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Chapter 1

PROPERTIES, ENRICHMENT,
APPLICATION FIELDS AND INDUSTRIAL
RESOURCES OF RARE EARTH ELEMENTS

Aybaba HANCERLIOGULLARI', Seref TURHAN?, Ash KURNAZ?

1. INTRODUCTION

Rare Earth Elements (REEs) have become the unseen driving force of
modern technology. They are used in the production of high-tech products that
are resistant to high temperatures, abrasion, and corrosion. They are listed as
critical raw materials due to their high economic value and the risk of supply
[1]. The word "rare" actually refers to the fact that these elements are generally
found dispersed in low concentrations and are chemically very similar, making
separation difficult and costly. They require environmentally polluting mining
and refining processes. REEs consist of the lanthanide series with atomic
numbers 57-71 (15 metallic elements), as well as yttrium (Y) and scandium
(Sc). They are strategically important in everything from electric vehicles and
wind turbines to nuclear reactors and medical imaging systems. REEs are
essential components in more than 200 products across a wide range of
applications, including computer hard drives, mobile phones, electric and
hybrid vehicles, and high-tech consumer products such as flat-screen monitors
and televisions. Important defense applications for REEs include electronic
displays, guidance systems, lasers, radar, and sonar systems. While the amount
of REE used in such technological and electronic products may not constitute a
significant portion of the product by weight, value, or volume, it is essential for
the device's operation. REEs dont occur naturally as elements in the Earth's
crust and are found in mineral forms such as phosphates, silicates, carbonates,
oxides, and halides. The primary economic sources of REEs are the minerals
bastnasite, monazite, and loparite, as well as lateritic ion-sorption clays. Due to
the 4f orbitals in their electron configurations, they exhibit high magnetic
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moment, luminescence, catalytic activity, and alloy strength properties [2].
REEs hold a significant place globally and also encompass future policies in the
context of a sustainable circular economy in our country. The high-technology
and energy applications of the REEs have increased significantly in diversity
and importance since the 1960s. Furthermore, because many of these
applications are highly specific and substitutes for REEs are of lower quality or
unknown, REEs have acquired a much greater technological importance than
might be expected from their relative obscurity. Despite being more abundant
than similar industrial metals, rare earth elements are less likely to be
concentrated in exploitable ore deposits. As a result, most of the world's REEs
supply comes from just a few sources that can be depleted within a short
timeframe. For example, the United States generally had a sufficient REE
supply for a decade, but has since become dependent on imports from China,
changing the strategic landscape. Some REEs are currently used to generate
electricity in nuclear power reactors. Many of the popular rare earth oxides with
significant mercial, industrial, space, and defense applications are identified,
including the following [3,4]. Common rare earth isotopes and applications of
rare earth oxides, alloys, and compounds; yttrium oxide (Yb,Os3), cerium oxide
(Ce203), dysprosium oxide (Dy»03), gadolinium oxide (Gd»0s), lanthanum
oxide (La;03), europium oxide (Eux0s3), neodymium oxide (Nd,Os3),
praseodymium oxide (Pr20s), samarium oxide (Sa;0s3) [3,5-8]. It shows that
Turkey can be not only a raw material but also a strategic technology producer.
In our study, we particularly aim to define the physical and chemical properties
of REEs, explain the enrichment methods, reveal the recovery potential in
industrial wastes and propose a sustainable model with environmental,
economic and strategic aspects [6-10]. As a result of the experimental studies
carried out with the physical, chemical and magnetic properties of REEs, high
amounts of La, Ce, Nd, Sm and Dy were detected in waste materials such as
phosphogypsum, redmud and fly ash

2. PROPERTIES AND USAGE AREAS OF REEs

REEs are a group of elements that are of extreme strategic importance in terms
of industry, technology, and defense. REEs are known as lanthanides. These are La,
Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Sc and, Y. REEs are
distinguished by their physical, chemical, and magnetic properties. They are
silvery-gray in color, ductile, and malleable. Density varies between 5.0 and 9.3
g/cm®. Gd behaves ferromagnetically, while Dy and Tb are paramagnetic. Their
melting points range from 800 to 1660 °C. They are generally in the (+3) oxidation
state, which is explained by the decreasing ionic radius as we progress through the



series. The order of reactivity is ranked as La > Ce > Nd > Gd. The order of
solubility is listed as HCl > HNOs > H>SOs. Their Curie temperatures are 293 K
(Gd), 219 K (Tb), 88 K (Dy). Eu* and Tb*" ions have high luminescence
efficiency. They readily react with oxygen in the air to form oxides, which have
high electrical and thermal conductivity. They are moderately dense and soft, with
moderate density and hardness, and are easily processed. Rare earth elements are
the fundamental building blocks of high technology and the defense industry. Due
to their strong magnetic, optical, nuclear, and chemical properties, they are used in a
wide range of applications. They are strategic resources for the global economy and
geopolitical balances. REEs are quite difficult to separate. The difference in ionic
radius is only 2-3%. They are divided into light and heavy groups. Commercial
applications and uses of rare earth elements are summarized in Table 1 [9,1,17].
REEs are widely used in nuclear power reactors, aerospace systems and
components, jet engines, scramjets, battery electrodes for high-power batteries, and
many other aerospace products. Samarium-cobalt magnets are most suitable for
high-power radio frequency sources and microwave filters [4,9,13,17]. Yttrium-
iron-gamet filters are widely used in satellite and airborne systems, where a sharp
cutoff frequency, minimal pass-band loss, and high attenuation in the stop-band
region are key design requirements. High-performance diode-pumped solid-state
infrared lasers use rare earth elements such as holmium, thulium, yttrium, and
erbium to achieve superior laser performance at infrared frequencies.

Table 1. Examples of commercial products utilizing rare earth element

REE Commercial product
Neodymium (Nd), Mobile phones, computer hard drives, cameras
praseodymium (Pr),
terbium (Tb) dysprosium
(Dy)
Nd, Pr, Dy, La, Ce Hybrid electric vehicles, high-capacity batteries,
infrared lasers
Eu, Y, Tb, La Energy-efficient light bulbs
Ce, La, Neodymium (Nd), Glass additives
Eu
Euw Y, Er Fiber-optic lines, fiber-optic amplifiers
Promethium (Pm) Portable x-ray equipment
Scandium (Sc) High-intensity flood lights for stadiums
Samarium (Sm)-cobalt Permanent magnets for electric motors, widely
(Co) deployed in hybrid electric vehicles




REE are considered strategic elements due to their use in many different
sectors inthe production of advanced technological materials resistant to high
temperatures, abrasion, and corrosion [1,5,6]. NdFeB (Neodymium-iron-boron)
magnets, in particular, are the backbone of modern green technologies. NdFeB
magnets are used in wind turbines due to their high energy density. In PV/T
systems with CO: doping, the electrical efficiency has increased by 11% and the
thermal efficiency by 14%. LaNis alloys increase the cycle life of Li-ion
batteries to 2400 cycles. Dy and Tb elements provide high temperature
resistance. Sc-doped aluminum alloys offer both lightness and strength in
aircraft fuselages [9]. Gd-based contrast agents are used in MRI; Sm-153 and
Lu-177 isotopes are used in cancer treatment [13]. CeO: nanoparticles have
antioxidant and antimicrobial properties. Table 2 lists the main reserves by
some countries [14].

Table 2. World REE reserves and production amounts [14-16]

Reserve
Country (REO) Global
(million tons) share approx
(%)

China 44 49
Brazil 21 23
India 6.9 7.7
Australia 34 3.8
Russia 6.0 6.7
Vietnam 3.5 3.9
USA 2.0 20

3. SECONDARY RESOURCES AND ENRICHMENT PROCESSES
OF RREs

REEs can be obtained not only from primary sources extracted from the
ground but also from various secondary sources. With regard to REEs,
examining their secondary sources (recycling, tailings, etc.) and enrichment
processes (separation and purification techniques from the ore) is crucial for
both economic value and the valorization of industrial wastes. The recovery of
REEs from secondary sources is the most important step in sustainable mining.
The main secondary sources of REEs are red mud, phosphogypsum, coal fly
ash, blastfurnace slag, and electronic waste. Tiirkiye [3,12]. Economic recovery
of REEs from secondary sources is given in Table 3. Furthermore, Table 4
shows the comparative characteristics of secondary by-products by waste type.
The recovery of these wastes both reduces the environmental burden and creates



economic value [11,15]. China accounts for 60% of global production, followed
by the US, Australia, and Myanmar [14]. The Critical Raw Materials Act,
published by the European Commission in 2024, classified REEs as elements at
high risk of strategic dependency. Turkey's waste stock potential is worth
approximately 1.8 billion USD/year [16]. Utilizing these resources reduces both
environmental risks and import dependency. The enrichment processes for
REEs generally include hydrometallurgical, acid (HCl, H.SO4) dissolution, ion
exchange, and solvent extraction. REEs do not occur in nature as pure metals;
they are generally carbonate, silicate, phosphate, or oxide minerals. Therefore,
reserve, production, and commercial values are given in oxide equivalents
(REOs) rather than pure metals. For example, 1000 tonnes of Nd.Os is the REO
equivalent of the rare earth element neodymium. REO is a technical term used
to indicate the amount of rare earth elements in their oxide form. Production
and reserve data are generally given in oxide equivalents because this form is
the most common in nature and the most stable and measurable form used
commercially. Generally, by country, China is reported to produce
approximately 270,000 tonnes of REO equivalent in 2024, while the US is
estimated to produce approximately 45,000 tonnes. These figures clearly
demonstrate China's dominant position in global production.

Table 3. Economic recovery of REEs / secondary sources [4-6,17,22]

. Economi
Source 1(25;@203 Eler::l(t): Method ¢ Value
¢ (USD/t)
H.SO.
Red mud
ed mu 0.10-0.30 | La,Ce,Nd | leaching + 1750
ion exchange
HCl leaching
Phosph
OSPHOBYPSU | 05020 | Ce,La,Sm | + Cyanex 1200
272
1 fly ash N
Coal fly as 0.05-0.10 | Nd, Dy a0 900
leaching
NdFeB Mechanical
(magnet) 25-30 Nd, Dy, Sm + 25000
bioleaching

Secondary by-products (wastes) generated during the extraction of REEs or
similar industrial processes can pose serious environmental problems. In some
cases, these wastes can be recycled and utilized. Three important secondary
byproducts in this context are as follows. General principles for environmental
management strategies include: source reduction; reduction of waste production



(process optimization); waste characterization; identification of risks through
chemical analysis; storage management; red mud should not be stored directly
without neutralization; phosphogypsum requires radioactive monitoring; and fly
ash should be stored in a closed environment due to the risk of dust generation.
However, leaching, water pollution, and soil impact must be continuously
monitored for reuse/recycling, waste recycling through the aforementioned
practices, and monitoring and control.

Table 4. Comparative characteristics of REE by-products [7-15,23- 26]

Red Mud Phosphogypsum Coal Fly Ash
Alumi
umm?lm Phosphoric Thermal power
Source production . .
Acid Production plants (Coal)
(Bayer)
Fe20s
hemical ’
Sﬁiﬁ:fri ALOs, CaS04-2H:0, $i0s, AL:Os, CaO,
TiOz, F,U, Th Fe20s
Na20
11-13
q (ve 5-7 8-9
P basirz/) (neutral-acid) (slightly basic)
Physical Muddy, . Lumpy .
fine- Powdery, moist, very fine, spherical
Structure . .
grained particles
Color Red White / Gray /
/Brown Yellow Gray
REE Potential Scandium, Thorium, Lanthanides,
yttrium uranium, REE cerium etc.
Environmental Alkali Radioactivit Heavy metal
Risk hazard adroactivity leakage

The choice of each method depends on the type of waste and
economic/environmental factors. Common mechanisms for recovering REEs
from red mud, phosphogypsum, and fly ash include

a) Acid leaching: waste is treated with strong acids (usually sulfuric, nitric,
or hydrochloric). The acid dissolves the REEs, allowing them to pass into the
liquid phase. The resulting solution is further processed to separate the REEs.

b) Alkaline leaching: Some wastes, especially red mud, are treated with alkali
(e.g. sodium hydroxide) to solubilize the REEs.
c) Precipitation and solvent extraction: REEs are purified from the solutions



obtained after acid or alkaline leaching by precipitation (e.g., oxalate or
carbonate precipitation) or solvent extraction.

d) lon exchange resins: REEs can be separated and collected using resins
that selectively retain REEs in solution.
e) Pyrometallurgical methods: REEs can be separated from the waste matrix by
high-temperature melting or thermal treatments.

