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ABSTRACT
Name: Hervé Keng-né Sanghapi 

Date of Degree: May 5, 2017 
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Director of Dissertation: Jagdish P. Singh 

Title of Study: Laser-induced breakdown spectroscopy: simultaneous multi-elemental 
analysis and geological applications 

Pages in Study 112 

Candidate for Degree of Doctor of Philosophy 

Under high irradiation, a fourth state of matter named plasma can be obtained. 

Plasmas emit electromagnetic radiation that can be recorded in the form of spectra for 

spectroscopic elemental analysis. With the advent of lasers in the 1960s, spectroscopists 

realized that lasers could be used simultaneously as a source of energy and excitation to 

create plasmas. The use of a laser to ignite a plasma subsequently led to laser-induced 

breakdown spectroscopy (LIBS), an optical emission spectroscopy capable of analyzing 

samples in various states (solids, liquids, gases) with minimal sample preparation, rapid 

feedback, and endowed with in situ capability. In this dissertation, studies of LIBS for 

multi-elemental analysis and geological applications are reported. 

LIBS was applied to cosmetic powders for elemental analysis, screening and 

classification based on the raw material used. Principal component analysis (PCA) and 

internal standardization were used. The intensity ratios of Mg/Si and Fe/Si observed in 

talcum powder show that these two ratios could be used as indicators of the potential 

presence of asbestos. 
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The feasibility of LIBS for the analysis of gasification slags was investigated and 

results compared with those of inductively-coupled plasma−optical emission 

spectrometry (ICP-OES). The limits of detection for Al, Ca, Fe, Si and V were 

determined. The matrix effect was studied using an internal standard and PLS-R. Apart 

from V, prediction results were closed to those of ICP-OES with accuracy within 10%. 

Elemental characterization of outcrop geological samples from the Marcellus 

Shale Formation was also carried out.  The matrix effect was substantially reduced. The 

limits of detection obtained for Si, Al, Ti, Mg, Ca and C were determined. The relative 

errors of LIBS measurements are in the range of 1.7 to 12.6%. 

Gate delay and laser pulse energy, have been investigated in view of quantitative 

analysis of variation of trace elements in a high-pressure environment. Optimization of 

these parameters permits obtaining underwater plasma emission of calcium with 

quantitative results on the order of 30 ppm within a certain limit of increased pressure. 

Monitoring the variation of the trace elements can predict changes in the chemical 

composition in carbon sequestration reservoir. 
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INTRODUCTION 

Atomic emission spectroscopy (AES) has been long used by spectroscopists for 

multi-elemental analysis of material samples which could be solid, liquid or gaseous 

samples [1]. In a nutshell, under excitation, electromagnetic radiation emitted by matter is 

measured in the form of spectra which are then analyzed in order to obtain qualitative 

(identify the elements in the sample) or quantitative (relative abundance of each element) 

results. The quality of these results greatly depends on the source of excitation. In effect, 

the excitation source has led to various techniques of atomic emission spectroscopy with 

much success. Although early sources of spectra, such as flames, arcs, and sparks, laid 

down the foundation of spectrochemistry, plasma is now widely used. We can include 

microwave-induced plasmas (MIP), direct current plasmas (DCP), and inductively-

coupled plasmas (ICP) [2]. The most remarkable workhorses in atomic emission 

spectroscopy have been electrode spark and inductively-coupled plasmas with the later 

having better limits of detection [2][3]. However, these are limited by possible 

contamination and interferences from the excitation source and by the sample preparation 

procedure (digestion). The fact that the sample is prepared separately and introduced into 

the source is also a limitation of the technique in terms of rapidity. 

1 
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Laser-induced breakdown spectroscopy 

The advent of pulsed lasers in the early 1960s spurred keen research interest in the 

spectroscopic community as they began investigating its potential use [4], notably as an 

alternative source of energy and excitation to create plasmas for direct analysis. It was 

realized that the high power delivered by lasers could be used to directly vaporize and 

subsequently ionize samples thus avoiding the contamination from sample preparation 

involved in conventional inductively-coupled plasmas (ICP). This has an advantage of 

reducing the analytical time. The use of lasers for igniting plasmas subsequently led to 

other atomic emission spectroscopy (AES) techniques, such as Laser-Induced Breakdown 

Spectroscopy (LIBS) which is the topic of this dissertation. In his review article, 

Radziemski [3] traced the transformation of pulsed lasers into commercial technology 

and its implication for LIBS. The plasmas obtained from laser shots were for the first 

time referred to as Laser-Induced Breakdown Spectroscopy (better known in its acronym 

as LIBS) by Loree and Radziemski in 1981 [4]. Ever since, LIBS has steadfastly grown 

into a versatile and robust spectrometric analytical technique that could be used for in 

situ, fast and real-time analysis with results comparable with those of conventional 

inductively-coupled plasma−mass spectrometry (ICP-MS) or ICP−optical emission 

spectrometry (ICP-OES). 

Evolution of laser-induced breakdown spectroscopy 

Although the acronym LIBS was used for the first time in 1981, the first studies 

related to the LIBS technique were reported in 1962 by G.C. Dacey [5] on  unpublished 

work of W.S. Boyle. He had formed luminous plasmas on carbon and iron. However, the 

plasma obtained was not strong enough due to the use of a non-Q-switched laser which 
2 
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could not deposit sufficient energy onto the targets. Brech and Cross attempted creating 

plasmas on surface targets. Despite this novelty, the spectra were often too weak to be 

considered for analytical purposes. Finally, they used an auxiliary electrical spark to 

enhance excitation [6]. The abstract of their work which appeared in Applied 

Spectroscopy in 1962 [7][8] is considered as the first demonstration of a laser-induced 

plasma on a solid surface. The first analytical use of lasers for spectrochemical analysis 

of surfaces was reported in 1963 by Debras-Guédon and Liodec [9] using a ruby laser 

with optimized conditions for spectral acquisition. Along with the 25 elements detected 

by LIBS for the first time, the presence of molecular bands, notably AlO and CN, were 

also observed in the plasma. The elements they could not detect were due to low 

sensitivity in the ultraviolet region and to the low signal-to-background, attributed to the 

large unavoidable continuum emission [6]. Debras-Guédon and Liodec also published 

quantitative studies on determination of Cr and Ni in steel [10]. So far, most experiments 

used electrical sparks. The advent of improved Q-switched lasers made it possible to 

directly induce plasmas without electrode excitation [11]. This marked a turning point in 

LIBS. In 1964, using a pulsed Q-switched laser for direct plasma excitation of metals, 

Runge et al. [12] published the first LIBS calibration curves for Ni and Cr. 

By the 1970s, LIBS had interested many researchers across many disciplines, 

such as mineralogy, geology, metallurgy, archaeology, biology, medicine and forensic 

science; and the first book written on the subject,  by Moenke,  was published [13].  The 

first instruments were developed and commercialized by VEB Carl Zeiss (LMA 1) in 

Germany, Jarrell-Ash (Model45) in USA and LOMO (MSL-2) in Leningrad. Although 

promising, results were less impressive than those of other established AES methods, this 

3 
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was mainly due to the quality of the instruments. This resulted in a slow progress within 

spectroscopic community while fundamental research on characteristics of laser plasmas 

continue to this day. 

The appellation, Laser Induced-Breakdown Spectroscopy (LIBS), by Radziemski 

and Cremers at Los Alamos National Laboratory in 1981 to describe the breakdown of air 

using a pulsed laser to create plasmas, is considered as a new beginning of this analytical 

technique. Since then, research and publications have increased year after year. On one 

hand, this new interest can be attributed to the need of new analytical methods for certain 

conditions, such as online analysis, environmental monitoring, and harsh environments 

not feasible with current methods. On the other hand, compact and ruggedized LIBS 

systems for field applications have been made feasible with the recent development of 

optical instruments. Spectrometers with improved spectral resolution and more sensitive 

detectors and the development of intensified (and recently electron multiplying) charge-

coupled device -ICCD (EMCCD) detectors have been introduced as well as more 

compact and robust lasers. 

Significant projects have been accomplished with LIBS, such as the Chemcam on 

the Curiosity rover on Mars that uses Laser-Induced Breakdown Spectroscopy to provide 

the elemental composition of soils and rocks on the surface of Mars. Major investigations 

were to classify rocks using spectral libraries, evaluate sample heterogeneity, depth 

profiles in the rocks, identify possible organic materials through the detection of C, C2 or 

CN molecular bands, identify water on surfaces via weak OH molecular band, and detect 

hazardous elements, such as Cd, As, Pb and Be [14]. 

4 
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Since 2000, the latest developments of LIBS are often discussed in conferences 

and symposiums such as: 

 International Conference on LIBS. 

 The North American Society for Laser-Induced Breakdown Spectroscopy 
(NASLIBS). 

 Euro-Mediterranean Symposium on Laser-Induced Breakdown 
Spectroscopy (EMSLIBS). 

Theoretical background of laser-induced breakdown spectroscopy 

Before looking into the theoretical background of LIBS, let us first trace the 

origin of the word “plasma.” Plasma is commonly known as the fourth state of matter. Its 

origin can be traced back to Irving Langmuir and his works on ionized gases. In 1928 

while studying ionized gases, momentum transport due to electrostatic forces made him 

think of the way blood plasma carried red and white cells. He then related the motion in 

blood plasma to that of high velocity electrons, ions and impurities in an ionized gas and 

used the word plasma to describe this region containing balanced charges of ions and 

electrons [15]. 

A plasma can be created by the interaction of the laser pulse and the sample 

which causes breakdown in the material above an irradiance threshold (typically about 1 

GW/cm2) that depends on the material. Although creating a laser-induced plasma seems 

simple, the mechanism behind it is, however, a series of complex physical processes, 

consisting of several steps, which we can roughly group into: 

 Laser interaction with sample 

 Laser ablation (removal of small amount of sample) 

 Breakdown (plasma formation) 

5 
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Plasma formation can be described as shown in Figure1.1 

Figure 1.1 Phases of plasma formation in LIBS 

LB=incoming laser beam, S=sample, H=region of energy deposition, V=material vapor, 
P=plasma, E=element-specific emission, CR=crater, PT=particles. 
Adapted from Laser-Induced Breakdown Spectroscopy, Fundamentals and Applications 
by Reinhard Noll [16]. 

In Figure 1.1, the various steps of plasma creation are shown. Firstly, in (1) the 

surface of the sample is irradiated by a laser pulse. In (2), some of the laser energy is 

coupled into the sample material. (3) Above the irradiation threshold of the sample, the 

material starts to evaporate. (4) A plasma is ignited, followed by excitation of the 

sample’s constituents which begin to emit spontaneous radiation. From (5) to (7), the 

generated plasma decays and emits element-specific radiation representative of the 

elements present in the initial material. (8) At the end of the laser pulse and creation of 
6 
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plasma, a small sample is removed and a small crated is formed in the case of solid 

substances. 

Fundamental notions and theoretical background of laser-induced breakdown 

spectroscopy can be explained from the theory of plasma physics, which is out of the 

scope of this dissertation. However, for this experimental work, we will circumscribe our 

attention only to the mechanisms of generating a LIBS plasma which is known as laser 

ablation. 

Laser ablation 

Laser ablation is the main step through which a plasma is generated and the 

analytical figures of merit of LIBS (when using LIBS with solid target) depend largely on 

this step. According to Russo, the name "laser ablation" is just a generic name to describe 

the explosion that occurs during laser-material interaction, which is a more appropriate 

definition that does not imply a mechanism [17]. Laser ablation is the use of a pulsed  

laser to remove material from a target sample through more or less complex physical 

processes, such as melting, fusion, sublimation, ionization erosion, and/or explosion [18]. 

Depending on the laser pulse characteristics, such as energy, wavelength, and pulse 

duration, and on the physical and chemical properties of the sample,  laser ablation 

removes an amount of sample varying from hundreds of ng to μg [19]. Laser irradiance 

(energy per unit time and per unit surface area) and laser pulse duration are the most 

significant parameters and define the nature of mechanism during laser-material 

interaction. For short pulses, femtosecond (fs) lasers are used and the primary ablation 

mechanism is Coulombic explosion which is also known as non-thermal melting; 

whereas for long pulses, nanosecond (ns) lasers are used and characterized by thermal 
7 
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mechanisms (melting, sublimation, and vaporization). In between femtosecond and 

nanosecond lasers, there are picosecond lasers whose ablation mechanism could be both 

thermal and/or non-thermal [18]. 

Advantages of short-pulse femtosecond lasers over nanosecond lasers have been 

reported in several studies. Eland et al. [20][21] and Russo et al. [22] showed that short 

pulsed lasers have high precision of sample ablation, lower continuum background, and 

faster plasma dissipation as compared to nanosecond lasers. When a femtosecond laser is 

used, the  non-interaction of laser radiation with plasma minimizes background emission; 

coupled to the faster plasma dissipation, temporal resolution of the plasma is not needed 

for these short laser pulses when associated with high laser pulse rates [20][21][22]. 

Ablation efficiency with femto-, pico- and nanosecond pulses has been compared as well. 

At atmospheric pressure, the best efficiency was observed for a femtosecond laser [23] 

[24]. 

Most LIBS experiments are done with nanosecond neodymium: yttrium 

aluminum garnate (Nd: YAG) lasers. Femtosecond and picosecond ablations are 

extensively discussed in [18]. For the work presented in this dissertation, a nanosecond 

pulsed laser was used. 

Nanosecond ablation 

The duration of the laser pulse plays a crucial part in ablating material. 

Comparing its duration to the characteristic lattice vibration period of the material, one 

can better understand the subsequent processes that follows when the surface of the 

material is irradiated sufficiently above the breakdown threshold.  With a nanosecond 

laser, the pulse duration is longer than the time required for electron-phonon interaction 
8 
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and thermal conduction. This permits significant absorption of laser radiation and heat 

transfer into the material with an increase in surface temperature. With irradiance levels 

of about 108 W/cm2 within the nanosecond scale regime, the material is thermally 

vaporized though non-thermal ablation. If the irradiance is high enough, distinct phase 

transitions are observed from solid – liquid – vapor – plasma might coexist [18][25][26]. 

Because of the long pulse duration, the trailing laser pulse lasts during plasma formation 

and expansion; and reabsorbed by the induced plasma. The plasma is reheated and an 

increasing ionization degree is observed, causing what is known as plasma shielding [18]. 

Plasma ignition 

Without preexistence of conduction electrons in the focal volume of the laser 

beam, it would be difficult to create a LIBS plasma. Electrons might be viewed as the 

receptacle of laser radiation in order to prompt laser-matter interaction from which a 

plasma is created. However, these conduction electrons depend on the sample material. 

