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ABSTRACT

Detection of metalloids such as selenium and antimio the environment is
important for technological and health reasonderfam in trace amounts has biological
importance and hydride generation is one of thet mibsctive sample introduction
techniques for analytical atomic spectroscopy messeants. Aqueous solutions of
selenium and antimony are converted to a gaseonms\via hydride generation and the
gas is delivered to an atomizer for measuremeaset.Induced Breakdown
Spectroscopy, LIBS, is the atomic emission spectieg method that is used in this
research to measure the gaseous form of the ampgerated by the hydride approach.
Analyte atoms are atomized and excited by a lasmyzed plasma and the atomic
emission is measured at an element-specific wagtierOptimization of the instrument
to obtain the maximum wavelength of emission wasopemed using a 10 ppm solution
of each element. The optimized parameters were taseeasure various concentrations
of each element in solution ranging from 0 to 1hppA calibration curve was generated
using the wavelength to plot intensity as a funttd concentration. A limit of
detection, LOD, was determined using the data fileercalibration curve. Additional
research in this work included studying the chanéstics and properties of laser
produced-plasmas and determining how this inforomatian be utilized in further studies

of trace analysis of selenium and antimony.
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CHAPTER 1: INTRODUCTION

1.1 ATOMIC EMISSION SPECTROSCOPY, AES

Atomic Emission Spectroscopy, AES, is the measunemielight emissions from
excited atoms. The concentration of an analytelelg can be determined from the
guantitative measurement of these emissions. Aceauch as a plasma, flame, or
discharge is used to provide the energy to atoamziexcite analyte atoms and promote
them to higher energy levels. The optical emissimmesponds to the excited atoms
returning to lower energy level(s) and emittinghtighat is detected by a photon detector

system. Figure 1 shows a diagram of the proces&6t

Excited State electrons

; —'
Thermal hv: energy is
Excitation released as
light

Ground State electrons

Figure 1. Schematic representation of Atomic Emms Spectroscopy



In AES, the process begins with sample introductiSample introduction
techniques vary with AES but the usual procedurdidoid samples is to aspirate the
sample solution and convert it into an aerosohtmduce small droplets of the analyte
into the atomizer. This sample introduction methetps prevent the atomizer from
being extinguished or from incompletely removingveat. The heat of the atomizer
desolvates or removes excess solvent/water frorsathmple droplets through
volatilization and evaporation processes and dhiesample particle's.In atomization,
chemical bonds are broken and free atoms are pedduthese free atoms become
excited and gain energy from collisions in the afm@m The atoms leave the ground state
and are promoted to an excited state where thetyligihmi upon returning to lower energy
levels. The excited atoms return to lower energiestand eventually to the ground state
due to the loss of energy. The relationship thete between atoms in an excited state
and atoms in a lower state is based on the Boltaregnilibrium? The Boltzmann
equilibrium is described in the following expressio
Boltzmann Equation: Na/Ng = e*EXT

N1 = number of atoms in the upper state

No = number of atoms in the lower state

AE = energy difference between upper and lower stagecm’
k = Boltzmann constant, J/K

T = absolute temperature, K

For degeneracy as in figure 2, the equation is:

N]_/NO — [91/90] e—AE/kT



Temperature has a significant effect on the poraif atoms in an energy level.
Atoms in the excited state and atoms in the gratat exist in a certain ratio when
thermal equilibrium occurs. The Boltzmann equatsaumes that energy levels are
thermally populated and that the system is in tlaéequilibrium. Temperature variation
must be controlled in AES for reproducible dataesults’ The elemental composition
of a sample can be determined by evaluating thetspe of the emitted light of excited
atoms in an atomizer céll Every element has a characteristic emission spadhat is
related to its electronic structure. For analysigange of different wavelengths is used to
determine the identity of multiple elements in &Juson or one wavelength for single
element analysis. For single element analysisireow range is selected to maximize the

sensitivity and selectivity of measurements of dipalar element.

E*, g* = 3 Excited State

A

AE

Emissior

A 4

Eo, @ = 2 Ground State

Figure 2. Boltzmann Distribution

Two energy levels (E) with different degeneraciggs (Ground state atoms can be promoted to the¢eelksiate and excited state

atoms can emit light and return to the ground state



Some common AES excitation sourcesame, Inductively Coupled Plasma
(ICP), Spark and Arc, Laser-Produced Plasmas, andMicrowave-Induced Plasma.*
These excitation sources use different approadresxtiting free atoms. The excitation
source and the atomizer can be the same in AEfectize methods and techniques in
AES utilize atomizers that completely remove thasie from its matrix and completely
atomize all elements. The excitation source shbalee enough thermal energy to
completely excite all elements and be able to readhange of solvents, solids, liquids

and gases.

1.1.1 Flame-AES

In flame atomic emission spectroscopy, a flamesedas both the atomizer and
excitation source. The flame technique generalBsia total consumption burner that
aspirates the sample solution directly into then#a The heat of the flame desolvates
the sample aerosol and creates free atoms. Thehte flame along with free atom
collisions excites the free atoms and promotes ttzelhigher energy states. The
temperature of the flame is on average < 3000 Kisitmver than many other atomizers.
Alkali and alkaline earth metals are usually anaetiyby this technique due to their low
atomization temperaturésSample introduction in Flame-AES is often an éssu
Approximately 85% of the sample is lost during smptroduction and only 15% of the
sample is atomized and excited. Flame AES is usafsingle element analysis and

elements that become excited at low temperatures.

1.1.2 Inductively Coupled Plasma-AES



ICP atomic emission spectroscopy utilizes a plagsidne atomization and
excitation source. A plasma is an electricallytredyupartially ionized gas made up of
ions, electrons, and atorhsPlasmas are characterized by their electron teas
temperature. The temperature of a plasma in ICB-A&ally ranges from 4000-8000
K. Plasmas in AES acquire their energy from antéteor magnetic field and this
energy must be maintained for the plasma to be isse&8ES. In ICP-AES, the energy is
acquired from electrical currents produced by etgagnetic inductiofi. Plasmas and
their properties will be discussed in further datathe section ofaser-Produced
Plasma-AES. In ICP-AES, the stable, high temperaturempkass formed by an ICP
torch. The ICP is a continuous plasma meaningasdot form and quickly decay. The
density and temperature of the plasma decreasetfrerwore of the plasma outward.

The ICP torch is made of three concentric tubesispdrtially enclosed by a
water-cooled coil that is powered by a radio frawpyegeneratof. The field becomes
magnetically activated when the power is turne@uath an inert gas such as Argon flows
through the torch. The flowing gas becomes eledtyi conductive when a tesla coil
ignites the gas and a plasma is forredl.diagram in figure 3 shows the details of an
ICP torch. In ICP-AES, the sample is introducedids liquid, or gas) directly inside the
plasma and atomization and excitation occur asiguely discussed in Flame-AES. An
advantage of ICP-AES is the sensitivity of the teghe due to the high temperature
plasma source. This sensitivity results in goodssion spectra for most elements.

Applications of ICP-AES include multi-elemental &rsis.



Plasma

RF Coil _____ |

Tangential Flow
>

/, ~ Argon gas flow
Sample flow

Figure 3. Schematic of ICP Torch

1.1.3 Laser-Produced Plasma AES

Plasmas produced by lasers have similar propexsi¢ise ICP plasma, but the
formation involves focusing a laser to a point iroa the sample and atomizing and
ionizing a small portion (ng to pug) of the sampkelaser pulse creates the plasma which
is not continuous but is short-lived. Once formeduickly decays by expanding
outward at supersonic speeds. The plasma is foeasttime the laser sparks or pulses
and quickly decays in approximately 10 microsecdpdy. The duration of a laser pulse
is typically 10 nanoseconds (ns). A laser-prodygdedma is often referred to as a
plasma plume due to its rapid expansion and the continuum diatéon that is produced.