3.1 Red Mud

Its source is formed as a result of the Bayer process used in the production of
aluminum from bauxite ore. In this process, rare earth elements can also be
found in bauxite and migrate to the red mud. Its properties; high alkalinity (pH
> 12), it can contain iron oxide, titanium dioxide, alumina and trace amounts of
REE, it is very fine grained and has a mud consistency. In terms of REE
potential, it may contain scandium, cesium, yttrium. Recovery studies are being
carried out for this by-product. It is the waste generated during the production
of aluminum oxide (Al:Os) from bauxite ore by the Bayer process during the
formation process, bauxite is digested with sodium hydroxide (NaOH);
insoluble residues are separated, this residue is called red mud. In terms of
chemical properties, the content of red mud as the main components is Fe.O;
(iron oxide); 30-60%, ALOs (alumina), 10-20%, TiO: (titanium dioxide); 2-
10%, SiO: (silicon dioxide); 3-50%, Na-O (sodium oxide); 2-10% (alkaline). Its
pH value is quite high and poses an environmental riskIn terms of physical
properties, red mud has reddish-brown (high iron oxide) color tones.
Structurally and geometrically, it is fine-grained and muddy, and can turn into
powder when dried over time. Its material density is in the range of 2.7-3.3
g/cm?3. After processing, its content is around 20-30%. It may contain trace
amounts of rare earth elements such as scandium and yttrium, and may also
deteriorate soil and water quality due to its sodium content [4-10,22-30]. Let me
explain the recycling (utilization) methods of wastes such as red mud,
phosphogypsum and coal fly ash, as well as the recovery technologies and
environmental management strategies of REE; the areas of use of red mud are
especially cement production (additive material thanks to its Fe20s, Al.Os, TiO:
content), road filling, brick production, soil improvement (by neutralization),
iron recovery (by pyrometallurgical methods. In terms of REE recovery
methods, acid leaching uses sulfuric acid (H2SO4) or nitric acid (HNOs) to
dissolve REEs. It is the most common method, especially effective for
scandium. Pressure leaching provides more efficient REE recovery under high
temperature and pressure. lon exchange and solvent extraction separate REEs
from the acid solution.



3.2 Phosphogypsum

Its source is formed as a byproduct during the production of phosphoric acid
by treating phosphate rocks with sulfuric acid. Based on calcium sulfate, it can
contain the radioactive elements uranium and thorium and is generally
stockpiled or discarded in large quantities. Regarding its REE potential, it can
contain trace amounts of thorium and other REEs. Although REE recovery for
this byproduct is challenging, research is ongoing. Phosphoric acid (PA) is an
environmental waste and an important industrial chemical used as an
intermediate in the fertilizer industry, in metal surface treatment in the
metallurgical industry, and as an additive in the food industry. The use of
phosphate compounds in the detergent industry is significantly restricted. In
terms of its formation process, it is formed as a byproduct in the production of
phosphoric acid by treating phosphate rocks with sulfuric acid. It is usually
stored in large piles, and its recovery and use are limited due to radioactivity,
making it of limited use in construction, road construction, and agriculture.
Phosphogypsum is obtained by chemical reaction as follows;

Cas(PO4)sF + 5SH2.SO4 + 10H20 — 3H5PO4 + 5CaS04.2H-0 + HF

where CaSO4-2H>0, namely phosphogypsum, is the waste of the process. In
terms of chemical properties, the main component is calcium sulphate dihydrate
(CaS04-2H20) 85-95% and in terms of other contents, it contains P2Os, F~
(fluorine), heavy metals (Cd, As, Pb, Hg). In terms of radioactive elements, it
has trace amounts of U, Th, Ra-226 [1-9,23,24]. In terms of physical properties,
they are light gray, white, or slightly yellow. In terms of mechanical and
structural geometry, phosphogypsum generally has a lumpy structure with a
powder-clay consistency. Its material density is in the range of 2.3-2.4 g/cm?,
and its moisture content is generally high (20-30%). However, with increasing
storage time, it can harden over time. Let me explain in detail the recycling
methods, REE recovery technologies, and environmental management strategies
for phosphogypsum waste. In terms of its uses, it is used in agriculture as a soil
conditioner and source of calcium sulfate. In the construction sector, it is used
as a drywall, cement additive, road base filler, and also as a mine drainage
control. Recycling in terms of REE method is carried out as follows; thorium,
uranium and trace REEs can be recovered by precipitation method but the
economic efficiency is low and the process is complicated due to radioactivity.
Bioleaching (digestion with bacteria) method is being studied as a new method.
REE recovery is shown in Table 5. Final product characterization of
phosphogypsum is done by XRF, ICP-MS, and ICP-OES [13-24,26].



3.3 Coal Fly Ash

Its source is a by product of the burning of coal in thermal power plants. It is
in fine particle form and collected from chimneys by electrostatic filters. Its
properties include silica, alumina, iron oxide, and it has a light, glassy structure.
Some coals may contain REEs and other heavy metals. In terms of REE
potential, trace amounts of elements such as yttrium, lanthanum, and cerium can
be found, and various solutions for their recovery are being investigated. The
formation process is fine particles formed by the combustion of coal in thermal
power plants, and after combustion, they are collected from chimneys by
electrostatic filters. In terms of chemical properties and main components, SiO:
(silicon dioxide) 40-60%, Al2Os (alumina) 20-30%, Fe2Os (iron oxide) 4-10%,
CaO (calcium oxide) and 5-20% (high calcium ash), and also the Ph is slightly
basic (8-9) and in terms of heavy metals (As, Pb, Cr), Comparative properties of
secondary by-products of REEs (lanthanides, scandium, etc.) are shown in
Table 3 in terms of waste type. In terms of mechanical structure, it contains
spherical, glassy particles with a very fine grain (cement-like) density of 2.1—
2.6 g/cm® and a particle size of around 1-100 pm. It exhibits pozzolanic
properties and can harden like cement by reacting with water and calcium
hydroxide. It is widely used in concrete and building materials. It may contain
trace amounts of rare earth elements. Let me explain the recycling (recycling)
methods for wastes such as coal fly ash, as well as REE recovery technologies
and environmental management strategies. In terms of its applications, fly ash is
used as an additive in cement and concrete, and its pozzolanic properties
increase durability. It can be used in road fills, dam fills, the ceramic and glass
industries, and those with high carbon content in carbon capture systems. In
terms of REE recovery methods; acid leaching: REEs such as lanthanides (La,
Ce, Nd, Pr) and cerium are dissolved using H.SO., HCI. Froth flotation and
concentration methods are applied. Thermal treatments leaching method is also
used to break the glass phase and release the elements [4-9,23-29]. Some
images of the REE minerals formed are shown in Figure 1 [1,6].
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Figure.1 Visual of main REE minerals [1,4,22]

REESs show their existence in the Earth's surface at various stages in terms of
geological processes. Igneous processes; the condensation of ree during the
crystallization of magma; hydrothermal processes; the movement of hot fluids
through rocks and the accumulation of ree in veins; metamorphic processes; ree
are mobilized and re-condensed during rock metamorphism. Sedimentary
processes; weathering, erosion and deposition; ree concentrate in sedimentary
environments. Lateritic processes; intense weathering in tropical climates
enriches ree in residual soils [1,9,23-28]. REEs are currently commercially
extracted from hard rock, typically bastnésite or monazite, marine placers, and
ionic clays. Hard rock ores above grade 5 must be ground in a closed-circuit
using screens or mechanical classifiers that separate liberated grains before
over-grinding occurs. Over-grinding wastes energy and can also reduce the
recovery of brittle minerals that can be ground too finely for efficient
enrichment. The ore is often "de-sluiced," a step that typically involves
mechanical washing to break up small particle aggregates. Heavy mineral sands
from both old and fresh placer deposits may require feed preparation such as
abrasion washing and de-sluicing, but comminution is not necessary. Figure 2 is
a simplified diagram of the REE ore process, illustrating the processing of REE
Significant academic research and moderate commercial process innovations in
REE processing have been ongoing for decades. The largest demand for rare
carth elements in the global market comes from the Chinese economy. With
changing living conditions, demand for rare earth elements is likely to increase
depending on developments [7]. The last few years have seen exponential
growth in research due to the increasing demand for REE, threatened by supply
risks and environmental barriers [3,16-20,23-28]. Some of the standard
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measuring instruments listed in Table 6 can be used in laboratory analyses of
REEs [6-12,30].

REE e ) Fosd Pregaralion |—» Beneakon —> 12119 — Wasts Inpoundmen
¥
Concentrates Wastes
v i
Hydrometallurgy -—
REE Precipitation —
v
Separation ———»

Figure 2 Processing of rare earth element ores [18-25,31]

Table.5 Rare earth elements (REE) recovery [1,4,5,18]

Waste type Recyclable Recycling Environmental
materials methods risks
Red Mud Alumina, Iron, Acid Leaching, High alkalinity
TiO:, SC, Y Pyrometallurgy
Phosphogypsu CaSOsa, Acid Leaching, Radioactivity,
m Thorium, Uranium, Biolixiviation fluoride leakage
RREs
Fly Ash Si02, Al2Os, Acid Leaching, Dust

lantanitler Thermal Activation | contamination,

heavy metal

5. CONCLUSION AND DISCUSSION

One of the biggest challenges associated with REE mining and processing is
that all deposits contain Th and U, but in lower concentrations in ionic clays.
On-site disposal options are generally limited and subject to strict regulations
[5,6,18-24]. REE is a key component in technology and industry, including
hydrogen storage, superconductivity, photovoltaic conversion, and nuclear
neutron control systems. NdFeB magnets provide a 25% higher energy density
in wind turbines. Waste-based REE production could generate an annual
economic gain of $400-500 million. Carbon emissions are reduced by 60% [
16-24,31]. Significant support should be provided to individuals working in this
field at the Turkish REE Technology Institute and universities, and advanced
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research centers should be established. Microorganism genetics should be
investigated for biotechnological processes. Artificial intelligence-supported
process optimization models should be developed. Turkey's REE policy should
be planned in three stages: short-term (2025-2030), a waste inventory should be
created, and an REE-TR database should be created. medium-term (2030-2035),
pilot facilities (Bandirma, Seydisehir) should be established. R&D clusters
should be established through university-industry collaboration. long-term
(2035-2045). Entirely domestic REE refining facilities, NDFEB, and SMCO
alloy production lines should be established. Al-based enrichment software
should be used. Scientific studies indicate that Tiirkiye has the potential to
produce 9,000 tons of REE annually from its red mud, phosphogypsum, and fly
ash reserves. This amount could cover 70% of the country's REE imports. It is
known that consumption in developed countries will increase in parallel with
REE production in the coming years. The evaluation of discovered deposits is
increasing according to the supply-demand balance in the global market. In our
country, the evaluation of REE in recent years, particularly in the Eskisehir-
Beylikova Basin in the Central Anatolia region, has been reported by the MTA
as having potentially significant reserves.
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Chapter 2

PERLITE MINERAL
PROPERTIES AND APPLICATIONS:
(Elemental Properties, Perspectives Industrial Using)

Seref TURHANI, Aybaba HANCERLiOGULLARIZ, Ash KURNAZ,3
Savas TURKDOGAN*

1.INTRODUCTION

Minerals, naturally occurring in the Earth's crust, are homogeneous, usually
solid, inorganic substances with a specific chemical composition and a regular
atomic structure. Minerals have certain distinguishing properties. The best way
to accurately identify a mineral is to examine its chemical composition. Rocks,
on the other hand, are formed by geological processes, with multiple elements
combining to form a mineral complex [1]. Mountains and continents are also
formed by the aggregation of rocks. However, in rare cases, some rocks consist
of only a single mineral. Turkey is a country rich in mineral diversity, and since
1939, mineral exploration has been underway [2]. More than 80 different
mineral species have been discovered. Turkey is one of the world's leading
producers of many minerals, particularly boron, perlite, sepiolite, chromium,
trona, feldspar, graphite, barite, bentonite, and zeolite. In our study, we focused
on perlite. Turkey has significant potential as a country with one of the world's
leading perlite mines. Perlite is a versatile material due to its chemical and
physical properties (low density, high porosity, chemical inertness, etc.) and is
widely used as a filler raw material in many sectors, especially construction [3].
Perlite is a naturally occurring volcanic glass with unique physical properties,
making it extremely useful in a variety of applications. Table -1 lists some of
the physical and chemical properties of perlite [4-6]. Perlite is an amorphous
volcanic glass with a relatively high water content, typically formed by the
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hydration of obsidian. Figure -1 shows the general distribution of perlite
minerals in Turkey and around the world [3].It occurs naturally and has the
unusual property of expanding significantly when heated sufficiently. It is a
suitable industrial mineral for use as a ceramic flux to reduce sintering
temperatures and is a commercial product due to its low density after processing
[5].Perlite is an amorphous volcanic glass with a relatively high water
content.Mineral formations are found in nature, particularly in volcanic regions.
More than 5,400 minerals have been identified worldwide, and Turkey is among
the richest countries in terms of this mineral diversity. China, Turkey, and
Greece lead global production, with Tiirkiye's share at approximately 28% [6,7].
This strengthens Turkey's mineral-material integration and strategic position in
the domestic composite/insulation market. In figure-1 show that the general
distribution of perlite minerals worldwide [8].

Table 1 Physical and chemical properties of perlite mineral [4].

Physical Properties Chemical Properties

Property Value Element Chemical
composition(%o) composition(%)

Color white/grey Si 33,8 Si02 72,08

Brightness 70-80 Al 7,2 AlO3 12,92

(% GE)

Density (kg/m? ) 50-300 K 3,5 TiO2 0,90

Hardness index (mohs) Na 3,4 Fe203 1,50

5,0-5,5

Specific gravity 22-24 Fe 0,6 MgO 0,63

Ph 6,0- 8.5 Ca 0,6 CaO 0,88

Water absorption, % of mass | 200-600 Mg 0,2 Na2O 3,76

Thermalconductivity, 0,043-0,093 Mica 0,2 K20 4,33

(W/m.K)

Melting point(c°®) 980 o 47,5 H20 3,0

Thermal diffusivity (m?) 0,632-0,330 - - - -

Humidity (% ) up to 1,0 - - - -
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Worldwide Perlite Production
and Reserve Distribution (2025)
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Figure 1. General distribution of perlite minerals in worldwide [8].

