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ABSTRACT

Full Name . [Lutfi Mulyadi Surachman]
Thesis Title . [The Development Of Laser-Induced Breakdown Spectroscopy

Techniques For The Analysis Of Fish Samples From The Arabian Gulf

]

Major Field . [Physics]
Date of Degree : [May 2018]

A Laser Induced Breakdown Spectroscopy set-up was used to detect and analyze
different elements in a variety of fish samples purchased from the local market. Toxic
elements may be present in the fish from environmental contaminations, such as those
arising from industrial discharges, oil spills and agricultural pollution. The fish samples
were completely dried, ground into fine powder and subsequently pelletized using the
pressing machine with a pressure of 6 bars for dry samples, 2 bars for wet samples, and 4
bars for medium condition. Signal intensity optimization, especially the optimum time
delay, was first investigated. By using fish samples with the same dimension and maximum
incident laser energy, the optimum time delay was approximately 100-125 ns. The study
of local thermodynamic equilibrium and optically thin plasma conditions, along with
estimating the electron number density and electron temperature, were conducted to make
sure the Mc-Whirter criterion holds for the plasma. This is to ensure that the laser — induced
plasma generated for our analysis is thin enough to overcome the self-absorption problem,
which would yield an accurate system capable of detecting the elemental concentrations
with better accuracy and improved limit of detection. Once the system was optimized, it
was applied for detecting the presence of a variety of elements in the fish samples. It is
worth mentioning that we successfully detected nutrients like Calcium, Magnesium, and

Xiv



Potassium, some heavy elements like Iron, Barium and Manganese and toxic element like
Mercury inside the fish samples. The electron temperature and electron density generated
by the laser-induced plasma was estimated to be T = 14137.55 + 3448.29 K and
4.2764 x 10 °cm™ respectively. To evaluate the human health risk assessments for the
fish consumption, estimated daily intake, target hazard quotient and hazardous index were
calculated based on average body weight, fish consumption rate and life expectancy of

people (male and female) in Saudi Arabia.

XV



Al ) (adla

Oladi pu ‘_wgél....\.\dgim; Jalsll and)
oA el G Flandl e Qs UL ikl Jail) i gk Al olsie
4l 5 agle il

2018 sila : Aalad) Ay ) foy s

(e e il Ao gane G Lehdady Adliaal) jualiall e RAST iidal) Jled) Lo S ll) Slae ] Badat o
) g a8 s g0 a1 880 g gl ganad) (585 38 Al (§ paall (pa Lgmann a3 ) ) e
Glb amy S jad A aeli (5 smse () Cliall cada &5 5 5a Y il glall 5 adill Sl g dpeliall el Jia ¢
Gitadll 23 Ao gie Allad ik il 4 5 ¢ duda 1) cliall 0 5l s ¢ A8lad) Clisell L 6 darazay Jazaall A1 aladily
Uanl) anay Slanad) Alial daal) i pladinly JiaY) el il Aala ¢ 5 ,Ls) 480K st 85 50 JsY
Saball ) sl A 3 ) sa) &3 Al 9 125-100 s Sl e i aslalill S ¢ (5 guail) ) 3all) il
s S5 )y A a9 <l g IV dae AES ol Us a5 ¢ U 388 501 Lo DU Al 5 sl (551 pal)
A8 ) Al ) )5l Lgmaen 1 La 301 () e 2SU agall (e, La 330 Qe Mic-Whirter e of (e St ¢
3 g3 5 Juabl 483 yualiall 3 5i e CaISH (380 Al gl 55 Of 5 I aliaial ASEa e alaill 5 Lay
Alen) Clie (e de siie Ao gana 3 ualiall CSS) Ayl &5 23 caUad (a2 O 2 jae aSU Al
W e 5 3aa o sld sall 5 o grsiniall 5 o sl Jie Auliall i) eSS 8 Laas il AL ppaall (pas,
AU 05 I 5l a Aan ol 5 dlewY) cilie Jaly G305 Sairialls a sl Jie psand) an

4.2764 x 10%° cm™ 5T = 14137.55 4 3448.29 __nlll Lesa A Lo 3300 (e dalill ¢ 5 yi<IY)
Dbl Ay ¢ el Haiall Hlatall lua 8 ¢ @llan) @MgLY Ll Hhalaall cl yai apEl | gl e
Olill a8 giall sl o gia g lans) elginl Jana s anadl 05 o sia pabad o uadll pdigall s ddagiual)

A3 ) g yal) aSlaal) b (Y15 ) SAV)

XVi



CHAPTER 1
INTRODUCTION

1.1  Overview

A laser (Light Amplification by Stimulated Emission of Radiation) source emits
light by the stimulated emission of electromagnetic radiation [56], and it has several

extraordinary properties over conventional light sources: it has very low beam divergence,
a high intensity I = %, temporal and spatial coherence, and it is monochromatic. More

details of the laser properties are separately explained in the next subsection, in relation
with the factors that influence the plasma parameters. A laser has three main parts: the
pumping source (the flash lamp), the active lasing medium (Nd: YAG crystal, for this
work) and the optical resonator. The LIBS technique ranks highly amongst the various
analytical spectroscopy techniques in terms of detecting the various chemical species
present in a test sample. It can analyze — both qualitatively and quantitatively — materials
in all physical states — solid, liquid or gas. LIBS has some unique properties over other
spectroscopic techniques, such as the target not needing to exhibit fluorescence, Raman or
IR activity. The LIBS technique involves simply irradiating any target with a pulsed laser

beam and measuring the resultant spectrum [56].

The working principle underlying the LIBS technique is as follows: the output of a
pulsed laser is incident on the target surface, due to which plasma sparks are generated,

and its emission spectra is acquired with a detector. The wavelength of emitted lines and



intensities emitted by the plasma are compared with a reference and calibrated using
samples of known concentration to quantitatively and qualitatively estimate the

composition of the unknown sample [83].

The main principle of the LIBS can be described as follows [83]: a focused laser
pulses strikes the sample, thus vaporizing, atomizing and exciting it. The light emitted from
the plasma plume is collected, dispersed and analyzed, to determine the spectral lines of
the elements present within the sample. Compared to other available analytical techniques
like atomic absorption spectroscopy, Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) and Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES),
LIBS has lower analytical performance capabilities. However, the ICP and atomic
spectroscopy require sample digestion that involves hazardous chemical usage and
disposal. This process creates serious environmental and health-related problems to the
environment. Therefore, LIBS has often remained preferable spectroscopic technique for
qualitative and quantitative analysis due to its smaller environmental footprint. It has many
applications in diverse areas such as Industry [13][19], medicine [27][63], Forensic

sciences [100][108], Space exploration [71] and environmental monitoring [47] - [48]



1.2

Theoretical Background of LIBS

1.2.1 Introduction

1.2.2

The acronym LIBS (Laser-Induced Breakdown Spectroscopy) can be abbreviated
in several ways: (LIPS) Laser-Induced Plasma Spectroscopy, (TRLIBS) Time-Resolved
LIBS, (LAS) Laser Ablation Spectroscopy, and (LSS) Laser Spark Spectroscopy [26][93].
LIBS principle is based on Atomic Emission Spectroscopy (AES): due to discrete energy
levels, the excited atoms undergo de-excitation, resulting in emission of radiation with
certain frequencies and intensities.

The intensity data is used to calculate the concentration of radiating atoms, whereas
from the frequency data, we obtain information about the radiating transition and thus the
radiating species present.

The 3 primary AES components are: detector, wavelength selector, and excitation
source. The excitation source is used to excite the target atoms. A detector records specific
wavelengths, based on the wavelength analyzer. Subsequently, at a specific frequency, pre-

determined by wavelength analyzer, the detector evaluates the intensity of radiating atoms.

LIBS Principle

In LIBS system, a UV pulsed laser strikes the sample surface. Through the
collisional and multi-photon processes, the laser beam will temporarily create multi-
colored plasma with temperature up to 25 kilo Kelvin. The plasma temperature will
decrease due to plasma cooling down on the sample surface [21] - [72]. A monochromator
(spectrograph) captures the signals to disperse the light wavelength from the plasma

emission into its constituent wavelength. Furthermore, the spectrograph identifies the



1.2.3

1.2.4

chemical elements present in the sample based on unique wavelengths of transition lines.
Detection time after excitation of the laser is an important parameter to be factored in. After
a few microseconds, the plasma components re-absorb electron and become excited neutral
atoms. Subsequently, by releasing unique wavelengths, which are the elemental fingerprint
present in the sample, these neutral atoms de-excite from the excited to the ground state
[99]. Additionally, if delay time is at an earlier time then the emission of singly ionized
atomic species is detectable. The time of detection, or the gate time delay is adjusted by

tuning the delay time between detector and laser.

Analytical Technique using LIBS

Development and study of the LIBS have been very intensive research activity over
the past three decades [77]. This owes to the LIBS unique capabilities, allowing material
analysis under such conditions wherein other analytical techniques may fail to offer
meaningful result. Firstly, due to high laser intensities required to start the plasma emission,
the laser pulse is able to excite the sample in a single step. Secondly, since the spot size is
very small, due to the excellent collimation properties of a laser beam, the actual space for
the spectral analysis can be well defined, thus allowing for spatial mapping of the present
elements. Thirdly, the LIBS analysis can be conducted on physically-remote samples using

fiber optic.

Factors that Influence the Plasma Parameters

Laser-solid interaction is a phenomenon that depends on several coupled
parameters such as properties of laser, ambient conditions (pressure) and target material

properties.



1.2.4.1 Properties of Laser

1.2.4.1.1 Monochromaticity

Unlike conventional light sources, emitting over a wide wavelength range, a laser
source emits highly monochromatic radiation, which means that it has an effectively single
wavelength or frequency. The plasma production itself is not contingent upon this
monochromatic property. The power per unit area (or intensity) highly influences the
plasma production, rather than the monochromatic nature of the beam. This
monochromatic property of light is very useful to probe the plasma using atomic species

resonance excitation in some special cases [29].

1.2.4.1.2 Directionality

Laser beam directionality means that the laser utilized in LIBS experiments has a
very small beam divergence angle, in the order of miliradians. Beam directionality ensures
that the laser beam is strongly focused to a very small spot size and strikes precisely at the
point of interest. Directionality and coherence are inter-related parameters. Spatial
coherence is indirectly-correlated with a small beam divergence and thus the capability of
the laser to generate high irradiance. Nonetheless, we observed that in our LIBS
experimental set-up, temporal and spatial coherence was not required, since the irradiance
was considerably constant, and the plasma formation was not affected by the laser beam

coherence. [30]



1.2.4.1.3 High laser intensity (Irradiance)

w

cm?

