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INTRODUCTION

The environment of our planet, also called the physical environment in short, is
represented by all the physical factors such as: solar energy, atmosphere, hydrosphere and
geosphere. Without this physical environment life could not exist. In relation to the physical
environment, the biological environment is represented by the physical resources,
circumstances and events that favor the existence of an organism or several organisms
including the relationships between them, it is obvious that the human species also falls into
this group. In this sense, the notion of environment is translated and understood as the
relationship between the physical and biological environments located in a defined space (the
spatial component) in relation to the unit of time (the temporal component), these two
components help the reproduction and normal development of a species or a group of species.
Any form of human-made modification of the environment that causes negative and irreversible
effects that endanger its own survival or the survival of other species can be defined as an
environmental problem [Wali et al., 2010].

Environmental science is the scientific study of the interactions and dynamic processes
that occur between the physical and biological factors of nature, taking into account their
impact on social and economic systems. Environmental science can be said to be a
multidisciplinary field of study that addresses one of the oldest and inescapable questions of
the contemporary world: what is our relationship with the environment [Botkin, 1992]?

Good and sustainable management of the environment can only be done by applying
the sciences that are the basis of environmental science, these being: mathematics, statistics,
physics, chemistry, biology, geology, climatology, hydrology, engineering, economics,
sociology, etc. [Wali et al., 2010], [loja, 2013].

One of the major threats to the integrity of the environment is the generation of large
quantities of hazardous industrial waste [Akpan and Olukanni, 2020]. This increase in the
generation of hazardous waste can be attributed to the increase in population globally. As the
population grows, so do industrial activities, thus generating a larger amount of hazardous
waste [Olukanni and Oresanya, 2018].

According to the reports carried out by the United Nations Environment Program (UNEP),
approximately 400 million tons of waste containing hazardous substances are generated
annually worldwide, i.e. approximately 60 kg per capita [UNEP], [The World Counts].

The classification of hazardous industrial waste is very difficult to apply due to the fact
that it does not have a simple chemical composition. Hazardous waste can be treated/recycled
to a fairly good extent, but this process is still very slow due to the rules regarding its handling,
transport and management in order to reduce the risks to the health of biological species and
the environment [Hennebert, 2022].

Due to the advent of high performance analytical techniques such as: Energy Dispersive
X-ray Fluorescence (ED-XRF), Atomic Absorption Spectrometry (AAS), Inductively Coupled
Plasma Mass Spectrometry (ICP-MS), Beam Analysis Techniques of Accelerated lons (IBA) —
Particle Induced X-Ray Emission (PIXE) and Gamma (PIGE), Neutron Activation Analysis
(INAA), Gamma Radiation Spectrometry (GRS) and Gas Chromatography (GC) Analysis, can
obtain sufficient data on the characterization of hazardous industrial waste, including for their
good management.

The motivation for choosing the topic addressed was reinforced by the situation and
problems that have arisen in recent decades regarding the pollution of the environment, the
management of industrial waste containing dangerous substances and the risk to which the
existence of all living organisms is subjected. It is necessary to understand that humanity
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needs to think and implement ideas, policies and technologies to stop the poor management
of all wastes generated in any industrial field. It is considered that there are very few studies
in Romania that provide solid evidence about the negative impact of the non-compliant
application of the management of hazardous industrial waste inherited from the communist
period or even those generated today.

The doctoral thesis, entitled: "Performant analytical techniques used for the toxic
substances monitoring and industrial waste management", has as its general objective
the determination of the amounts of toxic chemicals (heavy metals, chlorinated organic
compounds and radioactive elements) in waste samples from various industries heavy,
respectively in soil samples located around industrial facilities that have ceased their activity
or that are still active today.

The research subject discussed in this paper, through the results obtained and compared
with the European norms transposed into the national ones regarding hazardous industrial
waste and the protection of environmental factors, could influence the change in the way of
thinking for the correct application of waste management, environmental protection and of the
health of living organisms.

The most important original aspect of this work is represented by the application of varied
multi-elemental analysis for the characterization of hazardous waste samples and
contaminated soils, using high-performance and sensitive atomic and nuclear analytical
techniques that revealed trace concentrations of toxic chemicals.

The unique aspect encountered in the composition of this doctoral thesis is represented
by the results of the project of the total management of radioactive waste that contain nuclear
materials pertinent to the proliferation of nuclear weapons. This project was applied within the
SetCar S.A. company from Braila, Romania, the implementation period was 2 years and aimed
at the transfer of all radioactive waste of nuclear interest to an authorized operator in the
nuclear field, respecting international and national norms regarding radiological protection,
temporary storage, application of physical protection, application of control of guarantees, safe
transport (transfer), removal from the temporary authorization regime, etc.

The experimental results obtained as a result of the research were presented in the form
of communiques (37) within the national and international conferences mentioned in the
section Dissemination of research results. Also, the results were published in full in scientific
journals, out of a total of 8 articles, 2 articles being published in ISI indexed journals. The entire
research program carried out within the Doctoral School was supported by a number of 10
international projects and 1 national project (INTERVENT), the author being part of the
research team as a member or volunteer.

This doctoral thesis written under the title "Performant analytical techniques used for
the toxic substances monitoring and industrial waste management” was built with the
careful coordination of the scientific guidance committee made up of the following members:
Mrs. Prof. univ. habil. dr. Antoaneta ENE (scientific coordinator), Mr. Prof. univ. dr. eng. Puiu-
Lucian GEORGESCU, Mrs. Prof. univ. dr. phys. eng. Luminita MORARU, respectively Mrs.
Prof. univ. dr. Mirela PRAISLER. The content of the thesis is structured in 4 chapters, spread
over a number of 233 pages, a number of 32 tables, 91 figures and 15 annexes are included.

Chapter | presents aspects related to the impact of industrial pollution worldwide,
exemplifying certain sites contaminated with dangerous substances and human settlements
that are exposed to industrial emissions harmful to their health, but also measures that the
great economic powers of the world take to reducing pollution. At the same time, cases of
excessive industrial pollution of ecosystems at the national level are exposed, such as:
contamination of the Olt river watershed and soil pollution around the active areas of the
extractive industry or the metallurgical industry. Also in this chapter, aspects relating to the
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implementation of legislative frameworks, at the level of the European Union, with the aim of
regulating the transfer of hazardous waste between member states, the method of final storage
of industrial waste, their recycling strategy, etc. can be noted.

In Chapter IlI, the high-performance analytical techniques used for the elementary
physical and radiological characterization of hazardous industrial waste matrices and soil
samples located around inactive or active industrial units in the Braila-Galati region are
described. The analytical techniques used in this research are: Energy Dispersive X-ray
Fluorescence (ED-XRF), Atomic Absorption Spectrometry (AAS), Inductively Coupled Plasma
Mass Spectrometry (ICP-MS), lon Beam Analysis Techniques (IBA) — Particle Induced X-ray
Emission (PIXE) and Gamma-ray Emission (PIGE), Neutron Activation Analysis (INAA),
Gamma Ray Spectrometry (GRS), including in-situ applied and Gas Chromatography (GC).

Chapter lll consists in the presentation of the results obtained following the application
of the experimental program. These results refer to the determination of the content of PCBs,
major elements, heavy metals, trace elements, natural and artificial radionuclides in hazardous
industrial waste samples and industrial soil samples. Following the results obtained, ecological
and radiological risk assessments related to the health status of the population living near
active and inactive industrial units in Galati and Braila were drawn up. Aspects regarding the
adoption of best practices regarding the total management of interest nuclear materials and
radioactive waste represented by solid materials contaminated with 228U and #*2Th are also
presented.

In Chapter IV, the general conclusions drawn up based on the analyses, the
experimental results obtained and the ecological and radiological risk analyzes are presented.
The author's original contributions to this PhD thesis and his intentions for future research can
be noted.

