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FOREWORD

Modern environmental problems require appropriate theoretical and applied scientific
knowledge to approach and solve them. During the execution of the project, these
problems were approached and solved by applying specific techniques.

The differentiation of environmental problems and the need for effective monitoring
of a large group of toxic substances (TOX) at trace and super-trace levels have
necessitated the development of different analysis methods characterized by high
sensitivity, selectivity, reproducibility and accuracy.

The methodological guide is published in the framework of the project under code
BSB27, "Black Sea Basin interdisciplinary cooperation network for sustainable joint
monitoring of environmental toxicants migration, improved evaluation of ecological
state and human health impact of harmful substances, and public exposure
prevention.” (acronym "MONITOX"), was funded by the EU CBC Joint Operational
Program” Black Sea Basin 2014-2020 ", implemented during the years 2018-2021 by the
“Dunarea de Jos" University of Galatia, Romania (Project Leader Partner) in
collaboration with the Institute of Zoology, Chisinau, Republic of Moldova, the
International Hellenic University, Kavala, Greece the Institute of Geology and
Seismology, Chisinau, Republic of Moldova and the Danube Delta National Institute for
Research and Development, Tulcea, Romania.

The guide presents the main techniques applied for the analysis of inorganic and organic
substances at the level of the MONITOX network, forming part of a series of
methodological guides to be published in the framework of the aforementioned project.
It is based on an extensive personal experience of the authors and good international
practices in the study of the parameters of various environmental factors.

This Methodological Guide is divided into three chapters and describes the theoretical
principles of techniques, special instruments and environmental applications of the
most important analytical tools used to determine heavy metals, trace elements,
persistent organic pollutants, petroleum and physicochemical parameters in
environmental samples.

The authors especially thank Professor Dr. Elena Zubcov, Project Coordinator of Partner

Institute 2 (Institute of Zoology), for the review of the methodological guide.

Kavala September 2021



Chapter 1.
INDUCTIVELY COUPLED PLASMA - MASS SPECTROMETRY (ICP-MS)

Thomas Spanos

Instrumental Analysis Techniques, International Hellenic University (IHU), Faculty of
Natural Sciences, Department of Chemistry, St. Loukas, 65404 Kavala, Greece,

tspanos@chem.ihu.gr

1.1. ICP-MS technique

ICP-MS technique is the most widely used atomic mass spectrometry technique, where
the ionization of the sample elements is done with argon plasma (Ar) similar to the
inductively coupled plasma atomic emission spectrometry technique (ICP-AES or ICP-
OES). The difference is that the separation and detection of ions formed by the sample
is done with a mass spectrometer, based on the ratio m to their charge z (m/z). The
ICP-MS technique is a hyphenated technique, it successfully analyzes almost all the
elements of the periodic table from Li to U, performing simultaneous determination of
a large number of elements (multi-elemental inorganic analysis), with a detection limit
of 0.01-1ppb. [1]. The elements that the ICP-MS detects include: alkali, alkaline earths,
metals, minerals and rare earths in very low concentrations, applied in areas such as
geochemical and environmental research, nuclear chemistry, biological sample
analyzes, pharmaceuticals, food chemistry, specialty isotopic analysis and others.

The ICP-MS technique is a relatively new technique of Instrumental Chemical Analysis.
It was developed in the late 1970s in England by GRAY and DATE in America and in
Canada by HOUK and DOUGLAS.

The development of ICP-MS arose from the need to find an improved technique for the
determination of trace amounts of heavy metals, especially when it is necessary to find
the ratio of their isotopes, which form carbides with many spectral lines, that make it
difficult to evaluate their emission spectra. It is generally true that mass spectra are
simpler than emission spectra, (Fig. 1.1.) compares the spectrum of the cerium element
(Ce) obtained with the ICP-AES technique and the ICP-MS technique. It appears that

with ICP-MS a simpler spectrum with fewer peaks is obtained [15].
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Fig. 1.1. Comparison of a spectrum of Cerium (Ce) a) with the ICP-OES technique
b) with the ICP-MS technique [15]

Compared to atomic absorption techniques (AAS), ICP-MS has higher speed, accuracy,
sensitivity and lower limits. It is also more sensitive to the detection of trace
contaminants coming from glassware and reagents and to the detection of ions that can

inhibit the detection of other ions.

When compared, the variety of ICP-MS applications exceeds the ICP-OES technique
because it measures at even lower levels with unsurpassed reproducibility compared to

any other technique and with zero chemical interference.

1.1.1. Mass spectrometers measurements

Mass spectrometers distinguish isotope masses. Atomic and molecular weights in atomic
and molecular mass spectrometry are expressed in atomic mass units (amu, atomic

mass units) or Dalton (Da). An amu or Da is defined as 1/12 of the mass of a neutral

atom EC. Therefore, the isotope 1§C corresponds to exactly 12 amu (Da). The average
atomic weight (A) of an element, which occurs in nature, is equal to the sum of the
atomic masses An of the n isotopes of the element, multiplied by the relative
abundances of these isotopes in nature (1-1). Isotopes are elements that have the same
number of protons meaning they have the same atomic number (Z), but different

number of neutrons (N), therefore they have different atomic weight (AB = Z + N).

A _Zﬂu e (1-1)

n=1

Example: (Fig.1.2.) The two major isotopes of chlorine, seen in (Fig.1.2. (a)), have

atomic weights of 35 and 37 and relative abundance of 75% and 25%, respectively. They



both have 17 protons each, but the neutrons are 18 and 20, respectively. Applying to

the equation (1-1) the atomic weight of chlorine is Aci = 35.5

3CI(75%) _ 3
The ratio 31ci(25%) 1 expresses the relative abundance of the two isotopes as

shown in the corresponding mass spectrum figure 2b.

(a) Isotopes of chlorine O O 6.\, Y
2.8
= g 37
Proton 17 Proton 17 2
Neutron 18 Neutron 20
Mass (Da)
Relative abundance % 35C1(75%) 37C1(25%) (b) Mass spectrum of chlorine

Fig. 1.2. Main isotopes of chlorine with their respective mass spectra [15]

The samples that can be analyzed by the ICP-MS technique are liquid but can also be
solid (depending on the method of insertion), then the sample is ionized with

inductively coupled plasma. Finally, a mass spectrometer (MS) separates and quantifies

the ions, (Fig.1.3.).

2 - (Gasenus

Liquid | feSA Sample
Sample -t +

.-'-'\.E‘I:JSD| -E. C@ cﬁ:’ c‘%

)
I Panticle — Molaculz Atom lon Mass Spectrum
Solid
Sample
Nebulizer (liquid) Spray Plasma Mass
Laser (solid) Chamber Spectrometer

Fig. 1.3. ICP-MS schematic layout from sample entry to mass spectrum [2, 3, 16]



1.1.2. Schematic diagram of ICP-MS
The ICP-MS spectrometer consists of the following parts, (Fig. 1.4.)

Plasma Cell
Interface

Plasma gas

Auxiliary Torch

Quadrupole

gas j
E o
Carrier~”" T Spray
gas chamber

Sample
lon lens Detector
Nebulizer

Fig. 1.4. Spectrophotometer ICP-MS [4]
1. inductively coupled plasma (torch ICP and RF coil)

2. sample input system - nebulizer Figure 4. ICP-MS Spectrometer

3. interface system: connects the ICP ion source (atmospheric pressure) to the mass
spectrometer (high vacuum)

4. optical system

5. mass analyzer, classifies ions in relation to m/z ratio

6. ion detector measures the particular ions coming out of the quadrupole

7. computer for data management and evaluation

1.2 Inductively coupled plasma

Inductively coupled plasma argon is a very hot gas that is activated by induction heating
from an electric coil, containing a sufficient concentration of argon ions and electrons
to make the gas electrically conductive. In plasma the positive ions are almost all simply
charged and there are few negative ions, they are essentially electrically neutral,
because every positive ion charge corresponds to a free electron.

An inductively coupled plasma (ICP) for spectrometry is generated in a torch consisting
of three concentric tubes, usually made of quartz, (Fig. 1.5.) If the inner torch tube
consists of sapphire it can be used to digest the samples, including hydrofluoric acid.
The tip of the torch is placed inside an induction coil that is powered by a radio
frequency (RF) electric current and thus at the top of the torch the argon is converted

into plasma.



A stream of argon gas (usually 14 to 18 L/min) is introduced into the outer tube of the
torch and an electric spark (Tesla) is applied for a few seconds to introduce free
electrons into the stream of argon. These electrons interact with the radio frequency
of the magnetic field generated by the inductor and accelerate first in one direction
and then in the other, as the field changes at a high frequency, usually 27.12 or 40.68
MHz [16]. They then collide with argon atoms, figure 1.6 and sometimes the collision
causes an argon atom to lose one of its electrons (Ar — Ar* + e-). The released electron
in turn is accelerated by the rapidly changing magnetic field and the process continues
automatically until the rate of release of the new electrons from collisions is balanced
by the rate of recombination of the electrons with argon ions. This creates the plasma,
a "fireball” flame consisting mainly of argon atoms and a small fraction of free electrons
and argon ions, which due to the high electron density in this space, develop with
friction high temperatures up to 10,000 K. This condition is called induction of induced
conjugated plasma and produces ultraviolet light (one should not look at it directly).
The plasma temperature is very high, at the top of the torch it reaches 10,000 K and
about 8,000 K in the center of the plasma (channel), (Fig. 1.5.).

A second stream of argon (about 1 L/min) is introduced into the middle tube to keep

the plasma at a constant temperature and away from the top of the torch.

(uarz "torch" made RF load coi , . N
of concentric iwhes Hadm fre!:uejw ulollage niduces
rapid oscillation of Ar jons and
glectrons -= HEAT {~10,000 K)
Amaliary or
coolant gas ———
Carrier or fa)

injector or =% —¥
nebulizer gas

Sample aerosol is carried
through center of plasma -

dried, dissociated, atomized,
Plasma gas — ionized ~6500 K.

Fig. 1.5. Inductively coupled plasma torch [3]

A third stream of argon gas (again usually about 1 L/min) is introduced into the center
tube to keep the plasma away from the end of the center tube, this gas flow as it passes
through the center of the plasma forms a central channel which is colder than the

surrounding plasma, but still much hotter than a chemical flame.



1.2.1. Schematic representation of inductively coupled plasma formation
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Fig. 1.6. Representation of the formation steps of inductively coupled plasma

A. the gas Ar swirls in the torch, at the top of which is the inductor coil, B. radio
frequency (RF) is applied to the inductor, C. Spark (Tesla) partially ionizes the argon,
D. free electrons of argon are accelerated by the radio frequency field causing further
jonization of the argon and thus the plasma is created, E. the aerosol of the sample
passes through the inside of the torch and creates a hole in the plasma, (Fig. 1.6.).

The Argon plasma is powered by the interaction of an electromagnetic field generated
by a radio frequency generator. There are fixed frequency generators (RF generators)
that produce fixed radio frequency and free running generators which the frequency
changes as the plasma conditions change to achieve better radio frequency
compatibility with the plasma. Today free-flow generators are used. The coil is cooled

homogeneously with water or argon gas.

1.2.2. Advantages of using argon

Argon is mainly used to create plasma. With argon plasma there are the following
advantages over other gases: argon is abundant (found in the atmosphere 9340 ppm as
a result of radioactive decomposition of potassium), it is cheaper than other noble
gases, it is commercially available, it is bought in bottles with guaranteed purity of
99.99 %, is chemically inert and therefore does not form bonds with the various
identifiable elements. It also has a higher initial ionization potential of 15.6 ev and thus
can ionize most elements of the periodic table. The reaction (Ar* + e- — Ar) is more
energetically favorable than the reaction (M* + e- — M), this ensures that the sample

remains ionized (as M*) so that the mass spectrometer can detect it.

9



1.3. Sample input system - nebulizer

The sample to be analyzed is introduced into the nebulizer by means of a peristaltic
pump in the form of a solution. The nebulizer then converts it into microdroplets
(aerosol) that enter the spray chamber and from there pass into the internal channel
of the torch with the help of argon current, (Fig. 1.7.). Inside the horizontal torch a
droplet of the nebulized sample evaporates and any solids dissolved in the liquid

evaporate and decompose into atoms [5].

Nebulizer Small droplest to ICP
o

(high solids type) :

Sample solution
B

Ar carier gas >

Large droplets
to waste

Fig. 1.7. Nebulizer [4]

At plasma temperatures, a significant percentage of atoms are ionized by many
chemical elements (each atom loses its least bound electron and forms a single charged
ion). So microdroplets are decomposed, gasified and atomized, then ionized losing an
electron.

Under these conditions, almost all the elements ionize and ions are formed, mainly of
simple charge (*). The procedure lasts 10 ms from the moment the micro drop reaches

the plasma.

1.3.1. ICP interface system with mass spectrometry

The ICP interconnection system with mass spectrometry forces a portion of the ions
generated in the plasma to pass through a series, usually 2 inverted cones, (Fig. 1.8.).
The cones are metal disks made of Cu, Ni or Pt and are neutrally charged. They have a
central small hole of 1Tmm or less to maintain the high vacuum in the spectrometer area
through which the ions pass.

A fraction of the ions formed pass through the first hole cone ~ 1mm (sample cone) and

then a fraction of this gas passes through the second hole cone ~ 0.4mm (skimmer

10



cone). Between the first and second cone a vacuum is created and maintained by a
mechanical rotary pump (10-'Atm). At the same time this space is cooled with water
and under these conditions no other ions are created [16].

After the second cone, up until the detector, a high vacuum (10-°Atm) is created and
maintained by two powerful turbocharged pumps (necessary for the operation of mass
spectrometry). This area is cooled by helium gas so that atoms that are not ionized in
plasma are cooled quickly to 4 K, liquefied and removed. The charged ions are not
liquefied and are led to the quadrupole mass filter, where they are separated based on

the mass to charge ratio.

" Extraction
% lenses

Sampling
cone

Fig. 1.8. The two ICP-MS cones [3]
1.3.2. Optical system

The optical system consists of: - ion focus system (ion lenses and ion focus)
- the collision/reaction cell, and

- jon optics

1.3.3. lon focusing system - ion focusing lenses

The ion focusing system focuses the ions in a solid beam as they exit the skimmer cone
until they reach the mass analyzer (quadrupole), (Fig. 1.9.). By applying a positive
potential to the ion lenses, the ions are accelerated in the center of the lenses. Low-
voltage ions focus on low-mass ions, while higher voltages focus on high-mass ions [6,
7, 16]. At the same time ion lenses perform another great function, deflecting the
compact beam resulting in the separation of positive ions from:

« Unwanted neutral particles generated or transported by ICP, such as argon atoms

(Ar) and oxygen molecules (02)

» negatively charged atoms and molecular ions

11
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Fig. 1.9. lon lenses [4]

« reactive unstable atoms and ions (metastable)

« the photons deflection results in the elimination of background noise.

1.3.4. Cell Collision/Reaction (CRC)

The ability to detect traditional quadrupole mass analyzers for certain critical elements

is severely hampered by the formation of multi-atomic spectral disturbances created

by the reaction of argon (Ar) with solvents, or the sample with basic ionized species,

or a combination of both to create polyatomic ions with the same m/z ratio with the

analyte of interest.

ICP-MS allows the identification of elements with atomic mass scales (amu) 7 to 240 (Li

to U). However, some masses cannot be determined due to the same mass with the

ionic interferences formed.

For example, mass 40, due to the abundance of argon (“°Ar) in the sample, mass 80,

due to dimeric argon (*Ar*Ar and mass 56 (due to the formed “°Ar'¢Q), the latter of

which significantly inhibits Fe analysis. The above problems are eliminated if the

instrument is equipped with a collision-reaction cell, a new technology that essentially

removes the formation of many harmful ionic species, which prevent them from

entering the mass analyzer.

How the collision/reaction cell works

The cell is a closed chamber, it has an inlet and outlet hole, where collisions/reactions

take place [8, 16].

« a gas always enters the cell so the pressure inside the cell increases.

« the ion path in the cell is controlled by the cell potential and the inlet and outlet
holes

« ions enter the cell and react with the gas present in it

e the main use of the cell is to reduce or eliminate multi-atom interference

12



» whether a cell will be in collision or reaction depends on the multi-pole
(quadrupole, hexapole or octopole) and the gas introduced into it
The collision/reaction cell is placed in front of the mass analyzer (quadrupole), figure

10 and removes the multiatomic spectra of the interfering ions.

Gas inlet

ego L]
— L= :
— = |

= 4  — TN

IcP J‘, ]
ICP-MS lonlens  Multipole Analyzing  Deteclor
interface system  reaction- quadrupole
collision cell

Fig. 1.10. Collision/reaction cell [9]
Table 1.1 shows some interferences in the corresponding elements of the analyte.
Finally, it should be noted that by supplying the hole of the sampler or skimmer cone
with collision or reaction gas, there are additional collisions and reactions that destroy
the interfering polyamine ions.
In the case that the cell can work for both processes at the same time it is called

universal and allows more applications.

Table 1.1
Interference Analyte
12C15N’ 12C14N1H 27Al
38Ar1H 39K
40Ar 40Ca
35C1160 51y
35Cl1601 H 52Cr
36Ar160 52Cr
40AF12C 52Cr
Na“Ar 63Cu
38Ar1601 H 55Mn
40160 S6Fe
40Ar1601 H 57Fe
40Ar35ClL SAs
ArAr 80Se

13



(Fig. 1.11.) shows the possibility of removing interferences from each function. The
standard mode is suitable for elements that have no interferences, the collision mode
for removing few interferences and the reaction mode for removing many

interferences.

STANDARD COLLISION REACTION
MODE MODE MODE

Fig. 1.11. Ability to remove interferences [3]

1.3.5. lon Optics

The ions leaving the collision/reaction cell due to the abrupt change of pressure and
temperature and with the effect of an electric field at the input of the mass analyzer,

accelerate in a controlled way and create an ionic beam directed to the mass analyzer.

1.3.6. Mass analyzer - Quadrupole

The main type of mass analyzer is the quadrupole which gives a range that is easily
interpreted. It consists of 4 electrically conductive cylinders (diameter about 1 cm and
length 15-20 cm) supplied with DC voltage, the 2 cylinders (1st pair) of the 4 cylinders
with + DC, while the other 2 cylinders (2nd pair) with - DC. An alternating frequency
(RF) voltage is applied to the 1st pair and another to the 2nd with a phase difference
of 180°.

The electric field created between the 4 cylinders orients the ions, while the radio
frequency field accelerates them alternately towards the cylinders and forces them to
follow a rotating path, (Fig. 1.12.).

The computer-controlled DC/RF ratio allows only a certain m/z ratio to pass through
the quadrupole at a given time and reach the detector, so the ion-constant fractions
are separated based on the ratio of mass to charge (m/z) to the nearest + 0,05 amu.

The remaining fragments that are unstable at this voltage collide with the cylinders and

14



thus never reach the detector. If, for example, it is set to pass m/z = 23/1 only sodium

ions will pass. Similarly, if it is set to m/z = 63/1 only Cu ions will pass [10].

nontransmitted jon  transmitted ion

L

Fig. 1.12. Quadrupole [10]

ion detector

ionization source

In quadrupole the m/z options can be changed at any time. The potential in the
quadrupole cylinders can change instantaneously this means that the quadrupole can
split over 5,000 units of atomic mass (amu) per second and the scan of potential values
takes place almost instantaneously over the range of 2-280 amu, lasting approximately
100 ms and the resolution is 1 amu across the mass range.

This feature allows the quadrupole to perform simultaneous multi-element analysis, in
fact it takes 3-4 min to scan 25 items with good accuracy. In this way the different
isotopes of an element are found. Good operation of the quadrupole requires the
careful cleaning of the film created in the cylinders from the accumulation of ions that
are discarded in the analysis process.

There are other types of analyzers besides quadrupole such as: magnetic focus

analyzers, flight time analyzers and ion trap analyzers.

1.3.7. lon Detector

It detects ions leaving the mass analyzer (quadrupole) and separated by the m/z ratio.
The ion current is generally low so a multiplier is needed. The detector translates the
number of ions struck into an electrical signal related to the number of the element of
interest using calibration standards. The continuous dynode electron multiplier
consisting of a number of dynodes is most commonly used, (Fig. 1.13.). Incoming
positively charged ions fall on the first dynode and produce one or more secondary
electrons. These electrons then strike the second dynode and release more electrons,
then the third dynode and so on. With each new stroke more electrons are produced
and the signal is amplified 10*to 107 times. The detector measures counts per sec (cps),

stores the total signal from each mass (m/z) and gives the sample quality range,
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generally measuring a few tens of ions per second. The size of each peak is proportional

to the concentration of an element in the sample [1, 11].

Fig. 1.13. lon Detector [11]

1.4. Calibration and quantification

A typical ICP-MS is able to detect in the range of 1ng/L up to 100 mg/L depending on
the element. Quantitative methods with ICP-MS include:

« External calibration (with or without internal standard)

» Constant addition method

» Semi-quantitative analysis

» Measurement of isotopic ratio

« Isotopic dilution (IDMS)

1.4.1. Quantitative analysis

It is obtained by external calibration (with or without internal standard) and is the most
widely used method for liquid samples. It measures the signal strength of each element-
selected isotope (counts on the detector) of interest and compares it with the signal
strength of the calibration curve to find its concentration. Calibration curves are usually
made using 3-5 standard solutions in the area of interest and additionally of the blank
solution. Make sure that the reference-calibration solutions are as close as possible to
the unknown solution. There is a possibility of simultaneous quantitative analysis of up
to 36 data with an accuracy of + 1-2%.

By performing quantitative analysis it is possible to record the full range of all the
masses contained in the sample (regardless of whether or not they are of interest).
Usually, the recording of the full spectrum takes 3-4 min with consumption of 2-3 mL

sample.
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1.4.2. Semi-quantitative analysis

It is used to quickly identify all the elements of a completely unknown sample, at any
concentration scale (with deviations of 30% from the actual concentration values) [12].
Semi-quantitative analysis requires only the use of a calibration curve of a standard or
a high-quality standard for semi-quantitative analysis, containing a minimum of three
elements. Special software calculates up to 80 items in the totally unknown sample
with a small deviation from the actual concentration values, so it is not necessary to

calibrate the ICP-MS for each item in the sample.

1.4.3. Isotopic ratio, for isotopic analysis and isotopic dilution

Usually in each element analysis the principle isotope is measured rather than the
isotope ratio or the natural abundance that is a constant in nature. For elements that
have more than one stable isotope (approximately 80% of the elements of the periodic
table) the isotopic dilution technique is applied. For example, the sample is “enriched”
with a solution of a known amount of isotope and the change in the ratio of the peaks
of the two isotopes is measured before and after dilution, (Fig. 1.14.). This is a better
quantification because the enriched isotope has the same physicochemical properties
as the analyte, while at the same time being the best possible internal standard that

does not require a reference solution.

Response

Response

mz

Fig. 1.14. Isotopic dilution method for the determination of the samarium element (Sn)
A. Samarium isotopes with their natural relative abundance B. Samarium enriched with
the isotope '#4Sn [15].

An example of measuring the isotope ratio is Pb, where one isotope comes from its

formation on earth, while the other is the result of the decay of radioactive substances,
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so the isotope ratios differ depending on the source of the lead and in this case must
be measured [17]. Isotope ratio determinations are used in a variety of geological,
nuclear applications, in the identification of sources of pollution, sources of trace
elements and impurities, and as tracers in biological studies.

(Fig. 1.15.) shows in color the elements analyzed by ICP-MS, while the white ones are
not analyzed or have no natural isotopes. The bars, represent the number and natural
abundance of isotopes of each element, also referred to as the isotopic fingerprint of

the element.
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Fig. 1.15. Elements analyzed by ICP-MS [13]

1.5. ICP-MS mass spectrum
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Fig. 1.16. ICP-MS mass spectrum [16]
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1.5.1. Comparison of ICP-MS technique with other elemental analysis
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Fig. 1.17. Comparison of ICP-MS technique with other elemental analysis [12]

1.6. Laser Ablation- Inductively Coupled Plasma-Mass Spectrometry, LA-ICP-MS
This technique uses the laser as a means of dissolving the samples and finds application
in the direct analysis of solid samples (without prior solubilization) and without loss of
material (non-destructive technique). In laser splitting, a strong laser beam strikes the
surface of the sample, which is in the form of a lozenge in a chamber leaking argon, on
a surface of a few square micrometers, resulting in the extraction and ejection of
various small pieces of the sample. The atomized sample is swept by means of a stream
of argon gas and inserted directly to the plasma atomizer (ICP), where atomization and
ionization take place. The generated plasma enters the mass spectrometer for analysis
(Fig. 1.18.) LSX-213 G2 Teledyne.

Fig. 1.18. LA-ICP-MS, ICP-MS Agilent 7700X coupled with LA LSX-213 G2 Teledyne [16]
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Chapter 2.
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2.1. Introduction

2.1.1. Properties of Light

Spectroscopic methods are a group of analytical methods based on the interaction
between light and matter.

Light is electromagnetic radiation that has properties of waves. Light waves are made
up of pulsating electric and magnetic fields perpendicular to each other (Fig. 2.1.).
The wave is described either in terms of its wavelength (A), the crest-to-crest distance
between waves or in terms of the frequency (v), the number of complete oscillations
that the wave makes each second. The number of wavelengths per unit distance, or
distance per circle is the reciprocal of the wavelength and is called a wavenumber [1,
2].

The relationship between the wavelength and frequency is given by the following
equation:

1= = (2.1)

14

Where A is the wavelength in centimeters (cm), v is the frequency in reciprocal seconds
(s™"), or Hz (Hertz), and c is the velocity of light (2.998 x 10'0 cm/s).
The wavenumber (symbol: 7) of a monochromatic light beam is the inverse of its

wavelength and is measured in cm™:

1 v
U—z—z (22)

The units used to describe the wavelength are as follows:

A= angstrom = 1071° meter = 107 centimeter = 10" micrometer
nm = nanometer = 10~° meter = 10 angstroms = 10~ micrometer

um = micrometer = 10°® meter = 10* angstroms
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Generally, in the ultraviolet and visible region of the spectrum we express the
wavelength in nanometers while in the infrared region in micrometers.

Especially in the infrared region, wavenumbers are often used in place of wavelength,
and the unit is cm™ [2].

Electromagnetic Waves
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Fig. 2.1. Electromagnetic wave showing both the magnetic and electric fields [3]

In any electromagnetic wave, wavelength and frequency are related to the energy of
a photon, E, by Planck’s constant h (6.63 x 1073* J-s) and ¢ (2.998 x 10" cm-s™"), the
velocity of radiant energy in a vacuum:

E=h _hc
= hw = 7

The equation (2.3) shows that the shorter the wavelength or the greater the frequency,

(2.3)

the greater the energy the higher the frequency, the higher the energy.

2.2. The Electromagnetic Spectrum

Electromagnetic spectrum covers a wide range of frequencies or wavelengths. Regions
of the electromagnetic spectrum are labeled in (Fig. 2.2.). The types of atomic and
molecular transitions that result from interactions of the radiation with a sample are
also shown. The visible region, to which our eyes respond, is only a minute region of

the entire spectrum.
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Fig. 2.2. Electromagnetic spectrum, showing representative molecular processes that
occur when light in each region is absorbed. The visible spectrum spans the wavelength
range 380-780 nanometers).(From the: D. C. Harris, "Fundamentals of
Spectrophotometry,” in Quantitative Chemical Analysis, Seventh ed., New York, W.H.
Freeman and Company, 2007, p. 380) [1]

(Fig. 2.2.) Shows that the absorption of microwave radiation stimulates rotation of the
molecules. The absorption of infrared radiation stimulates the vibrations. Visible and
ultraviolet radiation causes electron transitions to higher-energy orbitals, while the
absorption of X-rays and short-wavelength ultraviolet radiation, break the chemical

bonds and ionize molecules.

Measurement principle
2.3.

When monochromatic radiation of radiant power lo passes through a transparent

Bouguer-Lambert-Beer law

cuvette of path length b cm, containing a homogeneous solution of a light-absorbing
analyte, with concentration c mol.L"", its power is decreased to | because of absorption
(I= lo). The fraction of incoming radiation that passes through the solution is called

Transmittance, and is given by the equation:

(2.4)

Transmittance: T= ll

0
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lo is the radiation coming in, | is the radiation coming out, (Fig. 2.3.).

T has the range 0 to 1. The percent transmittance is 100xT and ranges between 0 and
100%. If there is no absorption of the light passing through the solution, the
transmittance is 100%.

L, @ I

—

Fig. 2.3. Illustration of light attenuation because of the absorption while

passing through an absorbing medium [10]

The most-used term in UV-Vis spectrometry to indicate the amount of absorbed light is
the absorbance, defined as:

A=—logT=log%=log17°=e.b.c (2.5)

Where:

A and T are dimensionless sizes, € is called molar absorptivity and has the units
(L-mol-cm™), b is the pathlength and commonly expressed in centimeters (cm) and ¢
is the concentration of the analyte. C is usually given in units of moles per liter
(mol-L'").

The equation (2.5) is called Bouguer-Lambert-Beer law or simply Beer’s law. According
to this law, the absorption of the incident monochromatic radiation is directly
proportional to the concentration of the absorbing analyte and the optical path of the

cuvette in which the analyte solution is contained [4].

2.3.1. Deviations of the Beer-Lambert law

According to the Beer-Lambert Law equation (2.5) absorbance versus concentration
plot, must be a straight line passing through the origin with a y-intercept of zero and a
slope of €b. In many cases, a calibration curve deviates from this ideal behavior
(Fig. 2.4.). These deviations from the Beer Lambert law can be classified into three

categories:
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Fig. 2.4. Calibration curves showing positive and negative deviations from

the ideal Beer’s law [12]

Real Deviations: These are fundamental deviations due to the limitations of the
law itself. Beer law works well for solutions containing relatively low amounts of
analyte (< 0.01 M). At concentrations greater than 0.01 M, the absorbing particles
of the sample no longer behave independently of each other. The resulting
interaction may change the analyte’s absorptivity.

Chemical Deviations: These are deviations observed when radiation-absorbing
particles are coupled, dimensioned, or reacted with a solvent to produce products
with a different absorption spectrum from the analyte.

Instrument Deviations:

— Beer’s Law is applicable only for monochromatic radiation. Non-
monochromatic radiation always results in a negative deviation from Beer’s
law. If the band of a wavelength selected on the spectrometer is such that
the molar absorptivity of the analyte is essentially constant, deviations from
Beer-Lambert law are minimal (Fig. 2.5.). For this reason, absorption
measurements are taken at wavelengths near the wavelength of maximum
absorption where the analyte absorptivity changes little with wavelength.

— Stray radiation resulting from scattering or various reflections in the
instrument, causes instrumental deviations.

— Another deviation from Beer's law is caused by mismatched cells [1, 4, 5].
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Fig. 2.5. The effect of polychromatic radiation upon Beer’s Law [13]

2.4. UV-Vis Instrumentation

Most instruments used to measure absorption in the visible and ultraviolet region of the
spectrum, regardless of the variations, consist of the following five parts: 1) a source
of continuous radiation over the wavelengths of interest, 2) a monochromator for
selecting a narrow band of wavelength from the source spectrum, 3) a sample cell, 4)
a detector for converting radiant energy into an electrical signal, and 5) a device to

read out the response of the detector (Fig. 2.6.) [4, 6].
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Fig. 2.6. Scheme of single beam UV-VIS spectrophotometer. Source:
https://3005mit.wordpress.com/2016/04/05/lab-5-spectrobhotometer

2.4.1. Types of instruments

Although all spectrophotometers as mentioned above consist of the same basic
components, however there are many differences between them depending on the area
of use of the instrument, the manufacturer, the accuracy etc. [6].

There are two major classes of devices: single-beam and double-beam.

Single-beam spectrophotometer: In a single-beam spectrophotometer, the
monochromatic light beam passes directly through the sample solution held in the
cuvette and then proceeds to the detector (Fig. 2.7.a). A single-beam
spectrophotometer is difficult to use because the reference and the sample must be
placed alternately in the beam. For measurements at multiple wavelengths, the
reference must be run at each wavelength. Absorbance can also not be measured as a
function of time (e.g., in kinetic experiments) because both the source intensity and
the detector response slowly drift [1, 4, 7].

Double-beam spectrophotometer: In double-beam spectrophotometers, the light from
the source, after passing through the monochromator, is divided into two separate
beams: one for the sample solution and one for the blank or reference solution.

The split of the original beam can be done in two ways and there are two types of
double-beam instruments: a double-beam-in-space instrument, in which two beams are
formed in space by a V-shape mirror called a beam splitter (Fig. 2.7.b) and a double-
beam-in-time instrument (Fig. 2.7.c), in which the beam is alternately sent through
reference and sample cells before striking a single photodetector. These instruments

are very useful for qualitative work in which the entire spectrum is required, and the

27


https://3005mit.wordpress.com/2016/04/05/lab-5-spectrophotometer

measurement becomes independent from variations in the intensity and spectral

composition of the light source [1, 2, 4, 5, 6, 8].
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Fig. 2.7. Instrumental designs for UV-Visible spectrophotometers [5]
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2.5. Developing a Quantitative Method for a Single Component using calibration

curve

In developing a quantitative analytical procedure, the conditions under which give a
reproducible linear relationship between the absorption and the concentration of the
analyte must be found.

First, the most appropriate wavelength for the analysis is determined from an
absorption spectrum. In most cases, the best wavelength corresponds to an absorption
maximum leading to greater sensitivity and accuracy in the measurements.

The absorption spectrum in the visible and ultraviolet region of the analyte to be
determined is obtained bibliographically or experimentally by means of a scanning
spectrophotometer [4, 6, 9].

The next step in quantification according to the method of the calibration curve is to
measure the absorbance of standards containing known concentrations of the analyte
at the selected wavelength and construct a calibration curve to determine the range of
concentrations for which Beer’s law is valid. A sample of an unknown concentration can
then be determined using the calibration curve [4, 9, 10].

In the following example, four standard solutions were measured at a selected
wavelength and then the calibration curve was constructed by plotting the absorbance

values as a function of the concentration (Fig. 2.8).

Absorption vs. Concentration

Absorbance

0 05 1 15 2 2,5 3 35 4 a5
Concentration (mg/L)

Fig. 2.8. Calibration curve

Using the calibration curve, the concentration of an unknown sample can be determined

from its absorbance (Fig. 2.9.).
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Fig. 2.9. Concentration determination of an unknown sample using calibration

curve method

2.6. Applications of UV-Vis spectrophotometry in environmental analysis

UV-Vis spectrophotometry is a very useful analytical method in the analysis of
environmental samples. Some of the UV-VIS methods are more widely used than other
alternative methods due to their simplicity. An additional advantage of spectroscopy
methods is that they easily are adapted to the analysis of samples in the field. Some of

these methods are listed in Table 2.1.

Fig. 2.10. Environmental samples analysis with UV-Vis spectrophotometer [15]

30



Table 2.1 UV-Vis spectrometric (colorimetric) methods for the analysis of pollutants in

waters and wastewaters [6,9,14].

Pollutant Method
(nm)

Arsenic in the sample is reduced to AsHs3, in acid
solution, AsH3 reacts with silver diethylthiocarbamate 535
in pyridine, forming a red complex.

As (Ill) or
(V)

Reacts with diphenylcarbazide in acid solution, forms

Cr (V1) a red-violet complex.

540

Fe (Il) or Reduction to Fe (Il) and forming an orange-red

({11)) complex with o-phenanthroline in acidic solution. 2l

Reaction with Hg(SCN)2 in an acidic solution in the
cr presence of Fe (lll), forming a highly colored [Fe 480
(SCN)J?.

Ammonium forms with Nessler reagent Kz[Hgl4] a

N yellow-brownish colored complex Hg;0INH,.

410

Reacts with Cd to form NOz™ and then reacts with
sulfanilamide solution. The produced diazonal ion is
then reacts with N-(1-naphthyl)-ethylenediamine,
forming a red colored azo dye.

Reaction with Ammonium molybdate to form a
phosphomolybdate complex. This complex is reduced
by ascorbic acid to intensely colored molybdenum
blue.

Sulfate ions react with barium and form a barium
sulfate suspension under controlled conditions. The
resulting turbidity is determined
spectrophotometrically at 420 nm

NOs- 540

PO4* 690

S04 420

Reacts with 4-aminoantipyrine and KsFe(CN)e, forming

Pl yellow antipyrine dye

460
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CHAPTER 3.

GC-MS FINGERPRINTING OF PETROLEUM HYDROCARBONS IN FORENSIC
ENVIRONMENTAL GEOCHEMISTRY

Sofia Mitkidou and Nikolaos Kokkinos
Instrumental Analysis Techniques International Hellenic University (IHU), St. Loukas,
65404 Kavala, Greece, Department of Chemistry, Hephaestus Advanced Laboratory,

Division of Petroleum Forensic Fingerprinting, mitkidou@teiemt.gr, nck@chem.ihu.gr
Abstract

Oil is the most important source of energy and is the feedstock in the petrochemical
industry for the production of most chemicals. However, in the oil and gas value chain
there is always the risk of oil pollution of the environment. Oil pollution can be caused
by maritime accidents, by leaks in refining, processing and distribution of petroleum
products, but also by the disposal of drilling fluid wastewater. The characterization of
oil pollutants and their connection with known sources is necessary not only in the
assessment of environmental damage, but also in the selection of appropriate measures
and ways to reduce pollution.