Conductors provide free electrons already while dielectrics need a minimum energy large 

enough to overcome the band gap, transferring an electron from the valence band to the 

conduction band. In order to observe plasma ignition or breakdown, it first requires 

precursor electrons to then generate sufficient electron and ion densities. The absorption 

of photons by electrons (known as inverse Bremsstrahlung) initiates a cascade or 

avalanche of ionization. The main ionization processes are multi-photon ionization 

(simultaneous absorption of many photons by electrons to be ejected from the conduction 

band) and thermionic emission (absorption of laser radiation by free electrons).  In real 

situations of LIBS, initial electrons are produced by the laser pulses and are accelerated 

by the electric field in the optical pulse during collision with neutral species, thus causing 
9 
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thermalization of electrons. Electrons gather enough energy to ionize an atom or 

molecule, generating a cascade of electrons necessary for the formation of a plasma. 

Thermal processes being dominant in nanosecond ablation as laser pulse-surface 

interaction last, a rise of temperature at the material surface is observed, which eventually 

leads to melting and vaporization of the material [18][25][26][27][28]. 

Plasma expansion and emission 

Once a plasma is formed, it evolves rapidly towards the laser source. Plasma 

expansion is closely linked to the details of the resulting ablation, that is, the amount of 

mass removed, the pressure of the environment, laser characteristics (such as the energy 

delivered and the beam’s spot size) [27]. As the plasma cools down, it emits neutral and 

ionic atomic lines and possibly molecular bands. These spectral emissions depend on the 

intrinsic properties of the constituent atoms and the excitation conditions. Also, a broad-

band continuum, resulting from electron–ion recombination and free–free interactions, is 

superimposed on these emission lines. Electron-ion recombination gives rise to radiative 

emission transitions when ions capture an electron with a transition to a bound energy 

state. Free-free interactions result in free-free emission transitions after loss of kinetic 

energy by an electron in the field of an ion. The loss of kinetic energy by an electron 

induces a deceleration of the electron, known as Bremsstrahlung [1][18]. In order to 

optimize LIBS analytical lines, spectra are temporally resolved with emission being 

recorded within a gate delay with minimum continuum emission. Time evolution of the 

LIBS signal after initial laser pulse is shown in Figure 1.2. 
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Figure 1.2 Time evolution of continuum and line radiation 

Atomic, ionic and molecular emission time window. Adapted from Laser-Induced 
Breakdown Spectroscopy: Fundamentals and Applications by Miziolek [1]. 

Plasma characterization 

Although LIBS presents great advantages, qualitative and quantitative 

information from collected spectra depend on plasma quality. LIBS plasmas, in which 

electron collision is the rate-determining mechanism, can be described by a state known 

as Local Thermodynamic Equilibrium (LTE). In this state, the collision processes must 

be much more important than the radiative ones so that the non-equilibrium of radiative 

energy can be neglected, while for every point within the plasma, it is still possible to 

find a temperature parameter that satisfies the Boltzmann, Saha and Maxwell 

distributions. Thus, the plasma electronic excitation temperature, Te, and the electron 

density, Ne, which can be derived from the plasma emission data, can be used to describe 

the plasma characteristics [1]. Besides the LTE condition, the plasma should also be 

optically thin and stoichiometric. Stoichiometry refers to a plasma whose elemental 

composition is representative of the sample under study. An optically thin plasma refers 

to a plasma which is transparent so that radiation from the plasma volume is able to 
11 
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escape without being reabsorbed or scattered. Emission lines from the lowest excited 

energy levels to the lowest energy level (the ground state) have the largest probability of 

being reabsorbed. These lines are called resonance lines and the phenomenon is known as 

self-absorption. Self-absorption is characterized by a broadened spectral profile with a 

flat peak.  A plasma is characterized by evaluating the electron plasma temperature and 

electron density. 

Plasma electron temperature 

Depending on the experimental conditions, various methods, such as the relative 

intensity ratio, Doppler profile or Boltzman plot are used. However since obtaining 

accurate relative intensities is difficult and the Doppler effect is not  the main cause of 

broadening in LIBS, many lines are chosen to produce a Boltzmann plot, from which the 

temperature is graphically obtained. The Boltzmann plot equation is used for this purpose 

(Equation 1.1) [1]. 

𝐼𝑖𝑘𝜆𝑖𝑘 𝐸𝑘 ln ( ) = − + ln ( 𝑛𝑠 
) (1.1) 

𝑈𝑠(𝑇)𝑔𝑖𝐴𝑖𝑘 𝑘𝐵𝑇 

where I(a.u) is the line intensity, λ(nm) is the wavelength, gi the statistical weight 

of the upper energy level  and A(s-1) the transition probabilty of the atomic levels, E(eV) 

the energy, kB(eV/K) is Boltzmann constant, T(K) is the temperature, ns(cm-3) and Us are, 

respectively, the partition function and the number density of specie s. (i corresponds to 

the upper energy level and k corresponds to the lower energy level). The atomic data are 

taken from the online NIST Atomic Spectra Database [29]. The plot of the left-hand side 

of (Equation 1.1) against Ek yields a slope (-1/kBT), from which the temperature T is 

readily obtained. 
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Plasma electron number density 

Stark broadening and Saha-Boltzmann methods are used for measuring the electron 

number density Ne [1]: 

𝛥𝜆𝑆𝑡𝑎𝑟𝑘 = 2𝑤 ( 𝑁𝑒 ) (1.2) 
1016 

where Δλstark(nm) is the full-width-at-half-maximum (FWHM), w is temperature dependent 

and represents the electron impact parameter, often referenced from Griem [30]. 

𝐼𝐼 𝐼 3 
𝐼 𝐼𝐼 𝐸𝑖𝑜𝑛+𝐸𝑖 −𝐸𝑘 2(2𝜋𝑚𝑒𝑘𝐵𝑇)2 𝐼𝑚𝑛𝐴𝑖𝑘𝑔𝑖 𝑘𝐵 𝑇 𝑁𝑒 = 

𝐼 𝑒 (1.3) 
ℎ3 𝐼𝑖𝑘

𝐼 𝐴𝑚𝑛𝑔𝑚 

where me(kg) and h(eV.s) are the mass of electron and Planck’s constant, 

respectively; mn, ik, Aik, Amn, gi, gm, Ei, Ek, kB and T are defined as before. (m and i 

correspond to the upper level  while n and k correspond to the lower level.) Eion, indicates 

the ionization energy, I and II are different ionization states. Typical electron densities of 

laser-induced plasmas range from 1016 to 1019 cm-3 [1]. 

Principle of laser-induced breakdown spectroscopy 

Plasma is produced by the interaction of the laser pulse and the sample (liquid, 

solid or gas). As the plasma decays, it emits specific radiation for each element contained 

in the plasma which is assumed to be stoichiometric (that is having the same composition 

as the sample). This emission is then spectrally and temporally resolved and detected by 

means of a spectrometer associated with an ICCD camera. Laser-induced breakdown 

spectroscopy relies on the analysis of spectra obtained from well characterized plasmas. 

By measuring the line intensities and wavelength of the emitted species, one can analyze 

the data and obtain qualitative results (uniquely characterize corresponding atoms, ions, 

and molecules; subsequently asserting their presence in the plasma) and quantitative 
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results (how much of an element do we have in the sample). This is in summary, the 

principle of LIBS as outlined in Figure 1.3. 

Figure 1.3 Principle of laser-induced breakdown spectroscopy 

Advantages of laser-induced breakdown spectroscopy. 

Compared with other chemical analysis techniques, the laser-induced technique is 

advantageous because of: 

 Its relatively fast response time, real-time capability with results available 
instantly. 

 Minimum sample preparation. 

 Experimentally simple setup and adaptability to a variety of different 
measurement scenarios. 

 Ability to sample gases, liquids, and solids. 

 Good sensitivity for some elements (e.g., Cl, F, C) that are difficult to 
monitor with conventional AES methods. 
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 Using only optical emission, it allows remote sensing and in situ analysis 
useful in hazardous and otherwise inaccessible situations. 

 Limits of reproducibility due to variation in laser spark and resultant 
plasma. 

Despite these advantages, the figures of merit of laser-induced breakdown 

spectroscopy are constantly being improved to compete with traditional chemical analysis 

techniques. 

Factors affecting analytical capability of laser-induced breakdown spectroscopy. 

Even though the detection limit is typically in the parts-per-million (ppm) range, 

LIBS’ main drawbacks are its precision and accuracy. These drawbacks are the direct 

consequences of the very advantages of the technique. For analytical purposes, it is 

assumed that the LIBS plasma is optically thin, in local thermodynamic equilibrium, and, 

most importantly, stoichiometric. In effect the stoichiometric conditions of LIBS, 

suggests that the elemental composition of the plasma is representative of the elements in 

the original sample under investigation. 

Sample preparation and sample environment 

The little or no sample preparation affects the homogeneity of the sample; 

because laser ablation only removes a few ng of the original sample, the ablated mass 

might not be homogeneous and the accuracy is affected. To improve the homogeneity, 

we rotate the sample on a platform so that each laser pulse hits a fresh spot.  Accuracy 

and precision are improved by recording multiple spectra and averaging them. Regarding 

the sample environments, elements not part of the sample may contaminate the plasma. 

These contaminants might be from the surrounding gases, like oxygen or nitrogen, or the 
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carbon ensued from the ablation in air. However, these lines can be discarded by through 

spectral line selection based on prior knowledge of the sample. If a strong line of one 

element is observed, other lines of the same element should also be present. If multiple 

lines of this element are not found, this spectral line is considered not to be from the 

initial sample. Prior to recording the analytical spectra, background measurements are 

first taken and later subtracted from the sample measurements. This helps remove lines 

which do not originate from the investigated sample. 

Laser energy and background continuum. 

Fluctuations of the laser energy also affect the reproducibility of LIBS plasmas 

and hence the emission intensity that varies from one laser pulse to another. The fast 

decay of the plasma also requires that emission is recorded before the plasma completely 

cools down while avoiding the continuum. This is often achieved by using gated devices, 

like intensified charge coupled device (ICCD) detectors, to select an appropriate gate 

delay (td) and gate width (tw). Gate delay is the time delay between plasma formation and 

the recording of the plasma emission. Gate width is the time over which the plasma 

emission is recorded. The gate delay is optimized by plotting the signal-to-noise ratio 

(SNR) and the signal-to-background ratio (SBR) against time. Thus, with appropriate 

experimental conditions, most of these drawbacks can be substantially reduced. 

Qualitative analysis 

Qualitative analysis consists of identifying the presence of a given element in a 

sample from the recorded spectra. To do this, one might consider various parameters like: 

 Knowledge of the sample. This helps eliminate other spectral lines unless 
the sample is contaminated. 
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 Relative intensities of the lines from reference tables like the NIST atomic 
database which are then compared the LIBS spectra. 

 The ionization stage of the element. Neutral species are preferred over 
doubly or triply ionized species when these lines interfere. 

 Multiple strong lines of the same element. If one strong line of one 
element is observed, others should also be present. 

Quantitative analysis 

Quantitative analysis relies on calibration curves. These curves are used to relate 

the amount of analyte (concentration or mass) to the measured response (intensity). In 

order improve the precision and accuracy of LIBS, emission lines used should be 

carefully selected such that they are not affected by spectral interference and self-

absorption. 

Univariate calibration is commonly used as a standard approach to obtain 

quantitative information, like concentration and limit of detection (LOD), from LIBS 

spectra. LIBS analysis assumes the plasma to be optically thin and stoichiometric. With 

these assumptions, one can write the spectral line intensity Iij as follows 

Iij=FCs (1.3) 

where F is the experimental factor and Cs the analyte concentration. However, it 

is difficult to handle shot-to-shot variations of the laser pulse and matrix effects 

(influence of physical and chemical properties of sample on the emission lines) 

associated with LIBS by this method,  even though an internal standard has been used to 

reduce these effects to some extent [1] [27]. Multivariate approaches which are well 

established for inductively coupled plasma−optical emission spectrometry (−mass 

spectrometry)  (ICP-OES or ICP-MS) [31][32][33][34][35], have been applied to LIBS 

with satisfactory results, using partial least squares (PLS), principal component analysis 
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(PCA), and multiple linear regression (MLR). PLS has been used to analyze precious 

metals and to quantify major elements in heterogeneous and homogeneous samples from 

time-unresolved spectra [36][37]. Elemental analysis of igneous rock powders has been 

demonstrated for prediction of major element compositions [38]. Ayyalasomayajula et al. 

used three calibration approaches (univariate calibration, MLR and PLS) for the study of 

slurry; the results with PLS corroborated those of ICP-OES [39]. Stipe et al. compared 

univariate and PLS for steel samples, based on their standard and relative error of 

prediction (SEP) and (REP), respectively. Predictions made with a calibration model 

using iron as an internal standard resulted in the lowest REP. They found that for 

manganese and chromium, PLS performed as well as the internal standard method. They 

reported that  the REP for all elements may be improved by optimizing experimental 

parameters, such as lens-to-sample distance, laser pulse energy, and spectrometer delay 

and gate times, which they  held constant in their study [40]. 

 Principal component analysis (PCA) seeks the hidden structure within a 
large set of complex data, such as spectroscopic data. The input to the 
PCA calibration method is the peak information obtained from analysis of 
the spectral data. The most significant information carried by the original 
variables are projected onto a smaller number of latent variables called 
principal components (PC). From these projections, the loading plots and 
score plots provide information on the relative contribution of the various 
spectral lines being used. 

 Partial least squares regression (PLS-R) provides a calibration model for 
the relationship between a set of predictor variables X (spectra) and a set 
of response variables Y (concentration). If the spectral data contain 
information about the properties (concentration) of interest, a reliable 
calibration model can be constructed. The samples with known elemental 
concentrations are used to create a model relating Y to X that is used to 
predict the concentrations of unknown specimens. 
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Analytical figures of merit of LIBS 

For laser-induced breakdown spectroscopy, like other analytical chemistry 

techniques, its analytical capabilities are evaluated from its figures of merit. Amongst 

these are the limit of detection (LOD), precision and accuracy which are commonly used 

[27]. Limit of detection (LOD) is defined as the smallest concentration of an analyte that 

can reliably be detected given an analytical technique [41]. 

𝑐𝜎𝑠 𝐿𝑂𝐷 = 3 
𝐼 { 𝜎𝑠 (1.4) 

𝐿𝑂𝐷 = 3 
𝑆 

 where c, I, and σs are the concentration, intensity, and standard deviation 
of the blank measurement of the lowest concentration, respectively. S is 
the slope of the univariate calibration curve. 

 Precision describes the measurement repeatability which is often affected 
by the shot-to-shot instabilities of laser pulse, which perturb the plasma. 
This repeatability is also affected by the homogeneity of the sample. 

1/2 (𝑥𝑖−𝑀)2 
𝑠𝑑 = [∑ ] (1.5) 

𝑛−1 

 where sd, xi, M and n are the standard deviation, value of ith measurement, 
averaged measurement and the total number of measurement, respectively. 

