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Abstract Mineral elements contained in commercially
available milk powders, including seven infant formulae
and one adult milk, were analyzed with inductively coupled
plasma atomic emission spectrometry (ICP-AES) and laser-
induced breakdown spectroscopy (LIBS). The purpose of
this work was, through a direct comparison of the analytical
results, to provide an assessment of the performance of
LIBS, and especially of the procedure of calibration-free
LIBS (CF-LIBS), to deal with organic compounds such as
milk powders. In our experiments, the matrix effect was
clearly observed affecting the analytical results each time
laser ablation was employed for sampling. Such effect was
in addition directly observed by determining the physical
parameters of the plasmas induced on the different samples.
The CF-LIBS procedure was implemented to deduce the
concentrations of Mg and K with Ca as the internal
reference element. Quantitative analytical results with CF-
LIBS were validated with ICP-AES measurements and
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nominal concentrations specified for commercial milks.
The obtained good results with the CF-LIBS procedure
demonstrate its capacity to take into account the difference
in physical parameters of the plasma in the calculation of
the concentrations of mineral elements, which allows a
significant reduction of the matrix effect related to laser
ablation. We finally discuss the way to optimize the
implementation of the CF-LIBS procedure for the analysis
of mineral elements in organic materials.

Keywords LIBS - CF-LIBS - ICP-AES - Matrix effect - Milk
powder

Introduction

Among available elemental analysis techniques, laser-
induced breakdown spectroscopy (LIBS) exhibits attractive
features, such as sensitive multi-elemental detection, rapid
response for online monitoring, easy sample preparation for
in situ measurements, high spatial resolution for surface
mapping, and standoff operation capacity for remote
sensing [1, 2]. These features have been triggering more
and more attention for its applications in various domains
[3, 4]. Quantitative analytical performance has been
extensively demonstrated for metallic alloys thanks to a
good understanding of the plasma generated from metallic
matrix [3—6]. Reliable calibration curves can be established
with reference samples which are easily available commer-
cially [7, 8]. On the other hand, a calibration-free procedure
(CF-LIBS) has been developed to extract elemental
concentrations from LIBS spectra by assuming that the
local thermodynamic equilibrium (LTE) is verified in the
plasma [9-11]. Applications of LIBS to organic materials
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were reported more recently, including qualitative analysis
[12—14] and quantitative measurements [15—17]. Compared
with metallic alloys, stronger matrix effects are unfortu-
nately expected, which makes the preparation of matrix-
matched reference samples very difficult [18, 19]. One of
the solutions to be explored is the use of the CF-LIBS
procedure which allows in principal the extraction of the
concentrations of the analytes independently on the matrix
in which they are embedded. The successful use of this
procedure for metallic alloys [20] and its application to a
number of other materials such as glasses [21], bio-
materials [22], oxides [23], minerals [24], and soils [25],
allow us to expect its good performance for organic
samples in general and especially for taking into account
the corrections made necessary by the matrix effect, in the
calculation of the concentrations of mineral elements in an
organic matrix. The question however concerns the LTE in
a plasma induced from an organic matrix. In our previous
work, on the characterization of the plasma induced from
an organic sample, such as a potato, we have demonstrated
that the LTE can be established over a certain period after
the laser impact on the sample [26]. It is therefore possible
to apply the CF-LIBS procedure to organic samples by
detecting the plasma emission in this time interval. The aim
of this work is thus to develop the calibration-free
quantification procedure with LIBS for the analysis of
mineral elements in milk powders including infant formu-
lac. The obtained quantitative analysis results are compared
with those obtained with the classical procedure, digestion
step followed by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) analysis. Such direct
comparison provides an assessment of the performance of
LIBS, and especially of the procedure of CF-LIBS, to deal
with organic compounds such as milk powders.