2. PROPERTIES AND USES OF PERLITE MINERALS

2.1 Properties of perlite mineral

Perlite mineral contains between 2% and 6% crystalline water. When the
natural rock form is heated sufficiently, this water is lost and the resulting water
vapor pressure causes it to expand significantly. Expanded perlite is generally
known as a siliceous volcanic material that tends to expand in size when
exposed to temperatures of 900 to 1200°C [9,10]. Expanded perlite, used in the
production of building materials, generally has a brittle structure due to its
expanded nature at high temperatures. It exhibits crumbling properties in mortar
and/or dough mixtures prepared for product production, or due to the influence
of other mixture components, depending on the mixing method. This causes the
coarse-sized expanded perlite aggregate entering the mixture to transform into
smaller aggregates within the product matrix. This reduction in expanded perlite
particle size both increases the density of the material and results in a smaller
than expected volume of the resulting fresh mortar. This volume reduction in
mortar generally results in the use of more mortar material in the production of
building materials, thus further increasing consumption. To achieve a mortar
with optimal conditions and volume, the particle size, expansion temperature,
and aggregate structure of the expanded perlite used in the mixture are crucial.
Expanded perlite, which does not fragment or lose volume during mixing and
has high aggregate strength, is critical in this regard. Panagiotopoulou and
colleagues found that the crushing strength of expanded perlite aggregate
increases with increasing bulk density [9,10]. However, a literature review
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reveals that due to the delicate structure of expanded perlite, the changes
induced by this aggregate during mixing and placement of cementitious
products are poorly understood. Water trapped in the material's structure
escapes by evaporation, causing the material to expand up to 7-25 times its
original volume [11]. The expanded material is bright white in color due to the
reflective properties of the trapped bubbles. The bulk density of unexpanded
raw perlite is approximately 1100 kg/m3, while the bulk density of typical
expanded perlite is approximately 30-150 kg/m3 [12]. Perlite is a non-
renewable resource [13,14]. World perlite reserves are estimated at 700 million
tonnes, with confirmed perlite resources in Armenia amounting to 150 million
m’, and the total estimated resources reach 3 billion m’ After crushing,
grinding, and classifying, perlite undergoes expansion. Perlite is most
commonly used in the construction sector [13,14]. Therefore, demand for perlite
parallels the developments and stagnation in the construction sector. In
commercial use, perlite is a naturally occurring acidic glass of volcanic origin;
when heated to a suitable temperature, it expands and becomes porous. When
perlite is heated between 900-1100°C in special forms with a specific grain size,
its volume expands approximately 25-fold, popping like popcorn, and its
density becomes much lighter. Porosity is defined as the average ratio of the
void volume in perlite grains to the total grain volume. Porosity gives perlite its
absorbency and surface cooling properties and is therefore important in
applications where this property is required. Water absorbency is undesirable in
water pollution removal efforts and thermal insulation. This is because filling
the pores with water increases thermal conductivity. In this case, perlite
becomes hydrophobic by passivating the pores with silicone or a substance.
Raw perlite has a medium hardness (5,5-7,0). This means that perlite glass
cannot be scratched with a fingernail, but it can be scratched with a steel nail or
knife. The degree of hardness is important. The hardness of a mineral is one of
the fundamental physical properties that directly affects its use in engineering,
industry, and geology. The material density of perlite is around 2.2-2.4 g/cm’,
Perlite is a natural volcanic aluminosilicate glass (rhyolitic rock) formed by the
rapid cooling of lava or magma [14,15]. Heavy metals (HMs), which can be
carcinogenic, cytotoxic, and mutagenic, can pose a threat to fauna, flora, and
humans. In the mining industry, large amounts of HMs are released
uncontrolled as a result of activities such as ore extraction, grinding, ore
aggregation, and dumping of waste in open areas. Perlite is a naturally
occurring glassy volcanic alumina silicate rock that is mined and used
worldwide. Perlite is used in the construction, agriculture, food, pharmaceutical,
and chemical industries. Perlite is found in many countries worldwide. Turkey
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is one of the world's leading perlite producers [14]. Confirmed reserves in
Armenia reach 165 million tons. Perlite is a natural mineral composed of
volcanic glass with a high water content and exhibits the property of expanding
when heated. This property makes it attractive for lightweight construction
materials, insulation, filtration, and agricultural applications. Turkey holds 30%
of the world's perlite reserves and plays a strategic role in terms of exports. The
main perlite deposits in Tiirkiye are located in Bergama, Manisa, Bitlis, Kars,
and Erzincan. It is estimated that 30% of the world's perlite reserves are in
Tiirkiye. Other important producers include the United States, Greece, and
Hungary [7]. The world perlite reserves are approximately 700 million tons.
Other reported reserves are; Greece (120 million tons), Turkey, USA and
Hungary approximately 49-57 million tons [15]. World perlite production, led
by China, Turkey, Greece, USA, Armenia and Hungary, reached 4.6 million
tons in 2018 [14,15]. In India, the Osham Hills in Patanvav city of Gujarat state
are the only perlite mineral source in India, USA, Armenia, Japan, Italy,
Turkey, Greece and Hungary are rich countries in terms of perlite resources
[5,14]. Tiirkiye's proven perlite reserves are 30 million tons, and the total
probable perlite reserves are 4.5 billion tons [5,14]. Figure 2 shows the general
grain structure and different forms formed by the processing of perlite mineral
[5,14,15].

Figure 2. General grain structure formed by processing perlite mineral [1,5]
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The naturally occurring perlite mineral is an amorphous volcanic alumino-
silicate rock mined and used worldwide [12,16-18]. When heated to 1100 0C,
perlite converts natural water (3.5% total weight) into vapor and expands and
becomes porous, expanding up to twenty times its original volume [12,16,17].
Expanded perlite has attractive physical properties for commercial applications,
such as high surface area, low thermal conductivity, high heat resistance, low
sound transmission, and chemical inertness [12].

2.2 Geological formation of perlite mineral

The geological formation of perlite is closely linked to volcanic activity and
the resulting interaction with water. Perlite, of volcanic origin, typically begins
as siliceous lava (rich in Si02) with a rhyolitic composition and cools rapidly at
or near the Earth's surface. This rapid cooling prevents crystallization, forming a
dense volcanic glass known as obsidian. Over time, hydration causes the
obsidian to absorb meteoric water from the surrounding environment. This
process, known as hydration, involves the diffusion of water into the glassy
structure. The absorbed water is stored within the glassy structure, giving perlite
its characteristic water content. This hydration process leads to the formation of
characteristic concentric cracks in the glass (known as pearlitic structure),
which cause the rock to fragment into small, pearl-like masses, giving perlite its
name. Perlite originates from hydrated rhyolitic magma. Formation involves
volcanic eruption and lava flow, rapid cooling to obsidian, hydration (2-6% H-O
uptake by weight), vesiculation, and fracturing. Mineralogically, perlite consists
of 70-90% amorphous glass with minor inclusions of feldspar, quartz, hematite,
and amphibole. Turkish perlite compositions closely follow global rhyolitic
trends. Slightly higher SiO: indicates advanced polymerization. Perlite is
hydrous volcanic glass that, when rapidly heated at 760-1000°C, expands its
volume 25-fold, resulting in a highly porous and lightweight structure. This
unique microstructure lowers thermal conductivity, reduces density, and
provides perlite with a wide range of applications including
insulation,lightweight aggregate, filtration, and composite reinforcement
[18,19]. The combined evaluation of radiometric (Ra-226, Th-232, K-40),
elemental (especially traces of Na, K, Fe in Si-Al matrix) and RREs (non-
thermal emission behavior due to surface defects/odors) properties of perlite
provides rational design inputs for building materials, nuclear protection,
environmental engineering and energy systems (PV/T, heat storage, flame
retardant composites, etc.) [20,21]. The glass phase of perlite contains high SiO-
(70-75%) and Al:Os (12-15%); alkali oxides (Na:0, K20), Fe:0; and trace
elements vary depending on the mining site. A detailed characterization study
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on Izmir-Bergama perlite confirmed the glassy structure, limited crystalline
phase and large specific surface area using xrf, xrd, sem, BET and ftir
measurements [20-24]. These findings directly affect the expansion behavior
associated with heat treatment conditions and industrial classification.

3. MATERIAL AND METHODS

Tiirkiye's perlite mineral reserves are approximately 4.5 billion tons, which
constitutes a significant portion of the estimated world reserves [1,10-14].
Perlite samples from the Turkish provinces of Erzurum, Izmir, Ankara, and
Nevsehir were brought to the sample preparation laboratory in plastic bags. 10
perlite quarries are Pl(Pasinler), P2 (Erzincan,Mollakdy),P3 (izmir,
Mezarkaya), P4 (Ankara, Cubuk), P5 (Nevsehir, Karapinar), P6 (Nevsehir,
Acigdl), P7 (Nevsehir, Gollii Mountain), P8 (Izmir, Bergama, Koyuneli), P9
(Izmir, Bergama,) and P10 (Nevsehir, Nenezi Mountain). The locations of
important perlite quarries in Tiirkiye are shown in detail in Figure- 3 [1,3,23].
Significant perlite reserves in Turkey are concentrated in Tertiary-Early Middle
Quaternary volcanic provinces [1,14]. Perlite reserves in Eastern Anatolia were
formed by these flows directly related to young Neogene rhyolitic volcanism
and are distributed over wide areas within rhyolite lavas, rhyolitic tuffs, and
other volcanic deposits [1,14].
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Figure.3 Locations of perlite quarries in Tiirkiye [1,8]

The overall uncertainty of the analytical procedure varied between 0.1% and
16.6%. The detection limit (DL) was calculated as follows
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DL=—ix,|-B (1)

Where, Ci is the ith element concentration, NB is the background count rate,
NC is the net count rate and t is the counting time [24-27]. XRF spectrometry,
which performs simultaneous qualitative and quantitative multi-element
determinations, is an accurate, fast, sensitive, reliable, simple and systematic
analysis technique [24-27]. The analysis of HMs (As, Cu, Co, V, Ni, Pb, Zn, Cr,
Zr, Mn, Ti and Fe) in perlite samples was carried out using an EDXRF
spectrometer (Spectro Xepos Ametek) with an X-ray tube (50 W, 60 kV) with a
double-thickness Pd/Co mixture anode. The detection limits of analyzed HMs
were found as 0.5 (As), 0.5 (Cu), 3.0 (Co), 0.5 (V), 0.6 (Ni), 0.8 (Pb), 0.7 (Zn),
0.3 (Cr), 1.0 (Zr), 1.1 (Mn), 2.0 (Ti), 0.8 (Fe), 2.0 (Cd) and 1.0 (Hg) mg/kg.

4. CALCULATION OF ENRICHMENT FACTOR

In this study, Toe’s such as inhalation of particles emitted from perlite,
incidental ingestion of perlite particles, and dermal contact with perlite were
primarily considered to estimate direct exposure to perlite samples. Within the
PHHR assessment model recommended by the USEPA, the mean daily intake
of these TOEs (in mg/kg.d, ADD per day) was calculated for PERQ workers
using the following equations [8,24-31].

ADD ZCxInthEFxED @)
Inh PEFxBM x AT

Additionally, hazard coefficient (HQ) and hazard index (HI) were used to
estimate non-carcinogenic PHHR ,HQ was estimated as follows [24-27,31-34].

HI= $HQ,

The hazard index (HI) is obtained by summing the estimated HQi values for
each HM in the PERM sample as follows [3,24-34]. Where n is the number of
HMs analyzed in the perlite samples. If the HI values are less than 1, there is a
negligible level of non-carcinogenic PHHR. However, if the HI values are
higher than 1, non-carcinogenic PHHR may occur with a probability that tends
to increase as the HI value increases [29-34]. The enrichment factor (EF) was
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used to determine the contamination level and to infer the distribution of
elements of anthropogenic or natural origin from the positions determined by
individual elements in the environmental samples. EF calculated as follows
[17,18] at equations 4.There are according to EF values five contamination

factors [23-26].
{ Cn ‘l
! %Rs:' I

EF = . ! Sampla

e / )
n |
| Co.- )

n Fef /Backeroun (Earth}

: : (4)

5. RESULTS AND DISCUSSION

While radiogenic heat affects subsurface temperatures, radiometric analyses are
mandatory for the safe extraction of perlite. Radioformic formations are used in
geological mapping. Radioactivity is the radiation from natural isotopes;
radiotoxicity is related to biological effects on human health. The internal energy of
the Earth is approximately 12.6 x 10**Joule, and most of this energy originates from
radiogenic decay [23-26]. In Table 2 show that some properis of statical data.The
geological layers are; Lithosphere (0-100 km), Asthenosphere (100-300 km),
Mantle (300-2900 km), Outer Core (2900-5100 km), Inner Core (5100-6371 km).
The geological environments in which perlite is found may contain natural
radiogenic elements. Some descriptive statistical data regarding the NORE
concentrations measured in all perlite samples are presented in Table 2.

Table 2. Some descriptive statistical data regarding perlite mineral [35].