Petroleum fingerprinting is a powerful tool in Forensic Environmental
Geochemistry. The identification of specific petroleum hydrocarbons targets is of great
importance in the investigation of the environmental fingerprint of oil as it provides
important information for the characterization and determination of the origin of
petroleum pollutants. The ability of Gas Chromatography-Mass Spectrometry technique
to separate, characterize and quantify complex mixtures of organic compounds with
high sensitivity has made it an indispensable analytical tool. Target analytes are
identified and quantified by the technique of selective ion monitoring (Single lon
Monitoring-SIM) in mass spectrometry. This study presents the utilization of Gas
Chromatography-Mass Spectrometry (GC-MS) fingerprinting technique in the context of
assessing petroleum hydrocarbon pollution in water samples and sediments from Nestos
River area in Northern Greece. In addition, data were collected from the analysis of
samples of both crude oil from offshore drilling in the Gulf of Kavala and from
commercially available petroleum products, which are considered potential sources of
pollution. The samples of the crude oil from Prinos and of the various petroleum
products showed significant differences in the distribution of steranes (m/z 191),

hopanes (m/z 217), methyl-dibenzothiophenes (m/z 198 and 212), as well as the
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pristane / phytane (Pr / Ph). The results of the GC-MS analysis from both water and

sediment samples revealed no oil pollution in the Nestos River area.
3.1. Introduction to chromatography

Tswett introduced chromatography as separation technique for the first time in 1906.
The word “chromatography” comes from two Greek words “chroma” (color) and
“graphien” (to write). Tswett’s work emphasized the separation of individual
substances from both the matrix and from one another. The renaissance of
chromatography started in 1931 after the publication of three important articles by
German Edgar Lederer who based on Tswett’s previous published work [1].
Chromatography is defined as: “A physical method of separation in which the
components to be separated are distributed between two phases, one of which is the
stationary phase while the other is the mobile phase”[2]. Samples are dissolved in the
mobile phase which travels through the stationary phase and separation occurs,
because different compounds present different affinities between two phases resulting
in their district distribution and behavior inside the system [3].

Many chromatographic techniques have been developed during time including column
chromatography, paper chromatography, thin-layer chromatography (TLC), gas
chromatography (GC), high-pressure liquid chromatography (HPLC), ion-exchange
chromatography etc. [4]. Classification of chromatographic techniques is based on
numerous criteria, the most important of which are the type of mobile phase, the shape
of chromatographic bed and the type of stationary phase[5]. The mobile phase can be
either a gas (GC) or liquid (LC) or a supercritical fluid (SFC) where stationary phase is
usually a solid but it can also be a liquid [6].

Separations in the chromatographic system results from differences in the distribution
constant K. between several compounds that are going to be separated. Distribution
constant (K¢) is defined as the ratio of the solute concentration in the stationary phase
to its concentration in the mobile phase (Eq. 1.1). The higher the value of K. the slower

a compound moves through the chromatographic column and vice versa [7].

=S (eq. 3.1)[7]

Cm
where: ¢s is the concentration of the analyte in the stationary phase and cm is its

concentration in the mobile phase.
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3.1.1. Gas Chromatography (GC)

The most widely used technique in oil industry is gas chromatography (GC). Due to the
complex composition of petroleum and its products the role of gas chromatography is
unambiguously very important since its introduction [8].

GC was basically introduced by James and Martin in 1952 who indicated for the first
time that the chromatographic separation of organic compounds could be based on
their volatility. Afterwards, in 1956 the first symposium on ‘“vapor-phase”
chromatography was arranged by the Hydrocarbon-Research Group of the Institute of
Petroleum where significant predictions have been submitted [9]. Moreover, during the
second international symposium in 1958 under the sponsorship of the Institute of
Petroleum, Golay presented the advantages of the capillary columns andtheir
application as a new technique in petroleum analysis. Therefore, GC has been widely
accepted in oil industry [10].

Actually, GC is a column chromatographic method where the mobile phase is a gas and
the stationary phase is either in solid or inliquid phase [6]. Gas liquid chromatography
is the most common due to the advantage of separating the components based on the
distribution between the liquid and gas phases. GC operation is based initially on the
introduction of the sample via a septum in the injector in high temperature. A carrier
gas (helium, hydrogen or nitrogen) transfer the sample onto the column where the
stationary phase exists. Separation of mixture components occurs as mixture travels
through the column and individual components of the sample exit the column in
different times and enter the detector which provides a signal depending on the amount
of eluting analytes (Fig. 3.1.). The abundance of each peak in a GC chromatograph is a
relative measure of the amount of each component that exists in a sample depending

on the type of the detector and the nature of the compound that is analyzed [3].

Pressure regulator

Injection port\ I ' l
I
|

Gas filters

Computer
controller and
data acquisition

Transfer line

Fig. 3.1. Gas chromatograph instrumentation [3]
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Stable volatile components of a mixture can be separated by their properties such as
boiling point, molecular size and polarity [6]. Gas chromatography comprises a simple
and rapid technique for investigation of volatile compounds of a mixture even in very
complex samples [5].

Carrier gas is a permanent gas whose nature can affect separation characteristics of GC
system and modify the sensitivity of detection. Most frequently used gases are helium
and hydrogen due to their low molecular mass and diffusivity. Nitrogen also can be
used, however its separation performance is poorer compared to helium and hydrogen
and it is recommended for simple analytical procedures [5, 11].

In case of injectors they can be classified into vaporization and column injectors. A
syringe is usually used for sample’s introduction into the thermostatic injector causing
rapid vaporization of the sample which mixes with carrier gas and moves inside the
column. Columns that are used for GC can be divided into packed and capillary columns.
Capillary columns are used more frequently, due to their higher separation capacity.
The stationary phase is characterized by its film thickness (0.1-5 pm) which allows
analytes to come into contact with the inner wall of capillary [11].

As chromatographic separation of compounds is based on their differences in the time
they elute, retention time tr (or better uncorrected retention time) comprises almost
the most important feature of the chromatograph and it is a key tool for identifying
components [12].

Specifically, it is a measure of the time from the injection of the sample into the system
to the moment the component elutes from the column and is detected. Adjusted
retention time tr’ can also be used and it is calculated by subtracting the dead time tm
corresponding to the retention time of a component that is not retained by the static
phase (Fig. 3.2.). The retention time tr under strictly defined chromatographic
conditions can be considered a characteristic constant of the compound, but it is not
considered a highly specific indicator as other compounds may also exhibit the same

retention time. [3].
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Fig. 3.2. Different retention times used in GC [3]

Chromatographic resolution Rs, is a function of column efficiency, selectivity and the

capacity factor and mathematically can be expressed as:

— a— f R
R = 1/4VN (“ lj ( £ )
NASES Saranl B W

e S e (eq. 3.2.)[6]

where: a is column efficiency term, b is column selectivity term and c is capacity term.

Column efficiency can be calculated by:

te \ 2 fe \ 2 e\
N(—R) =I6(—R) =5.5( R)
o w wl*?.

where: N is the number of theoretical plates, tr is the retention time, ¢ is the standard

(eq. 3.3.)[6]

deviation for a Gaussian peak, w is the peak width at baseline (w= 40)
and w1/20r whis the peak width at half height.
Theoretical plate number (N) is characteristic of separation capacity of a

chromatographic column and can be calculated by:

N = 5.545(tp /un)” (eq. 3.4.)[11]

Column selectivity refers to the distance, or relative separation, between two peaks

(Fig. 3.3.) and is given by:

__I]u—f._,_f.‘ﬁg_.‘ig

N = =
tri—tb  m  Ki

(eq. 3.5.)[6]
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where: a is separation factor, tr1 and tr; are the retention times of components 1 and
2 respectively, to (or tm) is the retention time of unretained components, t’rs and t'r2
are the adjusted retention times of components 1 and 2 respectively, Ky and K; are the

distribution coefficients of components 1 and 2, respectively.
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Fig. 3.3. Measurement of chromatographic retention [6]

Capacity or retention factor k’ is a measure of the amount of time that a solute spends
on the stationary phase relative to the mobile phase.

The higher the value of k’, the better the separation with broad peaks and long analysis
times [6]. Capacity factor k’ can be defined by the expression:

Ve = Vq

k = T (eq. 1.6.)[13]

where: VR is the retention volume of the solute and V, is the void volume of the solute.

In case of no change in the mobile phase flow rate occurs during the elution of the

sample, capacity factor can be expressed as:

Y g =ty (eq. 1.7.)[13]

o
where: tr is the retention time of the solute and t, is retention time of unretained

compounds.

Indicative differences between a chromatograph with non-optimal k’ values and
another one with more optimal k’ values for the earlier and later eluting compounds is

shown in (Fig. 3.4.) In the first chromatograph (a), there is a limited peak capacity and
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the separation of a certain amount of compounds is possible within a certain period of
time. On the contrary, in the second chromatograph (b) by lowering the temperature
during the early portion of the chromatogram the retention factor raises and the
components stay longer inside the column. Similarly, rise of the temperature during
the latter portion of the chromatogram the retention factor decreases and the

components leave the column faster [14].
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Fig. 3.4. Chromatographs with: a) non-optimal k’ values and b) more optimal k’

values [14]
3.1.2. GC Detectors

Together with the chromatographic column, detector comprises the heart of the
chromatograph. Column separates the components but detector gives information
about this separation. Without a detector, chromatography would be only a separation
or a preparative technique [15].

GC detectors are classified by their mechanism of operation as concentration
dependent, mass flow rate dependent or both of them. In case of a concentration
detector, the signal is proportional to the concentration of the analyte in the carrier
gas inside the detector cell whereas the signal of a mass flow detector is proportional
to the mass flow rate of the analyte that spreads into the column cell by the carrier
gas [15, 16].

An ideal detector requires some specific characteristics such as adequate sensitivity,
reliability, detectability, specificity, linearity etc. [16]. Typical gas chromatography
detectors as well as their applications, detection limits and their type are presented in
Table 3.1.

Mass spectrometer (MS) is generally recognized as a high-powered detector for a gas

chromatograph because of its high sensitivity and specificity, and its capability to
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elucidate compound structure [17]. Target-compound analysis is one of the powerful
advantages of GC-MS which has extensively applied in petroleum geochemistry [9].

Also, flame ionization detectors (FID) are widely used detectors for many types of
hydrocarbons. However, it is difficult or impossible to identify several characteristic
groups, such asbiomarkers or PAHs using only GC-FID, as they are found at relatively
low concentrations in oil and this specific method cannot provide information of

individual molecules due to its two-dimensional data analysis [18].

Table 3.1 GC detectors and their characteristics [3]

Detector Selectivity Sensitivity Linear Type
Flarme ionization Muast arganic 10-100pg 1o’ Mass
detectar (FID) caompounds
Electron-capture Halides, nitrates, nitriles, S0fz 1c° Concentration
detectar (ECD) peraxides, anhydrides,

organametallics

Thermal conductivity  Universal Ing (s} Concentration
detectar {TCD)
Flame photametric 5. P.5n, B, As, Ge, e, 100pg 1o¢ Mass
detectar (FFD) Cr
Mitrogen-phosphorus M, P 10pg 1o Mass
detector (NFD)
Phota-ionization Aromalics, ketones, 2pg vy Concentration
detectar (PID) estars, aldehydes,

amines, helerocyclies,
arganasulphurs, soms
arganamelallics

Mass spectrometer Universal Ing (scan) 1 Mass
(MS) Selective 1 pg (SIM) 1

* In case of SIM (selected ion monitoring) operation mode.
3.1.3. Mass Spectrometry (MS)

Mass spectrometry is considered as a unique spectroscopic technique which is based on
the generation of ions of organic or inorganic molecules (ionization process) that
afterwards are resolved according to their mass-to-charge (m/z) ratio by subjecting
them to electrostatic fields (mass analyzer) and finally detected (Fig. 3.5.). The
uniqueness of this analytical technique is that it can combine both the detection and
identification of an unknown compound [19]. The development of very high-resolution
instrumentation has contributed to a huge amount of information regarding the

composition of crude oil samples [20].
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Mass analyzer is the most important part of mass spectrometer. Among different
analyzers that have been used in terms of resolution, smaller units based upon
quadrupole or ion trap technologies provide mass resolving power up to about 8,000.
However, resolution can be improved by using FT-ICR MS (Fourier Transform lon

Cyclotron Resonance) or FT-Orbitrap analyzers [21, 22].
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Fig. 3.5. Schematic of a typical mass spectrometer [19]
Typical mass spectra contain only positive fragment ions having charge +1. Hence,
mass-to-charge ratio (m/z) is the molecular mass of the fragment divided by +1. An
example of a mass spectrum is given in (Fig. 3.6.), where the relative abundance is
plotted on y-axis and the m/z is plotted on the x-axis. The fragment (m/z) having the
highest intensity is called base peak or base ion and is presented as 100% relative
abundance. Furthermore, molecular ion or parent ion (M*) is the fragment with the
highest mass number and represents the positive charged molecule with m/z equal to
the molecular mass of the compound. All other fragments originate from molecular ion

fragment [19].
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Fig. 3.6. Example of pentane mass spectrum [3]
lonization method that is used in mass spectrometric detector characterizes the nature
of data obtained. Several ionizations methods occur such as Electron lonization (El),
Chemical lonization (Cl), Atmospheric-Pressure Chemical lonization (APCI), Field

lonization (FI), Photoionization (Pl) and others [23]. Certainty, there is not an ideal
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ionization technique for all types of crude oil samples due to the complex character of
petroleum components. Therefore, a combination of them is needed for an
accomplished characterization of crude oils [22].

Electron ionization (El) method is the most widely used among the others and it is based
on the interaction of the analyte in gaseous phase with an electron beam (usually 70eV)
which generates molecular radical ions that afterwards undergo decay forming
fragment ions [23].

3.1.4. GC-MS

GC-MS is the synergistic combination of two powerful analytic techniques GC and MS
[24]. It provides an accurate quantitation of volatile and semi-volatile compounds in
petroleum samples [17]. Almost any gas chromatograph can be connected to a mass
spectrometer providing a two-dimensional identification including GC retention time
and mass spectrum for each component of the mixture [25].

In most cases a capillary GC column is interfaced directly to the MS detector via a
heated capillary transfer line. The sample travels through GC column into the interface
and then is processed by the MS detector. All of data obtained, are analyzed by a
computer which converts the electrical impulses into visual displays and hard copy
displays (Fig. 3.7.) [19].

Benchtop quadrupole GC-MS can be operated in several modes including scan (full) and
selected ion monitoring (SIM). Scan mode refers to the case when mass spectrometer is
used to scan the whole range of ions that are generated in the ion-source. Among these
ions there are some characteristic and diagnostic of the compound of interest [27].
However, a significant disadvantage of quadrupole mass analyzers is the relatively low
resolution due to long scan time and limited m/z range. Therefore, spectrum regions
without ions of interest are recorded, while other useful ions do not reach the
detector.Hence, at a particular time ions do not get into the interval of m/z values
passed by mass detector. This fact actually leads to a decrease in sensitivity of scan
mode to determine target compounds [23, 28].Although they are inferior to magnetic
field instruments in terms of sensitivity, resolution and superior mass range, their ease
of use, relative accessibility, compact size and easy interconnection with GC or LC

systems make them the most widely used mass spectrometers in the clinical laboratory.
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Fig. 3.7. Schematic of a GC-MS system [26]

A simple way to increase the sensitivity of the method is to use SIM (selected ion
monitoring) mode. This technique allows the instrument to record the ion current at
selected masses which are characteristic for the compound of interest. Thus, mass
analyzer does not spend time scanning the entire mass range and it is set to monitor
the intensity of specific m/z values. Furthermore, SIM mode decreases background
noise providing selectivity into the experiment [24, 28, 29].

Reference spectral libraries are utilized by forensic scientists in order to have access
to thousands of spectra trying to interpret and identify an unknown compound
compared to a known one. However, in some cases where absolute identification is
needed and similar isomers cannot be differentiated from one another, it is crucial to
obtain a reference standard that can be run on the same instrument under identical

conditions comparing mass spectra and retention times [3].
3.2. Petroleum Forensic Fingerprinting

“Fingerprinting” is called a group of techniques that helps in the identification of the
sample’s origin or the identification of the pollutant, according to sample’s chemical
composition [30].

Fingerprinting method started to develop for the first time in 1970 and its first
application in realistic conditions was in the Exxon Valdez accident, where it was used
for the identification of hydrocarbons in sea water up to their impact on aquatic life

and the tracing for the suitability of food from the surrounding area for consumption.
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Despite the fact that this method was initially designed for the identification only in
aquatic systems, in the course it was improved in order to be able to get applied in
plankton and in great depth soil samples [31, 32].

Characterization of spilled oils and their linking to potential sources is very important
for environmental damage assessment, as accidental oil spills can cause severe damage
to environment and ecosystem. Hence, successful forensic investigation and analysis of
oil contaminants provides plethora of chemical fingerprinting data [17, 27]. Every crude
oil exhibits a unique chemical fingerprint as it was formed under a variety of geological
conditions and ages [18].

Analysis of specific petroleum hydrocarbons is of great significance in environmental
forensics investigation as they provide important information for characterization and
identification of oil spills. The selection of appropriate oil analytes for oil spill
identification depends on the type of oil spilled, the specific environmental sections
being assessed and on expected needs for comparison between current and future data
[18].

Oil components targeted by analytical techniques like GC-MS can be classified into four
main groups: 1) Individual saturated hydrocarbons including n-alkanes and isoprenoids,
2) EPA (Environmental Protection Agency) priority parent PAHs including their dominant
alkylated homologues, 3) sulfur heterocyclic aromatic hydrocarbons and related
alkylated homologues and 4) petroleum biomarkers that are polycyclic aliphatics [33,
34].

Target analytes are identified and quantified by characteristic ions from GC-MS in SIM
modes. Overall distribution pattern and profile of oil constituents present differences

between several oil samples and refined products (Fig. 3.8.) [18].
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Fig. 3.8. Distribution of target compounds inGC-MS oil fingerprinting analysis [18]

3.2.1. Petroleum Biomarkers Analysis

Biomarkers are definitely a useful tool for petroleum exploration as they can provide
information about depositional environment, age, initial organic matter etc. For
instance, porphyrins, acyclic diterpanes, phytane and pristane originate from
diagenesis and catagenesis of chlorophyll where the presence of steranes and hopanes
can yield information about the age of source rock [35, 36].

Chemical analysis of biomarkers provides information of great significance to
environmental forensics investigations [37]. Biomarker compounds are naturally
occurring hydrocarbons, ubiquitous in crude oils and most petroleum products and more
resistant to weathering processes compared to other compounds. Furthermore, their
distribution is unique for different types of petroleum products representing specific
fingerprinting which is particularly useful information in the correlation studies of oils

or their products [38].
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Saturated and aromatic biomarkers can be easily analyzed by GC-MS in SIM mode either
on oil samples or on oilcuts. Electron impact is the most common ionization method
which allows biomarker compounds generating characteristic fragment ions for each
type of them [39]. Mass spectrometric fragmentation of common biomarkers is shown
in Table 3.2. SIM mass chromatographs are used not only for quantification but also for

biomarkers identifications increasing by this way the sensitivity of analysis [34, 39].

Table 3.2 Characteristic fragment ions of common biomarkers [40]

Biomarker compound

Fragment ions (m/z)

alkyl-cyclohexanes 83
methyl-alkyl-cyclohexanes 97
isoalkanes and isoprenoids 113, 127, 183
sesquiterpanes 123

Adamantanes
Diamantanes

tri-, tetra-, penta-cyclic terpanes

135, 136, 149, 163, 177, 191
187, 188, 201, 215, 229
191

25-norhopanes 177
28,30-bisnorhopanes 163, 191
Steranes 217, 218
5a(H)-steranes 149, 217, 218
58(H)-steranes 151, 217, 218

X diasteranes 217, 218, 259
methyl-steranes 217, 218, 231, 232
monoaromatic steranes 253
triaromatic steranes 231

Normal alkanes (n-alkanes) fingerprints are widely used in organic geochemistry for
inferring the source of sample’s organic material. Also, long chain n-alkane content is
used as indicator for depositional environment with marked terrigenous component
[41]. Chromatograms that present an unimodal distribution from n-C10 to n-C33 with a
maximum around n-C15 to n-C17, indicate an algal/microbial input to the organic
matter while a bimodal distribution between n-C10 to n-C33 with maxima around n-C15
to n-C17 and n-C27 to n-C29 indicate an algal/microbial input with minor input of
organic matter [42].

Acyclic isoprenoids are main components of plants, animals’ tissues and bacterial cell

walls. As chlorophyll is possibly the most ubiquitous molecule having an isoprenoid
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chain, it could have significant contribution to organic matter in sediments. Occurrence
of acyclic isoprenoids in biosphere comes from decomposition of phytol side chain of

chlorophyll a molecule [43, 44].
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Fig. 3.9. Pristane and phytane formation from phytol [45]

Most abundant hydrocarbons that have been formed from repeating Cs isoprene units
and can be found in ancient sediments and petroleum are C19 and Cyo regularly branched
pristane and phytane respectively having head to tail linking of isoprene units. Pristane
is produced under less anoxic conditions from dehydration and decarboxylation of
phytol, whereas phytane under highly reducing conditions from reduction and
dehydration of phytol (Fig. 3.9.) [45].

Triterpanes and steranes are the most common biomarkers found in crude oils and their
middle and heavy refined products. Due to their relative resistance in to weathering
processes they are considered as a very useful tool for forensics environmental
investigations [46].

Hopanes are the most abundant pentacyclic triterpanes in most mature sediments and

crude oils and mainly generate from Css bacteriohopanetetrol
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(tetrahydroxybacteriohopane) and related bacteriohopanes which are found in lipid
membranes of prokaryotic organisms [34, 47].

Gammacerane is a type of non-hopane type pentacyclic triterpane (Fig. 3.10.) that
exists in trace amounts in almost all bitumens and oils and it is most abundant in
sediments where it was formed by degradation of tetrahymanol which ocuurs in
protozoa. Its occurrence indicates unusual saline environments like nonfreshwater lakes

and marine sediments [45, 47, 48].

Fig. 3.10. Structure of gammacerane [45]

Oleanane is also another type of non-hopanoid pentacyclic triterpane which originates
from Plantae having two isomers: 18a(H)-oleanane and 188 (H)-oleanane (Fig. 3.11.).
Various olenanes have been found in extracts and oils from deltaic sediments and
marine oils and specifically the alpha (a) configuration is the predominant in mature
crude oil and rocks. As both structures present high resistance in biodegradation
processes and water washing, oleanane is considered a very useful biomarker in oil-oil

and oil-source correlations [45, 48, 49].
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Fig. 3.11. Generation and classification of oleanane [49]

All hopanes yield a characteristic fragment ion with a m/z ratio of 191 whereas steranes
of m/z 217 and 218,respectively [39]. The m/z 191 fragment is often the base peak of
mass spectra of biomarkers. Generally, GC-MS chromatographs of terpanes (m/z 191)
present a wide range in terpane distribution from C19 to C35with C29 aB- and C30 aB-
pentacyclic hopanes and C23and C24 tricyclic terpanes being commonly the most
abundant. In case of steranes (at m/z 217 and 218), the dominance of C27, C28 and
C29 isomersare observed [37].

Typically, distribution patterns of biomarkers are different from oil to oil and by
investigating several biomarker families’ identification of oil contaminants and their

potential source can be achieved [46].
3.2.2. Biomarker Diagnostic Parameters

Biomarker diagnostic parameters are widely used by geochemists for oil correlation,
depositional environments, evaluation of thermal maturity and biodegradation in oil
reservoir etc. Distribution of n-alkanes, Carbon preference index (CPl), degree of
waxiness, steranes (m/z 217) distribution, triterpanes (m/z 191) distribution, presence
of homohopanes and gammacerane as well as specific diagnostic ratios of biomarkers

are some of the parameters that are used in oil fingerprinting [37].
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As composition of most biomarkers between oil spilled samples and candidate source
oils do not present any difference, comparison of diagnostic ratios (DRs) between them
could be really beneficial because concentration effects are minimized. Furthermore,
the differences of target biomarker distribution between samples are more obvious.
DRs can either be calculated from quantitative (i.e., compound concentrations) or
semi-quantitative data (i.e., peak areas or heights) [37, 40].

The ratio pristane/phytane (Pr/Ph) is one of the most widely used correlation
parameter which indicates the depositional environment. In case of Pr/Ph ratio is less
than unity highly reducing environments occur, whereas very high Pr/Ph ratios (more
than 3) are related to terrestrial sediments. Finally, when Pr/Ph ratio is between 1 and
3, that is an indication of oxidizing environments [50].

Isoprenoids/n-alkanes (Pr/n-C17 and Ph/n-C18) ratios are also very useful as they
provide information about biodegradation, maturation and diagenetic conditions. In
fresh crude oils and middle and heavy distillates, the n-alkanes C17 and C18 are more
abundant compared to pristane and phytane respectively [37].

The ratio of Ts (trisnorneohopane) to Tm (trisnorhopane) more than (0.5) increases as
the portion of shale in calcareous facies rises where generally high (>1) C29/C30
hopanes ratios in oils are generated from organic rich carbonates and evaporates [50,

51]. Finally, sterane/hopane ratio is relatively high in marine organic matter [37].

3.2.3. Weathering of biomarkers

After oil spilled into the water undergoes physical, chemical and biological alteration
processes (weathering) which include spreading, evaporation, dispersion, dissolution,
chemical oxidation, biodegradation, sedimentation etc. The concentration of
hydrocarbon and non-hydrocarbon components varies among different sources [52].

In case of oil spilled on land, redistribution of oil components takes place in soil.
Volatilization of lighter hydrocarbons into gaseous phase of porous medium causes
hydrocarbon losses to the atmosphere, sorption onto solid particles or dissolution into
soil water or groundwater. Separation of oil components occurs after their release into
soil due to their different physicochemical properties [53, 54].

Weathering processes affect the status of biomarkers and crude oil constituents.
Several biochemical reactions take place during weathering of petroleum biomarkers
such as hydrolysis, cracking, metabolization etc. [55]. Resistance in biodegradation

differs among several types of biomarker compounds, thus comparisons of their relative
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amounts can be used to assess the biodegradation level. The concentration of fuel
pollutants in soil or groundwater tends to decline with time due to biomineralization.
Typically, n-alkanes are more biodegradable compared to other compounds and their
disappearance in gas chromatographs is relatively fast. More heavily degraded oils
present a large unresolved complex mixture (UCM or hump) in their chromatographs
which is mainly composed of branched and cyclic compounds and biodegradation
products [46].

A nine-scale level for biodegradation evaluation has been developed by Volkman et al.
[56], according to which the first five levels rely on the removal of n-alkanes,
isoprenoids, and alkylcyclohexanes whereas levels 7-9 can be identified by analysis of

sterane and triterpane biomarkers Table 3.3.

Table 3.3 Levels of biodegradation based on the presence or absence of certain

compounds [56]

Level of Extent of

biodegradation Compounds removed biodegradation
1 None Undegraded
2 Short n-alkanes Minor
3 >90% of n-alkanes Maderate
4 Alkylcyclohexanes;
isoprenoids reduced Moderate
5 Isoprenoids Moderate
6 Bicyclic alkanes Extensive
7 >50% of regular steranes Very extensive
8 Steranes; hopanes reduced;
demethylated hopanes
abundant Severe
9 Demethylated hopanes
predominate; diasteranes
formed; steranes gone Extreme

3.3. PAHs and PASHs analysis

PAHs (polycyclic aromatic hydrocarbons) are chemical compounds that consist of two
or more fused aromatic rings. As environmental pollutants are considered those PAHs
that contain from two up to seven benzene rings. Petrogenic and pyrogenic sources of
PAHs cause environmental pollution where biogenic PAHs occur naturally in the
environment. Thus, differentiation between the sources of PAHs is crucial in any case

of forensics environmental investigation. Environmental forensic investigations can
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certainly include both parent and alkylated PAHs combined with other compounds in
order to enhance discrimination among the sources of PAH assemblages [57].
Pyrogenic PAHs tend to have fewer alkylated chains and fewer five-membered rings
than petrogenic ones. Also, PAHs in 4-6 benzene rings are generally of pyrogenic origin
and are produced mostly by the combustion of fossil fuels and organic materials. Some
PAHs have been proposed as indicators of origin. Oil combustion is associated with high
concentrations of the most volatile PAHs, such as fluorine, fluoroanthene and pyrene.
Certain indicators are usually used to determine the origin of PAHs. Specifically,
Phe/Ant values greater than 10 are attributed to PAHs of petroleum origin (e.g. value
14 is attributed to crude oil origin), while values less than 10 indicate pyrolytic origin
(e.g. values 4-10 are attributed to gasoline combustion).

Determination of APAHSs is based on their prominent parent ions. In case of methylated
PAHs, the methyl on one hexagonal ring generally generates a characteristic [M-H]* ion
with a seven carbon ring, whereas C2- or higher APAHs could lose methyl or longer alkyl
fragments simultaneously to form [M-15]* and subsequently [M-29]* ions and so on.
Analysis of alkylated PAH homologues commonly relies upon standardized GC-MS
technique operating in SIM or single ion extraction (SIE) mode [58].

Compounds like benzothiophene (BT), dibenzothiophene (DBT),
benzonaphthothiophenes (BNT) and their alkylated homologous series belong to
(polycyclic aromatic sulfur hydrocarbons) PASHs family [59]. Identification peaks of
DBT, isomers of  methyldibenzothiophene  (MDBT) and  isomers  of
dimethyldibenzothiophene (DMDBT) and ethyldibenzothiophene (EDBT) in crude oil can
be achieved by operating GC-MS in SIM mode at m/z 184, 198 and 212, respectively
[60].

3.3.1. Weathering of PAHs

PAHs having less than five rings are usually biodegradable by bacteria under aerobic
conditions, but there is also evidence of anaerobic degradation. Specifically, alkylated
PAH homologues have been widely used as environmental fate indicators and source-
specific markers of oil pollutants [46].

Generally, non-alkylated PAHs are more susceptible to biodegradation than alkylated
ones and hence weathering increases the proportion of more alkylated PAHs.
Furthermore, several studies have shown that more weathered oils have a higher

relative abundance of chrysenes and consequently a decrease in the relative ratios of
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the sum of naphthalenes, phenanthrenes, dibenzothiophenes, and fluorenes to the sum
of chrysenes was also observed [61, 62].

Crude oils and refined products from disparate sources present different PAH
distribution patterns. Furthermore, PAHs are more resistant to weathering compared
to their saturated hydrocarbon counterparts and volatile alkylbenzene compounds, thus
PAHs are one of the most valuable fingerprinting compounds for oil identification. Some
EPA priority parent PAHs and petroleum-specific alkylated (C1-C4) homologues of
selected PAHs (alkylated naphthalene, phenanthrene, dibenzothiophene, fluorene, and

chrysene) are widely used to meet the needs of an efficient oil investigation [63].
3.4. Methodology for determination of hydrocarbons in environmental samples

The experimental procedure for the determination of petroleum hydrocarbons in
environmental samples is based on defined protocols and includes the sampling,
preservation of the samples, the acquisition of the mixture of organic compounds by
extraction techniques, the separation of the components by chromatographic

spectroscopic techniques.
3.4.1. Sampling

The selected sample must be representative of all the water or sediment under study.
Moreover, the sampling points must also represent the location of possible sources of
contaminants. The sampling equipment has been prepared in the laboratory before
sampling. All apparatuses should be thoroughly washed with detergent and water and
rinsed with organic solvents. For the sampling of water samples for the determination
of hydrocarbons, pure dark colored 2L glass bottles are used. The flask is rinsed with
the sampling water and filled to the brim, overflowed, sealed and marked with the date
and place of sampling. The bottles are stored in portable refrigerators with ice packs
so that the samples are protected from the effects of light and heat until they are
transported to the laboratory. For better preservation, it is desirable to acidify the
sample with hydrochloric acid at pH1-2. In the laboratory, both water samples and
pellet samples are stored in a refrigerator at 1-5 °C prior to analysis. The shelf life of
the samples is 14 days, while the extracts can be stored for 40 days prior to analysis by
GC-MS. To ensure the reliability of the analysis and to reduce accidental errors, blank
samples and double samples are analyzed simultaneously, which are stored and

processed with exactly the same method. The blank samples contain pure water instead
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of the sampling material. The analysis of duplicate samples involves processing and

analyzing the same sample twice, as two different samples in a random position.
3.4.2 Organic extract from water samples

The most commonly used extraction method for petroleum hydrocarbons in aqueous
samples is liquid-liquid extraction, EPA 3510. In general, liquid-liquid extraction
achieves separation of the compounds based on solubility in different immiscible
liquids. Methylene chloride or a mixture of dichloromethane and n-hexane in a 1:1 ratio
is used as extraction solvent. An amount of 500 mL water sample is initially shaken
mechanically with 50 mL of solvent for 15min. The extraction is repeated three times
with 50 mL of solvent each time (total 150 mL of extract). The extracts were dried
through a chromatographic glass column containing anhydrous sodium sulfate and
concentrated using a rotary evaporator to a final volume of 5 mL. Further evaporation

of the solvent is achieved by the introduction of a gentle stream of nitrogen.
3.4.3 Separation by column chromatography

The complexity of the oil samples creates the need to separate them into individual
fractions-groups of components. The most common technique used to separate the oil
into individual fractions is the open column chromatography with adsorbent, aluminum
oxide (Al203) or silica (SiO2). First the saturated components are obtained by eluting
with a soluble hydrocarbon, usually pentane or hexane, then by toluene the aromatic
components are eluted and finally, by a 6:4 toluene-methanol mixture the hetero-

compounds of nitrogen, sulfur and oxygen are obtained.

3.4.4 Recovery control and standard compounds

The o-terphenyl compound in solution with dichloromethane at a concentration of 100
ppm was used as a surrogate to control the recovery during the extraction process of
the samples. Solutions of a mixture of n-alkanes, from C12 to C32 and of the
polyaromatic hydrocarbons, naphthalene, fluorine, phenanthrene and anthracene were
used as reference solutions. Sample of crude oil from the drillings of Prinos-Kavala and
samples of petroleum products, jet oil, gasoline, motor oil, heating oil, marine oil,

were used for spiking samples of clean water and clean sand.
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3.4.5 Acquisition of organic extract from sediment samples

Soxhlet extraction is used, or sonication extraction. During Soxhlet extraction, the
sample is placed in a special disposable porous case, which allows material to be
moved. Continuously refluxing solvent flows through the porous material and dissolves

the analytes, which are continuously collected in a boiling flask.

In the ultrasonic extraction, the sample is placed in a suitable organic solvent in an
ultrasonic bath. The ultrasonic extraction technique is simple and easy; the extraction
time is reduced, smaller volumes of solvents are used and many samples are extracted

at the same time.

15 g of precipitate was mixed with 20 g of anhydrous sodium sulfate to dry the sample.
Each mixture was extracted twice with a mixture of 50 mL dichloromethane and 5mL
methanol for 30min each time. Simple filtration followed and the collected filtrates
were dried over sodium sulfate and then first condensed with a rotary evaporator and

then under a stream of nitrogen.

3.4.6 Gas Chromatography-Mass Spectrometry (GC-MS)

The identification and quantification of hydrocarbons is done by gas chromatography -
mass spectrometry. The Agilent 6890N gas chromatograph system equipped with
MSD5975B mass spectrometer detector and capillary column with the following
characteristics was used: DB-XLB, length 30m, internal diameter (i.d.) 0.25mm, coating
thickness 0.25um. An Agilent 7683 series automatic sampler was used for the
introduction of the samples with a 5uL microsyringe, while the injection volume was
1uL. He gas was used as the carrier gas. The carrier gas flow was constant throughout
the analysis, 1.8 mL/min. The samples were introduced by split mode and a 1:10 split
ratio. The column temperature was maintained isothermally at 50 °C for 2 minutes
immediately after injection, then increased from 50 °C to 150 °C at a rate of 15 °C/min
and then increased to 300 °C at a rate of 6 °C/min and maintained at the final
temperature for 10 minutes. The ionization and fragmentation of the substances was
performed by electron impact. The ionization conditions were: ionization energy 70 eV,
ion production source temperature 250 °C. The sample transfer line to the detector was
kept constant at 280 °C.

A full scan mode with a mass range of 50 to 700 and a Single lon Monitoring technique

(SIM mode) was used for analysis purposes. The data were processed with Agilent's
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Chemstation software program enriched with the NIST MS Search V2.0 spectrum library.
The identification of the components through their mass spectrum was done based on
their structural characteristics, with the help of the NIST electronic library and

bibliographic data.

