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Pisonero* and Nerea Bordel*.

University of Oviedo, Department of Physics. Federico García Lorca 18, 33007, Oviedo, 
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Abstract
Nowadays, emission from diatomic molecules is frequently used for multiple purposes within Laser-
Induced Breakdown Spectroscopy (LIBS). However, these spectrally broad signals are often found 
interfered by other spectral emissions, which can be detrimental for analytical purposes. In the 
particular case of chlorine determination in cements via CaCl emission (~593 nm), the spectral 
interferences are caused by molecular CaO (~590-620 nm) and atomic Na I (~590 nm) emissions. In 
this work, a methodology to remove both CaO and Na interferences was developed and critically 
evaluated, overcoming the problematics associated with the absence of a Cl-blank cement sample 
and the variability of Na concentration in the analyzed samples. Moreover, the generation of the 
plasma in Ar- and He-enriched atmospheres was also investigated, concluding that the use of Ar is 
recommended to improve Cl determination since it yields a higher sensitivity while maintaining a 
lower contribution of the Na interferences. The suitability of the developed protocol was 
demonstrated through the successful determination of Cl content in real cement samples, with 
concentrations ranging between 0.23 and 1.5 wt.% of Cl. 
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1. Introduction
Laser-induced breakdown spectroscopy (LIBS) is a technique based on the generation and 

spectral analysis of the emission of a laser-induced plasma (LIP), which can be produced on the 
surface of any kind of material. It is typically applied for analytical purposes, since the spectral 
information obtained can be used to determine the multi-elemental composition of the material (1–

4). Moreover, LIBS is a cost-effective technique, suitable for analyzing samples in situ and without 
prior preparation. These characteristics make it very convenient for its implementation as portable 
and/or remote-controlled (standoff) devices, operating in areas with limited or no human access, 
such as underwater or even in planetary exploration (3).

The development of LIBS-based methodologies for halogen detection, and especially for 
chlorine, is increasing. For example, LIBS was recently employed to determine the presence of Cl in 
the frescoes of Pompeii (5), (6), in liquids (7), and in different salts under simulated Martian conditions 
as it is an element to be determined in samples of geological interest on Mars (8,9). In fact, the 
ChemCam instrument on the Curiosity rover reported the presence of Cl on the Martian surface 
through CaCl emission (10). Furthermore, special attention is paid to the determination of Cl in 
cements (11,12,21–25,13–20) due to possible damaging processes in reinforced concrete. Nevertheless, as 
an atomic emission-based technique, LIBS has limitations for halogen element determination in 
terms of sensitivity and limits of detection. Halogens have high ionization/excitation energies, so 
their resonant emission lines are in the VUV spectral range (<200 nm), requiring specific detection 
systems operating in vacuum (26).  Since most of the LIBS set-ups are not operated in vacuum, the 
most straightforward option is to use the less-intense lines corresponding to transitions in the VIS-
IR spectral region (600-900 nm), but their weak emission leads to a limited detection sensitivity. In 
order to overcome this drawback, several alternatives enhancing the VIS-IR signals are commonly 
employed in LIBS: (a) the generation of the plasma in a He-rich atmosphere that results in the 
reduction of background emission, improving the atomic IR signal (19–23,27–29); (b) the use of a second 
laser pulse acting as a re-excitation source that enhances the atomic signal (11,17,18,23–25); (c) the 
indirect determination of the halogen via the study of the emission from diatomic molecules 
consisting of an alkaline earth and the halogen, whose formation is likely to occur in a LIP. This last 
method has been extensively studied (5,6,35–39,8–10,30–34). The use of molecular signals yields a simple 
experimental configuration while achieving low limits of detection (LODs) and quantification (LOQ). 
Moreover, this approach is very appropriate for the determination of Cl in cements, given that Ca 
is a major compound of the material and therefore CaCl bands are present in LIPs spectra. Previous 
works successfully applied this methodology for Cl determination in concrete (12–15,17). 