The organic compound analyzed in this work, milk
powder, is an essential foodstuff for which it is important to
develop sensitive and rapid elemental analysis techniques to
quantitatively determine the concentrations of mineral
elements contained in it. Such analysis is needed for food
security as well as nutrition reasons especially for infant
formulae which contain essential nutrients necessary for
child growth. To develop an analytical procedure, milk
powders can be easily digested using the classical proce-
dure with nitric acid and microwave heating to obtain
solutions with further quantification using ICP-AES. Milk
powders are also easy to be prepared in pellets for LIBS
measurements, with or without binder. In addition, milk
powders for infant and adult are commercially available and
provided together with indications of concentrations of
many mineral elements. It must be however noticed that the
commercial milks are not reference samples. Nevertheless,
the indicative concentrations are often quite reliable. The
determination of the concentrations of mineral elements in
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milk powders with ICP-AES is a well-established proce-
dure since 1980s [27-29]. Very recently, LIBS technique
was applied to breakfast cereals for the determination of
calcium concentration using the calibration curve method
with a validation by ICP-AES [30]. Some recent works
report the direct comparison between ICP-AES and LIBS
for analysis of organic samples such as plants [31, 32].
Comparing the analytical performances of these different
techniques for the quantitative analysis of mineral elements
in milk powders is also the motivation of the present work.
In the following, after a brief presentation of the
analyzed samples, the used setups and measurement
protocols, the calibration curves established with the
reference samples for ICP-AES and LIBS will be presented.
The calibration curves were then applied for quantitative
analysis of mineral elements in commercial milk powders
using LIBS. Observed large discrepancies between the
measured concentrations and the nominal values given by
the providers of the milks suggested a strong matrix effect
in laser ablation. The matrix effect was further confirmed
by the determinations of the electron density and the
temperature of the plasma and the observation of laser-
induced craters. The analytical results with the CF-LIBS
procedure will be then presented. The good agreements of
the obtained results with respect to either the nominal
concentrations or the measurements with ICP-AES demon-
strated the reduction of the matrix effect by the CF-LIBS
procedure. We will finally point out the possible improve-
ments of the experimental setup to optimize the implemen-
tation of the CF-LIBS procedure for organic materials.

Sample preparations, experimental setups,
and measurement protocols

Analyzed samples and preparation of pellets

Different milk powders were analyzed in this work,
including eight commercially available products and a
certified reference sample (BCR063 from IRMM). Among
the eight commercial products, there were seven formulae
for baby (Gallia, Guiggoz, Lemiel, Milupa, Novalac Bleu,
Novalac Rose, Nutricia) and a skimmed milk powder for
adult (Auchan), all from a local supermarket. In addition,
we prepared several combined samples by mixing the
reference sample and a powder of cellulose (04227BE-296
from Sigma Aldrich) with grain size ~20 pum at different
percentages. The mixing percentages and the corresponding
concentrations for Na, Mg, K, and Ca in the resulted
mixtures are given in Table 1. The mixed powders as well
as the commercial milk powders were pressed to obtain
pellets with a 13-mm diameter using a hydraulic press
(3 min under 10 tons). The pellets resulted from the
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Table 1 Mixing percentages and the corresponding concentrations for
Na, Mg, K, and Ca in the resulted mixtures

Percentage of the reference milk (%)  Concentration (mg/g)

K Ca Na Mg
0 0.0 00 00 00
20 3.6 27 09 03
40 7.2 5.5 1.8 0.5
50 8.8 6.7 22 0.6
60 10.6 81 26 08
80 14.2 108 35 1.0
100 17.7 135 44 1.3

mixtures between the reference sample and cellulose were
used as calibration standards for establishing the calibration
curves for LIBS experiments. The same protocol has been
successfully employed in our previous works to obtain
standards for measurements with LIBS and laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-
MS) [33, 34]. The preparation of the powders into pellets
was necessary to have better ablation efficiency and higher
repeatability of LIBS measurements.