-
Lert]

bl |

Fig. 3.12. Agilent 6890N Gas Chromatograph coupled with a MSD 5973B

3.5. Results and discussion

3.5.1 Study area

The Study area of this work included Nestos River and the surrounding area in Northern
Greece (Fig. 3.13). Nestos River is one of five biggest rivers in Greece and comprises
the natural border between Macedonia and Thrace. It springs from Rila Mountain in
Bulgaria having a total length of 234km, from which 135 belong to Greek land. As
empties into Aegean Sea, Nestos forms its delta which is considered as a nature of
miracle accommodating a variety of habitats, flora and fauna species and protected by
RAMSAR Convention [64].
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Fig. 3.13. Map of study area indicating the positions from where samples were taken

across the river from the deltaic area and from the sea

3.5.2. Use of biomarkers in the correlation of petroleum pollutants

Identification of petroleum hydrocarbons and differentiations between crude oil and

petroleum products were based on total ion chromatographs (TIC) and extracted ion

chromatographs (EIC) of the spiked water and sediment samples.

For the study of the correlation of the samples with each other the following criteria

were used:

i.

ii.
jii.
iv.

V.

Vi.

The shape of chromatograms corresponding to the peaks of n-alkanes in
chromatograms.

The ratio between n-alkanes with even and odd numbers of carbon atoms.

The ratio between phytane and pristine.

The presence of parent and alkylated PAHs.

The presence of alkyl-substituted and unsubstituted aromatic hydrocarbons.

The presence of sulfur heterocyclic aromatic compounds.

The analysis of TIC chromatograms of both the crude oil sample of the Prinos-Kavala

basin and the samples of petroleum products indicates that the main components in all

samples are normal alkanes. However, there are significant differences between the

samples, both qualitatively and quantitatively. For example, in the gasoline and jetfuel

chromatogram, peaks appear only within window C9-C13 of n-alkanes (Fig. 3.14.). In
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general, the identification of gasoline in the environment is difficult, as volatile

hydrocarbons evaporate rapidly. Gasoline chromatograms of the spiked samples after

three days at room temperature showed significant differences from the original

samples with obvious evaporation of most components (Fig. 3.15.). Usually, the

identification of gasolines is based on the detection of characteristic compounds, which

are used as additives, such as methyl tert-butyl ether (MTBE).
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Fig. 3.14. Comparison of GC-MS TIC of gasoline and jet fuel samples
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Fig. 3.15. GC-MSTICof spiked sediment sample with jet fuel after three-day stay

The n-alkanes of the diesel fuel samples distribute in a carbon range from n-C10 to n-

C29, much narrower than the carbon range from n-C8 to n-C40 for crude oil sample.

Low molecular weight hydrocarbons were evaporated under experimental conditions

(Fig. 3.16.). It is also indicated that gasoline samples contain higher amounts of

cycloalkanes and aromatic compounds (EIC m/z 105) compared to diesel samples (Fig.

3.17.).
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Fig. 3.16. GC-MS TIC of crude oil and petroleum products
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Fig. 3.17. GC-MSTIC of EIC m/z 105 of gasoline and diesel samples

The chromatogram in the diagnostic ion m/z 57 of the Prinos-Kavala sample showed
high concentrations of normal alkanes C16-C17 and predominance of compounds with
even number of carbon atoms in the region C19-C32, which indicates hypersaline. In
addition, the relatively low concentrations of normal alkanes in the C21-C35 region are
an additional indication of its marine origin. The CPI is calculated for the same sample
at 0.84, which also indicates the origin of marine plants and sediments at great depths.

The corresponding chromatograms of the petroleum product samples did not reveal any

predominance in even or odd number of C atoms (Fig. 3.18.).

60



lon £7.00(56.70 to 57.70) CRYDEPRINOS.D\data m:
Marine Oil
Crude oil

LJL.LIKL _L‘LAl - i :L )\ i | L P - —

10100 1500 ) 20.00 250 00
lon 57.00 [56.70 to 57.70} mﬁ)lssswmr.o\ tans (]
otor Diese

Heating oil

annn 25m nm

e lon 57.00 [56.70 to 57.70) DIESELSHIPNEAT D\datams

o L - I i lL.A l. o | e l 3 l l 1 l ) 3 i .
1000 15.00 2000 2500 3000
e lon 57.00 {55.70 to 57.70): DIESELTRANSPNEAT D\data.ms ()
AL i L l . l | S

)
1n'on " a&hn " anin EE T 7 aahn

Fig. 3.18. Comparison of EIC of m/z 57 for crude oil and diesel oil samples

Moreover, in the crude oil sample, phytane is predominant over pristane and
specifically it is the most abundant compound in the whole chromatogram.
Contrariwise, the ratio Pr/Ph is more than 1.0 in case of petroleum products (Fig.
3.19.).
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Fig. 3.19. Comparison of crude oil and petroleum products samples based on Pr/Ph ratio

For the correlations between crude oil and various products, the chromatograms in the
diagnostic ions m/z 191 and m/z 217 were considered particularly useful. The m/z 191

is a very typical ion fragment of the terpane family ions, while m/z 217 is a
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characteristic fragment of the steranium family. The chromatograms of the biomarkers
inm/z 191 (Fig. 3.20.) and 217 (Fig. 3.21.) noticeably show that no terpans and steranes
were detected in the samples of petroleum products.
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Fig. 3.20. Comparison of EIC at m/z 191 between crude oil and marine diesel oil samples
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Fig. 3.21. Comparison of EIC at m/z 217 between crude oil and heating diesel oil

samples

The main characteristic found in the chromatogram of Prinos’ crude oil is the presence
of gammacerane in a very high concentration, which indicates a high salinity

environment in the genesis of petroleum.

Differentiations in alkylated dibenzothiophenes between crude oil and diesel oil
samples were also detected at m/z 198, which is indicative of methyl-
dibenzothiophenes compounds (Fig. 3.22.), and at m/z 212, which is a characteristic
ion of dimethyl-DBT (Fig. 3.23.). In the case of diesel fuel, no dimethyl-
dibenzothiophenes were detected (Fig. 3.24.).
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Fig. 3.22 Comparison of EIC (m/z 198) between crude oil and marine oil spiked samples
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Fig. 3.23. Comparison of EIC (m/z 212) between crude oil and marine oil samples
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Fig. 3.24. Comparison of EIC (m/z 212) between crude oil and diesel fuel samples

3.5.3. Analysis of water and sediment samples

Analysis of the TIC of water and sediment samples from the area under study showed
that no organic pollution was detected, neither in river water nor in river basin, sea

water and sediment samples (Fig. 3.25.)
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In contrast, in a previous study hydrocarbons were identified in samples from the harbor
of Kavala city (Fig. 3.26.). Comparison of EIC at m/z 191 revealed no correlation with

crude oil from Prinos, where biomarker gammacerane was also detected for crude oil

sample (Fig. 3.24.).

Fig. 3.25. TIC of water and sediment samples
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Fig. 3.26. TIC of the Kavala Port’s sample
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Fig. 3.27. Comparison of EIC (m/z 191) between crude oil from Prinos and sample from

Kavala Port
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Conclusions

The results of the chemical analyses from the spiked samples of the present study, gave
useful information about the possibility of using the composition of biomarkers and the
fingerprinting technique not only in the differentiation of pollutants from petroleum
products but also in the investigation of their origin. GC-MS petroleum fingerprinting
analysis is essential to monitor the contamination, to evaluate the damage and to
overlook the environmental recovery. Nestos River is one of the major rivers of Greece
with great economic and ecological significance. In the current work, a sample of Prinos
crude oil and five samples of petroleum products were analyzed using the GC-MS
technique. Significant differences were found in the scheme of the chromatograms
corresponding to the n-alkane peaks, in the ratio between phytane and pristane, in the
presence of aromatic hydrocarbons, in the presence of characteristic biomarkers such
as steranes and hopanes and in the presence of heterocyclic sulfur aromatic

compounds.

Although the oil company operating in the city of Kavala is considered as the main
suspect for potential organic pollution, the analysis with GC-MS in both water and
sediment samples proved that there is no organic pollution in the wider river area.
Finally, a previous study showed that the hydrocarbons previously found in the port of

Kavala had nothing to do with the crude oil produced in Prinos.
References

1. Ettre, L.S.: M.S. Tswett and the invention of chromatography. LC-GC North America.
21, 458-467 (2003)

2. IUPAC. Compendium of Chemical Terminology, 2nd ed. (the “Gold Book”). Compiled
by A. D. McNaught and A. Wilkinson. Blackwell Scientific Publications, Oxford
(1997). Online version (2019-) created by S. J. Chalk. ISBN 0-9678550-9-8.
https://doi.org/10.1351/goldbook

3. Stauffer, E., Dolan, J.A., Newman, R.: CHAPTER 8 - Gas Chromatography and Gas
Chromatography—Mass Spectrometry. In: Stauffer, E., Dolan, J.A., and Newman, R.
(eds.) Fire Debris Analysis. pp. 235-293. Academic Press, Burlington (2008)

4. Coskun, O.: Separation Tecniques: CHROMATOGRAPHY. North Clin Istanbul. (2016).
https://doi.org/10.14744/nci.2016.32757

65



Meyer, V.R.: CHROMATOGRAPHY | Overview. In: Worsfold, P., Townshend, A., and
Poole, C. (eds.) Encyclopedia of Analytical Science (Second Edition). pp. 89-98.
Elsevier, Oxford (2005)

Ismail, B., Nielsen, S.S.: Basic Principles of Chromatography. In: Nielsen, S.S. (ed.)
Food Analysis. pp. 473-498. Springer US, Boston, MA (2010)

Stauffer, E., Dolan, J.A., Newman, R.: CHAPTER 8 - Gas Chromatography and Gas
Chromatography—Mass Spectrometry. In: Stauffer, E., Dolan, J.A., and Newman, R.
(eds.) Fire Debris Analysis. pp. 235-293. Academic Press, Burlington (2008)

Beens, J.: The role of gas chromatography in compositional analyses in the
petroleum industry. TrAC Trends in Analytical Chemistry. 19, 260-275 (2000).
https://doi.org/10.1016/50165-9936(99)00205-8

Blomberg, J., Schoenmakers, P.J., Brinkman, U.A.T.: Gas chromatographic methods
for oil analysis. J. Chromatogr. A. 37 (2002)

10.Camin, D.L., Raymond, A.J., Research, S.: Chromatography in the Petroleum

1.

12.

13.

14.

15.

16.
17.

Industry. JOURNAL OF CHROMATOGRAPHIC SCIENCE. 11, 14

Forgacs, E., Cserhati, T.:. CHROMATOGRAPHY | Principles. In: Caballero, B. (ed.)
Encyclopedia of Food Sciences and Nutrition (Second Edition). pp. 1259-1267.
Academic Press, Oxford (2003)

Etxebarria, N., Zuloaga, O., Olivares, M., Bartolomé, L.J., Navarro, P.: Retention-
time locked methods in gas chromatography. J. Chromatogr. A. 7

Parris, N.A. ed: Chapter 2 Basic principles and terminology. In: Journal of
Chromatography Library. pp. 7-18. Elsevier (1976)

k’ - Retention or Capacity Factor. (2020, June 9). Retrieved May 25, 2021, from
https://chem.libretexts.org/@go/page/71827

Guiochon, G., Guillemin, C.L. eds: Chapter 10 Methodology Detectors for Gas
Chromatography. In: Journal of Chromatography Library. pp. 393-480. Elsevier
(1988)

Pardue, H.L., Thiers, R.E., Ulrich, W.F.: Gas Chromatography Detectors. 9

Wang, Z., Fingas, M., Yang, C., Christensen, J.H.: Crude Oil and Refined Product

Fingerprinting: Principles. In: Environmental Forensics. pp. 339-407. Elsevier (1964)

18.Yang, C., Brown, C.E., Hollebone, B., Yang, Z., Lambert, P., Fieldhouse, B.,

Landriault, M., Wang, Z.: Chemical Fingerprints of Crude Oils and Petroleum
Products. In: Oil Spill Science and Technology. pp. 209-304. Elsevier (2017)

66



19.Nielsen, S.S.: 26.3 Interpretation of Mass Spectra 462 26.4 Gas Chromatography-Mass

Spectrometry 464 26.5 Liquid Chromatography-Mass Spectrometry 465 26.5.1

Electrospray Interface 466. Mass Spectrometry. 14

20.Niyonsaba, E., Manheim, J.M., Yerabolu, R., Kenttamaa, H.l.: Recent Advances in

Petroleum Analysis by Mass Spectrometry. Anal. Chem. 91, 156-177 (2019).
https://doi.org/10.1021/acs.analchem.8b05258

21.Par, J.R.J., Yaylayan, V.: Mass Spectrometry: Principles and Applications. . Mass

Spectrometry. 28

22.Panda, S.K., Andersson, J.T., Schrader, W.: Mass-spectrometric analysis of complex

volatile and nonvolatile crude oil components: a challenge. Anal Bioanal Chem. 389,
1329-1339 (2007). https://doi.org/10.1007/s00216-007-1583-6

23.Borisov, R.S., Kulikova, L.N., Zaikin, V.G.: Mass Spectrometry in Petroleum

24,

25.

26.

27.

28.

29.

30.

31.

Chemistry (Petroleomics) (Review). Pet. Chem. 59, 1055-1076 (2019).
https://doi.org/10.1134/50965544119100025

Kitson, F.G., Larsen, B.S., McEwen, C.N.: Chapter 1 - What Is GC/MS? In: Kitson,
F.G., Larsen, B.S., and McEwen, C.N. (eds.) Gas Chromatography and Mass
Spectrometry. pp. 3-23. Academic Press, San Diego (1996)

D. J. Harvey, GAS CHROMATOGRAPHY /Mass Spectrometry, MASS SPECTROMETRY, p
106, University of Oxford, Oxfrord, UK, Elsevier (2005)

Wu, S., Lyu, G., Lou, R.: Applications of Chromatography Hyphenated Techniques
in the Field of Lignin Pyrolysis. Presented at the March 7 (2012)

Wang, Z., Yang, C., Yang, Z., Brown, C., Hollebone, B., Stout, S.: Petroleum
biomarker fingerprinting for oil spill characterization and source identification.
Presented at the December 31 (2016)

Clench, M.R., Tetler, L.W.: Detectors: Mass Spectrometry. 8

Sleeman, R., Carter, J.F.: Mass spectrometry: selected ion monitoring. In:
Encyclopedia of Analytical Science. pp. 423-429 (2005)

J. H. Christensen, G. Tomasi, and A. B. Hansen, “Chemical Fingerprinting of
Petroleum Biomarkers Using Time Warping and PCA,” Environmental Science &
Technology, vol. 39, no. 1, pp. 255-260, 2005/01/01 (2004)

Boehm, P.D., Douglas, G.S., Burns, W.A., Mankiewicz, P.J., Page, D.S., Bence, A.E.:
Application of petroleum hydrocarbon chemical fingerprinting and allocation
techniques after the Exxon Valdez oil spill. Marine Pollution Bulletin. 34, 599-613
(1997). https://doi.org/10.1016/50025-326X(97)00051-9

67



32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44,

45

. D. Broman, A. Colmsjo, B. Ganning et al., “‘Fingerprinting’ petroleum hydrocarbons

”»

in bottom sediment, plankton, and sediment trap collected seston,” Marine
Pollution Bulletin, vol. 18, no. 7, pp. 380-388, 7//, (1987)

Meyer, B.M.: Quantitative Oil Source-Fingerprinting Techniques and Their
Application to Differentiating Crude Oil in Coastal Marsh Sediments. 192
Wang, Z., Fingas, M., Yang, C., Christensen, J.H.: Crude Oil and Refined Product
Fingerprinting: Principles. In: Environmental Forensics. pp. 339-407. Elsevier (1964)
He, M., Moldowan, M.J., Peters, K.E.: Biomarkers: Petroleum. In: Bobrowsky, P. and
Marker, B. (eds.) Encyclopedia of Engineering Geology. pp. 1-13. Springer
International Publishing, Cham (2018)
Peters KE, Moldowan JM, The biomarker guide interpreting molecular fossils in
petroleum and ancient sediments. Prentice Hall, Englewood Cliffs, 363pp (1993)
Yasser M. Moustafa: Biomarkers. In: Rania E. Morsi ED1 - Sasikumar Dhanarasu (ed.)
Chromatography and Its Applications. p. Ch. 9. IntechOpen, Rijeka (2012)
Meyer, B.M., Overton, E.B., Turner, R.E.: Oil Source Identification Using Diagnostic
Biomarker Ratio Analyses. International Oil Spill Conference Proceedings. 2014,
2064-2073 (2014). https://doi.org/10.7901/2169-3358-2014.1.2064
Hsu, C.S., Walters, C.C., Isaksen, G.H., Schaps, M.E., Peters, K.E.: Biomarker
Analysis in Petroleum Exploration. In: Hsu, C.S. (ed.) Analytical Advances for
Hydrocarbon Research. pp. 223-245. Springer US, Boston, MA (2003)
Wang, Z., Stout, S.A., Fingas, M.: Forensic Fingerprinting of Biomarkers for Oil Spill
Characterization and Source Identification. 43
A. Shahzad, Identification of potential hydrocarbon source rocks using biological
markers in Kohat plateau, North Pakistan, Geology, University of Peshawar,
Peshawar (2006)
J. E. Cortes, J. M. Rincon, J. M. Jaramillo et al., Biomarkers and compound-specific
stable carbon isotope of n-alkanes in crude oils from Eastern Llanos Basin,
Colombia, Journal of South American Earth Sciences, vol. 29, no. 2, pp. 198-213,
3// (2010)
Eglinton, G., Calvin, M.: CHEMICAL FOSSILS. Scientific American. 216, 32-43 (1967)
Gonzalez-Vila, F.J.: ALKANE BIOMARKERS. GEOCHEMICAL SIGNIFICANCE AND
APPLICATION IN OIL SHALE GEOCHEMISTRY. 18

. Brocks, J.J.: Sedimentary Hydrocarbons, Biomarkers for Early Life. 43

68



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Alimi, H., Ertel, T., Schug, B.: Fingerprinting of Hydrocarbon Fuel Contaminants:
Literature Review. Environmental Forensics. 4, 25-38 (2003).
https://doi.org/10.1080/15275920303489

Volkman, J.: Biological marker compounds as indicators of the depositional
environments of petroleum source rocks. Geological Society of London Special
Publications. 40, 103-122 (1988). https://doi.org/10.1144/GSL.SP.1988.040.01.10
Waplesandtsutomumach, D.: Application of sterane and triterpane biomarkers in
petroleum exploration. 24

Ibad Mahmoodi, S.M., Bhattacharya, S.K.: Reliability of 18a(H)-Oleanane Biomarker
as Age Indicator of Source Deposition. JGS Vol.1 No.1. 1, (2013).
https://doi.org/10.5176/2335-6774_1.1.6

Hunt, J.Meacham.: Petroleum geochemistry and geology. W.H. Freeman, New York
(1996)

Connan, J.; Bouroullec, J.; Dessort, D. & Albrecht, P., The microbial input in
carbonate-anhydrite facies of sabkha palaeoenvironment from Guatemala, A
molecular approach. In: advances in organic geochemistry 1985. org. geochem., Vol.
10, 29-50 (1986)

Edema, N.: Effects of Crude Oil Contaminated Water on the Environment. In: Abdul-
Raouf, M.E.-S. (ed.) Crude Oil Emulsions- Composition Stability and
Characterization. InTech (2012)

Fine, P., Graber, E.R., Yaron, B.: Soil interactions with petroleum hydrocarbons:
Abiotic processes. Soil Technology. 10, 133-153 (1997).
https://doi.org/10.1016/50933-3630(96)00088-8

Logeshwaran, P., Megharaj, M., Chadalavada, S., Bowman, M., Naidu, R.: Petroleum
hydrocarbons (PH) in groundwater aquifers: An overview of environmental fate,
toxicity, microbial degradation and risk-based remediation approaches.
Environmental Technology & Innovation. 10, 175-193 (2018).
https://doi.org/10.1016/j.eti.2018.02.001

Reyes, C.Y., Moreira, icaro T.A., Oliveira, D.A.F., Medeiros, N.C., Almeida, M.,
Wandega, F., Soares, S.A.R., Oliveira, O.M.C. de: Weathering of Petroleum
Biomarkers: Review in Tropical Marine Environment Impacts. OALib. 01, 1-13 (2014).
https://doi.org/10.4236/0alib.1101004

69



56.

57.

58.

59.

60.

61.

62.

63.

64.

Volkman, J. K., Alexander, R., Kagi, R. I., and Woodhouse, G. W., Demethylated
hopanes in crude oils and their applications in petroleum geochemistry. Geochimica
Cosmochimet Acta 47: 785-794 (1983 b)

Boehm, P.: Polycyclic Aromatic Hydrocarbons (PAHs). In: Environmental Forensics:
Contaminant Specific Guide. pp. 313-337 (2005)

Yang, C., Zhang, G., Wang, Z., Yang, Z., Hollebone, B., Landriault, M., Shah, K.,
Brown, C.E.: Development of a methodology for accurate quantitation of alkylated
polycyclic aromatic hydrocarbons in petroleum and oil contaminated environmental
samples. Anal. Methods. 6, 7760-7771 (2014). https://doi.org/10.1039/C4AY01393J
Li, M., Wang, T.-G., Simoneit, B.R.T., Shi, S., Zhang, L., Yang, F.: Qualitative and
quantitative analysis of dibenzothiophene, its methylated homologues, and
benzonaphthothiophenes in crude oils, coal, and sediment extracts. Journal of
Chromatography A. 1233, 126-136 (2012).
https://doi.org/10.1016/j.chroma.2012.01.086

Li, M., Wang, T., Zhong, N., Zhang, W., Sadik, A., Li, H.: Ternary Diagram of
Fluorenes, Dibenzothiophenes and Dibenzofurans: Indicating Depositional
Environment of Crude Oil Source Rocks. Energy Exploration & Exploitation. 31, 569-
588 (2013). https://doi.org/10.1260/0144-5987.31.4.569

Engel, M.H., Macko, S.A. eds: Organic Geochemistry: Principles and Applications.
Springer US, Boston, MA (1993)

Wang, Z. D., Fingas, M., Blenkinsopp. S., Sergy, G., Landriault, M., Sigouin, L., and
Lambert, P., Study of the 25-years-old Nipisi oil spill: Persistence of oil residues and
comparisons between source and subsurface sediments. Environ. Sci. Technol.
32:2222-2232. (1998)

Wang, Z., Fingas, M.F.: Development of oil hydrocarbon fingerprinting and
identification techniques. Marine Pollution Bulletin. 47, 423-452 (2003).
https://doi.org/10.1016/50025-326X(03)00215-7

Papastergios, G., Fernandez-Turiel, J.-L., Georgakopoulos, A., Gimeno, D.: Natural
and anthropogenic effects on the sediment geochemistry of Nestos river, Northern
Greece. Environ Geol. 58, 1361-1370 (2009). https://doi.org/10.1007/s00254-008-
1639-8

70



MgB0d0A0YIKOG 00NYOC AVAAUTIKWY TEXVIKWY UYNARG amodoong yid Tnv
TapakoAoudnon TOEIKwWY XNHUIKWY OUCLWY 0To TTEPIBAAAOY

MEPIEXOMENA
PO O Lo 74

KEDAAAIO 1. DAZMATOMETPIA MAZON ME MHIH EMAFQrIKA ZYZEYTMENO TMAAZMA

(ICP-MS) ettt e e e 75
Ouwpdag Xmavog (AIMAE)
1.1, TEXVIKI ICP-MS ittt ittt ittt ettt ettt ettt eteeeeeeeeeeennsannnsnnseseneens 75
1.1.1. Tt HETPOUV TA PACHATOHETPA HALWY +eernnrrrrenrerrnneereaneeeansaeenns 76
1.1.2. OpYaVOAOYIA ICP-MS ...t et eei e eeeaaeeaas 78
1.2. EMAYWYIKA GULEUYHEVO TIAGOHQ «eennreeenneerenneeeaneeeeanseeeansesennsesenneseenneenn 79
1.2.1. Zxnpatiki avamapdotaocn dnploupyiag tou emaywylka culeuypEvou
1174 (] e 5 o T 80
1.2.2. NMAEOVEKTAPATA XPNONG TOU APYOU euuvrernneeeraneernnneerenneeeannseenns 81
1.3. ZUoTnpa eloaywyng OElypatog - eKVeEPWTNG (nebulizer) .....oovvvviviiiinninnnnn.n. 82
1.3.1. Z0otnpa Siacuvdeong ICP pe paopatopetpia palwv (interface..... 82
1.3.2. OTITIKO GUOTNHO. et tennteeeneeeenneeeanneeeanaaeeanaeeeanaeesansseensasenns 83
1.3.3. ZUoTnpa eotiaong LOVIwY - @akoi Wvtwv (ion focusing) ............. 84
1.3.4. KeAl ouykpouong/avtidpaong (CRC- collision/reaction cell) ........ 84
1.3.5. OTTTIKN LOVTUIV et teeeeeeeeeeeeteennnnnnnnneeeeeeeeeeeeeeeensssnnnnnnseeenns 87
1.3.6. AVAAUTNG HAZAG - TETPATIOAD «.uveeenreeeanneeeaneeeenneeeeaneeennsaeenns 87
1.3.7. AVIXVEUTIHG LOVTMIV tetnrteeeneeeeneeeanneeeanneeeanseeennaeesensseensesenns 88
1.4. BaBPovopPNon KAl MTOGOTIKOTIONNOM .vvvernreeeeneeeeneeeeaneeeeaneeeennseeenseseenneenn 89
I 0 T I o Yo Lo U7 g e A7 e 1 YU Lo ] o 89
1.4.2. HUUTOGOTIKI) AVAAUGT . vt tteeeeneeeeineeeanaeeeanseeeanseseansesensssenns 90
1.4.3. lootomKnA avaAoyid, yla [GOTOTKN avaAucn Kdal lGOTOTKN apdiwaon
......................................................................................................................... 90
1.5. OAOHA PATAG ICP-MS. .ottt ettt et e et eeeeeaaaeeanneeeanneenn 91

1.5.1. ZUykplon texvikng ICP-MS pe AAAEG TEXVIKEG OTOIXELAKAG avaAuong 92
1.6. Ektopn pe Laser-Emaywyikda Zuleuypévo MAdopa-dacpatopetpia Malwv, LA-ICP-

71



MgB0d0A0YIKOG 00NYOC AVAAUTIKWY TEXVIKWY UYNARG amodoong yid Tnv
TapakoAoudnon TOEIKwWY XNHUIKWY OUCLWY 0To TTEPIBAAAOY

KEDQAAAIO 2. OAZMATOZKOMIKEXZ MEOGOAOI YMEPIQAOYZ - OPATOY (UV-VIS) TIA
MEPIBAAAONTIKH ANAAYZH ..viiiiiiiiiiiiiiii e 94

Xpnotiva Xat{nxpnotou (AIMAE)

7280 I T o Y7 1Y/ o T 94
2.1.1. |OLOTNTEG TOU (PUOTOG «uvveeeennnnneeeeeennneeeeeeennssseeeeennsseeeeennnnens 94
2.2. TO HAEKTPOUAYVNTIKO (PAGCHA «veennreerenneeranneeeanneeeanseeeansseennssesansseensseenns 95
2.3. Bouguer-Lambert-Beer Law ......uuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeennnnnnnns 96
2.3.1. ATOKAIOELG ATTO TO VOO TOU BEEr...vviiiiiiiiiiiiiicieeeeeeeee, 98
2.4, OpYAVOAOYIA UV-ViS ottt i ettt ei e e eeea e eeanaeeaanaeanns 99
2.4. 1. TUTTOU OPYAVIOV 1 veeenneeeeeneeeeaneereaneeeenneeeanseeeanseseanseeeanseennes 100

2.5. Avantu€n moooTIKAG MeEBOdOU yla €va OUCTATIKO XPNOLHOTIOWWVTAG KAUTTUAN
376 (5010177 ¥ g T Ve 102

2.6. EpappoyEg Tng pacpatopwtopeTpiag UV-Vis otnv mepiBaAloviikn avaiuon ... 103
NN 11T oYX« 105

KEDAAAIO 3. AEPIA XPOMATOIPA®IA- ®AZIMATOMETPIA MAZAZ H TEXNIKH XHMIKOY
AMOTYMNOMATOZ TETPEAAIKON  YAPOITONANOPAKQON XTHN TEPIBAAAONTIKH
EFKAHMATOAONTKH TEQXHMEIA ...eeeeiiiiiiiiiii it 106

Zo@ia Mntkidou & NikdAaog Kokkivog (AIMAE)

1 =00 LAY 3 T o 106
3.1. Eloaywyn OTN XPWHATOYPAPIO. . veernnreeraneereaneerenneeeanneeeenseeeensseennaeeenns 107
3.1.1. Aépla XpWHATOYPAPIA (GC)urrrrrinereeieeieieeeeieeeeeieeeeaeeeannans 108
3.1.2. GC AVIXVEUTEG (DEteCtOrS) vuuveiiiieiiie i i eeieeeeieeeanans 113
3.1.3. OacpatopeTPia PHAZAG (MS) tuvviitiiieiiii e e eeieeeeeeaenas 114
0 R T € O 1 P PP 116

3.2. Texvikn xnUIKoU amotutwpatog metpeAaiou (Petroleum Forensic
FINGerprinting) «ovvieieiiiiiiiiii i ittt i eeeeeeeeeeeeeeeeeeeeennnnns 118
3.2.1. AvdaAuon Blodslktwy netpeAaiou (Petroleum Biomarkers Analysis) 120
3.2.2. AlayvwoTikEG mapdapetpol Blodelktwy (Biomarker Diagnostic

o L= 1411 0] ) 124
3.2.3. Aepyaocieg aAloiwong Twv BlodelKTwyY He To Xpovo (Weathering of
(0] 0] 33 F- 1 =] - PP 125
3.3. AVAAUGN TWV PAHS KAl TWV PASHS ...ttt ee e e eeeeeaas 127
3.3.1. Weathering TV MAYG (PAHS) . .iiiiiiiiiiiiiiiiiiiiiiiiiiieeee e 128

3.4. MeBodoAoyia mpoodlopilopou udpoyovavipdkwy oe mepBaAAovTika dsiypata . 128

72



MgB0d0A0YIKOG 00NYOC AVAAUTIKWY TEXVIKWY UYNARG amodoong yid Tnv
TapakoAoudnon TOEIKwWY XNHUIKWY OUCLWY 0To TTEPIBAAAOY

S R AN LAY/ ¥ T 4 (oYY 3 1 129
3.4.2. NapaAaBn opyavikoU ekxuAiocpatog amod udatika osiypatd......... 129
3.4.3. AlaXwWpPLOHOG HE XPWHATOYPAPIA OTAANG. c.uveeeereeraeeenaneeennnnnn 130
3.4.4. 'EAeyX0G aVAKTNONG KAl TTPOTUTTEG EVWOELG «uvvveeeennnnnneeeeennnnnnns 130
3.4.5. NapaAaBn opyavikoU ekxuAiopatog amo dsiypata Wnpdtwy ....... 130
3.4.6. Aépla Xpwpatoypagia-®acpatopetpia palag (GC-MS).............. 131
3.5, ATTOTEAEGHATA KA ZUCNTNION ¢t tnnteeeeeeeneeeeeeannneeeeeeannseeeeeesnssseeeennnneens 132
3.5.1. NMeploxn HEAETNG (STUAY Ar€a)..eeeeeeeeereereiieeeieeeeieeeeeneeennnnns 132
3.5.2. Xpnon twv BLOGEIKTWY OTN CUCGXETION TETPEAALOEISWY PUTIWVY ..... 133
3.5.3. AvdAuon udaTIKWY OELYHATWY KA LNHATWY wevnrrrernnernnnneennnnn. 139
D U] £=70 o Uo ¥ Lo 4 /e (RN 140
Y 11T oYX« 141

73



MgB0d0A0YIKOG 00NYOC AVAAUTIKWY TEXVIKWY UYNARG amodoong yid Tnv
TapakoAoudnon TOEIKwWY XNHUIKWY OUCLWY 0To TTEPIBAAAOY

MPOAOIOx

Ta ouyxpova mepBAAAOVTIKA TPOBAAUATA amaltouv KATAAANAR OewpnTikn Kat
EQPAPHUOCHEVN EMOTNHOVIKA YVWON Yla TNV TPOCEyylon KAl tnv €miAuon toug. H
dlagopotmoinonl Toug OPWG Kal N avaykn yld AamoTEAECHATIKN TapakoAoubnon plag
HEYAANG opadag To€lkwY ouclwy (TOX) o€ emimeda IXVWV Kal UTIEP-IXVWYV EMEBAAav tnv
ene€epyacia OlAPOPETIKWY HEBAOWY avaAuong, mou xapaktnpilovrat amd uwnAn
euatcOnoia, eMAEKTIKOTNTA, avamapaywylpgotnta Kat akpiBela.

O peBodoA0YIKOC 00NYOC ONHUOCIEUETAL GTO TTAAICLO TOU £pYou Pe KwOLkO BSB27, "Aiktuo
OLEMOTNHOVIKAG cuvepyaciag otn Askdavn tng Maupng ©dAaccag yia tn Blwotpn amo
KolvoU TapakoAoubnon TnG HETAVACTEUONG TOEIKWY OUCLWY OTo  TEPLBAAAOY,
BeATiwpévn afloAoynon TNG OIKOAOYIKNG KATACTAoONG TwV EMNTWOLWY eMBAABwY
OUGCLWY OTNV avOpwmivn Uyeia Kat mpoAnyn tng €kBeong tou MANBucHoU" (aKpwVUULO
"MONITOX"), xpnuatodotnbnke amd to Kowvd Emixelpnolako Mpdypappa CBC tng EU
"Aekavn Maupng ©aAacoag 2014-2020", to omoio UAoTIOINBNKE Katd tn OlAPKELd TWVY
etwv 2018-2021 amd 1o "Dunarea de Jos" Mavemotnpio tou laAatiou, Poupavia
(Emke@aAng tou [poypdppatog) o€ ouvepyacia pe Tto Ivotitouto ZwoAoyiag,
Anpokpartia tng MoAdaBiag, to Alebvég Mavemotnpo tng EAAGSag (AIMAE-KaBdAa), to
lvotitoUuto MewAoyiag kal XelopoAoyiag, Anpokpatia tng MoAdaBiag kat to EOvikO
lvotitoUto Tou AéAta Ttou AoUvaBn yia ‘Epsuva kat Avamtuén, Tulcea, Poupavia.

AuTtog 0 00nyog mapouctdlel KUPLEG TEXVIKEG Tou e@appdélovtal ylua tnv avdaAuon
avopyavwy Kdal opyavikwy ouclwyv oc emimedo OIktuou MONITOX, amoteAwvtag PEPOG
pLag oglpdg HeBodoAOYIKWY 00NYwWY TTOU TTPOKELTAL va EKO0BoUV GTO TAdICLO TOU £pYou.
Baciletal o€ pla KTEV MPOCWTIKA EUTTELPIA TWV CUYYPAPEWY Kal OTIC KAAECG OLEBVEIC
TTPAKTIKEG OTN HEAETN TWV TAPAPETPWY OlAPOPWY TEPIBAAAOVTIKWY TTAPAYOVIWV.

O MeBodoAoyilkog OAnYyog xwpiletal os Tpia Ke@AAAla Kal TEPLYPAPEL TIG BEWPNTIKEG
apX€C TWV TEXVIKWY, EOIKA Opyava Kal meEPIBAANOVTIKEG EQPAPHOYEG TWV
ONHAVTIKOTEPWY AVAAUTIKWY EPYAAEIWV TTOU XPNOIHOTIOIOUVTAL Yid TOV TPOCOlOPIoHO
Bapéwv PETAAAWY, IXVOOTOIXEIWY, ETHOVWY 0pYaVIKWY PpUTIWY, TETPEAAIOEIOWY Kdal
(PUCIKOXNUIKWY TIApapéTpwy o€ mepBaAlovtika Ociypata. Ol OCUVTAKTEG Kdal ol
ouyYypageic euxaplotouyv Wolaitepa tnv Kabnyntpia 6p. Elena Zubcov, cuvtovioth épyou
Tou Opupato¢ etaipou 2 (lvotitouto ZwoAoyiag), ywa TNV dAvackomnon Tou
peBodoAoyikoU odnyou.
KaBaAa ZentépBplog 2021

74



KEDAAAIO 1.