The generation of the plasma in a noble gas-enriched atmosphere changes fundamental plasma 
parameters such as the excitation temperatures or the electron densities (40). As a result, 
enhancement can be achieved not only for the atomic emission, but also for the molecular emission 
of the plasma. In this line, alternatives (a) and (c) were successfully combined in cements for Cl 
determination (14,15,17), where He was used as buffering gas and Cl was detected through molecular 
CaCl signal. However, the effects of other buffering gases in CaCl signal have not been reported so 
far. Specifically, Ar is a promising buffer gas candidate since it was already used for atomic (40–42), 
and also for molecular CaF signal enhancement (43). Another substantial improvement in the 
accuracy of Cl determination involves the proper processing of the spectral interferences within the 
spectral CaCl bands, which are strongly interfered by several emission signals from CaO, Ca and Na. 
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A common alternative to overcome this problem is to apply polynomial functions to fit the 
background and then remove it (8,15). Another innovative solution was recently proposed (13), 
demonstrating that an statistical method like Partial Least Squares (PLS) is also able to minimize the 
CaO interferences from the CaCl emission for quantification purposes.  In this context, it is 
necessary to be especially cautious in the procedures of normalization and interference removal in 
order to obtain a reliable calibration with the highest sensitivity. A detailed Cl quantification 
protocol was recently evaluated using CaCl emission (B2→X2 electronic transition, v=0 
sequence), showing that spectral interference from CaO could be removed by using a blank sample, 
and employing variable integration ranges led to an improved sensitivity and a reduced uncertainty 
(44). Nevertheless, this procedure is not enough for cement samples due to their high amount of 
sodium content, as the bright orange doublet which characterizes the Na I emission spectrum (~589 
nm), significantly interferes the B2→X2 v=0 emission of CaCl (~593 nm). In addition, blanks 
containing suitable amounts of Na are often not available for the analysis of such samples, so 
further efforts are needed in order to remove this interference. Thus, the purpose of this work is to 
investigate how the application of Ar and He in the plasma surroundings affects the CaCl signal, and 
to determine the conditions under which of these gases can enhance CaCl detection. In addition, 
an improved methodology to properly deal with simultaneous interferences from both Na I and 
CaO is also developed and evaluated in order to accurately quantify Cl in cement samples 
notwithstanding their significant sodium content and the lack of suitable blank samples.  

2. Experimental

2.1 Sample features
The samples used in this work were manufactured by BAM (Bundesanstalt für Materialforschung 
und –prüfung, Berlin) and by IBAC (Institut für Baustoffforschung der RWTH Aachen Univeristät, 
Aachen), in the context of an international laboratory comparison for the determination of Cl in 
cement paste. 

Regarding sample preparation (45), water and cement (initial w/c ratio of 0.5, DIN EN 197-1 (46)) were 
homogenized in a mortar, and different amounts of NaCl were added in order to establish a specific 
Cl content (see Table 1). Then samples were dried, grounded and pressed into pellets (diameter 35 
mm, thickness 4 mm). Samples were divided into two sets: calibration samples and test samples. 
The calibration samples were based on CEM I with NaCl addition. Test samples were similarly 
produced, introducing differences in some of the samples in order to study the matrix effects. 
Specifically, the cement type was varied in samples T05 and T06, and the additive was changed to 
KCl in sample T07 (Table 1). To test the reproducibility of the methodology, sample T02 and T08 
were prepared from the same cement paste powder.

Since no blank sample was included in the provided sample set, 5 g a 98.5 % purity calcium 
carbonate powder (CaCO3, Sigma Aldrich) were crushed and pelletized under 60 s long hydraulic 
pressing at 10 tones (Specac, T-40, Atlas Series Evacuable Pellet Dies) to obtain a cylindrical pellet 
with a diameter of 32 mm and 4 mm thick, from which a clean CaO spectrum could be obtained.