Multi-photon ionization and electron collisions tiead to cascade breakdown

are the processes involved in generating a lasEityged plasma. Plasmas are generally



described as being partially ionized gases duledadans and atoms that are formed from
the atomization and ionization of the sample. TEmperature of the plasma is highest
when it's first formed and at this time there aseally no characteristic atomic emission
lines of the element(s). The detector systempgajly set to collect data after local
thermodynamic equilibrium has been establishederAhis time, the atomic emission
lines of the analyte elements are available. Tég@or System is an important
component in characterizing plasmas (see sectilmwhmn Detector System). Gating the
detector can avoid the detection of the continufinadiation emitted by the early
plasma. The detector system determines the lihgdetection along with other factors
such as the plasma atomization/excitation temperatind the power of the laser. Laser-
produced plasmas are used widely as atomizatiomacithtion sources in elemental
analysis of various samples including heavy metasils, liquids, and other solids.

One of the major advantages of using this technigjtigat the high temperature of the

plasma provides adequate thermal energy for ogimadsion.

1.1.3.1 Plasma Decay and Electron Density

The plasma created by the laser pulse/spark hiagraateristic that is a function
of the electron density and time. Plasmas prodbgddsers have relatively high
electron densities that decay with tifh&he electron density and plasma temperature
decrease as the plasma decays. The Boltzmanna@goah be used along with emission
measurements to determine the temperature of mafaghe electron density of
plasmas can be characterized and/or measured $tgingbroadening of the Hine

(pronounced H alpha lin&)This is a red spectral line produced by hydroglems that



is often used for characterizing different kindpt#fsmas. Due to the characteristic of
the line often being considered optically thick,mpaesearchers have not usedlide to
determine electron density in laser-produced plasmnesolid$:® However, other
researchers have found that thelide is useful when measured under optically thin
conditions. Stark broadening of hydrogen emis$iees can be used to evaluate the
electron density in the laser-produced plasfnadn this work, the instrument parameters
have been optimized to show characteristics oéteetron density in the laser produced

plasma as it decays over time with hydrogen, sefepand antimony.

1.1.4 Laser Induced Breakdown Spectroscopy, LIBS

LIBS is an AES technique that uses a laser-prodptasina as an atomizer and
excitation source. The plasma is formed and atatioiz and excitation occur as
discussed in the section above on laser-produ@sinals. Sample preparation is usually
minimal in LIBS. Solids and even liquids and gasas be directly analyzed without
sample preparation or minimum if any. Field-pokeaiechnology can be used for many
applications for measurements in the environméntaad soil** Real-time and in-situ
analyses are possible with the LIBS techniquethése studies, the use of LIBS coupled
with a sample introduction technique termed hydgdeeration has been evaluated.

Hydride generation will be discussed in detail lelo

1.1.5 Comparison of AES Techniques

Many techniques and methods exist in AES and save Advantages over

others. The application determines the methoedhrtique that is required. The



atomization and excitation sources are the theemaigy supplier(s) of all AES
techniques. There are essentially three categfmiesources of thermal energy in this
form of spectroscopy that include flame, furnacel plasma:?> Flames are useful for
group 1A and 2A elements because they're easientpe. Flames provide the lowest
sensitivity due to their temperatures not being@sas furnaces and plasmas. Single
element analysis is usually the limitation of FlaAES. Furnace atomizers are more
sensitive than flames and provide lower detectimitd. The sample size is usually
minimal when using furnaces such as graphite femand is an advantage for these
atomizers’ Multi-elemental analysis is possible with furnsemd interference from the
source is minimal. Plasmas are excellent souarethérmal energy due to their high
temperatures. The sensitivity of the methods & &0d LIBS is high when used with
sample introduction techniques to separate the lgafirgm its original matrix?*3 As
discussed above, both LIBS and ICP utilize a plagshe atomizer and excitation
source, but there are advantages of using LIBS I&@fr These advantages include
measurement capabilities of solids, liquids, argkga ICP allows for the measurement
of solids and gases, but the effectiveness of tbthaod is best with aqueous samples.
LIBS requires little or no sample preparation anty@ small size of the sample is
required for measurement. ICP usually requiregpdapreparation and the sample size
required is relatively large compared to the nggpignple size of LIBS. Last, but not
least, the instrument for ICP is generally not glole. However, an instrument for LIBS
can be made as a portable device for field uséleThlists some of the different AES
technigues and the typical excitation temperatuswbacks or disadvantages of

plasmas being used as atomizers and/or the eraitatiurce, as in LIBS, are the



interference caused by atmospheric gases suchygsmxitrogen, and hydrogen. LIBS
also usually has detection limits in the ppm rangiess it is used with other methods to
increase the sensitivity.

In AES thermal energy is required for optical enuef elements. The thermal
energy source(s) must be capable of efficientlyngting and exciting atoms for good
results to be obtained. The research in this wor@lves coupling a sample introduction

technigue known as hydride generation to a lasedtgred plasma method as in LIBS.

AES Technique Temperature (K)
LASER PRODUCED PLASMA 10000
ICP 4000-8000
FLAME 1500-2500
SPARK AND ARC 3000-8000
MICROWAVE INDUCED PLASMA 1000-2000
GRAPHITE FURNACE 2000

TABLE 1. Common AES Techniques

1.2 DETECTOR SYSTEM

AES requires a system that detects the emitteatiadiof elements during
analysis. The detector system is a determiningfdor the limit of detection in
elemental analysis. The detector system in thieskes consists of a monochromator

and a photomultiplier tube, PMT. The monochrom&a@n optical device that can be

10



adjusted in order to transmit specific bands of elangths of light from a range of
wavelengths. A diffraction grating is used to separate bandsators of light and direct
the selected wavelength through an exit slit. PNE is the detector of light and it is
positioned at the exit slit of the monochromatodébect the light; it is very sensitive to
UV/VIS and near infrared light. The PMT consistaghoto-sensitive cathode and a
series of dynodes. The individual photons of ligiteived from the monochromator hit
the photocathode of the PMT and photo-electrongmiged. The photo-electrons
accelerate towards the first dynode and secondecyrens are created each time an
electron hits a dynode.

An electronic device, known as the Boxcar Averagenverts the analog signal
of the PMT to a digital signal via a computer ifdee. When displayed, the digital
signal is used to determine emission peak(s) oheh(s) in the sample. The Boxcar
Averager settings are used to optimize parametsts &s gate width and time delay.
These parameters must be set and optimized cgrieailder to determine when the best
emission data can be obtained from the light detesststem. The detector is constantly
receiving light from the monochromator and the tueéay and gate width are parameters
that correspond to a selection or gate of timéefsignal The time delay, or delay, is a
setting corresponding to a time after the lasesg@okcurs. As discussed earlier, the
plasma is formed with each laser pulse or spamcdehe delay is related to emissions
occurring in the life of the plasma. This settdigects the Boxcar Averager to acquire
the signal from the detector during a specifiecetafter the laser fires. The gate width
setting corresponds to the length of time the sign® be collected. The delay and

width settings are used to gate the detectionegthission process. Because plasmas
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have dynamic properties, it is useful to know wkenbtain measurements of the emitted
radiation from the excited atoms. Changing andhuping parameters such as gate
width and delay allows an analyst to determinebist time to collect measurements

from the plasma. Figure 4 shows a diagram of the detector systeed in this work.
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CHAPTER 2: SELENIUM AND ANTIMONY

2.1 SELENIUM, Se

Selenium is a mineral element that is found ingheironment and occurs from
natural or anthropogenic sources. The atomic numb8e is 34, its atomic mass is 78.96
and it is chemically related to sulfur and tellmiti* Se is a nonmetal and rarely occurs
in its elemental (insoluble form) state in natu8elenate, selenite, and selenade are
inorganic forms of Se that occur naturally. Thengnt is found in natural sources
mostly in rocks and soils usually combined witHfisiel, copper, lead, or other minerals.
Environmental matrices contain Se at concentratianging from mg/kg down to
ng/kg®® Anthropogenic sources include smelting of ored@ther similar pollution
activities. Se has a biological role in human tredbw doses are essential to good
health and high doses can have adverse effectplagea key role in the metabolism of
plants, animals and humans by its incorporation émtive enzymeS. Se plays a role in
biological systems that is analogous to sulfuis found in organic compounds such as
dimethyl selenide, selenomethionine, selenocysteaing methylselenocysteine.
Exposure typically comes from food consumption, ddutery low levels that are not
harmful. On the contrary, high levels of exposarréngestion can result from living near
industrialized areas that pollute the air or watBrace analysis of selenium is essential to
help control air and environmental pollution. Aotding to the guidelines of the U.S.
EPA, the maximum allowable concentration of Serinking water is 10 ug/E® Blood
and urine samples can be analyzed for trace amo@iis to determine the toxicity level
in the biological system. Selenosis is a conditesulting from high blood levels of Se

(greater than 100 ug/dLy. This condition includes symptoms such as gagestmal
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upsets and hair loss. The toxicity of Se depemdssachemical form. Se is measured in
this research using Hydride Generation Coupled WBS or HG-LIBS. The Se in
solution is separated from the matrix and converahydrogen selenide g&%™° In

these studies, Se species in solution are convertidgbe that is atomized and excited by
a laser-produced plasma and the optical emissioreasured at a selenium-specific
wavelength near 196 nm. Optimization of the insieat to obtain the maximum
wavelength of emission was performed using a 10 ggiotion of Se. The optimized
parameters were used to measure various concensatf Se ranging from 0 to 10 ppm

to create a calibration curve.