Optimized wet digestion procedure

For the digestion of milk powders, a microwave-assisted
nitric acid digestion procedure was developed using a
microwave system (Mars Xpress, CEM uWave S.A.S). For
the analysis of major elements, Na, Mg, K, and Ca, 100 mg
of powder was placed in a closed vessel with analytical
grade nitric acid. Five replicates were prepared for each
sample in order to check the repeatability of the mineral-
isation procedure. In order to evaluate possible contami-
nations of the vessel, a nitric acid blank was analysed in
several replicates. The optimisation of the digestion was
made using the reference sample BCR063. The optimized
temperature program was as the following: during the first
15 min the temperature rose from the room temperature to
200 °C which was kept for another 15 min. The optimal
recovery was obtained for a power of 400 W. After cooling,
the digests were diluted up to 50 ml with deionized water.
The same dilution protocol was successfully employed in
our previous works to obtain standards for measurements
with LIBS and LA-ICP-MS [33, 34].

ICP-AES operation conditions
Measurements were made using an ICP-AES, JY 138

Ultrace (Jobin Yvon Horiba) modified for axial viewing.
The spectral resolution was 4 p.m. in UV and 8 p.m. in the

visible. Two photomultipliers were available for the spectral
coverage of 190-800 nm. The used operational parameters
include a generator frequency of 40.68 MHz, an incident
power of 1,075 W, a plasma gas flow of 12 I/min, an auxiliary
flow of 0.15 I/min, a nebulizer gas flow of 0.65 1/min, and a
solution uptake of 1 ml/min. The ICP-AES was calibrated
using classical standard solutions prepared from stock
solutions (Sigma-Aldrich).

ICP-AES analysis

The commercial milk powders contain a wide range of mineral
elements including, Na, Mg, K, Ca, and P with concentrations
larger than tens of milligrams per kilogram. The optimized
digestion procedure allowed quantitative recoveries with
acceptable uncertainties for Ca (108%, RSD,—_5=7%), K
(98%, RSD,-s=2%), Mg (106%, RSD,-s=1.02%), and P
(99%, RSD,,_5=4%) with the reference sample. An overes-
timation was observed for Na (115%, RSD,-s=13%). A
vessel or laboratory contamination could be suspected as Na
is a very easily contaminating element. The following study
was therefore focused on the three elements Mg, K, and Ca.
According to the developed digestion protocol, their concen-
trations in the infant formulae and the adult milk powder
were determined as presented in Table 2. The retrieved
concentrations are in good agreement with the indicative
values (nominal values).

Setup and protocol for LIBS measurements

A standard LIBS experimental setup was used in the
present investigation. Its detailed description can be found
elsewhere [26]. Briefly, the ablation source was a
Q-switched Nd:YAG laser (Quantel Brillant) operating at
355 nm with a repetition rate of 10 Hz, pulse duration of
5 ns, and pulse energy of 50 mJ. The use of UV laser pulses
increases the ablation efficiency of organic compounds
such as milk powders. The laser beam was focused on the
sample surface using a quartz lens of 5-cm focal length to
generate the plasma. The sample pellet was moved using a
stepper motor during the spectral accumulation in such way
that each laser shot had a fresh sample surface. The beam
size on the sample surface was estimated to be 500 um by
measuring the crater on the sample surface. The fluence on
the sample surface was thus 25.5 J/cm? corresponding to a
maximum irradiance of 5.1 GW/cm? without considering
the absorption by the plasma. The emission from the
plasma was collimated by a pair of parabolic mirrors which
focused the emission into the entrance of an optical fiber of
50 um core diameter. The use of mirrors to collect the
plasma emission reduces the chromatic ablation and offers a
large numerical aperture of the detection. The fiber coupled
the plasma emission into an echelle spectrometer
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Table 2 Elemental concentrations in milligrams per gram in the analyzed milk powders obtained after wet digestion and ICP-AES determination

Concentration (mg/g) Mg K Ca

Nominal ICP-AES Relative Nominal ICP-AES Relative Nominal ICP-AES Relative

deviation (%) deviation (%) deviation (%)