The laser irradiance intensity is defined as the power per unit area( ) The

irradiance also describes the laser peak power per cross section of the beam output. A very
large LIBS signal intensity, approaching billions or even trillions of watts per unit area is
attainable since the laser can generate ultra-short pulses, in the order of femto- or
nanoseconds. In the LIBS experiment, having a laser with high powers per unit area is very
important. This process depends on the optical system utilized to produce the laser beam.

[16][30]

1.2.4.2 Ambient Conditions

The plasma size and shape rely on the surrounding conditions, like the ambient gas
and pressure composition. The plasma emission intensity increases with increasing
pressure. This increasing intensity is the result of plasma confinement, generating a denser
and hotter plasma. Under medium pressure, the hot plasma is surrounded by an ever-
increasing concentration of the absorbing species. This increasing concentration makes the
hot plasma thinner and thus it expands more rapidly. Hence, the emission intensity
decreases and the effects of absorption become more significant under moderately high
pressure conditions. Using a pressure range of 50 < P < 500 torr in the air, adsorption

effects can be minimized [70].



1.2.4.3 The Laser Induced Plasma and target material property relationship

The aspect of materials, that influence the plasma plume shape and size, are its
mechanical, thermal and physical properties. Not only does the ablated target mass rely on
the intensity of laser but it also relies on the sample material properties. The heat

conduction and ablated mass relationship satisfies the following formula [61]:

3
m(t) = B(AI)?*12 + A(alt) 1)
Note that | is Intensity of laser, t is the laser pulse time, B, A are proportional to thermal
properties of the sample, a is the factor for energy coupling, t is duration of the laser pulse.

For nanosecond laser pulses, The laser fluency must exceed the threshold value (in
order of C]?) to form the laser induced plasma.

The plasma formation process commences with vaporization of the target material.
Vaporization occurs if the energy of laser incident on the surface of the sample exceeds the
vaporization laten heat (L,) of the target material. This implies that no vaporization occurs
if the laser fluency is below the threshold value. The threshold fluency F;, for the

evaporation satisfies the following relation,

Fo = plya®?wt/?a = — 2

Note that K is the thermal conductivity, C, is the specific heat per unit mass, w stands
for the width of the laser pulse, a is the thermal diffusivity, L,, is the vaporization laten heat
of the sample, p is the sample density.

Thermal properties of materials, like boiling and melting temperature and thermal
conductivity, affect the threshold intensity value. This implies that the thermal effects

influence the laser ablation [18]. The crater dimensions, plasma shape and size are



influenced by the mechanical and physical properties of the material. In more detail, the
laser energy fraction coupled to target material surface is determined by sample reflectivity.
Due to material undergoing phase change under high temperatures and high laser
intensities, materials with a reflecting surface can effectively absorb the laser energy. [94]

The crater shape and size, affected by surface reflectivity, boiling temperature, specific
heat and density can be written as, [8]

_ A(1—-R)
- pCpr 3

Note that R stands for the surface reflectivity, A is the constant of proportionality,

T}, stands for the boiling temperature, and D is the crater diameter.

1.2.5 Set-up Geometry

The plasma geometry and intensity profile of spatial emission strongly depend on
the power density of laser, alignment of the optical system to focus the laser, and the plasma
plume emission for spectrum data acquisition. For these reasons, it is essential to
comprehend the effect of light collection (for spectrum recording) and that of optical
alignment on the LIBS signal intensity. To enhance precision, cylindrical lenses are
preferable to spherical ones [34]. During the analysis of liquid samples, the lens must be
protected from liquid back-splashes due to the shock waves; hence, we focus the laser beam
slightly off the normal plane of the sample surface. For solid target analysis, the focused
beam of laser is targeted directly normal to the target surface. Before focusing on the target
surface, the laser leads to breakdown in the surrounding air; this phenomenon, especially

in the presence of dust clouds, affects the laser intensity incident on the target surface.



To obtain stabilized disintegration while optimizing the space of interaction
[12][107], the distance between the target surface and focusing lens should be marginally
shorter than the focal length. Because of its simplicity and reproducibility, the plasma

emission collection is performed axially perpendicular to the target surface.

1.2.6 Observation of Time window

The plasma temperature is initially very high. However, the temperature
progressively decreases as the plasma expands further away from the target surface. By
observation, a continuum radiation controls the beginning of the plasma evolution. After
the plasma expansion, which is accompanied by decreasing temperature, the evolution of
the line intensities is observable. The emission lines are superimposed on the continuum
emission. During LIBS analysis for material composition, only the emission line is
important. Usually the continuum emission decays faster compared to the emission line.
Hence, using LIBS involves setting appropriate time delay such that the difference between

the line emission and the background noise is clearly visible [107].

1.2.7 The Effect of Binder

In LIBS sample preparation, binding materials play important roles. To prevent
sample disintegration during laser irradiation, the prepared samples must be strongly
bonded prior to the LIBS experimental analysis. To obtain a homogenous sample, we first
grind the samples until an extremely find powder with unconsolidated particles is obtained.
Subsequently, the samples are pelleted using a binding material [26]. If the powder sample
has intrinsic binding strength, it obviates the need for binding materials. Appropriate
binding materials should be selected to achieve LIBS analysis with higher precision and

sensitivity. The finely-ground powder is usually mixed with the following suitable binding



1.2.8

materials: poly (vinyl) alcohol, starch, Ag, Al, or KBr. Next, the powder is placed in a
special die and pressed hydraulically. Previous studies have reported that to find the best
binder, different LIBS signal intensity of various magnesium lines (279.5. 517.2, 383.8 and
518.3 nm) can be used. The magnesium spectra were acquired from known varying pellet
concentration using available binders. To understand the process of the laser ablation, the
ablated crater images were captured using the Optical Scanning Microscopy. For this work,
The relatively measured LIBS signal intensities of the 518.3 nm Magnesium line were
recorded as 130, 227, 387, 538 and 735 using Aluminum, Silver, poly (vinyl alcohol),
starch and Potassium Bromide respectively as binder materials. From the aforementioned
results, we conclude that for the analysis of LIBS sample powder, the best binder material

is potassium bromide.

Mechanical Failure on surface of solid

The pulse leading edge quickly heats, melts and vaporizes into a layer. This edge
is above the surface of the target provided the illumination of the laser is sufficient to
generate the plasma plume. Subsequent laser pulses heat the already evaporated materials.
When weak plasma ionization occurs, a portion of the laser energy goes into the surface
while the plasma absorb the remaining portion of the laser energy. Sufficiently-high
energies render the plasma opaque to the laser beam, resulting in the surface being shielded
from the beam. At the same time, the front shape of the plasma plume grows toward the
laser. This process happens when the frequency of the plasma exceeds the frequency of the

laser.
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1.2.9 Laser Ablation

The properties of the laser beam and sample material highly influence the laser
ablation process. Micro to milijoules laser fluencies can affect atomic and ionic removal
without inducing defects in the sample surface. Subsequent laser pulses strike the material
under melting and condensation conditions. The surface reflectivity changes and a crater
appears. The elements present in the previous sample may possibly evaporate partially in
such a way that the newly deposited target material does not show the same composition.

Some important physical consideration in the laser ablation are the longer or shorter
pulsed length effects, minimum threshold laser intensity for initiation of vaporization, the
ablation rate and the need to maintain the sample composition in the plasma state after
ablation. To produce vaporization, the minimum laser power density must satisfy the

following relation. [84]

(4)

L,px?1 W
cm?

i = IW
Note that t'/2 is laser pulsed length [67],[24], x is the sample thermal diffusivity, p is the

target density, and L,, is the vaporization latent heat.

1.2.10 Qualitative Analysis

The strong and persistent lines of the LIBS spectra are the first to identify the most
common and higher concentration in the test samples. The elements with high intensity are
likely to be nutritious elements such as Potassium, Calcium, Sodium and Magnesium. On
the other hand, the elements exhibiting low intensity are plausibly toxins such as Mercury,
Arsenic, Chromium, etc or heavy elements such as Iron, Manganese, copper etc. The LIBS
wavelengths are usually compared to the available wavelength database of NIST (National

Institute of Standards and Technology). Identification of strong lines requires wavelength
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difference resolution of 0.03 to 0.2 nm along with verification of the presence of three

strong to moderate lines of intensity at least [26].

1.2.11 The Study of Plasma as a Process of lonization (Opacity of Plasma)

A plasma is a local assembly of overly electrically neutral ions, electron and atoms.
There are several parameters associated with plasma formation, of which the most
fundamental is its ionization degree. Plasmas tend to have a certain life times, possessing
three stages. The First stage is the process of plasma ignition. This process includes bond
breaking and shielding of plasma during the laser pulse process, depending on type of
illumination and duration of the pulsed laser. During the cooling process, the plasma
effects atomic emission. The second stage is the LIBS spectra collection optimization.
After the ignition stage, the plasma keeps cooling and expanding. Simultaneously, the
electron temperature and its number density change. For LIBS spectral assignments, the
last stage of the plasma life times is not preferential.

The main purpose of the LIBS experiment is to generate plasma in Local
thermodynamic equilibrium and optically thin condition. When the emitted light escapes
and traverses without being affected by effective scattering or absorption, the plasma

becomes optically thin.
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The plasma radiation intensity satisfies the following equation,

1) = (28))) (1 —exp(1 - La(D))) 5)

Note that a(A)is the coefficient of absorption (¢cm™1), L stands for the length of
plasma along the observer line sight, and £(4) is the emissivity.
If the self-absorption does not occur then the value of a(4) will be very small and

equation (5) can be approximated to be:

A
I = (%) (a(DL)e(DL (6)

To ensure a plasma is in LTE condition, different tests has been developed of which
the easiest way involves determining the relative intensities of emission lines of closely
spaced upper level in the same multiplet. It confirms the prediction from the fundamental
theory of Kuhn in 1963. However, the disadvantages of the method are neighboring line
interferences and self-absorption. The other famous method to prove the LTE condition is
the Mc-Whirter criterion. The formulation of this method is based on the premise that the
density of electron in the observed plasma must be sufficiently high to have the collisional
processes dominate the population in the energy levels. The Mc-Whirter criterion satisfies

the following inequality:
1
ne = 1.6 X 1012T2(AE)3cm™3 @)

Note that The units of T, n, and AE (the highest energy differences) are °K, cm™3
, and eV respectively.