 The percent accuracy error %RA is used to measured how close a 
measurement (CLIBS) is to the reference value of the concentration (Cref). 
This reference value is given by certified samples or standard techniques 
like ICP or mass spectrometry. 

|𝐶𝐿𝐼𝐵𝑆−𝐶𝑟𝑒𝑓|
%𝑅𝐴 = (1.6) 

𝐶𝑟𝑒𝑓 

Research motivation and objective 

Quite often in elemental analysis, the sample under investigation does not contain 

only a single element. Rather it is made of several elements. It then becomes onerous, 

expensive and above all time consuming to proceed with the analysis one element at a 
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time when fast response is required. A multi-elemental approach would therefore be the 

best option. Laser-induced breakdown spectroscopy by its simplicity, little to no sample 

preparation, and broad wavelength (ultraviolet to visible) coverage can record within a 

single spectrum, almost all elements in the periodic tables in a very short time. Hence, 

offering a possibility of simultaneous multi-elemental analysis with results than can be 

available in real time, and by this, reduce the analytical time. Also, in certain cases, the 

samples are found in harsh or difficult to reach environments, such as geological samples. 

As such, in situ analysis becomes almost impossible with conventional analytical 

chemistry techniques. However, the optical emission nature of LIBS makes it suitable for 

remote sensing and analysis in such environments. Laser-induced breakdown 

spectroscopy was then used for simultaneous multi-elemental analysis and geological 

applications. The objectives of this dissertation were to: 

1. Use LIBS as a tool for multi-elemental analysis and develop a screening and 

classification pattern for pharmaceutical products. 

2. Analytically reduce matrix effect in matrices with varying concentrations through 

a case study of slags. 

3. Use LIBS for elemental characterization of geological samples through a case study 

of shales. 

4. perform LIBS studies for elemental analysis with application to underwater carbon 

sequestration. 

To achieve these objectives, several samples were used, notably solids and 

liquids. The solids employed were in powder form. Univariate and multivariate analyses 
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were used for qualitative, and quantitative analysis and results compared with those of 

standard techniques, namely inductively coupled plasma-optical emission spectroscopy. 

Dissertation structure 

This dissertation focuses on applications of laser-induced breakdown 

spectroscopy to pharmaceutical products, slags, and geological samples. The chapters 

hereinafter (except Chapter 2 which is under peer-review process to appear in 

Spectrochemica Acta Part B: Atomic Spectroscopy journal and chapter 5 which is in 

preparation to be submitted to the same journal) are peer-reviewed published journal 

articles. For this reason, they are structured as self-contained entities. 

Chapter 2: Feasibility of rapid multi-elemental analysis and screening of cosmetic 

powders based on the raw material used is investigated in chapter 2. Most cosmetic 

powders are essentially made from talc because of its softness. However, the potential 

presence of asbestos in talc is of concern in pharmaceutical products and their cosmetic 

usage. The similarity in the chemical structure of talc and asbestos coupled to the fact that 

they occur in the nature together have raised concern about asbestos-free talcum 

cosmetics. An alternative raw material (amongst which is starch) is now considered. 

Chapter 3: A byproduct of coal gasification is characterized by analyzing its 

elemental composition. An inductively coupled plasma is often used for this purpose. We 

propose the use of LIBS for its simplicity and capability of real time analysis. Chapter 3 

has been published in Spectrochemica Acta Part B: Atomic Spectroscopy. 

Chapter 4: In this chapter, we are interested in the determination of elemental 

composition of geological samples using laser-induced breakdown spectroscopy. The 

case study of Marcellus shales is investigated for its potential use in the carbon 
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sequestration process. This chapter has been published in Spectrochemica Acta Part B: 

Atomic Spectroscopy. 

Chapter 5: Optical emission of underwater plasma with application to carbon 

sequestration is performed in this chapter. The effects of high pressure on the plasma and 

the quantitative analysis of trace elements is studied. 

Chapter 6: Research summary and recommendations on future work are 

presented. 
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MULTIVARIATE APPROACH FOR QUALITATIVE ANALYSIS IN LASER-

INDUCED BREAKDOWN SPECTROSCOPY CASE OF COSMETIC 

TALCUM POWDER1 

Abstract 

In the present study, laser-induced breakdown spectroscopy was applied to talc-

and starch-based baby powders for elemental analysis, screening and classification based 

on the raw material used. Major elements, such as Si, Fe and Mg, were qualitatively 

identified as well as minor elements, such as Ca, Na and K. CN molecular bands were 

identified in the starch sample. With the aid of principal component analysis (PCA) and 

internal standardization, talc-based cosmetic powder could be differentiated from starch-

based. Principal component analysis further showed that Mg was the main element 

responsible for the grouping of the samples into starch- versus talc-based. The PCA 

results also attributed the subgrouping within the talc-based powder to Ca. The 

combination of internal standardization with Si as internal standard and principal 

component analysis approaches showed that LIBS can be used for rapid elemental 

analysis and classification of cosmetic powders. The low intensity ratios of Mg/Si and 

1 Most of the content in this chapter is adapted from a paper to be submitted authored by Hervé K. Sanghapi 
with participation of Bader Alfarraj, Charles Ghany, Krishna K. Ayyalasomayajula, Fang Y.Yueh, Jagdish 
P. Singh, A. Farooq and A. Muhammad. 
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Fe/Si observed in talcum powder show that these two ratios could be used as indicators of 

the potential presence of asbestos. 

Introduction 

Most cosmetic powders are essentially made from talc because of its softness. 

However, the potential presence of asbestos in talc is of concern for human health and in 

pharmaceutical products [1] [2]. Talc is a hydrated magnesium silicate with chemical 

formula Mg3Si4O10(OH)2 which is similar to that of asbestos, a naturally occurring 

hydrated silicate. The similarity in the chemical structure of talc and asbestos coupled 

with the fact that they occur in the nature together have raised concerns about asbestos-

free talcum cosmetics [3]. The production and use of asbestos-containing products are 

regulated and in some countries, like Japan, a content of more than 1% is prohibited [4]. 

According to several authors, perennial application of talcum-based products is 

susceptible of causing endometrial and ovarian cancers, based on its similarity to asbestos 

[5][6][7][8]. Nowadays alternative sources, like cornstarch, are found on the market in 

replacement of talcum. Whysner and Mohan [9] assessed the ovarian cancer risk for 

perineal application of starch and talc. In comparing the chemical natures of the two 

powders, he observed that whereas associations between talc exposure and ovarian cancer 

could suggest causal relationship, the application of powder containing cornstarch 

exclusively is not predicted to be a risk factor for ovarian cancer. There is a need for 

careful chemical analysis by manufacturers to make sure that talc used in cosmetics is 

asbestos free. 

Analytical techniques, such as transmission electron microscopy (TEM), scanning 

electron microscopy equipped with energy dispersive X-ray spectroscopy (SEM–EDS), 
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and polarized light microscopy (PLM), have been used to investigate the presence 

asbestos. Light scattering and Raman spectroscopy have also been used [10][11][12]. 

Gordon et al. [13] reported the presence of asbestos in cosmetic talcum powder as a cause 

of mesothelioma in women; they used TEM in conjunction with EDS and selected-area 

electron diffraction (SAED) to determine asbestos fiber number and type. However, these 

techniques are cumbersome, time consuming and require significant hands-on 

experience. Sometimes these techniques are suitable only for elements with atomic 

number Z>28. The low concentration and small dimensions of asbestos fibers also make 

their characterization difficult [14].  Consequently, there is a need for simplified, fast and 

sensitive technique capable of analyzing all elements and laser-induced breakdown 

spectroscopy is such a technique with detection limits on the order of ppm. LIBS has 

been proposed to characterize various types of asbestos (Chrysotile, Crocidolite, 

Amosite, Anthophyllite, Actinolite, and Tremolite). The intensity ratios of Mg/Si and 

Fe/Si were used as intrinsic characteristic of asbestos [15] [16]. Caneve et al. [15] 

reported a correlation between the intensity ratios (Mg/Si and Fe/Si) of LIBS and the 

concentration ratios (Mg/Si and Fe/Si) from energy dispersive X-ray spectroscopy (EDS). 

A good linear regression fit was used to confirm the proportionality between the ratios of 

intensity and concentration for the chosen pairs of elements. 

Laser-induced breakdown spectroscopy (LIBS) is a robust analytical technique 

with greater prospects as presented by Winefordner et al. [17] and several textbooks on 

LIBS have been published on this technique [18][19][20] [21]. LIBS consists of 

generating a plasma by focusing a laser pulse on the sample. The optical emission from 

the plasma collected by a spectrometer, is used for qualitative analysis (identification of 
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elements) and for quantitative analysis (sample composition through calibration curves). 

Temporally and spatially resolved plasmas provide great advantages over other standard 

analytical techniques. Without being exhaustive, amongst others advantages, are LIBS’s 

ability for in situ and stand-off analysis due to the use of fiber optics, multi-elemental 

analysis at low and high atomic number, real time and fast analysis, and little sample 

preparation [21]. These features have made LIBS a workhorse in many disciplines 

(material science, forensic science, biological science and chemical and pharmaceutical 

industries) and used extensively on solids, liquids and aerosols [20][22]. 

Despite the versatility of LIBS, its application to direct analysis of powder 

samples has been a major challenge due to the amount of sample that gets and subsequent 

scattering during radiation by laser pulses. To overcome such an undesirable effect, 

pellets have been used [23][24][25][26]. The sample is mixed with a binder, such as 

polyvinyl alcohol (PVA), and then pressed into pellets. This technique is limited by the 

procedure cost and sometimes the sample available is too small to make a pellet. 

Alternative methods of LIBS operating under low-pressure ambient gas have been 

reported with spectrochemical analysis being performed directly on  powder samples 

with the disadvantage that it might be denatured in the process [27][28][29]. A thin film 

using an ultraviolet Nd:YAG laser at 355 nm has also been used, but films may suffer 

from inhomogeneity [30]. In this work, we used a simple and low-cost sampling method. 

It consists of sticking a double-sided tape on a laboratory glass slide and uniformly 

distribute a small amount of sample on the other side of the tape. Elemental analysis of 

cosmetic powder is herein reported using LIBS. 
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The figure of merit of LIBS relies on the quality of the emission lines obtained 

from the plasma. Although capable of multi-elemental analysis, spectral interference with 

LIBS is common and affects the peak identification and calibration curves. However, 

plasmas can be temporally and spatially resolved in order to mitigate this. Data 

processing techniques have also been developed to minimize spectral interference and 

background reduction in order to improve quantitative analysis of LIBS [31][32][33]. 

Amongst these  multivariate analysis has been used to improve the quantitative results of 

LIBS, notably by applying partial least squares regression (PLSR), principal component 

analysis (PCA) or multiple linear regression (MLR) [34][35][36][37][38]. Principal 

component analysis, which is a more qualitative approach, is used principally for 

classification [34][39][40]. Principal component analysis seeks the hidden structure 

within a large set of complex data such as spectroscopic data. 

In the present study, we qualitatively investigated cosmetic powder using laser-

induced breakdown spectroscopy. Intensity ratio and multivariate principal component 

analysis are used to screen and classify some cosmetic powders found on the market 

based on the raw material used for their manufacturing. Prior to the qualitative analysis of 

this study, the plasma is characterized by evaluating its electron number density and the 

electron temperature. PCA is performed using Unscrambler X version 10.3 software from 

CAMO Software AS, Oslo Science Park, Norway. 
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Experimental 

Apparatus 

The apparatus used for our experiment is shown in Figure 2.1. 

LIBS experimental setup for cosmetic powder analysis. 

A frequency-doubled Q-switched Nd:YAG laser (Quantel CFR400 20 Hz, 7-ns 

pulse width, 6-mm diameter, 235 mJ maximum pulse energy) was used as an excitation 

source. The 532-nm laser light was focused onto the sample surface using a 30-cm focal 

length quartz lens and a right-angle prism. The laser energy used in this study was 46 mJ. 

The emission from the laser-induced plasma was collected using a pick-up lens (Ocean 

Optics Inc. (OOI) Part No.74-UV) aligned at 450 with respect to the laser beam.  The 

distance of the pickup lens from the sample was about 5 cm. The collected signal was 

coupled into an Andor Technology broadband spectrometer (Mechelle ME5000, 200–975 

nm spectral range) through a 100-µm diameter optical fiber. The spectrograph signal was 

integrated with a 1024x1024 intensified charge-coupled device (ICCD) detector. The gate 

delay and gate width were controlled with the built-in digital delay generator (DDG) of 
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the spectrograph. The DDG is activated by the trigger pulse from the laser Q-switch 

output to synchronize data acquisition with the laser pulse. The spectrograph was 

connected to a personal computer for data acquisition. Each spectrum collected was an 

average of 50 laser shots to obtain a better signal-to-noise ratio. Measurements were done 

by uniformly putting few mg of sample on a double-sided tape already fixed on a 

laboratory glass slide. This was then placed on a rotating platform to ensure that fresh 

sample was available to interact with the laser beam. The gate width was set to 5 µs and 

the gate delay was varied from 0.5 to 7 µs. 

Sample preparation 

Five different cosmetic powders were used for this experiment and labelled as 

follows (P1, P2, P3, P4, and P5). Samples P1, P2, P3 and P5 are talc-based whereas P4 is 

mainly made of cornstarch. Talcum powder is primarily composed of magnesium silicate, 

it may contain variable amounts of associated minerals, such as calcite (calcium 

carbonate) and dolomite(calcium and magnesium carbonate) [2]. Small amounts of 

sample were scattered on a double-sided tape already fixed on a laboratory glass slide. 

Reported spectra are averaged over five spectra with each being an accumulation of fifty 

laser shots. In this chapter, talc-based and cornstarch-based cosmetics will be referred to 

as “talcum” and “starch”, respectively. 

Results and discussion 

Plasma characterization 

In order to retrieve qualitative and quantitative information from collected 

spectra, plasmas should satisfy certain conditions. Principally, it should be optically thin, 
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in local thermodynamic equilibrium (LTE), and stoichiometric [21]. Plasma parameters, 

such as the temperature and electron number density, are reported below. 

Temporal gating 

Time resolution in LIBS is an important factor to be considered. For example, 

Radziemski and Loree [42] reported its effect on the improvement of the detection limit 

of phosphorus and chlorine. In effect, since a plasma has a strong continuum in its early 

stages and its lifetime is very short (microseconds), spectral emission collection should 

occur after a delay during which the continuum drops and only emission lines are 

dominant, before it quenches. This optimum time window is obtained by evaluating the 

signal-to-noise ratio (SNR). The gate delay at which the maximum SNR occurs is used as 

the experimental gate delay. The plot of the SNR versus gate delay exhibits a certain 

shape as illustrated in Figure 2.2. The reported SNR is evaluated using the Ca(II) 315.88-

nm line. At early gate delays, a low SNR is observed due to the strong continuum. As the 

plasma is cooling down and the gate delay is increased, the SNR also increases up to a 

certain maximum, after which it starts to drop again and even decreases below the initial 

value. This drop is due to the fact that the plasma cools and quenches after a short while. 

