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The analysis of geological samples using laser-induced breakdown spectroscopy (LIBS) is strongly af-
fected by matrix effects. To investigate the improvement of matrix effects by the graphite doping method,
rock powder was mixed with graphite powder and pressed into pellets. Four groups of samples with the
same graphite content were prepared from a mixture of seven different rock powders and four graphite pow-
ders (0, 25, 50, and 75 wt.%). To reduce some of the pulse-to-pulse fluctuations, the internal standardization
method was adopted. Four sets of calibration curves of Ca and Mg were prepared using pellet samples with
the same graphite content. The influence of graphite content on laser-induced plasma temperature and elec-
tron density was further investigated. The coefficients of determination (R?) of the calibration curves after
doping graphite are larger than those without doping, and the stability of the spectral intensity, plasma tem-
perature, and electron density after doping are also improved. In particular, when the doping percentage is
50%, the matrix effect is significantly improved. The results show that the graphite doping method has great
potential for improving the matrix effects of LIBS in the analysis of rock powder samples.
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Hccnedosana 603M0ACHOCTNID NOOABTIEHUS MAMPUUHBIX dhhexmos nymem 0obasku epagpuma npu aua-
JU3e 2e0102UYeCKUX 00pa3yos Memooom CHeKmpoCKonuu aazepHo-unoyyuposanrnot niazmul (LIBS). C samot
yenvlo 00pasybl NOPOUKOE 2OPHOU NOPOObL CMEWUBATUCH C CPAPUMOBLIM NOPOULKOM C ROCEOVIOWUM npec-
cosanuem @ mabaemxu. Yemuipe epynnvi 00pasyo8 ¢ 0OUHAKOBLIM COOEPICAHUEM 2PaAPUMA NPUSOMOBTIEeHb
U3 cmecu cemu pPAasiUdHbLIX NOPOWKO8 20PHOU NOpoobl u uembvipex epagumoswvix nopouxos (0, 25, 50 u
75 mac.%). [nsa ymenvwenus 6nusHus QryKmyayuti om umMnyavea K UMRYibCy UCNONb308AH MEMoO GHYM-
penneti cmandapmusayuu. C ucnoav3osanuem oopazyos mabiemox ¢ 00UHAKO8bIM codepaicanuem epaguma
nonyuenvl yemvipe Habopa xanubposounvix kpuevix ona Ca u Mg. Hccrnedosano énusnue cooepicanus 2pa-
Guma Ha memnepamypy u d1eKMPOHHYIO NIOMHOCMb AA3ePHO-UHOYYUposannou niazmul. Kosgguyuenmol
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oemepmunayuu (R°) kanubposounvix Kpuswbix nocie nesuposanus 2pagumom oxkazanucy 6oavuie, yem 6e3
JIe2UPOBaHUsl, CMAOUTLHOCHT CHEKMPATbHOU UHMEHCUBHOCU, MEeMNEPAmypbl U 3JeKMPOHHOU NIOMHOCHU
NAA3Mbl ROCTIE Te2UPOBAHUS MAKICE VIAYHUWULAC. Brusnue mampuunozo s¢pghexma 3nauumenvHo cHudxcaems-
s, Koeoa nesupoganue docmuzaem 50%. Tloxkazano, umo memoo necuposanus epagumom umeem 6OIbUION
ROMEHYUAT O CHUNCEHUS GIUSAHUS MAMPUYHBIX 3¢hhexmos npu anaiuze oopasyoe NOPOUKAa 20PHbIX HOPOO
MemoOOM CREKMPOCKONUY JIAZEPHO-UHOYYUPOBAHHOU NIA3Mb.

Kntoueswvie cnosa: cnexmpockonusi 1a3epHO-UHOVYUPOBAHHOU NAA3MbL, MAMPUYHble 3Qhexmbl, necu-
posaHue epaghumom, nopoOuoK 2OpHbIX NOPOO.

Introduction. The chemical composition of rocks is of great value in the exploration of petroleum, nat-
ural gas, and mineral resources. Common analytical techniques used for the elemental analysis of rocks or
minerals include scanning electron microscope-energy dispersive spectrometry (SEM-EDS) [1], X-ray fluo-
rescence (XRF) [2], micro-computed tomography (CT) [3], and laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) [4]. However, these techniques have inherent limitations [5]. Laser-
induced breakdown spectroscopy (LIBS) is a type of the atomic emission spectroscopic technique for ele-
mental detection of solid, liquid, gas, or aerosol samples [6]. In the last decade, LIBS has drawn much atten-
tion for its advantages of rapid multi-element analysis, nondestructivity, and remote online analysis with
minimal sample pre-treatment. Due to its unique advantages, LIBS has been successfully applied in space
exploration [7], quality monitoring [8, 9], environmental monitoring [10, 11], and other fields [12—14].