®AIMATOMETPIA MAZQON ME MHIH EMAFQrIKA TYZEYTMENO MAAZMA
(ICP-MS)

OwAg Zmavog
Texvikég Evopyavng AvdAuong, Alebvég Mavemotnpio tng EAAGdog (AIMAE), ZxoAn
Oetkwy Emotnpwy, TpApga Xnpeiag, Ay. Aoukdg, 65404 KaBdaAa, EAAAdaq,

tspanos@chem.ihu.gr

1.1. Texvikni ICP-MS

Eivat n eupUtepa xpnoIHOTIOIOUHEVN TEXVIKN QACHATOHETPIAC atoplkwy palwy, Omou o
LOVIOHOG TwV OTOIXElWY Tou dsiypatog yivetal e mAdopa apyou (Ar) mapopola Pe v
TEXVIKN (PACHATOMETPIAC ATOMIKNG EKTIOUTING HE emaywylka culeuypévo mAdopa (ICP-
AES 1 ICP-OES), n dtapopd £YKELTAL OTO YEYOVOG OTL 0 SLAXWPLIOHOG KAl N aviXveuon Twv
LOvIwy mou oxnpatiovtal amé to deiypa, yivetal pe pacpatopetpo palwyv, Pe Bacel tov
Adyo m mpog 1o Yoptio Toug z (M/z). H texviki ICP-MS gival cuvduacpévn TeXVIKA
(hyphenated technique), avaAuel pe emtuxia oxeddv OAa ta otolxeia tou TEPLOSIKOU
mivaka amd to Li péxpt 1o U, mpayyatomolwvitag Tautoxpovo mpocdloplopo HeydaAou
aplBpoU oToIXEiwV (TTOAUCTOLXELAKN avopyavn avaAuon), pe 6plo avixveuong 0,01-1ppb.
[1]. Zta otowxeia mou mpoodiopilel n texvikn ICP-MS cupmepidapuBavovtal: ta aAkdAud,
ol AAKAAIKEG Yaieg, Ta HETAAAd, TA PETAAAOELON KAl Ol OTIAVIEG YAIEG O TOAU XAUNAEG
OUYKEVTPWOELG, HE EPAPHOYN OE TOPEIG OTIWG £PEUVEC YEWXNUIKEG Kal TTEPIBAAAOVTIKEG,
TUPNVIKNG  XNnpeiag, avaAuoelg BloAoylkwy OElYPdTwy, (PAPHAKEUTIKA Tmpolovra,
£€€I0IKEUPEVEG avaAUOELG TPOPIHWY, LOOTOTIKA avaAuon K.d.

H texvikn ICP-MS eival oxeTika Kawvoupyla texvikn tng Evopyavng Xnuikng AvaAuongc.
Avantuxenke oto TEA0G tng dskastiag tou 1970, otnv AyyAia amd toug GRAY kat DATE
Kal mapdAAnAa otnv Apeptkn Kat tov Kavada amo toug HOUK kat DOUGLAS.

H avaykn avamtuéng tng ICP-MS mpoékuye amd tnv avaykaldtnta eEeUpeong Hlag
BEATIWHEVNG TEXVIKAG Yl TOV TTPOCSOLOPICHO IXVOTTOCOTNTWY Bapeéwyv HETAAAWY, 18iwg
otav amatteitat n €€eUpeon TNG avaloyiag Twv LCOTOTWY TOUG, Tou oxnuati{ouv
KapBidla pe TOAAEC PACHATIKEG YPAMUUEG, TOU OUCKOAEUOUV TNV afloAdynon Twv
(PACPATWY EKTOUTNAG TOUC. MeviKa loxUel OTL ta @daopata palwyv ival amAdovotepa amo

Td ACHPATA EKTTOUTAG. XTO (IXNHa 1.1.) CUYKPIVETAL TO PACHA TOU OTOLXE(OU ONUNTPiou
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(Ce) mou An@ONnKe pe TNV teEXVIKA TG ICP-AES Kat tnv texvikn g ICP-MS, mpokUTTtel Ot
pe v ICP-MS AapBavetat @dacpa amAoUoTtePo HE AlyOTEPEG KOPUWEG [15].

(a) ICP-OES . v (B) ICP-MS
3 & - |
.6 i | 13
g, N (ol @,
0 o 1 X
\ bl
unKog Koparog (nm) Mala (Da)

Ixnua 1.1. Z0ykplon £vog @acpatog Anpntpiou (Ce) a) pe tnv texvikn ICP-OES B) pe tnv
texvikn ICP-MS [15]

2e oUYKPLON HE TIG TEXVIKEG ATOMIKAG amoppognong (AAS), n ICP-MS €xel peyaAutepn
Taxutnta, akpiBela kat euaiednoia, xapnAdtepa opla, emiong ivat mo guaicdntn otov
EVIOMIOHO XVWV HOAUGHATIKWY OUGCLWY TOU TPOEPXOVIAL Aamd TA UAAIKA Kadl Td
avTidpacTipld Kal OTOV EVIOMOMO OVTIWY Tou pmopoulv va mapepmodilouv tnv
avixveuon aAAwV LOVTwWV.

2e oUykplon pe tnv Ttexvikn ¢ ICP-OES, n mokkiAia twv gpappoywyv ICP-MS tnv
utepBaivel O10TI PETPA ©f AKOPN XxapnAotepa emimeda, Me avumépBANTN
avamapaywylkotnta o€ OXEon HE KABe AAAN TEXVIKA KAl HE HNOEVIKEG XNHIKEG

TapePTOBICELC.

1.1.1. T HETPOUV Ta PACHATOHETPA HalwV

Ta @acpatopetpa palwyv Olakpivouv TI¢ Haleg 1ootomwy. Ta ATOPIKA Kal Ta poplakd
Bdpn otnv atoplkn Kat poplakn @acpatopetpia palwv ek@pdlovral o€ HovAdeg

atopikng padag (amu, atomic mass units) ) Dalton (Da). ‘Eva amu 1} Da opiletal wg 1o

1/12 tng palag evog oUGETEPOU ATOHOU 150. Emopévwg to 1o0ToTmo TOU 150
avtiotolxei o 12 amu (Da) akpBwg. To Yéco atopikd Bapog (A) evog OTOIXEiOU, TIOU
amavtda otnyv @uon loouTtal PE To ABPOIoHA TWV ATOPIKWY HAlwV An TWV N IGOTOTWY TOU
oTOIXE{OU, TTOAAATIAQGIACHEVOU HE TIG OXETIKEG APOOVIEC (Pn) TWV LIOOTOTIWY AUTWY OTNV
@uon (1-1). lodtoma kaAoUuvtal T OTOIXElA TTOU €XOUV Tov (0lo aplBud mpwTtoviwy
OnAadn Tov i0lo atopiko aplBpd (Z), aAAd Sia@opetikd aplBuo vetpoviwy (N), dnAadn
EXOUV OLaPOPETIKO ATOUIKO Bapog (AB = Z+N) [15].
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, (1-1)

A= Z "rln " Py

n=l1

Mapddetypa (ZxApa 1.2.) Ta duo Kuplotepa todtoma tou xAwpiou, (Zxnupa 1.2.(a))
€XOUV aTopIKO Bapog 35 kat 37 kat oxeTikn agbovia 75% kat 25% avtiotoxa, dnAadn Kat
Ta uo €xouv amo 17 mpwTovid €KacTo, aAAd ta vetpdvia eivat 18 kat 20 avtictoixa. Me
gpappoyn otnv efiowon (1-1) mMPOKUTTEL OTL TO ATOHIKO BdApog Tou xAwpiou eival

Ac = 35,5
BCI(75%) _ 3

0 Adyog W-T EKQPPAlEl TNV OXETIKA abovia Twv OUO GOTOTWY OTWG
paivetal oto avtiotolxo gpacpa palwv oxnua 28.

(a) lodroxa tou hwmpiov ‘) <>

JCI Cl

Iyerua aglovia %

“.\ yovwa 17 ”.\ yrovaa 17 > — - = e

Netpdva 18 Nepdva 20 Mé&la (Da)

3 i aoBovic ey . .
Tyern) agbovia Cl(75%) Y 1 (25%) “{)«I»;gnuu PaLOV TOU ZAPLOV

Ixnua 1.2. Kupldtepa 1ootoma tou XAwpiou PE To avtiotoxo pdcpa palwyv toug [15]

Ta deiypata mou pmopeil va avaAuoel n texvikn ICP-MS sivat uypd aAAda pmopel va sivat
Kal oteped (avaioya PE TOV TPOTO El0Aywyng), OTN CUVEXELA YivETAl LOVIOHOG TOU
Oclypatog e to emaywylkd culeuypévo mAdopa, t€Aog Eva gacpatopetpo palag (MS)

Olaxwpilel Katl TOGOTIKOTOLEL Ta 1ovTa, (Zxnua 1.3.).
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~ NEBULIZATION DESOLVATION VAPORIZATION ATOMIZATION IONIZATION MASS ANALYSIS

2 - gmeciem

vao L :..z.;.:t B amp
belypa Te%l- +

Aerosol ° =. @ ‘%\" %’

=t I wperiSio—e=MaopLo Aropo 1év G éaopa pagag
Z1EPED
delypa
Exvedwtr¢ (Yypd) | OdAapog Plasma Mass

Laser (Zteped) | Wekaopol Spectrometer

Ixnpa 1.3. Ixnuatikn owatagn ICP-MS amo tnv elcaywyn Tou Osiypatog HEXPL TO pAcHa
pacag [2, 3, 16]

1.1.2. OpyavoAoyia ICP-MS

To @acpatopetpo ICP-MS, (ZxAua 1.4.) anoteAeital and ta TpApara:

BonBnTiké nidopavos | 0 NN S/ 3 onmike oUoTnUG - —————————

aéplo(Ar)

: J‘_—-——-‘r* \\,

b h nupgoc ICP .
o | zoTi § avaiuTng padag
- AR : i (TeTpdnoio)

skimmer cone -
pepov agpio (Ar)

sample

= |

deiypaTo : 3

olioTNHa €0TIOoNC:

OToUC (PaKoUC 1I0¥yTwY soTialeTal kal suBuypappileTal n déoun 16vTLY
OTH OUYEXEI0 AnoOPaKpUYOYTOl Td (PWTOVIO Kal TA OUSETEPU OwHATIOIO

unmwkrl'l avThia | avrhiec kevol (Sidxuonc)
10 ~Atm UWNAS Kevd MS 102 Atm

Zxnua 1.4. ®acpatdpetpo ICP-MS [4, 16]

1. emaywyilkd oculeuypévo mAdopa (mupoog ICP kat RF mnvio)

2. ouotnpa sloaywyng Oelypatog - eKve@wtng (nebulizer)
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3. oUotnpa diacuvdesong (interface): cuvdéel Tnv mnyn WOvtwv ICP (atpoo@alpikig
Tieong) pe To pacpatopeTpo palag (UPnAo Kevo)

4. OmTIKO cuoTnHaA

5. avaAutn palag, Talvopsi Ta 1Ovta o€ oxéon PE TNV avaloyia m/z

6. avIXVeuTn WOVTWY PETPA Ta 0laitepa 1OvTa mou eEEpxXovTal amo 1o TETPATTOAO

7

NAEKTPOVIKO UTTOAOYLOTH Yia Olaxeiplon Kal amotignon twv 0£00PEVWY
1.2. Emaywyika ouleuypévo mAdopa

To emaywylkd oculeuypévo mAAopa Ar gival £€va TOAU Beppd aéplo TOU evepyoTrolEiTal
HE ETAywWYIKN B€ppavon amo €va NAEKTPIKO TNVIo, TEPIEXEL Pia EMAPKN CUYKEVTIPWON
amo 0vta apyoUu Kdl NAEKTPOVIA WOTE VA KAVOUV TO AEPLO NAEKTPIKA aywylho. XTo
TAdopA Ta BTIKA OvVTa eival oxeddv OAa amAd QOPTICHEVA KAl UTIAPXOUV Alya apvnTika
lOVTA, OUCLACTIKA eival NAEKTPIKWG OUOETEPO, YIATI 0 KABE OETIKO POPTIO LOVTOG
avTIoTOIXEL €éva eAUBEPO NAEKTPOVIO.

‘Eva emaywylkd ouleuypévo mAdopa (ICP) ywa @acpatopetpia dnpioupyeital o €va
mUpod TTou amoteAsiTal amd TPEL OPOKEVTPOUCG GWANVEG, CUVROWCS KATACKEUAGHEVOUG
amo xaAalia, (IxApa 1.5.). Av 0 eowTepPIKOG ocwANvVAg Tou mMupcoU amoteAsital amo
{ageipl PTmopEl va XpNCIHOTOINOEL yld TNV XWVEUON TwV OELYHATWY Kal To udpo@Bopiko
o€U. H kopu®n Tou Tupoou gival TomoBeTNUEVN HECA OE £va EMAYWYLKO TINVio-oTeipapa
ou Tpowodoteital pe pia padlo-cuxvotnta (RF) amd nAeKIplkO pelpa Kat €TI0l otV
KOPU®N ToU TTUpcooU TO apyd PETATPEMETAL GE TTAACHA.

Mia pon agpiou apyou (cuvibwg 14 £wg 18 L/min) elcdyetal otov eEWTEPIKO cwWANRvVa
TOU TTUPOOU Kal £vag NAeKTpIKkOG omvOnpag (Tesla) epappdletal yua Aiya osutepOAenta
yla va sloaydyel eEAeUBepa NAEKTPOVIA EVTOG TOU PEUPATOC TOU apyou. Ta nAeKTpovia
autd aAAnAosmépouyv e TN PAadlocuxXvoTNTa Tou payvntikou mediou Tou Snploupyeitat
amo TO EMAYWYIKO TNVIo Kal emTaxiuvovtal apxIkd mpog Tn pia Kateubuvon Kal PETd
POG TNV AAAN, Kabwg to medio peTaBAAAETAl PE UPNAR ouxvotnta, cuvnowg 27,12 n
40,68 MHz [16]. ZTn cuvéxela cuyKpouovTal HE Ta ATopa apyou, (IxAua 1.6.) Kat HEPIKEG
POPEC N oUyKpouon avaykalel éva datopo apyou va XAcel €va amd ta nAEKTpdvia Tou
(Ar — Ar* + e7). To ameAeuBePWHEVO NAEKTPAOVLO HE TN CELPA EMTAXUVETAL ATTO TO TAXEWG
pHETABaAAOpEVO payvnTiko medio Kat n Oladlkacia cuvexileTal autopata PEXPLG OTOU O
puUBPGG ameAeuBEPWONG TWV VEWY NAEKTPOVIWY amd cuykpoUoelg ElcoppoTieital amo
ToV puBuo avacuvouacpoU Twv NAEKTPOViwy PE Ovta apyou. ‘Etol dnpoupyeital to
mAdopa, pla @Aoya «fireball» mou amoteAsital Kupiwg amod datopa apyou Kat €va HIKpo
KAdopa €AeUBepwy nNAEKTPOViWY Kal 1Oviwy dapyou, mTou Adyw TnG HEYAANG
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NAEKTPOVIAKNG TTUKVOTNTAC TTOU EMKPATEL OTO XWPO AUTO, avamtucoovtal Je Tnv TpiBn
HEYAAEC BeppoKkpacieg Tou @Bdavouy péxpt Toug 10.000 K. H katdotaon autn ovopaletal
EKKEVWON EMAYWYIKA cULEUYHEVOU TTAAOHATOC KAl TTAPAYEL UTTEPLWAEG PWC, (OEV TTPETIEL
va to Kottadel kaveic apeoa). H Beppokpacia tou mAdopartog ivat moAU uywnAn, otnv
KOpU®N Tou Tupoou eival tng taéng twv 10.000 K kat mepimou 8.000 K oto KEVTPO TOU

mAdopartog (KavaAl), (Ixqua 1.5.).

Mia dgUtepn pon apyou (mepimou 1 L/min) elodyetal oto pecaio cwAnva yua va

KPATAOEL TO MAAOHA o€ oTABepn BepUoKpacia Katl pakpld amod Ty Kopugn Tou mupcou.

Opérevrpor cwhives  RF oneipapa H Paboguyvétnta nporalel
yohalia <mupodcs -+ Ypryopn TahavTwon Twy WyTwy Ar
kel Tww nAerTpoviey = HEAT (~10,000 K)

Agmo pofne

Ewvaywy£ag delypartog
[LE pépov agplo —*

To beiypa ewedyetoan e popdi) agpoadl
GT0 KEVTPO Tou MAGepatog, {npalvetal,

.- : — . . .-
Agplo mhdopa Suaomdral, atoponoteitar ka wvilerar 6500 K.

Ixnpa 1.5. Mupoog emaywyilka culeuypévou mAdopatog [3, 16]

Mia tpitn pony apyou (kat maAt cuvnBwg mepimou 11/min) agpiou €lcdyetal otov
KEVIPIKO CWANVA Yld vad KPATACEL TO TAAOHPA HAKPLd ATO TO AKPO TOU KEVTPIKOU
owAnva, autn n pon Tou aspiou Kabwg SLEpXETal HEoa Ao TO KEVIPO TOU TAACHATOC,
oxnuartidel €va KeVIPIKO KavaAl To omoio gival Yuxpotepo amd to meplBAAAov mAdoua,

aAAd e€akoAoubei va sival oAU Beppdtepo amd pia Xnikn @Adya.

1.2.1. IXNMATIKR avamapdaoctacn OnuIoupyiag Tou EMaywylkd ouleuyHEvou
mAdopatog

A. to aéplo Ar otpoBiAiletal péoa oTov TUPGO, OTO TAVW HEPOC TOU OTOIOU UTIAPXEL TO
EMAYWYIKO Tnvio-omneipapa, B. padioouxvotnta (RF) epappoletal oto EmaywyLko mnvio,
C. ZmvOnpag (Tesla) lovilel pepikwg To apyo, D. Ta eAelBepa nAeKTpovia Tou Apyou

emraxuvovtal and 1o medio padloCUXVOTATWY TTPOKAAWVTAG TEPAITEPW LOVICHO TOU
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apyou Kat £tol dnyloupyeital to mAdopa, E. to agpoloA tou dsiypatog mepva amo 1o

E0WTEPIKO TOU MUPoOU Kal ONUIOUPYEL pla o oTo TAdopa, oxnpa 1.6.

Oepuoxkpaaia (K)
(= 10%)
i e
/ T T 6200
- 6500
L 6800

0000
6000
6600

A B € J 4 —_; —— 8000
8 ) o 10000
O O (kupieg nAGoua
O o) “nugget shaped”)
/6 ey o
\\(:/jw“ M’E//

D E

Ixnpa 1.6. Avamapdotaon twv otadiwy dnploupyiag Tou emaywylkda culeUyHEVOU

TAdopAtog

To mAdopa apyou Ttpo@odoteitat amd tnv daAAnAemidpacn Tou UTApPXEL amo
NAEKTPOUayvnTiké medio To omoio dnploupyeital amd pia yevvATpla padloocuxvotntag.
Ymapxouv ol YEvVNTpLlEG oTtaBepng ouxvotntag (frequency stabilized Rf generators) mou
Tapayouyv otabepn padlocuxvoTnTa Kal ol YEVVATPLEG EAeUBepNC Sladpopng (free raning
generators) otTig omoieg n ouxvotnta petaBaAAstal Kabwg aAAalouv ol GUVONKEG Tou
TAQOPATOG £TCL WOTE VA EMTUYXAVETAL KAAUTEPN cUPBATOTNTA TNG PASIOCUXVOTNTAG HE
TO MAdoMA. ZAPEPA XPNOlPoTolouvTal ol YEVVATPLEG eAeUBepng dladpoung. To mnvio

WNXETAL OJOLOYEVWG HE VEPO N AEPLO apyo.

1.2.2. TMAgovEKTNHA XpRCNG TOU apyou

Ma tn dnyloupyia Tou TAACHATOG XPNOLIHOTIOIOUHE KUPIWS apyo Kal Atyotepo To HALo.
Mée to TAdopa apyou £XOUHE TA TAPAKATW TTAEOVEKTAHATA £vaAVTL TwV AAAWY agpiwy, TO
apyo eivat dgbovo (Bpioketal otnv atpoceaipa 9340 ppm w¢ aAMOTEAECHA TNG
padlevepyou dlacmacng Tou KaAiou), eival @Bnvotepo amd dAAa euyevn agpla, ivat
EUTOPIKA Olabéoipo, ayopdletal oe PUAAEC Pe gyyunuévn kaBapotnta 99,999%, eival
XNUIKA adpavég, emopEvwg 0ev oxnpatilel dsopoug pe ta dlagopa mpoodlopt{opeva
otowxeia. Emiong éxel upnAdtepo mMpwTo SUVAMIKO loviopoUu 15,6 ev Kal £€Tol PTopEi va
lOVIOEL Ta MEPLOGOTEPA OTOIXEIA TOU TEPLOodIKOU Tivaka, n avtidpaon (Art + e — Ar)

glval TEPLOCOTEPO EVEPYELAKA €UVOIKA amd tnv avtidpaon (M* + e — M), autod
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e€ac@alilel OtL To Ociypa Tapapevel LOVICHEVO (WG M) woTe 0 pacopatoypdgog palag
va YTOPEL va To aviXVeUoEL.

1.3. XUoTtnya slcaywyng dgiypatog - eEKve@wtng (nebulizer)

To mpog avaAuon Ociypa slodyestal pe tn Bonbela plag mepIoTaATIKAG avtAiag o Hopen
OlaAUPaTOC oTov eKveE@wWTH (nebulizer), TOU TO METATPEMEL OE HIKPOOTAYOVEG
(agpOAupa), QUTEG €lo€pxovtal oto OdaAapo agplomoinong tou Oeiypatog (spray
chamber) kat amd ekei 0TO £0WTEPIKO KAVAAL TOU TUPoOU HeE tn Bonbela peUpatog
apyou, (ZxApa 1.7.). Méoa otov oplloviio TupcOd €va otayovidlo  Tou
eKveve@omolnpévou Osiypartog e€atpidetal Kal Tuxdv oteped mou eival OlaAupéva oTo

uypo e€atpifovral kat dlacTwvtal o€ atopa [5].

Nebulizer Small droplest to ICP
.

Sample solution (high solids type)

»

Ar carier gas >

Large droplets
to waste

Ixnpa 1.7. Ekvepwtng [4]

2TI OEPUOKPACIEC TTOU EMKPATOUV OTO TMAACHd, £va ONHPAVTIKO TTOCOCTO TWV ATOHWY,
amod MOAAd xnuIKA otoixeia toviletal, (KaBe atopo xdavel to Mo XaAapd OECHEUHEVO
NAEKTPOVIO TOU Kdal oxnuatilel €va HEPOVWHEVO POPTIOHEVO 10V) OnAadn ol
HIKPOOTAYOVEG, OlACTIWVTIAL, agplomoloUvTal Kdl dtopomolouvtal, HeETd tovidovral
XAavovtag £va NAEKTPOVIO.

J€ AUTEG TIG ouvonkeg ovidovtal oxeddv OAa ta oTolxeia Kal dnploupyouvtal 1OvTa
KUpiwg amAou optiou (*). H diadikacia kpatd 10 ms amd tn oTiyun mou N HIKpootayova

(PTAVEL OTO TAAOHA.

1.3.1. ZUotnpa Slacuvdeong ICP pe pacpatopetpia palwyv (interface)

To ocuotnua dtacuvoeong tng ICP pe tn pacpatopetpia palwy, avaykalel Eva pEpog amo
Ta WOvta mou OnploupyouvTdl 6TO TAJAOHA VA TEPACOUV HECW HIAG GELPAG cuvVRBwWG 2

AVECTPAUMEVWY Kwvwy, (ZxApa 1.8.). Ot Kwvol eival peTaAAlkoi Oickol Tou
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kataokeualovtal amd Cu, Ni ) Pt kat givatl oudétepa popTiopEVol. 'EXOUV Pl KEVIPIKN
HIKPN TeUTa 1Tmm 1 Kat Atyotepo yila va Slatnpeital To uynAo KEVO oTnV TEPLOXN TOU
(PACHATOPETPOU, ATIO TNV OToild TEPVOUV TA LOVTd.

‘Eva kAdopa twv oxnuati{OPeEVWY LOVIWY OLEPXETAL HECW TOU TPWTOU KWVOU OTAG
~ 1mm (S€lyPatoANTTNG- sample cone) Kal oTn CUVEXELd £va KAAoHa autou Tou aspiou
Olépxetal amd tov OsUTtepo Kwvo omng ~ 0,4mm (amokopuwtng- skimmer cone).
Metall mpwtou Kat OsUTEPOU KWVOU ONHIOUPYEITAlL KAl CUVINPEital Kevo amd pa
UNXaVvIKA TepLoTpo@Ikn avtAia (107'Atm), Tautdxpova 0 XwWPog autog YUXETAL HE VEPO,
KATW Aamo AUuTEC TIG cUVONRKeG dev Onploupyouvtal aAAa ovta [16].

MeTtd To OgUTEPO KWVO, HEXPL KAl TOV AVIXVEUTH ONHIOUPYEITAL Kal cuvTnpeital upnAd
Kevo (10°Atm) amd OuUo OXUPEG TOUPHTIOHOPIAKEG avTAIEC (amapaitnto yia Tt
Agttoupyia tng @acpatopeTpiag palag), autn n mepLoxn YUXETAl P aéplo AALO OTOTE Ta
atopa mou Ogv £X0UV LOVIOTEL 6TO MAQoHa Yuxovtdal amotopa otoug 4 K, uypotmolouvtal
Kal amopakpuvovtal. Ta 1ovta mou sival popTicpéva dev uypoTrolouvtal Kat odnyouvtal
TPOG TO TETPATOAIKO PiATpo palag, omou Kat dlaxwpilovtal e Baon to Adyo pala mpog

poptio.

Plasma

" Extraction
Y lenses
el

Sampling
cone

ZxApa 1.8. Ot duo kwvol ICP-MS [3]

1.3.2. OmTIKO cucTNHA

AmoteAsitat amo to:
— oUoTNpA €0Tiaong LOVIWY (Pakoi 1OVIwY Kal otiaon 1OvVIwy)
—  TO KeAl oUykpouong/avtidpaong Kat tnv

—  OTTIKNA OVTWY
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1.3.3. ZUotnpa £otiacng 1OVIwY - @akoi 1ovtwy (ion focusing)

Eotialouv ta 10vta Kabwg eEEpxovtal amd TOV ATTOKOPUPWTH KWVo HEXPL va @pBdcouv
otov avaAutn palag (tetpdmoAo), o€ pla cupmayn dopn, (ZxApa 1.9.). Me epappoyn
BeTikoU OUVAULKOU OTOUG (PAKOUC LOVTIWY, TA OVIA £MTAXUVOVIAL OTO KEVIPO TWV
PAKWY. XAUNAEC TACELG EMKEVIPWVOUV TA HIKPAG HAlag 1ovTa, VW HEYAAUTEPEC TACELG

EMKEVIPWVOUV Ta PEYAANnG palag ovta [6, 7, 16].

Ta BeTIKA 10VTO TTRETTEI VA SIAXWRICTOUY

OTTG TO QLITOVIN Kol TO OUBETEPA £idn 10 OUBETEQG €51 KA1 10 PWIGVIa

BEV ENFAVOVTOL TTO WPNAS KEVO

o
Agilent off-axis ions desing ’7: -
s

H &€ oI IGVTWY KPOTETOL GUVE X |

TUYKEVTRUIEWTE OAeC ot padec vpnhng
KOl XOPARE £VEPYVEITE SIFAVOVTON 0To 14
uypnhd Kevo

Zxnua 1.9. @akoi 16vtwy [4]

MapdAAnAa ot gakoi 1OVTwyY KAavouv akoun pla omoudaia Asttoupyia, EKTpEMOVTAG TNV

ouptayn 0éopn pe amotéAsopa va dlaxwpilovral Ta BTIKA 1dvta amno:

e Ta avembuunta oudétepa cwyatidla mou dnploupyndnkav n peTapEPdnKav amo 1o
ICP, omwg atopa apyou (Ar) kat popta ofuyovou (0z)

e TA APVNTIKA POPTIOHEVA ATOPA KAl HOPLaKd LovTa

e Ta OpacTIKA pn otabepd atopa Kat 1dvta (metastable)

e TA PWTOVIA TTOU Ta amoBAAAoUV, SLAPOPETIKA av £gBavav otov avixveutn 6a av€avav

10 UTT6Babpo BopuBou.

1.3.4. KeAi ouykpouong/avtidpaong (CRC- collision/reaction cell)

H duvatotnta avixveuong twv mapadoolakwy avaAutwy TeTpamoAwyv palag yua
oplopéva Kpiowga otoixeia epmodiletal coBapd AMO TOV OXNUATIOHO TOAUATOHIKWY
(PACHATIKWY TapePTodicewy ou dnploupyouvTal amo tyv avtidpaocn tou apyou (Ar) pe
OlaAUTeG, N Tou Osiypatog pe BAolkd loviopéva €i0n, N Kat JeTa&l Toug ouvOuaouog
omote OnploupyouvTal TOAUATOMIKA LOVTIKA €i0n pe avaAoyia m/z idwa pe ekeivn tou

LOVTOG TNG avaAuTéag ouaiag mou eVOLaPEpPEL.
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To ICP-MS €mTPEMEL TOV GUUTIPOGOIOPIOHO OTOIXEIWY HE ATOMIKEG KAIPAKEG palag
(amu) 7 £w¢ 240 (Li £wg U). Mepikég paleg Opwg Ogv Pmopouv va mpoodloploTolv AOyw

i0wag padag pe oxnUAti{OPEVEG LOVTIKEG TTAPEUTTOOIOELC.

Napadstypa n pala 40, Aoyw tng agboviag tou apyou (*°Ar) oto dsiypa, n pala 80 Aoyw
Tou Oipuepolcg apyou (OArfAr kat n pala 56 (Aoyw tou oxnuatilopsvou “Ar'eQ), to
TeEAeUTaio Twv omoiwv mapepmodilel onpavtika tnv avdiuon tou Fe. Ta avwtépw
mpoBARuata e€aAsipovtal av 1o Opyavo eival £@odlacpévo Pe KeAlL oUykpouong -
avtidpaong, Hla vEa TEXVOAOYIA TOU OUGCIACTIKA a@Alpel TOV OXNUATIOHO TOAAWY

eMBAABWYV LOVTIKWY £10wY, Tou mapepmodilouyv mpLy £l6EABouUV otov avaAuth palag.
Mwg Asttoupyei To KEAL cUyKpouong/avtidpaong

To KeAl eival évag KAELOTOG BAAAPOG, TIOU €XEL OT E€l0aywyng Kat e€aywyng, £vtog

autoU pmopouv va mpaypatomolnbouv cuykpoucelg/avtidpdaoslg [8, 16].

e TIAVTA OTO KEA( EICEPXETAL £VA AEPLO, OTIOTE N THEON OTO ECWTEPLKO TOU KEALOU aAUEAveL
(n mieon e€aptatal amo TNV mMapoxn TOU AEPIOU KAl TNV OTA £l0aywyng Kat eEaywyng)

e 1 OLadpopn TwV LOVTWY O0TO KEAL EAEYXETAL ATO TO OUVAHLKO TOU KEALOU Kal TIG OTEG
gloaywyng Kat eEaywyng

e Ta LOVTA PTaivouv oTto KeAL Kal avtidpouV e TO AEPLOo TTOU UTIAPXEL G AUTO

e 1 KUpLa xpron tou KeALoU sival n peiwon 1 eEAAEIYN TWY TOAUATOHIKWY TTAPEUBOAWY

e av &va KeAl Ba eival ouykpouong n avtidpaong e€aptdtat amd To TOAUTOAO
(tetpamoAo, EATOAO 1} OKTATOAO) Kal TO AEPLO TIOU ELCAYETAL GE AUTO.

To keAl oUykpouong/avtidpaong TtomoBeteitat mplv amdé Ttov avaAuty padag

(quadrupole), (ZxAua 1.10.) Kat Ye tn A€lToupyia TOU ATTOPAKPUVEL TA TOAUATOMIKA

@Acpata twv WVIwy mou mapepmodilouy.

Gas inlet
(1t |
—_— | - |
= — I
IcP q‘. V[ \
ICP-MS lonlens  Multipole Analyzing  Deteclor
interface system  reaction— quadrupole
collision cell

Ixnpa 1.10. KeAi ouykpouong/avtidpaong [9]
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2tov mivaka 1 aivovtal PEPIKEG TAPEPBOAEC OTA AVTIOTOIXA OTOIXEID TNG AVAAUTEQG
ouciag (analyte). TEAog va onpelwBEel 0TI TPOPOSOTWVTAG TNV O TOU OELYUATOARTTN 1
TOU ATOKOPUPWTH KWVOU HE aéplo oUyKpouong N avtidpaong £XOUHE EMTAEOV
OUYKPOUOCEIC Kal avtiOpdoel TOU KATACTPEPOUV TA TOAUATOMIKA 1OVTIa ToU
napepmodifouv. TNV MEPIMTWON TOU TO KEAL pmopel va Asitoupyei Kal yua Tig 6uo

Oladlkacieg Tautoxpova ovopddletal universal Kat EMITPEMTEL TEPIOCOTEPEG EQAPHOYEG.

Mivakag 1.1
MapeuBoA<g - AvaAutéa ouoia -
Interference Analyte

12C15N, 12C14N'H 271
38Ar1H 39K
4OAr 40Ca
35C1160 51y
35C1160H 52
36Ar160 52Cr
4°Ar12C 52Cr
ZNa“0Ar 6Cu
38Ar1601H 55Mn
40Ar160 56Fe
40Ar1 601 H 57Fe
40Ar35Cl SAs
ArAr 80Se

210 (ZxApa 1.11.) @aivetal n duvatotnta a@aipeong Twv MAPEUTOOICEWY TNG KABE
Asttoupyiag. H standard Acsitoupyia evOeikvutal yia otoixeia mou Oev  €XOuv
nmapePmodioslg, n Asttoupyia pe collision yia amopdkpuvon Alywv TapePmodicewy Kal n

AslToupyia pe reaction yia amopudkpuven MOAAWY TTAPEUTIOOICEWY.

COLLISION REACTION
MODE MODE

Ixnpa 1.11. Auvatotnta agaipeong mapepmodicswy [3]
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1.3.5. OmtIKA 10vVTwY

Ta 10vta mou e€€pxovtal amd 1o KeAl ocUykpouong/avtidopaong AOyw TnG ATMOTOUNG
aAAayng mieong kat Beppokpaciag kat pe tnv emidpaocn NAeKTpikoU mediou otnv £i60d0
Tou avaAuty padag, emraxuvovtal eAEyxOpeEva Kal Onploupyouv Hia ovTikn OEoun

Kateubuvopevn otov avaAuth palag.

1.3.6. AvaAutig palag - TetpamoAo

KUplo €idog avaAuth palag eival o TeTpamoAlkog mou Oivel PACHA EUKOAO VA EPUNVEUTEL.
AmoteAeital amo 4 nNAEKTPIKA aywylpoug KuAivopoug (Olapétpou mepimou 1 cm Kat
pfRkoug 15-20 cm) mou TpogodoTtouvTdl Pe Tdon cuvexoUg peUPaATog, ol 2 KUAlvdpot (1°
{eUyog) amd toug 4 KUAivdpoug pe + DC, v ot dAAot 2 kKUAvOpol (2° {euyog) pe - DC.
Miwa evaAAaocoopevn taon padlocuxvotntag (RF) eqpappdletal oto 1° {eUyog Kal pia aAAn
oTo 2° pe dlagopd paong 180°.

To nAekTplkO TEDi0 TTOU dnloupyeital avapgeca otoug 4 KUAivopoug mpooavatoAilel ta
lOvVTda, evw 10 Medio PAdlocuxvoTNTAG Ta EMTAXUVEL EVAAAAE TTPOG TOUG KUAIVOPOUG Kal

Ta avaykadel va akoAouBnoouv pila TEPLOTPEPOHEVN TTopeia, (Zxnpa 1.12.).

nontransmitted jion  transmitted ion

T

Ixnupa 1.12. TetpdmoAo [10]

ion detector

ionization source

H avaAoyia DC/RF mou eAéyxetal amd Tov UTTOAOYLOTH EMTPETEL HOVO £va OPLOHEVO AOYO
m/z va mepvA amo To TETPATOAO o€ pia de0opEVN oTypn Kat 6a @BAvel 0ToV aviXVEUTH,
£T0L Ta 10vVTa-otabepd Bpavopata dlaxwpilovral Bdcel Tou Adyou tng palag mpog 1o
popTio toug (M/z) pe akpiBela + 0,05 amu. Ta umdAoima Bpalcpata mou eival actadn
OE AuTN TNV TAon ouyKpouovtdl PE ToUuG KUAIVOpoUG Kal £Ttol ToTE Ogv (pOAvouv otov
avixXveutn. Av m.x. puBuiotel va mepva m/z = 23/1 povo ta dvta vatpiou Ba mepvouv
EVW TA AAAA 1OVTA OXL, Opoiwg av pubpioTel va mepva m/z = 63/1 povo ta ovta Cu Ba

mepvouv amo tov avaAutn Kat 6a avixvevovtat [10].
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210 TETPATOAO Ol EMAOYEC M/Z pmopouyv va aAAdlouv o€ KABe emBupntA otypn. Emeion
T0 QUVAUIKO GTOUG KUAIVOPOUG ToU TETPATOAOU UTTopel va peTaBAAAsTal oAU ypriyopa
autd onpaivel 0Tl to TETpAmoAo Pmopei va dtaxwpilel mavw amd 5.000 povadeg atoptkng
palag (amu) To OEUTEPOAETITO KAl N 6dpwon TIHWY OUVAHIKOU TTpayHdatomoleital ToAU
ypnyopa os OAn tnv meploxn 2-280 amu, Olapkei mepimou 100 ms pe OLAXWPLOTIKA
tkavotnta 1 amu o€ 0An tnv meploxn paldwv. Auti n 1OL0TNTA EMTPEMEL OTO TETPATTOAO
va KAVEL TAUTOXPOVN TTOAUGCTOLXELAKN avdaAucn, otnv mpaypatikotnta yua capwon 25
OoTOIXElWV PE KAAR akpiBela amairtouvtal 3-4 min. Me autd tov tpomo Bpiokel ta
OlAPOPETIKA LOOTOTIA £VOG OTOIXEIOU.