BCRO63R 1.26 1.34 6.3 17.68 17.38 1.7 13.49 14.51 7.6
Gallia 0.42 0.41 2.4 4.92 4.96 0.8 3.86 4.35 12.7
Guigoz 0.54 0.57 5.6 6.45 6.53 1.2 5.35 5.93 10.8
Lemiel 0.55 0.63 14.5 5.8 5.73 1.2 5.6 5.92 5.7
Milupa 0.33 0.34 3.0 4.15 3.62 12.8 4.22 4.67 10.7
Novalac Bleu 0.45 0.53 17.8 4.7 4.8 2.1 3.8 4.24 11.6
Novalac Rose 0.45 0.48 6.7 6.25 6.75 8.0 5 5.61 12.2
Nutricia 0.6 0.6 0.0 6.3 6.74 7.0 5.5 6.25 13.6
Auchan 1.14 1.19 4.4 - 17.48 - 12.6 13.35 6.0
(Mechelle, Andor Technology) equipped with an intensified
charge-coupled device (ICCD; iStar, Andor Technology).
The detection system offered a spectral range between 240 2.5 7
and 820 nm and a resolution power of A/AA=5,000. Each ] (a R*= 0.9996
spectrum was recorded by accumulating 60 laser shots. And 20
for each sample, ten spectra were measured to evaluate the ]
standard deviation. During the experiment, the lens-to- ; ]
sample distance was controlled using a locking system with 5‘: 157
the use of a laser pointer and a CCD camera. In order to 5 1
have a plasma in the local thermodynamic equilibrium § 1.0 -
(LTE) and at the same time a high signal-to-noise ratio for = ]
the spectrum detection, the position of the detection 0.5 1
window was studied and found optimal from 1,000 to ]
4,000 ns after the impact of the laser pulse. This point will 00 ]

be discussed in details later in this paper.

Experimental results and discussions
Calibration curves for ICP-AES and LIBS

As an example, we show in Fig.1, the calibration curves with
Ca Il 317.9-nm line established for ICP-AES and LIBS. The
ICP-AES calibration curve (Fig. la) established with
classical aqueous standards showed an excellent linearity
with a coefficient of determination of 0.9996. Similar results
were obtained for other elements, 0.9995 for Mg and 0.996
for K. The calibration curve for LIBS, established using the
prepared standards with mixture between the reference
sample and cellulose, exhibits a linearity but with a smaller
coefficient of determination of 0.98 as shown in Fig.1b. For
Mg 1 517.2-nm and K I 404.7-nm lines, we got coefficients
of determination of 0.971 and 0.989, respectively, for the
LIBS measurement. Self-absorption was checked for the
above used lines with the procedure described in Ref. [35],
we did not observed any noticed effect. The degradation of
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Fig. 1 Calibration curves with Ca II 317.9-nm line for a ICP-AES
and b LIBS. The experimental points are represented by circles. The
stars in (b) correspond to commercial milks and will be commented
later
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the coefficient of determination can be related to the
fluctuation of the properties of the plasma in terms of the
electron density, the temperature and the stoichiometry. This
behavior indicates that the matrix-dependent interaction
between laser and sample (the matrix effect) affected the
physical-chemical properties of the plasma and subsequently
the analytical signal. In Fig. 1b, the points measured from
commercial milk samples are also plotted. We will come
back later for detailed comments of these points.

Quantitative measurements with LIBS using calibration
curves

Calibration curves (Fig. 1b for Ca) were used to determine
the concentrations of Ca, K, and Mg in the commercial
milks. In the LIBS spectra of the samples, Ca I 317.9-nm,
K T 404.7-nm, and Mg I 517.2-nm lines were used,
respectively. Figure 2 shows the results, where the concen-
trations from LIBS calibration curve measurement are
presented in comparison with the nominal values and the
concentrations measured with ICP-AES. The error bars in
the figures represent the standard deviations of the measure-
ments. Each concentration measured with LIBS is the
average of ten measures performed within 1 h of time
interval. The standard deviations indicate therefore the
repeatability of the measurement. From the presented
results, we can see first, the standard deviations of the
LIBS measurements are in general much larger than those
of ICP-AES measurements. The averaged error bars across
all the samples were respectively 3.2%, 3.6%, and 4.0%,
for Mg, K, and Ca for ICP-AES measurements, while these
values become 17%, 9.6%, and 5.8% for LIBS measure-
ments. The repeatability of the measurement is thus
degraded for LIBS analysis. This lower repeatability can
be considered as due to the higher sensitivity of the LIBS
signal to the experimental fluctuations, such as laser energy
instability. We can also remark that the averaged concen-
trations determined by LIBS are systematically lower than
the nominal values, with an averaged bias across all
samples of 52.8% for Mg, 42.3% for K and 38.0% for
Ca. These deviations are significantly larger than those
observed for ICP-AES measurements, 6.2% for Mg, 4.9%
for K, and 10% for Ca, which is consistent with dispersions
of the actual concentrations in commercial milks with
respect to the nominal values. The observed systematical
deviation of the LIBS measurements to significant lower
values suggests a strong matrix effect which leads to a
significant difference in plasma property for the commercial
milks compared with the prepared calibration standards.
This matrix effect can also be observed in Fig. 1b where the
plasma emission intensities (Ca II 317.9 nm) for the eight
commercial milks are plotted against their nominal calcium
concentration (the stars in Fig. 1b). It is clear that all the
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Fig. 2 Quantitative analysis results with LIBS using calibration
curves compared with the measurements with ICP-AES and the
nominal concentrations for different commercial milks