Original contributions

The PhD thesis "Performant analytical techniques used for the toxic substances
monitoring and industrial waste management " focused on the adaptation and optimization
of some high-performance analytical techniques (ED-XRF, AAS, ICP-MS, PIXE, PIGE, INAA,
GRS and GC) for the compositional characterization and radiological evaluation of hazardous
industrial waste and industrial soils. The main original contributions are:

- optimizing the application of the ED-XRF method to reduce the analysis error values
by improving the peak-background ratio in the energy spectra. This optimization was put into
practice by increasing the irradiation time of hazardous industrial waste samples;

- characterization of trace elements composition of industrial waste containing hazardous
substances from the decommissioning of some industrial facilities or resulting from the
industrial activities of some economic operators on the territory of Romania in order to establish
the best criteria for managing this waste. The characterization of hazardous industrial waste
was carried out with the help of ED-XRF, PIXE and PIGE analytical techniques;

- adoption of the best practices related to the total management of materials of nuclear
interest and radioactive waste represented by solid materials contaminated with 228U and 232Th.
Compliance with national and international norms in the nuclear field, the application of
analytical gamma spectrometry methods for the identification of 228U and #*2Th from unknown
samples and the use of radiometric equipment to determine the gamma radiation flow to which
the operating personnel were subjected during the physical inventory of nuclear materials,
were at basis for carrying out the operation of the total management of all nuclear and
radioactive materials. By obtaining these experimental results, a contribution was made to the
updating of national and international databases regarding holders or former holders of interest
nuclear materials and radioactive waste;
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- establishing the degree of PCB contamination of oils from high-voltage industrial
electrical equipment to make a parallel between the concentrations obtained in this research
and the results obtained in other scientific contributions from abroad, respectively to establish
the technological parameters of the installation, property of SetCar S.A. Braila, for the
dehydration, dechlorination and reuse of these oils. The determination of the PCB content in
industrial transformer oils contributed to the updating of the inventory regarding the quantities
of hazardous waste with PCB content located on the territory of Romania;

- determining the elemental composition of the soils and performing the ecological and
toxicological risk assessment related to the health of the population that agriculturally exploits
the soils polluted with heavy metals located around the former chemical plant in Braila county.
This ecotoxicological risk assessment was carried out based on the results obtained following
the application of complementary analytical methods ED-XRF, AAS, ICP-MS and PIGE for the
analysis of industrial soil samples and a set of soil pollution/contamination indices;

- determining the compositional scheme of the soils and performing the ecological and
toxicological risk assessment related to the health status of the population living in the vicinity
of the Galati metallurgical complex using the experimental data resulting from the application
of INAA and ED-XRF instrumental and non-destructive analytical techniques for the analysis
of soil samples industrial and simple pollution and ecotoxicological indices;

- the assessment of the mobility and the risk of migration in the depth of the soil of a

large number (42) of chemical elements (metals, rare earths, actinides, lithogenic elements,
trace elements) detected in the industrial area of the Galati metallurgical complex;
- radiological risk assessment, related to the health of the population living near the Galati
metallurgical complex, based on the results obtained following the application of the analytical
technique of high-resolution and low-background gamma spectrometry on industrial soil
samples. The results of this study will contribute to the updating of national databases on the
content of natural and artificial radionuclides in industrial soils and international databases on
the radioactivity of soils around steel enterprises.
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. DOCUMENTARY STUDY

1.1. The impact of industrial pollution

Due to the advent of the Industrial Revolution in the United Kingdom of Great Britain
[Mohajan, 2019 people have been able to advance more quickly into the 21st century. At that
time, the industries were represented by small factories that generated mainly gaseous
pollutants (fine particles in suspension, smoke), their number was limited and they operated
only a certain number of hours a day, and the level of pollution did not increase significantly
[Elsharkawy, 2020]. When these factories became large-scale industrial production units, the
problem of industrial pollution began to become a very important one [Kabir et al., 2020],
[Elsharkawy, 2020].

Technology developed rapidly, science advanced, and thus the age of manufacturing
emerged. At the same time, another phenomenon called industrial pollution developed
[Elsharkawy, 2020], [Shah et al.,, 2021] which induces a significant degradation of
environmental factors [Kabir et al., 2020]. This environmental degradation is the irresponsible
response of human activities [Kabir et al., 2020], however, humanity has begun to pay more
attention to environmental pollution and implement certain measures in recent years, but many
problems remain to be solved [Xiong et al.,, 2021]. From an economic point of view, the
industrial production sector represents the pillar of a nation's development, but from an
ecological point of view, it accounts for approximately half of the pollution produced worldwide
[Shah et al., 2021].

According to [Mahmood and Saeed, 2023] industrial pollution is one of the most
dangerous types of pollution known because it has toxic side effects on living organisms. There
is no doubt that industrial pollutants, especially chemical ones, have a strong physico-chemical
stability and do not decompose naturally, and for this reason their effects remain for very long
periods. Even though living organisms possess the ability to self-regenerate, they cannot
withstand exposure to high doses of chemical pollutants. The amount of chemical pollutant
required to kill 50% of members of a given species is called the lethal dose 50, symbolized by
LD 50 [Zubcov and Ene, 2021].

Industrial pollution and the degradation of environmental factors represent one of the
most serious problems that the large, highly industrialized countries are trying to manage
correctly. However, the reduction of pollution and waste generation on an industrial scale is a
topic of debate avoided by large producers because it involves high costs and affects
production if it will be implemented [Khan and Tarique, 2015].

Gao et al., 2019 highlight the adsorption potential of additives added to the coal used by
combustion in metallurgical processes in order to prevent and reduce the emissions of fine
particles carrying heavy metals such as: arsenic, cadmium, chromium, copper, nickel, lead,
titanium, zinc, etc. These can be embedded in fine particles such as PM2.5 and PM10 and can
enter the human body through inhalation. The researchers of this study observed that the
additive reacted with heavy metals, including some alkali metals (sodium and potassium).

Marlow et al., 2022 combined flood risk predictions with historical data on former
manufacturing plants in 6 US cities. They have identified more than 6000 industrial sites
contaminated with hazardous substances. These hazardous substances can seep into the soil
contaminating groundwater or be carried by flood waters to populated areas. The calamity
could endanger the health of more than 560,000 inhabitants and the integrity of more than
229,000 housing units. Based on the results obtained, the authors of this study draw attention
to the potential calamities that may occur in the near future and request an action to prevent a
humanitarian and environmental disaster.
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Rahman et al., 2021 used the annual data of the World Development Indicator, published
by the World Bank, during the years 1960-2019, to make the connection between industrial
pollution and the state of health of the population. The study was applied to data from the
twenty most industrialized countries in the world. The authors of this theoretical study
demonstrated that industrial pollution significantly increases the mortality rate. Adopting
sustainable socio-economic and environmental development lowers the mortality rate.

Sidor et al., 2021 identified an anomaly in the growth and vitality of spruces and silver
firs, caused by atmospheric pollution in the town of Tarnita, Romania, between 1978 and 1990.
The atmospheric pollution was induced by mining operations and the primary processing
activity of non-ferrous ores with content of complex sulfides of several heavy metals. The
revival of the studied trees appeared after 1990 when there was a sudden slowdown in mining
activities in the area. This revival phenomenon intensified after the cessation of industrial
activities starting in 1998.

Bravo et al., 2009 assessed mercury pollution in the sediments of the Babeni reservaoir,
on the OIlt River, Romania. This location was chosen because it is downstream of an
electrolysis plant that uses an elemental mercury electrode. The concentration of mercury in
the sediments sampled from a depth of 50 cm was 45 ppm. Mercury concentration ranged
from 1.3—-2.4 ppm in surface sediments.

lordache et al., 2022 carried out a study to determine the concentrations of mercury and
other heavy metals in the sediments of the Olt River, Romania. Mercury pollution was caused
by the discharge into the river of some contaminated effluents from the industrial activity of
obtaining chlorosodium products through electrochemical processes. Mercury concentrations
ranged from O to 1.11 ppm.