Table 1. Chlorine mass concentrations in the cement samples. The table also lists the type of cement used and the 
additive employed to provide Cl. Note that the  Cl concentration for K01 is the natural content in CEM I cement paste.
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Sample Role Cement type Additive wt.% of Cl
K01 Calibration CEM I -- 0.06
K02 Calibration CEM I NaCl 0.19
K03 Calibration CEM I NaCl 0.32
K04 Calibration CEM I NaCl 0.46
K05 Calibration CEM I NaCl 0.59
K06 Calibration CEM I NaCl 0.72
K07 Calibration CEM I NaCl 0.85
K08 Calibration CEM I NaCl 0.98
K09 Calibration CEM I NaCl 1.15
K10 Calibration CEM I NaCl 1.43
K11 Calibration CEM I NaCl 1.71
K12 Calibration CEM I NaCl 1.95
T01 Test CEM I NaCl 1.51
T02 Test CEM I NaCl 0.50
T03 Test CEM I NaCl 1.02
T04 Test CEM I NaCl 0.23
T05 Test CEM II/B-LL NaCl 0.41
T06 Test CEM III/A NaCl 0.87
T07 Test CEM I KCl 0.59
T08 Test CEM I NaCl 0.50

2.2 LIBS setup
The excitation source employed in this work is a Q-Switched Nd:YAG 1064 nm laser beam (EKSPLA, 
NL301HT), operated at 5 Hz. An energy of 100 mJ per laser shot was set using an attenuator (LOTIS-
TII). The laser beam was then focused on the sample surface by means of an objective (Thorlabs, 
LMH-5X-1064, 35 mm focal length). To perform a controlled scan of the sample surfaces, a X-Y 
platform moved by two stepper motors (a commercial PImiCos GmbH VT_80200-2SM and a custom 
unit manufactured by the University of Oviedo) were used. Light from the plasma was focused 
through two plano-convex lenses (Thorlabs, LA4904-UV and LA4904-UV), forming its image on the 
spectrograph entrance slit plane. The spectrographic system was comprised by a Czerny-Turner 
spectrometer of 500 mm focal length (Andor Technology, Shamrock SR-500i-D1) coupled to an ICCD 
(Andor Technology, iStar DH734-25F-03). Noble gas-enriched atmospheres were achieved blowing 
the gases by means of a plastic nozzle of 4 mm diameter. This element was pointing the ablation 
area from 1 cm above the sample, forming an angle of 50° with respect to the surface. The mass 
flow controller (MKS Instruments) was set at 1.8 L/min for Ar and He, both supplied by AirLiquid 
(purity > 99.999 %). This conventional LIBS configuration was already used in previous studies and 
a scheme can be found in (43).
Each sample spectrum is the result of the in-software accumulation of 20 spectra from consecutive 
laser shots, all of them acquired using a grating of 1200 lines/mm positioned to collect light 
wavelengths between 577 and 610 nm. Ten spectra were acquired per sample for statistical 
purposes, so a total of 200 shots were made in each sample. These laser shots were performed 
while displacing the sample at 1 mm/s by one of the servomotors, so that each spectrum was 
obtained from a 4 mm length raster.
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3. Results and discussion

3.1 Interference removal methodology.
The first task addressed in this work was the removal of interferences searching the proper way to 
obtain reliable data. The first task addressed in this work was the removal of interferences searching 
the proper way to obtain reliable data. To evaluate the validity of the interference elimination 
procedure for all Cl concentrations, the calibration samples (K01-K12) were measured in air using a 
delay time of 50 s and a gate time of 15 s. This delay time was chosen following the results 
obtained in a previous work (44) which showed for this delay a good balance between the already 
low atomic emission intensities of Na and Ca and the still high molecular emission of CaCl in gypsum 
samples. On the other hand the gate in this study was set for the spectrum of the sample with the 
highest NaCl content (K12) to have its maximum intensity under the limit of the linear response of 
the detector (40,000 counts).
In a first data treatment step, removal of the dark current (~4000 counts) was applied to the raw 
emission spectra, followed by a spectral normalization to the background emission. This implied 
dividing the signal of each individual spectrum by the average intensity between 577.1 and 577.5 
nm, which was representative of background continuum emission. As previously described, the CaO 
signal interfering the CaCl emission (see Figure 1a) can be spectrally removed by subtracting the 
corresponding average spectrum of a Cl-free blank sample. Due to the absence of a blank cement 
sample, CaCO3 was used instead. However, the CaO spectrum obtained from the blank did not 
properly fit the CaO emission seen in cements. This is shown in Figure 1a, where normalized spectra 
(after dark current removal and background normalization) from sample K10 and from CaCO3 are 
plotted. To counter this matrix effect, the CaCO3 average spectrum (blank) was rescaled to fit each 
sample spectra at 596 nm, which represents the upper limit of the selected CaCl emission. The 
rescaling factor was between 0.98 and 1.02 in all cases. Figure 1b shows the CaCO3 sample spectrum 
after rescalation, to properly fit the background CaO emission in the K10 cement spectrum. The 
removal of CaO interference was therefore enabled by the spectral subtraction of the rescaled 
blank average spectrum (Figure 1c). 
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Figure 1. a) Spectral emission from K10 and the CaCO3 sample after dark current removal and background 
normalization. b) Rescalation of the CaCO3 spectrum. c) In blue, spectrum from K10 after the subtraction of the rescaled 
CaCO3 sample spectrum, in red the fitted Na emission spectrum and in green the K10 spectrum after interference of CaO 