HM Coneantration (meke, dw) EUC
(mgkg}

Average Median sD SE Kurtosis Skewness Min Max

Ti 5283 5154 2143 19.1 0.1 0.7 1171 1361.0 3931

v 71 69 35 0.3 0.4 0.8 =DL 4.7 a7

Cr 64.0 50.1 57.6 5.1 12 1.2 <DL 47.1 82

Mn 3835 3TRE 735 6.5 0.4 0.2 2573 640.9 7745

Fe 65854 G255.5 16263 1440 0.6 0.2 30140 127300 32041

Co 10 a4 18 0.2 14 b8 =DL 139 173

M 15,8 16,4 15.7 14 1.8 34 4.6 7.7 47

Cu 4.3 34 34 0.3 2.5 6.7 1.1 19.7 28

in 31 38 6.4 [iX.] 0.4 -8 17.0 457 a7

As 4.2 35 23 0.z 0.4 -1.3 <DL G0 4.8

Fb 26.4 244 7.2 0.8 0.4 -1 151 L6 17

Z1 23.7 BR.O 8.3 1.5 0.2 -0.9 40.5 163.1 123

* SE: standard ervor; SD: standard deviation
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The average concentrations of U, Th and K measured in perlite samples are
listed are shown in Table 3, and Figure 4 shows the trace amounts of rare earth
elements (ppm) in perlite mineral [35]. The measured U concentrations in
perlite samples value are approximately twice the average of 2.5 mg/kg for the
Earth's crust [35].The geological environments where perlite is found may
contain naturally occurring radiogenic elements.Radiogenic heat affects
subsurface temperatures, and radiometric analysis is essential for the safe
extraction of perlite. Radioformic formations are used in geological mapping.
Radioactivity is the emission from natural isotopes; radiotoxicity relates to
biological effects on human health.
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Figure 4. Distribution of RREs in perlite in the world and Tiirkiye

Table 3. Comparison of radionuclide elements [35]

Element Earth Tiirkiye Radiogeni Cardiotoxi
(Bg/Kg) | (Bg/Kg) ¢ Source city

U-238 35-45 40-90 high high

Th-232 3040 35-100 high middle -
high

K-40 400-500 450-850 middle low-
medium

Ra-226 25-35 40-70 high high

Pb-210 5-15 10-30 middle high

5. CONCLUSIONS

This study comprehensively examines the geochemical, radiometric,
radiotoxic, and ecological properties of perlite deposits in Turkey and
worldwide. The heavy metals, radionuclide elements, radiogenic heat
production (RHP) and environmental risks contained in perlite are evaluated
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using scientific data, mathematical models, and comparative analyses.
Furthermore, health effects related to radioactivity, perlite's applications, and
occupational safety measures are discussed. Analyzing of RHP is crucial for
shedding light on abnormally high thermal regimes in any given region.
Knowing the chemical composition of perlite samples is crucial and directly
related to their intended uses. Therefore, it plays a key role in the effective and
efficient use of perlite [1,8,35]. In this study, the distribution of ten major and
minor oxides and twelve heavy metals in twelve commercially operated perlite
mines in Tirkiye was determined for the first time using EDXRF spectrometry.
Furthermore, based on the heavy metal contents analyzed in perlite samples,
potential carcinogenic and non-carcinogenic health risks to adult quarry workers
assessed for the first time. Average SiO,, Na,O, and K»>O concentrations found
to be higher than those in the Earth's upper crust. [1,8,35].
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Chapter 3

NUMERICAL AND EXPERIMENTAL
INVESTIGATION OF SPATIOTEMPORAL
DISCHARGE CHARACTERISTICS OF ZNSE-AR
MICROPLASMA SYSTEM

Hatice Hilal YUCEL', Erhan ONGUN?, Selguk UTAS?

1.INTRODUCTION

In today's world, the infrared-visible (IR-VIS) image converter technology is
used in many potential applications and is a constantly evolving technological
field. Some potential applications of the IR-VIS image converter systems
include detecting heat sources for defense industry applications, laser source
spectrophotometric process monitoring for industrial applications, laser beam
profile analysis, early detection of fire (eg.; T=800 K; A=3.62 um), gas
absorption spectroscopy in sample testing and analysis studies, and in non-
destructive testing and inspection processes.

Microplasmas, which have become the focus of increasing interest in the
plasma science and technology, are nonthermal, high-energy-density, and
unstable reactive gas discharge systems in the micrometer range [1]. Many
research studies were reported in the field of microplasma science and
technology for advanced materials and devices such as multi-purpose light
sources, efficient ultraviolet (UV) light sources for photochemical material
processing, spectroscopic material analysis, surface disinfection, water
purification, microplasma-optics based artificial electromagnetic devices [2],
microplasma field effect transistors [3], miniature plasma sources for electric
micropropulsion [4], field emission discharges in microcombustion [5],
microplasma thruster powered by X-band microwaves [6] and microplasma
technology-based functional nanomaterial synthesis [7]. Their electrical and
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optical properties also make the microplasma systems attractive for the design
of “Gas Discharge-Semiconductor Microplasma (GDSuP)” systems in the field
of infrared photodetection and infrared-visible wavelength conversion
applications [8,9]. Microplasma systems require advanced characterization of
the spatio-temporal dynamics of the plasma formation at the microscale [10].
The discharge characteristics of gas discharge-semiconductor microplasma
(GDSpP) systems were examined in detail using experimental and numerical
methods. Numerical analyses were carried out by FEM solver COMSOL
Multiphysics simulation program. In GDSpP system; zinc selenide (ZnSe)
compound semiconductor and indium tin oxide (ITO) thin-film coated silica
(Si02) substrate were used as cathode and anode electrodes, respectively. In
adition, the dielectric barrier discharge (DBD) system was designed in a cell
model with rectangular geometry in two-dimensional planar topology.
Interplanar electrode gas discharge gap (d) was spaced at the mm-scale for the
DBD system. Argon (Ar) gas system was introduced in the gap. Gas pressures
(P) were defined at above atmospheric levels. The GDSuP systems were
operated in the normal glow DC discharge regime. Spatiotemporal distributions
of the dynamic discharge parameters, including surface ion current density
(ICD), migrative electron flux (MEF), reduced electric field (REF) and
capacitive power deposition (CPD) were analyzed in 2D- color graphical media.
It is figured out that GDSuP and DBD system models can be used to
manufacture high-end and miniature infrared-to-visible image conversion
microplasma devices for a wide range of industrial, aerospace and defense
applications.

2.GAS DISCHARGESEMICONDUCTOR MICROPLASMA(GDSMP)

Various numerical and experimental studies were reported on the DC-driven
GDSpP systems [11, 12] to investigate the electrical charge transport properties
in gas discharge-semiconductor optoelectronic devices. Experimental studies on
the GaAs, GaP, and ZnSe semiconductor -coupled Ar gas microplasma systems
were reported [13,14].The electrical properties of ZnS and ZnSe semiconductor
materials were investigated in the gas discharge-semiconductor microplasma
system The infrared photosensitivity of ZnSe semiconductor material was
investigated experimentally [15].

2.1 Electrical discharge in gases

Detailed research on the electrical breakdown phenomena in gases from
macro to micro scale was reported [16]. The electrical breakdown phenomena in
gases are governed by Townsend avalanche reactions through a combination of
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electron emission and ionization mechanisms, including thermionic electron
emission, ion-induced secondary electron emission, and field electron emission.
The transitions between electron emission mechanisms and Townsend
avalanche formation across discharge gap are introduced in detail [17]. The
microscale electrical breakdown mechanism based on the ion-enhanced field
emission has been extensively studied [18].Theoretical and computational
techniques provide valuable insights into the microscale electrical breakdown
mechanisms and kinematic behavior of gases. To put it plainly, FEM-based
space-time simulation programs are just one example. This allows us to
theoretically analyze many plasma parameters in a virtual laboratory
[19].Figure 1(a) shows Paschen’s curve, which defines conduction state
(discharge) and insulation state (cutoff/non-discharge) regions in a gas medium
[3]. Paschen’s multiplier (p.d) is defined by the gas pressure (p) and the
interelectrode distance or discharge gap (d). Paschen’s multiplier determines the
electrical breakdown voltage (Vdc) of gas medium. Each gas has a
characteristic electrical breakdown voltage and a specific Paschen’s curve.
Paschen’s curves of He, Ne, Ar, H,, N> gases are shown as examples in Figure
1(b).
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Figure 1. (a) Discharge and non-discharge on the Paschen’s curve, (b)
Paschen’s curves of He, Ne, Ar, Hp, N> [35].

At large p.d values, the number of collisions in the gas discharge gap is also
high. At small p.d values, the electrical breakdown voltage increases because
the collisions in the plasma region are very few. Below this value, electrical
breakdown does not occur. The reactions of electron-impact ionizations of Ar
gas are given in Table 1 [20].
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Table 1. Electron-impact ionizations of Ar [20].

Reaction Formulas Type Ae (Ev)

1 e+Ar — e +Ar Elastic 0 Boltzmann

2 e+Ar — 2e + Ar+ Direct ionization 15.824 Boltzmann

3 e+Ar e+ Arx Excitation 11.424 Boltzmann

4 e+Ar — e+ Ar Excitation 13.1 Boltzmann

5 e+ Arx— 2e+Ar+  Stepwise ionization 4.3997 Boltzmann

6 2Ar* — e + Ar++ Ar  Penning ionization - 6.2x10%cm? st
7 Arx — hv + Ar Radiation - 1.0x10%s*

Electrons gain very little kinetic energy during collisions, thus reducing the
probability of ionization of Ar atoms. To compensate, the interelectrode voltage
is increased. In Figure 2, gas discharge regimes under DC supply are defined in
the current/voltage (I/V) graphical medium.
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Figure 2. DC Gas Discharge Regimes (I/V graph) [35].

In this study, it is aimed to investigate the nonlinear and fast transient
electrical discharge characteristics of unary Ar gas media, which is coupled to
semiconductor cathode element across a micro discharge gap, operating in the
normal glow discharge regime F-G.

2.2 Zinc selenide (ZnSe) semiconductor
Infrared spectral bands are defined as shortwave infrared (SWIR) in the
wavelength range of 1-3 pum, midwave infrared (MWIR) in the wavelength
range of 3-5 um, and longwave infrared (LWIR) in the wavelength range of §-
14 um [21]. For infrared detection and visible wavelength conversion systems,
the appropriate semiconductor material selection depends on the application.
Semiconductor materials with direct and indirect band gaps are used. The
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resistivity value should be a minimum of 1E7 ohm.cm. Silicon and other
indirect narrow-band gap semiconductors require special integrated cooling
equipment when used as infrared photodetection devices. Various alternative
materials are being studied to support the continued development of infrared
photodetection technology [22, 23]. The physical and material properties of
semiconductors have been reported in detail [24].Group II-VI compound
semiconductors offer alternative solutions in the field of infrared sensing
technologies and applications. Uncooled infrared photodetection devices have
the potential use in a variety of specialized applications, such as early fire
detection and remote warning, remote object detection for drivers in low-
illumination environments, handheld night vision imagers, and security
surveillance. The binary compound semiconductor ZnSe [25], with a direct
band gap of ~2.7 eV at 300 K, has attracted considerable attention from
researchers working in the field of thermal imaging applications [26] due to its
properties such as fast spectral response in the long-wave infrared band,
excellent electronic charge transport properties, and optical transparency in the
visible spectrum. Electrical and optical properties of ZnSe semiconductor
material have been reported for infrared sensitivity in the range of 0.5-15 pm in
gas discharge-semiconductor microplasma systems for night vision devices due
to its high resolution. In Figure 3, the valence and conduction electronic band
structures of CdSe, ZnSe and ZnTe binary compound semiconductors from
Group II-VI, which have high intrinsic absorption coefficients, are introduced
on a diagram [27].

1.77 eV

Figure 3. Electronic band structure of CdSe, ZnSe and ZnTe [27].

In the numerical investigations part of this study, the effects of the cathode
electron emission surface on the discharge parameters of the microplasma
system were also investigated by modeling simple planar DBD with ZnSe
cathode elements across Ar gas gap. It is known from the literature that the
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effects of microscale artificial surface patterning such as the fabrication of
concentric multiple surface protrusions [28], the decoration of plasmonic
metallic nanoparticles (Ag, Au) [29, 30] on the electrical breakdown of the gas
discharge medium, the effects of natural surface morphology such as surface
waviness and roughness on the work function of the photocathode
semiconductor material [31] and electron emission mechanisms were reported
in detail [32].

3.MATERIAL AND METHOD

In the experimental studies; (1) elemental analysis, (2) optical analysis, (3)
electrical analysis, and (4) microplasma analysis techniques were utilized for
investigation of ZnSe-Ar system. Discharge parameters were explored at
atmospheric and subatmospheric pressure levels under infrared illumination at
varying irradiance intensity levels.Energy dispersive X-ray (EDAX)
spectroscopy and atomic force microscopy (AFM) techniques were used in the
analysis of microstructural and elemental properties of ZnSe semiconductor
sample. The energy dispersive X-ray spectroscopy (EDAX) graph of ZnSe
sample is given in Figure 4.
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Figure 4. EDAX for ZnSe [42].

Data on the stoichiometric ratios of ZnSe sample were obtained by the
EDAX analysis. It was determined that sample consists of 65.04% selenium
(Se) and 34.96% zinc (Zn) by weight.

Figure 5 shows a photograph of Gas Discharge Semiconductor System
(GDSS-lab) utilized for the experimental works in the Microplasma Research
Laboratory of the Physics Department at Gazi University.
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Figure 5. GDSS-lab setup.

Spectrophotometric absorption measurements were performed for ZnSe
sample. Visible-near infrared absorption of uncoated ZnSe sample in the
wavelength range of 800-1500 nm spectra is given in Figure 6.