From Figure 2.2, our gate delay was thus optimized and all analyses were then carried 

with spectra collected at gate delay td = 2 µs. 
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Variation of SNR versus gate delay. 

Plasma temperature and electron density 

For an optically thin LIBS plasma, temperature can be derived from a Boltzmann 

plot, using the following equation with atomic data [43] given in Table 2.1. 

𝐼𝑘𝑖,𝑍𝜆𝑘𝑖,𝑍 𝐸𝑘,𝑧 𝐹𝑛𝑍 𝑙𝑛 ( ) = − + 𝑙𝑛 ( ) (2.1) 
𝑔𝑘,𝑍𝐴𝑘𝑖,𝑍 𝑘𝐵𝑇 𝑃𝑍 

where I, λ, g and A are the line intensity, wavelength, statistical weight the upper 

level, and transition probability, respectively. E, T, F, n and P represent the excitation 

energy, temperature, the experimental parameter, the number density, and the partition 

function, respectively. Here, k and i are the electronic transition levels while Z represents 

the ionization state of the species. kB is Boltzmann constant, defined in Table 2.1. 
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Table 2.1 Atomic data for temperature and electron number density[43] 

Wavelength 
(nm) Energy (eV) Akigk (108s -1) gk 

Boltzmann 
constant KB 
(105 eV/K) 

Ca(I) 422.67 2.93 6.54 3 
8.61Ca(II) 315.88 7.05 12.0 4 

Ca(II) 317.93 7.05 22.0 6 
Ca(II) 373.69 6.46 3.40 4 
Ca(II) 393.36 3.15 5.88 4 
Ca(II) 396.84 3.12 2.80 2 

A good Boltzmann plot requires accurate line intensities and well-spaced upper 

levels. Reported plasma electron number density (Ne) was derived from the Saha-

Boltzmann method, Equation 2.2. This method makes use of the ratio of two lines 

corresponding to different ionization states of the same element [21]. 

′ 
𝑁𝑒 = 𝐼𝑍 6.04 × 1021(𝑇𝑒𝑉)3/2𝑒𝑥𝑝(−𝐸𝑘,𝑍+1+𝐸𝑘,𝑍−𝑋𝑍) (2.2) ′ 𝐼𝑍+1 

where IZ’ =IZλki,Z/gk,ZAki,Z, TeV is temperature in eV, and XZ is the ionization 

energy. Others terms remain the same as defined previously. Ca(I) 422.73-nm and Ca(II) 

393.36-nm emission lines were used. 
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Plasma characterization 

(a) Boltzmann plot, (b) Temporal evolution of electron number density and plasma 
temperature. 

Figure 2.3 (a) shows a Boltzmann plot for temperature while Figure 2.3 (b) is the 

electron number density. The calculated electron number density falls within the  

reported literature range for LIBS: that is, 1016 to 1019 cm-3 [44]. A highly dense plasma 

is observed with a small gate delay. As the gate delay increases, the electron number 

density and plasma electron temperature (Figure 2.3) decrease sharply and become 

relatively constant after 2 µs. This can be explained by the transient nature of LIBS 

plasmas which vanish after a couple of microseconds. 
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Optical thinness of plasma 

Radziemski et al. [45] used intensity ratios (Equation 2.3)  as a procedural means 

to check the optical thinness of a plasma. Intensity ratios of resonnant and non-resonnant 

lines should be nearly the same as that of the statistical weights of the upper levels. The 

following equation was used to check this. The statistical weight are taken from the NIST 

atomic spectra database (Table 2.1) [43].  

𝐼ki 𝜆𝑛𝑚,𝑍 𝐴𝑘𝑖,𝑍 𝑔𝑘,𝑍 𝐸𝑘,𝑍−𝐸𝑛,𝑍 = ( ) ( ) ( ) 𝑒𝑥𝑝 (− ) (2.3) 
𝐼nm 𝜆𝑘𝑖,𝑍 𝐴𝑛𝑚,𝑍 𝑔𝑛,𝑍 𝑘𝐵𝑇 

Iki and Inm: the k-i and n-m transition line intensities; other terms have been 

previously defined. The exponential part is neglected if emission lines with close enough 

upper energy levels are considered. Table 2.2 summarizes the theoretical 

(λnmgkAki/λkignAnm) and experimental (Iki/Inm) intensity ratios used for optical thinness. 

Table 2.2 Comparison of theoretical and experimental intensity ratio for optically thin 
plasma at different gate delays. 

Gate delay 
(μs) 

Iki/Inm 
(Experimental) 

λnmgkAki/λkignAnm 
(Theoretical) 

0.5 0.66 

0.54 

1 0.61 
2 0.50 
3 0.50 
4 1.96 
5 0.45 
6 0.93 
7 0.94 

The theoretical value is constant for any given pair of chosen lines because the 

parameters given in the equation are constant. The ratio of Ca(II) 315.88-nm/Ca(II) 

317.93-nm was used. From Table 2.2, we observed that experimental ratios at 2-3 µs 

were close to the theoretical value. The plasma was optically thin within this gate dalay. 
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Qualitative analysis 

Temporally resolved LIBS spectra of the five samples are shown in Figure 2.4. 

Selected emission lines from talcum (P1, P2, P3, P5) and starch (P4) baby 
powders. 

Qualitative analysis within the chosen spectral range (284-592nm) shows the 

elemental composition of the samples with major and minor elements. Although 

magnesium lines are present in both talcum and starch samples, the strength of 

magnesium line is about two orders less in sample P4 (starch). Silicon and iron lines are 

very weak in starch. Calcium emission lines are present in all five samples with relatively 

different strengths. The same observation is made with sodium and potassium. Aluminum 

lines are observed only in sample P5. The variation in elemental composition can be 

explained by the nature of the raw material used. Although talcum powder is basically of 

magnesium silicate origin, as mentioned earlier, talcum may contain variable amounts of 
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associated minerals, such as calcite (calcium carbonate) and dolomite (calcium and 

magnesium carbonate). Gondal et al. [46] mentioned several substitutes for the main 

elements in talcum powder. For example, small amounts of aluminum can substitute for 

silicon, or Al can be substituted for magnesium or iron; and very small amounts of 

calcium can substitute for Mg. 

Although molecular bands are observed at longer gate delays, it was possible to 

have both atomic and molecular emission within short gate delay which in this was 

optimized at 2 μs. Figure 2.5 shows the molecular bands of CN within wavelength of 

386-389nm. This emission band has also been reported for short gate delay by Qianli 

[47]. This was observed only in the starch-based powder sample. 

Molecular bands of CN in starch-based powder sample. 

The formation of CN occurs through the following equation C2 + N2 → 2CN, where N comes 
from the atmosphere. Since, under same experimental conditions, the emission band was only 
observed in the starch-based, we can conclude that the C originated from the starch-based sample 
P4. Thus, the starch nature of sample P4 is asserted by the presence of the CN molecular bands. 
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The spectra of the samples presented in this study highlights the possibility of 

using LIBS to perform direct qualitative elemental analysis of raw materials used in baby 

powders. 

Screening of talc- and starch-based baby powders using an internal standardization 

In an optically thin plasma, the relative abundance of an element can be inferred 

from the strength of the emission lines, assuming a linear correlation between the 

elemental concentration and background subtracted intensity [21]. Variation in the 

plasma performance due to the presence of non-analyte elements whose concentration 

may be constant or may be variable leads to what is known as “matrix effects”, which 

together with the laser pulse shot-to-shot variability , increase the fluctuation of emission 

lines [48]. To handle this kind of problem, internal standardization and multivariate 

analysis are often used [48][49][50][51]. Several intensity ratios were carried out and 

only that with Si yielded a difference in the various samples. The intensity ratios of Na, 

Ca, Mg, Fe and K with respect to Si are reported in Figure 2.6. 
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Samples elemental distribution as function of intensity ratio of Si. 

(a)

(b)

From the 2D plot (Figure 2.6), it is observed that Mg/Si and Fe/Si are relatively 

constant in all samples except for starch (P4) whereas Ca/Si and K/Si vary throughout all 

the five samples. To better understand this relatively constant variation of the intensity of 

ratios, Mg/Si and Fe/Si in the talcum powders, we evaluated the standard deviations of 

the intensity ratios over talcum samples (P1, P2, P3 and P5) and reported this in Table 

2.3. 

Table 2.3 Intensity ratios of Na, Ca, Mg, Fe and K to Si in talcum (P1, P2, P3, and P5). 

P1 P2 P3 P5 SD RSD 
Na/Si 0.12 0.07 0.13 0.09 0.028 31.81 
Ca/Si 1.27 0.78 1.73 0.26 0.633 67.70 
Mg/Si 0.85 0.86 1.05 0.93 0.092 12.16 
Fe/Si 0.86 0.94 0.85 0.86 0.042 5.91 
K/Si 0.74 0.83 1.34 0.04 0.535 76.75 

SD: standard deviation, RSD: relative standard deviation 

From Figure 2.6 and Table 2.3, the high relative standard deviations for Ca/Si, 

K/Si, and to some extend Na/Si explain the variability of the concentration of these 
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elements in manufacturing baby powders. Mg/Si and Fe/Si, on the other hand, seem to 

vary little from sample to sample except in starch (P4). Considering the relative standard 

deviations of Fe/Si and Mg/Si (≈5 and 13%, respectively) over samples (P1, P2, P3 and 

P5), these two ratios can be used to screen talc from starch. Although the present study is 

not about characterization of asbestos, our results appear similar to those of Caneve et al. 

[15] and Benton [16] on the characterization of pure asbestos. The similarity might stem 

from the fact that, talc (which might not be asbestos-free) is the primary raw material in 

most cosmetic baby powders. Observations from Figure 2.6 and Table 2.3 thus suggest 

that Si emission lines can be used as an internal standard to screen cosmetic powders by 

considering Mg/Si and Fe/Si ratios. Also, the low intensity ratios (Mg/Si and Fe/Si) can 

possibly be used as indicator of suspicious asbestos in talcum cosmetics, which will then 

require further investigation, with say transmission electron microscopy (TEM). 

Multivariate principal component analysis 

 To further our analysis of cosmetic powders, principal component analysis 
(PCA) was performed on the five sample sets. Using PCA to extract 
information from a data set consists of finding what makes samples 
different or similar to each other. Each sample in the data is seen as a point 
in a multidimensional space. In other words, the original variables (the 
spectral lines) are projected onto a smaller number of latent variables 
called principal components (PC). These projections give a better 
visualization of the information contained in the data. The principal 
components are iteratively computed such that the first PC carries most 
the information (most explained variance), the second PC carries the 
residual information not taken in account by the first PC, the third PC the 
residuals of the second PC, and so on. From these projections, the 
variance, loadings and scores plots are used to characterize the principal 
components. They provide information on the relative contribution of the 
various spectral lines being used. The variance gives an idea of the amount 
of information taken into account by each PC. 
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The spectral lines of all the fives samples were analyzed to obtain the most 

significant principal components. The scores and loadings plots reported in Figure 2.7 

were generated using a multivariate analysis software, The Unscrambler X from Camo 

Inc. 

Scores plot 

Figure 2.7a illustrates the 2D scatter plot of the scores of the main principal 

components. It gives information about possible trends in the samples. From the scores 

plot (Figure 2.7a), two principal components are sufficient to explain our data set. The 

points plotted here represent the objects (that is the different samples). These two 

components together explain 98% variance of the collected emission spectra with PC1 

representing 85% and PC2, 13%. In the scores plot, the talcum powders seem to have a 

vertical distribution along the axis of PC2. On the other hand, as we move from left to 

right of PC1, 
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Principal component analysis results 

(a) Scores plot, (b-c) line loadings plot for PC1 and PC2, (d) 2-D scatter loading plot 
of PC1 versus PC2. 
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we successively get P4 (the starch-based cosmetic), P5, P2 and (P1, P3) (talc-

based cosmetics). Since P5, P2, P1 and P3 are all talc-based, their grouping in three sets 

suggests they have varying compositions of major constitutive elements (magnesium, 

calcium and silicon) with possible substitutes, such as aluminum observed in sample P5. 

This difference in composition might be understood from the loadings plots. 

Loadings plot 

The line loadings are shown in Figure 2.7 b,c. These loadings plots give insight 

about the variables behind the main differences between starch- and talc-based samples 

which could be used as screening factors. 

For line loadings of PC1 (Figure 2.7b), we see that besides Mg, other elements 

such as Ca, Si and Fe also contribute more or less in characterizing our samples; this is 

the reason why we have up to 85% of the spectroscopic data explained by PC1.  

Previously in the scores plot, we observed that the sample were grouped horizontally 

from cornstarch (left) to talc-based (right). Since Mg has the highest contribution, we can 

attribute the grouping to Mg content. Thus, the principal component that carries the most 

information in our study is Mg and it is distributed along the PC1 axis. The other 

elements observed in the line loadings of PC1 could reflect the variant additives during 

the manufacturing process to substitute for Mg or Fe, as explained in the qualitative 

analysis section above. 

On the other hand, looking at PC2 line loadings plot (Figure 2.7c), the only lines 

contributing are the calcium lines. Previously on the scores plot observation, we realized 

that there is a subgrouping within the talc-based cosmetics along the PC2 axis. Since for 

the PC2 loadings lines only Ca contributes, we can relate the subgrouping of talcum to 
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the content of calcium. Confirming the fact that talcum powders may contain variable 

amounts of associated minerals, such as calcite (calcium carbonate) and dolomite 

(calcium and magnesium carbonate) [2]. Finally, the 2D scatter loadings plot (Figure 

2.7d) outlines the elements with highest contributions to PC1 and PC2, respectively. With 

Mg lines (279-280 nm) and Ca lines (393-396 nm) having the highest loading 

contributions to PC1 and PC2, respectively, the 2D scatter loading confirms the 

relationships made from the line loadings between PC1 and Mg on one hand and PC2 and 

Ca on the other. 

