Fig. 1b) configurations were used in the study of
experimental parameters and LIBS calibration. The back-
ward detection allows remote measurement but demands a
complex optical geometry. In comparison with backward
detection, 45° detection configuration needs simple align-
ment and gives high sensitivity, but it cannot be employed
for remote detection applications. In a 45° detection
configuration, a pick-up lens aligned 45° with the laser
beam was used to directly couple the LIBS signal into the
optical fiber. The LIBS spectra of spin-coated samples with
both detection configurations were collected, and it was
determined the sensitivity was improved (∼5–10 times)
with the 45° detection configuration by using low laser
energy.

The influence of laser energies and gate delays was
studied to determine the optimum experimental parameters
for quantitative measurement. The relation between the
intensity of analyte lines and laser energy at a constant
gate delay of 0.5 μs is shown in Fig. 2a. Initially, the
LIBS signal gradually increases with the increase of laser
energy and becomes constant at higher laser energy. The
relation between the intensity of analyte lines and gate
delay at constant laser pulse energy of 22 mJ is shown in
Fig. 2b. The LIBS signal decreases dramatically with the
increase of gate delay time as the gate delay less than 5 μs
and decreases slowly with the increase of gate delay time
at higher delay times. To achieve good reproducibility, the

laser-induced plasma in the measurement time frame
needs to be as stable as possible. Plasma temperatures
were evaluated for different experimental conditions and
are shown in Fig. 3. Plasma temperatures were estimated
using a Boltzmann plot of intensities of 14 spectral lines
of iron between 400 and 500 nm. As the pulse energy
began to rise above 22 mJ, the plasma temperature was
less influenced by variations of laser pulse energy. This
study indicates that laser pulse energy above 22 mJ was
required to obtain reproducible measurement in LIBS
analysis.

To further improve the reproducibility of LIBS measure-
ment and overcome the effect of pulse-to-pulse laser
fluctuation, the recorded spectra were normalized by
integral plasma emission [15]. This method significantly
reduced the matrix influence on quantitative analyses. The
measurement accuracy was also improved due to the
reduction of data scattering on the calibration graphs. To
test the selected analyte lines for measurement reproduc-
ibility, the five slurry samples were prepared on every day
prior to running the experiment. The LIBS data of these
five slurry samples were collected and normalized with the
integral plasma emission. Figure 4 shows the normalized
data of Ni 313.4 nm of the five slurry samples taken at a
period of 4 days using experimental parameter #1 (see
Table 2). As a result of this approach, the day-by-day
reproducibility improved. The relative standard deviation
from the measurements of 4 days was less than 4% (n=4,
each measurement was made on a different day).

Calibration

Model validation

Three calibration models were developed and tested. Linear
regression calibration assumes a linear relationship between

Table 2 Experimental parameters in slurry measurements (gate width,
5.0 μs)

Experiment Laser energy (mJ/pulse) Gate delay (μs)

EXP_1 22 0.5

EXP_2 22 2.0

EXP_3 22 3.0

EXP_4 8 0.5

Table 3 Comparison of univariate calibration results with different
analyte lines

Analyte RMSEP REP (%) R2

Al 308.2 nm 0.65 7.06 0.957

Al 394.4 nm 1.03 11.23 0.893

Al 396.2 nm 1.02 11.10 0.895

Ca 431.9 nm 0.17 9.15 0.984

Ca 612.2 nm 0.09 5.98 0.996

Ca 616.1 nm 0.07 5.21 0.997

Fe 561.6 nm 0.82 2.72 0.920

Fe 492.1 nm 0.80 2.54 0.925

Ni 349.3 nm 0.09 3.97 0.994

Ni 338.1 nm 0.06 3.01 1.000

Ni 345.8 nm 0.03 1.85 0.999
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the peak intensity (area) of the analyte line and the
elemental concentration. This calibration is easy to develop;
however, the relationship between signal and concentration
is not always linear due to spectral interference, matrix
effect, and variation of laser-induced plasma. A normalization
technique was applied to the calibration data to reduce those
effects. In this work, more than one line for each element was
used to check the linear behavior of the calibration curves. The
observed Si signals from the calibration samples have very
poor signal-to-noise ratio; therefore, they were not used for
this calibration. The calibration results for test data are shown
in Table 3. The high R2 values indicate that the predicted
concentrations of Ni and Ca will be more reliable as
compared to Fe and Al. The model has given relatively high
error margin due to the effect of self-absorption for predicted
concentrations of Fe and Al.