Using INAA and ED-XRF analytical techniques Ene et al., 2011a characterized certain
soil samples taken from the immediate vicinity of the metallurgical plant in Galati, Romania.
Following the characterization of industrial soil samples, 44 chemical elements were identified.
The results of the research show that the high concentrations values of nickel, chromium and
arsenic significantly exceed the normal limit specified in the Romanian regulations. In some of
the soil samples analyzed, the mercury concentrations exceed the alert levels and the
intervention threshold in the regulation. Cadmium and selenium concentrations exceed the
alert level. The concentration values of 23 determined elements represented by heavy metals,
alkali metals, major elements and rare earths, are approximately similar to average values in
surface soils in Europe and/or worldwide.

Pantelica et al., 2013 used the INAA analytical method to determine the concentrations
of 42 elements in surface soil samples collected from seven industrial sites in Romania and a
control site in a relatively unpolluted area. According to the results obtained, it was observed
that the highest degree of soil pollution with antimony and cadmium is found in Copsa Mica,
where there is a non-ferrous metallurgical industrial activity. An appreciable degree of soil
contamination with arsenic, cadmium and antimony was identified in Baia Mare where there is
non-ferrous and metallurgical mining activity. Due to the activity of a coal-fired thermal power
plant and a cement factory, respectively construction materials, the soils of Deva are
significantly contaminated with arsenic, cadmium and nickel. The light chemical industry in
Oradea was the cause of the considerable contamination of the soil with staium. Agricultural
and industrial soils in Afumati and Magurele were significantly polluted with zinc and cadmium.
The soil considered to be unpolluted was taken from the Fundata locality [Ene, 2015a].

Stihi et al., 2017 conducted a nationwide survey of heavy metal air pollution, analyzing
330 moss samples using INAA and AAS (graphite oven method) analytical techniques. The
results of this research indicate the presence of heavy metals in very high concentrations such
as: zinc, copper, cadmium and lead. This excessive heavy metal pollution is found in the
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northern and northwestern part of the country, caused by mining and metallurgical activities in
the area.

1.2. Aspects of hazardous industrial waste management at European and national
level

The accelerated industrialization of nations during the 21st century has led to an increase
in the generation of industrial waste quantities that have a negative impact on environmental
factors and people's health. With the development and implementation of industrial
technologies worldwide, the economy, the standard of living and the provision of all services
have improved, but the industrial sector has generated a very large amount of hazardous waste
[Ogunwumi and Salami, 2023].

The constant increase in the generation of hazardous industrial waste at the European
level leads to the adoption of measures regarding the protection of environmental factors and
natural resources. In Europe, approximately three billion tons of waste are produced annually.
In this context, the European Union promotes several industrial waste management strategies
with the aim of reducing the negative impact on environmental factors [Pini et al., 2018].

According to [Fazzo et al., 2023] at the European level, 38% of the contaminated areas
are represented by the final deposits for household waste and hazardous industrial waste. The
faulty management of hazardous industrial waste, together with their non-compliant and illegal
storage in unauthorized landfills, lead to the release of potentially dangerous substances into
the environment, affecting the health of the population living in the bordering area of these
landfills.

Fazzo et al., 2017 argue that the term hazardous waste is adopted differently in many
countries, being generally defined as non-household waste containing hazardous chemicals.
[Ekvall, 2008] defines hazardous waste as those wastes produced as a result of an industrial
process (mining activities, waste incineration and recycling processes, medical and public
services etc. [Ogunwumi and Salami, 2023]), in any physical form (solid, semi-solid, sludge ,
liquid, semi-liquid etc. [Ogunwumi and Salami, 2023]), which have an infectious, toxic,
corrosive, explosive or radioactive character [Ogunwumi and Salami, 2023], [Pinzon Zurita et
al., 2022], which induce a negative effect directly on ecosystems and human beings and that
require mandatory control in their use and management.

According to [Latorre et al., 2021] at the European level, there are different legislative
frameworks on the management of hazardous waste that must be respected by all member
states of the community block. The member states are forced to comply with the recovery
objectives established in the European legislation on hazardous waste, having options to
choose from: adopting appropriate material recycling facilities in the country of origin of the
hazardous waste or exporting this waste.

From the analysis of Latorre et al., 2021 it appears that the European states that are in
the top of the largest hazardous waste generators (Germany — 21812 Mtone, Bulgaria — 12206
Mtone, France — 10783 Mtone and Estonia — 10410 Mtone) are not in the top among the states
exporting such waste to be recovered (Norway — 887 Mton, the Netherlands — 574 Mton and
Belgium — 524 Mton), the states that exported the largest amounts of hazardous waste
expressed as a percentage of the total amount generated are: Liechtenstein - 66, 76%, Norway
- 64.87% and Iceland - 33.85%.

Grzegorz et al., 2022 report that the management of hazardous waste is still a problem
at the level of the European Union today and that it is essential to perfect the mechanisms of
record management and recognition.
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1.3. Description of high performance analytical techniques used to characterize
industrial hazardous waste and contaminated soils

X-ray fluorescence (XRF) analysis technique

X-rays arise when electrons are instantaneously decelerated, these radiations are called
bremsstrahlung or bremsstrahlung X-rays. The characteristic X-rays arise when electrons
switch from a higher electronic layer to a lower one, thus occupying the vacant place left by
the dislocated electron from that layer [Clapera, 2006], [Barbooti, 2015], [Schramm, 2015]. The
two phenomena of producing X-rays are represented in Figures 1.4 and 1.5.

Target
Incident atom Scattered
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Figure 1.4. The phenomenon of producing Figure 1.5. The phenomenon of producing
braking X-ray (bremsstrahlung) (source: characteristic X-rays (source: adapted
adapted according to [Roque, 2018]) according to [Ene and Pantelica, 2011a])

The generation of X-rays is done using a device called an X-ray tube or fluorescent tube,
illustrated in figure 1.6 [Xing et al., 2022], [Lee Drake and Shannon, 2022]. This vacuum tube
consists of an electron source consisting of two metal electrodes. A high voltage, usually 50
kV, is applied and maintained on the two electrodes (anode and cathode), thus producing a
flow of electrons that moves rapidly from the cathode to the anode (the target element). By
rapidly striking the anode with the accelerated electrons and decelerating them, X-rays are
produced which are radiated in all directions. To obtain a guided beam at the exit from the
fluorescent tube, certain windows are used.

High voltage power source (50 kV)

® ©

Accelerated electrons

Vacuum tube

Be window

X-rays & 4 4 «

Figure 1.6. X-ray tube generator (source: adapted according to [Beckhoff et al., 2006],
[Roque, 2018])
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ED-XRF analyzers can be configured to work in two modes. The first method refers to

the direct irradiation of the target sample using or a filter for screening the low energy photons.
The second method refers to the use of a secondary target, irradiated directly by the X-ray
source, and which in turn irradiates the sample of interest in order to intensify its excitation.
The characteristic X-ray emitted by the target sample falls on a detector. The signal given by
the detector is processed by a preamplifier, an amplifier and an analog-to-digital converter,
and finally the multichannel analyzer assigns an energy value to each pulse. The function
between the impulse and the energy value is transposed into the energy spectrum by means
of a computer-assisted program [Clapera, 2006]. The schematic diagram of an ED-XRF
spectrometer, which uses direct irradiation of the target sample, is represented in figure 1.7.
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Figure 1.7. Schematic diagram of an energy dispersive X-ray fluorescence spectrometer —
ED-XRF (source: adapted according to [Ene and Pantelica, 2011al)

Analytical Atomic Absorption Technique (AAS)

Every chemical element consists of a nucleus and a specific number of electrons orbiting
around the nucleus. A chemical element is in its ground state when it has a specific and stable
electronic configuration. The same chemical element goes into an excited state when an
external energy is applied to it, and one or more electrons absorb this energy and move to
another higher electronic layer. Due to the fact that the chemical element in the excited state
is unstable, it will promptly return to its ground state, the electrons will return to their original
orbits and release energy in the light form. This phenomenon is represented in figure 1.8 [The
Perkin Elmer Corporation, 1996].