Conclusions 

Elemental composition analysis of cosmetic powders has been performed using 

laser induced breakdown spectroscopy. Because of the potential presence of asbestos in 

talc that may cause health problem, use of asbestos-free talc is encouraged. Nowadays on 

the market, an alternative raw material is used to replace talc in cosmetic products. The 

main objective of this study was to demonstrate the feasibility of rapid elemental analysis 

and screening of cosmetic powders based on the raw material used. Mg, Si, Ca, Fe, K and 

Na were qualitatively identified in all five samples with relatively different intensity 

strengths. Al was observed only in talcum sample (P5) and CN molecular band in starch 

sample (P4). Si was used as an internal standard to distinguish starch-based from talc-

based products. The low intensity ratios of Mg/Si and Fe/Si in talcum powder could be 

used for fast screening and can be seen as an indicator of the potential presence of 

asbestos, for which a further analysis will be required. Principal component analysis 

further outlined the main variables responsible for the variance in the samples. Mg is 

linked to principal component PC1 (85% of the variance) and is the main element 
47 



www.manaraa.com

 

 

  

 

  

 

 

   

 

  

responsible for the grouping of the samples into two sets (starch- versus talc-based). Ca 

which is linked to principal component PC2 (13% of the variance) is responsible for the 

subgrouping observed in talc-based sample as talcum powders may contain variable 

amounts of associated minerals, such as calcite (calcium carbonate) and dolomite 

(calcium and magnesium carbonate). In conclusion, the results show that LIBS can be 

used for rapid elemental analysis, screening and classification of cosmetic powders. 
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ANALAYSIS OF SLAG BY LASER-INDUCED BREAKDOWN SPECTROSCOPY2 

Abstract 

The feasibility of using laser-induced breakdown spectroscopy (LIBS) for the 

analysis of gasification slags was investigated by comparing LIBS results to the results of 

an ICP-OES analyzer. A small amount of slag sample was placed on a piece of double-

sided adhesive tape, attached to a glass microscope slide and analyzed for Al, Ca, Fe, Si, 

and V which are major elements found in slags. The partial least squares regression 

(PLS-R) and univariate simple linear regression (SLR) calibration methods indicated that 

apart from V (accuracy up to + 20%), the accuracy of analysis varies within 0.35-6.5% 

for SLR and 0.06-10% for PLS-R.  A paired-sample t-test within the 95% confidence 

level yielded p-values greater than 0.05, meaning no appreciable statistical difference was 

observed between the univariate SLR with internal standardization and the multivariate 

PLS-R for most of the analytes. For the results obtained in this work, LIBS response 

varies depending on the element and the technique used for quantitative analysis. 

Simultaneous use of the univariate calibration curves with an internal standard (intensity 

ratio) and PLS regression in multi-elemental analysis can help reduce the matrix effect of 

2 Most of the content in this chapter has been adapted from Spetrochemica Acta B Atomic Spectroscopy, 
Volume 115, pages 40-45, Hervé K. Sanghapi, Krishna K. Ayyalasomayajula, Fang Y. Yueh, Jagdish P. 
Singh, Dustin L. McIntyre, Jinesh C. Jain, and Jinichiro Nakano. "Analysis of slags using laser-induced 
breakdown spectroscopy." Copyright (2016) with permission from Elsevier. 
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slags associated with their high variation in concentration. Overall, these results 

demonstrate the capability of LIBS as an alternative technique for analyzing gasification 

slags. Estimated limits of detection for Al, Ca, Fe, Si and V were 0.167, 0.78, 0.171, 

0.243 and 0.01 wt%, respectively. 

Introduction 

Slag has been widely studied and has proven useful in many industrial 

applications such as steel production and gasification. Slag analysis in metallurgical 

production processes  increase steel quality by optimizing the chemical composition of 

slag, because the composition of a steel melt is greatly influenced by chemical reactions 

within the melt that can be seen within the slag components [1][2][3]. Slag analysis is 

also of great importance in some gasification processes where carbon feedstocks are 

converted into electricity, chemical products and transport fuel [4][5]. Environmental and 

economic challenges posed by the use of coal as feedstock have called for alternatives, 

such as petroleum coke (petcoke), biomass, and mixtures [6][7]. Development of reliable 

gasification technology depends on a good understanding of the influence of the 

feedstock mineral impurities on slag formation. Slag chemistry directly affects gasifier 

performance and its service life because of continuous interactions with protective lining 

materials during gasification and the viscous nature of the slag at exit. In some cases, slag 

could also be reused as a feedstock [8]. Chemical analysis of these slags is often carried 

out using inductively coupled plasma - optical emission spectroscopy (ICP-OES) or 

simply ICP [9]. This technique requires time-consuming sample digestion and has 

imitations for the analysis of refractory samples, resulting in incomplete digestion. This 

technique is also limited by lack of inline capabilities and significantly slowing feedback; 
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this can impact quality and productivity as it takes more time to make process and batch 

adjustments. X-ray fluorescence spectroscopy (XRF) is currently the state-of-the-art 

measuring technique for slags, but the major difficulty with this technique is the well-

known effects of absorption and/or enhancement related to the major element 

composition of samples and standards, as well as higher detection limits and the 

availability of suitable certified reference materials [10]. In order to reduce analysis time 

in favor of online analysis, there is a need to seek other analytical methods. Laser-based 

methods are of great interest for their simplicity and other features, such as non-contact 

measurements with the analyte, less destructive, high measuring speed, and little or no 

sample preparation. Laser-induced breakdown spectroscopy (LIBS) is a spectrochemical 

analytical technique with the aforementioned features which permits multi-elemental 

analysis. LIBS has gained a lot of attention during the recent years as its scope of 

applications include solid, liquid, and gas analysis. There are a plethora of publications 

and books that elaborate on this versatile technique [11][12][13]. LIBS has previously 

been applied to multi-elemental analysis of slag samples from a steel plant and the 

reported results were in agreement with XRF. Coefficient of determination R2of 0.99 for 

the main analytes Ca, Si and Fe of converter slag was achieved. Fast analysis of vacuum 

slag samples by LIBS demonstrated for the first time in the steel works near a vacuum 

degasser station was 80 s with feasible further reduction. A representative analysis of 

SiO2, CaO and Al2O3 of production samples without any further preparation was shown 

successfully in spite of  sample heterogeneity and variations in color, cracks and holes [1] 

[14]. 
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In the present work, considering the advantages offered by LIBS as mentioned 

above, the aim was to present LIBS as an alternative method of analyzing gasification 

slags by comparing LIBS results to those obtained by ICP-OES. Synthetic slags with 

chemistry falling within coal-petcoke mixed feedstock slags were prepared for the 

investigation. The elements under investigation are Al, Ca, Fe, Si and V. 

Material and methods 

Experimental setup 

Figure 3.1 shows the experimental setup. A frequency doubled second harmonic 

Q-switched Nd:YAG laser (Quantel CFR400, 20 Hz, 7-ns pulse width, 6-mm diameter, 

235 mJ maximum pulse energy) was used as an excitation source. A small amount of 

sample was applied to a double-sided piece of tape that had been adhered to a glass slide. 

Once the sample was scattered onto the slide, it was then placed on a rotating platform to 

ensure that the laser hit a fresh spot during each pulse. The laser beam was focused onto 

the sample surface through a 30-cm focal length quartz lens and a right-angle prism. 

Spectra were collected with an Andor broadband spectrometer (Mechelle ME5000, 200– 

975 nm spectral range) through a 100-µm diameter optical fiber equipped with a pickup 

lens (Ocean Optics Inc. (OOI) Part No.74-UV). The latter was placed 5 cm away from 

the sample and at 450 with respect to the beam axis. Andor Solis software was used for 

acquisition setup. The spectrograph was connected to a personal computer for data 

acquisition. All measurements reported herein were carried out with the same gate delay, 

gate width and laser pulse energy. These were, respectively, optimized to 3 µs, 10 µs and 

67.5 mJ. All spectra correspond to the accumulation of 50 laser shots, with each striking a 

fresh surface by rotating the sample. The resulting resolved spectra are used for 
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qualitative and quantitative analysis. The plasma was characterized by evaluating the 

plasma electron density and temperature from the calcium emission lines. The analysis 

software packages (Unscrambler X 10.3, OriginPro 2015, Veusz1.23.1 and Excel 2013) 

were used for data analysis. 

LIBS experimental setup for lag analyis. 
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Methods 

The elemental compositions of slag samples are listed in Table 3.1. 

Table 3.1 Elemental composition of samples. 

Sample (wt.%) Al Ca Fe Si V 
S1 14.12 6.01 4.85 29.62 0.01 
S2 10.55 6.26 2.64 35.11 0.93 
S3 23.86 6.05 5.37 21.66 0.01 
S4 9.66 6.01 2.54 31.97 2.90 
S5 13.69 6.19 1.60 26.37 3.69 
S6 15.10 5.61 2.57 22.49 6.38 
S7 14.19 7.21 1.44 34.15 3.29 
S8 12.49 5.84 2.21 31.71 0.01 
S9 25.69 6.86 3.07 24.38 0.02 
S10 25.95 7.42 4.51 24.24 6.07 
S11 17.32 5.89 3.27 24.12 1.61 
S12 19.03 6.60 3.05 25.55 4.19 
T1 24.14 5.23 13.86 53.39 0.03 
T2 20.93 5.09 12.45 47.07 10.97 
T3 17.51 5.08 11.39 39.92 23.04 
T4 9.68 5.25 8.32 27.28 46.65 
T5 6.49 5.18 6.72 19.72 59.35 

Concentration ranges of analytes in slag samples analyzed by ICP-OES. 

Synthetic slags for this investigation were prepared following a procedure used by 

Nakano et al. [15].  Reagent grade powders of the respective oxides (Al, Ca, Fe, Si and 

V) were heated at 1425 °C for S1-7, 1575 °C for S8-12, and 1500 °C for the T1-5series in 

a 64 mol.% CO – 36 mol.% CO2 atmosphere for 3 days, followed by water quench. Upon 

water quenching, all the molten slags were vitrified.  The samples were then dried and 

ground into fine powders. For ICP analysis, a nominal mass of about 50 mg of the sample 

was fused with ~1g of Li2B4O7 and diluted to a final volume of 100 mL using 5% HNO3 

[16]; the analysis was performed using spectral lines of Al 309.271 nm, Ca 317.933 nm, 

Fe 238.204 nm, Si 251.611 nm, and V 292.402 nm. External calibration and internal 
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standardization procedures [17] were utilized to quantify the analytes and based on a 

standard reference material (BIR-1). The accuracy of ICP analysis was within + 7%. For 

LIBS analysis, about 10 mg of powder sample was placed on a double-sided adhesive 

tape glass slide. 

Resuslts and discussion 

Plasma characterization 

Plasma parameters, such as temperature and electron density, were evaluated. The 

Boltzmann plot for calcium lines Ca(II) 396.84 nm, Ca(I) 430.25 nm, and Ca(I) 443.49 

nm is shown in Figure 2.2. The spectroscopic data for these lines are given in Table 3.2. 

Table 3.2 Spectroscopic data. 

Lines giAij Ei - Ej Xz KB w 
(x108s -1) (eV) (eV) (eVK−1) (nm) 

Ca(II)396.84nm 0.70 0.00- 3.12 
Ca(I)422.67nm 6.54 0.00 - 2.93 6.11 8.61x10-5 4.84x10-4 

Ca(I)430.25nm 2.72 1.89- 4.78 
Ca(I)443.49nm 1.34 1.88- 4.68 
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The plot yielded an electron temperature Te= (6000±300) K. Different ionization 

levels were used in order to avoid lines with close excitation energies. This was to limit 

the effect of varying spectral response of the apparatus, as well as to minimize the 

sensitivity to small fluctuations in emission intensity [18]. Electron density of the laser-

induced plasma ranged from 1016 to 1019 cm-3 and for this study, the electron density was 

determined from Stark broadening which avoids assumptions regarding local 

thermodynamic equilibrium (LTE) [18]. To determine the electron density of the plasma, 

the spectral emission line for Ca (422.67 nm) was fitted using a Lorentzian profile while 

the corresponding broadening coefficient  at T=5000K was considered from Griem  [19]. 

An average electron density Ne of 9.87x1017cm-3±4.67% was observed for all samples. 

Quantitative analysis 

Precision and accuracy of LIBS analysis are limited by matrix effects [11] [16]. 

Kraushaar et al. [1] observed that the variation in the major elemental composition of 
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slag leads to matrix effects. These observed variations ultimately affect the ablation rate, 

thus increasing the fluctuation in the emission lines and reducing the sensitivity of the 

instrument. Many studies have investigated matrix effects and its possible remedies using 

internal standardization and multivariate analysis [20][1][21][22]. In this chapter, internal 

standardization is used for univariate calibration with Ca and Si as internal standards 

whereas PLS-R calibration models are used for multivariate analysis, by considering the 

spectral range for each element (Al, Ca, Fe, Si and V).  Due to the differences in 

concentration ranges, two sets of calibration curves were plotted.  The first set included 

samples (S1-12) and the second set samples (T1-5). In the case of (S samples), 10 

samples were used for calibration and 2 for predictions. For (T samples), 4 were used for 

calibration and 1 for predictions. 

Univariate simple linear regression (SLR) 

Univariate calibration curves for the two sets of data are shown in Figure 3.3 

where intensity ratios are plotted against concentration ratios. 
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Simple linear calibration plots. 

Top (Sample set S) and bottom (Sample set T) 

Ca and Si were used as internal standards. Though the correlation coefficients R2 

are between 0.969 and 0.993, the best fit revealed the presence of outliers for certain 

elements, notably vanadium. This can be seen from the reduced number of plotted points 

(Figure 3.3) where only 6 out of 10 samples were used for the calibration of S samples 

and where only 3 of 4 samples were used for calibration of T samples. The presence of 

outliers can be attributed to the difficulties in minimizing shot to shot fluctuation in 

multi-elemental analysis of LIBS. 

Multivariate partial least squares regression (PLS-R) 

Figure 3.4 shows the PLS-R calibration models for Al, Ca, Fe, Si and V. 
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Partial least squares regression calibration. 

• Cal and ♦ Val are the calibration and validation data, respectively. 
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It is observed that the R2 values are almost equal to 1, revealing a strong 

correlation between the predictions and references. With slopes tending to 1 and 

validation (val) R2 close to the calibration (cal) R2, we can qualify this model as good 

enough for running our regression. Furthermore, calibration and validation best fits 

deviate very little from target line due to the high value of R2. Like in the univariate 

analysis, higher outliers were observed in the PLS-R calibration curve for vanadium. 

Analytical figures of merit 

To evaluate the figures of merit of LIBS, predictive results from these two 

approaches are compared to those obtained by ICP-OES. Measurement precisions and % 

accuracy error are evaluated. An approximation of the detection limits is calculated. 

Comparative results of partial least square, univariate calibration curves versus ICP 

A comparison of LIBS and ICP results is shown in Figure 3.5. 
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Predictions were done with sample S1, S7, S12 and T4. LIBS results were 

obtained with SLR and PLS-R and reported as the mean value of five measurements. In 

general, the repeatability for the major elements in terms of relative standard deviation 

(RSD) (Table 3.3) for SLR and PLS-R are almost on a par except for Al and Ca. 

Table 3.3 Comparison of LIBS and ICP results. 