2.2 ANTIMONY, Sb

Antimony, Sb, is a chemical element with atomic bem51 that is classified as a
metalloid. Sb is not an essential element fordgmal systems or plants and it has
cumulative toxicity propertie¥. The toxicity of Sb depends strongly on its chethic
form or oxidation state; Sb in its elemental fosmmiore toxic than its salf8. The four
oxidation states include ShSH, Sb, and SB”; the +3 state is the most common and
most stable. Sb has toxic effects and chemicaiehsimilar to that of arsenft. Due
to the different states/forms that Sb can existjmportant during trace chemical
analysis to identify and quantify each chemicahforllinesses such as pneumonitis,
fibrosis, bone marrow damage and carcinomas hhbeah reported as a direct result of
inhalation exposure to Sb in its toxic forms. &b be introduced into the environment

through human activities such as mining and sngeliimd also from rock weathering and
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soil runoff. Sb is primarily used in ceramics ajidss, in flame retardant materials, and
in plastics??

In natural waters, the concentration of Sb is tgihjcless than 1 pg/L, which is
considered a low level of pollution; antimonate amtimonite are two common
inorganic forms found in natural watér*® Sb has been largely overlooked as an
environmental concern in pollution of waters anissdue to its compounds being
relatively insoluble. The U.S.EPA has a limit 0806 mg/L of Sb in drinking water.
Biological systems containing Sb (in excess ofrtli@mum concentration level allowed)
for several years can sustain damage to the cemrebus systerff. Speciation of Sh
can be achieved by various means including HG-IE&SAHG-AFS (hydride generation
atomic fluorescence spectrometry), and ETV-ICP-A&8ctrothermal vaporization

inductively coupled plasma atomic emission specértoy)?°
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CHAPTER 3: GOAL OF THE PROJECT

The long term goal of this research project isd¢eadop a method or methods to
speciate and detect low concentrations of elensrdis as Se and Sb. The elemental
analysis involves the analyte in solution beingvasted to a volatile gas via hydride
generation. The hydride generation approach enaisve sample introduction technique
and may be useful for trace analysis when combwigdLIBS. The long term goal of
the project is to include separation by HPLC wit@ Hnd LIBS or LIF techniques.
Metalloids such as Se can be separated or speamtedifferent seleno-compounds or
different forms of Se to include different oxidatistates. Separation of Se species can
be performed effectively with HPLC methods and &amsdetector system$. The short
term goal of the project is to evaluate HG-LIBS tioe detection of trace Se and Sb in
solution. HG-LIBS research was performed by opting instrument parameters such as
time delay and time width and studying the plasheracteristics of the laser-produced
plasma for the maximum emission intensity peakeod®d Sb. Ethanol was investigated

as an additive to possibly enhance the emissidheoSe atoms in solutidni.
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CHAPTER 4: EXPERIMENTAL
4.1 HYDRIDE GENERATION-LASER INDUCED BREAKDOWN

SPECTROSCOPY, HG-LIBS

Hydride generation, HG, is a useful sample intatiun technique for atomic
spectrometry analysis because this technique gaifisantly increase the sensitivity.
The hydride approach can also be helpful in chelsjpaciation for metalloids during
elemental analysi¥. The sensitivity is increased due to the high darpnversion
efficiency from analyte in solution to a gaseoudrige that is carried to the atomizer for
analysis. The conventional methods of AES delilieranalyte to the atomizer via a
process called nebulization. In this processatiayte in solution is converted into an
aerosol and small particles or droplets of theydaare formed. This conversion allows
for a only small percentage of the analyte to beveded and the remainder of the
solution flows to a waste receptacle. Hydride gatien converts nearly 100% of the
analyte into its hydride form via a chemical reawti In this work, aqueous solutions of
Se and Sb are converted into a volatile hydridéa@fmetalloid by mixing with sodium
borohydride (NaBlk) and hydrochloric acid (HCI) via a reduction réawct For Se,
volatile hydrogen selenide ¢8e) is formed and flows continuously into the cgtiell
for measurement. The hydride is carried via artigas, namely Argon. A hydride
generator apparatus including a peristaltic pungu(é 5) is used to make the hydride of

the analyte. Thgeneral hydride generation reduction reaction is as folow
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NaBH; + 3H,0 + HCI —

HsBOs; + NaCl + 8H + E™ — H,E + H, (excess)E is the analytem may or

may not be equal to
The AES technique known as Laser Induced Breakdspettroscopy, LIBS, is used to
guantify or determine the analyte. The laser pcedwpowerful laser pulses that form the
plasma in or on the hydride. The laser pulseparls is non-continuous and is formed at
the laser repetition rate of 10Hz. The LIBS teqgei has the ability to measure samples
such as liquids and solids without prior preparatidhe plasma temperature is
approximately 10,000 K during the laser ablatioocpss. The atomic emission of the

analyte is achieved by atomization and excitatromfthe plasma.

4.1.1 Peristaltic Pump

A peristaltic pump uses positive displacement tmpua variety of fluids. In this
work, a four channel peristaltic pump (DynamaxinRelnstrument Co. Inc.) was used
to pump the solutions at a constant rate to thengighamber for the reduction reaction.
All solutions were in separate beakers with tutsaginto each for aspiration. The
sample was delivered to the hydride generatorateaof 8mL/min. The peristaltic pump
was used to control the flow rate based on diffedeaimeters of tubing. The complete
HG apparatus consists of the peristaltic pumpgtseliquid separator and a nafion tube

dryer.
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Figure 5. Hydride Generator Apparatus

4.2 LASER SYSTEM

An Nd: YAG laser (Surelite SL-1110, Continuum ore&jpra Physics DCR 2A) is
used in this research. The laser operates at @0OH@ pulses per second. The typical
wavelength to emit light using this type of lased 064 nm which is near infrared light.
The second harmonic (used in this work) of 532 smenerated from the frequency

doubling of the high-intensity pulses. See figufetthe schematic of the laser system.

FLASH LAMP
I | I [ 1
MIRROR Q-SWITCH LASER ROD MIRROR

Figure 6. Schematic of an Nd: Yag LASER Configurah
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CHAPTER 5: MATERIALS AND METHODS

5.1 REAGENTS AND STANDARDS

Selenium calibration solutions were prepared fréendard reference stock
solutions of Se (1000 ppm + 1%, Fisher ScientifiCplibration solutions prepared from
the stock solutions were further diluted by sedialtion to make reduced concentrations.
De-ionized water obtained from the laboratory’sal@zed water supply was used as the
water for makingall solutions. Antimony calibration solutions werepared from
standard reference stock solutions of Sb (1000 pa#b, Sigma Aldrich).

The sodium borohydride solution, NaBhvas prepared using NaBpkllets (AF
granules, 10-40 mesh, 98%, Sigma Aldrich). A 250@b% borohydride solution was
prepared by dissolving 3.75g of NaBiH 250 mL of de-ionized water; the solution was
stabilized by the addition of 0.4% (m/v) NaOH ptdlé-luka). The 10% HCI solution
(250 mL) was prepared by adding 67.5 mL of conegett HCI (35%-38% v/v,

Pharmaco Aaper) to a 250 mL volumetric flask (lfidéid with de-ionized water) and
diluting to volume with de-ionized water; the sabut was mixed well.