H kaAn Acitoupyia Tou TETPATOAOU ATIAITEL TOV TMPOCEKTIKO KABAPIOHO TOU QIAY TTOU
onuloupyeital oti¢ paBdoug amod TN CUGCWPEUCH TWVY LOVIWY TOU ATOoPPITITOVTIdAl OTN
oladkaoia avaiuong.

Ymdpxouv Kat aAAot TUTTOL aVaAUTWY EKTOC TOU TETPATOAOU OTIWG: AVAAUTEG HAYVNTIKNAG

gotiaong, avaAutég XpOvou TITRONG, avaAuteg pe Trayida oviwy (ion trap).

1.3.7. AVIXVEUTAG 1OVTWYV

AvixveUel ta 10vta mou e€Epxovtal amd tov avaAutn palag (TETPAmoA0) Kal €Xouv
olaxwplotel amd to Adyo m/z. To pelpa Twv WOVIWY €ival YEVIKA XAUnAo ylL auto
xpelaletal évag moAAamAactactig. O avixveutnig Hetagppdadlel Tov aplopd Twy LOVIwY Tou
KTUTIOUV, O€ NAEKTPIKO OAPA TTOU GXETI{ETAL PE TOV APIOHO TOU EVOLAPEPOVTOC OTOIXEIOU
HEoWw Xpnong mpotumwy OlakpiBwong. ZuvABwe xpnolgomoleital 0 TOAAATAAGLACTAG
NAEKTPOVIWY ouvexoUg Ouvodou Tou amoteAsital amd £va aplopd duvodwy, (IXApa
1.13.). Ta el0epxOpeva BETIKA POPTIOPEVA 1OVTA TIPOCTITITOUV 6TNY TPWTN dUVOdOo Kat
TapAayouv €va 1 TEPLOOOTEPA OEUTEPEUOVTA NAEKTPOVIA. XTN OUVEXEWD aAUTA TdA
NAEKTPOVIA KTutoUv otn 0gUtepn OUVOD0 Kal EAEUBEPWVOUV TIEPIOCOTEPA NAEKTPOVLA,
HETA otnv Tpitn OUVOOO K.0.K. Me KABe vEo KTUTnUa mapdayovtal TEPLCCOTEPA
NAEKTPOVIA Kal To orpa evioxUetal 104 éwg 107 popég. O aviXVEUTAC HETPA Ta KTUTTAHATA
ava GsUTEPOAETTO (counts per sec-cps), amobnKeUEL TO OAIKO onpa amo Kabe pala (m/z)
Kal OiVEL TO TIOLOTIKO PACHA ToU OEiydATOC, YEVIKA UETPA HEPIKEG OEKAOEC LOVIWY TO
OcutepOAento. To péyeBog KABe Kopupng eival avaloyo TnG OCUYKEVTIPWONG €VOG

otolxeiou oto deiypa [1, 11].
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Ixnpa 1.13. Avixveutng 1ovtwy [11]
1.4. BaBpovounon Kai moocotikomoinon

‘Eva tumko ICP-MS cival oe B€on va avixveloel otnv meploxn tou 1 ng/L péxpl €wg
100 mg/L avdAoya pe to otoixeio. Ot moocoTIKEG HEBodol pe ICP-MS meplAapBavouy Tig
pebodouc:

o E€wtepikn Babpovounon (Pe R Xwpig E0WTEPIKO TPATUTIO)

» MéBod0o NG otabepdg MpooOAKNG

» Hutmoootiki avdAuon

» Métpnon tootomkNng avaloyiag

« lootomikn apaiwon (IDMS)

1.4.1. [MoooTiKn avdaAuon

Emtuyxdvetal pe e§wteptlkn Babuovopunon (HE N XwPIC E0WTEPIKO TPOTUTIO) €ival n
TA£0V Xpnolpomoloupevn PEB0OOG yia uypd Osiypata. Me autrv HETPAPE TNV £€VTAOHN TOU
ONPATOG KABE OTOLXEIOU-EMAEYOUEVOU LOGOTOTIOU (KTUTTHATA-COUNtS OTOV AVIXVEUTH)
TTOU €eVOLA@EPEL KAl TO OUYKPIVOUHPE HE TNV €vracn TOU ONPATOC TNG KAMPTUANG
Babpovounong yia va Bpoupe Tn cuyKEvtpwon tou. Ot KapmUAeg Babpovopnong yivovtal
ouvnBwg pe xprion 3-5 mpotUmwy SLAAUPATWY, TNV TTEPLOXN TTOU EVOLAPEPEL, EMITAEOV
TO TUPAS Ociypa. Mpooéxoupe Ta dlaAupata avagopdag-Babuovounong va mAnctalouy
000 Yivetal meEPLOCOTEPO TO Ayvwoto OldAupa. Ymapxel Ouvatotnta TAUTOXPOVNG
TOCOTIKAG avaAuong £wg 36 oTolxeiwyv pe akpiBela + 1-2%.

Kavovtag tnv mocotiki avdAucon €xoupe Tn OuvaTOTNTA KATAypd@ng Tou TANRPOUG
Acpatog OAwY Twv pHalwy mou meplExovtal oto deiypa (doxeta av 0gv Jag evolapEPouy
OA£C). ZuviABwe n Kataypagn tou mMANPoug @acpatog Olapkel 3-4 min pe katavaiwon

2-3 mL deiypa.
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1.4.2. Hpimoootikn avdaAuon
XpNnolJOTIOLE(TAl TTPOKEIPEVOU VA YVWPIOOUHE YpRyopa OAQ TA OToIXEia €vOG TEAEIWG
ayvwotou dsiypartog, o€ omoladnmote KAHAKA CUYKEVTPWONG, (HE amokAicelg + 30% amo

TIC TPAYHATIKEG TIHEG CUYKEVTPpWONG) [12].

Ma va yivel n nuumoootTikl avdAuon amatteitat gOovo n XprAon Hag KapmuAng
Babpovopnong evog mpOTuTou N éva TMPOTUTIO UWNANG TTOLOTNTACG YA NULUTOCOTIKN
avdAuon, Tou TEPLEXEL OTTWoONTIOTE Tpia otoixeia. El0IKO AoylopikO utroAoyilel PEXPL
kat 80 otolxeia oto TeAsiwg AyvwoTo Osiypd PE HIKPR ATTOKALON TWVY TTPAYHATIKWY TIHWY
OUYKEVTPWONG, £T0lL OV €ival UTOXPEWTIKO va Babpovopncoupe to ICP-MS yla kabe

otolxeio Tou dsiyparoc.

1.4.3. lootomkKn avalAoyid, yia I00TOmMKNA avaAucn Kdl I60TOTIKN apdiwon

Ma Kabs PETPOUPEVO OTOLXEIO PHETPAPE GUVABWG £va LGOTOTO TOU (TUTTIKA HETPAME TAVTd
€va 1o0Tomo), avti Tnv avaAoyia lootomwy N TNV QUOIKN agbovia mou eival otadepn otn
UON. X1 OTOIXEIA TTOU £XOUV TTEPLOCOTEPA TOU EVOG otabepd LooToma (mepimou to 80%
TWV OTOIXEIWV TOU TEPLOGIKOU GUOTNHATOC) £QAPUOlETAl N TEXVIKA TNG LOOTOTIKNAG
apaiwong, dnAadn to dsiypa “epmAoutidetal” pe SLAAUPA YVWOTNAG TOCOTNTAG LGOTOTIOU
KAl JETpATal N HETABOAN TOU AOYOU TV KOPUPWY TwV GUO LOOTOTIWY TIPLV KAl HETA TNV
apaiwon, (ZxAua 1.14.). ‘Etol yiveral KaAUTEPOG TOGOTIKOG TIPOGOIOPIOHOG ETEON TO
EUTTAOUTIOHEVO LOOTOTIO £XEL TIC (OIEC (PUOIKOXNUIKEG IOIOTNTEC HE TO AVAAUTEO OTOIXEIO,
EVW TAPAAANAQ €ival to KaAUTEPo OUVATO £0WTEPIKO TMPOTUTIO KAl OV amalteitat

OldAupa avagopdc.

Amoxpion

>

> Amoéxkpion

m/z = -
Ixnua 1.14. MéB0d0C LGOTOTIKNG apdiwong yld Tov TPocsdloploHO TOU OTOIXEIOU Zapudplo

(Sn) A. lodtoma capapiou pE TN QYUOLKN OXETIKA agBovia Toug B. Zapdplo EUTAOUTICHEVO

e To Lootomo '#4Sn [15]

90



Mapadetypa pétpnong g avaAdoyiag ootdomwyv €ivat o Pb, omou to €va cotomo
TTPOEPXETAL ATO TN ONUIOUPYIa TOU OTN YN, VW TO AdAAO eival amotéAeopa SldoTaong
PAOGIEVEPYWY OUCLWY, £TCL Ol LOOTOTIKEC avaloyieg Owa@épouv avaloya HeE TNV
TPOEAEUCN TOU HOAUBOOU KAl GE AUTAV TNV TEPITTWON TPETEL va PetpnBouy [17].

Ot mpocdloplopol avaAoylwy (COTOTIWY XPNOIKOTIOoUVTAl OE Hld TOWKIAI EPApHOywY
YEWAOYIKWY, TTUPNVIKWY, OTOV TPOCGOIOPIoHO TTNYWY PUTIAVoNG, TTNYWVY IXVOOTOIXE(WY
KAl akabapolwy Kat oav IXVNOETEC o€ BIOAOYIKEG HEAETEC.

210 (Zxnpa 1.15.) @aivovral ye xpwpa ta oTolxeia mou avaAuvovtat pe tnv ICP-MS, evw
Ta Asukd Ogv avaAuovtal | Osv €xXouv @QUOLKA lodtoma. Ot paBdol maplotdvouv Tov
aplOpo Kat TNV QUoLKn a@bovia Twv L.ooTOTWY KABE CTOILXEIOU, TTOU avapEPETAl KAl oav

LOOTOTKO OAKTUAIKO AmOTUTTWHA TOU GTOLXE(OU.
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Ixnpa 1.15. Zrowxeia mou avaAvovtat pe ICP-MS [13]

1.5. ®dopa palag ICP-MS

Tune Mode = Mo Gas : 014SMPLd
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Ixnpa 1.16. ®aopa palag ICP-MS [16]
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1.5.1. ZUykpion texviKAG ICP-MS pe AAAEG TEXVIKEG GTOIXEIAKAG avAaAuong

Flame AA

(TP Emission Radial |

ﬂmm

Hydride Generation AA E
GFAR D

T ¥ ] 1 T Ll
100 10 1 01 0.0 0.001

>

Duatectoon Linet Rangs, ppb, pofll

Ixnupa 1.17. Z0ykpion Sla@opwy ATOHIKWY TEXVIKWY [12]

1.6. AEIZEP EKTOMH-ENMAIQriKA XYZEYTMENO MNMAAZMA-OAZMATOMETPIA MAZAZ,
LA-ICP-MS

H texviki autn mou xpnotpotolei to laser wg pécov SldAuong Twvy Oslyddtwy, Bpiokel
epappoyn otnv amneubeiag avdAuon otepswyv  OElYHATWY  (Xwplg mTponyoupevn
dlaAuTtoTroincn Toug) Kal Xwpig va mapatnpeital amwAeld 6To UAIKO (N KATaoTpo@iki
TEXVIKNA). XZTn oxaon pe xpron laser, pia woxupn aktiva laser XTuTdel tnv em@Avela tou
dciypartog, mou Bpioketal pe pop@n mactiAlag o BAAapo mou SlappEsTal amo apyo, o
EMPAVELA PEPIKWYV TETPAYWVIKWY HIKPOUETPWY, HE ATOTEAEOHA va Yivetal e€6puln Kat
ekTiva&n SlaPopwy PIKPWY KOPHATIWY Tou Osiypatog. To atopomolnpévo Osiypa HE Tn
Bonbela pelpatog aspiou apyou MAPACGEPVETAL KAl KATEUBUVETAL TPOC TOV ATOHOTIOINTA
mAdopatog (ICP), 6mou mpaypdatomoleital atopomoinon Kal oviopog. To mapayopuevo
TAJOPA ELCEPXETAL OTO (PaAcpatopeTpo palwyv mpog avaAuon, (Zxnpa 1.18.) Teledyne
LSX-213 G2.

Ixnua 1.18. LA-ICP-MS, ICP-MS Agilent 7700X coupled with LA Teledyne LSX-213 G2 [16]

92



Avagopeg

[1] ISO 17294-1 (2005), Water Quality of inductively coupled plasma mass spectrometry
(ICP-) - Part 1: General guidelines.

[2] Agilent Atomic Spectroscopy-ICP-MS.

[3] http://www.analytical.gr/wp-content/
uploads/2016/12/Agilent%20Atomic%20Spectroscopy-ICP-MS.pdf

[4] ICP-MS Principles and Hardware manual, Agilent Technologies, 2005

[5] Aceto, M., (2016), The use of ICP-MS in food Traceability. In K. Miller (Ed.),
Advances in Food Traceability Techniques and Technologies (pp. 137-164), UK:
Woodhead Publishing.

[6] Thomas, R. (2008), Practical guide to ICP-MS: a tutorial for beginners.

[7] Thomas, R. (2004), Practical guide to ICP-MS, New York, N.Y.: Marcel Dekker.

[9] Tyler, G. (2018), ICP-OES, ICP-MS and AAS Techniques Compared.” Horiba.
https://encrypted-tbn0.gstatic.com/images?q=tbn:ANd9GcS03tC-
yfKNFgMBnpowArasLbUCLYeZcuGbKA&usqp=CAU

[10] https://www.researchgate.net/profile/Eliana-Alves-2/publication/329040300/

figure/fig4/AS:694663832948740@1542632172204/Scheme-of-quadrupole-mass-
analyzer-Q.png

[11] bttps://encrypted-tbn0.gstatic.com/images?q=tbn:ANd9GcSJ6MUCszTT3ix2Ah-

L_HUBwVq1kr4sc8AlkrGnNY5K4raZlL3U-YdESnTS5isEF2b3mA1c&usqp=CAU

[12] The 30-Minute Guide to ICP-MS, https://www.perkinelmer.

com/CMSResources/Images/44-74849tch_icpmsthirtyminuteguide.pdf

[13] https://cdn.dal.ca/content/dam/dalhousie/images/sites/laser-ablation/
periodic_table.gif.lt_d022ad9843332f674d7cc830a3f1f629.res/periodic_table.gif
[14] https://www.intechopen.com/media/chapter/69423/media/F5.png

[15] Mapia Oevkiouv-NMetpomouAou (2020), acpatopeTplkég MéBodol otnv ZUyxpovn
Evopyavn AvdaAuon, ISBN 978-618-5309-88-6.

[16] Owpdg Zmavog (2013), kepdAaio 13:Emaywyika Zuleuypévo [MAdopa
®aopatopetpia Malag, Aledvég Mavemotnpio tng EAAGdoC.

[17] Vachaecke F. and Degryse P. (2012), Isotopic Analysis: Fundamentals and
Applications Using ICP-MS.

93


http://www.analytical.gr/wp-content/%20%20uploads/2016/12/Agilent%20Atomic%20Spectroscopy-ICP-MS.pdf
http://www.analytical.gr/wp-content/%20%20uploads/2016/12/Agilent%20Atomic%20Spectroscopy-ICP-MS.pdf
https://encrypted-tbn0.gstatic.com/images?q=tbn:ANd9GcS03tC-
https://www.researchgate.net/profile/Eliana-Alves-2/publication/329040300/%20figure/fig4/AS:694663832948740@1542632172204/Scheme-of-quadrupole-mass-analyzer-Q.png
https://www.researchgate.net/profile/Eliana-Alves-2/publication/329040300/%20figure/fig4/AS:694663832948740@1542632172204/Scheme-of-quadrupole-mass-analyzer-Q.png
https://www.researchgate.net/profile/Eliana-Alves-2/publication/329040300/%20figure/fig4/AS:694663832948740@1542632172204/Scheme-of-quadrupole-mass-analyzer-Q.png
https://encrypted-tbn0.gstatic.com/images?q=tbn:ANd9GcSJ6MUCszTT3ix2Ah-%20%20L_HUBwVq1kr4sc8AlkrGnNY5K4raZlL3U-YdESnT5isEF2b3mA1c&usqp=CAU
https://encrypted-tbn0.gstatic.com/images?q=tbn:ANd9GcSJ6MUCszTT3ix2Ah-%20%20L_HUBwVq1kr4sc8AlkrGnNY5K4raZlL3U-YdESnT5isEF2b3mA1c&usqp=CAU
https://cdn.dal.ca/content/dam/dalhousie/images/sites/laser-ablation/
https://www.intechopen.com/media/chapter/69423/media/F5.png

KEDAAAIO 2.

OAZMATOZKOMIKEX MEOOAOI YMEPIQAOYXZ - OPATOY (UV-VIS) TIA
NMEPIBAAAONTIKH ANAAYZH

Xpnotiva Xat{nxpriotou

Texvikég Evopyavng AvaAuong, Aledveg Mavemotnpio EAAGSoG (AIMAE), IxoAR OTIKWY
Emotnpwy, Tuipa Xnpeiag, Ay. Aoukag, 65404 KaBaAa, EAAGSa, chrichat@chem.ihu.gr

2.1. Elcaywyn
2.1.1. 1016TNTEG TOU PWTOG

Ol @acpatookomKEG pEBodoL eival pla opada avaAutikwy peBddwy mou Bacilovtal otnv
aAAnAemiopacn peTagl ewtog Kat UANG.

To @wg gival NAEKTpOPayVNTIKN akTvoBoAia TTou €XEL IOIOTNTEG KUPATWY.

Ta kUpata ewtog amoteAouvtal amd MAAASHEVA NAEKTPIKA Kal JayvnTika media Kabeta
peTalu toug (Zxnpa 2.1.).

To KUPa mepLypa@eTal e Opoug PNKoug Kupatog, A (wavelength), to omoio eival n
amootacn Twv HeYioTwv PETAEU 0U0 GUVEXOHEVWY KUUATWY, N HE OPOUG GUXVOTNTAC, V
(frequency), n omoia amoteA&i Tov aplOpd TwV TAAAVIWOEWY TTOU OAOKANPWVEL TO KUHA
ava 0sutepoAenTo. To MARBOC TWV KUPATWY 0Tn Hovadd Tou JAKOUG N n amootacn avd
KUKAO, ovopdletal KupataplBpog Kat ivat to avtioTpo@o tou PnKoug Kupatog [1, 2].

H oxéon petagu tou PAKOUG KUHPATOG Kal Tng cuxvotntag divetal amd tnv akoAoubn
e€lowon:

A= § (2.1)

oTou A eival To PRKOG KUPATOG O EKATOOTA (cm), Vv eival n ocuxvotnta o€ (s~ '), i Hertz
(Hz), kat ¢ gival n taxvtnta tou ewtog (3 x 10'° cm/s).

O KupataptBpog (cUPBOAO: V) HIAG HOVOXPWHATIKAG OE0UNG PWTAG £ival TO AVTioTPOYo

TOU PAKOUG TOoU KUPATOG Kal PETpLETal o cm’':

— 1 \
V_;\_E (2.2)

Ot povadeg mou xpnaotgomoloUvTdal yld ThV TEPLYPAP TOU HAKOUG KUHPATOG £XOUV WG

e€ng:

A= angstrom = 1070 pétpa = 1078 ekatootopeTpa = 107 pKPOPETPOL
nm = voavopetpa = 10™° pétpa = 10 angstroms = 1073 pkpopeTpa

UM = pkpopetpa = 107 pétpa = 10* angstroms
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Fevikd, otnv uTEPLWON KAl 0pdTh TEPLOXN TOU PACHATOC TO HAKOG KUPATOG eKgppalstal
O0€ VAvOUETpA €vw OTNV UTEPUOPN TeEPLOXn Of HIKPOUEeTpa. EWdika otnv umépubpn
TEPLOXIN), XPNOIUOTOLEITAL CUXVA 0 KUPATAPIOPAOC avTi Tou HRKOUG KUPATOG, EKPPACHEVOG
oe cm~ ' [2].

Electromagnetic Waves

(%)

i o g o i g e g = UNEVEIGNAth 2
e .0 N ¥ 77N
J/ . P / \, Distance b / \
/ 3 \ \
Y \ /A \successive ¢ \
/ A \ [y \ / \
" A "o)y :
: 7
\ / ot =\ / 2r
/ ® \ G}
\ / \ /
/ { /
\\\ __// \ /
R S Frequency (v) :
Cycle Cycles per second

metres cycles metres

cycles seconds seconds

IxApa 2.1. HAektpopayvntikd KUPa mou Otixvel 1000 TO HAYVNTIKO OCO KAl TO
NAEKTPIKO Tedio padi pe Toug oplopoUs TNG CUXVOTNTAC KAl TOU PNKOUG KUpatog [10]
2€ 0TOlOONTIOTE NAEKTPOHAYVNTIKO KUK, TO HKOG KUPATOG KAl N cuxvotnta oxetilovtal

HE TNV EVEPYELA EVOC PwToviou, E, péow tng e€icwong:

E=hv=— (2.3)

‘Omou h givat n otaBepd tou Planck (6,63 x 10734 J-s).
Ao tnv e€icwon (2.3) @aivetal 6Tl 600 HIKPOTEPO €ival TO PAKOG KUPATOC N 00O

HEYAAUTEPN £ival n ouxvotnTa, TO00 UYPNAATEPN ival n evépyeld.

2.2. To HAekTpopayvnTIKO pAcua

To NAEKTPOUAYVNTIKO pAcHa KAAUTITEL £va EUPU ACHA CUXVOTATWY i HNKWY KUPATOC.
Ot TEPLOXEG TOU NAEKTPOUAYVNTIKOU (pACKHATOC EMCNaivovTal 6To (IXxnpa 2.2.).
Acixvovtal emiong ot TUTIOL ATOPIKWY KAl HOPLAKWY HETATITWOEWY TOU TIPOKUTITOUV aTd

TIC aAAnAemOpdAcelg TNG akTivoBoAiag pe to Octiypa. H opatn meploxn, otnv omoida
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avtamokpivovialt ta MATIA pAG, AVIUTPOCWTEUEL €va HIKPO HOVO HEPOC TOU

NAEKTPOPayvNTIKoU (pAacpartog.

EvEpyeia (kJ/mol) 1.2 107 0,12 0,012
v v v

Tuxvérnta (Hz) 102 10'8 102 108

| I I
AKTIVES ¥ AKTIVEC X

l L !

Mrikog kUpartog (m) ™"
’7 Opard gaopa “

| 1
Mrikog kopatog (nm) 400 500

I T I T
Mikpoxupara Pabio-
Kopata
]

lndeg
Mnhzs
Npaowo
Kitpivo
MNoproxahi
Kokxivo

@
& -
o

700 800

IxNPa 2.2. To NAEKTPOUAYVNTIKO PAcHd. Ava@EPETAl Hid AVTUTPOCWTTEUTIKN HOopLaKn
oladikaoia mou AauBAvel xwpa Otav amoppo@ATal WS OTN CUYKEKPIYEVN TTEpLloxn. To
opato @acpa KAAUTTEL Ta PnKn Kupatog amd 380 £wg 780 nm. (Amo to D. C. Harris,
"BACIKEG APXEC PACHATOPWTOHETPIAg,” oto Mocotikn Xnupikn AvdAuon, Topog I,

Mavemotnuiakég Ekdooelg Kpntng, HpdkAego 2010, o. 435).

To (ZxApa 2.2.) deixvel 6Tl n amoppdPnon TS AKTIVOBoAIAag HIKPOKUPATwWY OLEYEIPEL TNV
TEPLOTPOYPN Twv popiwv. H amoppdpnon umépubpng aktivoBoAiag Oleyeipel TIg
dovioelc. H opatn Kat n umeplwdng aktivoBoAia TPOKAAOUV PETATITWOELS NAEKTPOVIWY
OE TPOXIAKA uwnAdTEPNG EVEPYELAG EVW N AmoppdPnon akTivwy X Kal aktivoBoAiag
UTTEPLWOOUG TTIOU €XOUV HIKPO HNKOG KUPATOG, OlacToUV TOUG XNHIKOUCG O£CHOUG Kdal

TTPOKAAOUYV £TOL LOVTIOHO TWV HOpPiwV.

2.3. Bouguer-Lambert-Beer law

‘Otav govoxpwHatikn aktivoBoAia toxuog lo Siépxetat amd pia dta@avn KUWPeAida pikoug
oladpopng b (cm), n omoia mEPIEXEL OPOYEVEG OLAAUPA TOU avaAuTn, PHE CUYKEVTPWON C

(mol/L), n woxug tng pewwvetrat oe | Adyw amoppopnong (I < lo). To kKAdopa tng
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elogpxopevng aktivoBoAiag, mou SiEpxetal amo to OldAupa, ovopaletal dlamepatdTnTa
(transmittance) kat divetal amo tnv e€iowon:

Awamepardtnra: T= -

- (2.4)
lo eival n 1oxU¢ TG mpoomintoucag aktivoBoAiag, | ivat n 1oxug tng aktivoBoAiag mou
e€épxetal amo 1o Osiypa, (Ixnua 2.3.).

To T éxel eUpog amod 1o 0 wg 1. H emi tolg ekato dwamepatotnta eivat 100xT kat €xel
gvpog amo 0 péxpt 100%. ‘Otav Oev amoppogdtal KaboAou @wc n dlamepatdtnta ival

100% [3].

L, = I

—

Ixnua 2.3. Amelkovion tng e€acOvnong Tou YwTog Aoyw tng amoppo@nong [11]
O Mo ouxvd XPNCIUOTIOLOUHPEVOG 0pOG OTn pacpatopstpia UV-Vis yia va Oeiet tnv
TOCOTNTA TOU ATTOPPOPOUHEVOU PWTOC €ival n amoppo®naon, mou opiletal wg
Io

Amoppopnon: A=—logT = log% =log=¢eb.c (2.5)

‘Omou:

H A kat T eivat adidotata peyédn, H mocotnta € ovopdldetal YpAUHOHOPLAKN
amoppOPNTIKOTNTA Kal £xel Jovadeg (L-mol'-cm™), to b €ival n omtiki Siadpopn Kat
Oivetal ouvnBwC 0€ EKATOOTOHETPA (CM) KAL TO C €ival N GUYKEVIPwWON Tou avaAutn. To
¢ Olvetal ouviBwg os povadeg mol.L' (M). H e€icwon (2.5) sival yvwoti wg VOHOG
Bouguer-Lambert-Beer 1 amAd vopog Beer. ZUp@wva PE Autov n amoppo@non tng
TPOCTIMITOUCAC HOVOXPWHATIKAG aKTIvoBoAiag amd to OldAupa tou avaAutn eival
€UBEWC avaAoyn HE TN CUYKEVTPWON C TNG OUGIAC TTOU AaToppo@d TO pw¢ 6To OEiyHa Kal
NG OTMTIKNAG O1adpopnG TNG KUWEAIDAG péca otnyv omoia Bpioketal to SldAupa tnhg ouciag

[3].
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2.3.1. AmokAioglg amo to vopo tou Beer

JUppwva pe to vopo Lambert-Beer e€icwon (2.5), n ypa@wkn mapdotacn Tng
amoppdPnong £vavtl TNG CUYKEVIPWONG TPEMEL va eival eubesia ypapun n omoia
OlEpXETAL amd TNV apxn Twv afovwy (UNOEVIKN TIPN TETAYHEVNG €T TNV apxn) HE KAion
ion pe €b). Ze MOAAEG MEPIMTWOELG, N KAPTTUAN Babpovopunong amokAivel amo autny Tty

Wdavikn cupmeplpopd (Zxnua 2.4.).

Idavikij kapunviny
Octixij
anoxiioy |

/,// Apvytixi

anokiicy

Amoppoonon (A)

Zoyxévipwon ¢ (mol/L)

IxApa 2.4. KaumuAeg ava@opag pe BETIKEG Kal apvNTIKEG ATTOKAICELG ATIO TO VOLO TOU
Beer [12]

Autég ol amokAicelg amd tov vopo Beer-Lambert pmopouv va taflvounBouv o€ Tpelg

KATNYOpPIEG:

e MMpaypatikég amokAioelg: Autég eival OegpeAwdelg amokAioelg Adyw Twv
TIEPLOPICHWY Tou idlou Tou vopou. O vopog Tou Beer Asttoupyei KaAd o€ SlaAupata
TTOU TIEPLEXOUV OXETIKA XAUNAEG TOoOTNTEG avaAutn (< 0,01 M). Z€ CUYKEVTIPWOELG
Tou €ival geyaAutepeg amd 0,01 M, ta amoppo@ouvia cwpatiola tou dsiypatog ogv
oupTEplpEpovTal TAEov ave€dptnta to €va amd To AAAo. H mpokumtouca
aAAnAemiopaon pmopei va aAAdEeL TNV Hoplakn amoppo@nTikotnta () [4].

e Xnuikég amokAioslg: Ou amokAioslg autég epgavidovtal otav ta amoppo@ouvia
owpatiola ugiotavtat ouleu€n, Owaoctacn n otav avtdpolv pe To OlAAUTN
TapAayovtag TPolovIa TOou €XOUV OlA@OPETIKO PACHA Amoppo@nong amo Tov
avaAutn.

e OpyavoAoyIKEG amOKAICELG:

— O vopog tou Beer 1oxUel POVO Yld HOVOXPWHATIKA aktivoBoAia. H pn
HovoxpwHatiki aktivoBoAia odnyei o€ apvntiki amékAion. Eav n {wvn pnkwyv

KUHATOC TTOU EMALYETAL OTO (PACHATOHUETPO Eival TETOI WOTE N YPAUHOHOPLAKN
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amopPOPNTIKOTNTA TOU avaAuTtn va €ival OUcLacTIKA oTabepr, ol amoKAICELS amd
Tov VOUo Beer-Lambert eAaxiotomolouvtal (Zxnpa 2.5.). MNa to Adyo auto, ot
HETPNOELC amoppdPnong AapuBavovtal o€ PRKn KUPATOog KOVTA 6TO PAKOG KUHATOG
NG HEYLOTNG ATTOPPOPNONG OTTOU N ATToppoPNTIKOTNTA Tou avaAutn aAAalel Aiyo
HE TO PNKOG KUHATOC.

— H mapdottn aktivoBoAia (Stray radiation) mou mpokumtel amod okédaon n amo
OlAPOPEC AVAKAAOELC OTO Opyavo, TTPOKAAEL OpYAVOAOYIKEC ATTOKAICELC AT TO
vopo tou Beer.

— M GAANn amokAlon mou cuvOEETal E TO VOHO Tou Beer pmopei va mpokAnBei amd

TN XPAoN OTMTIKA atdiplactwy KuWeAidwy [1, 3, 5].

E Meyaln wiiayn GTny
WITOPPOPTCT)

o
Zown B =
S = '
xg s
) ~f
S
B
<
MijKOC KOPOTOS

.
S
\g‘ )
a Zovn B
=]
B
<

ZoyKEVTPmOT] -

IxApa 2.5. Emidpaocn tng mMOAUXPWHATIKOTNTAS TNG aKTlvoBoAiag oTo vopo tou Beer
[13]

2.4. OpyavoAoyia UV-Vis

Ta MePLOCOTEPA OPYaAvA TTOU XPNGIKOTOLOUVTAL Yid TNV HETPNON TNG amoppdPnong otnv
opatn Kai Tnv umeplwdn TEPLOXN TOU dAopatog aveEdptnta amd TG mapaAAayEg,
amoteAouvTal amo ta €Ng MEVTE TUAKata: 1) Yua mnyn aktivoBoAiag otabepng toxuog 2)
évav emAoyEd HAKOUG KUPATOG Yid TNV amopovwon tng emMOuUUNTAS akTtivoBoAiag 3) pia
KUPeAida yla tnv tomoBEtnon tou Osiypatog, 4) €vav aviXVEUTH TOU HETATPETEL TO
OTMTIKO oONpa O nNAEKTPIKO Kal 5) €éva ouotnga pETPNONG, TO OTOI0 cuVABWG

TEPIAAPUBAVEL EVIOXUTH TOU OAPATOG KAl Opyavo avayvwong (Ixnua 2.6.) [3, 6].
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IXAHA 2.6. IXNUATIKO OLAYPAPHA QACHATOPWTOPETpou UV-Vis amAng déoung.

Mn nyr'1 . https://3005mit.wordpress.com/2016/04/05/lab-5-spectrophotometer

2.4.1. Tumol1 Opydvwy

Av Kal 6Aa Td PACHATOPWTOHETPA OTIWG avaEéPONKe o MAvw, amoteAouvtal amd ta
i0la Baclkd TUAPATA WOTOCO UTIAPXOUV TOAAEC Ola@opES HETAEU Toug avaloya HE thv
TEPLOXN XPNOLJoToinoNg Tou OpPYAvou, TOV KATACKEUAOTH, TNV akpiBeia KAm. [6].
Ymapxouv dUo KUPLEG KATNYOPIEG GUCKEUWY: amAng 0Eopng Kat SUMANG OEoHNG.
dacpatoPwtopeTpa amAng OE0UNG: Z& £va PACHATOPWTOUETPO HOVAG OE0HNG, N
HOVOXpWHATIKA OEopN pwTOG SlEpxeTal KateuBeiav amod 1o dldAupa tou Ogiypatog mou
Bploketal otnv KUWPEAIOA KAl OTN CUVEXELA TIPOXWPA GTOV AVIXVEUTH (ZxApa 2.7.a). ‘Eva
(PACHATOPWTOUETPO HOVNAG O€oung Eival duoxpnoto €meldn to deiypa kat to SlaAupa
avaopdag mpeEmel va tomobstouvtal evaAAdf otn dEopn TG aktivoBoAiag. MNa petpnoelg
o€ MOAAG pNAKN KUPATOG, To OIGAUPA avagopdc TPEMEL va PETPEITAlL 08 KABE PAKOG
KUpatog Eexwplotd. H amoppdnon emiong 6ev pmopei va petpnBei wg ouvdaptnon tou
XPOVOU (TT.X. O KIVNTIKA TElpapata) emeldn Kat n £vracn tng mNYAg Kat n amokplon Tou
avixveutn petatomilovtal apya [3, 7, 8].

daopatopwtopetpa OIMANG OG€0UNG: XTA QACHUATOQWTOMETPpA OUMARG OE0uNG, N
aktivoBoAia amd tnv mnyn, agou MePAcEL HEGA ATIO TO HOVOXPWHATOPA, Xwpilstal o€
0U0 EeXwPLOTEG OEOPEG: Hia yia To OldAupa Tou Osiypatog Kal pia yla to TU@AO 1 To
OldAupa avagopdc. O Slaxwplopog TNG apxIKNg OEoUNG Pmopel va yivel ge dUo TpOTOUG
Kal utmdpxouv OU0 tUToL 0pYdvwy OIANG OE0HUNG: 0pyavo SIMANG GEGHUNG OTO XWPO
(Zxnpa 2.7.8), oto omoio ot dUo Oéopeg oxnuatilovral amd évav Kabpetn oxnparog V
mou ovopaletal dlapolpactng 0EopNg Kal opyavo OIMARG 0£GHUNG OTO XPOVo (ZXNHA
2.7.y), oto omoio n déopn amootEAAeTal eVaAAAE otnv KUWeAida avag@opdg Kat otnv

KUWeAIOa Tou Oelypatog mpLv TPOCTIECEL OE €vaAV HOVO PWTOAVIXVEUTH. AuTd ta dpyava
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glval ToAU XprioclPa yila moloTiki avaAucn otny omoia amatteitat oAdkAnpo to pdopa Kat
N HETPNON HE TOV TPOTO auTo eival aveEdptntn amo Ti¢ SIAKUPAVOELG TNV £VTAON KAl TN

(pacpatikn ouvoeon Tng mNyng Tou ewtog [1, 2, 3, 4, 5, 6, 9].
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neploxn UV-Vis [14]
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2.5. Avantu€n moootikng HeEOOSOU yla €va oUCTATIKO XPNOIHOTOLWVTAG KAUTUAN

Babpovopnong

Katd tnv avamtuén plag moooTiKAG avaAutikng Otadikaciag, mpemel va Bpebouv ol
OUVONKEG UTO TIC omoieg OilveTal pia avamapaywylyn YPAPUIKR oxéon HETafl tng
amoppdPnNoNG Kat TG GUYKEVTPWONG Tou avaAutn.

Apxikd, kabopiletal To KataAAnAOTEPO PAKOC KUPATOG Yid TNV avaAucn amé 1o gdacua
amoppdé@nong. To KAAUTEPO HUAKOC KUHATOC AVTICTOIXEL OE £va PEYIOTO AToppOPNnong
Tou o0nYel o peyaAutepn eualcbnoia Kat akpiBela otTig HETPACELC.