Different quantity distribution like population of energy levels or stages of ions and
speeds of electron, depend on temperature as a quantity of single plasma provided the
existence of LTE condition proves experimentally correct.

13



The Classical Maxwell distribution for the velocity E,, satisfies the following

equation,

fn@)dv =

)% l mvzl tv2d
ex v v
P ®)

m
21k T, 2kT,
Note that v and m are the electron velocity and mass.
The relative population of energy levels, whether molecular or atomic in origin, can

be explained by the distribution of Boltzman equation:

W= (Dol 0

N, (g, (5 — E)
N (g_jl) =P l_ KT l (10)

Note that J is the total angular momentum, g;; is the statistical weights of the levels
(2J;j + 1), N;j is the population of energy level E;;,N, is population of the total species, Z

is the partition function, j and i refer to the two energy levels.
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1.2.12 LTE Condition and Optically Thin Plasma

. Nk,z» Ek,z

‘ . Ni,zr Ei,z

—0—0-0 ..E 0

Figure 1.1 Population in the energy level

In the prevailing conditions, the electron population in the energy levels can be
explained by the Boltzmann distribution:

Nk,z — (gk,z) exp | — Ek,z
N, \p /)Pl kT (11)

Note that K, is the Boltzman constant, p, is the partition function, T is the
temperature of electron, N, is the species number density in an ionization stage z, N ,, E, ,
and g, , are population, energy and the upper energy level (k™) degeneracy in an ionization
stage z.

In an optically thin plasma condition, The integrated intensity I, of the lines of the
atomic emissions, that occur between the lower energy level | and the upper energy level

K, with ionization stage z, satisfies the following equation,

ke
I, = T, ApizNy 2L (12)

Note that h is plank’s constant, c is the speed of light, L is the characteristic length

of the plasma, Ay; , is the transition probability, A; , is the spectral line wavelength.
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By substitution of equation (11) into equation (12), we get the following relation:

I =—lf—41-L(Mﬂhﬂex —fﬁq
2T dnd, e \Tp )P TR,T (13)

Taking the natural logarithm of both side of equation (13) gives the following result :

AkiZIZ EkZ anZ
In . ] = ]

= x,7 " lhen, (14)

ki9kz

Note I, is the integrated signal intensity, K, is the Boltzmann constant, T is
temperature of the plasma, Ay; , is the probability of transition, Ay; , is the wavelength of
the transition line, gy , is the upper level (k™) degeneracy, B, is the ionization z partition
function, L is the plasma characteristic length, N, is the total population in the ground

state, Other symbols have their own usual definitions [64].

In the ideal case, we obtain a straight line when the left side of the previous formula
is plotted against the upper level energy, which gives —% gives the slope. To obtain a

straight line, some parameters, such as well spaced energy level, accurate line intensities,
and accurate transition probabilities. [109][22][98], must be measured accurately

Lines of transition originally have zero line width, however, due to some other
processes (Doppler, Instrumental, Natural and Stark broadening [98][60][74]), the lines get
broadened to some extent. Regarding the produced electric field due to the collision of ions
and electrons, The Stark broadening is the most influential process. It causes discrete

energy levels to broaden, resulting in the wavelength shifts.
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The full width at half maximum (FWHM) A4, /, of a stark-broadened profile using

a Lorentzian fitting satisfies the following relation,

Adysy =2 Ne 3.5 Ne 5/41—31v'% Ne
1/2 = &W + 3. 1016 20 |Y| 71016

016 ]A° (15)

Note that w is the impact factor of electron, N, is the density of electron, A is the
broadening parameter of ion, N, is the total particle in the Debye sphere. [60][74]

The first term on the right side of equation (15) explains the electronic broadening
and the second term explains the ionic contributions to the broadening. For non-hydrogen
ions, the stark broadening is primary due to the impact of electrons, since the ionic
perturbation is negligible compared to the electronic perturbation, so, reduction of equation

(15) satisfies the following formula,

N,
Ayjp = 2w [1016] (16)

Note:
1. w is an impact factor of electron. This factor depends on temperature. Over the
temperature range of (10000 — 80000)K, it only changes by a factor of two.
The Stark broadening profile is a great tool to determine the density of electron within an

acceptable range of error.
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1.2.13 Detection Limit
It is the sensitivity of the LIBS technique to detect the lowest concentration of

analyte in the LIBS sample. The calculation can be performed by the following equation,

LOD = [3—0]

S (17

Note that o is the standard error of the experimental calibration data, S is the
sensitivity, which is the ratio between intensity and concentration (the slope of calibration

curve).

1.3 Motivation

The existence of toxins and heavy elements in biological samples like fish and other
biological tissues can be investigated using LIBS to determine whether it is in compliance
with the regulatory requirements legislated by food authorities. We have analyzed a few
biological samples because dietary consumption is the primary source of exposure to the
elements for people who are not occupationally exposed. A vast spectrum of chronic
ailments afflicting patients in the Kingdom of Saudi Arabic such as liver, renal and kidney
failures are often associated with the intake of the toxins and heavy elements. Hence, by
analyzing the presence of the elements present in consumables, and comparing it with the
corresponding elements present in the bodies of patients, we can develop a prognostic
marker for studying the correlation between a toxic and/or heavy element and a specific
diseases. For example, fish tends to be rich in Mn; by studying the incidence of Mn
poisoning in patients and correlating it to their fish consumption, a relationship can be built

between health risk parameters (the EDI, THQ, and HI) of fish samples and Mn-related
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diseases. A similar strategy can be applied for other toxins or heavy elements present in

food and their corresponding diseases.

1.4  Objectives

e To develop a method using LIBS for application of biological sample
analysis.

e To analyze and identify the LIBS spectra using atomic and ionic transitions.

e To study the LIBS signal intensity, which depends on various parameters
(Energy of laser, elemental concentration, time delay, etc)

e To study the plasma parameter.

e To find the concentration of each element especially toxic ones present in the
samples.

e To evaluate the human health risk assessment for the fish consumption.
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CHAPTER 2

LITERATURE REVIEW

In the early 1960s, Laser Induced Breakdown Spectroscopy (LIBS) technique was
first introduced for application of solid material analysis. The sparks from the electric
discharge induce the excitation of the ablated materials [25]. For the analysis of multi-
elements, LIBS ranks amongst the best analytical technique. Because of the reliability and
relatively cheapness for the research and laboratory analysis, groundbreaking achievement
and progress in the technology of both detector and laser has been performed since 1980s.
Therefore, for the qualitative and quantitative analytical investigation of an impressive
variety of samples, LIBS is a renowned analytical techniques. [35] [41] [65] [51] [7] [90]
[89] [53]

Due to its unique characteristics such as fast online monitoring response, sensitive
detection for multi-elemental analysis, relatively easy sample preparation, ability to
perform remote-sensing detections, and high resolution for the mapping of surface,
enhancement of the LIBS technique has undergone manifold enhancement over several
decades [83]. These unique LIBS characteristics stimulates its application in an impressive
myriad of applications, including food [75][42][82][39][81][97], environmental
monitoring [46][59][92][40][54], geological samples [58][95] [96], industrial samples
[28][80][69][55][45][52] [44], space exploration [14][101][103], agriculture [88][37][102]

, archeology [87][73][86], and identification of biomedical samples [15][32][9].
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LIBS is an advanced analytical technique for analyzing the elemental composition
of a wide range of samples, like rocks, explosives, cosmetics, metals, biocompatible
samples etc regardless their states - solid, gas or liquid [30]. It has also been used for
biomedical samples, such as tissues, teeth, body stones, nails, teeth, blood, etc [49]. Due to
its need for little sample preparation and its ability to deliver results rapidly for biomedical
sample analysis, LIBS has evolved into a well-established diagnostic techniques.

In this thesis, we analyze biocompatible samples. LIBS has been used by Josef
Kaiser et al for recognizing trace elements in the matrix of microbiological samples. This
technique is not commonly used to analyze bacterial and animal samples. It has been
historically utilized to differentiate between healthy and cancerous tumor cells from a
histological section of a dog, through which it was deduced that the concentration of
elements present in the healthy and tumor cells is different. To achieve optimum results,
the analysis was performed under pressure and the samples were frozen to -196°C. Some
of the detected elements were Ca, Al, Fe, Cu, K, Na, and Mg. In conclusion, this research
study has demosntrated the ability of LIBS to identify elements present in microbiological
samples and thus act as a prognostic marker for various diseases.

Vincent Juve at al [38] used UV (LIBS) to identify elements present in fresh
vegetables. They used consumable root, stem and fruit vegetable obtained commercially.
In this research, an Nd: YAG laser was utilized, lasing at 266 nm, having 10 mJ energy
and 10 Hz rate of repetition. The strong transmission between 200 and 850 nm is shown
by the used fiber. Root spectra were recorded for a few elements from the internal to the
external part, while the spectra of the stem were recorded at the different height of the plant

from its lower to upper one. Good spectra of lines were identified using an NIST database,
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yielding 422 lines, among which 391 spectral lines were emitted by atomic and ionic
species, 9 lines were emitted by molecules Cz, and CNs, and 22 lines were emitted by
unknown lines. Therefore, the LIBS technique has demonstrated its ability to detect trace
elements including organic, metallic and nonmetallic ones in newly-harvested vegetables
and thus can also be used for the other biological samples like fish etc.

LIBS also has been applied for the analysis of cancerous human cells. The
pathogenesis of different kinds of cancers is a result of heavy metal distribution. However,
colon cancer data and exposure to heavy metals lack correlational data. One of the few
studies by Emre at all, compares blood samples of healthy people to those having metastatic
colon cancer. The study was done by measuring heavy metal levels and noting that higher
levels are linked with the presence of cancer [33]. Colorectal cancer [CRC] is presumed to
involve a complex array of inherited susceptibility and environmental DNA genotoxic
exposure, yet mostly no genetic predisposition is found and etiology continues to remain
elusive. New observation suggests a strong relation between dietary intake and life style
especially red meat, saturated fats, food, and alcoholic consumption. Also, sedentary
lifestyle is a possible contributor to the CRC development. In spite of numerous challenges
involved, [110] for the first time, they were able to employ the highly accurate LIBS

technique to directly measure the levels of heavy metals in CRC tissues.
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Xiong Wan and Peng Wang studied heavy metals in organism, including different
part of the fish’s body, using their optimized LIBS set-up. The qualitative study uses LIBS
signal analysis whereas the quantitative study uses an internal standard-based quantitative
analysis (ISQA) algorithm. In this study, they found that the heavy metals are densely
distributed in liver and gills rather than homogenously distributed throughout the entire
body of the fish [106].