Ethanol solutions were prepared from ethyl alcoR0Q proof, anhydrous, 99.5
%-+. Ethanol solutions were added to 10 ppm salgtiof Se and the responses were

plotted against the % of alcohol added.

5.2 PROCEDURE: HG-LIBS
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5.2.1 Emission Peak

Instrument parameters were adjusted for optiminaticthe method to analyze
selenium, antimony, and hydrogen. Two differesefeenergies were used during
element analysis at the second harmonic of 532 Tine. “lower energy” corresponds to
approximately 30 mJ and the “higher energy” coroesjs to approximately 140 mJ. In
this work, the lower laser energy is used unleberatise specified as the higher laser
energy. The set parameters were established ainadbe maximum emission peak at an
element-specific wavelength or wavelength ranga@leith a scan rate (nm/minute).
The following boxcar parameters were adjusted fagmaization of the method: time
delay (t), time width (t,), signal, and averaging. The slit width and waugth were
adjusted on the monochromator.

A 10 ppm aqueous solution of analyte (Se, Sb) weggred in a 1 liter
volumetric flask and approximately 250 mL of thenpde was transferred to a beaker to
be used for the analysis. A 250 mL beaker of deezhwater was used for hydrogen
analysis. Three separate beakers with volumeS@fZ each of sample solution,
sodium borohydride solution (1.5%), and HCI solnt{@0%) were connected to the
peristaltic pump via aspiration tubing. The pumgswget to aspirate the solutions and
generate flow to a mixing block for the reducti@action to occur. In the case of Se,
H,Se gas was formed in the reduction reaction amiedao the torch by argon, an inert
gas. The remaining solution flowed to a waste rexse.

The plasma was formed by the laser at the tort¢harilowing gas mixture. The
heat of the plasma atomized the gas forming frematvhich were also excited from the
heat of the plasma. The analyte atoms gained énengrgy and were promoted to an

excited state from the ground state. As the ed@tems returned to a lower energy or
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ground state, light was emitted by the atoms anectlsd by the detector system. The
detector system, in conjunction with the boxcarager, detected and converted the light
to an analog signal. This analog signal was cdaddp a digital signal via a computer

interface and an emission spectrum was graphedtfierdata.

5.2.2 Generation of a Calibration Curve

A calibration curve of each analyte solution (matluding hydrogen) was
generated from solutions of the analyte ranginghfioppm to 10 ppm with O ppm as the
blank. Each solution was analyzed following the abdepsin section 5.2.1 for the
maximum emission peak. Théank solution was analyzed to obtain baseline results of
the technique and to account for interferencese diibration curve was used to
determine the limit of detection, LOD. The graghhe® calibration curve shows a plot of

emission intensity versus concentration.
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CHAPTER 6: RESULTS AND DISCUSSION

6.1 HYDROGEN EMISSION SPECTRA

In order to evaluate the plasma characteristicduding the electron density,
hydrogen emission spectra were obtained from tldeithy generation sampling
technique coupled to LIBS. The procedure for technique was discussed in detail in
the sectionEmission Peak. Instrument parameters were adjusted to give maxi
emission intensity of hydrogen at a wavelengthsf 6m at both lower and higher laser
energies. Table 2 provides the conditions emplalggthg the generation of hydrogen
emission peaks at the lower laser energy. The olopmator was adjusted to a
wavelength range of 650-660 nm at a scan ratenofi/sninute. Figure 7 shows the
hydrogen emission peak at 656 nm with the maximmsson intensity under the
conditions employed in table 2. Table 3 providéermation on the instrument
parameters and conditions that remain constantigivaut the measurement process for

all elements at both laser energies.
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650 652 654 656 658 660
wavelength, nm
Figure 7. Hydrogen emission peak — 1
500 ns delay, slit width 20 pum, averaging 30, sigh@ mv/V
tq, tw, US | Averaging N.D. filter Slit width, pm Signal, Max. intensity,
ps/ns (Avg) mV/V a.u.
500 3 30 1.3 20 10 3.88
ns
700 3 30 1.3 20 10 3.62
ns
lus 3 30 1.3 20 10 2.88
3us 3 30 1.3 20 10 0.85

TABLE 2. Instrument Parameters for Hydrogen Emissi Peaks
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%NaBH 4

%HCI

PMT, V

Flow Rates of Ar, sccm

15

10

-1200

40,40

Table 3. Constant Instrument Parameters and Conalits

Additional hydrogen emission spectra were collectgidg varying conditions to include
neutral density (ND) filters, different monochromaslit widths and time delays. Table
4 provides instrument parameters for figures 8ek2tie lower laser energy. Inspection

of these spectra shows that the time delay paramatéeets the apparent peak intensity

and broadening.

figure tq, Avg | Slit width, um Signal, ND filter Intensity, a.u.
us/ns mV/V
8 500 ns 10 20 50 0 5.77
9 500 ns 10 30 20 1.3 5.16
10 300 ns 10 30 50 0.4 6.19
11 100 ns 10 30 50 0.4 6.55
12 700 ns 10 30 50 0.4 6.79

TABLE 4. Instrument Parameters for Figures 8-12
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Figure 8. Hydrogen Emission Peak — 2

500 ns delay, slit width 20 um, signal 50 mV/V

intensity, a.u.
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Figure 9. Hydrogen Emission Peak — 3

500 ns delay, slit width 30 um, signal 20 mV/V, ND. filter
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Figure 10. Hydrogen Emission Peak - 4
300 ns delay, slit width 30 um, signal 50 mV/V, \ND. filter
9.5
7.8 /m\
5 6.1
©
=
§7
& 44 :
2.7 M iy
1 ; ; ‘ ‘
650 652 654 656 658 660

Figure 11. Hydrogen Emission Peak — 5

100 ns delay, slit width 30 um, signal 50 mV/V, 0. filter
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Figure 12. Hydrogen Emission Peak - 6

700 ns delay, slit width 30 pum, signal 50 mV/V, \ND. filter

6.1.1 Stark Broadening and Electron Density of Hydrogen Enission

Peaks

Adjusting instrument parameters such as the tinteeydend gate width of the
Boxcar Averager produced emission spectra of hyelrdgat provided information on
the electron density of the plasma. Figures 13lahshow emission peaks of hydrogen
at the same gate width of 100 ns with differenetidelays ranging from 100 ns to 5 us
and a 2.3 ND filter. The lower laser energy isduaed the scan rate was changed to 7

nm/min due to the wavelength range change to 650~6%
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Figure 13. Hydrogen Emission Peaks: Different Tini2elays-1

Gate width 100 ns, 2.3 N.D. filter

intensity, a.u.
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——2us delay

——3us delay

———4us delay
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wavelength, nm

Figure 14. Hydrogen Emission Peaks: Different Tini2elays-2

Gate width 100 ns, 2.3 N.D. filter
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Figures 15-16 show emission peaks of hydrogen uth@esame conditions as figures 13
and 14 using the higher laser energy and a 2.4ilW. f Figure 17 shows the changes in
the emission peaks of hydrogen as the time delagases. A 2.3 ND filter was used

during the measurement to attenuate the lightpdct$on of the spectra in figures 13-16
shows that the plasma changes over time which sahsemission peaks to change by

becoming less intense and less broad.

——100ns delay

———300ns delay

500ns delay

700ns delay

intensity, a.u.