and Na removal.

Once the CaO interference was removed, the removal of the Na interference was addressed. For 
this purpose, the profile of each one of the two Na I emission lines was approximated by a pseudo-
Voigt profile (see details of the fitting model in the supplementary material) (47). The least-squares 
regression was applied to the data points where the Na lines predominate, which is between 588.28 
and 590.21 nm. Note that this regression was done individually for every single spectrum after CaO 
background removal. Figure 1c shows the consistent fitting of the Na lines, enabling their removal 
by subtracting the computed profiles. Although in these spectra the residuals of the Na lines could 
not be completely removed in the range 588-590 nm, the contribution of the Na line wings to the 
spectra can be properly removed allowing then the extension of the CaCl signal integration range 
down to 590 nm in its lower limit (Figure 1c).

3.2 Optimization and selection of the buffering gas for CaCl determination
As discussed in the introduction, the generation of the plasma in a noble gas-enriched atmosphere 
changes the behavior of the plasma emission. Therefore, the possible variations in the temporal 
evolution of the CaCl emission produced by the blowing gas need to be study in order to select the 
best acquisition conditions for each atmosphere. 

Sample K03 was selected for this optimization, as it contains a low Cl concentration, but enough for 
the CaCl emission to be clearly visible. Table 2 lists the acquisition conditions at which the spectra 
were measured in each one of the 3 environments: air, Ar, and He. Note that the gate times were 
set in order to ensure that Na I emission lines (588.99 nm and 589.59 nm, respectively) remained 
within the linear response range of the detector.
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Table 2. Acquisition conditions evaluated for delay time optimization. Delay was varied from 20 to 60 s for air and He, 
measurements , while from 30 to 70 s for Ar ones since the emission decay is slower for the latter (40,43).

Delay (s) Gate (s)
20 3
30 5
40 10
50 15
60 15
70 15

Figure 2. Integrated CaCl signal from sample K03 in terms of the delay time for each medium.

All the acquired spectra were processed as reported in section 3.1, and the integrated signals for 
each condition are shown in Figure 2. Note that the integration range was fixed from 591.5 to 
594.65 nm. In case of air environment, the integrated signal remains almost constant (~45). 
Conversely, when blowing either Ar or He, the CaCl signal experiences a significant increase with 
the delay time. Particularly, acquisition delays  50 s showed higher CaCl intensities for Ar and He 
experiments. Nevertheless, it is observed that experiments in He provided Na emission lines with 
higher intensities than those obtained in Ar (Figure 3), extending its contribution to higher 
wavelengths. Although this contribution can be significantly removed by subtracting the fitted Na, 
it is convenient to firstly minimize its influence by purely experimental procedure before resorting 
to data treatment, especially for samples contain high Cl concentrations (~1%). Therefore, the use 
of the Ar atmosphere has been considered as the most favorable environment for subsequent 
calibration and quantification because of the lower Na emission intensities.  It should be noted that, 
before normalization, all the intensities of the assessed emissions (Na, CaO, CaCl, background, …) 
showed higher intensities when blowing Ar and lower for He, comparing to those in air. However, 
the reported behavior of the CaCl signal can be achieved when normalization to the spectral 
background is applied, since the assessed CaCl signal is the one relative to its background emission 
(44).
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Figure 3. Average spectra taken from sample K03, corresponding to the conditions with higher CaCl emission  for each 
medium.