F.C Alvira et al [11] developed a novel LIBS set-up, based on a low-cost, small and
ultra-compact excitation source. The emitted light is in the multi-pulse regime, giving a
maximum energy of 300 mJ. The developed LIBS system can detect copper and lead
contaminations in the examined fish samples. The generated spectra were those of skin,
scales and muscle of both frozen and fresh fish. Using their developed LIBS set-up, they
obtained an improved limit of detection of 0.2 ppm and 0.25 ppm for copper and lead
respectively.

L.V. Ponce et al developed a LIBS system to monitor the accumulated copper and
lead contamination in the edible fish species, namely (Oreochromis Niloticus) tilapia del
nilo. The developed LIBS system was compared with results from the atomic absorption
spectroscopy. The improved limits of detection of the utilized LIBS set-up are 100 ppm
and 25 ppm for copper and lead respectively. Those concentrations are less than the
maximum limit, imposed by relevant health agencies. The developed LIBS system is useful
for governmental use to monitor the edible fish contamination online.

In the Persian Gulf, Homira Agahat at al [5] studied the trace metal accumulation
in the liver and muscle tissues of five different varieties of the fish samples obtained from

the Persian Gulf. After digesting the fish samples using nitric acid and hydrogen peroxide
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inside a microwave oven, the samples are ready for ICP-MS analysis. They found the
present of the following elements in the fish samples: As, Cd, Co, Fe, Mn, Ni, Tl, Zn, Al,
Be, Cr, Cu, Pb, Mo, Sb, V. In brief, this research proved the fact that the metals present
were mainly found in greasy grouper, younger flathead, and tiger-tooth fishes. Of the
examined fish species, the grunt fish shows strongly accumulated elements in the older fish
samples. Positive and strong correlations between the present elements like Al. Ti, Pb, Co,
Al and Fe were significantly noticed in the three or more species. This study concluded the
fact that the liver and muscle tissues can perform the role of bio-indicators for identifying
the presence of toxins in fishes living in metal-contaminated coastal area. This research
also concluded that the elemental concentrations found in the fish samples are lower than
the safety permissible limit, which means that there is no negative impact on public health
with the exception of Arsenic.

Mehjbeen Javed and Nazura Usmani reported detection of six heavy metals, (Fe,
Ni, Zn, Co, Cu, Mn) in the muscles of Mastacembulus Armatus using atomic absorption
spectrometer. The concentration of the detected heavy elements are Mn (9.03 ppm), Cu
(41.36 ppm), Co (9.06 ppm), Zn (186.19 ppm), Fe (213.29 ppm) and Ni (58.59 ppm). In
this study, the estimated mean daily consumption rate of the heavy metals by fish
consumption is 19.5 x 10 kg/day, factoring in the amount of fish that adults (female and
male) consume. For Nickel and Cobalt, the examined fish samples show risks of
carcinogens since the target hazard quotient (THQ) exceeds one. This study reported high
Hazardous Index (HI). At conclusion, it was indicated that the consumers of the examined

fish were at risk of toxicity from Nickel and Cobalt.
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Amani S Alturigi [10] used atomic absorption spectroscopy to evaluate some heavy
metals detected in the fish samples from the Saudi Arabian markets in the four major urban
and industrial cities in the kingdom (Jazan, Riyad, Dammam and Tabouk). The elements

present in the fish samples are Mn, Zn, Cd, Cu, Pb, Hg and Fe. The concentrations of the

elements in the sausage are 18.51, 0.125, 242.44, and 15.43 ‘;Tg for Cu, Hg, Fe and Pb

respectively. For the luncheon fish, the concentration of the elements are 73.94, 4.08 and

32.67 “?g for Zn, Cd and Mn respectively.

The elemental composition of Arabian fish was studied by Sabry Mohammed El-
bahr and Ahmed Abdel Ghany. In this study, the heavy metals (Cd and Pb) and The trace
elements (Fe, Cu, Mn and Zn) were detected for three different fish species, namely
Spangled Emporer (shieri), Red striped seabream (Andak) and Black Seabream
(Spondyliosma cantharus). After digesting the fish samples, 20 samples of each fish were
examined using the atomic absorption spectrometry. In this study, it was reported that the
quantity of trace elements and detected heavy metals were as follows: Fe > Zn>
Cu>Mn>Pb>Cd. In this study, the authors found metal content variations in the muscles of
the three fish. The highest measured concentration was that of Zinc, manganese and copper
in the S. Santharus. The P. Major muscles accumulated the highest concentration of Iron,
and in the three varieties of the fish muscles, Lead and Cadmium concentration levels are
comparable. For Zn, Mn, Pb, Cd, Fe and Cu, the maximum daily intake were 0.0009,
0.0001, 0.0000, 0.0000, 0.0035, 0,0003 respectively. In conclusion, the less heavy metals
found in the fish muscles is a positive indication that consuming fish does not influence

it’s consumer’s health [31].
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Shahid Mahboob, HF Alhakim Al-Balawi, F Almisned, Al-Quraishi and Z Ahmad
conducted research on the distribution of metal in fish tissue, including the risk assessment
for the very important fish species of Saudi Arabia. In this research, the detected elements
are Cadmium (Cd), Nickel (Ni), Zinc (Zn), Arsenic (As), Chromium (Cr), Lead (Pb),
Copper (Cu), Manganese (Mn) and Iron (Fe). They found these elements in the muscle
tissues of four different samples, namely Clarias Gariepinus, Aphanius Dispar Dispar,
Poecillia Latipinia, and Oreochromis Niloticus). The samples were collected from Wadi
Hanifah over two different seasons. The heavy metal concentrations, with the exception of
Pb, Cu, Ni, and Cd in P. Latinna and A.d., Dispar were below the safe permissible limit set
by the relevant authorities. This also indicates the extent of heavy metal pollution. In the
tissues of the fish muscles, the present study explains that the least and most accumulated
metals are Chromium and Zinc respectively. This study concluded that from the human
health viewpoint, the current consumption rate of P Latipina and A.d Dispar species in

Saudi Arabia possibly correlates with the health risks for the fish consumer. [79]
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CHAPTER 3

EXPERIMENTAL METHOD

3.1 Configuration of the LIBS System

Mirror
Nd-YAG laser , ‘ '

Delay controller
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Sample
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Alta camera fiber

Computer

Figure 3.1 Schematic diagram of the LIBS set-up
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Figure 3.2 The LIBS System Set-Up [78] [50] [85]

3.2 ICCD Camera

To acquire the desired signal from the light of plasma, our LIBS set-up utilizes
a specified Integrated Charge Coupled Device (ICCD) camera (Table 3.1). Highly
sensitive imaging can be performed using this camera. This camera can even capture
the lightening action even though the incoming of the light beam is highly intense. By
adjusting time gate delay, the camera can increase the signal to noise ratio So as to
yield a strong signal. The time gate delay measures the time elapsed between the firing
of the laser pulse and the opening of the ICCD camera window. It is after how long the
window of the ICCD camera start to opening. The other time-associated parameter is
the gate width, which is the time interval during which the window remains open. In
this LIBS experiment, we keep the gate width to its default value as pre-defined by the

software, and the time gate delay as mostly set at 100 ns.
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Table 3.1 ICCD Camera Specifications

| Star 332
Aperture F/6.5
Focal length 500 mm
Pixel matrix 1024 x 1024
Pixel size 13 um

3.3  Spectrometer

Spectrometer is an electronic tool utilized in the LIBS set-up to measure the spectra
of a sample. The wavelength interval of typical LIBS Spectra ranges from vacuum
ultraviolet to the near infrared, which is a considerably complex and wide interval. To
cover such a wide range for LIBS analysis, a good spectrometer should have the following
characteristics:

a. To resolve the closely spaced lines of spectra, the spectrometer should have a
readout time and short data acquisition.

b. The spectrometer should have high resolution and wide range of spectra.

c. It should have large dynamic range and give high quantum efficiency over a
whole recorded spectrum.

To obtain the generated LIBS signal from the fiber optics, a highly resolved
spectrograph, specified in Table 3.2, was utilized. Using the second grating (groove
density = 1200 lines/mm), the spectrometer generates clearly visible and well-resolved
spectra in the range of 200-900 nm. The wavelength obtained by our LIBS analysis has
remarkable accuracy, exhibiting very small differences, compared to the wavelength

values on the NIST database.

29



Table 3.2 The spectrograph specifications

SR-500 (General)

Type Czerny-Turner arrangement with imaging toroidal optics
Focal Length 500mm

Aperture /6.5

Reciprocal Dispersion 1.7nm/mm (nominal)

Wavelength Range 190nm to 10pum (detector dependent)

Wavelength Resolution 0.05nm (< 0.1 nm with 25 um pixel CCD detector)

Wavelength Reproducibility | + 0.05nm

Wavelength Accuracy +0.2nm

Focal Plane Size 28mm wide x 14mm high

Time to switch gratings < 10 secs

Stray Light 1.5x10* (measured at 20nm from 633nm laser line)

3.4 The LIBS Emission Collecting System

The light gathering system consists of lenses and optical fiber. To collect, converge
and direct the light into the optical fiber, the set-up utilizes the miniature convex lens.
To obtain optimum signal acquisition conditions, the fiber optic was oriented at angle
of 45° with respect to the plane perpendicular to the sample surface. The fiber optic
guides the light signal to the ICCD camera. For easy lens alignment, to gather the spark

maximum signal, the light gathering system can be translated in two dimension. [66]
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Figure 3.3 The LIBS emission collecting system

3.5 Energy meter

LIBS signal optimization requires energy measurement, to determine the
energy per pulse that yields optimum signal. In this research, we utilize Ophir
model 300 radiometer to measure the optimum energy. The laser energy within the
range of 30 - 50 mJ was used to study the dependence of LIBS signal of a chosen

marker wavelength of an element on the incident laser energy.
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Transducer

Figure 3.4 Ophir Energy Meter [78]

3.6 Oven

Prior to the LIBS Spectral analysis, the samples were prepared as follows.
Fish meat was dried using an oven so that it can be ground easily. After grinding

the meat, the samples were prepared by the pelleting process.