Due to severe matrix effects, it is difficult to quantitatively analyze geological samples with complex
matrices by LIBS. Since rock is a natural target with various and complex matrices, it is still impractical to
prepare matrix-matched standards for practical applications. To overcome the challenge, diverse approaches,
such as microwave-enhanced [15], spark discharge-assisted [16], and data processing methods [17, 18], have
been proposed. Although these methods achieved some progress in improving the matrix effects, the ad-
vantages of LIBS will be limited due to time-consuming data processing, complex sample preparation, or
increased cost and complexity of the system.

When analyzing powder samples using LIBS, some auxiliary materials, such as KBr [19], H:BOs [20],
or PVA [21], need to be added into the powder samples to prepare pellets. However, these materials are only
used as a binder, making the powder sample easy to shape, and the amount of the addition is rarely consid-
ered. Moreover, the sample to be analyzed must not contain the components in the binder, otherwise, the
accuracy of the analysis results will be seriously affected.

Graphite powder is widely used in the fields of casting, batteries, carbon products, and refractories be-
cause of its chemical stability, simple composition, high-temperature resistance, and good lubricity and plas-
ticity. In this work, Ca and Mg elements in three types of rock samples (volcanic rocks, limonite sedimentary
rocks, and metamorphic rocks) with different matrices were analyzed using LIBS combined with the graph-
ite doping method. The aim of this work is to study the improvement of matrix effects by graphite doping
methods.

Experimental. As presented in Fig. 1, a O-switched Nd: YAG laser (DAWA, Beamtech) operating at
the wavelength of 1064 nm with 1 Hz repetition rate and 7 ns pulse duration was used as the excitation
source to generate the plasma. The fixed energy of a 35 mJ laser beam was focused onto the sample surface
with a mirror (beam splitter 1) and an UV-grade quartz double-convex lens (focusing lens 1) with a focal
length of 100 mm. The plasma emission spectrum was coupled into a 1.5 m long quartz fiber by a mirror
(beam splitter 2) and a collecting lens with a focal length of 25 mm. The spectrometer used throughout the
experiment was an Echelle spectrometer with an intensified CCD detector (Andor, Mechelle 5000) with a
resolution of A/AX > 5,000 in the 220 and 950 nm spectral region. The spectrometer was connected to a PC
for data storage and spectrum analysis. The values of 3.0 ps and 550 ns were used as the delay time and the
gate width, respectively. To provide a fresh position and avoid deep craters, the sample was mounted on an
auto-controlled XYZ motorized stage. Each sample was analyzed using 10 locations with 20 shots averaged
together, resulting in 10 spectra per sample. To minimize any surface contamination, the first five shots were
discarded. The camera above the system is primarily used to view and image the surface of the sample.

Three volcanic rock (granite, andesite, and basalt, 01#-03#), one limonite sedimentary rock (shale, 04#),
two metamorphic rock (gneiss and amphibolite, 05#-06# ) certified powder samples (Institute of Geophysi-
cal and Geochemical Exploration, Chinese Academy of Geological Sciences), and a graphite powder sample
(purity of 99.99%) were employed in this work. Table 1 lists the certified elemental concentrations of Ca,
Mg, and Si elements in the samples. The rock powder sample was individually mixed with graphite powder
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at percentages of 0, 25, 50, and 75%. The mixture was homogenized and ground in an agate mortar and
pressed into 20 mm diameter and 3 mm thickness pellets with an electric hydraulic jack under a pressure of

25 MPa.
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Fig. 1. Schematic diagram of the experimental setup.

TABLE 1. Certified Elemental Concentrations in the Samples (wt.%)

Sample No. 01# 02# 03# 04# 05# 0o#
Ca 1.55 520 | 8.81 0.60 2.66 9.60

Mg 0.42 1.72 | 7.77 2.01 1.63 7.20
Si 72.83 | 60.62 | 44.64 | 59.23 | 66.27 | 49.62

Results and discussion. Calibration curves for Ca and Mg. Figure 2 shows a characteristic spectrum
from sample 02# doped with different percentages of graphite powder. As the graphite content increases, the
concentration of elements in the rock decreases, resulting in a decrease in the spectral intensity. Several lines
of Mg (Mg I 279.55 nm, Mg 11 280.27 nm, Mg I 285.21 nm), Si (Si I 288.16 nm), and Ca (Ca II 315.89 nm,
Ca II 317.93 nm) were identified in the spectrum based on the National Institute of Standards and Technolo-
gy (NIST) database. The spectral lines of Ca I 315.9 nm and Mg II 285.21 nm were selected as the analysis

lines to avoid interference from other lines.
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Fig. 2. Spectral lines from 02# sample with different percentages of graphite.



847-4 ABSTRACTS ENGLISH-LANGUAGE ARTICLES

To reduce some of the pulse-to-pulse fluctuations, the internal standardization method was adopted. The
spectral line of each element was normalized to the major element Si II 288.16 nm line, as presented:

Iélement = Sélement /Sél s i= 1,2,...,7’!, (1)
where I, Sclement, and Ssi are the intensity of the analysis line and the integration area under the lines of the
element 7 and Si, respectively.