To account for various factors that could affect the LIBS
signal, such as interference effects caused by other
components of the sample matrix or random experimental
errors, the MLR was also evaluated for LIBS calibration
[21]. The peak area of each selected analyte line was
extracted from the spectral data of each slurry sample
and normalized to the total emission intensity using the
function provided by Andor iStar software. The selected
lines for the linear regression are given in Table 3. The
MLR can be a good approach to predict the unknown
concentration if the elemental concentration can be well
correlated with the intensity of a few spectral lines.
However, this method could be inefficient or inappropriate
if many spectral lines are needed or if there is significant
collinear relation between the spectral lines. The spectral
interference, such as self-absorption, can affect the
relation between spectral intensity and elemental concen-
tration. Therefore, the selection of analyte lines in the
MLR is also important. The RMSEP and REP values for
validation data using the MLR model is given in Table 4
for comparison.

A multivariate calibration can use either whole spectrum
or selected spectral regions to develop a calibration
model. There are some preprocessing methods, such as
multiple scattering correction, normalization, and base-
line correction, which could be applied to the calibration

data sets. PLS-1 was used in this work and relies on
simultaneously fitting the intensity of the selected
spectral region and the species concentration to minimize
the variance of both the spectral intensity and species
concentration. Because of the high Fe concentration in
the calibration sample (>20 wt.%), self-absorption was
found in many Fe lines. To minimize the effect of self-
absorption, only selected spectral regions were used in
the PLS regressions. Multiplicative scatter correction
(MSC) was applied to the training set to compensate
for additive and/or multiplicative effects in the spectra.
The optimum number of factors in PLS to model the
system without over fitting was determined to be six
from a series of tests. Table 5 shows the RMSEP and
REP values for validation data obtained using a PLS-1
model with a desired number of factors in the model. This
model gave a reasonably good prediction for the valida-
tion set. The REP values for Al, Ca, Fe, and Ni from the
model were all below 5%. The REP values for Si were
8.6%. Therefore, the prediction error for Si was expected
to be higher as compared to other elements. A comparison
of the test results from different calibration methods shows
that the prediction error for Al, Fe, and Ni using UC, PLS-1,
and MLR are comparable [22]. However, the PLS-1 model
gives much less prediction error for Ca.

Comparison of LIBS and ICPOES

To evaluate the quantitative ability of LIBS, the calibration
models mentioned in the previous section were tested with
the data of the unknown sample taken under the same

Analyte line selected in MLR (nm) MLR

RMSEP REP (%) R2

Al 308.21, 309.28, 394.39, 343.36 0.35 3.66 0.991

Ca 612.20, 616.85, 854.21, 396.16, 492.05 0.28 13.43 0.979

Fe 492.05, 561.56, 545.50, 396.16, 612.20 0.31 1.27 0.993

Ni 343.36, 396.16 0.08 2.42 0.997

Si 288.15, 492.05 0.46 22.59 0.921

Table 4 RMS error of MLR
models for the elemental
concentration of the validation
set

Table 5 Analysis results of validation data using PLS-1 model

RMSEP REP (%) R2

Al 0.31 3.22 0.991

Ca 0.14 6.72 0.997

Fe 0.30 1.27 0.983

Ni 0.10 2.94 0.996

Si 0.18 9.45 0.980
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experimental conditions as a calibration data. First, the
effects of experimental parameters to the LIBS analysis
were evaluated with the multivariate calibration. The test
experimental parameters are given in Table 2. The LIBS
data of the four calibration samples were taken with these
four experimental conditions and used to build calibration
models. The analysis results of unknown sample from three
different calibration models are shown in Table 6.