———900ns delay

35 \ \
650 655 660 665

wavelength, nm

Figure 15. Hydrogen Emission Peaks: Different Tinizelays-3

Higher laser energy, gate width 100 ns, 2.4 N.Dtefi
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Figure 16. Hydrogen Emission Peaks: Different Tini2elays-4
Higher laser energy, gate width 100 ns, 2.4 N.Dtefi
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Figure 17. Hydrogen Emission Peaks: Different Tini2elays with ND Filter

2.3 N.D. filter,100 ns gate width, averaging 10
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6.1.1.1 Plasma Diagnostics

Broadening of emission peaks in plasmas is rel@etectron densit§? Electron
density calculations begin with processing spedath and tabulating the full width half
maximum (FWHM) value of emission peaks. The fullith half maximum value is the
width of the peak at half the maximum peak heighdbles 5 and 6 below show the
FWHM data and plasma decay time for hydrogen eomsgeaks of figures 13-14 and
figures 15-16 (lower and higher energy respectiveligure 18 is a plot of the FWHM
peak width versus the plasma decay time for valuésbles 5 and 6. Tables 7 and 8
show the plasma decay time in ns and electron geinsim  for the plots in figure 19
for higher and lower laser energy. As describegkfarence #26, the electron density,

Ne, is calculated from the following equation:

Ne (Hy) = 8.02 x 18 (AL 1 12> cm’®
Ak, = FWHM, angstroms (A)

Oy, — 0.02

33



Blank
corrected
half maximum FWHM peak | FWHM peak | FWHM peak time
height width, nm width, A width, A delay ns
7.14 3.42 34.20 34.19 100 ns 100
6.24 2.84 28.40 28.38 300 ns 300
6.20 2.33 23.30 23.28 500 ns 500
5.63 1.81 18.10 18.07 700 ns 700
5.74 1.26 12.60 12.56 900 ns 900
5.55 1.30 13.00 12.96 1lus 1000
4.97 0.57 5.70 5.61 2 us 2000
4.53 0.47 4.70 4.59 3us 3000

Table 5. FWHM Data for Lower Energy Hydrogen Emissi Peaks

Blank
corrected
half maximum FWHM peak | FWHM peoak FWHM peoak time
height width, nm width, A width, A delay ns
6.85 4.56 45.60 45.59 500 ns 100
7.05 3.28 32.80 32.78 700 ns 300
6.99 3.03 30.30 30.28 500 ns 500
6.82 2.73 27.30 27.28 700 ns 700
6.76 2.12 21.20 21.18 900 ns 900
6.65 1.61 16.10 16.07 1000 ns 1000
5.50 1.45 14.50 14.47 2000 ns 2000
5.40 0.70 7.00 6.93 3000 ns 3000
4.80 0.65 6.50 6.42 4000 ns 4000

Table 6. FWHM Data for Higher Energy Hydrogen Ensson Peaks
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Figure 18. FWHM Peak Width Versus Plasma Decay Tarfor Lower and Higher

Energy of Hydrogen Emission Peaks

ns Ne
100 5.6686E+17
300 4.2869E+17
500 3.185E+17
700 2.178E+17
900 1.2622E+17
1000 1.3229E+17
2000 3.7677E+16
3000 2.7884E+16

Table 7. Time Delay (ns) and Electron Density.) for Lower Laser Energy
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ns Ne
100 8.72838E+17
300 5.32161E+17
500 4.72458E+17
700 4.04014E+17
900 2.76387E+17
1000 1.82664E+17
2000 1.56075E+17
3000 5.17284E+16
4000 4.69893E+16

Table 8. Time Delay (ns) and Electron Density,) for Higher Laser Energy

9E+17 A

QE+17 1 —e— lower energy
— +
2 \ —=— higher energy
§ T7E+17
2 6E+17 1 \\
2 BE+17
(%)
8 4E+1T -
& 3E+17 |
S 2E+17
(3]

1E+177 \m————f

8.9E+13 \ \ \ \
0 1000 2000 3000 4000
plasma decay time, ns

Figure 19. Electron Density Versus Plasma DecaynE for Lower and Higher

Energy of Hydrogen Emission Peaks
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6.1.2 Discussion

Emission spectra of hydrogen show that the peakwddcreases as the time
delay increases. The broadening of hydrogen eomisgectra is directly proportional to
the magnitude of the electric fiefd. The peak width is a function of the electron dtgns
which is an important plasma parameter. The teatps¥ of the plasma is highest when
it’s first formed and cools over time as it decays.

Doppler broadening and Stark broadening are twwbe@Mmechanisms that affect
line broadening in plasma$. Doppler broadening is a result of the thermaliamof
emitting atoms or ions. Doppler widths result frtra different velocities of these
emitting particles and line broadening restfitoppler broadening depends on the
frequency of the spectral line and the temperaancemass of the emitting particles.
Doppler broadening is characterized by a Gaussiarshape from a Maxwellian
velocity distribution™® Stark broadening is a form of pressure broadeaitthjis due to
collisions of charged particlé8. A strong electric field results from the collis®of
charged particles and broadening of spectral lvesirs. Stark widths depend on
electron density and the relationship is lineahede plasmas are dominated by Stark
broadening due to interactions of the atoms withalectric field.

The decrease in the peak width in relation to ticegase in time delay is due to
the fact that the Stark broadening is seen clesatly in the decay of the plasma when
the electron density is high. Figures 13 and Bixsémission spectra of hydrogen at a
gate width of 100 ns with time delays ranging frb@® ns to Jus. As the time delay
increases, the peaks become less broad and theitgtdecreases. As time increases,

the plasma cools and decays which directly afféslectron density. The electron
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density decreases as the time delay increase$isnd tepresented in the peak widths of
figures 13-17. Figures 8, 9,10, 11, and 12 havissan spectra from instrument
parameters outlined in table 4 to include a signehter than 10 mV as in table 3. The
peak intensity for figures 8-12 are higher thanghek intensities in table 3 due to a
higher signal in mV/V.

N.D. filters were used during the measurement @E®te attenuate the light
equivalently and to keep the emission peaks withnge of the set parameters of the
detector system. Table 4 shows that differergrliare needed for different conditions to
allow the detector system to collect emissionsgiftithat can be transmitted into usable
data. Figures 13-14 and figures 15-16 show emmgssaks of hydrogen at lower and
higher energies respectively; the peak intensttfdgyures 15-16 are slightly higher than
those of figures 13-14 due to the change in lasergy. The N.D. filters differ by 0.1 for
the two laser energies; equal values would cawseehks for higher laser energy to be
out of range.

The FWHM peak width versus plasma decay time catmis were performed on
hydrogen emission peaks generated at lower ane@hegiergy for a comparison analysis.
The results in figure 18 show that the peak widthafgstroms) decreases as the plasma
decay time increases. This data coincides witretltker discussion of electron density,
peak width, and plasma decay. Figure 19 showsglhleatlectron density decreases as the
time increases and also that the electron denaltyevfor higher laser energy is greater
than that for lower laser energy. This differencelectron density is evident at the same

time delays for both energies. The FWHM data wa<alculated beyond a time delay
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of 3us and 4us for lower and higher laser energy respectively duadjustments needed

on the scan rate of the monochromator.

Table 9 shows results of electron density from wWask compared to other work.

The data in table 9 shows that the calculated electensities in this work are

comparable to other work using different plasmagasich as methane and hydrogen.

The laser energies vary in the table and shoultbbsidered in comparisons of the

results.

time delay plasma laser
(ns) Hq width, A | Ne (10" cm™®) gas energy, mJ reference
700 19+2 20+0.4 methane 75 Parigger, C.G. etal®
1000 14+2 1.2+0.3 methane 75 Parigger, C.G. etal®®
150 38.4+4 5.81 hydrogen 150 Parigger, C.G. etal®
250 24.6+25 3.25 hydrogen 150 Parigger, C.G. etal®®
700 not available 25404 methane 75 Parrigger and Oks*
100 45.6 8.73 argon ~ 140 this work
700 27.3 4.04 argon ~ 140 this work
1000 16.1 1.83 argon ~ 140 this work

TABLE 9. Calculated Electron Densities

6.2 ANTIMONY EMISSION SPECTRA

Emission spectra of a 10 ppm solution of Sb werasuesd at two different
wavelengths to include 252.9 nm and 259.9 nm. staa rate was set at 1 nm/min and
the monochromator was set at a wavelength rangé2254 nm for the 252.9 nm
measurements and the same range was set accor@ingh9.9 nm measurements.

Figures 20 and 21 show emission peaks of Sb awineifferent wavelengths. The
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maximum peak intensity to include minimal backgrd@mission was achieved by
optimizing the instrument parameters in the samenaaas during Se analysis (see

below). Table 10 provides instrument parameter$igares 20 and 21.

6.5

5.5
4.5 )J‘ \\A
3.5

b A

intensity, a.u.