VIS-NIR absorption spectra of uncoated zinc selenide (ZnSe) wafer sample
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Figure 6. Absorption spectra for ZnSe [42].

Electrical measurement setup of GDSS-lab is schematically presented in Figure
7(a). A Keithley 199 multimeter and a Stanford PS DC power supply were used
in the measurements. Electrical equivalent circuit model of GDSS-lab is given
in Figure 7(b). The microplasma cell is formed by direct coupling of
semiconductor photocathode electrode and gas discharge gap to define the
nonlinear current (I) and voltage (V) characteristics of the gas discharge system.
The glow discharge light emissions (DLE) in the microplasma medium were
excited at three different infrared illumination intensity levels (dark, weak,
strong), and measured using a photomultiplier tube. The schematic
representation of GDSS-lab cell module with a photomultiplier tube is shown in
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Figure 8. A 40 nm thick gold (Au) film was used as IR-transparent electrical
contact on the photocathode side. An 80 nm thick indium tin oxide (ITO) film
was used as VIS-transparent electrical contact on the anode side.

(a) (b)
Teo5s —
Ga |
— | Semioncucier | i
Mk::opusma Lokt u"
Ammeter LSyside: |
e e — -
' | AT !Iiz (=) [t
2 moep Ut r 3¢ A
® iy
Lot
| e | EoEm H—
Voitmeter | S

Figure .7(a) Electrical measurement setup,
(b) Equivalent circuit model of GDSS-lab cell
(Rs=1.0 kQ, Cp=1.0 pF).

Figure 8. Schematic of GDSS-lab cell module: (1) light source, (2) Silicon
filter, (3) IR light input, (4) IR-transparent Au-film contact, (5) ZnSe
photocathode disc, (6) Gas discharge microgap, (7) Mica dielectric separator,
(8) VIS light output, (9) VIS-transparent ITO-film contact, (10) Silica disc.

The schematic of the GDSuP system is given in Figure 9(a), and aims to
convert IR-to-VIS wavelength at the micro scale. The incident IR radiation is
efficiently absorbed by high specific resistivity (p>E5 ohm.cm) semiconductor
photocathode material (ZnSe), Figure 9(b). Photoelectrons are ejected to micro-
gap under DC field induced between anode and cathode planar electrode pair.
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Figure .9 (a) GDSpP system model,
(b) Photocathode structure and operating principle

The effect of infrared illumination intensity on discharge light emission
(DLE) was analyzed for Ar gas at above atmospheric pressures in the the cell
module. Figure 10(a-b) shows the DLE graphs of the cell module in Ar gas
media with 50 pm and 330 pum discharge gaps at 810 Torr and 900 Torr
pressures, respectively, coupled with a 12 mm diameter (D) ZnSe cathode.

20 (a)
[ =i pm D= 1 tmm_ g @li T 2,0 BRI |
= 164 = Das |
= -, ';"' 1.8 || —=—rarn
= 12 = $ 4 :"5 ——l,
= f ! o 12—,
= ) g
= o8 / = 0.8 i
= E
04 E 4 0.4
500 750 1000 1250 1500 1750

800 1000 1200 14I1H] 1600 1800

Vokage (V) Voltage (V)

Figure. 10 (a-b)(DLE) of ZnSe-Ar cell module with discharge gap of: (a)
50 um, b) DLE for 330 um.

Glow discharge light emission measurements of ZnSe-Ar cell, illuminated under
different IR radiation intensities (weak, medium, strong), were performed. Ar gas
pressure was set at 810 Torr. First, the cell was evacuated to 10 mTorr using a
mechanical vacuum pump. Then, Ar gas was introduced into the evacuated cell.
Glow discharge light emission measurements were performed through
photomultiplier tube. Thus, the electrical gas discharge dynamics of GDSS-lab cell
module were analyzed at different gas pressure levels. While Ar gas medium is in
an electrically-insulating state before reaching the electrical breakdown voltage
(BDV) point, it is made electrically-conductive by increasing the infrared

37



illumination intensity on ZnSe photocathode.The plasma radiation (DLE) in the cell
module shows instantaneous increases as a function of DC supply voltage rate and
the infrared illumination intensity. The electrical breakdown voltage (BDV) of the
microplasma cell was measured at around 1000 VDC for strong illumination (L3),
1180 VDC for medium illumination (L;), and 1450 VDC for weak illumination
(dark) at 810 Torr Ar gas pressure. The electrical breakdown voltage (BDV) of the
microplasma cell was measured at around 1220 VDC for strong illumination (L3),
1330 VDC for medium illumination (L), and 1380 VDC for weak illumination
(dark) at 900 Torr Ar gas pressure. DLE plots showed a multifilament form for Ar
gas system with discharge gap of 330 pm, and a homegeneous form for that with
gap of 50 um. As a result of illuminating ZnSe cathode under increasing infrared
radiation intensity, the number of electrons emitted into the micro gap also
increases, thus decreasing the static electrical breakdown voltage (BDV).The
wavelength and intensity of infrared radiation incident on the photocathode surface
play a critical role in the electrical triggering of the microplasma reactor module
and the initiation and development of the microplasma reaction sequence
process.Electrical breakdown in gases is one of the most important phenomena
governed by the reciprocal balance between the production of electrically charged
particles and their loss through the processes of recombination and diffusion
throughout the microplasma cell.It was understood that the collision ionization
effect, which causes an increase in the number of electrons, plays an important role
in field emission in microscale discharge gaps. Therefore, type of semiconductor
cathode material, microstructure of electron emission’s surface, and other electro-
optical properties are critical in determining the infrared operating wavelength
range of the microplasma reactor cell, and thus the electrical operating point of the
system. It is aimed to detect low-energy, low-number photons in the infrared
spectrum and convert them into high-energy, high-number photons in the visible
spectrum.

4. NUMERICAL ANALYSIS

Numerical analysis, including modeling and simulation efforts, provides
important data on the spatio-temporal variations of gas discharge dynamic
parameters in the DBD systems. The microscale 2D-models of DBD system were
numerically analyzed using FEM solver COMSOL Multiphysics AC plasma
simulation program to investigate the spatiotemporal discharge parameters,
including surface ion current density (ICD), migrative electron flux (MEF),
capacitive power deposition (CPD), and reduced electric field (REF). The
simulation results were presented in the color graphical media.Numerical
calculations are based on (1) Mixture-averaged diffusion drift theory, (2) Maxwell
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electron energy distribution function, (3) Townsend electron avalanche reactions,
and (4) Low-pressure normal glow gas discharge process. Computational
simulations are performed based on a boundary-separated structure to visualize the
spatiotemporal distribution of gas discharge parameters in the cell. In the
comparative models of the system, 2D- DBD cells coupled with ZnSe planar
anode/cathode electrode pairs across a gas discharge gap were introduced in the
simulations. Ar gas was used in the simulations at above atmospheric pressures.
The electrical equivalent circuit (EEC) of the models was driven by an AC source
in the simulations.These free electrons are accelerated towards anode electrode
across gas medium of Ar. High-kinetic-energy free electrons collide with neutral
gas molecules, initiating ionization reactions. Townsend avalanche (TA)
mechanism causes the gas medium to transition from an insulating (cutoff) to a
conducting (discharge) state. A self-sustaining microplasma is formed in the normal
glow discharge regime under AC electric field in the gas medium. In The table-2
show that simulation of modeling parameters 2D-DBD cell.The glow radiation
emitted along the optically transmissive and electrically conductive planar anode
electrode (ZnSe) is amplified in intensity using a photoelectron multiplier tube,
making it electronically detectable and processable.In this section of this study, we
presented simulation results obtained theoretically, but could not be found
experimentally. Our results were obtained for 20 kHz with ZnSe cathode in Ar gas
discharge medium. DBD is a type of discharge used to produce stable plasma at
room temperature, at least one electrode consisting of a dielectric material that
limits the current. In this discharge, wo electrodes are separated by a dielectric
barrier. The process uses high-voltage alternating-current (HV-AC) with different

frequencies.

Table .2 Parameter definition of the simulation study
Parameter Description
GDSS (Gas Discharge Semiconductor System) ZnSe-Ar

Cell structure

Two-dimensional DBD reactor

Cell Supply voltage

V =20.0 kV AC sinusoidal

Plasma process gas type

Ar

Plasma process gas pressure

P =810 Torr

Distance between electrodes (discharge gap)

d=0.300 mm (300 pm)

Photocathode electrode material

ZnSe (Adachi and Taguchi, 1991)

Photocathode electrode radius

r=0.2 mm

Frequency

20 kHz

Initial (seed) electron density in the gas medium

Neo= 1.0x10° (1/m?)

Paschen’s Eq.

P.d =810 Torr.300 um = 24.3 Torr.cm

Cell operating ambient temperature

T=300K
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In this discharge, the distance between the DBD electrodes can vary from
micrometers to centimeters, depending on the type of gas used. One of the most
distinctive features of this discharge is its symmetrical structure, making it an
effective tool for surface modification. In this discharge, it is possible to achieve
a higher electron structure plasma by using a double electrode structure as the
power electrode instead of conventional electrodes. Dielectric barriers are used
in all DBD outputs. These are the most important elements of a power system
acting as a power source. The simulation model of the 2D-DBD cell is shown in
Figure 11.

Electrodes

—# 0.1 mmZnSe

e 0.1 mm ZnSe

X

Dielectne Discharges
barrier

Figure .11 DBD cell with ZnSe cathode electrode

In Figure -12 show that the simulation results for DBD discharges, including
(a) reduced electric field, (b) ion current density, (c) capacitive power
deposition, and (d) migrative electron energy flux parameters visualized in 2D
color graphical media. Reduced electric field (REF) was recorded at a peak
value of 3.34x10" (Vm?). Although background ionization reactions continue
at the beginning (ty=3.1623x10"* s), ED shows an unstable and average
distribution in the cell since Townsend (TA) ionization reaction has not yet
started and the electrical breakdown of the gas medium has not occurred. The
microplasma reaction sequence was completed in the simulation time scale at
1.4125x10™"% s in Ar gas system. Ion current density (ICD) was measured at a
peak value of 11.2 A/m% Capacitive power deposition (CPD) analyses were
also studied. The 2D- spatial distribution of CPD was observed in a filament
form for 330 mm of discharge gap, and its peak was recorded at 6.59x10’
(W/m?). The fast and complex spatiotemporal variation of the microplasma is
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directly related to the homogeneity of electric potential distribution in the cell.
If this distribution is not maintained constant, different glow discharge areas
may be formed across dicharge gap. The 2D- spatial distribution of migrative
electron energy flux (MEF) was recorded at a peak value of 7.79x10%° V/(m’s).
Figure -13 shows the simulation results for DBD discharges, including (a) total
capacitive power deposition (CPD) and (b) electron density (ED) variations in
the graphical media in Ar gas system coupled with ZnSe cathodeThe DBDs are
unstable and variable discharges. When a voltage is applied to the system, a
high electric field is generated along the surface of the dielectric, followed by a
gas discharge. This discharge causes electron avalanche from the cathode to the
anode by a chain electron multiplication mechanism [33,34]. In Table 3 show
that capacitive power deposition (CPD) values are tabulated per each
cycle.When a time-varying alternating voltage is applied to the cell module, a
discharge is observed across the entire surface of the dielectric, causing electron
density (ED) parameter to vary in the range of 1x1014 to 9.7x1014 (1/m3) as
shown in Figure 13(b).
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Figure 12. The 2D- spatiotemporal simulation results of DBD discharges:
(a) Reduced electric field, (b) lon current density, (c) Capacitive power
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42




o

(2) (®)

Figure 13. (a) Total capacitive power deposition (CPD),
(b) electron density (ED) plots.

Table 3. CPD (W)values per cycles.
Time | Cycle2 | Cyced | Cycled | CycleS | Cycle |Cycle? | Cycie8 | Cycled | Cyce

7 1 (V[

64|00 | 1060 (1800 [106% | 1606 | G | 18065 1764 | 1810

The DBDs are generated by high-frequency alternating current sources or
high-frequency nanopulse sources. However, at atmospheric pressure, the
DBDs generally operate in the filamentary mode, which we call
microdischarges, or more precisely, the filamentary mode with discrete
discharge channels [33-37]. Free charged particles tend to accumulate on the
surface of dielectric layers. These charges accumulate on the dielectric surface,
causing so-called "memory effects" and an electric field in the discharge area
that opposes the initially applied electric field. The inducible electric field (E)
plays a crucial role. Being opposite to the external electric field, it prevents the
microdischarge channels from arcing. These charges accumulate on the surface,
causing a memory effect [33-37].
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5.CONCLUSION

The spatio-temporal discharge parameters and operating conditions of the
DBD system in the normal glow discharge regime can be effectively controlled.
Referring to experimental findings; reactor discharge current increases with
increasing gas pressure. Limited operation of the DBD cell modules in the
normal glow discharge regime is essential to prevent damage to the
semiconductor material. Therefore, care should be taken to limit the reactor
discharge current to the range of 1.0-10 mA. As the reactor discharge current
shifts towards the arc regime, hot spot regions develop on the surface of cathode
electron emission. Ar microplasma module with micro-digitated planar ZnSe
cathode would operate more stable and with higher efficiency [38-45].
Referring to numerical analysis; the surface morphology of cathode electron
emission can be effectively used to control the discharge parameters and hence
the operating conditions of the DBD system. As a result, the effective surface
area for cathode electron emission will gradually decrease with use of the cell,
thus reducing overall operating performance and optimized service life.
However, with an IR-VIS GDSpP system -based device specifically designed
for the application requirements; low-energy and low-number infrared light
photons can be directly detected and efficiently converted into high-energy and
high-number visible light photons. The GDSuP and the DBD systems can be
used to design and manufacture devices for potential applications in a wide
range of industrial and defense applications.
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Chapter 4

INVESTIGATION OF THE
CHARACTERISTICS OF PLASMA CELLS WITH
LAB6 AND IRIDIUM CATHODES

Hatice Hilal YUCEL!, Yiicel Mert KARAOGLU 2, Tug¢e GURSOY ?