To dopa amoppo@nong oTNV opath Kal umeplwon TEPLOXA TOu TPOG avdaAuon
mpoodlopt{opevou SlaAupatog AapBavetal BIBAlOypagikda N melpapatikda e tn Bonbeia
EVOC (PACHATOPWTOHETPOU capwong [3, 6, 10].

To emopevo BApa otnv mocoTikomoinon €ivat n pétpnon mMPOTUTWY OIAAUPATWY OTO
EMAEYHEVO PNKOG KUHPATOG KAl N KATACGKEUN Hlag KAPTUANG Babuovounong yua tov
TPOCSLOPICHO TOU EUPOUG CUYKEVTPWOEWY YLa TIG OTTOIEC 1oXUEL 0 VOUOG Tou Beer. ‘Eva
Ociyga Ayvwotng OUYKEVIPWONG HTOPEL  OTn  OUVEXEWM va TPOCOLlOPLOTEL
XPNOIHOTIOLWVTAG TNV KAUTUAN Badupovounong [3, 10, 11].

210 aKOAouBo mapddelypa, HeTpnOnKav Técoepa MPOTUTA OlAAUMATA OE EMAEYUEVO
MAKOG KUPATOG KAl OTn OUVEXEW N KAUTUAN Badpovopunong KATAOKEUAOTNKE
TAPLOTAVOVTAG YPAPIKA TIG TIHEG TN ATTOPPOPNONG WS GUVAPTNON TNG CUYKEVTPWONG
(Zxnpa 2.8).

Absorption vs. Concentration

07 y =0,1817x +0,0006_2

Absorbance

0 0,5 1 15 2 2,5 3 3,5 - 4,5

Concentration (mg/L)

Ixnua 2.8. KapmuAn Babpovopnong
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Xpnolgomowwvtag TV KaumuAn Babpovopunong, n OUYKEVIPWON €VOG AyVwOoTou

dciypartog pmopei va mpoodloploTel amd tnv amopponon tou (ZxApa 2.9.).

Absorption vs. Concentration

0,8
07 y =0,1817x+0,000
0,6
0,5

0,4

0,3

Absorbance

0,2
0,1

0 0,5 1 1,5 2 2,5 3 3,5 4 45
Concentration (mg/L)

Ixnua 2.9. MpocOloploPog TNG OCUYKEVTIPWONG EVOG AYVWOTOU

OglyHaTog XpNoIHOTOWWVTAS TNV KAUTUAN Babuovopnong

2.6. Egappoy£g tng pacuato@wtopetpiag UV-Vis otnv mepiBaAAovtikn avdAuon

H ¢pacpatopwtopetpia UV-Vis ival pia moAU xpioiun avaAutiki pEBodog otny avaiuon
mepIBaAAovTiKwy Oetypdtwy. Oplopéveg amo tig pedddoug UV-VIS xpnotpomotolval
EUPUTEPA aTIO AAAEG EVAAAAKTIKEG HEBOOOUG AOYw NG amAdtntag tous. ‘Eva mpocbeto
TAEOVEKTNUA Twv HEBOOWY @acpatookomiag sival ott mpooappoélovtal eUKOAA otnv
avaluon twv Oelyddtwy oto medio. Oplopéveg amd auteég TG PeEBOdoUC mapartiBeviat

otov Tivaka 2.1.

Ewkova 2.10. AvdAuon meplBAAAOVTIKWY OEYHATWY HE PACHATOPWTOHETPO
UV/Vis [15]
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Mivakag 2.1 OACHATOPETPIKEG (XPWHATOHETPIKEG) HEBodoL UV-Vis yia tnv avaiuon

pUTwV ota udata Kal Ta Auparta [6, 9, 14].

Pumog MgBodog (nm)

To apoeviké oto Oeiypa avayetat oe AsHs; o€
0€lvo OldAupa, n AsHz avtidpd otn cUvEXela e

As (Ill) or (V) OlalbulobelokapBapikd dapyupo oe mupldivn, 535
oxnuatidovtag €va  OGUPTAOKO  KOKKLVOU
XpWHAToC.

Avtiopd pe OwpawvuAokapBalidio oe  6Evo
Cr (V1) OldAupa, oxnpatifoviag £va cUPTAOKO BloAsti 540
XpwHarog.

Avaywyn mpog Fe(ll) kat oxnpatiopog epubpou

Fe (II) or (lll) OUUTIAOKOU HE 0-@atvavipoAivn.

510

Avtidpaon pe Hg(SCN)2 oe o&wvo meplBAAAov
nmapoucia Fe (lll), omote oxnuatietat €va
ECAIPETIKA  XPWHATIOPEVO  GUPTIAOKO 1OV
[Fe(SCN)]%.

Ta 6vta tou appwviou oxnuati{ouv pE TO
NH4* avtidpaotnplo Nessler Kz[Hgls] éva koAAoeldeg 410
Kitplvo Kaoctavoxpwpo cUUTAoko HgaOINH,.

Cl- 480

Avtidpouv pe Cd mpog NOp” Kat peta pe tnv
avtidpaon He ocouA@aviAapidlo kat N-(1-
va@buAo)  aibuAevodiapivn, oxnpatidetat
alOXpwHa KOKKIVOU XpWHATOC.
Me tnv emidpaon MOAUBSALVIKOU AMHWVIOU
oxnuartidetal QwWo@opPOoUOAUBAALVIKO APHWVLIO
TO OTOl0 AVAYETAl OTN GUVEXELD HE ACKOPBIKO
0&U mpog Kuavo tou poAuBdatviou.
Ta Bsukd 16vta avidpolv pe 1O Baplo Kat
oxnpatidouv €va evaliwpnpa Betikou Bapiou umod
S04 eAeyxopeveg ouvOnkeg. H  mpokumtouca 420
BoAdtnta mpoodlopileTal PACHATOPWTOHETPIKA
ota 420 nm.

NO3" 540

PO4*

690

Avtiopaon pe 4-apwvoavtimupivn  Tapoucia
daivoAn KsFe(CN)s, oxnuatiletat Kitplvn XxpwoTik 460
ouoia.
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KEDAAAIO 3.

AEPIA XPOMATOIPA®IA- DAZMATOMETPIA MAZAZ H TEXNIKH XHMIKOY
ANOTYNMNQMATOZ METPEAAIKQN YAPOIONANOPAKQON 2THN
MEPIBAAAONTIKH ETKAHMATOAOIIKH NTEQXHMEIA

Zopia Mntkidou kat NikdAaog KOkkivog

Mponypévo Epyactriplo ‘Hpaiotog, Division of Petroleum Forensic Fingerprinting (PFF),
2xoAnN Ostikwy Emotnpwy, Alebvég Mavemotnpo tng EAAGSog, Aylog Aoukag, KaBdaAa
654 04, EAAGOa, mitkidou@chem.ihu.gr, nck@chem.ihu.gr

MepiAnyn

To meTpEAALO ATOTEAEL TNV O GNUAVTIKN TINYN EVEPYELAG Kal gival n mpwtn UAN otnv
TMETPOXNUIKA Blopnxavia yla tnv mapaywyn Twv TEPICCOTEPWY XNUIKWY TPOIOVTIWY.
‘Opwg, otnv aAucida afiag tou meTpeAaiou Kal (uolKoU atgpiou eAAoxeUgl TAVIA O
KivOuvog meTpeAdikng pumavong tou mepIBAaAAovtog. MetpeAdikn pumavon Pmopel va
TPOKANBel amd vautlAlakd atuxnpatd, amo OlappPoEC TWV EYKATACTACEWY OIWUAIONG,
ene€epyaoiag kat dlavopung meTpeAaloeldwy aAAd Kat amd tn Siabeon tou veEPOU Twv
YEWTPNTIKWY OlEpyactwy. O XapakInplopog Twv METPEAAIKWY pUTIWY Kal n ouvoeon
TOUG HE YVWOTEG TNYEG eival amapaitntog Oxt HOVo otnv eKTiUnon mEPIBAAAOVTIKWY
dnUwv, aAAd Kat otny €mMAOYN TWV KATAAANAWY HETPWV Kal TPOTIWY KATATOAEUNONG
NG pumavong. H texvikn xnuikoU amotumwpatog (fingerprinting) tou metpeAaiou
amoteAel éva oxupd epyaleio otnv MepiBaAiovtiky EykAnpatoAoyikn lewxnpeia
(Forensic  Environmental  Geochemistry). H  tautomoinon  CUYKEKPIPEVWY
udpoyovavOpdaKwv-0TOXwV ToUu TETPEAAioU €XEl PEYAAN onpacia otnv £peuva Tou
TEPIBAAAOVTIKOU  ATOTUTIWHATOC TOU TETPEAAiOU KABWG TAPEXEL  ONHPAVTIKEG
TTANPOYOPIEG YIA TOV XAPAKTNPLOHO KAl TOV TPOCOLOPIOHO TTPOEAEUONG TWV TETPEAAIKWYV
pumwv. H duvatdtnta tng cuvouacopEvng TexviKng GC-MS va dtaxwpilel, va xapaktnpidet
KAl VA TTOCOTIKOTIOIEL GUVOETA PEIYHATA OPYAVIKWY EVWOEWY PE UYNAR guaiobnoia tnv
€XEl KATAOTACEL WG €va amapaitnto avaAutiko epyaAsio. Ot avaAuteg-otoxol
avayvwpilovtal Kal ToCOTIKOTOLOUVTAL HECW TWV XAPAKTNPIOTIKWY 1OVIWY TOUG HE TNV
TEXVIKN TNG EMAEKTIKNG TapakoAoubnong dvtwv (Single lon Monitoring-SIM) otn
@acpatoypagia palwv. H ev Adyw peAETn mapouctdalel TNV €@APHPOYN TNG TEXVIKAG
Fingerprinting pe tn xpnon Aéplag Xpwpatoypagiag - ®acpatopetpiag palag (GC-MS)

otnv amotignon tng pumavong amo udpoyovavipakeg metpeAaiou og uddtiva dsiypata
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Kat Apata tng meEPLOXNg tou motapoU Néotou otn Bopelta EAAGOa. EmmAfov,
OUYKEVTpWONKav dsdopéva amo tnv avaAuon OlyHdTwy T060 apyou TeTpeAaiou amo Tig
UTIEPAKTIEG YEWTPNOEIG oTov KOATMO tng KaBdAag 0co Kal epmoplkd Olabécipwy
TPOolOVTIWY TMeTpeAaiou, Ta omoia Bswpouvtal meaveég mnyEC pumavong. Ta Osiypata
apyou metpeAaiou amd tov [lpivo kKat Twv Ola@opwyv TETPEAAIKWY TPOIOVTWY
TTapouciacayv onpPavtikég OlaYopPOTOINCELS WG TTPOC TNV KATAVOUN TwV otepaviwy (m/z
191), xomaviwv (m/z 217), peburodiBevloBelopatviwy (m/z 198 kat 212), Kabwg Kat
Tou Adyou mplotaviou/@utaviou (Pr/Ph). Ta amoteAéopata tng GC-MS avaiuong twyv
UOATIKWY Kal €da@Kwy Oelyddtwy amédeifav otl Ogv avixveubnke Kavéva €idog
METPEAAIKAG pUTTAVONG 6TNV TEPLOXNA Tou TotapoU NéoTou.

3.1. Eicaywyn otn xpwyatoypagia

H xpwpatoypagia £101x0n wg TexviKA Slaxwplopou yld TpwTn opd amo tov Tswett 1o
1906. H A£En «xpwpatoypaia» mPoEpxetal amd OUo €AANVIKEG AEEelg «chroma»
(xpwpa) kat «graphien» (yla va ypayel).To €pyo tou Tswett eotiace 0To SlAXwWPLOHO
HEHOVWHEVWY OUGCLWY TOCO amo TN PATPa (matrix) 600 kat petalu toug. H «avayévvnon»
NG XpwHatoypaiag onuatodotnOnke 1o 1931 PETA TN ONUPOCIEUON TPLWY CNHUAVTIKWY
apBpwyv amo tov Meppavo Edgar Lederer mou Baciotnke oto mponyoUHEVO ONUOGCIEUPEVO
épyo tou Tswett [1].

H xpwpatoypagia opiletal wg: «Mwa @uoiki péBodog Slaxwplopgou otnv omoia Tda
OUCTATIKA TTOU TPOKELTAlL va OlaxwploTouv Katavépovtal HeTau OUo QAcEwy, Hia €K
TwV omoiwv €ival n otatikn @don (stationary phase), evw n aAAn eivat n Kivntn @daon
(mobile phase)» [2]. H apxi Asttoupyiag tng Baciletal otnv 1I81OTNTA TWV CGUCTATIKWY
EVOC Miypatog va OlEpxovial Pe OLAPOPETIKEG TAXUTNTEG PEoa amo €va ocUoTNPA HLag
aéplag Kvntig @aong Kal Puag otepENg otatikng gaong. H dlagopd otnv taxutnta
peTakivnong KAbe €vwong o@eiAetal otn SLAWOPETIKN XNUIKA CUYYEVEL TTIOU €XEL N
évwon Tpog TI¢ 0Uo autég paocelg [3].

MOAAEC XPWHATOYPAPIKEG TEXVIKEG £XOUV avamtuxOei KAtd 1o MEPACHA TWV XPOVWY,
OTWG Xpwpatoypagia otAANg, Xpwpdatoypagia Xdptou, Xpwpatoypa@ia AEMTAG
otBadag (TLC), aépla xpwpatoypagia (GC), uypn xpwpatoypa@ia uywnAng mieong
(HPLC), xpwpatoypagia avtaAAayng ovtwy K.Am. [4]. H ta&wvéunon twv
XPWHATOYPAPIKWY TEXVIKWY Baociletal og MOAAA KPITAPLD, TA CNUAVTIKOTEPA €K TWV
omoiwyv eivalt o TUMOG TNG KIVNTAG PACNG, TO OXAHA TNG XPWHATOYPAPIKNG KAIVNG

(chromatographic bed) kat o Tumog tng otatiking @daong [5]. H kwvntn @don pmopei va
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eival ite kamowo agpio (GC) n uypo (LC) eite kamolo umepkpiolpo peuoto (SFC), evw n
oTatiki don eival cuvnBwg KAToLo oTEPEO (oTTaviotepa uypo) [6].

Ot 0laxXwpPLoHOoil OTO XPWHATOYPAPIKO cUCTNHA TTPOKUTITOUV amd SlagopEC oTn otabepd
Katavopng Ke HETagu lapopwy EVWOEWY TTOU TIPOKELTAL va Slaxwplotouy e€iocwon (1.1).
‘Oco uywnAotepn €ival n TR NG Ke T000 MO apyd Kiveital pua €vwon HECW TNG

XpWHATOYPAPIKAG 0TAANG Kal To avtiotpowo [7].

== (1.1) [7]

OTIOU: Cs €lval n CUYKEVTPWON TNG TPOS AVAAUGCH 0UGLag 6TN OTATIKNA PAcn Kal Cm €ivat

N GUYKEVIPWON TNG 6TNV KlvnTh @don.

3.1.1. Aépla Xpwpatoypaepia (GC)

H mo €upéwg XxpnolpoToloUhevn TEXVIKA otn Blopnxavia metpeAaiou eival n aépla
xpwpatoypagpia (GC). Adyw Tng cUVOETNG cUCTAONG TOU TMETPEAAIOU KAl TWV TIPOIOVTWY
TOU, 0 POAOG TNG AEplag Xxpwuatoypagiag Bewpeitat avap@iBoAa moAU onpaviikog amo
10TE TTOU KaBlepwOnke [8].

H GC €10ix6n Bacikda amd toug James kat Martin to 1952, ol omoiot umrédel€ay yla mpwtn
POopPA OTL 0 XPWHATOYPAPIKOG SLAXWPICHOC TWV OPYAVIKWY EVWOEWY Ba pmopouce va
Baciletal otnVv MTNTIKOTNTA TOoUG. MeTémelta, To 1956 dlopyavwOnKe To TPWTO GUUTIOGLO
yla T Xpwparoypagia @daong atpwv (vapor-phase) amo tnv Opdada ‘Epeuvag
Yopoyovavbpdkwv tou lvotitoutou MetpeAaiou (Hydrocarbon Research Group of the
Institute of Petroleum) o0mou TapoucldcTnKav onPAvTIKEG £@appoyEC [9]. EmmAgoy,
Katd tn Oudpkela tou Osutepou OleBvoug cupmociou to 1958 umd tnv Xopnyia tou
lvotitoutou MNetpeAaiou, o Golay mapouciace Ta TAEOVEKTAHATA TWY TPLXOEIOWY CTNAWY
(capillary columns) kat Tnv €@appoyn TOUG w¢ Hld VEA TEXVIKA OTNV avdAuon Ttou
netpeAaiou. ‘Ektote, n GC €ixe yivel MAEov eupéwg amodeKTn otn Blopunxavia metpeAaiou
[10].

2tV mpaypatikotnta, n GC sival pla pébodog xpwpatoypaiag otiAng Omou n Kivntn
pdon eival £éva agplo Kat n otatikn @aocn €ival €ite o otepen HopYn i 6€ UypPN Hop®n
[6]. H aépwa uypn xpwpatoypagia givat n mo cuvnoiopévn AOYw TOU TAEOVEKTAHATOG
TOU OlaxXwplopoU TwV CUCTATIKWY HE BAon tnv Katavopn HeTaflu uypng Kal aéplag
@aong. H Asitoupyia GC Baoiletal apxikd otnv €yxuon tou Ogiydatog HECW €VOG
geAaoTikoU dlappaypatog (septum) otov elcaywyéa (injector) og uynAn Beppokpacia.
‘Eva @épov agplo (NAo, udpoyovo n alwto) Petagépel to Otiyga otn othAn Omou

UTTApXEL N oTatikn @don. O GlaxwpIoPOC TWV CUOTATIKWY TOU HiYHATOG EMTUYXAVETAL
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KaBw¢ to pelypa KIvEiTal HEow TG 6TAANG KAl TA PHEHOVWHEVA CUCTATIKA TOU OEiypatog
e€Epxovtal amod TN OTtNAN O OLAPOPETIKEG XPOVIKEG OTIYHEG KAl ELOEPXOVIAL OTOV
AVIXVEUTN 0 oToiog TapéXEL Eva onPa avaAoyd HE TNV ToooTNTA TWY avVAAUTwWY EKAoUong
(Eik. 3.1.). H apBovia kdbe kopupng o éva xpwpatoypdgnpa GC eival €va GXeTIKO
HETPO TNG MOCOTNTAG KABE cuotatikoU ToU uTidpXxel oto dsiypa avdaAoya pe tov tUTo

TOU AVIXVEUTH Kal Tn @uon tng Evwong mou avaAuvetat [3].

Pressure regulator

Injection port\ l l

Gas filters Carrier
gas
supply
Computer
controller and
data acquisition

Transfer line

Ewk. 3.1. Bacikdg e€E0mMAIOHOC aéplou Xpwpatoypdagou [3]

Ta otaBepd MINTIKA cuoTatiKa £vOg PelyHatog Pmopouyv va Slaxwplotouv pe Baon Tig
1010TNTEG TOUG, OTIWG TO onpEio Bpaopou, To poplako pEyebog Kat n moAkotnta [6]. H
aépla xpwpatoypagia amoteAsl Pia amAn Kat ypRyopn TEXVIKA YLd TNV €PEUVA TITNTIKWY
EVWOEWY €VOG Hiypatog akdun kal o€ moAumAoka Ociypata [5].

To @épov agplo sival éva otabepd agplo tou omoiou n YUon UTopEl va eMNPeAcel Ta
XAPAKTNPLOTIKA Slaxwplopou tou cuotipatog GC Kal va Tpomomolnoel Thy euatcbnocia
NG avixveuong. Ta O GUXvA xpnolgomoloUpeva aépla eivat To NAL0 Kat To udpoyovo
AOYw TNG XAPNANG poplakng toug palag kat didaxuong. To alwto pmopei emiong va
xpnoigomolnBei, wotdco n amodoon Slaxwplopou ival XapnAdtepn o€ cUYKpPLoN HE TO
AAI0O KAl To udpPOYyOvVO KAl CUVIOTATAlL POVO oTnV TEPIMTWOoNn amAwWV avaAUTIKWY
oladikaotwy [5, 11].

Itnv mepimtwon Twv eyxutnpwv (injectors), autoi pmopouv va taflvounBouv o€
wekaotnpeg e€Ationg Kat otnAng (vaporization and column injectors). Mwa cUptyya
Xpnolgomoleital cuvnbwg yla TNV €loaywyn Ttou Oeiypatog otov OeppooTtatoUpevo
EYXUTNPA TTPOKAAWVTAC Taxeia €€ATHION TOU OEIYHATOG TTOU avAULyVUETAl JE TO PEPOV

aéplo Kat Kiveital péoa otn otnAn. Ot otNAEG TOU Xpnoldomolouvtal Slakpivovtal o€
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maketaplopéveg (packed) kat tpixoeldeig (capillary) otiAeg. Ot TpIXoeldeic OTAAEG
Xpnotgorolouvtal cuxvotepd AOYw TNG HEYAAUTEPNG SLAXWPLOTIKNG TOUG IKavotntag. H
otatikn gdon xapaktnpiletal amd 1o maxog tng PHePBpavng (0,1-5 pym) mou emMTPEMEL
OTOUG AVAAUTEC va £pBouV O€ EMAPN HE TO EOWTEPLKO ToIXwpa tng otnAng [11].

Kabwg 0 Xxpwpatoypa@lkog Slaxwplopog Twy evwoswy Baciletal oTig SlagpopES TOUG WG
TTPOC TOV XPOVO £KAOUCNG, O XPOVOG Katakpdatnong tr (N mpoTipudtepa pn SlopOwHEVOC
XpOvVOG Katakpdatnong-uncorrected retention time) amoteAel 6xed0V TO MO GNHAVTIKO
XAPAKTNPIOTIKO TOU XPWHATOYPA@NHATOC Kal amoteAsl éva Baclkod epyaleio otnv
TAUTOTOINON TWV CUCTATIKWY [12]. ZUYKEKPIPEVQ, Eival hia pETpnon Tou Xpovou amoé tn
OTLyHR €yXxuong Tou OEiyPaTog 6To cUCTNHA £wE TN GTLYHN TTOU TO CUCTATIKO EKAoUETAL
amo tn otNAN Kat avixvevuetat. O MPocAPHOCHEVOC XpOVog Katakpdatnong tr' (adjusted
retention time) pmopeil emiong va xpnogomoinBei kat umoAoyiletal apaipwvtag tov
VEKPO XpOvo (tw: dead time) mou avtioTolxel 0TOV XpOVO KATAKPATNONG £VOG GUCTATIKOU
mou dev Katakpateitat amo tn otatikn ¢aon (Ewk. 3.2.).

0 xpovog katakpdtnong tr UTO auotnPd KaBOPLOUEVEG XPWHATOYPAPIKEG CUVONKEG
pmopeil va BewpnBel xapakTnploTikn otabepd tng Evwong, aAAd oev Bswpeital amdAuta
€EEI0IKEUPEVOG OEIKTNG KABWG KL AAAEG EVWOELG PTTOPOUY £Tiong va gpg@avifouv tov idlo

Xpovo Katakpdatnong [3].

detector
response

) . "
L (uncorrected) retention time tg .

adjusted retention time tg'

dead time

t
Lt

/\unrctamcc‘ baseline
compound \

Injection end of run

» lime

A

EiK. 3.2. Ala@opeTiKoi XpAvol Katakpdtnong mou xpnotpomolouvtal otn GC [3]

H xpwpatoypa@iki avaAuon Rs (chromatographic resolution), eivat cuvaptnon tng
amodoong NG OTAANG, TNG EMAEKTIKOTNTAG KAl TOU OUVTEAECTH XWPENTIKOTNTAG KAl

pHabnpatika pmopei va eKPpaoTel wg:
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R, = 1/4VN [ £=2 K
s=1/4VN{— T (3.2.) [6]
omou: a eivat 6pog g anoéofllKérntag‘ TNC OTAANG, b eival 6pog TG eMAEKTIKOTNTAC

NG 6TAANG Kal C €ival 6pog TNG XwPNTIKOTNTAC.

H amddoon tng otnAng (column efficiency) ymopei va umoAoyiotei wg €€AC:

N (%)Ezls(%)zzs.s(uf}i )2 (3.3.) [6]

omou: N gival o aplBpog Twv BewpnTiKwyY MAAKWY, tr €ival o xpovog Katakpdtnong, o

glval n TumKn amokAlon yla pla kopugn Gaussian, w eival To MAATOg KOPUPNG OTNn
YPQupn Baong (W = 40) KAt W1 /2N Wh €lval To TAATOG KOPUPNG GTO HLoO UYOC.
0 0Bewpntlkog aplBudg mAakwy (N) €ival XapaktnploTiKOG TNG XwPNTIKOTNTAG
OlaXwWPLOHOU HLAg XPWHATOYPAPIKNG OTAANG KAl PTTOPEL va UTTOAOYIOTEL WG ENG:
N = 5.545(tx /1n,)’
(3.4.) [11]
H emAektikdtnTta tng otAANG (column selectivity) avagépetatl otnv amdéotacn, i oto

OXETIKO OlaXwpPLopo, peTagl ouo Kopupwy (EK. 3.3.) kat divetat amd v €icwon 1.5.

tRy — ¢ t'ro K>
x = R2 L= fR" = — (3.5.) [6]
) ) o=tk P Ky ) ) )
Oomou: a gwvatl o CUVTE)\ECTHQ 6lC[X0.)pl0|JOU, tr1 KAl trz €lval ot XPOovol Katakpdatnong tTwyv

ouotatikwy 1 Kat 2 avtiotoixa, to (i tm) eivalt o XpoOvog KATAKPATNONG TwV KN
OUYKPATNUEVWY OUCTATIKWY, Ta tR1 Kal trz €lval ol TPOCAPHOCHEVOL XPOVOL
KATAKPATNoNg Twv cuotatikwy 1 Kat 2 avtiotoxa Kat Ki kat Kz €ival ol GUVTEAEOTEG

KATAvopNng Twy cuctatikwy 1 Kat 2, avtiotoixda.

-t —>|
SOLVENT

il RETENTION TIME (UNCORRECTED) 'nz B .

~
ta l %
- > Ce=—=
| I o

|<_AEHUSLED_REEN@NﬂME _"Rz_>|

l . | |

|<_ i e ->| I

l | |

| 1 2

| |

| |

IN.JECTION

Eik. 3.3. Métpnon Xpovwy KATakpatnong Kat MAEKTIKOTNTAG 6TAANG [6]
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H xwpntikotnta (capacity) i o cuvteAeotng Katakpatnong (retention factor) k’ eivat
pia pétpnon tou XpOvou Tou TAPApEVEL 0 avaAutng (analyte) otn otatikn ¢docn o€
ox€on pE TNV KvntA @aon. ‘Oco uynAdtepn eival n tiun tou k’, 1060 KAAUTEPOG Eival o
OlaXWPLOHOC HE O OLEUPUHEVEG KOPUPEG Kal PHEYAAUTEPOUG Xpovoug avaAuong [6]. O
OUVTEAEOTAG XxwpnTikotnTag k’ pmopel va oplotel amd v e€iocwon:
Ve - Vo (3.6.) [13]

Vo

K =

omou: Vg gival o dykog katakpdtnong tng SlaAupévng ouaciag Kat Vo eival o Kevag 0YKog
(void volume) tng SlaAupévng ouaiag.
Xe mepimtwon mou Ogv UTTApXel aAAayn otov pubuod pong TNG KIvntAg pdong Katd tnyv
€KAOUGN TOU OElyHATOC, 0 CUVTEAECTNG XWPNTIKOTNTAG UTTOPEL VA EKPPACTEL WC:

K = R”Mo (3.7.) [13]

omou: tr eivat o Xpovog KGTGKp(f(Tr]Gr[]g NG OlaAUPEVNG ouciag Kalt to 0 Xpovog

KATAKPATNONG TWV PN CUYKPATNHEVWY EVWOEWV.
EVOEIKTIKEG OlaWOopPEG HETAEU €VOC XPWHATOYPAPNHATOS HE TIG PN BEATIOTEG (non-
optimal) Tipég k’ Kat evag dAAou pe Tig BEATIoTEG (optimal) Tipég k’ yia Tig vwpitepa Kat

TIG HETAYEVECTEPA EKAOUOUEVEG EVWOELG aivovtal otnv (Eik. 3.4.).

INJ

Eik. 3.4. Xpwpatoypagnipataye : a) un BEAtioteg TIPEG k’, B) BEATIOTEG TIPEG K’ [14]

27O TTPWTO XpWHATOYPA@PNHA (a), UTTAPXEL TIEPLOPIOHEVN XWPNTIKOTNTA (capacity) Kat o
OlaXWPIOPOC OPIoHEVNG TOCOTNTAC EVWOEWV Eival Ouvatdg VIO OUYKEKPLHEVNG
XPOVIKAG TePLOOoU. Avtibeta, oto OeUTEPO Xpwpatoypdagnua (B) pewwvovtag tn
Beppokpacia Katd tn OLAPKEId TOU TPWIHOU TUAHATOG TOU XPWHATOYPAPNHATOS O
TapAyovTag KAtakpdatnong auSAavetdal Kal Ta CUCTATIKA TAPAPEVOUY TTEPLCCOTEPO HECA
otn otAAn. Mapopoiwg, n avénon tng Bepuokpaciag Katd tn OIAPKELA TOU TEAEUTAIOU
TUAPATOG TOU XPWHATOYPAPNHATOC O CUVTEAEOTNG KATAKPATNONG HEWWVETAL KAl TA

OUCTATIKA a@nvouv Tn otnAn ypnyopotepa [14].
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3.1.2. GC Avixveutég (Detectors)

Mall pe ™ Xpwpatoypa@lkn otAAN, O aviXveutng amoteAel tnv «Kapdld» Tou
xpwpatoypdpou. H otAAn val pev dlaxwpilel ta otoixeia aAAd o avixveutng Oivel
TANPOPOPIEG OXETIKEC HE aAUTOV ToV Olaxwplopd. Xwpig TOV  avixveutn, n
Xpwpatoypagia 0a Atav amAd povo €vag OlaxXwplopog N Hld TPOTAPACKEUAOTIKNA
texvikn [15].

Ot avixveuteg GC taivopouvtal Mivakag 3.1 pe Baon tov Pnxaviopo Asltoupyiag toug
w¢ EEAPTWHEVOL ATTO TN CUYKEVTPWON, £EAPTWHEVOL AT ToV PuBUO pong tng palag n
e€aptwpevol Kat amd ta OUo. XtV TEPIMTWON €VOC AVIXVEUTN OUYKEVIPWONG
(concentration detector), to onpa givat avaAoyo Pe TN CUYKEVTPWON TOU avaAutn oto
(PEPOV AEPLO PECA OTO KEAL TOU AVIXVEUTH, EVW TO OAHA £VOG AVIXVEUTH pong palag (mass
flow detector) eivat avdAoyo pe tov pubud pong tng palag tou avaAuin Tou
e€amAwvetal oto KAl TNg 6TAANG aTo To PEPoV agpto [15, 16].

‘Evag 10avikog aviXveuTnG amaltel oplopéva €l0IKA XAPAKTNPIOTIKA, OMWC EMAPKN
euatcOnoia, aflomotia, avixveuolpotnta, e€EOIKEUON, YPAUHIKOTNTA K.AT. [16]. Ot
TUTTIKOl QVIXVEUTEG AEPLAC XpwHatoypaiag Kabwg Kal ol EQApHoYEC TOUuG, Ta opla
avixveuong Kat o Tumog toug apoucialovtal otov MNivaka 3.1.

To @acpatopetpo palag (mass spectrometer-MS) avayvwpiletal YEVIKA WG AVIXVEUTNG
UWNANG LoxUoG yla €vav aéplo xpwpatoypdgo Adyw tng uywnAng suaicbnoiag, tng
€€e10(KEUONG TOU Kal TG LKAvOTNTAG tou va Olakpivel tn dopn plag évwong [17]. H
avaAluon TwV EVWOEWV-OTOXWY (target compounds) eivalt éva amdé ta oxupd
mAgovekTApata g ouleuéng GC-MS Tou €XEl EPAPHOCTEL EKTEVWG OTN YEWXNHEIQ
metpeAaiou [9].

Emiong, ot avixveutég oviopoUu @Aoyag (flame ionization detectors-FID)
XpNoIPOToloUVTAl E€UPEWC YId TNV avixveuon moAAwv TUTWV udpoyovavopdakwy.
Qot600, gival OUoKoAo 1 aduvato va TPoodloploToUV TOAAEG XAPAKTNPIOTIKEG EVWOELG,
omwc eivat ot Blodeikteg (biomarkers) f; ol MTOAUKUKALKOL apwpdaTikoi udpoyovavopakeg
(MAYg) xpnowomowwvtag povo GC-FID, kabwg ouvaviwvial C€ OXETIKA XAPNAEG
OUYKEVTPWOEIC OTO TETPEAALO KAl N CUYKEKPLUEVN HEBOOOC Oev pTTOPEl va TMApPEXEL
TIEPIOOOTEPEG TTANPOYOPIES YIa HEHOVWHEVA popla AOYw Tng Olodiactatng avaiuong

oedopévwy tng [18].
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Mivakag 3.1 Avixveutég GC Kal Ta xapaktnploTtika toug [3].

AVIXVEUTAG Epappoyn Evaiobnoia [pappikotnta Tumog

Flame ionization Most organic 10-100pg 10’ Mass
detector (FID) compounds
Electron-capture Halides, nitrates, nitriles,  50fg 10° Concentration
detector (ECD) peroxides, anhydrides,

organomeltallics
Thermal conduclivity  Universal 1ng 107 Concentration
detector (TCD)
Flame photometric S, P, Sn, B, As, Ge, Se, 100pg 10° Mass
detector (FPD) Cr
Nitrogen-phosphorus N, P 10pg 10° Mass
detector (NPD)
Photo-ionization Aromatics, ketones, 2pg 107 Concentration
detector (PID) esters, aldehydes,

amines, heterocyclics,
organosulphurs, some
organomelallics

Mass spectrometer Universal 1ng (scan) 10° Mass
(MS) Selective* 1pg (SIM) 10°

* Y& mepinmtwon Asitoupyiag oe emMAgypEvn odpwon Ovtwy (SIM mode)

3.1.3. ®aocpatopetpia palag (MS)

H @acpatopetpia palag (MS) Bewpeital wg pla Hovadlkn QACHATOCKOTIKNA TEXVIKA N
omoia Baciletal otn OnpoUpyia WOVTWY opyavikwy N avopyavwyv popiwyv (dtadikacia
LOVIGHOU) TTOU OTN CUVEXELD avaAuovidl cUH@wva Je TNV avaAoyia tng palag toug mpog
10 @optio (M/z) Kabwg eloépxovtal PEow NAEKTpooTatikoU mediou (avaAutng palag)

Kal TEAIKA avixvevovtal (detector) (Eik. 3.5.).

ION SOURCE QUADRUPOLE DETECTOR
Sample
Inlet

l Accelerating &
Focusing Plates
|

Py —————=N A
o~ v Ere— Sl
T e i ML
\ Elec‘lron Beam\lona (m/z) To/

Data System
Repeller
Filament

Ewk. 3.5. Zxnuatiki dwataén gacpatopetpou palag [19]
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H povadikotnta autng tng avaAuTiKAG TEXVIKAG eival OTL umopei va cuvOudoel TOoo TV
avixveuon 000 Kal TNV Tautomoinon plag ayvwotng évwong [19]. H avdntuén opyavwy
mOAU uywnAng avaAuong (high-resolution) €xet ocupBdaAel otnv Ttepdotia GuAAoyn
TANPOPOPLWY OXETIKA PE TN cUvOeon delypdtwy apyou metpeAaiou [20].

O avaAutng pdalag (mass analyzer) €ival To Mo oNUAVTIKO HEPOC TOU (PACHATOHETPOU
palacg. Metall twv SLaPOoPETIKWY AVAAUTWY TTOU £XOUV XpNnolpotolndsi 6cov agopd tnv
avdAuon, HIKpOTEPEC Hovadeg mou Bacilovtal oe texvoAoyia tetpamolou (quadrupole)
N TexvoAoyia mayideuong Ovtwy (ion trap) mapéxouv 1oxU avaAuong palag £wg mepimou
8.000. Qotoco, n avaiuon pmopei va BeAtiwbdei xpnolpomowwvtag FT-ICRMS (Fourier
Transform lon Cyclotron Resonance) or FT-Orbitrap analyzers [21, 22].

Ta Tumkda @aocpata palwyv mePLEXOUV HOvVo BETIKA 1OvTa Bpaucpatomoinong e opTio
+1. Q¢ €K TOUTOU, 0 AOYoG palag mpog optio (M/z) €ival n poplakn pala tou
Bpavcpartog olaipoupevn pe +1. 'Eva mapddetypa @acpatog palwv divetat otnv (EK.
3.6.), omou n oxetikn agbovia (relative abundance) amneikoviletal otov aova y Kat 10

mnNAiko m/z aneikoviletal otov aova X.