obtained points lie under the calibration curve with
significant deviations.

Direct observations of the matrix effect in laser ablation

In order to confirm our hypothesis of matrix effect to
explain the systematic deviations of the concentrations
measured with LIBS for commercial milks with respect to
the nominal values, we have measured the physical
parameters of the plasma, the electron density and the
temperature, for all analyzed samples. The electron density
was determined using the Stark broadening of the Ho line
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at 656.3 nm, and the temperature was extracted from the
Saha—Boltzmann plot (SBP) using a set of calcium lines.
The line selection is very important for plasma diagnostics.
The use of the Hx line for electron density determination
has been extensively reported because it is well isolated and
broadened by a strong linear Stark effect [36, 37]. The self-
absorption is apparently absent in our measurements for
this line. For temperature determination, the used lines have
not to be affected by self-absorption. Growth curves were
used to check the linearity of the intensities of the chosen
calcium lines in the spectra obtained with the prepared
reference samples as functions of the calcium concentra-
tion. Figure 3 shows the growth curves of several calcium
lines used for the temperature determination. Here, the
intensity corresponds to the surface under an emission line.
We can see that all the chosen calcium lines have a linear
response to the concentration within the range from 0 to
14 mg/g. Such range overlaps the calcium concentrations of
all the analyzed samples. We can therefore use these lines
for temperature determination without the influence of self-
absorption. Finally, for the pure cellulose sample, the
vibrational temperature was extracted from the emission
band heads of CN molecule.

Electron density and temperature were thus determined for
the 15 analyzed samples, among them the certified sample, the
pure cellulose sample, the five prepared standards (cellulose/
BCRO063 mixtures), and the eight commercial milks. As
shown in Fig. 4, the electron density and the temperature
vary among the different samples ablated in the same
condition. The matrix effect is therefore obvious for LIBS
measurements. The reference sample BCRO063 and the
cellulose/BCR063 mixtures exhibit quite close values of
temperature with a slight increase (from ~8,300 to ~8,750 K)

] o Call307.6 nm
1.04 2 Call315.8nm
] v Call373.6 nm
{ o Cal518.9nm
- 0.8—- ¢ Cal612.2nm
_..ﬁ |
c i
g ]
£ 0.6
5 |
)
N
£ 0.4 -
S
Z B
0.2
0.0

0 2 4 6 8 10 12 14
Ca concentration (mg/g)

Fig. 3 Growth curves of the calcium lines used for the determination
of the plasma temperature
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Fig. 4 Electron densities and temperatures of the laser-induced
plasma measured for different analyzed samples