1.INTRODUCTION

The fundamental principle of plasma formation and the search for new
alternative sources to address the global energy crisis are the primary
motivations for this study. The energy gap that arises in parallel with
technological advancements can be addressed through the efficient and reliable
use of plasma systems. This study examines the interaction of boride structures
in the lanthanum group and metal structures with various low band gaps with
inert gases. The system is constructed by placing a thin sheet-shaped cathode
surface within a cylindrical area and an anode surface of equal thickness at the
other end. The system operates at voltages lower than the band gaps of the
materials. The aim is to develop a plasma cell that exhibits battery properties
due to its low voltage operation.

process. Masses of hot, ionized gas stabilized by magnetic fields are called
plasmoids. Plasmoids have both plasma-induced pressure and internal pressure
from magnetic fields. In other words, we can say that plasmoids are coherent
structures formed by the combination of plasma and magnetic fields. Plasmoids
can also be expressed as plasma cylinders in the direction of the applied
magnetic field. The primary particle acceleration mechanism in a magnetized
blazar region is generally known as magnetic reconnection. A significant
portion of the emitted high-energy radiation originates from plasmoids and their
mergers within the reconnection layer. Plasmoid mergers, which cause
significant energy concentrations, can cause powerful multi-wavelength flares
and consequently large shifts in synchrotron polarization signatures. Given the
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relatively limited number of studies in this area, the radiation properties of
plasmoid mergers have not been adequately investigated due to the difficulties
in monitoring these recombination processes.Among all ceramic materials
produced, LaB6 has the best thermionic emission. This material offers many
technological advantages, including low electron emission and good chemical
resistance. LaB6 has been identified as possessing many advantageous
properties, including low electron emission and good chemical resistance. It has
a high melting point, typically exceeding 2200°C. Melting points vary
depending on impurities and are therefore sensitive to the B/La ratio. Based on
all the properties mentioned, it is clear that LaB6 plays a very important role in
industry"! LaB6 is a material crystallized with a cubic structure. La atoms
occupy the center, while boron atoms occupy the corners of the unit cell. In this
arrangement, covalent bonds between boron atoms provide hardness and
stability at high temperatures. However, the free electrons of La atoms are
responsible for its hot-emission properties.One of the ultimate reasons for
choosing lanthanum hexabode as the cathode is that this material can absorb in
the near IR region due to its low specific density. "

As is known, the need for clean water resources is increasing daily due to the
rapid population growth in our world. In areas where freshwater resources are
scarce, purification and desalination of salty seawater are being attempted as an
alternative to meet this need. Materials that can absorb light, increase vapor
production, and convert it into heat are attracting significant interest. Au
nanoparticles, due to their very strong light absorption in the NIR region thanks
to localized surface plasmon resonance (LSPR), are used as excellent
photothermal conversion materials. However, despite all these properties, Au
nanoparticles exhibit poor stability under IR illumination when exposed to long-
term illumination. Furthermore, their high cost has limited their application.
Lanthanum hexaboride (LaB6), a functional ceramic discovered in 2003,
emerged as a material with excellent NIR adsorption. Therefore, this material is
gaining importance as a stable photoconversion material.?Iridium is at the
forefront of electrocatalyst development efforts because it is currently the only
commercially available catalyst material for use in oxygen evolution reactions
(OER) in an acidic environment. Accelerated dissolution of iridium anode in the
presence of organic compounds Plridium cathode has been used instead of
LaB6. The results show that Lab6 has high plasma activity than that Iridium.
That is, migrative electron flux is 3.48 times higher than that of iridium which
means that LaB6 provides effective performance thereby increasing surface
activity a catalyst. The results give key issues to enhance the device
performance with high performance computer simulations. Liang et all have
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reported [6, 7] the catalytic performance of iridium-based catalysts in their
researh.”” This study provides important guidance about Iridium and LaB6
materials.

2.THEORETICAL KNOWLEDGE

A glow discharge is a discharge consisting of bright and dark plasma regions
with different electric field distributions supported by secondary emission,
offering significant advantages in many industrial applications due to its
luminous nature. In this discharge, the current density is not stable and electric
field domains move from the cathode to the anode which causes a strong
potential drop of 100-400 V. Conversely, negative space charge accumulation
occurs around the anode.’) In this discharge, the primary region where
secondary electron emission (SEE) dominates is the cathode layer, which has a
big amount of positive space charge near the cathode surface. Depending on the
gas pressure and gap distance, a strong potential drop of approximately 100-400
V is observed. A negative space charge is present near the anode. The central
portion, representing a weakly ionized state, is the positive column.”’ At the
outer boundaries of the Aston layer, the electron has enough energy to create
the cathode glow. B'The region following this region, called the negative glow,
which is separated by sharp borders from the cathode dark space. The dark
region, also called the Faraday dark space, forms immediately after the negative
glow due to the loss of energy by the electrons. Although the electric field and
electron temperature increase, the electron concentration decreases in this
region. As a result of all this, the plasma density of the Faraday dark space
decreases and the electric field strength will increase, which leads to the
formation of a positive column. An interesting fact is that, even though the
positive column shrinks as the anode approaches the cathode, the structure of
the cathode layer is preserved. So much so that, as the anode is brought even
closer to the cathode, several sharply defined regions emerge, one between the
anode glow and the other dark."!
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Figure.1 Discharge processes of sytems [7].

negative space is created, and the electric field near the anode increases. The

decrease in electron density explains the dark space, while the converse increase
in electric field explains the anode glow.”! Plasma is divided into two

categories: thermal and non-thermal plasma. Non-thermal plasma is generally
used in industry, medicine, and healthcare, while thermal plasma finds its place
in the energy and fuel sectors. Furthermore, while thermal plasma exhibits
temperature equilibrium between particles, non-thermal plasma does not.

A non-plasma non-thermal plasma thermal plasma
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Figure.2 Temperature dependent behavior of plasma in different voltage

ranges[13]
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We can also classify plasmas as equilibrium and non-equilibrium. While
equilibrium plasmas exhibit thermodynamic equilibrium among all plasma
types in the plasma environment, non-equilibrium plasmas exhibit different
energy conditions for different plasma types. These properties of non-
equilibrium plasmas allow for control over plasma characteristics. This is an
indispensable feature, especially in the medical field. Thermal plasmas are
plasmas above 10,000 K. They have a high electron and radiation density.There
are different thermal plasma generation techniques. These can be classified as
ICP (inductively coupled plasma), arc discharges, and plasma jets. ICP plasmas
generate thermal plasma based on changing magnetic flux via electromagnetic
induction, while plasma jets create directed plasma streams. Arc plasmas, on the
other hand, generate high-temperature arc discharges using a high-electric arc.
Laser-induced plasmas, widely used in technology and medicine, are generated
by exposing target materials to intense laser radiation, while laser-induced
plasmas are generated by exposing target materials to intense laser radiation.
Non-thermal plasmas present a significant temperature difference between
electrons and heavy particles. In other words, electron temperatures range from
1 to 10 eV, while the temperature of the gas remains the same as the ambient
temperature. They have a much lower ionization rate than thermal plasmas,
ranging from 107 to 107", Thermal plasmas have electron densities between
107" and 10® m>. Cold plasmas offer unique advantages in plasma medicine
due to their selective reactions. Dielectric barrier discharges (DBDs) create cold
plasma with insulating barriers. Corona discharges, an example of cold plasma,
create non-thermal plasma localized in high electric field regions.Electrons and
other atoms within a plasma have different speed and energy distributions. One
of these is the Maxwell-Boltzmann distribution, which describes particles in
thermal equilibrium. Non-Maxwellian distributions, on the other hand, are
observed in non-equilibrium plasmas and therefore affect plasma reaction
kinetics. The Maxwell-Boltzmann distribution describes particle speeds in
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thermal equilibrium plasmas. Non-Maxwellian distributions occur in non-
equilibrium plasmas and affect reaction kinetics.

Figure4. (a) Plasma stage of breakdown voltage charcteristic feature
(b)Plasma state of the gas after threshold voltage [6,7].

Energy distribution occurs between different degrees of freedom (translation,
rotation, vibration). In non-thermal plasmas, ohmic energy transfer from the
electric field is transferred to plasma particles through collisions. [6] Figure 1.1
shows breakdown curves for different gases and Fig.1.1.1 shows the stages of
plasma formation after breakdown.As can be seen, a sudden glow is observed
after a critical voltage (breakdown). This glow then covers the entire cathode
surface, and due to the non-homogeneous electric field, distinct glow discharge
regions are observed [6,7].
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3.MATERIAL AND METHODS

In Figure 1.2 (a)(b)(c)(d), structure contains thin plate surfaces separated at
two ends. These plates consist of two surfaces: the cathode is lanthanum
hexaboride, and the anode is graphite oxide. Various reactive inert gases are
contained within the cylinder. In the event of power loss at low voltages,
electrons in the valence band of the cathode material are excited to the
conduction band, where they collide with gas atoms in the environment, causing
ionization, thus making the gas conductive. Consequently, a plasma
environment accompanied by radiation is formed [15,16].

55



3.1 types of gas discharge

There are three types of gas discharges: Townsend, glow, and arc. The
following figure shows these gas discharges and their current values at different
voltages. A Townsend discharge is a nearly homogeneous and stable discharge.
A glow discharge is unstable due to instabilities in the electric field and the
accumulation of space charge near the cathode[15,16].However, due to its high
current density, it is a luminous discharge, hence its name. An arc discharge is
completely unstable, with a filamentary current density.
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Figure.6 Discharge processes of depented voltage & current[15,16].

3.2 ionization processes

3.2.1 Alfa (o) ionization process

To briefly describe the process, semi-free electrons emerging from the
cathode undergo elastic collisions with the surrounding neutral gases. Initially,
the electrons' speeds are slow and therefore they cannot sufficiently excite the
electrons in the gas atom. Therefore, when no excitation occurs, photons with
energy E=h.v are very few. This corresponds to the Dark Townsend region in
the 1st Townsend ionization region [17,18].The emitted radiation is extremely
low. The reason for the low radiation is that the semi-free electrons lack
sufficient kinetic energy, meaning they cannot accelerate. To be clear,
Bremsstrahlung radiation is observed in proportion to the deceleration of these
electrons as they pass around the nucleus. Bremsstrahlung radiation is also
referred to in the literature as an energy-carrying electromagnetic wave.
Considering the weak kinetic energy of the incoming electrons, it is clear that
there will not be a significant amount of Bremsstrahlung photon radiation.
Because the lack of kinetic energy prevents the electron from approaching the
nucleus, it will be slowed down at a certain distance (r).
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As a result, minimal radiation be observed. A small number of
bremsstrahlung photons will produce maximum radiation because the radiation
rate is proportional to the distance of the electrons from the nucleus. The closer
the electrons pass to the nucleus, the more intense the x-ray photons they emit.
Considering the Townsend primary ionization process, or (o) process, the
bremsstrahlung photon will be less energetic because the electrons have lower
kinetic energy. Consequently, some regions of the system will exhibit dark
surfaces with little luminescence or luminescence. This is why it is called the
Dark Townsend region.Electrons and other carriers in a Maxwellian plasma
have different energies. Depending on the distance between them, electrons
interact with ions and neutral atoms in the medium according to the Coulomb
force.'® During these collisions, the scattered or decelerated electrons begin to
emit Bremsstrahlung photons. In the medium used, Bremsstrahlung photons
emitted by a Maxwellian plasma can act as a result of the motion of thermal
electrons, causing braking. Bremsstrahlung photons emitted in the medium arise
from the radiative power of the photons.™

PxC.n,.n;.2% /T, (1.1)
Here (P) represents the power of the radiation, (C) is a constant (1.69x107®

w/m?), the number of electrons (ne), the number of ions (ni), the ionized atomic
charge Z and Te are expressed by the electron temperature.
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Tablel. ion tipleri ve kullanim alanlar1

ion type Notation Charge Use of place

Ion singly Ar* +1 Glow discharges,
charged ion

doubly Ar* +2 low-energy plasmas

charged ion

Triple Ar*, +3, +4 High-energy plasmas
charged and | Ar*
more

Bremsstrahlung occurs as a result of the acceleration of an ion in Coulomb
field. This can be considered a small inelastic effect on Coulomb scattering. For
this phenomenon to occur, the electron must approach the ion within a certain
distance. Thermal bremsstrahlung is one of the two important processes in radio
astronomy, and this strong absorption provides evidence for the presence of
ionized gas in optically inaccessible locations and in the interstellar medium."’