1. Excited state 2. De-excitation state
Light  ee > .“ . ..... > + Light
energy —)— —— energy
Stable Excited i{ Excited Stable
atom atom atom atom

I
Atomic absorption phenomenon

Figure 1.8. Atomic excitation and deexcitation phenomenon (source: adapted according to
[Beaty and Kerber, 1993])

The analytical technique of atomic absorption involves transforming the sample into a
vapor state and measuring the absorption of the vaporized atoms at a well-established
wavelength. The most commonly used sample vaporization equipment are electric burners
and ovens. The flame atomic absorption method is rapid, accurate, does not require the use
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of sophisticated equipment, and can assist in the determination of sixty-four chemical elements
[Walsh et al., 1982], [Farrukh, 2012]. This technique measures the concentration of chemical
elements based on the intensity of the detected light emitted by the de-excitation of a number
of the same type elements. It can be mentioned that this analytical technique has high
sensitivity and that it can measure concentrations of the order of 1x10° grams/liter [Barbooti,
2015], [Levinson, 2002].

The atomic absorption spectrophotometer contains the following components: light
source (hollow cathode lamp), optical separator, vaporization equipment equipped with a
burner or furnace, equipment for sorting light by wavelength (monochromator), detector
represented by a photomultiplier, a signal processor and a data reader. The schematic diagram
of an atomic absorption spectrophotometer is represented in figure 1.9 [Barbooti, 2015].

Liaht Optical Flame
ight source
separator Monochromator ~ Photomultiplier

Signal
Burner processor
or
Data
( Oven O :l reader

Figure 1.9. General diagram of the atomic absorption spectrophotometer (source: adapted
according to [Beaty and Kerber, 1993], [Bogdevich et al., 2021])

Inductively coupled plasma mass spectrometry (ICP-MS) analytical technique
(ICP-MS)

The samples intended for analysis by ICP-MS can be liquid or solid in nature, they can
be introduced into the spray chamber by changing the way of introduction. Liquid samples are
introduced into the spray chamber as a solution using a peristaltic pump, and solid samples
are introduced after bombarding them with a laser beam and creating very fine particlesThe
sample to be analyzed is introduced into an argon premixing chamber, then it is sprayed
through the torch and ionized in the plasma current which can reach a temperature of ten
thousand degrees Kelvin [Ammann, 2007], [Wilschefski and Baxter, 2019], [Spanos et al.,
2021]. In the plasma stream the sample is dissolved, vaporized, atomized and ionized. The
resulting ion beam is separated using a mass spectrometer and analyzed with an ion detector,
resulting in a mass spectrum [Spanos et al., 2021], [Ene, 2021]. The application method of the
ICP-MS analytical technigue is schematically shown in figure 1.10.

Nebulization Dissolving ~ Vaporization ~ Atomization lonization | Mass analysis
Liquid sample : | : ﬂ
s Aerosols Particles | Molecules H Atoms ‘ lons e
Solid sample Spectrum
Nebulizer - ||gU|d sample Spray Argon plasma Mass
Laser — solid sample chamber spectrometer

Figure 1.10. Schematic application of the ICP-MS analytical technique (source: processed
according to [Spanos et al., 2021])
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ICP-MS este alcatuit din sase componente principale: incinta de pulverizare a probei,

torta generatoare de plasma de argon, conurile de separare a fasciculului de ioni (interfata),
lentilele optice, magnetul cu patru poli (cvadrupol) si detectorul (multiplicatorul de electroni)
[Wilschefski and Baxter, 2019]. Schema de principiu a ICP-MS este reprezentata in figura
1.11.
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Figure 1.11. ICP-MS schematic representation (source: adapted according to [Spanos et
al., 2021])

lon Beam Analysis (IBA) — Particle Induced X-ray Emission (PIXE) and Gamma-ray
Emission (PIGE)

The PIXE technique is based on X-ray spectrometry, these rays are produced when a
particle induced or proton interacts with an atom. As a result of the interaction, electrons are
removed from the electronic layer of the target atom, and the vacant places are occupied by
electrons from higher layers. This transition is done with the emission of X-rays specific to each
chemical element [IAEA, 2000], [Ghermandi, 2006], [Ishii, 2019]. Figure 1.12 shows the main
phenomena that occur following the interaction between a particle induced and a target atom.
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O Particle Nuclear reactions used
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A X-ray
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partlcle(R/B/S)/ Elemental characterization

e
Figure 1.12. The main phenomena arising from the interaction between a particle induced

and a target atom (source: adapted according to [Ene and Pantelica, 2011a], [Ene et al.,
2019a))

The PIGE technique is a nuclear analysis method that is applied for the purpose of
determining chemical elements with low atomic number Z, included in the interval [3; 16] and
which are contained in different solid materials. With this analytical method, the prompt gamma
radiation that arises from the interaction between the beam of accelerated heavy particles
(such as the nuclei of: hydrogen, deuterium, tritium and helium) and the nuclei of the target
sample is measured. The PIGE technique allows for elemental and isotopic analyzes
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contained in a solid matrix and has the potential to achieve penetration depths of up to 500
micrometers within the sample, similar to other IBA techniques [Ene, 2006], [Ene et al., 2019a],
[Zucchiatti and Corvisiero, 2013], [Dimitriou et al., 2016], [Chhillar, 2016], [Pham, 2019],
[Chiari, 2023].

The most used accelerators for the implementation of IBA analytical techniques are Van
de Graaff and Pelletron tandem electrostatic accelerators. Electrostatic accelerators are
positioned inside a pressurized vessel, the pressure being exerted by an insulating gas. Sulfur
hexafluoride is thought to be the best insulating gas, but other accelerators use a gaseous
combination of nitrogen and carbon dioxide [IAEA, 2000]. The general scheme of a 3 MV
Tandem accelerator is represented in figure 1.13..

3

1., 2. negative ion sources;
. charge exchange channel with sodium for helium nuclei;
. beam deflection magnet (90°);
. Tandetron accelerator (3 MV);
. oscillator housing with coil;
. high power voltage supply;
. insulating gas recovery subassembly (SFe);
. electrostatic cvadrupol;
10. beam deflection magnet (30°);
11. nuclear microprobe;
12. lon Beam Analysis reaction chamber;
13. ion implantation chamber;
14. cross section measuring chamber.
Figure 1.13. General diagram of the Tandem 3 MV particle accelerator, installed at IFIN-
HH, Magurele, lifov (source: adapted according to [Burducea et al., 2017],
[https://dfna.nipne.ro/3MV_Tandetron_EN.php])
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Instrumental Neutron Activation Analysis (INAA)

The physical aspects underlying the neutron activation technique are the characteristics
of the target atom's nucleus, radioactivity, and the interaction of neutrons with matter. All
events that occur when a neutron interacts with a nucleus and a (neutron, gamma) type
reaction is formed are represented in figure 1.14. [IAEA, 1990].

When a nucleus is hit inelastically by a neutron, the nucleus goes from its ground state
to a high excited state. This high excited state of the nucleus is caused by the high binding
energy between the neutron and the nucleus; on average 8 MeV is the value of the energy of
the excited nucleus, and the value of its viability is between 10 and 10* seconds. This
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lifetime of the excited nucleus is long enough so that it does not show signs of its activation
phenomenon and short enough so that the nucleus can undergo a rapid transition to its ground
state. Most of the time a radioactive nucleus is continuously de-excited by emitting
characteristic gamma radiation and prompt decay. The principle of the neutron activation
technique is defined by the identification and determination of the characteristic gamma
radiation for the quantification of the chemical elements in the irradiated sample. Of all known
chemical elements, approximately 70% of them can be analyzed using the NAA method [IAEA,
1990], [Frontasyeva et al., 2016].
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Figure 1.14. Schematic representation of the events induced by a (n, y) type reaction
(source: adapted according to [IAEA, 1990])

Three kinds of neutron sources are known: fission reactors, particle accelerators, and
radioisotope neutron generators, but fission reactors provide the highest neutron fluxes, the
strongest irradiations, and the highest detection sensitivity for the INAA technique. The
maximum energy of neutrons from the fission of uranium nuclei is 15 MeV, and the average
energy is about 2 MeV. Fast neutrons that are attenuated by elastic collisions with nuclei of
moderator atoms, become thermal neutrons and achieve a vast energy distribution based on
three main components, as can be seen in figure 1.15 [IAEA, 1990], [Frontasyeva, 2011].
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Figure 1.15. Diagram of the energy spectrum of neutrons produced and moderated in the
nuclear reactor (source: adapted according to [Frontasyeva, 2011])
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The energy spectrum of neutrons produced and moderated in the nuclear reactor is
divided into three main components:
1. the fast neutron flow, where the neutrons resulting from fission have an energy
between 0 and 15 MeV;
2. the flow of epithermal or resonance neutrons, which come from the moderation of the
flow of fast neutrons, having an energy value between 1 eV and 1 MeV,
3. the thermal neutrons flow, they are in thermal equilibrium with the nuclei of the
moderating elements and have an estimated energy of 0.052 eV [Frontasyeva, 2011], [Ene,
1997] .