The percent accuracy error (Table 3.3) explains the deviation from the reference 

(ICP) values. Apart from V where the accuracy error is up to 20% for both SLR and PLS-

R, the accuracy error is within 0.35-6% for SLR and 0.06-10% for PLS-R. Since the 

accuracy varies depending on the technique used, a paired-sample t-test was performed 

within the 95% confidence level in order to find the significance of the mean difference 

between SLR and PLS-R.  Overall, the difference of the population means was not 

significantly different from the test difference as the p-values (Table 3.3) were greater 

than the significance level (0.05). This signifies that no appreciable statistical difference 
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was observed using univariate SLR calibration with internal standardization and the 

multivariate PLS-R except for Ca (S12), Fe (S12) Fe (T4) and V (S7). Using the 

reference (ICP) values and the accuracy error to interpret the p-values for these elements, 

SLR performed better than PLS-R for Ca (S12) and Fe (S12) while PLS-R performed 

better than SLR for Fe (T4). As for V (S7), the paired-sample test could not be validated 

based on the high accuracy error with respect to the reference value. With the exception 

of V for which the accuracy error is about ±20%, the use of internal standardization and 

multivariate analysis have resulted in accuracy of up to 0.06% for other elements. 

Simultaneous use of univariate calibration curves with internal standard and PLS 

regression in multi-elemental matrix demonstrates the capability of LIBS as an 

alternative technique for analyzing gasification slags. 

Limit of detection 

The limit of detection (LOD) defined as 3CN/I can be calculated from a spectrum 

with lowest analyzed concentration, where N is noise calculated from the standard 

deviation of the background near the analyzed line; C is the concentration of the analyzed 

line; and I is the intensity of the analyzed line. The estimated limits of detection for Al, 

Ca, Fe, Si and V were 0.167, 0.78, 0.171, 0.243 and 0.01 wt%, respectively. 

Conclusions 

In this work, spectrochemical analysis of gasification slags has been reported 

using laser-induced breakdown spectroscopy (LIBS). Synthetic slags were prepared for 

investigating oxides of Al, Ca, Fe, Si and V. Quantitative analyses were performed using 

univariate calibration curves and partial least square regression (PLS). Internal 
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standardization was used in univariate (SLR) calibration curves to minimize the shot-to-

shot variation in the plasma. LIBS results were compared with those obtained by ICP and 

they were in accordance. From the results obtained in this work, LIBS response varies 

depending on the element and the technique used for quantitative analysis. Thus, the 

simultaneous use of univariate calibration curves with internal standardization (intensity 

ratio) and PLS regression in multi-elemental analysis can help reduce the matrix effects 

of slags with high variation in concentration. Though the calibration curves might give a 

correlation coefficient greater than 0.95, it is worth performing predictions and evaluating 

the accuracy errors. Overall, these results demonstrate the capability of LIBS as an 

alternative technique for analyzing gasification slags. 
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DETERMINATION OF ELEMENTAL ANLYSIS OF SHALE ROCKS USING 

LASER-INDUCED BREAKDOWN SPECTROSCOPY3 

Abstract 

In this study laser-induced breakdown spectroscopy (LIBS) is used for elemental 

characterization of outcrop samples from the Marcellus Shale. Powdered samples were 

pressed to form pellets and used for LIBS analysis. Partial least squares regression (PLS-

R) and univariate calibration curves were used for quantification of analytes. The matrix 

effect is substantially reduced using the partial least squares calibration method. Predicted 

results with LIBS are compared to ICP-OES results for Si, Al, Ti, Mg, and Ca. As for C, 

its results are compared to those obtained by a carbon analyzer. Relative errors of the 

LIBS measurements are in the range of 1.7 to 12.6%. The limits of detection (LOD) 

obtained for Si, Al, Ti, Mg and Ca are 60.9, 33.0, 15.6, 4.2 and 0.03 ppm, respectively. 

An LOD of 0.4 wt% was obtained for carbon. This study shows that the LIBS method 

can provide a rapid analysis of shale samples and can potentially benefit depleted gas 

shale carbon storage research. 

3 Most of the content in this chapter has been adapted from Spetrochemica Acta B Atomic Spectroscopy, 
Volume 122, pages 9-14, Hervé K. Sanghapi, Jinesh Jain, Alexander Bol’shakov, Christina Lopano, Dustin 
McIntyre. “Analysis of slags using laser-induced breakdown spectroscopy." Copyright (2016) with 
permission from Elsevier. 
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Introduction 

Shales are of interest in geochemical and geological investigations because they 

may host petroleum and natural gas. For example, oil shale contains solid bituminous 

material (called kerogen) that yields substantial amount of oil and combustible gas upon 

destructive distillation. The Marcellus Shale deposits in eastern United States are well 

known for a large amount of natural gas distribution sorbed in the shale and in cracks and 

pores. Organic-rich shale formations that have been depleted of hydrocarbons through a 

period of primary production are potential candidates for geologic storage of CO2 [1][2], 

accompanied by enhanced gas recovery (EGR). Marcellus Shale is an ideal material to 

study the elemental profile because: 1) both CO2 and natural gas (CH4) 

adsorption/desorption seem to have a correlation with mineral composition of the rocks 

[3], 2) the rocks that contain higher amounts of carbon contents (organic material) have 

greater ability to generate natural gas and potentially a greater capacity of CO2 storage 

[4],   and 3) environmental issues associated with shale retorting requires substantial 

monitoring and control of waste products [5]. Thus there are a number of applications 

that would benefit from in situ and/or rapid knowledge of the elemental composition of 

the shale rock. 

The analytical techniques [6] used for elemental analysis of shale  are 

instrumental neutron activation analysis (INNA), X-ray fluorescence (XRF), and 

inductively coupled plasma-optical emission spectroscopy (ICP-OES). INNA needs a 

large neutron reactor for irradiation and the method is inherently slow. Although XRF is 

a relatively fast technique, the analysis generally requires a larger sample size and the 

technique is known [7] to achieve poor detection limits, particularly for light elements. 
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ICP-OES [8] is commonly used for determination of elemental composition of shale. 

This technique requires time-consuming sample digestion and has limitations for the 

analysis of refractory samples, resulting in incomplete digestion. None of these 

techniques is suitable for the analysis of carbon, which is generally analyzed by using a 

number of other analytical techniques [6]. Herein, we propose laser induced breakdown 

spectroscopy (LIBS) as an alternative analytical technique for the analysis of metals and 

light elements, such as C. 

LIBS is very robust for its simplicity and has successfully been used for multi-

element analysis, including total carbon. It is advantageous to use LIBS because it 

enables a rapid in situ sample analysis with little or no sample preparation. The use of an 

echelle or multi-channel spectrometer gives a broader spectral range, allowing for multi-

element analysis. Recently, Washburn [9] reported the  use of LIBS for geochemical and 

mineralogical characterization of shale. The spectra from the beginning and the end of 

laser pyrolysis were used for qualitative analysis of Mg, Na, Li, K, Ca and H.  No 

quantification of these elements was reported in his studies. 

To the best of our knowledge, no quantitative analysis of the Marcellus Shale has 

been done using LIBS. In this chapter, I quantitatively determine the major elemental 

composition of shale rocks by laser-induced breakdown spectroscopy. In order to 

ascertain the quantitative capability of LIBS, our results are compared to those obtained 

by ICP-OES and a carbon analyzer.  The elemental concentrations may be 

mathematically converted to oxide weight percent where necessary for certain geological 

interpretations. 
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Experimental set up and sample preparation 

Ten outcrop samples from the Marcellus Shale [10] were used in this study. The 

powdered samples were pressed into 13-mm diameter pellets using approximately 8-ton 

pressure, 4 min of dwell time, and 2 min of release time. No binder was added to the 

pellets. These pelletized shale samples were labeled as S210 – S219. 

Measurements were performed using a J200-EC LIBS instrument (Applied 

Spectra, Fremont, CA) configured with a 266-nm laser and a six-channel optical 

spectrometer coupled to gated CCD arrays for broadband spectral registration within 

190‒1040 nm at a resolution of about 0.1 nm. Laser pulse energy was 25 mJ; pulse 

duration was approximately 4 ns, while a flat-top shaped laser beam was collimated onto 

the sample to produce an ablation spot 150 µm in diameter. Laser pulse repetition 

frequency was 10 Hz. Temporal variation of the signal-to-noise ratio (SNR) and signal-

to-background ratio (SBR) was used to optimize the gate delay. The gate delay with 

maximum SNR and SBR at 0.2 µs was used as the optimal gate delay for sensitive 

acquisition of both atomic and ionic lines of elements. The gate width was fixed at 1.05 

ms. All measurements were performed in air at atmospheric pressure. 

The samples were interrogated using a grid of 7×7 laser ablation spots, covering 

an overall area of 1.9×1.9 mm2 on the surface of every pellet. Each spot of the grid was 

ablated with 10 laser pulses and the spectra acquired from these 10 pulses were 

accumulated. As a result of this interrogation, 49 individual spectra were collected from 

each sample. The analytical spectral lines are averaged over 49 spectra. These spectra 

were used to build a multivariate partial least squares model, in order to rectify inter-
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sample differences while retaining inherent variability of the LIBS signal within every 

sample.  

Results and discussions 

Quantitative analysis 

Quantification of elements is performed by producing calibration curves with use 

of simple linear regression (SLR) and multivariate partial least squares regression (PLS-

R). The ten samples were divided into two sets, eight for the calibration and two for the 

prediction sets. It should be noted that some geological analyses may use the independent 

analyses of samples to generate the SLR and PLS models. To evaluate the figures of 

merit of LIBS, predictive results from these two approaches are compared to those 

obtained by ICP-OES and a carbon analyzer. Total carbon was analyzed using a CM5015 

carbon dioxide coulometer (UIC, Inc.) equipped with a high-temperature combustion 

furnace. Detection limits of these elements are also calculated. 

Spectral lines selection 

From the collected spectra, we were able to identify some major elements in the 

Marcellus Shale, notably Al, Ca, Ti, Si, Mg and C. These elements corroborated with the 

previous findings of Heron et al. [11], Gladney et al. [12], and Boström and Bach [13] on 

rock characterization using neutron induced capture gamma ray spectroscopy, X-ray 

fluorescence, and inductively coupled plasma optical emission spectrometry. Lines with 

spectral interference and resonance lines were mostly avoided and  preference was given 

to non-resonance lines [14]. Quite often, resonance lines are the most affected by self-

absorption and self-reversal effects when the concentration or the laser pulse energy is 
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high. These effects are even more pronounced in solid samples than in liquids [15]. For 

quantitative analysis purposes, the following emission lines from these elements were 

selected: Al (308.21 nm, 309.27 nm), Ca (643.90 nm, 646.25 nm, 649.37 nm), Si (288.15 

nm), Mg (285.21 nm), Ti (334.94 nm, 336.12 nm, 337.27 nm) and C (247.85 nm) were 

chosen for simple linear regression (SLR) calibration curves. It should be noted that these 

are all non-resonance lines except Al (308.21 nm) and Mg (285.21 nm). 

Simple linear regression 

Figure 4.1 shows univariate calibration curves of selected analyte lines from 

which linear regressions are performed for each of the elements using OriginPro 2015 

software, manufactured by OriginLab Corporation, USA. 
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Simple linear regression calibration curves of selected analyte lines. 

The linear regressions in Figure 4.1 show that R2 is greater than 0.90, revealing a 

good correlation of the spectral lines and their concentrations. As seen in the plots in 

Figure 4.1, most of the calibration samples lie on the linear fit except for Al, Ca, Si and to 

a certain degree C where a few samples cluster away from the regression line and by this, 

reducing the linear dynamic range for these two elements. The data points lying far from 

the regression lines are likely outliers. However, the term “outlier” should be used with 

care. Although these outliers might just be statistical errors in data processing, judging 

from the relatively small variation of the error bars related to the intensity of these points, 

they might also be inherent in the very nature of the sample and the LIBS technique, in 
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which case we describe this as “matrix effect.” By “matrix effect,” we refer to the 

influence of the physical and chemical properties of the sample on the plasma excitation. 

Laser-sample interaction and matrix effect have been reported as the main causes of 

imprecision of LIBS [16]–[18]. Controllable variables including, but not limited to choice 

of analytical line, laser shot-to-shot variance, speed of sample movement, and detector 

settings (time delay and gate width) also affect quantitative analysis of LIBS [17][19]. 

Specific emphasis on chemical matrix effects has also being discussed by Eppler et al. 

[20] in studying the effects of chemical speciation and matrix composition on Pb and Ba 

detection in soil and sand samples using LIBS. They found that the chemical compound 

and sample composition strongly influence emission signals. Since shale rock is 

composed of different elements with varying concentrations, chemical matrix effects can 

as well be invoked as source of the outliers observed in the Al, Ca and Si plots (Figure 

4.1, d-f) or spectral interference. 

Use of internal standard to minimize matrix effects 

The nonlinearity of the calibration curve in Figure 4.1 within certain ranges can 

also be due to inhomogeneity and multi-elemental content of the shale samples which can 

induce changes in the plasma excitation. In case the nonlinear calibration curve  is due to 

these changes in excitation, Cremers and Radziemski [16] proposed the use of analyte 

signal ratioed to another element present in the sample to straighten out the curve. This is 

known as internal standardization. 

In the Al curve (Figure 4.1d), a linear fit is only observed at high concentrations. 

The lost sensitivity at high concentrations is often due to self-absorption although  

saturation of the detector response may also be responsible [16].  At low concentrations, 
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non-resonance lines, such as Al (309.27 nm), are less sensitive to the detector response 

and if adjacent lines exist near it (which is the case with resonance line Al(308.21nm)), 

spectral interference is likely to occur. This might be the case between the aluminum 

doublets within the 308-309 nm spectral range. Consequently, the lines are probably 

broadened at low concentrations. An attempt to reduce the matrix effect observed in 

Figure 4.1d, f was done by normalizing Al and Si with Mg and Ti, respectively. Figure 

4.2 shows the resulting calibration curves. 

Calibration curve with internal standards. (a) Si (288.15 nm) / Ti (336.12 
nm), (b) Al (308.21 nm)/Mg (285.15 nm). 

Calibration curves with internal ratio show R2 greater than that 0.90 over a wider 

linear dynamic range. In the case of Ca, no element used as an internal standard could 

yield a better graph. From the results of internal standardization, one can say that the 

outliers observed in Figure 4.1d and f and linked to the influence of other elements, 

notably Mg and Ti. As for Ca, it is probably related to its high concentration. 
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It follows that quantitative analysis of a matrix with multiple elements with varying 

and high concentrations can be affected by spectral interference; and the use of non-

resonance lines and intensity ratios can help reduce the matrix effects and improve the 

quality of simple linear regression calibration curves. 

Partial least squares regression 

An alternative means of minimizing matrix effects is the use of multivariate 

analysis; this approach is especially useful when we have samples containing emission 

lines from multiple elements with high likelihood of strong spectral interferences. 

Multivariate analysis comes in various forms, amongst which is partial least squares 

(PLS) analysis.  PLS has been widely used to minimize the matrix effect [21][22][23]. 