The emissivity of the emitted radiation varies with the square of the plasma
density, so dense clouds of ionized gas are preferentially visible. In fact, these
clouds are only found near strong heat sources, such as young, massive stars
with photoionizing radiation flux. Therefore, clouds with high thermal
bremsstrahlung emission can be used as tracers of star formation activity in a
galaxy in our universe.”) Thermal bremsstrahlung phenomena are seen in
astrophysical plasmas (solar, stellar atmospheres) and laboratory gas discharges,
while non-thermal bremsstrallung phenomena are seen in X-ray tubes and
tokamaks whose energies are non-Maxwellian (e.g. radiation caused by
accelerated electrons as a "beam").'"” The formation of bremsstrahlung
radiation from ions generated by the excitation of the cathode material is
evidence of its existence. In some cases, despite low electron temperatures,
excess intensity can dominate the radiation.
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3.2.2Gamma (y) ionization process

The process of removing electrons from the surface due to positive charges

accumulating near the cathode is a gamma-phase process. An electric field is

created around the cathode due to the potential difference. Furthermore, the

speed of the electrons increases with increasing voltage,

R
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Figure.9 Electron density distributions in different gas environments at
different voltages.

In other words, as the probability of inelastic collisions increases and the
number of photons with energy (E=h.v) increases, the radiation will become
stronger. Consequently, as a result of these collisions, the electrons in the atom's
orbital orbital are elevated to a higher orbital, and at this point, a phase
transition is observed. This is called the y process, which is Townsend's second
ionization process. The observed phase transition is called a glow discharge.
The positive charges that accumulate around the electron due to its heavy mass
are called space charges. This secondary emission process is the basis of the
electron avalanche mechanism.The materials used in the simulation are as
follows,LaB6 is a very important and special material used in thrust engines and
has been tested for a long time. The importance of this material stems from its
very low work function. Therefore, its low work function and bandgap create a
more intense plasma environment in a shorter time.Lanthanum hexaboride has
been compared to tungsten in previous studies and has been found to exhibit a
10-fold brighter effect than tungsten [6]. Due to its low work function, it has a
longer lifespan, unlike cathode materials grown with calcium, barium, and
aluminum.!"!Graphite oxide has been used in many different ways for long-
term energy storage, rechargeable systems, and environmental impacts. More
specifically, graphite oxide tends to interact with other materials due to its
chemical properties and the presence of oxygen. Furthermore, its electrical
conductivity, susceptibility to optical stimulation, and mechanical strength
contribute to its longevity.['?

3.2.3 Ir and Glass systems:

Iridium is a material with low corrosion properties. Due to its high
conductivity, it has a wide spectrum. When used it as a cathode material, it can
last for long periods without deformation. The glass that forms the anode forms
a type of DBD (dielectric barrier discharge) structure, trapping ions within the

60



cell. Furthermore, because space charges accumulate around the cathode region,
the cathode is more prone to damage than the anode. Furthermore, because the
band gap varies depending on the cathode material and electrons are released
from the cathode, the selection of a durable material is crucial. While iridium,
which is electrically conductive, loses electrons, the ions and molecules formed
during Townsend remain in the cell without scattering, thanks to the dielectric

properties of the glass, increasing efficiency.!'*I!4]

4.CONCLUSION

Due to the scarcity of fossil fuels and their environmental pollution,
alternative energy sources are being sought to replace traditional energy
consumption. Energy storage research has accelerated in parallel with the
growth of the human population and the increasing energy demand. Therefore,
there is an urgent need to develop new green energy systems, including
supercapacitors and batteries, to meet the growing need for energy storage. This
study contains crucial and valuable information regarding the need for
alternative energy sources today. Clean and reliable energy sources will be
achieved by using technology effectively and efficiently for the benefit of
humanity.

Knowledge: This work was funded by the Scientific and Tecnological
Research Council of Tiirkiye (Tiibitak 2209-A4)
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Chapter 5

RADIOACTIVITY AND RADIOLOGICAL
HEALTH RISK ASSESSMENT

Ash KURNAZ', Aybaba HANCERLIOGULLARI?, Seref TURHAN?

1.INTRODUCTION

Radioactivity is fundamental physical phenomenon resulting from decay
processes of elements such as uranium, thorium, and potassium [1-4].
Humankind has been constantly and inevitably exposed to radiation since its
existence. As a part of life, we are exposed to radiation from natural sources
such as cosmic rays from outer space and the sun, radionuclides found in the
Earth's crust, soil and building materials, water, and food, as well as from
artificial sources. Long-lived radioactive elements, which have been present in
nature since the formation of the Earth, constitute a natural radiation level in our
environment that is considered normal and un avoidable[3,4-6]. Natural sources
play a significant role in radiation dose assessments because people receive
substantial doses from radiation emitted from natural sources throughout their
lives. There are two main contributors to the level of natural radiation
exposure;(i) High-energy cosmic rays entering the Earth's atmosphere,
(ii)Radioactive elements formed in the Earth's crust, which are ubiquitous in our
environment and even in the human body. Humans are exposed to both internal
and external radiation from these sources. Cosmic rays and radiation emitted
from naturally occurring radioactive substances in the Earth's crust, building
materials, and air cause external radiation, while naturally occurring radioactive
atoms found in the air and foodstuffs cause internal radiation through
respiration and ingestion [5,7,10-16].The largest contributor to natural radiation
comes from naturally occurring radioactive elements such as ***U and **Th, and
their decay products, *Ra, **Rn, and *°U and “°K[8-15].While human
exposure to natural sources varies depending on living standards, the physical
characteristics of their environments, and geographical conditions, the annual
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dose is approximately 2.4 mSv. A large portion of this dose (approximately 1.3
mSv per year) is comprised of radon gas and its short half-life decay
products[1,9].Radon comes from all rocks and soil where uranium is present,
and because it is gaseous, it travels through the interstitial spaces of the
environment and spreads into the atmosphere. Radon enters the lungs through
inhalation and, as a result of its decay, increases the risk of lung cancer .
However, this does not mean that everyone exposed to high doses of radon
develop lung cancer [2,4,10-14].Because people generally spend approximately
90% of their time indoors, radon exposure poses a significant problem. The
amount of radon in the environment is affected by the natural uranium found on
the land where buildings are built, the infiltration of radon resulting from the
decay of uranium into the building, and the release of radon from building
materials into the air. A large portion of the radon source in buildings is the soil
and rocks at the foundation of the building. Indoor radon concentrations vary
significantly between countries and even between different regions of the same
country [4,5].These differences depend on the geological structure of the soil,
climate parameters, and building characteristics. e also released radioactive
elements into the environment. However, these radiations can also be called
back ground radiation, and the geology and geography of the region, and
therefore the mineralogical structure of the soil and rocks, as well as
geographical elevation, affect the baseline radiation level [5,6]. This requires
determining the environmental concentrations of radionuclides that constitute
natural radiation sources and the effects of radiation on biological systems,
particularly humans. Furthermore, the relationship between radionuclides
present in the environment and the radiation dose humans receive from these
sources must be determined. Only after such an investigation can a decision be
made whether a region is suitable for healthy living in terms of natural
radiation. Studies conducted for this purpose have been conducted by the
international commission on radiological protection (ICRP), the united states
national committee on radiation protection and measurement [1,23-27].

In this study we resercahed of basic radioactivity, artificial and natural
radioactivity, radioactivity units, annual effective dose, and activities of U-238,
Th-232, and K-40 naturally occurring in volcanic and sedimentary minerals of
Turkey measured using HPGe gamma spectrometry and compared with the
world literature.Mineralogy is the branch of geology that studies minerals: their
chemical composition, crystal structure, and physical properties (color,
hardness, density, luster). Mineralogy helps scientists understand how rocks are
formed, the resources they contain (such as uranium, thorium, and potassium),
and how these minerals affect the Earth's crust and radiation environment. In
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mineralogy, radioactivity refers to the natural emission of radiation from
unstable isotopes in certain minerals. HPGe gamma spectrometer detectors, due
to their high energy resolution, are the most reliable method for detecting
natural radionuclides. Measurements were made using a 40,000-second counter
time, radon-equilibrated samples, and Marinelli containers.The results show that
all of Turkey's minerals are below IAEA limits[1].The physical and chemical
properties of minerals affect natural radionuclide concentrations. Zeolite
exhibits a crystalline structure, while pumice is highly porous. Perlite, due to its
volcanic glass structure, contains high K-40 [7-9].Turkey holds more than half
of the world's perlite and pumice reserves. It also holds a significant place in
bentonite and zeolite reserves.The levels of U-238, Th-232, and K-40 in
Turkish minerals are generally found to be equivalent or lower compared to the
world literature. Turkey's geology, particularly its volcanic rocks, zeolite,
perlite, pumice, and bentonite deposits, serves as an important laboratory for the
study of natural radionuclides.

1.1 Radioactivity

Radioactivity discovered in 1896, following Rontgen's discovery of X-rays
in 1895, when Henry Becquerel determined that some uranium salts
spontaneously emitted interstitial rays, which passed through paper, glass, and
other substances and impacted photographic film. Radioactivity is the
spontaneous decay of atomic nuclei by emitting electromagnetic radiation, o
and P particles. This process continues until the nucleus becomes stable. Except
for hydrogen, the simplest nucleus, all other nuclei are composed of protons (p)
with a +e charge and uncharged neutrons (n), called nucleons, the fundamental
unit of charge in nature. Nucleons are held together within the nucleus by
Coulomb and nuclear interactions. Unless Coulomb forces are taken into
account, optimum stability within a nucleus is achieved when the number of
protons and neutrons is approximately equal. This is the case in light nuclei,
where Coulomb repulsion is negligible compared to short-range nuclear forces.
Coulomb forces become increasingly significant as the atomic number exceeds
20. Significant increases in these repulsive forces within the nucleus will disrupt
the stability of the nucleus, and as the atomic number increases, an excess of
neutrons is required for the nucleus to remain stable. If the number of neutrons
in the atomic nucleus of any substance exceeds the number of protons, such
matter exhibits instability. Unstable nuclei are called radionuclides, and these
nuclei with this excess energy disintegrate by emitting radiation. In the periodic
table, elements with a ratio of neutron numbers (N) to proton numbers (Z) (the
N/Z ratio) of approximately 1 are considered stable. As the atomic number
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increases above 20, the N/Z ratio required for stability gradually increases,
reaching a value of 1,5 at atomic number 83. Above this atomic number, there
are no stable nuclei in the periodic table; in other words, all nuclei with N/Z
>1,5 are unstable. An unstable element decay by releasing particles or emitting
radiation, and this process continue until the nucleus becomes stable. Because
not all nuclei are unstable, radioactivity is distinctive physical property

1.2 Radioactive Decay Processes

Radioactive decay is the process by which an unstable atomic nucleus emits
radiation to transition to a more stable state. Nuclei attempt to return to a more
stable state by emitting alpha particles (helium nuclei), beta particles, and
gamma rays. Gamma rays are usually emitted along with beta particles and
sometimes with alpha particles.

1.2.1 Alpha Decay

4

Alpha particles (2 fe, ) are helium nuclei composed of two protons and two
neutrons. The spontaneous emission of an alpha particle (o) can be described by
the following reaction.

4 A4
72Xy - z-2¥no + ;Hez (1)

Here, A represents the mass number of the nucleus, Z represents the atomic
number. X represents the parent nucleus and Y represents the product nucleus.
An example of alpha decay is,

226 22
shayg 5 Ry | g 2)

Alpha particle emission is a phenomenon observed in isotopes with high
atomic numbers. When alpha particles pass through a substance, they cause
ionization within the substance due to their electric charge, and therefore, they
quickly lose their energy. Furthermore, because alpha particles are ejected from
a radioactive nucleus at a speed of 1.6 x 10’ m/s, they have high energy, but
their mass is relatively large compared to other particles, resulting in a short
range. Furthermore, alpha particles emitted by naturally occurring radioactive
substances have energies below 9 MeV and short wavelengths, making them
interceptable with very small thickness of material. Therefore, they do not pose
an external radiation hazard. However, the ionization they cause if they enter
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the body through ingestion, inhalation, or other routes can pose a significant
internal radiation hazard [10,31-33].