259 259.5 260 260.5 261

wavelength, nm

Figure 20. Sb Emission Peak @ 259.9 nm

Time delay 2us, gate width Js, slit width 4Qum
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Figure 21. Sb Emission Peak @ 252.9 nm

Time delay 2us, gate width Js, slit width 4Qum

intensity, a.u.

-0.5 -

3us delay
25 W

4us delay

. A
n

259 259.5 260 260.5 261

wavelength, nm

Figure 22. Sb Emission Peak @ 259.9 nm, Differ@ine Delays

Gate width 3us, slit width 4Qum
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3us delay

4us delay

intensity, a.u.

252 252.5 253 253.5 254

wavelength, nm

Figure 23. Sb Emission Peak @ 252.9 nm, Differ@mine Delays

Gate width 3us, slit width 4Qum

Figures 22 and 23 are emission peaks for both wagéhs at different time delays. The
conditions, other than time delays, for the measergs in figures 22 and 23 are

equivalent to those outlined in table 10 for thepextive wavelength.
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A, nm | tg, us | t, us | Averaging | Slit width, Signal, Intensity, a.u.
(Avg) pm mV/V
252.9 2 3 10 40 10 3.86
259.9 2 3 10 40 10 4.66
Table 10. Instrument Parameters for Sb at 252.9 &%D.9 nm
9.5
85 ﬁ 2us delay
. . “ﬁ“ 3us delay
65 4us delay
5us del
5 55 us delay
© 6us delay
2 454
2 7us delay
25 fhy
05 ‘ ‘ ‘ l
259 259.5 260 260.5 261
wavelength, nm

Figure 24. Sb Emission Peaks @ 259.9 nm, Diffdréirme Delays, 100 ns gate width

Slit width 40um, 0.4 N.D. filter, lower laser energy
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5.5

6us delay
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intensity, a.u.

Figure 25. Sb Emission Peaks @ 252.9 nm, Differ&ihe Delays, 100 ns gate width

Slit width 40um, 0.3 N.D. filter, lower laser energy

Figures 24 and 25 show emission peaks of Sb ardiif time delays with a gate width

of 100 ns at the lower laser energy. The conditiother than time delay, gate width and
N.D. filters, were equivalent to those in tablef@Othe respective wavelengths. A 0.4
N.D. filter was used during measurements for 25@9and a 0.3 filter was used during

252.9 nm measurements in the two figures.
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Figure 26. Sb Emission Peaks @ 259.9 nm, Differ&ihe Delays, 100 ns gate width

Slit width 30um, higher laser energy
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Figure 27. Sb Emission Peaks @ 252.9 nm, Differ&ihe Delays, 100 ns gate width

Slit width 30um, higher laser energy
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Figures 26 and 27 show emission peaks of Sb ardiit time delays with a gate width
of 100 ns at the higher laser energy. The condtivere equivalent for both

wavelengths.

6.2.1 Determination of Plasma Excitation Temperatue for Sb

Plasma excitation temperatures were determinedwascton of plasma decay
time using peak emission intensity and peak are&lbaneasurements at the two
different wavelengths and laser energies. Tahllesntl 12 show peak emission
intensities and areas corresponding to plasma deunag for Sb at 252.2 nm and 259.9

nm respectively at the lower laser energy.

time delay, us intensity, a.u. area
2 3.18 1986
3 2.01 484
4 1.40 136
5 1.18 43
6 0.96 56
7 0.68 97

Table 11. Sb Emission Peak Intensity/Area Versum& Delay for 252-254 nm,

lower laser energy
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time delay, us intensity, a.u. area
2 4.35 2045
3 1.94 502
4 1.49 140
5 1.34 44
6 1.10 61
7 0.75 148

Table 12. Sb Emission Peak Intensity/Area Versum& Delay for 259-261 nm,
lower laser energy

The two wavelengths were used to determine thedesiyre of the plasma
assuming that local thermodynamic equilibrium existThese studies show that the
calculated electron densitiesdji¢atisfy the local thermodynamic equilibrium cdrahs
in that: N.> 1.6 x 13°TY2 (AE)?, where T is temperature (K) and is the energy gaif.
The ratio of the 259.9 nm line to the 252.9 nm Imealculated from the graphs in figure
28 and 29; tables 13 and 14 show the data for leilcg the ratio and the plasma

temperature. The ratio calculation is based oridtewing equatiof® :

R = (I, * 1.25)/lfor low laser energy

R = |1/|2for high laser energy
|, = intensity at 259.9 nm

|,= intensity at 252.9 nm
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The temperature calculation is based on the re\Be#dmann equation below using
intensity ratio (or peak area) values from the équaabove (the factor of 1.25 takes into

account the different filter values used duringlthe laser energy measurements).

T=AEK* 1INl 12 G A2/ 12k G A]]
AE/k = 3451.7 K
BA;=64x10s"
9:A,=56 x 10 s*

A= 259.805 nm

= 252.852 nm

259-261 nm 252-254 nm ratio of 259:252 Plasma Tempe rature, K
4.35 3.18 1.71 8027
2.01 1.94 1.21 22681
1.49 1.40 1.33 19279
1.34 1.18 1.42 14152
1.10 0.96 1.43 13650
0.75 0.68 1.38 16075

Table 13. Plasma Temperature Calculations UsingaRéntensity at Lower Laser

Energy
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259-261 nm 252-254 nm ratio of 259:252 Plasma Tempe rature, K
2045 1986 1.29 23640
502 484 1.30 22523
140 136 1.29 23686
44 43 1.28 24703
61 56 1.36 17066
148 97 1.91 6401

Table 14. Plasma Temperature Calculations UsinggRé\rea at Lower Laser Energy

45
K —e— 252-254 nm
4

—8— 259-261 nm

3.5

L
3 \
25

2

peak intensity, a.u.

15 4
1 \
0.5

plasma decay time, us

Figure 28. Sb Emission Peak Intensity Versus Plasmecay Time

at Low Laser Energy
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Figure 29. Sb Emission Peak Area Versus Plasma &etime at Low Laser

Energy

Figures 30 and 31 show emission peak intensitylaesus plasma decay time using
high laser energy; these figures are comparalfiguces 28 and 29 at lower laser energy.
Tables 15 and 16 provide the peak intensity/arediare delay data and table 17

provides the ratio and plasma temperature calomsti
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Figure 30. Sb Emission Peak Intensity Versus Plasibecay Time

at High Laser Energy

time delay, us intensity, a.u.
4 5.3
4.5 4.6
5 3.6
6 2.7

Table 15. Sb Emission Peak Intensity And Time Defar 252-254 nm,

higher laser energy
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time delay, us intensity, a.u.
4 4.7
4.5 3.6
5 4.4
6 2.4

Table 16. Sb Emission Peak Intensity And Time Defar 259-261 nm,

higher laser energy

259-261 nm 252-254 nm ratio of 259:252 Plasma Tempe rature, K
4.7 5.3 0.9 15236
3.6 4.6 0.8 9819
4.4 3.6 1.2 36616
2.4 2.7 0.9 15397

Table 17. Plasma Temperature Calculations UsingaRéntensity at High Laser

6.2.2 Sb Calibration Curves

Energy
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Calibration curves were generated for solutionSloat wavelengths of 252.9 nm
and 259.9 nm. The calibration solution concerdretiranged from 1 ppm to 10 ppm
with a blank solution of 0 ppm. Optimized instrurhparameters were used from table
10 for both wavelengths. Figure 31 shows a cdlifmacurve for Sb at 252.9 nm for a
252-254 nm wavelength range. The LOD for the catibn curve in figure 31 is 0.32
ppm. Figure 32 shows a calibration curve for SB58.9 nm for a 259-261 nm
wavelength range. The LOD for the calibration euirvfigure 32 is 0.50 ppm. Figure
33 shows a calibration curve of Sb at a fixed wangth of 252.9 nm with a LOD of 0.25
ppm. Figure 34 shows a calibration curve of Sh sgt wavelength of 259.9 nm with a
LOD of 0.35 ppm. The conditions employed for figsi33 and 34 are outlined in table
10. Figures 35 and 36 show calibration curvesboivih the averaging set at 1000. The
wavelength is set at 252.9 nm in figure 35 and1@® is 0.24 ppm. The wavelength is
set at 259.9 nm in figure 36 and the LOD is 0.281pfhe instrument parameters for
figures 35 and 36 are outlined in table 10. Figdfeshows a calibration curve of Sb at
259.9 nm at higher laser energy. The conditiongleyed for figure 37 include a
wavelength range of 259-261 nmu$time delay, 100 ns gate width, 3® slit width,

averaging 10 and signal 10 mV/V. The LOD for théhration curve in figure 37 is 0.34

ppm.
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y = 0.3688x + 0.2826

4 /, R? = 0.9941
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intensity, a.u
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Figure 31. Sb Calibration Curve-1, 252.9 nm