Figure 3.5 Oven
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3.7 Focusing Lens

The LIBS experiment utilizes a quartz lens (diameter = 8 mm, focal length = 30
mm), as quartz material has maximum transmission at the wavelength of interest. The
applied lens is a double convex lens, to minimize spherical aberration, so that maximum

energy is directed to the sample surface.

3.8Target Holder

The sample holder is an important part of the LIBS system. Figure 3.3 shows the
pictorial view of the sample holder for our system. It is a 2 dimensional tool to translate
the sample along the X and Y coordinates in a horizontal plane. To ensure the sample is
clearly visible, the holder was made of an eye protective polymer. This holder is important
to ensure that the laser is incident on the smooth sample surface. Under such conditions,

visible signals will be generated on the LIBS computer.

3.9 Inductively Coupled Plasma — Mass Spectrometry (ICP-MS)

(ICP-MS) is an analytical tool to determine trace element of different kinds of
samples. The main components of an ICP-MS set-up are a detector, interface, spray
chamber, plasma torch, and nebulizer. Figure 3.6 shows the set-up of the ICP-MS device.
The ICP-MS system works based on the spontaneous photon emission from ions and atoms
in the discharge of a radio frequency signal. Gas and liquids are injected into the system
directly. Solid sample are digested using nitric acid to form a solution prior to analysis, as
solids cannot be directly analyzed. The system converts a sample into an aerosol, and the
converted sample links into the plasma central channel. The operational temperature of the

inductively coupled plasma in an ideal situation is approximately 10.000 K. This condition
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makes the converted sample vaporize quickly. The quick vaporization allows the element
of the analyte to be free atoms in the gaseous state. The peristaltic pump transports the
liquid sample into nebulizer at ml/min. By the aid of argon gas with a volumetric flow rate
of 1 L/min, the sample is converted into a fine aerosol. From the large sample droplet, the
find aerosol droplet (around 2 micrometers in diameter) is separated in the spray chamber.
Subsequently, through the injector, the fine droplet is directed from the spray chamber to
the plasma torch [36]. The plasma torch generates positively charged ions. Via the interface
region, that has a vacuum pressure of 1-2 torr, these ions are transported to the mass
spectrometer. From the region of the interface, the ions are extracted, and subsequently exit
the ion optics (electrostatic lenses) into the main vacuum chamber. In the mass separation
device, the ion optics transport the ion beam and stops neutral species, photon, and
particulates to reach the detector. Finally, lon detector converts the ions into an electrical
signal and the data handling systems process the signal conventionally. Lastly, the
calibration set for ICPMS converts the signal into the analyte concentration.

Plasma Torch

e

§ Mass Separation device
QJ
N> @ [ k=] fsoravchamber
g @ Ion Focusing Pathway to
= System sampling interface
Nebulizer
' ' Mechanical
Turbo Turbo pump
molecular molecular
pump pump Radio Frequency

power supply

Figure 3.6 The ICPMS Set-Up
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3.10 Fish Sample Preparation

Five different fish samples were bought from a hypermart in Dhahran mall, Saudi
Arabia. The fish meat was dried in an oven at 60 - 80°C for around 2-3 hours. The dried
fish samples were then grinded with a grinding machine a fine powder was attained.
Subsequently, By applying a hydraulic pressure of around 6 bars (for dry samples), 2 bars
(for wet samples) and 4 bars (for medium condition) around 10 minutes, while placed in a
cylindrical dye (2 cm in diameter and of 2 mm thickness), The fish powders were pressed
into highly-compacted rigid pallets to withstand the laser pulse. In addition, the pelleting
process produces a smooth surface necessary for getting the best signals with minimum
noise. Figure 3.7 shows the pictorial view of the pelleting process of the fish muscle
powders. In this process, we did not use any type of chemical binder since the powder has
its own intrinsic binding strength. The fish pellets were then kept in a clean petri dish to

avoid contaminations.

Figure 3.7 Pelletized fish samples, from the right to the left, the sample names
are Sarah, Bagoh, Bory, Hered, Bulfusyan
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3.11Preparation of fish samples for ICP (Inductively coupled plasma)
analysis
For ICP analysis, the fish samples must be in liquid form by the following
standard dilution process,

1. Weigh 0.5 gram of each of the fish samples and put every weighed mass into five
free tubes.

2. Add 2 ml distilled water to every tube.

3. Add 10 mL concentrated nitric acid to every tube

4. Add 2 mL Perchloric acid 70 % to every tube

5. Leave the samples overnight.

6. Heat the samples, partially covered, using a hot block at 95 °C for 10 hours, until
the volume decreases to 3 mL.

7. Add 2 mL nitric acid to every tube until the total volume reach 5 mL each.

8. Open the partial cover and apply the heating process for 3 hours inside the hot
black until the volume reduces into 2 mL.

9. After cooling, top up with distilled water until every tube has 25 mL.

10. The last volume needs to be filtered using filter papers prior to the ICP analysis.
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3.10 Preparation Of Standard Samples For Calibration

The goal of this section is to determine the Magnesium, Calcium, Iron, Manganese,
and Barium concentration levels in the fish sample 1-5. Calibration standards of different
elemental concentrations of Calcium are (a) 50.91 ppm (b) 101.83 ppm (c) 220.63 ppm
(d) 412.83 ppm (e) 869.79 ppm. Standards for Manganese are (a) 53.62 ppm (b) 71.63
ppm (c) 312.74 ppm (d) 648.915 ppm (e) 1228.036 ppm and Those for Barium are (a)
13.62 ppm (b) 33.15 ppm (c) 55.2 ppm (d) 82.8 ppm (e)105.92 ppm. The standard samples
were prepared by mixing the sample matrix with 33.33 percent solution of Ca
(NOz3)2.4H20, Mn(NOs)2, and CsHeBaOs for Calcium, Manganese and Barium
respectively. The calibration standards of different elemental concentrations of
Magnesium are (a) 60.033 ppm (b) 148.503 ppm (c) 263.831 ppm (d) 420.234 ppm (e)
666.687 ppm and those for Iron are (a) 4.212 ppm (b) 12.55 ppm (c) 18.518 ppm (d) 25.62
ppm and (e) 31.997 ppm. The standard samples were prepared by mixing the sample
matrix with 16.67 or 1/6 wt % solution of Mg(NOz)2-6H20 and 0.2849 or 1/351 wt %
solution of FeCl, for Magnesium and Iron respectively.

The marker wavelengths that we used for constructing the calibration curve are Mg
280.27, Ca ll 315.8, Fe 1 358.12, Mn | 407.94, and Ba | 778.04 nm. The new sample
matrixes were then put into a cylindrical dye of 2 cm diameter and 2 mm thickness to be
pelleted using hydraulically pressing machine. The surface of the new standardized
samples needs to be smooth to obtain smoothly-superimposed peaks of the element of

interest on the background line.
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Figure 3.8 The grinder of the LIBS Samples

3.12 Precautions taken during experiment

1. To avoid sample contamination, pestle and mortar should be clean, and to reduce
water absorption, these should be dry and isothermal.

2. To ensure that the calibration samples have excellent homogeneity, the powder
should be first ground using grinding machine, and ground thoroughly using the
pestle and mortar.

3. To avoid contamination, all pellets were stored in an aluminum foil inside a dash.

3.13LIBS Data Accumulation and Analysis

The built in Andor I-star software in the LIBS computer records and displays the
LIBS spectra. All LIBS data spectra are further analyzed using Microsoft Excel and NIST
database for qualitative analysis of spectral assignments and quantitative analysis using
calibration curves, and using Origin 9.0 for the evaluation of the plasma parameters, which
are the stark broadening parameter for electron number density estimation and The

Boltzman plot for calculation of the electron temperature.
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CHAPTER 4

LIBS Analysis of Arabian Fish Samples

4.1 Introduction

Fish meat contains many trace elements, including toxins and nutrients. At low
concentrations, most of the trace elements in fish are beneficial. But in high concentrations,
these trace elements are dangerous for human consumption [79].

It has been reported that the beneficial elements present in fish are Zn, Mn, and Fe,
and the toxic elements are Pb and Cd [6]. For people living in the Arabian Gulf, fish is a
favorite food item. In fact, for all humanity, fish has become a primary source of nutrition
and has consequently become a major source of toxic exposure since the fish may contain
some toxins and heavy metals. The food regulatory organizations should set proper
legislation and act urgently to perform online screening before the fish is commercially
sold in the market so that the incidence of heavy metals poisoning can be prevented
amongst humans. Some international organizations such as European Commission, FAO,
and WHO require the monitoring of toxins and heavy metals such as (Fe, Zn, Pb, Cu, and
Cd) and suggest monitoring of other elements (F, Al, J, Cr, Ni, Sb) in water and food [105].
The maximum permissible limit of heavy toxins in fish species is 20; 50;1;1;0.5, and 2 ppm
for Cu, Zn, As, Hg, Cd, Pb [31], and maximum permissible limit of heavy metals is 100

[23], 0.5, and 0.3 ppm [3] for Fe, Mn and Ba respectively.
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The main source of toxins in the fish of the Arabian Gulf marine environment is
environmental pollution, coming from the petrochemical refineries, industries and wastes.
The marine environment has been contaminated with oil spill previously. During 1991, the
oil spill contributed to heavy metal contamination in Kuwait, wherein it was reported that
the levels of Cu and Zn increased very significantly [17].

Atomic absorption spectroscopy (AES) [79] and Inductively Coupled Plasma Mass
Spectrophotometry[62] are frequently used to qualitatively and quantitatively determine
the elements present in the fish samples. In this study, we utilized the UV Pulsed LIBS
technique to detect nutritious elements like Calcium and Magnesium and heavy metals,

especially Iron, Manganese and Barium.