The results of Al, Fe, Ca, and Ni between different
experiments were tested with F statistics and indicate that
no statistically significant difference exists. The results of
Si between the different experiments show larger variation
as compared to other elements. To investigate this
variation, the Si spectral line at 288.15 nm taken from
sample 14F at different gate delay time and laser energies
was compared. The Si spectral line 288.15 nm at a
different gate delay time clearly shows a spectral interference
from an unidentified line near 288.09 nm. The intensity
ratio of Si 288.15 nm line and the interference line
288.09 nm varies with the gate delay time. It shows that
the Si detection sensitivity can be improved with longer
gate delay time. Because the spectral interference depends on
the gate delay time and laser energy, it can explain the larger
difference found in Si measurement between the different
experiments.

LIBS analyses of the unknown sample were performed
with UC, MLR, and PLS-1 regression and compared with
ICPOES analysis. The results from PLS from different days
and experimental conditions were found to be more
consistent as compared to the results obtained from UC
and MLR. The comparison between PLS analysis of the
unknown sample and ICPOES analysis is shown in Table 7.

The results for Ni were well agreed with ICPOES analysis
(percent difference less than 1%). The percent differences
between ICPOES and LIBS analyses for Al, Fe, and Ca are
all less than 8%. The LIBS-predicted Fe concentration was
found consistently lower than ICPOES analysis because the
calibration samples all contain high Fe concentration
(>20 wt.%), and most Fe emission lines suffered from
self-absorption. The small sensitivity was produced by a
less intense line for the Fe calibration curve. For the
determination of high concentration elements, the measure-
ment conducted under reduced pressure atmospheres can
significantly reduce the effect of self-absorption and
improve measurement quality.

The inconsistent result between LIBS and ICPOES for
Si was further investigated by examining the data of all
samples. One possible reason is the samples prepared for
the LIBS measurement are not representative samples due
to the mixing process (i.e., sample might not be thoroughly
mixed). However, the repeated measurements with newly
prepared samples all show the same trend. Another possible
reason is the sample viscosity has affected the sample
deposition on the slide during the spin-coating method. The
low Si intensity from sample 12F still needs further
investigation.

Conclusions

The application of LIBS to slurry samples has achieved
limited success and has some inherent disadvantages.
The quantitative analysis of slurry samples is crucial and
challenging. A good sampling method is needed to signifi-
cantly improve sensitivity and repeatability. It should also
represent true sampling of the slurry. A new sampling
method “spin-on-glass” was evaluated in this work. It
converts liquid measurement to almost solid-sample
measurement to avoid the problems associated with
liquid measurement. The results of this work show this
method improves the reproducibility and sensitivity of
LIBS for slurry sample analysis. The inconsistent results
of Si between the LIBS and ICPOES analyses indicate
further study is necessary to investigate the effect of
particulate size on this sampling method.

Analyte ICPOES value LIBS valuea±estimated uncertainty (wt.%) Relative difference

Al 8.09 8.74±0.16 0.08

Ca 2.22 2.39±0.18 0.08

Fe 27.1 24.91±0.62 0.08

Ni 3.22 3.28±0.1 0.02

Si 1.54 2.21±0.36 0.43

Table 7 Comparison between
LIBS analysis and ICPOES
analysis of unknown sample

a Values from PLS1 model

Table 6 Comparison of LIBS analysis using different calibration
models

Analyte UC (wt.%) MLR (wt.%) PLS-1 (wt.%)

Al 8.84±0.15 8.88±0.10 8.74±0.16

Ca 2.71±0.19 2.77±0.12 2.39±0.18

Fe 24.89±0.41 24.39±0.17 24.91±0.62

Ni 3.25±0.10 3.20±0.06 3.28±0.10

Si 1.18±0.13 1.93±0.27 2.21±0.36
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