100 - Base peak

@ @
o L=
| I | )

F-9
o
| I

Molecular ion peak

relative abundance

M
=]
|

| I[' I: L, .1.| | . .
0 50 100 150
mass-to-charge ratio (m/z)

o

Ewk. 3.6. Napdadstypa @acpatog palwv tou meviaviou [3]

To Bpavopa (m/z) mou €xel TNV uwnAdtepn €vtaon ovopdaletal Baoilkn Kopupn (base
peak) 1 Baclko 10v (base ion) kat mapouctaletal wg oxeTikn agbovia 100%. EmmALoy,
TO Hoplako 1oV (molecular ion) i To PNTPIKO 1OV (M*) gival To Bpavcpa pe Tov uPnAOTEPO
aplOpo palag Kat avtimpoowIeUEL TO BETIKO POPTICHEVO HOPLO HE M/Z (GO HE TN HOPLAKNA
pala tng évwong. ‘OAa ta dAAa Bpalcpata mpoépxovtal amd to Opalopa Tou poplakou
ovtog [19].

H pébodog loviopoU TOU XPNOLUOTIOLE(TAl OTOV (PACHATOMETPIKO aVIXVEUTH palag
Xxapaktnpilel Tn @Uon Twv Osdopévwy mou AdapBdavovtal. Ymdpxouv Slag@opes péBodol

LOVIOHOU OTIWE O LOVIOHOG NAgKTpoviwy (El), o XnuKAg 1oviopog (Cl), o XNUIKOG LOVIOHOG
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atpoo@aiplkig mieong (APCI), o woviopog mediou (FI), o @wtoloviopdg (Pl) kat dAAeg
[23]. BeBaiwg, 0gv uTTApXeEL 10AVIKN TEXVIKNA LOVIOHOU Yia OAOUG TOUG TUTTOUG OELYUATWY
apyou metpeAaiou Adyw tou TOAUTTAOKOU XAPAKTAPA TWV CUCTATIKWY TOU TETPEAdiOU.
Emopévwg, amatteital cuvOuaopog autwy Yyid Hia amoTEAECHATIKN TAUTOTOINoN TwV
Olaopwv Oelypdtwy apyou metpeAaiou [22].

H péBodog 1oviopou nAektpoviwv (Electron lonization-El) eivat n mo egupéwg
Xpnolgomoloupevn petafu aAAwv Kat Baciletal otnv aAAnAsmidpaon tng mPog avaiuon
ouciag og agpla @aocn pe pla 0€opn nAeKTpoviwy (cuvnbwg 70eV) n omoia dnpioupyei
pWIKa 1OvVIa TOU OTn OUVEXEl uU@iotavtal amoouvBeon oxnuatifovrag ovta

®paucpartomoinong [23].

3.1.4. GC-MS

H péBodog GC-MS eival o cuvePYIOTIKOG cUVOUACHOC OUO IGXUPWY AVAAUTIKWY TEXVIKWY
NG aéplag xpwpatoypaiag (GC) kat tng @acpatopeTpiag palag (MS) [24]. Mapéxel
akplBr TOCOTIKO TPOGOIOPIOHO TTNTIKWY KAl NPUTTNTIKWY EVWOEWY oE Oslypata
meTpeAaiou [17]. Zxe00V 0mMOIOGONTIOTE AEPLOG XPWHATOYPAPOCS PTTopel va cuvOoeBel pe
éva  @aopatopeTtpo  palag  mapexovrag  pa  Owedldotatn avayvwplon
oupTepIAauBavopévou tou xpdvou Katakpdtnong Kat tou gdopatog palag ywa Kade
OUOTATIKO TOU peiypatog [25].

2TIG MTEPLOCOTEPEC TEPITTWOELS Hld TPIXOEWONG otAAN GC cuvdéetal ameubeiag pe tov
avixXveutn MS péow Beppatvopevng Tpixoeldouc odou petagopdc (capillary transfer line).
To Ociypa «tafldsvel» péow NG otNANg GC otn OlEM@PAVEId KAl OTN OCUVEXEL
uTtoBAAAsTal o€ emeEepyacia amo Tov avixveutn MS. ‘'OAa ta dsdopéva mou AauBavovrat,
avaAvovtal amd €vav UTOAOYIOTH TOU HETATPEMEL TOUG NAEKTPIKOUG TAAPOUC Of
avtiypaga omtikAg amelkoviong Kat £vtunng popens (Ek. 3.7.) [19].

H pébodog GC-MS pmopeil va Acitoupynoet Pe OLA@opoug TPOToUS, OTwS N TARPNG
ocdapwon (scan mode) Kat n emAgypévn cdpwon Wvtwy (SIM mode). H Asitoupyia scan
mode ava@Epetal otV MEPIMTWOoN TOU XPNoLJoTiolE(Tal pacpuatopeTpo palag ya tn
odapwon 0AGKANPOU ToU EUPOUG TWV LOVIWY TTou TTapdyovtal 6Tnv mnyn 1oviwy. Metagu
AUTWY TWV LOVTWY UTTAPXOUV KATIOLA XAPAKTNPLOTIKA KAl SlayVWOoTIKA LlOVTA TNG £VWOoNG-

otoxou [27].
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Ewk. 3.7. Zxnuatiki dwatagn tng pebodou GC-MS [26]

QoT000, £va ONUAVTIKO HEIOVEKTNHA TWY TETPATOAIKWY (quadrupole) avaAutwy palag
glval n XapunAn OXeTIKA OLAKPITIKN LKAVOTNTA, AOYw TOU HEYAAOU XpOVOU GAPpwoNng Kal
TOU TEPLOPLOPEVOU €Upoug m/z. Qg €K TOUTOU, KATAyPA@OVTAl TEPLOXEC PACHATOC
XWPIC 1OVTa eVOLAPEPOVTOC, £VW AAAA XPACIHA 1OVTA OEV (PTAVOUV GTOV AVIXVEUTH. AUTO
10 Yeyovog otny mpaypatikotnta odnyei og peiwon g euaicdnoiag tng Asttoupyiag
odpwong yld Tov mPooSlopIoHO TWY EVWOEWV-0TOXwVY [23, 28]. Av Kal sival Katwiepa
amo Ta 6pyava payvntikou TopEéa 6cov agopd thy euatcbnoia, tnv avaAuon Kat To eUpog
avwtepng HAalag, n EUKOAia Xxpnong Toug, N OXETIKA TTPOCITOTNTA, TO CUPTIAYEC HEYEDOG
KAl n Kavotnta eUKoAng dlacuvoeong pe ocuotnpata GC i LC ta kabiotouv tnv mo
EUPEWC XpNOIPOTIOOUNEVN HAla PACHATOHETPA OTO KALVIKO EpyAcTiplo.

‘Evag amAog tpdémog yia va au€énbei n euaicbnoia tng peBodou eival xpnion Tng
Asttoupyiag SIM (selected ion monitoring-emAeypévn mapakoAoubnon WOVIwY). Auti n
TEXVIKN EMTPETEL OTO OPYAVO VA KATAYPAPEL TO PEUPA LOVIWY OE EMAEYHEVEC HALEG TTOU
glval XapaktnploTIKEG yia TNV £vwon evolagépovtog. ‘Etol, o avaAutng palag oev
€o0clel XpOVO ©APwWONG OAOKANPOU Tou eUpoug palag Kal £xel pubuloTel va
TTAPAKOAOUBEL HOVO TNV £VTACN CUYKEKPIUEVWY TIHWY m/z. EmmAgoy, n Asttoupyia SIM
HEWVEL Tov B0puBo (background noise) aufdvovtag Tnv euaicbnoia kat tnv
EMAEKTIKOTNTA TNG pHEBGOOU [24, 28, 29].

Ot BIBA0OAKeG pacpdtwy avagopdc (reference spectral libraries) xpnolgomolouvtat
amo Toug €10IKOUC TTPOKELUEVOU va €xouv TTpooBacn o€ XIALIAOEC pAacHaTa £TCL WOTE VA

EPUNVEUCOUY KAl VA avayvwpioouv pid ayvwotn £vwon o€ cUYKPLoN HE Pl YVWOTH.
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Q0T000, OE OPICHEVEG TIEPITTWOELG OTIOU ATTALTEITAL ATTOAUTN aAvayvwplon Kal £Qocov
Kamola loopepn Ogv Pmopouv va diagopotolnBoulyv To £va amd 1o dAAo, ival onPAvTIKO
va xpnolgomoleital éva mpotumo avagopdg (reference standard) mou pmopel va
avaAubei oto id0lo Opyavo UG TAVOUOLOTUTIEG GUVONKEG CUYKpivovtag ta @Aacpata

palwyv Kat Toug Xpovoug Katakpatnong [3].

3.2, Texvikl XnMIKOU amotumwpatog metpeAaiou  (Petroleum  Forensic
Fingerprinting)

H texvikn "fingerprinting” eivat £éva ocuvoAo pebodwy mou BonBouv 6TnV TAUToToincn Kal
TOV TPOGALOPICHO TNG TTPOEAEUONG EVOG pUTIOU HE BAGN TN XNHIKN avAAucn tou delypatog
[30].

H cuykekplpévn pEB0OOC ApXLoe va avamtUooETal Yid TpwTn popd To 1970 Kat n mpwtn
EQAPHOYN TNG O PEAAICTIKEG OUVONKEG NTav oTo atuxnua tou Exxon Valdez, omou
XpNoloToINONKE T000 yla TV avixveuon udpoyovavlpdkwy otn BAAacoa 060 Kat yla
TIC EMMTWOEIG TOUG otnV udpoBla {wn Kat v €€€taon tng KATaAAANAOTNTAG TWV
TPOPIPWY TPOG Katavaiwon amd tn yupw meploxn. Mapd to yeyovog 6Tt autn n pEBodog
oXeOLAOTNKE APXIKA Yyld TNV TAUTOTOIinNon HOvVo ot udpdBla cucThpatd, otnv TopEia
BeATIWONKE £TOL WOTE VA PTTOPEL Va @apHoocTel Kal og delypata TAAyKTOv Katl 6A@oug
amo peyaio Babog [31, 32].

O xapaktnplopog twv metpeAatoknAidwy (oil spills) kat n cUuvdeon Toug pe mMOaveg mnNyEg
(potential sources) eivat TOAU ONUAVTIKEG TAPAHPETPOL Yld TNV EKTIUNON Twv
TEPIBAAAOVTIKWY EMMTWOEWY, KABWC Ol TUXAIEG TMETPEAALOKNAIOEG UTTOPOUV va €XOUV
KATAOTPOWPIKEG CUVETTELEG OTO TEPIBAAAOY Kal TO olkooUoTnpd. Qg €k TOUTOU, N EMTUXAG
«EYKAnpatoAoykn» (forensics) £épeuva kat n avaiuon Twv pUTwWY TETPEAAIOU TTAPEXEL
TANBwpPa G£00UEVWY XNPIKWY amotunwpdtwy (chemical fingerprinting data) [17, 27].
KdaBe deiypa apyou metpeAaiou mapouctdlel éva povadlko xnuiké amotunwia (chemical
fingerprint) KaBw¢ oxXNUATIOTNKE KATW amo SLAPOPETIKES YEWAOYIKEG ouvOnkeg [18].

H avaAuon cuykekpluévwy udpoyovavOpdkwy TETPEAdioU €Xel PEYAAN onpacia otnv
meEPIBAAAOVTIKA €yKAnpatoAoyia, Kabwg TApEXEL ONUAVTIKEG TANPOYOPIEC yla TOV
XAPAKTNPLOKO Kal TV Tautomoinon Twv metpeAatoknAidwy. H emAoyn twv KatdAAnAwy
OUCTATIKWYV-0TOXwV Tou TmetpeAaiou (oil analytes) ywa tnv tautomoinon Twv
neTpeAadloknAidwy e€aptatal amd tov TUTo Tou TEeTpeAaiou mou OlappEésTal, amod td
XAPAKTNPLOTIKA TNG TTEPLOXAC TTOU HOAUVETAL KAl ATTO TIG aVAYKES oUYKPLoNG HETAEU Twv

TPEXOVIWY KAl TWV HEAAOVTIKWY Oedopévwy [18].
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Ta oucTATIKA-oTOXOl Tou TeTpeAaiou mou avaAvovidl PE TEXVIKEG Omwg n GC-MS
pmopouv va ta&lvounboulv o€ TECOEPLIG KUPLEG KATNYOPIES: 1) HEHOVWHEVOL KOPECHEVOL
udpoyovavOpaKeC GUUTIEPIAQUBAVOHEVWY TWY KAVOVIKWY aAKaviwy (n-alkanes) Kat twv
toompevoeldwy (Individual saturated hydrocarbons including n-alkanes and isoprenoids),
2) MOAUKUKAIKOL apwpatikoi udpoyovavOpakeg, MAYs (PAHs), cupmepAapBavopévwy
TWV XAPAKTNPLIOTIKWY AAKUAIWHEVWY OHOAOYWV TOUC, 3) ETEPOKUKALKOL ApWHATIKOL
udpoyovavOpakeg BOeiou (sulfur heterocyclic aromatic hydrocarbons) kat Tta
aAKUAlwpEVa opdAoya toug Kat 4) Blodeikteg metpeAaiou (petroleum biomarkers) [33,
34].

Ot avaAuTeg-oToXol avayvwpilovtal Kal TocoTIKoTolouvTal Pe BAoN TA XAPAKTNPLOTIKA
lOvTta Toug amod tnv texvikn GC-MS og Asttoupyia SIM. To oxnpa katavopng (distribution
pattern) Kat To MPO@IA TWV GUCTATIKWY TOU TETPEAdiou mapouactalouy dlaPopEg HETAlu

Olapopwy OElYHATWY TETPEAdiou Kal METpEAAiKwWY Tpolovtwy (Ewk. 3.8.) [18].
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Katavopn twv evwoewv-otoxwv otn GC-MS avaAuon Oelypdtwy TETpEAdiou
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3.2.1. AvdAuon Blodeiktwy metpeAaiou (Petroleum Biomarkers Analysis)

Ot Blodeikteg amoteAoUv avappleBnTnTa £va XpNnolpPo epyaicio yla tnv e€gpelivnon tou
TMETPEAAioU KAaBWG TAPEXOUV TTANPOYPOPIEC OXETIKA PE TO MEPIBAAAOV evamobeong, tnv
NAIKIa, TNV apxiki opyavikn UAn K.Am. MNa mapddstypa, ol mTop@uPiveg, Ta AKUKAQ
oltepmavia, to @utdvio (phytane) kait to mplotavio (pristane) mpoépxovtal amo ta
otadla tn¢g Olayéveong (diagenesis) kat TtNg Katayéveong (catagenesis) NG
XAWPOPUAANG, VW N Tapoucia otepaviwy (steranes) kat xomaviwyv (hopanes) pmopei
va OWOEL TANPOPOPIEC OXETIKA HE TNV NAIKIA TOU PUNTPLKOU TIETPWHATOC YEVESNG (source
rock) [35, 36].

H xnuikn avaAuon twv BLOOEIKTWY TAPEXEL TMANPOWYOPIEC TEPACTIAE onpaciag yla
€peuveg mepIBAAAOVTIKAG eykAnpatoAoyiag (environmental forensics investigations)
[37]. Ot Blod&ikTeG ival QUOIKOL UOPOYOVAVOPAKEG Ol OTOIOL CUVAVTWYVTAL GTO apyo
TMETPEAALO KAl oTa TEPLOCOTEPA Tpoldvta meTpeAaiou Katl mapouctdlouv peyaAUTtepPOL
avOeKTIKOTNTA OTIG OLaopeS Oladlkacieg aAAoiwong Tng XNUIKAG cuotaong (weathering
processes) o€ cUYKplon HE Ta UmOAolma cuotatikd. EmmAéov, n katavoun toug eival
pHovadlk METAEU OlAPOPETIKWY TPOIOVIWY TETPEAAIOU TIAPEXOVTAG OCUYKEKPIUEVO
XNUIKO amotUmwpa, mou amoteAsl 0laitepn XpNnolun TAnpo@opia OTIg HEAETEG
OUOXETIONG TETpEAaiwy N Tpoldvtwy toug [38].

Ot Kopeopévol Kabwg Kat ol apwpatikol BlodEiKTEG HTopouV eUKOAA va avaAubouv pe
NV TeXVIKAR GC-MS og Asttoupyia SIM og dsiypata netpeAaiou i o€ KAdopata autou. O
BouBapdiopdg nAskTpoviwy (electron impact) eivat n mo cuvnBiopévn pEBodog Lovicpou
TOU EMTPEMEL  OTOUG BlodeikTeg va  OnploupyoUuv  XAPAKTINPLOTIKA  1dvta
®paucpartomoinong [39].

H 6paucpatomoinon Twv mMo Kolvwy Blodelktwy metpeAaiou @aivetat otov Mivaka 3.2.
Ta xpwpatoypagnuata palag oe Acsitoupyia SIM xpnoigomolouvtat Oxt povo yua
TOoOTIKOTOINON AAAd Kal yld TAutomolnoelg Twv Blodelktwy aufdvovtag £1ol TV
euatcbnoia tng avaiuong [34, 39].

To xnUIKG amoTUTTWHA TWV KAvovikwy aAkaviwv (n-alkanes) xpnolpomoleital EUpEwG
OTNV 0opYavikn yewxnueia (organic geochemistry) yla tnv tekpnpiwon tg mpoéAsuong
TOU opYyavikou meplexopévou tou Osiypatog. Emiong, n mapoucia kavovikwy aAkaviwy
Hakpag aAucidag xpnolpomoleital wg OsikTng yla To mepIBAAAOV evamobeong HE EVIOVO

TIEPIEXOHEVO O€ TPLyevn (terrigenous) Wnpata [41].
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Mivakag 3.2 XapaktnploTika 1ovta Bpaucpatonoinong twy mo Kowvwv Blodeiktwy [40]

Blodeikteg Iovta Opavopatomoinong (m/z)
alkyl-cyclohexanes 83
methyl-alkyl-cyclohexanes 97
isoalkanes and isoprenoids 113, 127, 183
Sesquiterpanes 123
Adamantanes 135, 136, 149, 163, 177, 191
Diamantanes 187, 188, 201, 215, 229
tri-, tetra-, penta-cyclic terpanes 191
25-norhopanes 177
28,30-bisnorhopanes 163, 191
Steranes 217, 218
5a(H)-steranes 149, 217, 218
5B8(H)-steranes 151, 217, 218
X diasteranes 217, 218, 259
methyl-steranes 217, 218, 231, 232
monoaromatic steranes 253
triaromatic steranes 231

Ta xpwpatoypagniuata mou mapouctalouv povokopun (unimodal) katavoun amé n-
C10 éwg n-C33 pe péyloto mepimou amo n-C15 £€wg n-C17, umodelkvUouv TPoEAEUON
(input) amdé aAyn Kat pikpoBia, evw n Katavoun pe oUo péylota (Oikdpupn, bimodal)
pETall n-C10 £wg n-C33 pe péylota mepimou amd n-C15 €wg n-C17 kat n-C27 £wg n-C29
UTTOOEIKVUEL HIKPOTEPN GUVELOQPOPA amd AAyn Kal HIKpoBla 6To cUVOAO TN OpYAVIKAG
UANG [42].

Ta KUKAIKA LlGOTIPEVOELON €ival Ta KUPLD CUCTATIKA TwV QUTWY, TwV I0TWY Twv 0wV
KAl TwV BAKTNPLAOKWY KUTTAPIKWY TOXWHATWY. Kabwg n xAwpo@UAAN gival mbavwg to
mo Oladedopévo poplo mou Olabétel toompevoeldn aAucida (isoprenoid chain), 6a
HTTOPOUCE VA €XEL GNUAVTIKN CUVELCPOPA OTO OPYAVIKO TEPLEXOPEVO TwV IWnudtwy. H
Umap€n AKUKAwY LooTTpeVOELdwY oTh Bloopaipa mpoEpXETal amd TNV amoltkodopnon tng
TMAEUPIKAG aAucidag tng @uTOANG (phytol) evog popiou XAwpo@UAANG [43, 44].

OL epLocOTEPOL UOPOYOVAVOPAKES TTOU £XOUV OXNUATIOTEL amd emavaAauBavopeveg
povadeg oompeviou (C5H8) kat pmopouv va BpebBolv ota apxaia WApata Kat oTo
netpéAato givat ot SlakAadiopévol udpoyovavBpakeg C19 kat C20, mPLoTAVLO Kal UTAVIO
avTioTolXd, TOU TIEPLEXOUV OTA HOPLA TOUG oUVOEoN KEPAANG TIPOG OUPd TWV HOVASWY
loompeviou. To TploTavio (pristane) mapayetal KATw amod AtlyotePo avOEIKEG GUVONKEG
HE aguddtwon Kal amokapBoEUAiwon Tng YUTOANG, evw To Putavio (phytane) katw amo
LOXUPEG AVAYWYIKEG CUVONRKEG HECW avaywyng Kal agpuddatwong tng QutoAng (Eik. 3.9.)
[45].
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Eik. 3.9. IXnuatiopog mplotaviou Kat gutaviou amo tn QutoAn [45]

Ta tputepmavia (triterpanes) kat ta otepdvia (steranes) eival ot Mo ouvnOlopévol
Blod€lKTEG TTOU cuvaviwvtal oTo apyd METPEAALO KAl OTA peoaia Kat Bapld mpoiovia
OWALONAG Tou. AGYw TNG OXETIKNG AVIOXNG TOUG OTIC dldopeg Oladlkacieg aAAoiwong
TWV OUoTATIKWY (weathering), amoteAdolv  €va TOAU XpNOlHo €PYaAEio OTIG
«EYKANUATOAOYIKEG> TTEPIBAANOVTIKEC EPEUVEC [46].

Ta xomavia (hopanes) amoteAoUv Ta Mo Ola0edOPEVA TTEVIAKUKALKA TPITEPTIAVIA OTA
TMEPLOOOTEPA WPIPA WAPATA KAl OTO Apyo METPEAALO KAl TTPOEPXOVTAL KUPIWGS Ao TO
xomavoeldEg teTpaidpofu-Baktnploxomavio (tetrahydroxy-bacteriohopane) C35 kat ta
ouyyevl Baktnploxomavia Tou Bpiokovtal oTIC  AMIOIKEG HEPBPAVEC TwV
TTPOKAPUWTIKWY 0pYaviocpwy [34, 47].

To yappakepavio (gammacerane) eivat éva pn-xomavoeld£g (non-hopane) mMeVIakuKALKO
tpttepmavio (Ewk. 3.10.) mou ouvavtdtat o€ HIKPOTOoOTNTEG o€ OXeO0V OAa 1A
ac@aAtévia Kal Ta meTpEéAala Kat Bpioketal oe peyaAutepn agbovia oe Wnpata mou
oxnuatiotnkav amé Ttnv amolkodounon Ttng TeETpaxupavoAng (tetrahymanol) mou
mpoépxetal amd mpwtolwa. H Umapfn tou umodnAwvel acuvnblota aAatouxda

mepIBAaAAovTa onwg Alpveg kat 6aAdoota WAuata [45, 47, 48].
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Eik. 3.10. Aopn tou yappakepaviou [45]

To oAsavavio (oleanane) sivat emiong évag aAAog TUTIOC PN XoTravoeldoUg TTEVTAKUKALKOU
TpltepTaviou mou mpoEpxetat amo to Plantae ki €xel U0 toopepn: 18a(H)-oAsavavio Kat
18B(H)-oAeavavio (Ek. 3.11.). Alagopa oAsavavia éxouv BpeBei oe ekxuAiopata Kat
meTpEAala amod OeATAIKA Kat BaAdooia WAPata Kal GUYKEKPLUEVA N ATTELKOVION dAga (a)
KUPLAPXEL OTO WPIHO apyo TMETPEAAIO KAl oTad MeTpwpata. Asdopévou 6Tl Kal ot duo
Oopéc  mapouctalouv  uywnAn  avioxn ot Oladlkacie¢  Bloamolkodopnong
(biodegradation) kat otnv ékmAuon pE vePO, TO OAsavavio Bswpeital MOAU XpPNOIHOG
BLOOEIKTNG 0E CUGXETIOHOUG HETAEU Olapopwy OElYHATWY TETPEAAiou KaBwg Kal Petagy
TMETPEAAiWY Kal PNTPLKWY TETPpWHATWY (source rocks) [45, 48, 49].

‘OAa ta xomavia divouv €va xapaktnploTtiko v Bpaucpatomoinong pe avaioyia m/z
191, evw Tta otepavia avtiotowxa o€ m/z 217 kat 218 [39]. To Bpavcpa pe m/z 191 givat
ouxva n Baclky Kopupn Twv @acpdtwv palag twv Blodelktwyv. levikd, ta
xpwpatoypagnpata GC-MS twv tepmaviwv (m/z 191) mapoucialouv €va eupu @Acpa
katavopng amo C19 €wg C35 pe ta C29aB- kat C30aB-mevTakukALKA xomavia Kat ta C23
Kat C24 TplKUKAIKA TepTravia va ivatl cuvnBwg ta mo Sladedopéva. ITny TEPITTWOon Twv

otepaviwyv (o€ m/z 217 kat 218), Kuplapxouv ta oopepn twv C27, C28 kat C29 [37].
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Eik. 3.11. MpoéAeuon Kat Taglvopncn Tou oAsavaviou [49]

Juvnbwg, ta potiBa katavopung twv BlodEIKTWY OlaPEPOUY HETAEU Twv OELlYHATWY
meTpeAaiou Kat SlEpeuvwvVTIag TNV UTApPEN APKETWYV OLKOYEVEIWY BlodelKTwY gival
duvatov va mTeUxBel N avixveuon Twv METPEAAIKWY PUTIAVTWY KAl N GUGXETION TOUG HE

1O mMOavo UNTPIKO TETpWHa [46].

3.2.2. AlayvwoTikEG mapdapetpol Blodsiktwy (Biomarker Diagnostic Parameters)

Ot OlayVWOTIKEG TAPAHPETPOL TwV BLOOEIKTWY XPNCIHOTIOOUVTAlL EUPEWC ATO TOUG
YEWXNUIKOUG Yl TN CUCXETION TMETPEAAiwY, To MEPIBAAAOV evamobeong, TNV KTiPNoN
NG OepUIKAC wppdTnTag (thermal maturity) kat tng Bloamolkoddunong o€ €va Koitaopa
meTpeAaiou K.ATM. H katavopn Ttwv Kavovikwyv aAkaviwv, o otiktng CPl (Carbon
Preference Index), o BaBudég knpwdoug (degree of waxiness), n katavopn Twv
otepaviwy (m/z 217) kat Twv Tprtepmaviwy (m/z 191), n mapoucia opoxomaviwy Kat
YAPUaKeEPaviou, Kabwg Kat ol €I0IKEG OlayVWOoTIKEG avaAoyieg (diagnostic ratios) Twv
BLOOEIKTWYV Eival PEPIKEG ATIO TIC TAPAMETPOUG TTOU Xpnotlyotiolouvtal otn dladikacia
TOU XnHikoU amotunwpatog (fingerprinting) Tou metpeAaiou [37].

Kabwg n ouotacn twv MEPIOCOTEPWY BIOOGEIKTWY HETAEU TwV OlaPopwV OElYHATWY
mETpeAAIoKNAIOWY Kal Tou moavou metpeAaiou mpogAsuong Toug Osv mapouctalel Kapia
olagopd, n cUyKplon Twv OlayvwoTIKwy Aoywv (diagnostic ratios-DR) peta&i toug 6a
pumopoUcs va eival TPayHatika w@EAPn emeldn n emidpacn TNG CUYKEVIPWONG
eAaxiotomoleitat. EmmA£ov, ol Sla@opEG TNG KATAVOUNG TWV BLOOEIKTWY-0TOXWY HETAEU

TwV Oslypdtwy eivatl mo spgaveic. Ta DR pmopoUv va UTOAOYIOTOUV £(TE ATO TOGOTIKA
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ocdopéva (ONAAON CUYKEVTIPWOELG EVWCEWY) £ITE A0 NUL-TTOCOTIKA 0gdopéva (OnAadn
TEPLOXEC KOPUPwV N Uyn) [37, 40].

O Aoyog mplotaviou/@utaviou (Pr/Ph) sival pia amé Tig mo eup£wg XpNOIUOTTOIOUHEVES
TAPAHPETPOUG CUOXETIONG TTou KaBopilel to meplBAAAOV evamoBeong. Xtnv mepimtwon
omou o0 Adyo¢ Pr/Ph eival pikpotepog amo tn povadda, UTOOEIKVUEL EVTOVA avaywyLlKd
mepBAAAovta, evw ot MoAU uynAoi Adyot Pr/Ph (mavw amd 3) oxetilovral pe xepoaia
(terrestrial) WApata. TéAog, otav o Aoyog Pr/Ph kupaivetat petal 1 kat 3, amoteAei
EvOelEn ofeldwTtikou mepiBaAAovtog [50].

Ot Adyol Leompevoeldn/n-aAkavia (Pr/n-C17 kat Ph/n-C18) sival emiong moAU xprciyol
KaBw¢ mMapEXouVv MANPOPOPIEC OXETIKA PE TN Bloamolkodopnon, Ty wpigavon Kat Tig
OUVONKeG dlayéveong. XTo pUn Bloamodopnpévo apyo TETPEAALO KAl oTa pecaia kal Bapld
amootdypata tou, tTa n-aAkavia C17 kat C18 sivat mo Siadsdopéva o cUYKPLON HE TO
TIPLOTAVIO Kal TO PUTAvio avtioctoxa [37].

Emiong, 6tav o Adyog Ts (Tplovopveoxomavio) mpog Tm (Tptovopxomavio), Ts/Tm, eival
peyaAutepog amo 0,5 audvetal Kal To TEPIEXOPEVO O OXIOTOALBO (shale) evw yevika
uwnAég avaAoyieg (>1) C29/C30 xomaviwv o6To METPEAALO TTPOEPXOVTAL ATIO OPYAVIKA
mAoUcla avBpakilka aiata [50, 51]. TéAog, n avaloyia otepaviou/xomaviou eival

OXETIKA UYNAR otn BaAdoola opyavikn UAn [37].

3.2.3.  Aigpyaocieg aAloiwong twv Blodsiktwy pe to Xpovo (Weathering of
biomarkers).

Ao TN oTiyun Tou pia METPEAAIOKNAIOA £PXETAL OE EMAPN HE TO VEPO UTOKELTAL OF
OlAPOPEG PUOLKEG, XNMUIKEC Kal BLOAOYIKEC OlepyacieC aAAoiwong (weathering) mou
neplhapBavouv  e€amAwon, e€atpion, Owacmopd, OldAuocn, xnuikn - ofeidwon,
Bloamolkodounon, kadilnon K.Am. H ouykévipwon twv udpoyovavopakIKwy Kal pn
udpoYyovavOPAKIKWY CUCTATIKWY TOLKIAAEL HETAEU OlAOPETIKWY TNYwV [52].

Xe mepimtwon dlappong Tou TETpeAaiou oto £6aP0og, AvVAaKATAVOMN TwV CUCTATIKWY TOU
metpeAaiou AapBdavel xwpa. H e€atpion twv €Aa@putepwy udpoyovavipdkwy Tou
TopwdoUC HEoOU TIPOKAAel amwAela udpoyovavopdkwy oTnY ATHOcEAlpd, amoppoynon
oe oteped owpatidla i OldAuon oto vepd Ttou €8Aoug N oe umoyela Udata. O
OlaXWPLOHOC TWVY CUCTATIKWY TOU TTETPEAAiOU PETA TNV ameAEUBEpwWON TOUG 0TO £5APOG
oPEIAeTal OTIC OLAPOPETIKEG PUOIKOXNHIKES TOUG 1OL10TNTEC [53, 54].

To weathering enmnpeadel TNV KAtaotaon twv BLOOEIKTWY KAl TwV CUCTATIKWY apyou

meETpeAdiou. APKETEG BlOXnNUIKEG avtidpdoel AapBdavouv xwpd, Omwg udpoAuon,
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KATAKEPHATIOHOG, HETABOALOHOG K. AT, [55]. H avtiotaon otn Bloamoikodopunon Slagepel
HETAEU Olapopwy TUTTWY BLOGEIKTWY, EMOUEVWC CUYKPIOEIG HETAEU OXETIKWY TOGOTATWY
TOUG HTTopoUV va xpnoipomolnBouv ya tTnv ektipnon tou emmédou Bloamoltkodopnong.
H ocuykévipwon Twv MeTpeAdiKwY pUTTWY 0To £5A@OC N oTA UToyEla UdATa TEIVEL va
HELWVETAL PE TO XpOvo AOYw NG Blo-amodopnong. Zuvibwg, ta n-aAkdvia eivat mo
Bloamolkodounoipa o cUYKpLon HE AAAEC EVWOELS Kal N «e€agavion» Toug ota agpla
Xpwpartoypagnuara eivalr oxeTika ypnyopn. Ta meploocotepo Bloamolkodopnoipa
nmeTpéAala mapouctalouy éva Peyaio pn olaxwpl{opevo moAUTIAOKO peiypa (unresolved
complex mixture-UCM) oTa Xpwpatoypa@npata Toug, To OToio amoTeAsital Kupiwg amo
OlaKAAOICHEVEC KAl KUKAIKEG EVWOELG KaBwg Kal mpoldvta Bloamotkodopnong [46].

Mia kAipaka evveéa emmédwy yla TNV £KTacn tng Bloamolkodopnong £Xel avantuxBei amo
Toug Volkman kat cuvepydteg [56], oUp@wva Pe TNV omoia ta mMpwtd MEVTE emimeda
Bacilovtal oTnV dAmOPAKPUVON TWV N-aAKAviwy, TwV (COTPEVOEIdWY Kal Twv
aAKUAOKUKAoEEaviwy, evw ta emimeda 7-9 pmopouv va tautomolnbouv pe tnv avaiuon

TwV BlodelkTwy otepaviwy Kat tpitepmaviwy Mivakag 3.3.

Mivakag 3.3 Emimeda Bloamolkodopnong pe Baon tnv mapoucia i tnv amoucia

OPLOUEVWY EVWOEWY [56]

Level of Extent of

biodegradation Compounds removed biodegradation
1 None Undegraded
2 Short n-alkanes Minor
3 >90% of n-alkanes Moderate
4 Alkylcyclohexanes;
isoprenoids reduced Moderate
5 Isoprenoids Moderate
6 Bicyclic alkanes Extensive
7 >50% of regular steranes Very extensive
8 Steranes; hopanes reduced;
demethylated hopanes
abundant Severe
9 Demethylated hopanes
predominate; diasteranes
formed; steranes gone Extreme
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3.3. AvdAuon twv PAHs kat twv PASHs

Ot MAYg (TOAUKUKAIKOL apwpatikoi UdpoyovAavOpakeg) €ival XNUIKEG EVWOELS TIOU
amoteAouvTal amo 6U0 1 TEPIOCOTEPOUC CUYXWVEUHEVOUC APWHATIKOUS OakTUAioug. Qg
ToIKol meplBaAAovTikoi putol Bewpouvtal Kupiwg ot MAYG mou mepiéxouy amd dUo £wg
entd OaktuAioug Bev{oAiou. Ou meTpoyeveig (petrogenic) Kal MUpoOYeVeig (pyrogenic)
mNYES Twv MAYC mpokaAouv meplBaAAovTikn pumaven evw ol Bloyeveig (biogenic) MAY¢
UTTAPXOUV UOIKA oto eplBAAAov. ‘Etol, n dlagoporoinon HeTalu twy mnywy twv MAYg
eivat {wTIKAG onpaociag oe KABe mepimtwon mePIBAAAOVTIKNG EYKANHATOAOYIKNG EPEUVAG
[571].

O mupoyeveig MAYg teivouv va €xouv AlyOTEPEC AAKUAIWHEVEG AAUGIOEG Kal AlyOTEPOUG
meviapeAeic daktuAioug amd toug meTpoyeveic. Emiong, ot MAYg pe 4-6 Bev{oAikoug
OakTtuAioug eival yevika mupoyevoug TPoEAEUONG Kal TTapdyovial we M To MAgioTtov
amo TNV Kauon OPUKTWY KAUGIHWY Kdl opyavikwy UAKwvY. Optopévol MAYg €xouv
mpotabel w¢ Ocikteg mMpoéAsuonc. H kauon tou metpeAdiou cuvoEeTal PE UWPNAEG
OUYKEVTPWOELG TWV O MTNTIKWY MAYC, 0Twg To (PAOUOPEVIO, TO PAOUOPAVOEVIO Kal TO

TTUPEVIO.

2Tov TPOoodloplopo NG mpoéAsuong twy MAY xpnoipomolouvtal cuvnBwS OpLoHEVOL
OElKTEC. JUYKEKPIPEVa, TIHECG Phe/Ant peyaAutepeg tou 10 amodidovtat oe MMAY
TETPOYEVOUG TTPoEAEUONG (T1.X. TIUN 14 amodidstal o€ mMPoEAEUCN Ao apyd METPEAALO),
EVW AVTIOTOIXA TIHEG HIKPOTEPEG TOU 10 UTTOONAWYOUV TTUPOAUTIKA TTPOEAEUGN (TT.X. TIHEG

4-10 amodidovtal og kauon Bevlivng).