4.2 LIBS Signal Intensity Optimization
Figure 4.1 shows the dependence of the LIBS signal intensity on the time delay

between the laser pulse and the intensified charged coupled device (ICCD) Camera that
records the LIBS signal. From the figure, we can observe that at time delay of 25 ns, the
plasma starts to heat up with the result that the signal intensity becomes more and more
increasing from initial intensity (20600) to the optimum intensity (290000) at the time
delay of 125 ns. After this peak, the intensity becomes more and more decreasing to lower
intensity until 12779 a.u. at the time delay 150 ns because of the cooling down of the
plasma. Therefore, we found that the most optimal signal intensity is at 125 ns for the
detection of Calcium Ca Il 315.8 with the maximum intensity of 290000 a.u. This optimum
time delay is applicable to scan all spectra ranging from 200 - 800 nm, depicted in Figure

4.7 untill Figure 4.35
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Figure 4.1 Dependence of the LIBS intensity on time delay

The study of energy dependence was observed to find the best signal at the center
wavelength of 315 nm, which can show Iron (Fe | 298.357 nm), Carbon (C Il 299.2618
nm), and Calcium (315.8 nm). The pulse energy range is from 30 to 47.7 mJ. Figure 4.2
shows that the LIBS Signal intensity is also proportional to the laser energy. The higher
the incident laser energy is, the higher the LIBS intensity will be. The LIBS experiment

was done using the Optimum energy, around 47.7-50 mJ.
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Figure 4.2 Dependence of the LIBS intensity on incident laser energy
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4.3 The Plasma Parameter Analysis

To accurately quantify the elements, the plasma must be optically thin and in Local
thermodynamic equilibrium (LTE). The analyzed sample has the same elemental
composition with the thin plasma. In a laser ablation plasma, the LTE condition applies if
the collision processes of the electron-atoms and electron-ion are rapid and prevail the
radiative process. By the following physical laws, the laser ablation plasma can be
explained. The distribution of Maxwellian velocity explains the plasma particle, the
statistics of Boltzmann explain the energy level population, the Saha's equation explains
the ionization process, and the plank’s law explains the intensity of radiation. The LTE is
not a good assumption along the fast-moving plasma boundary, which has a low electron
density [26][43][57]. LTE requirements stipulate that equilibrium occurs over a small
region in space, even though the equilibrium is different from one region to another [26].
The LTE Condition is valid if the region is slightly deeper into the volume of the plasma
with the reason that the collisions occur more rapidly and the conditions could change more
slowly. To make sure that LTE condition applies, the collision processes in the population
level must be dominant. This is the reason why there must be a sufficiently high enough
density of electron. The formulation of this condition was given by equation (7), the Mc
Whirter Criterion, explained in section 1.2.8 Plasma Study as an lonization process. To
make sure that the plasma reaches the LTE conditions, the stark broadening in equation
(16) and the Boltzmann's plot method applying equation (14) were used to calculate the

electron number density and the plasma temperature respectively.
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Some essential criteria to obtain a good Boltzmann Plot are well spaced upper level,

accurate transition probabilities and line intensities [91][20]. To get the Boltzmann plot in

Figure 4.4, giving electron temperature of T = 14137.55 + 3448.289 K, different

Calcium wavelengths were chosen based on Figure 4.3 and listed in table 4.1.
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Figure 4.3 LIBS spectra of Calcium lines selected for Boltzman plot for calculation
of plasma temperature

Table 4.1 Selected wavelengths for characteristic atomic transition lines of calcium
and other parameter for Boltzman plot

Element Wavelength (nm) g; Aikxlos(s‘l} Ej(eV)

Fingerprint

Optical Transition Assignment LIBS signal
Lower State — Higher State  Intensity(arb.units)

Call
Call
Cal
Cal

315.88
396.84
442.54
44547

4
2
3

3.1 7.04
14 312
0.498 4.68
0.87 4.68

3p°ap 2P0, —3p%4d 2Dy 61390
3p°as 25y, - 3p%p 2P), 254648
3pPasap *PY—3pPastd 3Dy 97918
3pP4s4p 3P 3p%4s4d Dy 114010
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Figure 4.4 Boltzman plot to calculate the plasma temperature
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Figure 4.5 Stark broadening profile of Ca | 732.61 for estimation of electron density

The electron impact parameter, w is from the reference [68]. Using the reduced stark
broadening equation, the experimental electron number density N, was found to be
4.2764 x 10 which is much higher than the critical n, , 1.1493 x 106, This result
explains that the Mc whirter criterion holds. Since the experimental N,> 10 and kT =
1.218 eV <5 eV then the Electron energy distribution function (EEDF) criterion also holds.
The two criteria prove that plasma is optically thin and in Local thermodynamic
equilibrium.
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4.4 Elemental Detection and calibration curves

We purchased 5 different varieties of fish samples (Figure 3.7, Sarah, Bagoh, Bory,
Hered, and Bulfusyan). The scan for elemental detection was in the range of 260 - 830 nm.
In the whole range, the developed LIBS system mainly detected and quantified nutrients
like (Calcium and Magnesium) and heavy metals like (Iron, manganese, and Barium).
Along with the mainly detected elements, we also found Phosphorus, Silicon, Sodium,
Chlorine, Copper, Bromine, and Mercury.

In the range of 260-290 nm, depicted in Figure 4.6 until Figure 4.8, we found the
laser line (266 nm), 1 neutral line and 3 singly ionized lines of Magnesium. The existence
of four Magnesium lines is, as a result, of high enough laser energy, having the 266 nm
laser wavelength. This energy is high enough to create the multiphoton ionization process
in such a way that the LIBS system were able to record the emission of 3 ionic transition
for singly ionized wavelengths of Mg Il 279.08 nm {2p®3p 2P° 12 —2p®3d 2D 312}, Mg |l
279.55 nm {2p°®3s 2S 1, —2p°3p 2P° 32} and Mg 11 280.27 nm {2p°®3s S 12 —2p°3p 2P° 112},
and 1 atomic transition for 1 neutral wavelength of Mg | 285.21 nm{2p®3s 1S ¢ —3s3p 'P°
1}, having well known probability of transition. The Magnesium detection in all samples
relies on the persistent line of Mg 11 (280.27 nm) as a fingerprint wavelength. The proof of
magnesium detection, relying on this wavelength is that after adding different linearly
known concentration of Mg(NOs)2-6H20 into a set of standard samples, the chosen
fingerprint wavelength, depicted in Figure 4.9 grows linearly. At the wavelength of Mg I
(280.27 nm), All samples in Figure 4.6 until Figure 4.8 also have different intensities,
indicating different magnesium concentration. Between the two magnesium lines (Mg Il

280.27 and Mg | 285.21), we also detected mercury line that has fingerprint wavelength of
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284.76 nm. Refer to the figures, the mercury intensity follows the following order: Sarah
< Hered < Bagoh < Bulfusyan < Bory misr. This means that based on the contents of

Mercury, Bory Misr is the most harmful fish of the 5 samples that we analyze in our

laboratory.
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Figure 4.6 Typical LIBS Spectrum indicating persistent Mg lines in 260-290 nm
region for (a) Bulfusyan fish at 280.27 nm
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MAGNESIUM AND MERCURY DETECTION
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Figure 4.7 Typical LIBS Spectrum indicating persistent Mg lines in 260-290 nm
region for (a) Sarah fish and (b) Bagoh fish at 280.27 nm
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Figure 4.8 Typical LIBS Spectrum indicating persistent Mg lines in 260-290 nm
region for (a) Bory fish and (b) Hered fish at 280.27 nm
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MAGNESIUM CALIBRATION CURVES
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Figure 4.9 Calibration curve for detection of Magnesium
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The same analysis can be applied to explain the contents of Ca, and the main heavy
metals (Fe, Mn, Ba). Figure 4.10 until Figure 4.12 depict LIBS spectra of the fish samples
in the range of 290-330 nm. In this range, Calcium identification in all samples relies on
the persistent line of Ca Il 315.88 nm {3p®p 2P° 12 —3p®4d 2D 32} as a fingerprint
wavelength. The proof of calcium detection, relying on this wavelength is that after adding
different linearly known concentration of Ca (NO3)2.4H-0 into a set of standard samples,
the chosen fingerprint wavelength, depicted in Figure 4.13 grows linearly. The fish samples
in Figure 4.10 until Figure 4.12 also have different fingerprint wavelength intensities,
indicating different calcium concentration. In the same range, we also found atomic
emission of Iron, Fe 1 298.35 nm and ionic emission of Carbon, C 11 299.26 nm and

Calcium, Ca Il 318.12 nm.
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Figure 4.10 Typical LIBS Spectrum indicating persistent Ca lines in 290-330 nm
region for (a) Bulfusyan fish at 315.8 nm
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CALCIUM DETECTION
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Figure 4.11 Typical LIBS Spectrum indicating persistent Ca lines in 290-330 nm
region for (a) Sarah fish and (b)Bagoh fish at 315.8 nm
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Figure 4.12 Typical LIBS Spectrum indicating persistent Ca lines in 290-330 nm

region for (a) Bory fish and (b) Hered fish at 315.8 nm
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CALCIUM CALIBRATION CURVES
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Figure 4.13 Calibration curve for detection of Calcium
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Figure 4.14 until Figure 4.16 show the spectra of the five fish samples in the
range of 350-380 nm. In this range, Iron identification in all samples relies on the persistent
line of Fe 11 358.12 nm {3d’(*F)4s a°Fs —3d’(*F)4p z°G%} as a fingerprint wavelength.
The proof of iron detection, relying on this wavelength is that after adding different linearly
known concentration of FeCl; into a set of standard samples, the chosen fingerprint
wavelength, depicted in Figure 4.17 grows linearly. The fish samples in Figure 4.14 until
Figure 4.16 also have different fingerprint wavelength intensities, indicating different iron
concentration. In the same range, we also found atomic emission of Nickel (Ni | 381.93
nm), Sodium (Na | 363.18 nm), Potassium (K 1 364.88 nm) and ionic emission of Sodium