Wavelength range 252-254 nm, LOD 0.32 ppm, timeagle us, gate width Js, slit width 4Qum

y = 0.3605x + 0.1892
4 R? = 0.995
£ 4
3.5
3
=) 4
3 2.5
£ *
2 2
E
1.5 4
1 /
0.5 T T T T T T T T
1 2 3 4 5 6 7 8 9 10
concentration, ppm

Figure 32. Sb Calibration Curve-1, 259.9 nm

Wavelength range 259-261 nm, LOD 0.50 ppm, timeagle? us, gate width Js, slit width 4Qum
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Figure 33. Sb Calibration Curve-2, 252.9 nm

Fixed wavelength 252.9 nm, LOD 0.25 ppm, time dekays, gate width 3s, slit width 40um

y = 0.4097x - 0.0436
R? = 0.9971

4.5
4 =
3 _

intensity, a.u
N
N

1.5
e
1

0 ‘ ‘ ‘ ‘

1 2 3 4 5

concentration, ppm

6 7 8 9 10

Figure 34. Sb Calibration Curve-2, 259.9 nm

Fixed wavelength 259.9 nm, LOD 0.35 ppm, time dekays, gate width s, slit width 4Qum
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y =0.287x+0.1778
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Figure 35. Sb Calibration Curve-3, 252.9 nm

Fixed wavelength 252.9 nm, LOD 0.24 ppm, time dekays, gate width 3s, slit width 4Qum, averaging

1000

y = 0.4477x - 0.0503|
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Figure 36. Sb Calibration Curve-3, 259.9 nm

Fixed wavelength 259.9 nm, LOD 0.23 ppm, time dekays, gate width 3s, slit width 4Qum, averaging

1000
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Figure 37. Sb Calibration Curve, 259.9 nm, Higheaser Energy

Wavelength range 259-261 nm, 100 ns gate widtppsGime delay, 3@m slit width, averaging 10, signal

10 mV/V, LOD 0.34 ppm

6.2.3 Discussion

Sb emission spectra were observed at wavelengt?s209 nm and 259.9 nm.
The conditions employed during measurements waraléqr the two different
wavelengths as outlined in table 10. The maximuomssion intensity resulted from
measurements taken at 259.9 nm. Instrument pagasneére adjusted according to
learned characteristics of the plasma from hydrageission measurements. Sb
emission spectra show changes in the life of therpé in figures 22 and 23; the intensity
and peak width decrease as time delays increase.

Sb calibration curves show a range of detectiorditvased on a fixed
monochromator wavelength compared to a waveleragthea and also a change in the

instrumental averaging parameter. For lower lasergy, the LOD for 252.9 nm
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measurements was the most sensitive when the weapkle/as fixed at 252.9 nm with
the averaging set at 1000; the LOD was 0.24 pphe JOD for 259.9 nm was very
similar under the same conditions; the LOD was @23. The detection limits for the
two different fixed wavelengths of 252.9 nm and 258m are similar in value and differ
in value when the wavelength is set at a rangeerd't also a difference in the detection
limit value when the averaging parameter is séOatersus 1000. The calibration curve
generated at higher laser energy under a set waythleange yields a LOD value of 0.34
ppm which is not lower than the value obtainedeatdr energy. LOD calculations were
done using peak areas as opposed to peak interemiticthe results were not comparable.
The LOD calculated from peak areas ranged fron8185pm. More research needs to
be done on calibration curves at higher and loasel energies as well as peak area
versus peak intensity values for LOD.

The two different wavelengths of Sb were used s Work to determine the
temperature of the plasma using the Boltzmann exuaffables 13 and 14 show
calculated plasma temperatures using peak intesstithe lower laser energy. The
calculated plasma temperature range using peatsities is 8027-22681 K. As the ratio
of the two intensities decrease, the temperatureases. Similar calculations were done
using the higher laser energy. The calculatedhpdaemperature range (9819-36616 K)
using peak intensity at higher laser energy isdrigbut comparable to the values
obtained using peak intensity at lower laser eneidye results are as expected for
calculated higher plasma temperatures using higlser energy (peak intensity-based).
The results are also comparable to other reseamhliisg the calculated plasma

temperatures based on peak intensity. Table Md&® information on calculated
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plasma temperatures for this and other works fargarison. The results for detection

limits of Sb using HG-LIBS are comparable to othwerks and this information is

provided in table 20.

Plasma temperature, K Reference
14000 Parigger et 4l
11000 Parigger et 4l
37000 Parigger et @l
10000-20000 Parigger etal
5300-6625 Shaikh et 4l
6401-36616 This work

Table 18. Plasma Temperature Comparisons

Method Sb LOD, ppb Reference
HPLC-HG-AFS 0.05-0.07 Bohari etal
HG-ICP-AES 0.2 Sayago etal
DHGN-ICP-OES 2.0 Rojas et'al
HG-AAS 0.2 Sturgeon et #l
DHG-AAS 0.02 Sun et &
HG-LIBS 230 This work

Table 19. Sb Detection Limit Comparisons
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6.3 SELENIUM EMISSION SPECTRA

Emission spectra of Se show a strong emission gesteat a wavelength of 196.1
nm. During the measurements, the monochromatoseiaat a wavelength range of 195-
197 nm with a scan rate of 1 nm/min. Figure 38xghan emission peak of a 10 ppm
solution of Se with background corrected peak isitgrof 3.03 a.u. Table 20 provides
the conditions of the measurements taken to oltit@maximum emission intensity of a

10 ppm solution of Se.

10 “
9.5 |

8.5

intensity, a.u.
(o]

7.5 | \ Y

6.5 -

195 195.5 196 196.5 197

wavelength, nm

Figure 38. Se Emission Peak-1

Time delay 500 ns, gate width8, averaging 10, slit width 48m, signal 10 mV/V
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tq, tw, US Averaging Slit width, pm Signal, mvV/V Max. intensity, a.u.
ps/ns (Avg)
500 ns 3us 10 40 10 3.03
700 ns s 10 40 10 2.48
300 ns 3us 10 30 10 2.45
900 ns s 10 40 10 2.14

TABLE 20. Instrument Parameters and Conditions f&e Emission Peaks

Figure 39 shows Se emission spectra at differemocioromator slit widths. Increasing
the slit width allows more light to be detectedirding background emissions. Figure
40 shows Se spectra at different time delays wdhta width of 3 us. Figures 41 and 42
show Se emission peaks at different time delagsgatte width of 100 ns. The
instrument parameters are equivalent in figureartll42 other than a 1.3 N.D. filter used
in figure 42. Figure 43 shows emission peaks cdtSehigher laser energy. The slit
width was 2Qum and the gate width was 100 ns; all other conaitiwere equivalent to

those in table 20.