as a function of the concentration, with an average and a
standard deviation of 8,600+160 K. The electron density for
these samples shows a regular increase (from ~2.2x10'7
to ~3.9x10'” cm™>) as a function of the concentration with
an average and a standard deviation of (3.1£0.5)x 10"’ cm >,
For the commercial milks, except the “Auchan” sample, a
similar temperature is observed, 8,000+230K. This temper-
ature is significantly lower than those of the reference
samples. Concerning the electron density, a similar value of
(1.8+0.3)x10"" cm ™ is observed for all commercial milks
except the “Auchan” one. Again, the electron density
observed is significantly lower than those of the reference
samples. The “Auchan” sample is thus an exception among
the commercial milks. The temperature and electron density
measured for it, 8670 K and 3.7x10'7 ¢cm ™ are in the ranges
of the values measured for the reference samples. We can
remark that the electron density and also the temperature of
the plasma are directly correlated to the concentrations of
mineral elements, Ca and K for example, in milk samples.
These observations can be now used to explain the
results shown in Figs. 1b and 2, where we remarked that for
the commercial milks, the measured spectral intensities for
the given nominal concentrations or the measured concen-
trations deduced from the calibration curves are systemat-
ically and significantly lower than the expected values. In
fact, the electron density and the temperature of the plasma
induced from these samples are lower than those for the
prepared reference samples which were used to establish
the calibration curves. These deviations are however
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reduced for the “Auchan” sample (Fig. 4a, b). This
exception can be now understood because the electron
density and the temperature of this sample are different
from those of the other commercial milks and lie in the
ranges of the reference samples.

The matrix effect was further directly observed from the
images of the craters on the different samples as shown in
Fig. 5. We observe similar craters at the surfaces after
ablation for the pure cellulose, the pure certified reference
and the “Auchan” sample. However, the surface of the
“Guigoz” sample, one of the commercial milks for baby
exhibits a totally different aspect. The total destruction of
its surface with the disappearance of distinguished individ-
ual craters indicates a surface mechanical resistance against
laser ablation much weaker than that of the reference
samples. Such weaker mechanical resistance can lead to a
resulted plasma with lower electron density and tempera-
ture as observed in our experiments.

Consequently, the matrix effect must be taken into
account in order to achieve accurate and precise analysis.
In practice, matrix-matched reference samples need to be
prepared. Our experiments show however the difficulty to
have such reference samples especially for organic materi-
als. Even for a same type of matrix, milk powders for
instance, the matrix effect is obvious, leading to the
impossibility to apply the calibration curves. The origin of
the matrix effect can be multiple physical and chemical
reasons. For organic materials, it can be in particular related
to the mineral elements present in small concentrations in
the matrix, as we observed in our experiments. The
absorption of an organic material can be significantly
increased with the presence of mineral elements. These
elements can be easily ionized by laser radiation leading to
free electrons available for further absorption of laser

Fig. 5 Photos of craters after laser ablation on the pellets of different

samples
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radiation. The correction of the matrix effect can be quite
complex. However, as we show here, it can be quantified
with the electron density and the temperature of the plasma,
its effect may therefore be taken into account in the
calculation of the concentrations. This is precisely the idea
of the CF-LIBS procedure where the plasma parameters, in
particular the temperature, are used in the calculation of the
concentrations.

Quantitative measurement using CF-LIBS with an internal
reference element

To employ the CF-LIBS procedure, the laser-induced
plasma is assumed to be an ideal plasma [9]. In other
words, basic hypotheses, such as stoichiometric ablation,
optical thinness of the plasma and stationary plasma in the
LTE (a unique constant temperature for all species in the
plasma) are supposed to be verified. Moreover, we use here
an element with known concentration as internal reference,
since all the elements in the sample cannot be detected
simultaneously for the normalization needed in the standard
CF-LIBS procedure. Under such assumptions, the concen-
tration of a specific element «, C,, is related to that of the
reference element, C,.r by the following expression:

Co My Ug(1+85,)
Cref Mref Uref(l +Sref)

exp(Dy — Drer) (1)

where D, M, and U refer to the intercept in SBP, the atomic
weight and the partition function respectively with their
subscripts specifying the concerned element, S is the ratio
between the number densities of ions and the corresponding
neutral atoms, which can be deduced from the Saha equation.