PLS provides a model for the relationship between a set of predictor variables X (n 

objects, m variables) and a set of response variables Y (n objects, p response). In this 

case, the m variables are the LIBS spectra intensities and the p responses are properties 

such as the concentration. The p response has to be independently measured for each 

sample. If the spectral data contain information about the properties of interest, a reliable 

calibration model can be constructed [24]. The samples with known elemental 

concentrations are used to create a model relating Y to X that is used to predict the 

concentrations of unknown specimens. PLS has the particularity of reducing the number 

of variables to a few principal components while taking into account the full spectrum of 

each sample. Each row of the data matrix X gives the wavelength-dispersed spectral 

intensities of one of the calibration samples, and these techniques seek to find a small 

number of principal component vectors (with the same dimension as the number of 

columns of X) upon which to base the regression. In the case of PLS, the principal 
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component vectors balance the importance of explaining the variance in X with that of 

creating a strong correlation with Y in the regression step described below. This balance 

results in a robust model with good predictive ability [25][26]. Although PLS often uses 

the full spectrum for models, some authors have proposed the use of proper selection of 

spectral ranges for better results when dealing with multi-elemental analysis. Xu and 

Schechter used an error indicator function of the net analyte signal to determine the 

analytical performance of an element in a certain spectral range [21]. Based on this, the 

most informative spectral ranges to be utilized in multicomponent analysis are selected 

[27]. Norgaard et al. have proposed interval partial least-squares (iPLS), which consists 

of developing local PLS models on equidistant subintervals of the full-spectrum region. 

This method provides an overall picture of the relevant information in different spectral 

subdivisions, thereby focusing on important spectral regions and removing interferences 

from other regions [28]. 

In the present study, the full spectrum was divided into reduced spectral ranges. 

The reduced spectral range was such that it contains most of the strong lines of a 

particular element (aluminum for example) for which we want to obtain the calibration 

curve. This procedure was repeated for others elements (Ca, Ti, Si, Mg and C). All 

recorded spectra were used to generate the partial least squares regressions using full 

cross validation on the average spectra. PLS-R were done with Unscrambler X version 

10.3 software, from CAMO Software Inc, USA and the calibration and validation curves 

are shown in Figure 4.3. 
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Partial least squares calibration curves for C, Al, Mg, Ca, Ti and Si. 

In Figure 4.3, the best fit of the calibration and validation sets deviates slightly 

from the target line as seen from the values of the slopes which are almost equal to 1. The 

R2 values are greater than or equal to 0.98. These observations show a strong correlation 

between the predicted and reference values over a wider linear dynamic range than for 

the univariate method. 
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Predictive capability of LIBS 

The predicted concentrations using SLR and PLS-R in our study are compared 

with those from ICP-OES and a carbon analyzer. The results are reported in Table 4.1 

and a comparison graph is plotted in Figure 4.4. 

Table 4.1 Prediction results of LIBS and relative errors of determination. 

Predictions 

Samples 

Reference 

values 

LIBS Relative error (%) 

SLR PLS-R SLR PLS-R 
(x100ppm) 

S215_Al 79.15 70.52 74.58 10.90 5.77 

S216_Al 84.69 69.23 75.26 18.25 11.13 

S218_Al 47.46 34.08 48.25 28.19 1.66 

S212_Ca 171.78 167.48 156.73 2.50 8.76 

S213_Si 180.54 308.46 197.74 70.85 9.52 

S219_Si 246.88 433.66 235.63 75.65 4.55 

S214_Mg 8.51 10.09 9.35 18.56 9.87 

S218_Mg 9.33 8.27 8.25 11.36 11.57 

S215_Ti 4.06 3.29 3.55 18.96 12.56 

S217_Ti 0.96 1.38 0.52 43.75 45.83 

(wt.%) 
S210_C 7.58 5.88 7.37 22.42 2.77 

S215_C 3.56 - 3.98 - 11.79 

Reference values were measured by ICP-OES (Al, Ca, Si, Mg, Ti) and 
carbon analyzer. 
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Comparison of LIBS (SLR and PLS-R) versus ICP-OES and carbon 
analyzer for Al, Ca, Mg, Si, Ti, and C. 

In Table 4.1, a higher error is noted with SLR prediction of Si. This can be 

understood from the silicate nature and inhomogeneity of shale rocks. In fact, studies on 

silicate rocks have shown a high matrix effect of Si which interferes with Ti [29].  In 

order to reduce the sample inhomogeneity, Claisse introduced borate glass [30] to obtain  

highly reliable and precise results for XRF analysis of all rock types [31]–[33]. The 

borate fusion method produces homogeneous samples that are easy to handle, can be 

analyzed multiple times without deterioration, eliminate grainsize and mineralogical 

effects, and reduce differences in mass absorption from sample to sample [34]. However, 

LIBS presents a rather simple alternative, notably the possibility of avoiding sample 

preparation, like the case of acid digestion, used to obtain homogeneity of a sample. 

Although an attempt to reduce matrix effects was made with internal standardization, the 
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matrix effect is still present as seen from the SLR calibration. The use of multivariate 

analysis has been preferred to minimize the matrix effect. In Table 4.1, the comparison 

shows that the error for PLS-R (1.66 to 12.56%) for most elements is about half that of 

SLR (2.50 to 75.65%). Figure 4.4 shows that LIBS results are comparable to those of 

ICP-OES and a carbon analyzer. 

Limit of detection 

For each analyte, the spectrum with the lowest concentration was used to 

𝑐𝜎𝑠 calculate its limit of detection (LOD), which is defined as 𝐿𝑂𝐷 = 3 , where c is the 
𝐼 

lowest concentration, σs is the standard deviation of the background near the analyzed 

line, and I the intensity (background subtracted) of the analyzed line.  LODs for Al, Ca, 

Si, Ti, Mg, and C are reported in Table 4.2. 

Table 4.2 Calculated Limits of Detection (LOD). 

Elements LOD 
Ti (II) 336.12 nm 15.6 ppm 
Mg (I) 285.21 nm 4.2 ppm 
Al (I) 309.27 nm 33.0 ppm 
Si (I) 288.15 nm 60.9 ppm 
Ca (I) 649.37 nm 0.03 ppm 
C(I) 247.85 nm 0.4 wt.% 

Conclusions 

Laser-induced breakdown spectroscopy (LIBS) was used to determine the 

elemental composition of Marcellus Shale rocks. Major elements (Al, Ca, Si, Mg, Ti, and 

C) in shale rocks were qualitatively and quantitatively analyzed. Univariate calibration 

(SLR) curves of Al, Ca, Si, Mg, Ti and C were compared to their corresponding 

multivariate PLS-R calibrations. Quantitative analysis using PLS-R in LIBS helps 
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minimize the matrix effect and increase the linear dynamic range of concentration 

determination. LIBS offers the possibility of quantifying carbon, which is not possible for 

analysis by ICP-OES. Predicted results obtained by LIBS are similar to those obtained by 

ICP-OES for Al, Ca, Si, Mg and Ti and by a carbon analyzer for C. From our results and 

the advantages offered by LIBS (such as its simplified set up, cost and optical emission 

nature), we have demonstrated that the LIBS method can provide rapid analysis of shale 

rock samples. 
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LASER-INDUCED BREAKDOWN SPECTROSCOPY FOR QUANTITATIVE 

ANALYSIS OF TRACE ELEMENTS IN HIGH PRESSURE CO2 ENRICHED 

WATER: AN APPLICATION TO CARBON SEQUESTRATION4 

Objective 

In the present chapter, we investigate laser-induced underwater plasma under high 

CO2 pressures. An underwater plasma is characterized in terms of electron density and 

the experimental parameters (gate delay, laser energy) are optimized. The feasibility of 

quantitative analysis of trace elements in CO2-dissolved water under high pressure is 

reported for application in the detection of CO2 leakage during the carbon sequestration 

process. 

Introduction to carbon sequestration 

For several decades, combustion of fossil fuels has raised environmental concerns 

about the increase of anthropogenic emission of carbon dioxide (CO2). This increase of 

CO2 enhances the greenhouse effect, leading to what is known as global climate change 

[1][2]. With the ever increasing demand for energy, there is a need for alternative sources 

of natural gas production and at the same time mitigating the greenhouse effect. 

Renewable energy and nuclear energy are alternatives, but require advanced technology 

4 Ongoing work on underwater plasma review article with the participation of Christian Goueguel, Dustin 
L. McIntyre, Jinesh Jain and Jagdish P. Singh. 
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for sustainable large scale production at affordable cost. Reduction of carbon dioxide 

remains the prime option to substantially circumvent deterioration of the ecosphere. A 

promising approach is Carbon Capture and Storage (CCS), which consists of trapping 

carbon dioxide at the source plant, compressing to supercritical fluid and storing in a 

well-selected site. Storage of CO2, however, requires a careful selection of sinks that can 

securely store CO2 for a considerable geological time without causing another major 

ecological concern. In view of this, different geological environments have been 

proposed [3][4]. 

Underground geological storage is a preferential means of storing CO2 [4][5][6]. 

Depleted oil and gas reservoirs, coal formations, and deep saline aquifers can be used for 

storage of CO2 [6]. Although carbon capture and storage has proven to be the best way of 

mitigating anthropogenic release of CO2, it requires constant monitoring of the integrity 

of the storage because the risk of CO2 leakage is real and can potentially impact 

groundwater resources. Also, a progressive leakage could eventually reach the deep 

waters where dissolved CO2 will accumulate, resulting in a phenomenon similar to what 

happened in Lakes Monoun and Nyos in Cameroon in 1984 and 1986, respectively. In 

effect a sudden outburst of dissolved CO2 was released, killing thousands of people and 

animals with serious impact on the ecosystem as well [7], [8]. 

In effect, dissolved CO2 forms carbonic acid, which, in turn, increases the 

reactivity of the minerals in the geological formation. The interaction between the 

injected CO2, the host rock, its embedded fluid, and the sealing cap-rock is thus 

susceptible to offsetting the geological, physical and chemical equilibria of the host rock, 

affecting its porosity and permeability and providing a pathway for CO2 leakage [9]. 
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Therefore, a careful selection and characterization of the potential storage sites is 

necessary and as is constant monitoring of its integrity as well. 

Potential leakage can be predicted by monitoring the physical and chemical 

changes of the geological fluids. Subsurface fluid sample and tracer analysis have been 

used as CO2 monitoring techniques [10][11]. In subsurface fluid sampling, liquid or gas 

samples are collected from the injection reservoir or the overlying formation. Information 

on physical and geochemical changes taking place in the reservoir due to CO2 plume 

migration are then investigated to understand the fluid chemistry, CO2 transport 

properties, and CO2 saturation that are used to constrain reservoir simulation models. 

Subsurface tracer monitoring consists of tracking the migration of the CO2 plume and 

assessing the phase partitioning of CO2 in the reservoir. Sampling of the subsurface is, 

however, difficult because fluid mixtures, such as CO2, brine, and hydrocarbons, density 

separate in the wellbore, temperature and solubility relationships change, and preserving 

samples at in situ temperature and pressure conditions is a major challenge [11]. Kuster 

flow-through samplers and Modular Formation Dynamics Testers are often used to 

retrieve and maintain samples at in situ pressure conditions. Freifeld [12] also developed 

a U-tube for down hole sampling. This instrument permits extraction and maintains the 

sample under in situ conditions. These methods are tedious and cannot be use as a 

standalone technology and analysis of major and minor elements is carried out in a 

laboratory with techniques such as mass spectrometry. Although, these methods of 

subsurface sampling give precision for alkalinity, pH, and real-time fluid gas 

compositions which are highly effective parameters to track the CO2 plume [13], little 

attention has been afforded to the chemical analysis of trace elements in such 
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environments. By monitoring the variation of these trace elements in the presence of 

dissolved CO2 at high pressure, one can predict changes in the chemical composition of a 

reservoir and by extension, the degradation of the of the storage site. For example, there 

has been concern about injecting CO2 in a cement well because of the effect of carbonic 

acid on the walls. During the diffusion of the carbonated water into the cement matrix, 

Ca(OH)2(s) is dissolved by the acidic solution, which enhances leaching of Ca2+ out of the 

cement matrix; subsequently precipitation of CaCO3(s) in the cement matrix is observed as 

a result of Ca2+ diffusion [14]. Therefore, monitoring the variation of such elements in the 

site can be useful for monitoring the integrity of the geological site for carbon 

sequestration. 

Spectroscopic study under high-pressure environment 

Spectroscopic measurements have been used to determine solution composition 

under high-pressure and high-temperature conditions. For example, Sanchez-Valle et al. 

[15] used an externally heated diamond anvil cell and synchrotron X-ray fluorescence 

(SXRF) for in situ measurements of carbonate minerals (strontianite SrCO3) at pressures 

up to 3.6 GPa and temperatures up to 523 K. Like mass spectrometry, SXRF is 

cumbersome with poor limit of detection (LOD) and is limited to analysis of light 

elements. Thus, there is need for an alternative technique with a simple configuration, 

that can provide lower limits of detection, cover a broader spectrum of elements, and 

perform in situ and real time analysis.  Laser-induced breakdown spectroscopy (LIBS) 

offers such capabilities. Literature compiled in various textbooks shows that LIBS is a 

powerful analytical technique for elemental analysis with detection limits on the order of 

parts per million (ppm). It has been applied to solid, gaseous and liquid samples with 
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results comparable to those of standard analytical techniques, like ICP [16][17][18]. Due 

to its versatility, the LIBS technique has drawn more interest in various fields of applied 

sciences. The flexibility and the availability of field-portable devices, like the Chemcam 

[19], have seen LIBS being applied in harsh environments where real-time in situ 

monitoring is needed with little or no sample preparation. It has been deployed for 

environmental and geochemical applications for the analysis of natural fluids, minerals, 

rocks, soils, sediments, and other natural materials [20]. 

Underwater LIBS for bulk analysis 

The interaction of high-power laser pulses with matter can lead to a dielectric 

breakdown through optical absorption, commonly referred to as laser-induced breakdown 

(LIB). This breakdown can be initiated through cascade ionization, which occurs with 

long pulse generation and needs seed electrons in the focal volume. In the short pulse 

regime, pure multiphoton ionization is generally predominant, where each molecule is 

individually ionized by the electric field without the need of seed electrons [21]. Laser-

induced breakdown has led to a spectroscopic technique called Laser-Induced Breakdown 

Spectroscopy (LIBS). LIBS is an emission spectroscopy where optical emission lines 

(atomic, ionic, or molecular) are characteristic of the elements present in the sample and 

can provides both qualitative and quantitative analysis. 

Despite the reported experimental investigations of breakdown in aqueous media 

[22][23], the theory behind the breakdown process remains less understood as compared 

with the case of solids and gases. The process is initiated by multiphoton ionization of the 

molecules in the focal volume. After this multiphoton ionization stage, a partially ionized 

plasma is formed. The resultant plasma reaches high temperature and pressure and finally 
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expands, which causes the creation of a shock wave and a cavitation bubble of vaporized 

gases. First on a picosecond timescale, the high-pressure shock wave travels at supersonic 

velocity from the breakdown site, quickly dampening to acoustic velocity. Then, the 

shock wave and the cavitation bubble continue to expand in a nanosecond timescale. 