Gamma Ray Spectrometry (GRS)

The radioactivity phenomenon occurs when an unstable nucleus decays or releases
radiation in the form of energy and matter in order to transition to its ground state. There are
three main types of radiation that are emitted following the decay of an unstable nucleus: a,
and y. ltis certain that the phenomenon of radioactivity occurs naturally or anthropically, some
of the radionuclides are found in the components of the environment (air, water, soil) and that
the interaction of radionuclides with biological species is inevitable [Zubcov and Ene, 2021],
[Akinduro, 2022].

The gamma radiation detection assembly, represented in figure 1.16, consists of:
detector, pulse amplifier, analog-digital converter, spectrum analyzer, respectively the display
for the energy spectrum and energy windows [Ene, 1997], [IAEA, 2003], [Al-Bayati, 2017].

energy
spectrum

-digi display
detector pulse analog-digital | spectrum
amplifier converter analyzer —_—
energy

window
display

Figure 1.16. Gamma radiation detection assembly — block diagram (source: adapted
according to [IAEA, 2003])

The electrical impulse passes through the amplifier, multichannel analyzer, and finally it
is processed by a computer that generates a spectrum of energies for the identified gamma
radiations. Given that each gamma radiation is emitted specifically by a nuclide and that the
energy of these radiations is transposed into a spectrum of energies, accurate determinations
can be made of the concentration of the identified nuclide. Figure 1.17 shows the principle
diagram of a gamma-ray spectrometer [IAEA, 2003].

. lead collimator shield;

. hyperpure germanium detector;
. liquid nitrogen canister;

. amplifier;

. multichannel analyzer;

. computer;

. energy spectrum.
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Figure 1.17. Schematic representation of the gamma ray spectrometer (source: adapted
according to [IAEA, 2003], [Al-Ghamdi et al., 2022])
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Gas chromatographic analysis (GC)

Gas chromatography is that method of dividing a homogeneous mixture, especially of an
organic nature, with the aim of qualitatively and quantitatively determining volatile fractions that
have a boiling point that reaches 350° C or even 400° C. Application of the gas
chromatographic method begins by injecting the sample dissolved with a solvent into the
chromatographic column. The injected liquid fraction is called the stationary phase, and the
mobile phase is introduced through the same column. The mobile phase is represented by a
flow of carrier gases such as: nitrogen, helium, argon, etc. It is necessary that the carrier gas
flow rate be constant throughout the analysis process. The stationary phase in the
chromatographic column is heated to a suitable temperature to volatilize its components. The
mobile phase dissolves and carries the volatilized components to the end of the column where
a detector is located. As a result of the interactions between the excited molecules and the
detector cells, certain electrical signals are created which are sent to the signal amplifier. Signal
processing is performed by a computer, and this processing results in a chromatogram. Each
peak that appears on the chromatogram highlights the presence of the analyzed components,
and the area under the peak represents their concentration. The time period in which the
sample injected and dissolved with the carrier gas traverses the entire length of the
chromatographic column until it reaches the detector is called the retention time [Barbooti,
2015], [Shimadzu Corporation, 2020], [Teonata et al., 2021], [Sugiharto et al., 2022]. Figure
1.18 shows schematically the main components of a chromatograph.

. carrier gas cylinder;

. pressure reducer;

. sample injection device;
oven;

. chromatographic column;

. detector;

. signal amplifier;

. signal processing computer;
. chromatogram.
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Figure 1.18. Schematic representation of the main components of a chromatograph
(source: adapted according to [Mukadam et al., 2021])

In gas chromatography where a capillary column is used to improve separation when
using small sample volumes, it is necessary to use a high precision detector. This detector is
used for the detection of compounds with high electron affinity and has a high sensitivity for
the determination of electronegative compounds such as halogens. This detector consists of
an ionization chamber where the flow consisting of the mobile phase and the stable phase is
continuously bombarded with beta radiation from a low-energy radioactive microsource (Ni).
This results in excited molecules that disintegrate, and the released electrons are absorbed by
the electric installed in the ionization chamber. The absorption of electrons by the cells of the
ionization chamber is translated into an electrical signal. Due to the fact that the carrier gas
can interfere with the ionization phenomenon with beta particles, for this reason the use of a
combination of methane and argon gas is preferred [Barbooti, 2015], [Sugiharto et al., 2022].
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IIl. MATERIALS AND METHODS

2.1. Sampling and preparation of samples subjected to experimental analyses

To support the experimental program developed within the present PhD thesis, technical
and economic means provided by SetCar S.A. were used. from Braila. All the samples of
hazardous chemical waste were taken from inside the facilities authorized for the temporary
storage of this waste. All the storage facilities are located at work point number two, called the
chemical platform, within the SetCar S.A. company, Braila (Figure 2.1).

Figure 2.1. SetCar S.A. facilities Braila intended for the temporary storage of hazardous
chemical waste - overview (source: SetCar S.A. Braila photo gallery)

Some frames taken during solid hazardous chemical waste sampling are represented in
figure 2.2 (a) and (b).

@ (b)

Figure 2.2. Solid hazardous waste sampling

The hazardous waste samples represented by dielectric oils containing polychlorinated
biphenyls, used in high-voltage industrial electrical equipment (transformers and capacitors),
were taken from inside the dedicated storage facility for this type of waste. These samples
were subjected to gas chromatographic analysis. The sampling activity is illustrated in figure
2.3 (a), (b) and (c) [Sloata et al., 2017a], [Sloata and Ene, 2018a], [Sloata and Ene, 2020a].

(b)
Figure 2.3. Sampling of oil containing polychlorinated biphenyls (source: adapted
according to [Sloata et al., 2017a], [Sloata and Ene, 2018a], [Sloata and Ene, 2020a])
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Unknown radioactive waste was identified following a physical inventory of expired
laboratory substances. On the chemical platform SetCar S.A. there is a dedicated facility for
the temporary storage of these laboratory substances.

Following completion of the physical inventory of all expired laboratory substances,
several vials containing radioactive material were identified. These were repackaged, weighed
and provisionally labeled (Figure 2.4 (a), (b) and (c)).

After carrying out these operations, the unknown vials were subjected to analysis to
determine the type of radionuclide, its activity and mass [Sloata and Ene, 2021a, b].

In addition to the vials containing unknown radioactive materials, some radioactive waste
was also inventoried. This radioactive waste is represented by solid objects contaminated with
radionuclides and resulted from the sorting and repackaging processes of radioactive
substances (Figure 2.5 (a), (b) and (c)).

The entire amount of radioactive waste consisted of the following contaminated
materials: glass, paper, plastic, ferrous and non-ferrous metal, anti-shock material used to
protect glass vials against cracking and breaking, work equipment used by SetCar S.A.
personnel. (gloves, coveralls, masks for respiratory protection, tweezers for shoe protection,
etc.).

This waste was packed in polypropylene bags, then placed in metal and plastic drums.
Finally, they were characterized from a radionuclide point of view using the in situ GRS
technique [Sloata and Ene, 2021a, b].