In our experiments, due to its relative high concentration
in all samples and a large number of detected lines, calcium
was chosen as the internal reference. In addition, proper
choice of lines for CF-LIBS procedure is very important.
These lines must be well isolated without interference with
other emissions. They need to be detected with a good
signal-to-noise ratio and without significant self-absorption.
And finally, their spectroscopic data must be available. For
Ca, several lines were chosen, including two Ca I lines at
428.3 and 518.9 nm and three ionic lines, Ca I1 315.8, 317.9-
and 373.6-nm lines. For Mg and K, 517.8- and 404.7-nm lines
were used, respectively. All these lines were checked to be not
self-absorbed by the linearity of the growth curves measured
with the prepared reference samples. These lines, together
with the electron density and the temperature determined
above (Fig. 4) for different commercial milks, have allowed
us to calculate the concentrations of magnesium and
potassium in these samples with calcium as the internal
reference. In order to determine the uncertainties of the
measurements, the concentrations of Mg and K are calculat-
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ed for each of the five lines of calcium mentioned above,
which allows us to extract an averaged concentration with
corresponding standard deviations.

The retrieved concentrations are shown in Fig.6. We can
see that the concentrations for Mg and K extracted using
the CF-LIBS procedure with an internal reference element
are now in agreement with the nominal concentrations
reported by the produces within the measurement uncer-
tainties. Such uncertainties correspond to the standard
deviations of the measurements and represented in the
figures by the error bars. With respect to the nominal
values, the averaged bias of the CF-LIBS measurements
across all the samples are 17.6% and 12.1% for Mg and K,
respectively, while the corresponding deviations for the
LIBS measurement with calibration curves are 52.8% for
Mg and 42.3% for K as shown above (Fig. 2b, c). Such
improvement highlights an efficient compensation of the
matrix effect by the CF-LIBS procedure as expected. The
bias of the measurements with CF-LIBS remain however
significantly larger than those of the measurement with
ICP-AES, 6.4% for Mg and 4.4% for K with respect to the
nominal values. In addition, when comparing the repeat-
ability of the measurements, the averaged error bars across
all the samples are 4.1% for Mg and 4.4% for K for the
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Fig. 6 Concentrations of Mg and K retrieved using the CF-LIBS
procedure with Ca as the internal reference compared with the
corresponding nominal values and the measurements with ICP-AES

@ Springer

ICP-AES measurements, while these values are 24% for
Mg and 16% for K for the CF-LIBS measurements.

Discussions on the further improvements of the CF-LIBS
procedure for organic materials

The fair accuracy of the measurements with CF-LIBS
(larger bias than ICP-AES measurements) can be due to
the deviation from the ideal conditions for applying the
CF-LIBS procedure mentioned above. In fact, due to the
transient nature of the plasma, a stationary LTE state can
only be approximately realized for the plasma. Since the
LIBS signal is always integrated over a time interval to
get better signal-to-noise ratio, it is crucial to choose this
time window (delay and width) to meet the requirement
of the stationary LTE condition.

In our experiments, a detection window from 1,000 to
4,000 ns after the impact of the laser pulse was chosen for
all LIBS measurements as mentioned above. Such detection
window was chosen after the verification procedure
described in our previous works [26]. The certified
reference sample was used to study the evolution of the
plasma. Firstly, the McWhirter criterion, which requires a
minimal electron density of N,=1.23x10'® cm™ (calculated
for AE=4 ¢V and T7=10,000 K) to ensure the necessary
condition of the LTE, was checked with the evolution of the
Ho line. Our measurement showed an electron density
larger than this value up to a delay of 6,000 ns. The
sufficient condition of the LTE for a transient plasma was
checked by calculating different temperatures associated to
the different species in the plasma. Atomic and ionic lines
of calcium and molecular lines from cyano radicals CN
were used in this study. The evolutions of the different
temperature are shown in Fig. 7. We can see that the
temperature retrieved from the Boltzmann plot of ionic
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Fig. 7 Evolution of the temperatures of the different species in the
plasma
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lines and from the SBP merged together after about
1,000 ns. In addition, the molecular temperature retrieved
from the vibration temperature of CN molecules (violet
bands) exhibits the same tendency after the same delay.
Before the delay of 750 ns, the ionic and molecular
temperatures cannot be determined with enough precision
in our experiments. However, our previous work [26]
showed significant difference among these temperatures in
shorter delays. We can thus consider the LTE state of the
plasma for delays beyond 1,000 ns. We can however
remark that in this interval, the temperature varied
from ~8,500 to ~6,500 K. The integration of the LIBS
signal over this interval only provides an approximation of
a stationary plasma in LTE. This approximation may
introduce inaccuracy in the determination of concentrations
with CF-LIBS as we observed.