O mpocdloplopog Twv aAKUAlwPEVWY MAYG (APAHs) Baciletal ota pnTplkd toug Lovra.
ItV mepimtwon PeOUAIwHEVWY MAYg, To peBUAO (C1-) oe évav e€aywvikd OakTUALO
YEVIKA ONHIOUPYEL £va XapakInploTiko WOV [M-H]*pe éva daktuAlo 7 atopwy C, evw ol
C2- 1 meploooteEPo aAKUAlwMEVOL APAHs Ba pmopoucav va XAcouv Tautoxpova
Bpavopata pebuAiou | peyaAutepou aAKUAIOU yia va oxnuaticouv ta tdvta [M-15]* kat
otn ouvéxela [M-29]* K.o0.k. H avaAuon twv aAKUAIwPEVWY opoAOYwY MAY¢ Baciletal
ouvnOwc otnv Tumomolnpévn texvikn GC-MS mou Asttoupyei o SIM mode 1) otnv e€aywyn
HEHOVWHEVWY LOVTWY (single ion extraction-SIE mode) [58].

Evwoelc omwg 1o BevloBelogaivio (BT), to OiBevlobelopaivio (DBT), Tta
BevlovagBbobelopaivia (BNT) kat ta aAKUAlwpEVA OpOAOYd TOUG AVAKOUV oTnv
olKoyEévela Twv PASHs (TOAUKUKAIKOL apwpatikoi udpoyovavBpakeg Begiou) [59]. Ot

KOPUWEG avayvwplong (identification peaks) tou DBT, ta copepn tou peBUAo-
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01BevloBelopatviou (MDBT) kat ta tcopepn tou OlpeduAo-OiBevobelopatviou (DMDBT)
Kal Tou atBuAo-0iBevlobelopatviou (EDBT) oto apyod metpEAato pmopouyv va avixveubouv

pe tnv texvikn GC-MS oe Acttoupyia SIM o m/z 184, 198 kat 212, avtiotowxa [60].

3.3.1. Weathering twv MNAYg (PAHSs)

OLMAY¢ mou £xouv Atyotepoug amd mevte akTUAioUG eival cuvnBwg Bloamolkodounotpot
amd Baktipla umd agpoBleg cuvOnKeg, aAAd umdpxouv emiong evoeielg avagpoBlag
amodopnong. ZUYKEKPIPEVA, Ta AAKUAIWHEVA opdAoya Twv MAYC éxouv xpnotpomolndsi
EUPEWC WG OEIKTEC TNG MEPIBAAAOVTIKNG aAAoiwaong Twv MAYC Kat wg 101Kol OEIKTEG TNG
TTPOEAEUONG TWV TETPEAAIKWY pUTIWY [46].

Fevikd, ot pn aAkuAwwpévol MAYG sival mo suaiobntol otn Bloamolkodopnon amd Toug
aAKUALWPEVOUG Kal wg K ToUTou To weathering au€avel tnv avaloyia mepLoGOTEPWY
aAKUALWPEVWY TIAYC. EmmAéov, apketég peAETEC €xouv Octiel OTL Ta mePLOOOTEPO
amodopnpéva metpéAala (weathered oils) €xouv uywnAdtepn agbovia o€ XpuocEvia
(chrysenes) kal Katd OUVETMELd TAPATNPEEITAL HEIWON TWV OXETIKWY AOYwvV TOU
abpoiopatog twv vagdaAeviwv (naphthalenes), twv @awvavOpeviwv (phenanthrenes),
Twv O01BevloBelopatvwy (DBT) kat twv @Aouopeviwy (fluorenes) mpog to abpolopa Twv
Xpuoeviwy [61, 62].

To apyo meTpéAalo Katl Ta mpotovta SIUAICNG TOU Ao SLaPOopPETIKES TTNYES Tapouactalouy
Ola@opPeTIKA TPo@iA Katavoung twv PAHs. EmmAéov, ot PAHs sival mo avBektikoi 610
weathering o€ cUYKplOn PE TOUG AVTIOTOIXOUG KOPECHEVOUG UOPOYOVAVOPAKEG Kal TIG
TMTNTIKEG EVWOELS Tou aAKUAoBev{oAiou, smopévwg ol PAHs amoteAoulv pia amd Tig mo
TOAUTIUEG EVWOELC OTNV AVAAUCNH XNHPIKOU ATOTUTIWHATOC Tou TETpeAdiou. Oplopévol
untpkoi EPA priority-PAHs kat ta aAkuAiwpéva opoAoya (C1-C4) emAeypévwy PAHs
(alkylatednaphthalene, phenanthrene, dibenzothiophene, fluorene, andchrysene)

XpnolgoTmolouvTdal eUpEwg otny Texvikn fingerprinting [63].

3.4. MebodoAoyia mpocdiopiopou udpoyovavlpdkwy o€ mepIBAAAOVTIKA dsiypata
H melpapatikn dtadikacia yla tov mpocdloplopdd udpoyovavipdkwy TeTpeAdiou o€
mepBaAAovTtikd Ociypata Baciletal oe kaboplopéva TPwWTOKOAAA Kat TEPIAQUBAVEL TN
OstypatoAnyia, t ouvtnpnon twv Oslypdtwy, tnv mapaAaBn tou piypatog twv
OPYAVIKWY EVWOEWY HE TEXVIKEG EKXUALONG, TOV OlAXWPIOHO TWV CUCTATIKWY HE
XPWHATOYPAPIKEG TEXVIKEG KAl TOV TTPOCOIOPIOHO TWV CUCTATIKWY HE (PACHATOOKOTIIKEG

TEXVIKEC.
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3.4.1. AsiypatoAnyia

To Ociypa mou CUAAEYETAL TTPETTEL VA EivaAl AVTITPOCWITEUTIKO TOU cUVOAOU Tou vepoU i
Tou W{APATOC ToU TPETEL va PEAETNOEl. EmmA£oy, Ta onpeia SetypatoAnyiag mpEMeL va
AvTITPOOWTEUOUV Kal Tn B€on mbavwy mnywv pumwy. O eEoMAIGHOC dstypatoAnyiag
EXEL TTPOETOIPAOCTEL 0TO Epyactnplo TPy tn dstypatoAnyia. ‘OAa ta okeun 6a mpEMeL va
EXOUV TAUBEl KaAd HE aATOPPUTIAVTIKO Kal VEPO Kal va EemAuBoUvV pE opyavikoug
OlaAutec. NMa tn OetypatoAnyia uddtivwy Oelyddtwy yla Tov  TPocOloplopo
udpoyovavOpdkwy xpnoldomolouvtal KabapEg oKOUPOXPWHES YUAALVEG PLAAEG, OYKOU
2 L. H @uaAn EemAévetal Pe TO veEPO OstypatoAnyiag Kat yepiletal PéXpl EMAVW, HE
umrepxeidlon, o@payiletal Kal emonpaiveTat Pe TNV nNUEPOUNVia Kat To onueio
ostypatoAnyiag. Ot @IAAeg dlatnpouvtdl 6 popNTA YUYEId PE TTAYOKUOTEG, WOTE TA
dsiypata va givatl mpootateupéva amo tnv midpacn ToU PwTOg Kal Tn BEpPOTNTA HEXPL
va petagepBolyv oto epyactnplo. MNa tnv KaAUTtepn cuvtApnon Toug sival emeupntod va
yivetat ofivion tou deiypatog pe UdPoxXAwpPLKO ofu o€ pH 1-2. Zto €pyactiplo, 1060 Ta
Ociypata vepou, 6co kat ta Ociypata nudtwyv amobnkevovtal o€ Yuyeio o€
Beppokpacieg 1-5 °C péxpl TNV avaiuon toug. O xpdvog cuvinpnong Twy Setypdtwy sivat
14 NUEPEC, EVW TA EKXUAlopata pmopel va cuvinpnBouv 40 nuéEpeg HEXPL TNV avdAuon
Toug pe GC-MS.

Ma tnv e€ac@dAion g aglomotiag Twv avaAUcEwY Kal TOV TEPLOPICHO TWV TUXAiwV
o@aApdtwy avaAvovtal tautoxpova TU@Ad dsiypata kat OumAd Osiypata, ta omoid
amobnkevovtal Kal emeEepyalovral pe tnv ida akplBwg péBodo. Ta TuAd dsiypata
mEPLEXOUV Kabapo vepPO avti Tou UAIKOU dstypatoAnyiag. H avdAuon OtmAou dsiypatog
neplAapBavel tnv emefepyacia Kat avaAiuon tou idlou dsiypatog 6Uo PopEg, oav OUo

Ola@opeTIKA deiypata os tuxaia O€on.

3.4.2. MapaAaBn opyavikou eKXUAiopatog amd udatika dsiypata

H mo cuxvd xpnoomoloUpevn HEBodog eKXUAIONG Yla UdpoyovAavBpakeg eTpeAaiou o€
udatika Ociypata sivat n ekxUAlon uypou-uypou, EPA 3510. levikd, n uypn-uypn
EKXUAION ETITUYXAVEL TOV OlAXWPIOHO TWV EVWOEWY HE Baon tn OlAAUTOTNTA OF
Ola@opPETIKA PN avapi§iya uypd. Q¢  OlGAUTNG eKXUAloNG  Xpnoldotoleital
pHEBUAEVOXAWPIO0 1 piypa SwxAwpopebaviou (dichloromethane) kat n-g€aviou (n-
hexane) oe avaAoyia 1:1. Mocotnta udatikou Ociypatog 500 mL avakiveital apxika
punxavika pe 50 mL StaAutn ya 15min. H ekxUAon smavaAapBAavetal TPEIG POPES HE

50 mL dtaAUTn kKabe opd (cUuvoAo 150 mL ekxuAiopatog). Ta ekxuAiopata Enpaivovrat
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OLEPXOPEVA PECW XPWHATOYPAPIKNG YUAALYNG OTAANG TTOU TTEPLEXEL AVUOPO BELKO VATPLO
KAl CUMTTUKVWVOVTAL WE XpNon TEePLOTPo@lkoU e€atuiotipa (rotary evaporator) o€
TEAIKO OYKo 5 mL. Mepattépw e€atpion tou SLAAUTN TPAYHATOTOLEITAL PE El0aywyn

Amac pong alwrtou.

3.4.3. Alaxwplopog Ye XpwHatoypaia otAANg

H moAuTAoKOTNTA TWV OELYHATWY TETPEAAiou dNPIOUPYEL TNV avaykn SlaxwplopoU Toug
oE EMPEPOUC KAAoHATA-OHAdEC ouotatikwy. H mo dladedopévn TEXVIKA, TOU
XPNOIHOTIOLEITAL YIa TO OlAXWPICHO TOU METPEAAiOU OE EMPEPOUG KAAoUata, ival tng
Xpwparoypagiag avolxtng otNANG Je mpoopo@nTIKO UAIKO, oEeidlo Tou apytAiou (Al203)
N o€eidlo Tou mupttiou (S5i02). Mpwta AapBdavovtal Ta KOPECHEVA CUCTATIKA PE SLaAUTn
€kAouong €vav damoAo udpoyovavbpakd, cuviBw TEVTAvIo N €EAVIO, OTN CUVEXELd HE
OlaAUTN €KAouoNnG TOAOUOALO €KAoUOVTAl TA APWHATIKA CUCTATIKA Kal TEAOG HE piypa
ToAoUOAiou-peBavoAng os avaAoyia 6:4 AapBavovtat ot £Tepoevwoelg alwTtou, Bgiou Kat

ofuyodvou.

3.4.4. 'EAgyxog avaKtnong Kal MPOTUTEG EVWOELG

Ma tov €Aeyxo TG avdaktnong Katd tn Oadlkacia tng ekXUAoNG Ttwv OElYHATWY
Xxpnolgomolntnke wg surrogate n évwon o-terphenyl oe didAupa oe SixAwpopedavio
ouykévipwong 100 ppm. Q¢ OlaAupata avagopdg Xxpnotgomouidnkav OlaAupata
piypatog K-aAkaviwy, amo C12 £wg C32 Kal TwV MOAUAPWHATIKWY udpoyovavipdkwy,
va@OaAiviou, @AouopEviou, @aivavipEviou Kal avlpakeviou. Asiypa apyou meTpeAaiou
amo TG YewTpnoelg tou Mpivou-KaBaAag kat dsiypata mpoldviwy metpeAaiou, jet oil,
gasoline, motor oil, heating oil, marine oil, xpnowomoiBnkav ywa epBoAlacuo

Ostypdtwy Kabapou vepou Kal Kabapng appou.

3.4.5. MapaAaBn opyavikou ekxuAiopatog amd deiypata i¢nudtwy

Xpnolgomoleital ekxuAlon Soxhlet, n ekxUAon pe xpnon umepnxwv (sonication). Katd
TNV eKxUALon Soxhlet, to Ociypa tomoBeteital o€ £101KA Topwon OAKN PLag XpRCEWS, TTOU
EMTPEMEL TN HETAKivNon UAIKOU. AlaAUTNG mou ocuvexwg Bpdlel pe KABETO WUKTHRpaA
EMAvVApPpPEEl PEOW TOU TOPWOOUG UAIKOU Kat OlaAUel Toug avaAuUteg, oL oToiol

OUAAEYOVTAL GUVEXWG OE PLAAn Bpacpou.

2NV €KXUAION PE UTTEPNXOUG, TO Otiypa TomoBeTeital HE KATAAANAO opyaviko SlaAuTn

o€ AouTpO uTrEPAXwWV. H TEXVIKA TNG EKXUALONG PE UTTEPAXOUG givatl amAn Kat EUKOAN Kat
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EMITALOV HELWVETAL O XPOVOG EKXUALONG, XPNOIPOTIOIOUVTAL HIKPOTEPOL OYKOL SLAAUTWY

Kal ekxUAiovtal Tautoxpova TmoAAd deiyparta.

Mocotnta 15g Wnpatog avapixdnkav pe 20g avudpou Beukou vatpiou yla Enpavon tou
ociypatog. Kabe piypa ekxuAiotnke dUo @opeg pe piypa 50 mL dixAwpopebaviou kat
5mL pebavoAng yia 30min kabe popd. AkoAoubnoe amAn didnon Kat Ta dindnuata mou
OUAAEXONKav EnpavOnkayv e BEUKO VATPLO KAl OTN CUVEXELA CUPTTUKVWONKAV apXIKA HE

TIEPIOTPOYPIKO £EATUIOTAPA KAl OTN CUVEXELA KATw amo peUpa alwtou.
3.4.6. Aépia Xpwpatoypagia-Oacpatopetpia palag (GC-MS)

H tautomoinon Kat o mocoTIKAg TPoodloploHOg TwY Udpoyovavipakwy Yivetal e agpla
Xpwyatoypagia-paocpatopetpia palag. Xpnowomoinbnke TO oUCTNUA  A£PLOU
Xpwpatoypdgou tng Agilent 6890N pe avixveutn @acpatoypdgo palag MSD5975B kat
TPIXOELON OTAAN e Ta €€AC XxapaktnploTikd: DB-XLB, pikog 30 m, ecwtePIKn OLAPETPO
(i.d.) 0,25 mm, maxo¢ emkdaAuyng 0,25 pm. Ta ™V slcaywyn Twv OyHATwyY
Xpnolgomolntnke autopatog OelydatoAnmtng tng Agilent oslpd 7683 pe pikpoouplyya
Twv 5 pL, evw o dykog £yxuong Ntav 1 pL. Qg @épov aéplo xpnoomolndnke agpto He.
H pon tou @époviog aepiou Atav otabepry oe OAn tn OldPKElWA TG AVAAUGNG,
1,8 mL/min. H elcaywyn twv dstypdtwy £ylve pe Slapeplopd dsiypatog (split mode) kat
Adyo Oiapepiopou 1:10. H Beppokpacia tng oTAANG dlatnpnbnke 1ooBeppika otoug 50 °C
yla 2 Aentd apécwg PETA TNV €veEon, otn ouvexela augndnke amo 50 °C oe 150 °C pe
pubpd 15 °C/min kat Katomy auénnke otoug 300 °C pe pubpo 6 °C/min Kat dlatnpnonke
otnV TeAIKN Beppokpacia yia 10 Aemtd. O 1OVTIOPOC KaAl N HpaucpaTomoincn Twy ousLwyY
mpaypatomolidnke pe mpookpouon nAektpoviwv (Electron Impact). Ot ocuvOnkeg
NAEKTPOVIKOU loviopoUu Atav: Evépyela oviopou 70eV, Bgppokpacia tng mnNyng twv
wvtwy 250 °C. H ypappn pETa@opdg tou OEiydatog OTOV avixveutn Olatnpnénke
otabepn otoug 280 °C. MNa tnv avaiuon xpnoipomolndnke mAnpng cdapwon (full scan
mode) pe €Upog palwv amod 50 £€wg 700 Kal TEXVIKA TaApAKoAoudnong HEHOVWHEVWY
vtwyv (Asttoupyia SIM). Ta Oedopéva eme€epydotnkav HE TO AOYICHIKO TTpOYpappa
Chemstation tng Agilent, to omoio cuvodsuotav amo tn BIBAOONAKN @acpdatwy NIST MS

Search V2.0. H tautomoinon Twv CUCTATIKWY HEGW TOU PAcHAtog Halwy TOUG EYLIVE HE
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Bdon ta SopIKA XapakTNPLoTIKA Toug, e tn Bonbela tng nAsKTpovIKAG BiIBAIoBNKNg NIST

Kat BIBALOYpA@IKWY OEGOUEVWVY.

Ewk. 3.12. Aéplog xpwpatoypayog Agilent 6890N pe @acpatoypdgo palag 5975B

3.5. AmoteAéopata kai ouZntnon
3.5.1. Meploxn peAétng (study area)

H meploxn HPEAETING TNG OUYKEKPIUEVNG €pyAsiac yla €AEyxo Tuxov pumavong amo
TMETPEAAIOELON TEPIAApBAveL Tov ToTtapo NEGTO Kat TNV eupUTEPN TTEPLOXN TOU oTn Bopela
EAAGOa (Ewk. 3.13.). O motapog NEotog eival €vag amd Toug TEVTE HEYAAUTEPOUG
motapoug otnv EAAGda kat amoteAsl Ta QUOIKO cUvopo peTalu Makedoviag Kat Opdkng.
Mnyddlel amo to Bouvo Rila tng BouAyapiag, pe cuvoAiko pnkog 234 km amo to omoia ta
135 aviikouv o€ eAANVIKA yn. Kabwg péetl oto Ayaio MéAayog, o Néotog oxnpartilel to
0éAta (delta) tou mou Bewpeital wg Bavpa tng @uong Kabwg @IAoEevel pla tepdotia
molkIAla {wwv, 10wV XAwpidag Kat mavidag kat mpootatevetal amo tn ZUuuBaon RAMSAR
[64].
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THASOS ISL.

Eik. 3.13. Xdptng TnNg mEPLOXNG HEAETNG TTOU OEiXVEL TIG BECELG ATTO TIG OTTOIEG
eAfpOnoav ta dsiypata Katd PAKOG ToU TOTAWoU amd TV MEPLOXA Tou OEATA Kal amo
™ 6dAacoa

3.5.2. Xpnon twv BIOGEIKTWY O0TN CUCXETION METPEAAIOEISWY PUTTWY
H tautomoinon twv metpeAdikwy udpoyovavipdkwy Kabwg Kat ol SlagopoTolNCELS
pETalu tou apyou metpeAaiou amo Tov Mpivo Kat Twv Sladpwy MPoIOVIwWY TETPEAaiou
oTNPIXTNKAav ota cUVOAIKA XpwHatoypagnuata wvtwy (total ion chromatographs-TIC)
KAl 0€ EMAEYHEVA XPWHATOYPAPNHUATA LOVTWY (extracted ion chromatographs-EIC) twv
euBoAlacpévwy (spiked) delypdtwy veEPoOU Kal XwWHATOG.
21N HEAETN TNG CUOXETIONG TwV OElYPATWY HETAEU TOUG Xpnolyotoenkay:
i. To oxnua TwWV XpWHATOYPA@NHUATWY TIOU AVTIOTOIXEl OTIC KOPUPEC TWV N-
aAKaviwv ota xpwpatoypagnyarta.
ii. HavaAoyia petall n-aAkaviwy pe mepttto Kat {uyo aplbpo atdopwy avepaka.
iii. O Adyog petalu utaviou Kal mplotaviou.
iv.  H mapoucia pntplkwv Kat aAKUAIwPEVWY MAYC.
v. H mapoucia aAKUAO-UTTOKATESTNUEVWY KAl HN UTTOKATECSTNHEVWY APWHATIKWY
udpoyovavepdakwy.
vi. H mapoucia eTEPOKUKAIKWY APWHATIKWY EVWOEWY Beiou.
H avdaAuon twv xpwpatoypa@nudtwyv TIC toco tou Osiydatog apyou meTpeAdiou tng

Aegkavng MNpivou-KaBaAag 660 kat twv GelyHATwy TPoLlOVIwY TETPEAdiou UTTOOEIKVUEL OTL
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Ta KUPLA cuoTatikda o€ OAd ta dsiypata sival Ta Kavovikd aAkdavia. Metafu opwg twv
OElyNdTwY TapatnpeoUvtal CNUAVTIKEG OlAPOPOTIOINCEL TOOO TOLOTIKEG 000  Kal
MOCOTIKEG. [a mapddelypa, oto Xpwpatoypd@nupa tou Oeiypatog Bevlivng kat
agpomoplkig Bevdivng ep@aviovral KOpuPESG Hovo evtog tou mapadupou C9-C13 twv
n-aAkaviwy (Eik. 3.14.). Tevikd, n tautomoinon twv Bev{ivwy oto mePIBAAAOV gival
OUOKOAn, Kabw¢ ot mntikoi udpoyovavOpakeg e€atpifovral  ypnyopa. Ta
Xpwpatatoypa@npata twv Bevivwy Twv eUBOAIACHEVWY OELYHATWY HETA amd TPEig
NUEPEC TApPAPOVAG o€ BeppoKpacia mepIBAAAOVTOC £0E1EAV GNHAVTIKEG OLAPOPOTIOINCELS
ot OXéon ME Ta ApxIKA Osiypata Kal €EATHION TwV TMEPLOOOTEPWY ouoTatikwy. (EIK.
3.15.). Zuvibwg, n Ttautomoinon Twv Bev{ivwyv otnpietal otnvy avixveuon
XAPAKTNPIOTIKWY EVWOEWY, TOU Xpnolgomolouvtal w¢ Tpocheta, Omwe HeEOBUAO-

Tpltotayng BoutuAai®épag (MTBE).

e TIC: GASOILMEAT . Ddatams [7]
TIC: JETOILMEAT . Dhdata.ms [7)

L o A

R T T T L

Eik. 3.14. ZUykpion GC-MS TIC xpwpatoypagpnudtwy Bevlivng Kat agpomopikng

& SEDSPIETOIL DN datams

|
1 LI“"‘“"LJ T e
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aln 18 (Ed ] 14 16 1860 i1y} N S = =

Ek. 3.15. GC-MS TIC xpwpatdypapnua €epBoAlacpévou Oelydatog XwHATog HE

agpormopiki Bevdivn HETA amo TAPAPOVH TPLWV NHEPWY

Ta n-aAkavia twv detypdtwy Twy Kauoipwy diesel katavépovtal o€ pia mEPLOX ATOHWY
avlpaka amd C10 €wg C29, o avtibeon pe to Osiypa tou apyou meTpeAaiou OTOU

Kuhaivovtat amo C8 £wg C40. O udpoyovavOpakeg xapnAou poplakoUu Bdapoug
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e€atpiotnkav umod TIC EmMKpatoUceg TelpapatikéG ouvOnkeg (Ewk.3.16.). Emiong,
umodelkvUeTal OTL ta Ociypata Bev{lvwv TEPLEXOUV  UWPNAOTEPEG TOCOTNTEC
KUKAOQAKaviwyv Katl apwpatikwy evwoewv (EIC m/z 105), og cUykplon pe ta dsiypata
diesel (Ek. 3.17.).

(@) Crude oil (b) Heating oil

i,

T T T T T
33.06

(c) Marine Diesel Oil (MDO) (d) Motor oil

=

2

=
w

09 33.06 236
Ek. 3.16. GC-MS xpwpatoypagnuata TIC twv Oelypdtwyv apyoU TeTpeAaiou Kal

TPOLOVTWY TETPEAAiou

270 XpWHATOYPAPNHUA OTO OlayVWOTIKO WOv m/z 57 tou Oceiypatog Mpivou-KaBaAag
mapatnEouUvTal UPNAEC CUYKEVTPWOELG 0TA KAVoVIKA aAkavia C16-C17 kat uTEPoxXn Twy
EVWOEWY PE APTIO aplBpo atopwy avopaka otnv meptoxn C19-C32, 10 omoio UTTOOEIKVUEL
mepIBAAAOV  uwnAng aAatotntag (hypersaline). EmmTA£ov, ol OXETIKA XAPNAEG
OUYKEVTPWOEIG TWY KAVOVIKWV aAkaviwv otnv meptoxi C21-C35 eival pia mpochHetn

EvOelEn tng BaAdcolag MPoEAEUGNC Tou.
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]

oy 105.00 [104. 70 ta 105 70): GASOILNEAT Dhdata.ms

[ T T [
700 a0 900 1000 19,00
lon 105,00 (10470 to 105 70} DIESELSHIPNEAT D'data ms [

]

P :k L 0 nog
T T T T T T T T T T T T T T T T I T T T T I T T
700 a0 900 1000 19,00
: \ory 105,00 [104.70 to 105,70} JETOILNEAT Dt rns [
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?Ij]rl HILII-I FIIJ]rI 00N 110

Eik. 3.17. GC-MS Xpwpatoypagnuata EIC m/z 105 detypatwy Bevlivwy kat diesel

0 ociktng CPI umoAoyiletal yia to oo dsiypa pe tiun 0.84, mou umodelkvUEL TMioNG TNV
nmpoéAeuon amd OaAdoola @utda Kat npata o€ peyaAa BAOn. Xta avrtiotoxa
XpWHATOYPAPAHATA TwV OElYHATWY TwV TPOlOVIWY TETpeAdiou Osv mapatnpnonke

KATTOld UTIEPOXN O€ APTIO N TEPLTTO aplBpo atopwy C (Ewk. 3.18.).

lon £7.00(56.70 to 57.70 CRYDEPRINOS.D\data m:

Crude oil

L'LJIUJ&LYJ_'th il [ l Ll i lJ W

1000 1500 200 i 250 00

lon 57.00 [56.70t0 57.70} WTSﬁlééililii‘EAgM& atans ()

mnm mm m nm

e lon 57.00 [56.70 to 57.70) DIESELSHIPNEAT D\data ms

Marine Diesel Oil

LAAY ulLJ sl ALI'M. A.Alﬁ l l { A e

1 0 00 BN 15.00 " 2000 T 2500 T xbo

e lon 57.00 (5570 to 57.70} DIE  IRANSRFAL R ()
adl L. I\J‘A: 1ﬁ 'l ) lﬁ "i l L 1 — A —

nm R 0y \hn p ’m " " aahn

Ewk. 3.18. ZUykpilon EIC m/z 57 ywa ta deiypata apyou metpeAaiou Kat VTieA
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EmmAéov, oto Osiyga tou apyoU TETPEAAIOU TO PUTAVIO UTIEPIOXUEL £vavTl TOU
Tplotaviou Kal HPAAlota amoteAel KAl tnv MO €viovn Kopu@n o OAGKANPoO TO
Xpwpatoypdenua. Avtibeta, n avaAoyia Pr/Ph eivat peyaAltepn amdé 1,0 otnv

mePIMTWon Twv mpoloviwy metpeAaiou (Ek. 3.19.)

Crude oil

g
—

- 'L ‘l l :A L T J' e l f
10.00 15.00
Heating diesel oil

10.Mbtor diesel oil 15.0

1nnn
Eik. 3.19. ZUykplon petagu tou OEiydatog apyou METPEAAiou Kal Twv TPOoIOVIwY

metpeAaiou pe Baon tov Adyo Pr/Ph.

a TOUG CUGXETIOHOUC HETAEU TOoUu apyou TeTpeAaiou Kat Twv Sla@opwy TPoloviwy, Td
Xpwpatoypagnpata ota layvwoTikd 1ovta m/z 191 kat m/z 217 Bswpnbnkav Wdiaitepa
xpnotga. To m/z 191 gival €va mMoAU XapaktnploTiko Bpalopa 1OVIwWY TG OIKOYEVELAG
TEpmaviwy, evw 1o m/z 217 eival xapaktnplotikdé OBpalcpa yla TV OLKOYEVELA
otepaviwy. Ta xpwpatoypagnuata twy Blodeiktwy o€ m/z 191 (Ek. 3.20.) kat 217 (EK.
3.21.) amodslkvUouy 0Tl OV avixveuBnkav KabBoAou TepTavia Kal oTepavia ota dsiypata
TwWV TPOIOVTWY TETPEAdiou.

lon 191,00 (190.70 to 191, 70). CRYDEPAINGS D\datams [*)
lon 151.00 (130.70 to 191. 70} DIESELSHIPNEAT D\data.ms ')

—~~ - Vamans -t
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»mn m

Eik. 3.20. ZUykpion EIC o€ m/z 191 petafu tou Ociypatog apyou TETPEAioOU Kal Tou

meTpeAaiou vautiAiag
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e lon 217.00 (216,70 t0 217.70} CRYDEPRINOS D\datams [*)
lon 217.00(216.70t0 217 705 DIESELHEATNEAT D\datams [*)
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Ewk. 3.21. ZUykpton EIC oe m/z 217 peta&u tou deiypatog tou apyou TETPEAAiou Kal Tou
neTpeAaiou Béppavong

To KUPLO XAPAKTNPLIOTIKO TIOU EVIOMIZETAL OTO XPWHATOYPAPNHA TOU d. TTETPEAAioU TOU
Mpivou €ival n mapoucia Tou yappakepaviou (gammacerane) ot Wlaitepa uywnAn
OUYKEVTPWON, TO oToio Bewpeital wg eVOEIKTIKO TEPIBAAAOVTOC YEVEGNC TTETPEAAIOU HE
uypnAn aAatotnta.

Ou Olagopomolnoelg ota aAkuAlwpéva OiBevloBelopaivia (alkylated DBT) petalu
dciypatog apyou TMETPEACIOU Kal TwV KAUGIHwY VTI(EA evtomioTtnkayv €miong Kat 6e m/z
198 10 omoio eival evOEIKTIKO TWV eVWOEwWY Twv PEBUA0-O1Bev{oBelopatlvwy (methyl-
DBT) (Ew. 3.22.), kat o€ m/z 212, moU ATMOTEAE( XAPAKTNPLOTIKO 1OV Twv Oluebulo-
O0BevloBelopaivwy (dimethyl-DBT) (Eik. 3.23.). Ztnv mepimtwon Ttou metpeAaiou

Kivnong 0ev avixveudBnkav kaboAou OipueBuro-SiBevloBelopaivia (EiK. 3.24.).

lon 198.00 (197.70 to 198.70): SEDSPCRUDELAB.D\data.ms (¥)
lon 188.00 (197.70 to 188.70): SEDSPDIESELSHIP.D\data.ms (*)

T >nn "ot " 29n " 23an T oah

Eik. 3.22. Zuykpion EIC (m/z 198) petalu tou Ociypatog apyou TMETPEAAioOU Kal Tou
meTpeAaiou vauTiAiag
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lon 212.00 (211.70 to 212.70): SEDSPCRUDELAB.D\data.ms (*)
lon 212.00 (211.70 to 212.70): SEDSPDIESELSHIP.D\data.ms (%)

n on'nn T ot T 2m 22nn 24'nn ) P

Ewk. 3.23. ZuUykplon EIC (m/z 212) petaU tou Osiypatog apyou METPEAdiou Kal Tou
meTpeAaiou vauTiAiag

lon 212.00 (211.70 to 212.70): SEDSPCRUDELAB.D\data.ms

T PO

"2000 2 210 " 22'0 2300 T TER T
lon 212.00 (211.70 to 212.70): SEDSPDIESELTR.D\data.ms ()

m'm 21 'nn 22 'nn 7':'nn 24 lf'll'l

Ek. 3.24. XZUykpion EIC (m/z 212) petafl tou Osiypato¢ apyou TETPEAdiou Kal
TMETPEAdiou Kivnong

3.5.3. AvdAuon udatikwy OEIYHATwY Kal I¢NHATwyY

H avaiuon twv xpwpatoypa@nudtwy TIC twy detyddtwy vepou Kal XWHATOS amo TV
meploxn PEAETNG EekaBape amédelfe ATl Oev avixveubnke KaboAou opyavikn pumavon,
oUTte ota dsiypata Tou vEPOU TOU TTOTAWOU, oUTE 6To BaAacolvo vepod oUte ota dsiypata

xwpartog (Ewk. 3.25.).

Eik. 3.25. Xpwpuatoypagnua TIC udatikou Ociypgatog amd tnv meploxn peAétng (IS:

surrogate) mou amodelkvUEL TNV amoucia putravong amd udpoyovAavlpakeg meTpeAaiou

Avtibeta og mponyoUpevn HEAETN PaAg, UOPOYOVAVOPAKEG eviomioTnKay o€ delypata amo

TO Algavt tng méAng tng KaBaAag (Ewk. 3.26.). H oUykpton tou EIC 6to m/z 191 €0ei€e
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OTlL 0Ev UTIAPXEL Kapia ocuoxétion PE To apyod metpéAaito amd tov [pivo, oto omoio

AVIXVEUETAL XAPAKTNPIOTIKA TO XOTAVvlo yapupakepavio (Ewk. 3.24.).

5 -
10,00 192 00 20. 0 2= 60 seed as oo 4C.00

Ewk. 3.26. TIC tou dciypatog amo to Apavt tng KaBaAag

Gammacerane
v

Eik. 3.27. ZUykpion EIC (m/z 191) petal tou apyou metpeAaiou amod tov Mpivo Kat

Tou Ogiypatog amo 1o Apavt tTng KaBaAag

Zupmepdopata

Ta amoteAéopata Twv XNUIKWY avaAlcswv amo ta epBoAlacpéva Ociypata (spiked
samples) tng mapoucag HPEAETNG, £0woav XPNOIUEG TANPOWOpPIEg yia tn duvatdtnta
Xpiong 1tng ouotaocng Twv BlodelKTwy Kal TG TexVIKAG fingerprinting otn
dlagopotoinon twv pUTWY amd METPEAALOELON Kal otn OlEpelvnon TtNg TPOEAEUCNHG
Tou¢. H tautomoinon tou xnpikoU amotunmwpatog tou metpeAaiou (oil fingerprinting) pe
TNV TeXVIKA GC-MS eival moAU onpavtikig ywa tnv mapakoAoubnon tng pHOAuvong, tnv

ektipgnon tng {nULAg Kat tnv eUPecn KAtaAANAouU TPOTIOU AVTIHETWITIONG.

O motapdg Néotog sival €vag amd Toug onuavtikotepoug motapoug tng EAAAdag pe
HEYAAN OIKOVOHLKN Kl OIKOAOYIKN onpacia. Xtnv mapouca epyacia £ywve n avaiuon pe
TNV TEXVIKA GC-MS £vo¢ Oeiypatog apyou metpeAaiou amod tov Mpivo Kat mEVTe OElyHATwY

mpolovTwy TeTpeAaiou. Avixveltnkav oOnNPAvTIKEG OlaPopEG OTO  OXAPA  TWV
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XPWHATOYPAPNHATWY TTOU AVTIOTOIXEL OTIC KOPUPES TWV N-aAKaAViwy, 6ToV A0Y0 HeTAlU

puTaviou Kat Tplotaviou, oTNV TAPOUCIA APWHATIKWY UdPOyovavepakwy, otnv

TAPOUCIA XAPAKTNPIOTIKWY BIOGEIKTWY, OMWC OTEPAVIWY KAl XOmaviwv Kal otnv

TTAPOUGIA ETEPOKUKALKWY APWHATIKWY EVWOEWY Beiou.

MapoAo mou n etaipeia metpeAaiou mou dpactnplomoleital otnv mMOAN g KaBaAag

Bewpeital wg Baclkdg UTTOTTOC Yid TUXOV opyavikn pumaveon, evioutol n avaAuon He

GC-MS 1600 ota deiypata vepou aAAd kat Wnpatog amédele OtL OV UTTAPXEL Kapia

opyavikn pumaven otnv eupUTEPN TEPLOXN TOU TOoTApoU. TEAOG, TMPONYOUHEVN HEAETN

£0€1E€ OTL ol UOpPOYovAVOpaKeg ou BpéBnkav maAatotepa oto Apdvt tng KaBdaAag dev

gixav Kapia oxéon pe to apyod metpéAalo mou mapdyetat otov Mpivo.
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