3.3 Calibration performance
The calibration samples shown in Table 1 were utilized to obtain calibration curves not only under 
Ar environment but also in air, as to explicitly evaluate the analytical features improvement 
provided by Ar blowing. Note that both series were acquired at their respective optimal conditions, 
i.e. delay times of 50 and 70 s for air and Ar, respectively. After the acquisition and processing, 
interference-free spectra are obtained (Figure 4) and they can be straightforwardly integrated to 
get the net CaCl signal. Figure 4 shows a clear enhancement of CaCl emission when Ar is used, 
indicating an effective improvement in the sensitivity compared to air. It is observed that the 
detected CaCl emission extends over different spectral ranges according to the Cl concentration. 
For instance, in Figure 4 it is noticed that the CaCl bands from the sample K12 (1.95 wt.% of Cl) 
cover a spectral window of 6 nm, while that of K01 (0.06 wt.% of Cl) is restricted to a narrow 1 nm 
range. If both signals were to be integrated between 590 and 596 nm, the value for K01 would be 
significantly influenced by noise fluctuations rather than CaCl signal, increasing its uncertainty. 
Therefore, the choice of an optimum spectral integration range is crucial to obtain a reliable 
calibration. As performed in a previous work (44), a variable integration range was therefore applied, 
restricting each sample range to the spectral region in which the CaCl emission is above the 8 % of 
its maximum intensity, measured at 593.50 nm. Integrating the emission outside this boundary 
hardly contributes to the net intensity value yet might increase its uncertainty, especially for 
samples with lower Cl content.

Page 8 of 16Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Jo
ur

na
lo

fA
na

ly
tic

al
A

to
m

ic
S

pe
ct

ro
m

et
ry

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
2 

D
ec

em
be

r 
20

22
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

 d
e 

O
vi

ed
o 

on
 1

2/
12

/2
02

2 
11

:2
6:

21
 A

M
. 

View Article Online
DOI: 10.1039/D2JA00343K

https://doi.org/10.1039/D2JA00343K


9

 

Figure 4. Interference-free spectra from samples K01, K07 and K12. Solid lines represent the spectra taken in Ar and 
dashed lines that taken in air. Note that the green dotted vertical lines indicate the widest integration range. 

Linear calibration curves were obtained for air and Ar (Figure 5), relating the CaCl signal to the Cl 
concentration, and a variance-weighted least squares linear fitting was performed (48). The 
uncertainty of each data point is the stardard deviation  of the 10 net CaCl signals obtained per  (𝜎)
sample. The resulting equations are shown in the insets of Figure 5. In absence of a certified blank 
of the analyzed material, the background estimation was obtained from the lower Cl-content 
sample spectra, K01, by using a spectral region adjacent to that of the integrated CaCl signal 
(593.14-594.14 nm for air and 592.33-594.30 nm for Ar)  (49). Specifically, the integration range used 
for background integration in air was 594.14-595.14 nm, and that for Ar was 594.30-595.97 nm, i.e. 
displacing the CaCl integration windows employed for K01 to the spectral background position 
(black series, Figure 4). It should be noted that for higher concentrations a proper background 
cannot be defined, since both below 590 nm and above 596 nm, the signal is highly interfered by 
Na and CaO emissions, respectively. The standard deviation of the 10 integrated background values 
( ) was used to calculate the LODs (inset of Figure 5), using the 3  criteria.   σB σB
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Figure 5. Calibration of Cl content for the K01-12 samples through CaCl signal integration, their linear regressions 
parameters and their corresponding LODs. The red series corresponds to the air and the blue series to the Ar 

measurements. In black, the low Cl-content calibration (samples K01-06) performed in Ar with a longer gate time of 20 
s. 