(a) (c)
Figure 2.4. Vials containing unknown radioactive substances (source: adapted according
to [Sloata and Ene, 2021b])

ST

Figure 2.5. Method of packaging of unknown radioactive solid waste (source: adapted
according to [Sloata and Ene, 2021b])
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Ten soil samples were taken from around the former artificial fiber, pulp and paper plant,

Braila, Romania, according to the detailed map in figure 2.6. As can be seen in figure 2.6, a
number of three samples (B1, B2, B3) were taken from the northern part of the compound, a
number of four samples (B4, B5, B6, B7) from the western part, and a number of three samples
(B8, B9, B10) were taken from the southern part. Soil samples were analyzed spectrometrically
using ED-XRF, AAS, ICP-MS and IBA (PIXE-PIGE) techniques [Sloata and Ene, 2020b], [Ene

and Sloata, 2021], [Ene et al., 2022b], [Sloata et al., 2022a, d].

Figure 2.6. Map of soil sampling around the former art{ficial fiber, pulp and paper plant in
Braila (source: processed according to [Ene and Sloata, 2021], [Ene et al., 2022b], [Sloata
et al., 2022a, d])

Ten soil samples, collected around the Liberty Galati metallurgical complex, Romania,
were taken from different depths: 0-5 cm, 5-20 cm and 20-30 cm. Samples G1.1, G1.2 and
G1.3 were taken from Vadeni commune, Braila county, and the other samples (GC, G2.1,
G2.2,G2.3, G3.1, G3.2 and G4. 1) were taken from localities belonging to $Sendreni, Sméardan
and Vanatori communes, Galati county, respectively from Galati city. The soil sampling map

around the Galati metallurgical plant can be found in figure 2.7.
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Figure 2.7. Map of soil sampling around the Galati metallurgical complex (source:

processed according to [Ene et al., 2018b, c], [Ene et al., 2020b], [Ene et al., 2022a],
[https://distanta.com/])
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The ten soil samples were analyzed for major, minor and trace elements, including
elements of industrial interest — heavy metals, actinides and rare earths, using ED-XRF and
INAA analytical techniques [Ene et al., 2017a, b], [Ene et al., 2018Db, c], [Moraru et al., 2019],
[Ene et al., 2020b], [Ene et al., 2021Db], [Ene et al., 2022a].

Another eight soil samples were collected in another sampling campaign, in the
immediate vicinity of the Liberty Galati metallurgical complex, according to the map in figure
2.8, for the radiological and health risk assessment of radioactive isotopes. Table 2.2 shows
the geographical coordinates of the industrial soil sampling areas according to figure 2.8.
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Figure 2.8. The sampling map of the eight soil samples in the immediate vicinity of the
Liberty Galati metallurgical complex (source: processed according to [Ene et al., 2018a],
[Ene et al., 2023a, b], [Sloata and Ene, 2018e])

The samples were taken from the soil surface (0 —5 cm) and were radiologically analyzed
by means of the GRS technique [Ene et al., 2018a], [Ene et al., 2023a, b], [Sloata and Ene,
2018e].

Figure 2.8 shows that sample R1 was taken from the area of the access road to the slag
dump, and sample R2 was taken from the northern area of the slag dump. Samples R3 and
R4 were collected from the northern area of the Liberty compound (Atlas), respectively the
northern gate of the compound. Soil samples R5 and R6 were taken from the south-eastern
area of the compound (Tirighina), respectively its south gate. Sample R7 was taken from the
southwest area of the complex (Movileni), and sample R8 from the southern area of the slag
dump.

The solid samples from hazardous industrial waste, including radioactive waste, were
prepared inside the SetCar S.A. mobile laboratory. The oil samples containing polychlorinated
biphenyls were prepared inside the main laboratory for physico-chemical determinations
located on the SetCar S.A. chemical platform.

The samples from the sampling of industrial soils from Braila and Galati counties were
prepared in the SetCar S.A. mobile laboratory. and in the INPOLDE research center within the
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"Dunarea de Jos” University from Galati, as mentioned in the collaboration agreement
INPOLDE-SetCar, concluded on 17.03.2017. It should be mentioned that some samples of
industrial waste and soils around the previously referenced plants were prepared in the
laboratories of JINR (Dubna, Russian Federation), IGS (Chisinau, Republic of Moldova), IHU
(Kavala, Greece) and IFIN- HH (Romania), depending on the specifics of the analytical
techniques used.Probele de deseul solid cu continut de mercur metalic si saruri de mercur
care a provenit din dezafectarea unei instalatii de electrolizé pentru obtinerea de produse
clorosodice a fost preparate in trei moduri:

1. simple preparation by taking and packing the raw sample, as can be seen in figure

2.9.

2. preparing the samples by natural drying for thirty days, applying a thin layer of waste
about 0.5 cm on a polypropylene film and keeping it under the niche during the entire drying
period. After drying, grinding and sieving of the samples to a grain size of 0.01 mm was applied,
and finally the samples were encapsulated in Mylar foil containers dedicated to X-ray
fluorescence analysis, according to Figure 2.10 (a) and (b).

3. preparing the samples by pressing, after they were initially dried, mortared and sieved
according to point 2. The samples were inserted into a mold to obtain the desired pellets. The
mold was inserted into an automated hydraulic press with the load of five tons of force, the
depressurization of the mold was carried out using a manual hydraulic press.

Figure 2.9. Method of packaging (@) (b)
of raw samples of waste Figure 2.10. Preparation and encapsulation of solid
containing mercury and mercuric waste samples containing mercury and mercury
salts salts

The tablets obtained (10 x 1 mm) were temporarily packed in paper envelopes, and
during the analysis they were positioned on a support specific to the IBA analysis, as can be
seen in figure 2.11 (a), (b) and (c). All these sample preparation operations are illustrated in
figure 2.12 (a), (b), (c), (d), (e), (f) and (g) [Ene et al., 2020c].

(a) (b)
Figure 2.11. Samples prepared for IBA analysis: (a) and (b) samples provisionally packed
in paper envelopes, (c) positioning of the samples on the support
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Figure 2.12. Operations performed to obtain pelletized samples: (a) and (b) introducing the
sample into the mold, (c) pressurizing the mold, (d) depressurizing the mold, (f) and (g)

pelletized sample (source: adapted according to [Ene et al., 2019a, b, c])

Hazardous waste samples resulting from galvanizing processes (Figure 2.13) and
pickling of metal parts (Figure 2.14) were dried in an oven at a temperature of 105° C for 24
hours, mortared and sieved to a grain size of 0.01 mm, then added into capsules covered with
a Mylar foil. This preparation operation was performed to implement the ED-XRF analysis. The
identical preparation procedure for the waste containing mercury (point 3) was used to
implement the IBA analysis. [Sloata and Ene, 2018c], [Ene and, 2021b].

The ten samples of sand heavily contaminated with arsenic, represented in figure 2.15,
were dried in a controlled environment for seven days where the temperature was 23° C and
the humidity was 40%. After drying, the samples were ground and sieved to obtain a grain size
of 0.01 mm. Finally, ten capsules covered with Mylar foil were formed to perform ED-XRF
analysis. Applying the IBA analysis, the preparation of sand samples was carried out similar
to the previous samples [Ene and Sloata, 2020].

Figure 2.13 Preparation and encapsulation of solid waste samples resulting from
galvanizing processes of metal parts (source: adapted according to [Sloata and Ene,
2018c, d])

Figure 2.14. Preparation and encapsulation of solid waste samples resulting from pickling
processes of metal parts (source: adapted according to [Ene et al., 2021b])
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Figure 2.15. Preparation and encapsulation of sand waste samples contaminated with
arsenic (source: adapted according to [Ene and Sloata, 2020])

The soil samples were separated from foreign bodies (stones, roots, leaves, stems, etc.),
ground, passed through a 0.125 mm sieve and dried in an oven at 50° C for 48 for hours.
Finally, the samples were stored in moisture- and light-free polyethylene bags and divided into
subsamples for further investigation in INPOLDE partner laboratories [Sloata and, 2022a, d].

For the application of the ED-XRF analytical technique, the soil samples were packed in
ten specific capsules covered with Mylar foil. This sample preparation operation is represented
in figure 2.16 (a) and (b).