(Na 11 371.10 nm) and (Calcium, Ca Il 373.7 nm).
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Figure 4.14 Typical LIBS Spectrum indicating persistent Fe line in 350-380 nm
region for (a) Bulfusyan fish at 358.12 nm
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IRON DETECTION
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Figure 4.15 Typical LIBS Spectrum indicating persistent Fe line in 350-380 nm
region for (a) Sarah fish and (b) Bagoh Fish at 358.12 nm
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Figure 4.16 Typical LIBS Spectrum indicating persistent Fe line in 350-380 nm
region for (a) Bory fish and (b) Hered Fish at 358.12 nm
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IRON CALIBRATION CURVES
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Figure 4.17 Calibration curve for detection of Iron
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Figure 4.18 until Figure 4.20 show the spectra of the five fish samples in the range
of 400 - 410 nm. In this range, Manganese identification in all samples relies on the strong
line of atomic emission of Mn | 407.94 nm {3d%(°D)4s a®D12 —3d®(°D)4p z°D%y.} as a
fingerprint wavelength. The proof of manganese detection, relying on this wavelength is
that after adding different linearly known concentration of Mn(NOs). into a set of standard
samples, the chosen fingerprint wavelength, depicted in Figure 4.21 grows linearly. The
fish samples in the Figure 4.18 until Figure 4.20 also have different fingerprint wavelength
intensities, indicating different manganese concentration. In the same range, we also found

atomic emission of another Manganese (Mn | 404.13 nm) and Mercury (Hg | 404.65 nm).
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Figure 4.18 Typical LIBS Spectrum indicating strong Mn line in 400-410 nm region
for (a) Bulfusyan fish at 407.94 nm
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MANGANESE DETECTION
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Figure 4.19 Typical LIBS Spectrum indicating strong Mn line in 400-410 nm region
for (a) Sarah fish and (b) Bagoh fish at 407.94 nm
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Figure 4.20 Typical LIBS Spectrum indicating strong Mn line in 400-410 nm region
for (a) Bory fish and (b) Hered fish at 407.94 nm
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MANGANESE CALIBRATION CURVES
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Figure 4.21 Calibration curve for detection of Manganese
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Figure 4.22 until Figure 4.24 depict the spectra of the five fish samples in the range
of 760 - 790 nm. In this range, Barium identification in all samples relies on the strong line
of atomic emission of Ba | 778.04 nm {6s5d D2 —5d6p 3F°2} as a fingerprint wavelength.
The proof of barium detection, relying on this wavelength is that after adding different
linearly known concentration of C4HeBaO4 into a set of standard samples, the chosen
fingerprint wavelength, depicted in Figure 4.25 grows linearly. The fish samples in the
Figure 4.22 until Figure 4.24 also have different fingerprint wavelength intensities,
indicating different barium concentration in all samples. In the same range, we also found
atomic emission of two potassium lines (K 1 766.48 nm and K 1 769.89 nm), another atomic
emission of Barium (Ba | 767.20 nm), atomic emission of Chlorine (CI 1 771.75 nm),
Fluoride (F I 775.46 nm), ionic emission of Zinc (Zn 1l 773.24 nm) and ionic emission of
Copper (Cu Il 777.87 nm). For all elements in different ranges, all emissions have different

intensities, indicating different concentrations of the elements in all fish samples.
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Figure 4.22 Typical LIBS Spectrum indicating strong Ba line in 760-790 nm region
for (a) Bulfusyan fish at 778.04 nm
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BARIUM DETECTION
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Figure 4.23 Typical LIBS Spectrum indicating strong Ba line in 760-790 nm region
for (a) Sarah fish and (b) Bagoh fish at 778.04 nm
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Figure 4.24 Typical LIBS Spectrum indicating strong Ba line in 760-790 nm region
for (a) Bory fish and (b) Hered fish at 778.04 nm
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BARIUM CALIBRATION CURVES
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Figure 4.25 Calibration curve for detection of Barium
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SAMPLE 1 (SARAH)
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Figure 4.26 LIBS spectra of sample 1 Sarah fish at (a) 450nm and (b) 585 nm
central wavelength
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SAMPLE 1 (SARAH)
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Figure 4.27 LIBS spectra of sample 1 Sarah fish at (a) 720 nm and (b) 810 nm
central wavelength
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SAMPLE 2 (BAGOH)
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Figure 4.28 LIBS spectra of sample 2 Bagoh fish at (a) 450nm and (b) 585 nm
central wavelength
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SAMPLE 2 (BAGOH)
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Figure 4.29 LIBS spectra of sample 2 Bagoh fish at (a) 720 nm and (b) 810 nm
central wavelength
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SAMPLE 3 (BORY MISR)
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Figure 4.30 LIBS spectra of sample 3 Bory fish at (a) 450nm and (b) 585 nm central
wavelength
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SAMPLE 3 (BORY MISR)
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Figure 4.31 LIBS spectra of sample 3 Bory fish at (a) 720 nm and (b) 810 nm central
wavelength
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SAMPLE 4 (HERED)
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Figure 4.32 LIBS spectra of sample 4 Hered fish at (a) 450nm and (b) 585 nm
central wavelength
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SAMPLE 4 (HERED)
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Figure 4.33 LIBS spectra of sample 4 Hered fish at (a) 720 nm and (b) 810 nm
central wavelength
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SAMPLE 5 (BULFUSYAN)
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Figure 4.34 LIBS spectra of sample 5 Bulfusyan fish at (a) 450nm and (b) 585 nm
central wavelength
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SAMPLE 5 (BULFUSYAN)
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Figure 4.35 LIBS spectra of sample 5 Bulfusyan fish at (a) 720 nm and (b) 810 nm
central wavelength
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Table 4.2 The common elements in the fish samples

Ca Mg K Na Fe C S
Sample | Cal Call | Mgl | Mgl Kl Na | Na 1l Fel Fe 1l cl S
1-5 44254 | 315.8 | 285.21 | 270.08 | 766.49 | 589.6 | 280.95 | 278.81 | 420.20 | 299.26 | 416.26
Cal Call Mg 11 Kl Nal | Nall Fel Cll
44548 | 318.1 279.5 | 769.89 | 819.48 | 371.10 | 298.36 392.07
Cal Call Mg 11 Fel
714.81 | 396.8 280.27 358.7
Cal Call Fel
720.22 | 820.1 363.14
Cal Fel
732.61 364.78
Fel
421.61
Fel
44151
P Si Zn Na Cl Mn Cu
Sample | P I Sil Sill | Znll | Nall Cll Mnl | Cul |[Cull
1-5 458.8 | 775.06 | 462.17 | 773.25 | 280.95 | 771.76 | 357.78 | 809.3 | 270.09
Pl Sil Sill Na Il Cll Mn | Cu ll
458.9 | 727.5 | 568.89 371.10 | 808.67 | 404.13 777.87
Pl Sil Mn |
460.20 | 728.9 407.9
Ba Co Ni Se F Br Hg
Sample| Bal |[Ball| Col | Coll Ni | Sell Fl Brl Hgl | Hgll
1-5 778.04 | 4525 | 344.92 | 270.66 | 362.94 | 417.53 | 775.5 | 815.4 | 253.6 | 284.8
Ball| Col Hg |
585.4 | 347.4 404.65

4.5 Quantitative Analysis and Risk Assessment

Using the generated linear equation from the calibration curves for every element and the

corresponding intensities in the previous section, we can calculate the concentration of 2 nutrients

(Ca and Mg) and 3 heavy Metals (Fe, Mn, and Ba), listed in table 4.3. The three metallic elements

will be further processed for health risk assessment in the next sub-section 4.5.1.1 until 4.5.1.3.
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is in the fish of Egyptian Bory, Bulfusyan, Hered, Bulfusyan, and Hered Respectively.

Based on table 4.3, the highest concentration of Magnesium, Calcium, Iron, Manganese and Barium

Table 4.3 the elemental concentration detected in the fish samples using
the LIBS set-up

Element Sample Name LIBS Permissible LIBS LOD
(ppm) limit (Ppm)
(ppm)
Mg 11 280.27 Sarah 685.67 + 44.16 - 93.06 + 5.99
Bagoh 2121.43 + 136.63
Bory 2702.4 +174.04
Hered 929.27 + 59.84
Bulfusyan 1729 + 111.35
Ca Il 315.89 Sarah 246.08 + 14.34 - 171.073 £ 9.96
Bagoh 457.09 + 26.63
Bory 257.48 + 15.00
Hered 877.11 +51.11
Bulfusyan 1620.32 + 94.41
Fe 1 358.12 Sarah 14.45 £ 0.94 100 4.28 £0.28
Bagoh 10.26 £ 0.67
Bory 18.35+1.2
Hered 23.96 + 1.56
Bulfusyan 20.86 + 1.36
Mn 1 407.9415 Sarah 74.63 +17.04 0.5 22.40 £5.116
Bagoh 27.79 £ 6.34
Bory 36.54 + 8.34
Hered 83.53 + 19.07
Bulfusyan 522.26 +119.25
Ba | 778.05 Sarah 66.514 + 8.76 0.3 29.84 + 3.93
Bagoh 73.08 £ 9.63
Bory 65.60 + 8.64
Hered 97.76 + 12.88
Bulfusyan 64.27 + 8.46
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4.5.1.1 Estimated daily intake (EDI) and Risk metal consumption

Mc X IR

EPL= 103 (18)

Estimated daily intake is the estimation of elemental consumption of the people in
certain country based on their consumption rates, average body weight and the consumed
metal concentration in ppm. For Saudi Arabia, the consumption rate for fish is 21.917 Kg
/day ([76];[104]). The average body weight is 79 Kg for male and 71.5 Kg for female [2].

The risk assessment of the metal consumption follows the following criteria,

1. 2 RfD; Minimum Risk
RfD

EDI . .
2. 7 > (1—-5)RfD; Low Risk

3. szi; > (5 — 10)RfD; Moderate Risk

EDI - .
4. 7 > 10 RfD; High Risk

Note that RfD is the reference dose that is unique for every element. For Iron, the
Reference dose is 0.7 mg/kg/day.