Finally on a microsecond timescale,  the cavitation bubble due to the liquid environment 

collapses and may release a second shock wave, depending on the laser pulse energy 

[21][23]. 

Even though LIBS has known considerable progress with solids and gaseous 

samples in a considerable number of publications [16][17][18], direct analysis of liquid 

samples is difficult, due to several inherent drawbacks, such as splashing, surface ripples, 

extinction of emitted intensity, and a shorter plasma lifetime [24]. The shock waves that 

ensued during vaporization of liquid samples increase the shot-to-shot variation and 

displacement of the plasma spot, thus lowering the reproducibility of the spectral 

measurements. On the other hand, splashing attenuates the incident laser light as well as 

the emission light from the created plasma. To overcome these short comings, various 

experimental LIBS setups have been devised among which include bulk analysis and 

dual-pulse excitation [25]. In dual-pulse excitation, the first pulse is used to ablate the 

material and the second pulse to further excite the resulting plasma and enhance the 

sensitivity of LIBS as well as the signal-to-noise ratio. However, for compactness and 

optical setup, a single pulse is often used. In this chapter, instead of initiating the plasma 

at the surface of the liquid, the plasma is initiated in the bulk of the liquid samples for 

underwater LIBS measurements. 
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Experimental 

Apparatus 

An experimental setup for underwater LIBS. 

Plasma creation in bulk liquid under high pressure dissolved gaseous CO2 [9]. 

Our experimental setup is shown in Figure 5.1. A 1064-nm Q-switched Nd:YAG 

laser (Q-smart 850, Quantel, 6-ns pulse width) was used as excitation source. A laser 

with repetition rate was set to 5 Hz was used. Its beam was focused on the sample 

through two UV-grade fused-silica plano-convex lenses of 100- and 80-mm focal length 

and 25.4-mm diameter at a separation distance of 1 mm. A pair of half-wave plates and 

polarizing beam splitters were used to attenuate the pulse energy. A high-energy 

pyroelectric head detector (70273, Oriel Instruments) connected to a computer through an 

Ophir compact Juno USB interface was used to control the pulse-to-pulse energy 

variation. The liquid samples were put in 0.5-liter stainless steel high-pressure reactor 

(Thar Technologies Inc.) and pressurized using a precision metering pump (QX-6000, 

Ametek Inc.), set at a constant flow rate to inject CO2. The pressure inside the reactor 
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was monitored using a high-speed USB output pressure transducer (PX409-5.0KGUSBH, 

Omega) attached to the reactor with a Swagelok fitting and using a laboratory-built 

LabVIEW program. A long-pass dichroic mirror (DMLP900, Thorlabs) and two UV-

grade fused-silica plano-convex lenses of 40- and 10-mm focal length and 25.4-mm and 

50mm diameter respectively were used to collect and focus the plasma light into a fiber 

bundle of 100-µm core diameter which is 2 m long (SR-OPT-8014, Andor Technology). 

This optical fiber was then connected to a Czerny-Turner spectrograph (Shamrock 

SR303i-A, Andor Technology) to record the plasma light emission in the form of spectra. 

The spectrograph signal was integrated with a 1024x256 pixels intensified charge-

coupled device (ICCD) camera (DH320T-25F-03, Andor Technology). The gate delay 

was controlled with the built-in digital delay generator (DDG) of the spectrograph. The 

DDG is activated by the trigger pulse from the laser Q-switch output to synchronize data 

acquisition with the laser pulse [9]. 

Sample preparation 

Solution sets of CaCl2 were prepared by dissolving its powder form into pure 

water at various concentrations of Ca. Concentrations of calcium were 50, 100, 150, 200 

and 300 ppm. Measurements of each solution were first carried under atmospheric 

pressure without CO2 and later gaseous CO2 was dissolved in the solutions at 5, 15 and 25 

MPa pressure. The CO2 used in this study was an industrial-grade gas. 

Experimental conditions 

As mentioned earlier, a plasma initiated in aqueous media is characterized by a 

shorter plasma lifetime. The displacement of the focal volume toward the laser, known as 
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moving breakdown, is often observed with a nanosecond laser. As a result of this, an 

elongated plasma is created, shielding points farther up the beam path, quenching the 

heating of the plasma, and causing an early decay of the plasma emission in this region 

[26]. Because of these, the intensity of the emission line is relatively low as compared to 

that of solid samples. In order to improve the strength of the emission intensity, we 

temporally resolved the LIBS spectra. Since laser pulse energy also plays a great role in 

initiating the breakdown in aqueous media, we also optimized the laser pulse energy. 

Normalized intensity of Ca line at 422.67 nm. 

Figure 5.2 shows variation on the line intensity of a calcium line with respect to 

gate delay and laser pulse energy. It is observed that the line intensity decays fast after a 

couple hundred nanoseconds (around 250 ns). Also as the laser pulse energy increases, 

the intensity also increases, but drops after a certain value (20 mJ). 
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In order to obtain the best gate delay at which the analytical spectra will be 

collected, the signal-to-background ratio (SBR) is evaluated. 

Signal-to-background ratio of Ca line at 422.67 nm. 

In Figure 5.3, shows the variation of the SBR with respect to gate delay and laser 

pulse energy. It is observed that with the increase of laser pulse energy, the SBR 

increases as well and tends to be relatively constant after 20 mJ. However, with the 

various energies, SBR is optimum at 240-250 ns. 

Results and discussion 

Effect of pressure on line intensity 

Selection of emission line plays an important role in obtaining good linear 

regression models from which quantitative results, such as the limit of detection, are 

derived. The concentration range is also taken into consideration when choosing lines. In 
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the case of high concentration, weak lines can be selected while resonance lines are used 

when the concentration is low. This choice is made to avoid self-absorbed and self-

reversed lines and increases the linearity of the calibration curve [17]. However other 

factors, such as pressure, affects the emission lines through collisional (or pressure) 

broadening [16]. 

Variation of emission line intensity as function of pressure. 

The effect of pressure on emission lines from underwater generated plasma is 

given in Figure 5.4. We used the calcium line at 396.84 nm. It is seen that the line 

intensity significantly drops when the environment of the generated plasma moves from 

atmospheric pressure to 5 MPa, after which an almost constant intensity is observed as 

the pressure increases. The drop in intensity can be related to spectral broadening due to 

pressure. 
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Effect of pressure on electron density 

Quantitative analysis of LIBS greatly depends on the quality of the generated 

plasma. Plasmas should be optically thin, stoichiometric and in local thermodynamic 

equilibrium (LTE). In order to describe the characteristics of a plasma, parameters, such 

as the plasma electronic excitation temperature and the electron density, can be used. 

These can be obtained from the plasma emission data [17][18]. Figure 5.5 shows how the 

electron number density changes with increasing pressure. 

Evaluation of plasma electron number density as function of pressure. 

The electron number density Ne(cm-3) was evaluated using Stark broadening of a 

calcium line at 396.8 nm using the following equation [18]: 

𝑁𝑒 𝛥𝜆𝑆𝑡𝑎𝑟𝑘 = 2𝑤 (
1016) (5.1) 
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where Δλstark(nm) is the full-width-at-half-maximum (FWHM) obtained using a 

Lorentzian profile plot of the considered emission line, and w(nm)is temperature 

dependent and represents the electron impact parameter referenced from Griem [27]. 

From Figure 5.5, we observed that the electron number density increases from 

atmospheric condition to 5 MPa, after which it starts to drop. This shows that at higher 

pressures of injected CO2, the electron density is affected and this is due to the 

confinement of the plasma. The calculated electron number density falls within the  

reported literature range in LIBS, that is 1016 to 1019 cm-3 [28]. 

Quantitative analysis 

As an analytical technique, LIBS aims at providing a quantitative result that can 

compete with other spectroscopic techniques such as inductively coupled plasma. This 

quantitative capability is often measured in terms of detection limit, that is the minimum 

measurable concentration. This is usually done by measuring the response of the system 

from which calibration curves are constructed. In LIBS, the system response is the 

measurement of the emission lines. Ideally, the response is linearly proportional to the 

concentration of the sample. Quantitative analysis of LIBS is however affected by factors 

such as the instability of the laser pulse energy. This experimental factor can be 

controlled or minimized by averaging recorded spectra. Other factors are inherent to the 

technique itself− principally the non-preparation of the sample which might enhance 

matrix effects due to the physical and chemical properties of the sample [17]. 
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Calibration curves 

The calibration curves for calcium emission lines at various pressures are shown 

in Figure 5.6. 

Calibration curves of selected calcium lines. 

The error bars in Figure 5.6 represents one standard deviation of five 

measurements. From Figure 5.6, it is seen that as pressure increases, not only the line 

intensity reduces, but also the linearity (dynamic ranges) drops slightly at 5 MPa and 

drops seriously afterwards. These results show the pressure dependence of the calibration 
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curves and the quantitative results, like detection limits, arising therefrom. At low 

pressures, increase of ablation is dominant due to reduced plasma shielding, which 

permits more absorption of laser pulse energy by the sample, therefore increasing the 

number of atoms in the plasma. However, this increases the number of collisions. A 

consequence of this collisional increase is the collisional broadening effect which distorts 

the shape of the spectral lines, thus reducing their emission line intensity [17]. 

Limit of detection 

The limit of detection is evaluated according to the following equation 

𝐿𝑂𝐷 = 3 𝜎𝐵 (5.2) 
𝑆 

where σB is the standard deviation of background and S is the slope. 

Table 5.1 Limits of detection (LOD) of calcium lines at different pressures of CO2. 

Emission line Pressure of CO2 (MPa) LOD (ppm) 

Ca(II) 393.36nm 0 17.26±0.24 
5 20.10 ±0.13 

Ca(I) 396.84nm 0 15.49±0.33 
5 31.50±0.17 

Reported limits of detection were limited to 5 MPa due to the limitation of the 

dynamic range at higher pressures of CO2. Table 5.1 shows the detection limits of 

calcium in water under atmospheric pressure and under 5 mPa pressure of injected CO2. 

It is seen that the as pressure of CO2 increases, the detection limit increases as well. For 

calcium at 393.36 nm, the increase is not that much whereas at 396.84 nm the value 

practically doubles. This is explained by the loss of sensitivity observed in the calibration 

curve at 5 MPa (Figure 5.5) for Ca(II) 396.84 nm. 
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Conclusions 

Experimental parameters, that is gate delay and laser pulse energy, have been 

investigated in view of quantitative analysis of trace elements in a high-pressure 

environment. Results show that pressure reduces the line intensity and to some extent that 

of the electron density. However, by temporally resolving the gate delay and optimizing 

the laser pulse energy, one can obtain underwater plasma emission with quantitative 

results on the order of 30 ppm within a certain limit of increased pressure. In effect the 

limit of detection increases as the pressure increases. Calibration curves show a loss of 

linearity with increase of pressure above 5 MPa. This study shows the possibility of using 

laser-induced breakdown spectroscopy to monitor the variation of trace elements. This 

can be applied in carbon sequestration. In effect, injected CO2 enhances the acidity and 

thus favors more release of cations, like Ca2+. So instead of measuring the carbon lines 

which is very difficult, one could rather monitor the variation of the trace elements to 

predict changes in the chemical composition of a reservoir and by extension the 

degradation of the of the storage site. This capability will be very beneficial to carbon 

sequestration technology. 
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SUMMARY AND RECOMMENDATION FOR FUTURE 

In this chapter I summarize the work covered throughout this dissertation and 

suggest future research. 

Research summary 

In this dissertation, my main focus was to use laser-induced breakdown 

spectroscopy to simultaneously analyze samples with more than one element and to 

applied it to investigate its application to some geological environments. Also in most 

cases, my quantitative results were compared with those of inductively coupled plasma-

optical emission spectroscopy (ICP-OES). 

In Chapter 2, laser-induced breakdown spectroscopy was used on various 

cosmetic powders. Principal component analysis was used to outlined the main variables 

responsible for the variance in the samples. Mg is linked to principal component PC1 

(85% of the variance) and is the main element responsible for the grouping of the 

samples into two sets (starch- versus talc-based). Ca was associated with principal 

component PC2 and is responsible for the subgrouping observed in talc-based sample as 

talcum powders may contain variable amounts of associated minerals. The use of Si as 

internal standard aided distinguishing starch-based from talc-based products. It was also 

found that Mg/Si and Fe/Si have lower intensity ratios in talcum powder than in starch. 
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In Chapter 3, quantitative analysis of slags was reported using univariate 

calibration curves and partial least square regression (PLS). Internal standardization was 

used in univariate (SLR) calibration curves to minimize the shot-to-shot variation in the 

plasma. Results from LIBS were compared with those of ICP-OES. From the results 

obtained in this work, LIBS response varies depending on the element and the technique 

used for quantitative analysis; thus the simultaneous use of univariate calibration curves 

with internal standardization and PLS regression in multi-elemental analysis can help 

reduce the matrix effects of slags with high variation in concentration. 

Geological samples, notably shales, were analyzed using LIBS for the first time in 

Chapter 4. Elemental composition of shales was thus reported. The quantitative results of 

major elements (Al, Ca, Si, Mg, Ti, and C) were again compared with those of ICP-OES.  

It was shown that using PLS-R with LIBS helps minimize the matrix effect and increase 

the linear dynamic range of concentration determination. LIBS offers the possibility of 

quantifying carbon, which is not possible for analysis by ICP-OES. 

Quantitative analysis of trace elements from laser-induced underwater plasmas 

was investigated in Chapter 5. The effect of pressurized CO2 on the line intensity and the 

plasma electron density was also investigated. Results show that pressure reduces the line 

intensity and to some extent the electron density. Optimizing the gate delay and the laser 

pulse energy showed that one can obtain underwater plasma emission with quantitative 

results on the order of 30 ppm. This study shows the possibility of using laser-induced 

breakdown spectroscopy to monitor the variation of trace elements in the presence of 

injected CO2, which favors more release of Ca2+ due to the increase of acidity. This can 

be applied to carbon sequestration. Instead of measuring the carbon lines which is very 
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difficult one could rather monitor the variation of the trace elements to predict the 

changes in the chemical composition of a reservoir and by extension the degradation of 

the of the storage site. 

Recommendation for future research 

Herewith are the suggested recommendations. 

1. Use LIBS to qualitatively investigate the elemental composition of the 

raw material used in making cosmetic powders. I also suggest that the low 

intensity ratio of Mg/Si and Fe/Si observed in talcum could potentially 

indicate the presence of asbestos. However, LIBS does not offer the means 

to know what the molecular structure of this. I therefore suggest that LIBS 

be associated with Raman spectroscopy for a comparative study of the 

molecular structure of talc and starch. 

2. In Chapter 4 and 5, I studied the feasibility of determining the elemental 

composition of shales and the variation of trace elements in high-pressure 

CO2-enriched water using laser-induced breakdown spectroscopy. For 

future research, I recommend investigating the effect of supercritical CO2 

on shale rocks in the context of carbon sequestration. 
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