The calibration curves for Ca and Mg elements with different percentages of graphite are present in
Fig. 3. The x-axis and y-axis refer to elemental concentrations and normalized spectral intensities of Ca and
Mg elements, respectively. The determination coefficient (R?) of the calibration curves and the error bars
were used to evaluate the performance of the calibration models. The error bars corresponded to the standard
deviation (SD) of the spectral intensities from 10 replicate measurements.

The smaller the SD value, the more stable the measurement. The larger the R? value, the better the line-
arity of the spectral intensity and concentration, and the more accurate the prediction result. The SD values
of the spectral intensity of the doped graphite samples became smaller, indicating that after doped graphite
the spectral stability was improved. As shown in Fig. 3a, the R value of Ca curve increased from 0.913 to
0.960, 0.992, and 0.925. The R? value for the Mg curve also increased from 0.905 to 0.932, 0.969, and 0.917,
as shown in Fig. 3b. It can be concluded that the matrix effect of the analysis of the rock powder samples
was improved by doping graphite. In particular, when the doping percentage is 50%, the R? values of both
the Ca and Mg calibration curves were the largest, and the SD of the intensity was also the smallest.
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Fig. 3. Calibration curves of elements (a) Ca and (b) Mg with different percentages of graphite.

Effect on the plasma temperature and electron density. The intensity of an emission spectra line can be
calculated by

1, = Fe, & op Er 2)
Ur) " P k,T

where I; is the line intensity, 4 is the transition probability, Ej is the high energy level transition energy,
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gris the upper-level degeneracy, kp is the Boltzmann constant, F' is the experimentally related constant,
T is the plasma temperature, and U(7) is the partition function. The parameters of gx, Ak, and Ex can be ob-
tained from the NIST database.

According to Eq. (2), since the intensity is mainly determined by the plasma temperature, it is necessary
to study the stability of the plasma temperature. In this work, the plasma temperature was measured using
the Boltzmann plot method [22]. Here, five Ca atomic lines were selected for preparing the Boltzmann plot,
and the parameters of the lines are listed in Table 2.

TABLE 2. Parameters of Ca Atomic Lines Used to Calculate Plasma Temperature

Wavelength, nm A (10371 Sk E,eV Ei, eV
443.6 0.342 3 4.6801799 4.6801799
610.3 0.096 3 3.9103990 3.9103990
612.2 0.287 3 3.9103990 3.9103990
643.9 0.530 9 4.4506470 4.4506470
646.3 0.470 7 4.4409544 4.4409544

In addition to the plasma temperature, the electron density is also an important parameter for plasma.
According to the laser-plasma broadening theory, the line broadening mainly occurs due to the Stark broad-
ening caused by the collision of particles in the plasma, and from the relationship shown in Eq. (3), the elec-
tron density N, can be measured:

AAFWHM = 2><10716(1)Ne, (3)

where o is the electron impact width parameter obtained from the literature [23], AArwnwm is the full width at
half maximum of the Stark broadening lines, and N is the electron density. In this paper, the electron density
was calculated by the Stark broadening of an atomic line of Ca at 422.7 nm.

As shown in Fig. 4, the plasma temperature of sample 02# with different graphite contents estimated by
the Boltzmann plot method was 8116, 7832, 7645, and 7491 K. The electron density estimated by Eq. (2)
was 4.67x10'®, 4.46x10', 4.18x10'6, and 3.81x10'6 cm™.
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Fig. 4. Change of plasma temperature (1) and electron density (2) of 02# sample
with different graphite contents.

The McWhirter criterion [24] was described by Eq. (4), which must be met by the plasma to be in local
thermodynamic equilibrium (LTE), in which the excited state particles follow the Boltzmann distribution.

N> 1.6x10"2T"2AE?, 4)

where 7 and AE (eV) denotes the plasma temperature and the largest transition energy between the states
(2.93 eV for Ca1422.7 nm), respectively. At 8116, 7832, 7645, and 7491 K, N, of the samples with different
amounts of graphite doping are 3.63x10'"%, 3.56x10'5, 3.52x10'°, and 3.48x10"cm, which is lower than the
electron density determined in the experiments. The plasma produced from the samples of different graphite
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doping amounts satisfies the LTE state.

Although the plasma temperature and electron density decreased due to decrease in the elemental con-
centration in the samples, the SD values also decreased, especially for the samples with a graphite doping
amount of 50%. The more stable the plasma temperature and electron density, the more stable the generated
plasma, which will also make the spectral intensity more stable. It also proved that the use of the doping
graphite method could effectively improve the matrix effect of LIBS analysis.

Conclusions. The influence of the graphite doping method on the improvement of matrix effects of
LIBS for the analysis of rock powdered samples was investigated in detail. The analytical performance was
evaluated by comparing R* values of the calibration curves and SD values of the spectral intensity. After
doping graphite, the R? values are larger than those without doping, and the stability of the spectral intensity,
plasma temperature, and electron density after doping are also improved. In particular, when the graphite
doping percentage is 50%, the matrix effect is significantly improved. The plasma produced from samples of
different graphite doping content all satisfies the LTE state. The results show that the doped graphite method
can effectively improve the matrix effect when using LIBS to analyze rock powder samples.
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