(a) (b)
Figure 2.16. Preparation and encapsulation of soil samples taken from around the former
chemical plant in Braila county, in order to carry out ED-XRF analysis

The ten soil samples taken from around the Liberty metallurgical complex from Galati,
from different depths: 0 cm, 5 cm and 30 cm, were dried at 105° C for 24 hours. After drying,
the samples were mortared and sieved to a grain size of 0.01 mm. For the application of X-ray
spectrometric analysis, the prepared samples were added in specific capsules covered with a
Mylar foil, as shown in Figure 2.17 (a) and (b).

(b)
Figure 2.17. Preparation and encapsulation of soil samples taken from around the Liberty
Galati metallurgical complex, in order to carry out ED-XRF analysis (source: [Ene et al.,
2017a, b], [Ene et al., 2018b, c])

The preparation of the soil samples, subjected to INAA analysis, was carried out at the
Frank Laboratory for Neutron Physics (JINR), Dubna, Russian Federation. Samples with a
mass of 100 or 200 mg were wrapped in aluminum foil, then placed in small polypropylene
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bags. These formed packages are placed in aluminum and Teflon containers to provide
protection against the temperature inside the reactor. This procedure is used for short or long
term irradiation. The Teflon container used for sample packaging and its handling mechanism
are shown in figure 2.18 [Kogo et al., 2009], [Frontasyeva, 2011], [Badawy et al., 2015].

Figure 2.18. The teflon container used for sample packaging and its handling mechanism
(source: adapted according to [Pavlov et al., 2016])

The samples taken from around the metallurgical complex from Galati, with the aim of
being characterized from a radionuclide point of view, were packed in polypropylene bags and
processed in the INPOLDE laboratory. These samples were separated from foreign bodies,
dried at a temperature of 110° C for 48 hours, mortared and sieved until reaching a grain size
of 0.01 mm. The sieved soil samples were packed in polypropylene bags, then packed in
polyethylene sarpagan containers (D = 7.2 cm and h = 2.5 cm). The sarpagan type containers
were sealed with adhesive tape and are represented in figure 2.19. Soil samples were stored
in sarpagans for 30 days to establish the radioactive equilibrium between Ra??*® and its
radioactive gaseous descendant ?22Rn (half-life = 3.8 days) [Ene et al., 2018a], [Ene et al.,
2020a], [Ene et al., 20234, b].

Figure 2.19. Packaging in sarpagan type containers of soil samples taken from around the
Liberty Galati metallurgical complex, in order to carry out the GRS analysis

During the preparation of samples of solid industrial waste containing hazardous
chemical elements and samples of unknown radioactive materials, means of protection of
bodily integrity and health against chemical and radiochemical agents were used. Certain
frames captured during the preparation of the aforementioned samples are represented in
figure 2.20 (a), (b) and (c), respectively in figure 2.21 (a), (b) and (c).

(a) (b) (©)
Figure 2.20. The equipping mode of the operating personnel with means of protection
against chemical agents
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(a) (b)
Figure 2.21. The equipping mode of the operating personnel with means of protection
against radiochemical agents (source: adapted according to [Sloata and Ene, 2021a, b])

2.2. Application of efficient spectrometric methods for sample characterization
(ED-XRF, AAS, ICP-MS, PIXE, PIGE, INAA si GRS)

Application of the spectrometric method ED-XRF

The energy dispersive X-ray fluorescence (ED-XRF) spectrometric technique was
applied using two portable spectrometers. The first spectrometer, the Oxford Instruments type
X-MET 500, was used to characterize solid waste containing mercury and mercury salts in raw
form. The X-MET 5000 spectrometer is represented in figure 2.22. The second spectrometer,
the Genius 5000 XRF, manufactured by Skyray Instruments Inc. (Figure 2.23), was used to
irradiate samples of industrial hazardous waste and industrial soils. These samples were
irradiated for 60 and 120 seconds.

Figure 2.22. ED-XRF spectrometer, X-MET 5000, Oxford Instruments (source: adapted
according to [Ene and Sloata, 2017], [Sloata and Ene, 2017a, b])

Figure 2.23. ED-XRF spectrometer, Genius 5000, Sky Instruments
Application of the spectrometric method AAS

The atomic absorption spectrometric method (AAS) was applied to determine the
concentrations of toxic elements in soil samples taken around the Braila plant. The
determination of the concentrations of toxic elements was carried out based on the calibration
curves made, measuring several standard samples prepared before the analyses.

The concentrations of toxic elements, from the mineralized soil sample, were determined
by interpolation from the calibration curve [Ene, 2015a]. Two atomic absorption spectrometers
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were used, one located in the laboratory of the INPOLDE research center, Galati, Romania
(Figure 2.24), and the other in the laboratory of the Institute of Geology and Seismology (IGS),
Chisinau, Republic of Moldova (Figure 2.25).

Figure 2.25. AAS AAnalyst800
spectrometer from the IGS laboratory,
Chisinau, Republic of Moldova (source:
adapted according to [Ene et al., 2019c])

Figure 2.24. Analytik Jena AAS ContrAA 700
spectrometer from the INPOLDE laboratory,
Galati, Romania

Application of the spectrometric method ICP-MS

The ICP-MS spectrometric technique was implemented to determine some elements that
are not detected by the AAS technigue. The same soil samples taken from around the plant in
Braila county were analyzed, and calibration curves were made using five standard solutions
of interest to which certain blank solutions were additionally added. In figure 2.26. the ICP-MS
spectrometer from the equipment of the IHU laboratory, Kavala, Greece is represented.

Figure 2.26. Agilent 7700X ICP-MS ICP-MS spectrometer from IHU laboratory, Kavala,
Greece (source: adapted according to [Spanos et al., 2021], [Ene et al., 2019c])

Application of the spectrometric methods PIXE and PIGE

IBA analytical techniques (PIXE, PIGE) were put into practice using the Tandem patrticle
accelerator with a working voltage of three million volts, from IFIN-HH, Magurele, lifov,
Romania, and its main components are represented in figure 2.27 (a), (b), (c) and (d) [Ene et
al., 2019a, b, cJ.

(d)
Figure 2.27. Main components of the Tandem 3 MV accelerator: (a) particle source, (b)
Tandetron accelerator, (c) electromagnetic lines for particle transport and (d) IBA reaction
chamber (source: adapted according to [Ene et al., 2019a, b, c], [Ene et al., 2020c])

(@ )
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Application of the spectrometric method INAA

The instrumental analytical neutron activation method (INAA) was implemented using
the neutron irradiation channels of the IBR-2 research nuclear reactor at the Frank Laboratory
for Neutron Physics, JINR, Dubna, Russian Federation (Figure 2.28).

IZOMER

GRAINS

Figure 2.28. Complex structure of the IBR-2 research nuclear reactor and configuration for
neutron irradiation of environmental and biological samples - REGATA, Dubna, Russian
Federation (source: adapted according to [Frontasyeva, 2005], [Shvetsov, 2017], [Ene et

al., 2017c], [Ene et al., 2018b, c], [Ene et al., 2019c])

Application of the spectrometric method GRS

The low-background high-resolution gamma spectrometry technique was put into
practice at the GamaSpec laboratory within IFIN-HH, Magurele, lifov, Romania. The purpose
of applying this spectrometric technique was to determine the concentration of natural and
artificial radionuclides in industrial soil samples. In the composition of the technological
assembly of the gamma spectrometer, represented in figure 2.29 (a), (b), (c) and (d), there is
a semiconductor detector made of high purity germanium for the gamma radiation detection.

) S

(a) (b) (©) (d)

Figure 2.29. The technological assembly of the gamma spectrometer within the GamaSpec
laboratory, IFIN-HH, Magurele, lifov, Romania: (a) the lead tower, (b) the positioning of the
gamma radiation detector inside the lead tower, (c) the positioning of the sample to be
measured on the surface the detector and (d) the electronic equipment required for data
acquisition (source: adapted according to [Ene et al., 2018a], [Ene et al., 2019c], [Ene et

al., 2020a])
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Complementary to the low-background gamma ray spectrometry, the in-situ gamma
ray spectrometry technique was applied. This spectrometric method was applied for the
radionuclide characterization of samples of radioactive materials and waste identified in the
premises of the SetCar S.A. chemical platform, Braila.
The portable spectrometer belongs to the Nuclear Research Institute from Mioveni,
Arges, Romania (RATEN ICN) and is shown in figure 2.30. (a) and (b).