As shown in Figure 5, the improvement achieved by blowing Ar in the vicinity of the plasma is clear, 
reducing the LOD from 0.036 to 0.026 wt.% of Cl. However, further improvement in the LOD was 
achieved by redoing the calibration in Ar only for low Cl concentration samples (K01-K06, Figure 5) 
employing a longer gate of 20 s. In general, the gate time of the acquisition used for calibration is 
upper limited by the spectral intensity of the sample with the highest concentration (K12), since it 
is set to avoid exceeding the linear range of the detector, as discussed above. By employing a longer 
gate of 20 s, a slight increase in the CaCl signal is achieved as well as a reduction of the spectral 
background noise ( ), resulting in improved LOD, reducing it almost by half (0.015 wt.% of Cl).𝜎𝐵

3.4 Quantification of Cl with Ar flow
To verify that the methods described in the previous sections are effective, the Cl content of the 
test samples was quantified. Due to its good performance, Ar was chosen as blowing gas. 
Specifically, the test samples were measured under the optimum acquisition conditions of 70 s 
delay and 15 s gate, analogous to the calibration of K01-K12. The determination of the Cl 
concentration was performed by calculating the predicted concentration value ( ) using the fitting 𝑥
line equation (blue and black series in Figure 6)  Uncertainties for the test samples concentrations .
(  were obtained through the partial derivative error propagation procedure applied to the  𝜎𝑥) 𝑥
expresion (48). Both the estimated concentration ( ) for each sample and its uncertainty ( are 𝑥 1𝜎𝑥) 
plotted (see Figure 6).
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Figure 6. Estimated Cl concentration for the whole set of test samples and their reference values. In red, results for the 
samples measured at 70 s delay and 15 s gate. In black, results for the low Cl content samples, measured at 70 s 

delay and 20 s gate.

As can be seen in Figure 6 (red series), the estimated Cl concentrations for T01, T02, T03, T04, T06 
and T08 samples are in agreement with the reference value of Cl concentration. However, the 
results for T05 sample (sample with a different cement type) and T07 sample (sample where KCl 
was added instead of NaCl) are slightly underestimated. Moreover, it is noticed that the analysis of 
samples containing less than 0.6 wt.% of Cl (T02, T04, T05, T07, T08) showed lower precision 
(uncertainties around 12 %, and relative deviation from the reference value of 5 %). Nevertheless, 
the use of the calibration based on low Cl concentrated samples (black series in Figure 6) resulted 
in improved precision and accuracy (uncertainties were reduced from 12 to 6% on average, and 
their relative errors from 5 % to 3 %) except for sample T07. In this last case the presence of K might 
be displacing Ca in the formation of halide molecules, resulting in less Cl available to form CaCl. This 
effect would lead to a decrease in CaCl emission, consistent with the underestimation of the Cl 
content for sample T07. 

4. Conclusions
A detailed protocol has been described and applied to determine Cl in cement samples by means 
of CaCl molecular emission from a laser-induced plasma. In particular, a discussion about dealing 
with high amounts of Na and lack of blank samples has been presented, including a method to 
spectrally remove the CaO and Na interferences. Regarding the CaO interference, it was found that 
spectral normalization to the background followed by a rescaling of a spectrum taken from a CaCO3 
sample can be used to remove this interference in absence of a blank cement sample. Furthermore, 
a pseudo-Voigt function fit was firstly used to successfully remove the interference from the Na I 
emission lines. Both Ar and He blowing were evaluated as possible sources of improvement for Cl 
determination through molecular emission, finding that both provide a remarkable enhancement 
of the CaCl signal with respect to the results in air. However, He also enhances the Na interference, 
so its use was discarded and only Ar was employed for quantification purposes. Spectral integration 
of CaCl with variable ranges was applied on the analyzed samples, showing that this method is also 
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suitable for the determination of Cl in cement matrix. It is worth mentioning that all the calibrations 
performed yielded linear behaviors, offering linear ranges of up to 2 wt.% of Cl, and achieving a LOD 
of 0.015 wt.% of Cl. The developed methodology was supported by the results obtained from the 
Cl quantification in the test samples (not considered in the calibration curves), where for all matrix-
matched test samples consistent Cl concentration values to those of the validation results were 
determined. In the case of non matrix matched samples, a slight underestimation of the Cl content 
was found in the sample containing KCl instead of NaCl as the source of Cl. 
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