61



7.5 f\
7

—— 700 ns delay, 30 umslit
—— 700 ns delay, 40 um slit

il

3
@
3 61
= 55
5 M
45 {N sl ;LMJ W‘“MM
4 ; ; T
195 195.5 196 196.5 197
wavelength, nm
Figure 39. Se Emission Peaks at Different Slit \ihd
Gate width 3us, averaging 10, signal 10 mV/V
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Figure 40. Se Emission Peaks at Different Time Bg$-1

Gate width 3us, averaging 10, signal 10 mV/V, slit width 4@n
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Figure 41. Se Emission Peaks at Different Time Dgta2
Gate width 100 ns
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Figure 42. Se Emission Peaks at Different Time Bg$-3

Gate width 100 ns, 1.3 N.D. filter
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Figure 43. Se Emission Peaks at Different Time Bgs-4

Higher laser energy, slit width 2@m, gate width 100 ns

6.3.1 Se Calibration Curves
Calibration curves were generated for Se solutianging from O ppm to 10
ppm. The limit of detection was calculated in thigrk from the calibration curve using

the following:

LOD = (3*6)/m
¢ = the standard deviation, SD, of the blank solutio (16 assays)
m = the slope of the calibration curve

LOD is expressed in units of concentration
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Figure 44 shows a calibration curve of Se emispmaks that are representative of the
maximum emission intensity parameters outlinedbid 20 for a 500 ns time delay; the
LOD is 0.80 ppm. Figure 45 is a calibration cur¥&e using the parameters in table 20
for a 300 ns time delay at a wavelength of 196.1then LOD is 1.4 ppm and the
monochromator was set at a fixed wavelength of 1L@f. Figure 46 shows a
calibration curve of Se emission peaks under theesaonditions as the calibration curve
in figure 45 with the averaging set at 1000 insteftlO; the LOD for this calibration is
0.58 ppm. Figure 47 shows a calibration curve foata obtained using higher laser
energy and the LOD is 0.41 ppm. The conditiondifpre 47 are different than those in
figures 44-46; the time delay ig#, the gate width is 100 ns, the averaging isH®, t

signal is 10 mV/V, the wavelength range is 195-th@vand the slit width is 3pm.

y = 0.2254x + 0.895

a5 R? = 0.9993
>
3 /
5 s /
@
>
Pz
1.5
<
1 ‘ ‘ ‘ ‘
1 3 5 7 9

concentration, ppm

Figure 44. Se Calibration Curve-1

Peak intensity calibration curve: LOD 0.80 ppm, Teéxdelay 500 ns, gate width:8, averaging 10, slit

width 40um, signal 10 mV/V, 195-197 nm wavelength range
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Figure 45. Se Calibration Curve-2

Peak intensity calibration curve: LOD 1.4 ppm, Tingelay 300 ns, gate widthu3, averaging 10, slit

width 30um, signal 10 mV/V, 196.1 nm fixed wavelength
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Figure 46. Se Calibration Curve-3

Peak intensity calibration curve: LOD 0.58 ppm, Texdelay 300 ns, gate width8, averaging 1000, slit

width 30um, signal 10 mV/V, 196.1 nm fixed wavelength
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Figure 47. Se Calibration Curve-4

Peak intensity calibration curve higher laser engrg.OD 0.41 ppm, Time delay #s, gate width 100 ns,

averaging 10, slit width 3@m, signal 10 mV/V, 195-197 nm wavelength range

6.3.2 Discussion

The data shows that Se atoms can be detected deppls at a wavelength of
196.1 nm during HG-LIBS measurements. Instrumanampeters were adjusted to
obtain the maximum emission intensity to generakaap, well defined peak with
minimal background. Adjusting parameters suchnas tlelay and gate width affected
the intensity of the peak due to the time dependeamnges in the plasma. Table 20
provides data that shows a decrease in peak ityemsh an increase in time delay; a
time delay of 500 ns resulted in a peak with aansity of 3.03 a.u. and a time delay of

900 ns, resulted in an intensity of 2.14 a.u. B0 shows the changes in emission
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peaks with different monochromator slit widths. thAe slit width increases, the emission
peaks are broader and the background increasds thareased light reaching the
detector. Detecting emissions at different slidtis is one of the tools in adjusting
parameters to achieve the best sensitivity andabigmoise. A slit width of 40m was
chosen as the best setting based on the datauie f89 showing that there is a higher
signal even though there is high background.

Figures 40, 41, and 42 show peaks of different tielays with the same gate
width. The changes in the peak emissions indittetethe temperature of the plasma
decreases as the time delay increases. The gdtie ®#i100 ns resulted in peaks that
were not as clear in figure 42 when compared tedho figure 41. Also, the background
was very high for the peaks at small time delayfsgure 42 and this was not the case for
the peaks in figure 41. The differences in the figores are due to the significant
changes in the plasma over time. Figure 43 is eoalype to figures 41 and 42; the peaks
are generated from the higher laser energy. Awitith of 20um was used in the
measurement of peaks for figure 43. The time dedlage of 2is to 5us was used
during measurements taken at higher laser energgassed to a time delay range of 3
us to 5us at lower energy. The time delay ranges differ tuthe slit width differences
which determine how much light reaches the detector

Once the parameters were optimized, a calibratiovecwas generated using
solutions of Se ranging from 0-10 ppm. There whsear response in concentration vs.
intensity; figures 44-47 are calibration curveswimg the increase in intensity with an
increase in concentration. The LOD for Se measengsusing the HG-LIBS technique

range from 0.41 ppm to 1.4 ppm. The instrumenapaters outlined in table 20 for a

68



500 ns time delay show a LOD of 0.80 ppm for a pthgolution of Se. The results of
this work using lower laser energy show that thdLi® most sensitive at a fixed
wavelength instead of scanning a wavelength randenéth the averaging set at 1000
instead of 10; the value is 0.58 ppm. The resudisg higher laser energy yield a lower
LOD of 0.41 ppm at a wavelength range of 195-197 @ discussed in Sb analysis,
peak area values were used for calculating thetigtelimit and the results were not
comparable to those using peak intensity valudge Chlculated LOD using peak areas
was in the range of 3.5-4.7 ppm. More researcdsieebe done on the higher versus
lower laser energy for a better comparison of e methods of analysis. Table 21
shows comparisons LOD values for Se and other eismmsing hydride generation.
Additives such as methanol and ethanol were adaedlttions of Se for
enhancement effects. Although it has reportedttieste additives can enhance the
sensitivity, there was no observed enhancemen¢sits/ity and the additive did not

show linearity in its addition.

Method LOD, ppb Element Reference
HG-LIF 0.00009 Se Pacquette efal
HG-ICP-AES 30 Se Saisho et af
DHGN-ICP-AES 0.1 Se Rojas efal
HG-AFS 0.2 Se Gomez-Ariza efal
HG-LIBS 410 Se This work

Table 21. Comparison of HG-LIBS LOD Values
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6.4 CONCLUSION

The data in this work show that hydride generationpled to laser induced breakdown
spectroscopy is a good technique for performingetelemental analysis and plasma
diagnostics. Because the hydrogen peak is wedtet and has high intensity, HG-LIBS
of hydrogen allowed the use of Stark BroadeninthefH, line to determine electron
density of the plasma. FWHM data was calculatethfemission peaks of hydrogen at a
100 ns gate width under optimized instrument patarae The FWHM values were
plotted against plasma decay time to show the dseri peak width (electron density)
as the time delay increased. Peak broadeningdsbggn emission peaks corresponded
to electron density. Graphs of hydrogen emissiakp at a gate width of 100 ns and
different time delays showed the peaks becomebess]l and less intense as the time
delay increased. Se and Sb data showed the ssakdmadening due to electron
density of the plasma.

Plasma temperatures were determined for Sb analgsig the Boltzmann
equation. Sb was measured at two different wagghsnand the theory of local
thermodynamic equilibrium was applied to allow phastemperature calculations based
on the Boltzmann equation. The results show therpa temperature to range from
6401-36616K. The temperature range is comparabieany different works and shows
that the early plasma is very hot and cools agitie delay increases.

Two different laser energies were used to measuresen peaks of elements to
determine if the sensitivity of the method changéke results show that the detection

limit using HG-LIBS is in the low ppm range for Idtigh and low laser energy and can
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be made more sensitive with additional work in pladiagnostics. Se results show
detection limits ranging from 0.41-1.4 ppm and $8tedtion limits range from 0.23-0.50
ppm. The use of higher laser energy increaseddtection limit for both elements. The
LOD results for both Sb and Se are comparablehterahethods and techniques using

hydride generation.

6.5 FUTURE WORK

Future work on this research includes speciatiaih@fnalyte as well as
separation techniques by HPLC methods. Also, esdraant of the analyte in solution
using an organic additive such as ethanol shoulgeblrmed to determine if the
sensitivity is increased. Further measurementw@different laser energies should be
done for a comparison analysis. In addition, tbe af an array detector should be
explored to increase the signal to noise ratioiammtove the LOD. Finally, hydride
generation should be combined with laser inducgaréiscence for better sensitivity and

selectivity.
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