(b)

Figure 2.30. Canberra Inspector 1000 portable gamma ray spectrometer — property of

RATEN ICN Pitesti: (a) Canberra Inspector 1000 spectrometer and (b) IPROL - 1 probe
(source: adapted according to [Sloata and Ene, 2021a, b])

Application of radiometric methods

Throughout the application of the radioactive materials and waste inventory procedures,
the gamma dose rate was measured. This radiation fund was measured to ensure the
radiological protection of the personnel involved in the inventory activity. Another reason why
the gamma radiation background was measured was to establish a proper work program with
the radioactive sources. The gamma radiation background measurements were performed
using the CoMo 170 radiometric device manufactured by Nuvia Instruments Gmbh, Germany,
represented in figure 2.31.

Figure 2.31. Nuvia Instruments CoMo 170 radiometric device — property of SetCar S.A.
Braila

The measurements regarding the suspected contamination were carried out using the
CoMo 170 — Nuvia Instruments contaminometer, represented in figure 2.32.

27



Florin Sloata
Performant analytical techniques used for the toxic Il. MATERIALS AND METHODS
substances monitoring and industrial waste management

Figure 2.32. Contaminometer CoMo 170 Nuvia Instruments — property of SetCar S.A.
Braila (source: adapted according to [Sloata and Ene, 2021a, b])

Application of the chromatographic method GC-EDC

The gas chromatographic technique was implemented using an Agilent GC-ECD device,
model 7890A, property of SetCar S.A. Braila (figure 2.33). The Agilent 7890A chromatograph
has an electron capture detector, which contains an artificial radioactive micro source of ®Ni
with a nuclear activity of 15 mCi [Sloata et al., 2017a], [Sloata and Ene, 2019b], [Sloata et al.,
2022b, c].

Figure 2.33. Gas Chromatograph Agilen 7890A — SetCar S.A. Braila
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[ll. OWN EXPERIMENTAL RESULTS ON THE CHARACTERIZATION OF HAZARDOUS
INDUSTRIAL WASTE AND SOILS

3.1. Characterization of the hazardous waste generated following the
decommissioning of some installations in the chemical industry

3.1.1. Characterization of the hazardous waste generated following the
decommissioning of an industrial electrolysis facility

On the national level, it was executed by the company SetCar S.A. from Braila, a
decommissioning work of an electrolysis installation that uses elemental mercury as a cathode.
This electrolysis facility was located inside the former chemical plant in Dolj County, Romania.
Following the decommissioning of the electrolysis plant, it was also necessary to
decontaminate the area where it was located because the soil was heavily contaminated with
mercury [Sloata and Ene, 2017a], [Sloata et al., 2023a].

Figure 3.1 (a) and (b) show some images from the decommissioning of the electrolysis
plant and the decontamination of the work area.

(a)
Figure 3.1. Images during decommissioning of the electrolysis plant and decontamination
of the work area: (a) decommissioned electrolysis plant and (b) decontamination of the
work area (source: adapted according to [Sloata and Ene, 2017a, b])

After the completion of the decommissioning and decontamination works, approximately
one hundred tons of hazardous waste with a high mercury content resulted. For the rapid
determination of the contamination degree of the waste contaminated with elemental mercury,
a number of ten samples were taken, which were packed in the raw state in Mylar foil and
subjected to ED-XRF analysis. The results of the preliminary analysis applied to the ten
unprocessed samples of waste containing mercury are presented in table 3.1.

After applying the aforementioned ED-XRF analysis, the ten waste samples were
prepared and subjected to ED-XRF analysis again. The samples were irradiated for 60 and
120 seconds and the results can be found in table 3.2. Figure 3.2 shows the spectrum of
energies obtained after irradiation for 60 s of sample HG1.

Table 3.1. Mercury concentrations obtained from the analysis, by applying the ED-XRF method, of
waste samples containing mercury in raw form
(source: processed according to [Sloata and Ene, 2017a, b))

Sample 1 2 3 4 5 6 7 8 9 10
No.

c[ppm] | 11154 | 11163 | 12627 | 12271 | 10624 | 10784 | 12078 | 12309 | 11384 | 12150
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Figure 3.2. The energy spectrum obtained after irradiation for 60 s of sample HG1.

The concentration values of the chemical elements of interest determined varied as
follows:

The highest chromium concentration value (296.81ppm) was identified in sample 10
(120 s), and the lowest concentration value (93.94 ppm) in sample 4 (120 s). The average
value of all chromium concentrations from the 10 samples analyzed at different times was
calculated, and it is 123.01 ppm;

Copper recorded the highest concentration value (3736.73 ppm) in sample 8 (60 s), and
the lowest concentration value (542.55 ppm) in sample 4 (120 s). The average value calculated
for all copper concentrations obtained from the analysis of the ten samples at different times
is 2323.33 ppm;

Mercury recorded the lowest concentration value (543.70 ppm) in sample 7 (120 s), the
highest concentration value (1760.96 ppm) in sample 3 (60 s), and the average value
calculated for all concentrations of mercury obtained from the analysis of the ten samples at
different times is 1171.97 ppm;

It is noteworthy that the average value of mercury concentration determined from the raw
waste samples is 10 times higher than the average mercury concentration determined from
the prepared waste samples. This may be caused by the fact that mercury-containing waste
samples (raw and prepared) differ greatly in grain size and homogeneity. The analysis of raw
samples in-situ is quick and advantageous for "screening" type investigations, while laboratory
analyzes of processed samples have greater precision, matrix effects being minimized.

Comparing the results obtained by irradiating for 60 seconds and 120 seconds the 10
waste samples with mercury content resulted in the optimization of the analysis errors related
to the concentrations of the identified elements, by using a longer irradiation time. The degrees
of error optimization for all the concentrations of the analyzed chemical elements (Cr, Cu and
Hg) varied as follows: Cr - between 1.33 and 1.51%, Cu - between 0.13 and 1.44%, and Hg -
between 1.37 and 3.7% [Sloata et al., 2023a].

The ED-XRF analytical technique applied for the identification of the previously
mentioned chemical elements was complemented with the accelerated ion beam analytical
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techniques (IBA) PIXE and PIGE for the identification of other elements of interest. Element F
(9656+337.96 ppm) was identified following the application of PIGE analysis, and element P
(11680+151.84 ppm) was identified following the application of PIXE analysis [Sloata et al.,
2023a, b].

The average concentrations calculated for eight elements determined by the ED-XRF
analytical method and the concentrations of three elements determined by the IBA (PIXE-
PIGE) methods, were compared with the national regulations regarding the acceptance
parameters of hazardous waste for disposal on dedicated landfilds.

At the same time, all the selected elements were compared and other elements identified
in research from the specialized literature. Table 3.2 systematically shows the comparison
between the values of the element concentrations determined in the waste samples with
mercury content from this research and the element concentrations from the Romanian
standard, respectively from other similar researches.

Table 3.2. The comparison between the element concentration values determined in the waste
samples containing mercury from this research and the element concentration values from the
Romanian regulations, respectively other similar researches

Waste code Parameter Waste HG Waste HG
Chemical [Ordinul 95, 2005] [Bloom et al., 2003] [Zagury et al., 2009]
HG *LS2 **S10 HG, HG;
element
c S. U. S. U. c c
[ppm] [ppm] [ppm] [ppm] [ppm]
F 9656 200 500 - -
Cr 123,01 25 70
Cu 2323,33 50 100 - -
Hg 1171,97 0,5 2 73300 11500

*[S2- LS =2 Ilkg
**.S10 - L/S = 10 I/kg

From the systematized comparison (table 3.4) it can be seen that the value of the
concentrations of the elements in this 