Table 4.4 Estimated Daily Intake of Fe (mg/kg body-weight /day)

Sample LIBS LIBS
Name (Male) (Female)
Sarah 4.01£0.26 4.43+0.28
Bagoh 2.85+0.18 3.14+£0.20
Bory 5.09 £ 0.33 5.62 + 0.36
Hered 6.65 +0.43 7.34+£0.47
Bulfusyan 5.78 £ 0.378 6.39+0.41

Using the above criteria, by dividing all EDI values for iron in the table 4.4 with its
Rfd value, the criteria for the iron risk consumption can be summarized in table 4.5 and
thus, the iron risk consumption can be evaluated and listed in table 4.6. Due to the lower

average body weight, the female in saudi arabia is prone to have higher estimated daily
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intake of every metal (Fe, Mn, and Ba) with the result that the metal risk consumption will
also be higher. This argument is in agreement with the results in table 4.6, table 4.9, and
table 4.12. Based on table 4.6, we can also see that consumption of sarah and bagoh fish
has moderate iron risk, while the consumption of Bory, Hered and Bulfusyan has high Iron
risk for both males and females. It is also true that female has more moderate iron risk to
consume sarah and bagoh fish, and has higher iron risk to consume Bory, Hered and

Bulfusyan Fish. Of all fish samples, consumption of Hered fish induces the highest iron

risk.
Table 4.5 Iron Risk Criteria
Iron Risk | EDI/Rfd
Minimum <0.7
low >0.7-3.5
Moderate >3.5-7
High >7

Table 4.6 Iron Risk Consumption
Fish LIBS LIBS
Samples (Male) Risk (Female) Risk
Sarah 5.72 £ 0.37 | Moderate | 6.32+0.41 | Moderate

Bagoh | 4.06 £0.26 | Moderate | 4.49+0.29 | Moderate

Bory 7.27 £0.47 High 8.03 £ 0.52 High

Hered | 9.49+0.62 High 10.49 + 0.68 High
Bulfusyan | 8.26 + 0.54 High 9.13+0.59 High
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Table 4.7 Estimated Daily Intake of Mn (mg/kg body-weight /day)

Sample LIBS LIBS
Name (Male) (Female)
Sarah 20.70 £4.72 22.87 £5.22
Bagoh 7.71+1.76 8.52+1.94
Bory 10.14 £ 2.31 11.20 £ 2.55
Hered 23.17£5.29 25.60 £5.84
Bulfusyan 144.89 + 33.08 160.09 + 36.55

By dividing all EDI values of manganese in table 4.7 with its Rfd value, 0.14
mg/kg/day, risk criteria for Manganese consumption can be summarized in table 4.8 and
therefore the Manganese risk can be evaluated and listed in table 4.9. Based on table 4.9,
we can also see that consumption of all different fish samples has high Manganese risk for
both males and females. It is also true that female has higher manganese risk to consume

all fish samples. Especially, females have the highest manganese risk by consuming

Bulfusyan fish.

Table 4.8 Manganese Risk Criteria

Mn Risk EDI/Rfd

Minimum <0.14
Low >0.14-0.7

Moderate >0.7-1.4
High >1.4

Table 4.9 Manganese Risk Consumption

LIBS LIBS
Fish Samples (Male) Risk (Female) Risk
Sarah 147.89 + 33.77 High 163.41 + 37.31 High
Bagoh 55.07 + 12.56 High 60.85 + 13.88 High
Bory 7241 +16.52 High 80.00 + 18.26 High
Hered 165.53 + 37.79 High 182.89 £ 41.76 High
Bulfusyan 1034.97 + 236.32 High 1143.53 £261.10 | High
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Table 4.10 Estimated Daily Intake of Ba (mg/kg body-weight /day)

Sample LIBS LIBS
Name (Male) (Female)
Sarah 18.45 + 2.43 20.38 + 2.68
Bagoh 20.27 £ 2.67 2240 £ 2.95
Bory 18.20 £ 2.39 20.10 £ 2.64
Hered 27.12 £ 3.57 29.96 £ 3.94
Bulfusyan 17.83 £ 2.34 19.70 + 2.59

By dividing all EDI values of Barium in table 4.10 with its Rfd value, 0.2
mg/kg/day, risk criteria for Barium consumption can be summarized in table 4.11 and
therefore the Barium risk can be evaluated and listed in table 4.12. Based on table 4.12, we
can also see that consumption of all different fish samples has high Barium risk for both
males and females. It is also true that female has higher risk to consume all fish samples.

Of all fish samples, consumption of Hered fish induces the highest barium risk.

Table 4.11 Barium Risk Criteria

Ba Risk EDI/Rfd

minimum <=0.2
low >0.2-1

moderate >1-2
High >2

Table 4.12 Barium Risk Consumption

LIBS LIBS
Fish Samples (Male) Risk (Female) Risk
Sarah 92.27 £12.15 High 101.95 + 13.43 High
Bagoh 101.37 + 13.35 High 112.01 + 14.76 High
Bory 91.00 £ 11.98 High 100.55 + 13.24 High
Hered 135.61 +17.86 High 149.84 + 19.74 High
Bulfusyan 89.15+11.73 High 98.50 + 12.97 High
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4.5.1.2 Target hazard quotient (THQ)

(M. x IR x 1073 x EF x ED)
(RfD x BW x ATn)

THQ = (19)

Note that Mc is the metal concentration in ppm, IR is ingestion or
consumption rate, using the same value as that in the calculation of EDI. EF is the
exposure frequency (365 days/year), ED is the Exposure Duration, which is the life
expectancy of the people of Saudi Arabia. In our case, at the average, Saudi
Arabian male passes away at the age of 73.2 years old while female is at the age of
76 years old [4]. Rfd is the reference dose, BW is the average body weight, using
the previous value, and ATn is the averaging time for non-carcinogen (365
days/year) multiplied by the exposure duration (ED).

THQ is the measure of non-carcinogenic risk. If THQ < 1 then there is no
potential of non-carcinogenic risk. Otherwise, there is potential of non-
carcinogenic risk. Based on data of males and females in Saudi Arabia, the results
of THQ calculation can be summarized in table 4.13 - 4.15

Based on table 4.13, female is prone to have higher THQ of Fe. This is also
due to their lower average bodyweight. We can also get information that Saudi
Arabian female has the biggest potential of non-carcinogenic risk of iron if they
consume Hered fish. Based on table 4.14 the biggest potential of non-carcinogenic
Risk of Manganese can happen if a Saudi Arabian male or female consume
Bulfusyan fish with the fact that female is prone to have bigger potential of non-
carcinogenic risk than male. The last concerned THQ of the present heavy metal is
that of Barium in table 4.15. Based on the table, consumption of Hered Fish will

result in the biggest potential of Non-carcinogenic risk of Barium for Females.
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Table 4.13 Target Hazard Quotient (THQ) of Fe
Sample LIBS LIBS
Name (Male) (Female)
Sarah 5.72E-06 + 3.72E-07 6.33E-06 + 4.12E-07
Bagoh 4.06E-06 + 2.65E-07 4.49E-06 + 2.93E-07
Bory 7.27E-06 + 4.75E-07 8.03E-06 + 5.25E-07
Hered 9.49E-06 + 6.18E-07 10.5E-06 * 6.83E-07
Bulfusyan 8.26E-06 + 5.39E-07 9.13E-06 +5.95E-07

Table 4.14 Target Hazard Quotient (THQ) of Mn

Sample LIBS LIBS
Name (Male) (Female)
Sarah 14.79E-05 + 3.3768E-05 16.34E-05 + 3.73E-05
Bagoh 5.50E-05 + 1.25E-05 6.08E-05 + 1.38E-05
Bory 7.24E-05 + 1.65E-05 8.00E-05 + 1.82E-05
Hered 16.55E-05 + 8.0E-05 18.28E-05 + 4.17E-05
Bulfusyan | 103.497 E-05 + 23.63E-05 114.35E-05 + 26.11E-05

Table 4.15 Target Hazard Quotient (THQ) of Ba

Sample LIBS LIBS
Name (Male) (Female)
Sarah 9.22E-05 + 1.21E-05 10.19E-05 £ 1.34E-05
Bagoh 10.13E-05 £ 1.33E-05 11.20E-05 £ 1.48E-05
Bory 9.10E-05 + 1.254E-05 10.05E-05 + 1.32E-05
Hered 13.56E-05 + 1.78E-05 14.98E-05 £ 1.97E-05
Bulfusyan 8.916E-05 £ 1.17E-05 9.85E-05 + 1.29E-05

4.5.1.3 Hazardous index (HI)
HI =THQFe + THQMn + THQBa

HI is the total of THQ of the metalic elements in the fish samples. If HI < 1 then
systematic effects are out of concern. Otherwise, the systematic effects are in concern [1].

By summing all THQ values in the three previous THQ tables, the results of HI calculation

can be summarized in the following table:

83




Table 4.16 Hazardous Index

Sample Name (Male) (Female)
Sarah 24.58E-05 + 4.63E-05 27.17E-05 £ 5.11E-05
Bagoh 16.05E-05 + 2.62E-05 17.73E-05 + 2.89E-05
Bory 17.06E-05 + 2.896E-05 18.85E-05 + 3.20E-05
Hered 31.06E-05 + 5.63E-05 34.32E-05 £ 6.21E-05
Bulfusyan 113.24E-05 £ 24.85E-05 | 125.12E-05 + 27.46E-05

Table 4.16 is the hazardous index of our fish samples. Based on the table, the fish
that has the least value of HI is the Bagoh fish, while the highest HI is the Bulfusyan fish.
The table shows that male and female have different HI values. Due to their lower average
body weight, females are prone to have higher HI than males. Fortunately, the HI value of
females are still less than 1. Overall, both male and female in Saudi Arabia have Hazardous

Index value of less than 1. This means that the consumption of our fish samples will not

give a systematic effect for Saudi Arabian people.
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CHAPTER S
CONCLUSION

The LIBS system for the analysis of various variety of fish present in the Arabian
Gulf was developed. Prior to the LIBS data acquisition, the important LIBS parameters
(time delay, laser energy, sample thickness, etc.) were optimized. The optimized set-up
was successfully tested for detection of the main nutrients (elements) such as calcium,
magnesium, potassium, heavy elements like iron, manganese, and barium and toxic
element like mercury. Prior to the LIBS spectral analysis of the LIBS spectra, the plasma
parameters — The number density and temperature of electron were previously studied. The
quantitative analysis was done by preparing standard samples with known concentration to
draw calibration curves. The concentration range of magnesium, calcium, iron, manganese
and barium was {(685.67 + 44.16) - (2121.43 = 136.63)} ppm, {(246.08 £ 14.34) -
(1620.32 + 94.41))} ppm, {(10.26 + 0.67) - (23.96 + 1.56)} ppm, {(27.79 + 6.34) - (522.26
+119.25)} ppm, and {(64.27 + 8.46) - (97.76 + 12.88)} ppm.

The concentration of metals (Fe, Mn and Ba) was used to calculate health risk
assessment parameters (EDI, THQ and HI). With respect to the EDI data, the fish
consumption may cause Moderate to High risk to human health.

In general, based on THQ and HI data, considering only the three assessed
heavy elements (Fe,Mn, Ba), the fish samples pose no potential of non-cancer risk and the
systematic effect is out of concern. Therefore, we can conclude that our fish samples are

considerably safe for consumption with caution of moderate to high risk of Fe and high

risk of Mn and Ba.
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For future works, the LIBS set-up should have permanently optimized condition
for the optical and sample holder section, especially the distance between the sample
surface and the fiber optics should be kept constant. In this optimized condition, we can
just make standard pellet with the same thickness for all different samples for different
purposes and interests. In this permanently optimized condition, we can also think about
online LIBS system for governmental use of monitoring food and bio samples before they

are sold to the public.
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