According to the above discussions, the search of a
stationary LTE plasma is not compatible with the need of
integrating the LIBS signal to increase the signal-to-noise
ratio. A short integration time is in principal favorable for a
more accurate measurement with the CF-LIBS procedure.
However, a short integration time automatically degrades
the signal-to-noise ratio of the LIBS signal. The attempt to
have a stationary LTE plasma necessarily restricts the
effective detection of the plasma emission in a limited time
interval. Such restriction intrinsically reduces the sensitivity
of the CF-LIBS procedure and makes its application more
difficult for minor mineral elements with very low concen-
trations in an organic matrix.

In order to improve the performance of the CF-LIBS
procedure for the quantitative analysis of mineral
elements in organic materials, it is thus necessary to
increase the sensitivity of the detection system. In our
experiment, a compact echelle spectrometer was used. It
offered a larger spectral range with high resolution. But
it suffers from a relatively low detection sensitivity due
to a small entrance port of 50-um aperture limiting its
throughput. The ideal detection system for an optimized
implementation of the CF-LIBS procedure may consist
of two parallel and simultaneous detection channels. A
first channel (diagnostics channel) with a large spectral
range but not necessarily with a high sensitivity, provides
the simultaneous detections of the Hx line for electron
density measurement and a large number of lines of a
major element, calcium for example, for the precise
determination of the temperature. A second channel
(analysis channel) with higher detection sensitivity but
narrower spectral range allows the line emissions from
one or several minor elements to be detected with high
signal-to-noise ratio. Our experiment shows that the
diagnostics channel can be a combination of an echelle
spectrometer and an ICCD, which provides satisfactory
determination of the plasma parameters. For the analysis

channel, a Czerny—Turner spectrometer for example, may
be used for higher detection sensitivity with its high
throughput. In practice however, the use of two separated
spectrometers with two independent light collection systems
may be restricting. Stack of compact monolithic spectrometers
may provide a compromise of a wide spectral range and a high
throughput [38]. Its use together with a time-resolved
detection system may be interesting for quantitative analysis
with the CF-LIBS procedure [39, 40].

Conclusions

In this work, we have measured the concentrations of
mineral elements, in particular calcium, magnesium, and
potassium, in milk powders with ICP-AES and LIBS. The
comparison of the results from these two different analyt-
ical techniques has allowed assessment and validation of
the CF-LIBS procedure applied to the quantitative analysis
of mineral elements in an organic matrix, such as milk
powders. Our results showed obvious matrix effect each
time laser ablation was involved for sampling. We have
observed in our experiments correlations between electron
density/temperature of the plasma and the concentrations of
mineral elements (Ca and K for example) in the sample.
Such matrix effect made the established calibration curves
difficult to be used for accurate quantitative analysis unless
matrix-matched reference samples are available, a difficult
task especially for organic materials.

Our results show furthermore that the plasma diag-
nostics provides a quantitative indication of the matrix
effect in terms of the variations in electron density and
temperature of the plasma. It is therefore expected that
the CF-LIBS procedure contributes to the reduction of
the matrix effect by taking into account the plasma
parameters in the calculation of the concentrations. Such
efficient compensation of the matrix effect has been
demonstrated in our experiments for the determination of
the concentrations of magnesium and potassium in
commercial milk powders. The quantitative analytical
results obtained from the CF-LIBS procedure remain
however significantly less accurate than those obtained
with ICP-AES. It is certainly possible to improve the
experimental setup used in this work for an optimized
implementation of CF-LIBS for organic materials by
using, for example, two simultaneous detection channels
respectively optimized for plasma diagnostics and for
detection of weak emission from trace elements.
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