1.2.2 Beta Decay

The nucleus can rid itself of its excess proton or neutron by converting a
proton into a neutron or a neutron into a proton. This process can occur in three
different ways. In all three cases, another charged particle is required to
maintain the electric charge (it was later shown that the charged particle,
initially called the particle, is identical to the known electron).Because beta
particles have a specific charge and mass, they cause ionization during their
interaction with matter. However, because beta particles are lighter and more
penetrating than alpha particles, the ionization they produce is less than that
caused by alpha particles. Due to their smaller mass and charge compared to
alpha particles, although their stopping power is not as high as that of alpha
particles, they cannot penetrate matter very far unless they possess very high
energies. Their penetrability varies depending on their energy and the properties
of the material they interact with. While their range within matter is not very
long, they can propagate through air for quite long distances. Radioisotopes that
emit beta particles can pose an external radiation hazard, but they also pose a
serious internal radiation hazard if taken into the body. B* decay, radiation is the
gjection of an electron from an unstable nucleus. This process is known as
negative beta decay and involves the creation and emission of an electron.
Although there are no electrons in the nucleus of an atom, the conservation of
electric charge in the 3" emission process requires that the excess neutron in the
unstable nucleus convert into a proton and an electron, thus increasing the
atomic number by one. In B~ decay, the proton remains in the nucleus while the
electron is ejected. In this decay, the atomic number increases by one, while the
mass number remains unchanged. [ rays are composed of electrons. Therefore,
because B rays are negatively charged particles, they are deflected by electric
and magnetic fields. The decay equation is,

n > p+e+V (3)
ZAX - Z:llY +7(1)e(ﬁ_)+l; 4)

This expression shows that the neutron decays to form a proton, an electron,
and an antineutrino particle. Because the neutrino has no electric charge, its
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presence does not affect the identity of the other final particles [11,19,29-
35].An example of B~ decay is,

131
sl — 54Xe77t1/2=80d (5)

B*decay, this process is called positive beta decay, or positron decay, and
positively charged electron is emitted. The decay is the transformation of a
proton into a neutron. If the number of protons in the nucleus is high, one of the
protons transforms into a neutron, a positively charged electron (positron), and a
neutrino. The positron is ejected from the nucleus, while the neutron remains in
the nucleus [10,11]. Thus, the atomic number of the nucleus decreases by one,
and the decay equation becomes,

p ?n+e +v (6)

;X —)z—AlY_g-?e(ﬁJr) +U (7)

'
B decay occurs when the rest mass difference between the parent nucleus
and the product nucleus is greater than the rest mass of two electrons. An

ﬁ+
example of decay is,

1314112 - 12Mg13 ) =7,2 sn ®)

1.2.3. Electron Capture

In nuclei with more protons than neutrons [n/p < 1], an electron from the
orbital closest to the nucleus (1S) is captured by the nucleus, transforming a
proton into a neutron. This is also called the alternative form of positron
emission. The atomic number decreases by 1, while the mass number remains
unchanged. In this process, the element's isobar is formed [1,14-16] decay
equation is,

b+ e o+ U ©)

zAX +_(1)e — z-A1Y + U + 7 (10)
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1.2.4. Gamma Decay

Radioactive gamma ray emission is similar to atomic radiation emission,
such as optical or x-ray transitions. The emission of a particle, such as an alpha
(o) or beta (P) particle, from a nucleus usually leaves the nucleus in an excited
state. An excited state transitions to a lower excited state, or ground state, by
emission of a gamma ray with an energy equal to the difference between the
nuclear states (less the recoil energy of the emitted nucleus) [11,12]. After the
gamma ray emission, the atom does not transform into another atom.

The decay equation is,

IXT O X +y (11)

Gamma rays, known as short-wavelength electromagnetic radiation, are not
subject to the Coulomb force, unlike charged particles, because they lack an
electrical charge. This does not mean they do not ionize atoms within matter.
Gamma rays are not directly ionizing, but they are carriers of the
electromagnetic force, interacting with matter through ionization and energy
deposition in the environment. In short, the behavior of gamma rays in matter is
quite different from that of charged particles. In particular, they can lose a
significant portion, or even all, of their energy when interacting with an atom's
electrons. Gamma rays do not have the range of charged particles. They are
more penetrating than alpha and beta rays, and because they are uncharged, they
are not deflected by electric or magnetic fields. Gamma rays generally undergo
the following interactions as they pass through matter; photoelectric effect,
compton scattering (includes thomson and rayleigh scattering), pair production.
These interactions explain two important properties of gamma rays. First,
gamma rays can penetrate longer distances through matter compared to charged
particles, and second, gamma rays do not lose energy when they pass through a
certain thickness of material, only their intensity. In summary, the photoelectric
effect, compton scattering, and pair production contribute to the interaction of

gamma rays with matter [12,13].The half-life of gamma (7 )-emissions is very

short, usually less than 10 s, but gamma (7 )-emissions with half-lives on the
order of hours or even days do occur. These transitions are known as isomeric
transitions.

2. NATURAL RADIATION SOURCES
Natural radioactivity is determined by three main radionuclides: U-238, Th-
232, and K-40. These isotopes are a natural result of geological processes and
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can be found in minerals at varying concentrations. During the 10'x10° years
between the Big Bang and the condensation of the solar system, hydrogen and
helium, along with the heavy elements in stars, novae, and supernovae, were
formed. Most of the elements formed are radioactive, and unstable nuclei have
been decaying ever since. Several radioactive elements have long half-lives
compared to the age of the Earth, and their radioactivity can still be observed
today. This is called natural radioactivity. All elements with a proton number
greater than 83 are radioactive, and the number of radioactive nuclei known in
nature is approximately 340. Most of the naturally occurring radioactive
elements observed today are composed of very heavy nuclei and have no stable
isotopes. These nuclei decrease their Z and A numbers by emitting alpha and
beta until they reach a stable, light nucleus. Alpha decay changes A by four
units, while beta decay does not change A, and thus we obtain four independent
decay series with mass numbers 4n (Thorium), 4n+1 (Neptinium), 4n+2
(Uranium), and 4n+3 (Actinium), where n is an integer [12].The decay process
tends to drive the nucleus to the longest-lived member of the chain, and if this
nucleus' lifetime is at least on the order of the age of the Earth, this activity will
still be observed today.The largest contributor to human radiation exposure
comes from naturally occurring radioactive elements. Natural radioactivity is
found in abundance in our environment, in soil, air, water, and plants. Natural
radioactive elements are generally divided into two groups: terrestrial and
space-based. Cosmic rays originate from sources throughout space and beyond
the solar system. A large portion of these rays are captured as they attempt to
pass through the Earth's atmosphere. Only a small amount reaches the Earth's
surface. A person on a mountaintop or in an airplane traveling overhead is
exposed to significantly more cosmic rays than a person at sea level. In our
daily lives, the global average radiation dose from cosmic rays is 0.39
mSv/year. The main sources of terrestrial gamma radiation are B8y, 25U, 2T,
and K. The vast majority of radionuclides in nature are in the ***U decay
chain. Radon (**Rn), a decay product of the element ***U, has the greatest
impact, accounting for 55%. Fossil fuels contain natural, long-lived radioactive
elements. When these fossil fuels are burned, these elements are released into
the atmosphere and then return to the soil, causing a slight increase in natural
radiation levels. The global average radiation dose we are exposed to from soil,
including the gamma rays emitted by short-lived radioactive elements present in
nature, is 0.46 mSv/year. Natural radiation originates from both sources outside
the body and from naturally occurring radioactive substances within the body.
External radiation sources include cosmic rays reaching the Earth from space,
radioactive substances such as uranium and thorium found in the Earth's crust,
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radon gas in the air we breathe, and gamma rays emitted from building
materials. Internal radiation sources are primarily potassium and radium [11-
13,15]. Internal radiation originates from *’K and '*C within the body, as well as
radon and its decay products inhaled into the lungs. We are exposed to a certain
dose of radiation due to the radioactive elements found in our bodies (especially
the “’K radioactive element). The global average annual internal radiation dose
is approximately 0.23 mSv. Because building materials are sourced from the
earth, they contain these radioactive substances. Although building materials
provide some shielding against external radiation, the radiation level inside
buildings constructed from these materials is generally higher than the external
radiation level. The average radiation dose inside a building made of brick or
concrete is around 80 mrad per year, while the dose intensity inside a granite-
type structure is around 100 mrad per year. Radon and thoron are gaseous
products of the uranium and thorium decay chain and are emitted into the air to
some extent. While thoron is not particularly significant due to its very short
half-life, radon, with its 3.8-day half-life, can be emitted at sufficient levels to
create a significant airborne concentration. Due to radon released from plaster
and other building materials, indoor radon concentrations are generally higher
than outdoor radon concentrations. The global average dose we are exposed to
from food, beverages, and the air we breathe is approximately 0.25 mSv/year.
Shellfish, in particular, contain higher levels of radioactive material, and people
who consume large amounts of these products receive a higher than average
radiation dose. One of the most significant factors increasing natural radiation
levels is radon gas, released during the decay of the radioactive element radium
(***Ra), a common component of the Earth's crust.

Natural and Artificial Radiation Sources
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Nuclear fuel oy cle - 1.000S mSy (0.004%) Medical - .53 mSv (15%)

Figure.1 Natural radioactivity and natural radiation sources[11-15].
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While other radioactive materials formed during this decay remain in the
soil, radon unfortunately rises to the soil surface. Without such ventilation,
radon gas be hundreds or even thousands of times more concentrated inside the
home than outside. If inhaled, this gas can temporarily settle in the lungs and
cause radiation exposure to all tissues. The global average dose from radon gas
is 1.3 mSv/year [11,13,14]. If this gas is diluted by emissions, it does not pose a
problem. However, homes located on surfaces where radon gas is emitted must
have a good ventilation system.

3. ARTIFICIAL RADIATION SOURCES

New elements formed when stable or unstable elements are bombarded with
particles such as alpha, neutrons, and protons in nuclear reactors or accelerators
are also radioactive. This property of radioactive elements obtained through
bombardment is called artificial radioactivity. Artificial radiation sources, like
natural radiation sources, cause exposure to a certain amount of radiation dose.
However, although this dose increases depending on the method and amount of
use, it is much lower than the dose received from natural sources. Unlike natural
radiation sources, their ability to be controlled is also important in terms of the
amount of exposure [14,15]. Some artificial radiation sources and the
proportional distribution of radiation emitted from these sources are shown in
Figure-1 [11-15].

[0] Medical applications
B Radioactive fallout
[__1 Consumer products
[ 1] Professional

Nuclear power plants

%97
-

Figure 2. Artificial radiation source % distribution [15].

3.1 Radiation dose units
Dose refers to the amount of any substance used or consumed over a period
of time. Radiation dose is the amount of radiation absorbed or received by a
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target population over a period of time[1,15]. All harmful substances generally
cause some biological damage to the body. The extent of this damage depends
on the type of substance, the method, duration, and amount of exposure.
Furthermore, the total amount ingested over a lifetime is a significant factor in
determining the potential harm. Unless necessary precautions are taken, some
harmful effects will inevitably occur in living beings that absorb more than a
certain amount of radiation energy over a period of time, i.e., receive a radiation
dose. The magnitude of this effect can only be determined when the type of
radiation, the amount of radiation absorbed and the amount of radiation not
absorbed, are known. When all these factors are known, the impact of radiation
on human health and other living and non-living things can be easily
determined. Since the discovery of radioactivity by Henrie Becquerel in 1896,
the growing interest in radioactivity and its applications has highlighted the
importance of understanding the doses humans receive from radiation. It has
become clear that calculating radiation dose requires first examining natural
radioactivity. The effects of radiation depend on the ionization it creates in the
environment through which it passes, and ionization, in turn, depends on the
energy of the radiation absorbed by that environment. The international
committee on radiation units (I(CRU) defined the units Curie (Ci), Roentgen (R),
Rad, and Rem for activity, irradiation dose, absorbed dose, and dose equivalent,
respectively. These specialized units were discontinued in 1986, and replaced
by the international system of units (SI) to ensure uniformity of units used
worldwide. The SI units for these concepts are the Becquerel (Bq), Coulomb/kg
(C/kg), Gray (Gy), and Sievert (Sv). Activity unit is the number of decays a
radioactive substance undergoes per second. The SI unit of activity is the
Becquerel, symbolized by Bq (decay/second). The old unit of activity is known
as Curie (I Curie (Ci) = 3,7 x 10" decays/second. The old dose unit is
Roentgen (R), which is the amount of X or y radiation that produces positive
and negative ions with an electric charge of 2,58x10* Coulombs in 1 kilogram
of air under normal air conditions . The new radiation unit is exposure which is
determined as (C/kg). The advancement of nuclear technology, high-energy X-
rays, such as a, B, and neutron radiation, have become insufficient to measure
the absorbed energy of any object. Therefore, the gray is defined as the unit of
absorbed dose for all types of radiation and matter. Radiation released by a
radioactive substance releases energy into the materials it interacts with.
Absorbed dose is any amount of radiation that produces 1 Joule of energy
absorbed per kilogram of the irradiated substance and is symbolized by Gy.The
old unit of absorbed dose is rad,(1rad = 100 erg/gr = 0,01 J/kg = 10~ J/gr),(100
rad =1,Gray =1J/kg). Equivalent dose unit is to determine the harmful biological
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effects that may occur in humans exposed to radiation, a measurable unit of
radiation dose is needed. When energy packets and particles ejected by radiation
strike living cells, they deposit their energy. However, even if different
radiation particles release the same amount of energy, their biological effects on
living cells vary. The harmful biological effects caused by the absorbed dose
vary depending on both the ionization density and the type of radiation (o, B, y
and n). In other words, the resulting biological effect depends on the amount of
energy lost by ionizing radiation (linear energy transfer, LET) per unit length of
the medium they pass through, as increases. Therefore, the equivalent dose unit
should be a measure of the harmful biological effects caused by radiation [11-
16].The SI unit of dose equivalent is the Sievert (1Sv =100 rem), defined as the
product of the absorbed dose and the quality factor.

4. RADIOLOGICAL RISK HEALTH ASSESSMENT

Radiological health risk assessment is a scientific method used to determine
the short and longterm health effects of individuals or populations exposed to
ionizing radiation. This assessment combines exposure measurements, dose
calculations, risk modeling, and epidemiological data. The aim is to quantify the
potential effects of both environmental and medical radiation sources on human
health. Equivalent Dose and Effective Dose (mSv/year) are given by the
following equation,

E=Y(DxWRxWT) (12)

Here, D is the absorbed dose, WR is the radiation weighting factor, WTis the
tissue factor. Radiological Risk Health Assessment is a critical process for
establishing safety standards in the environment, industry, and medical
practices. Dose measurements, risk indices, and epidemiological data are
combined to determine safe limits for public health.

4.1. Annual Effective Dose

The annual effective dose is an important radiological quantity used to
estimate the radiation dose an individual receives from natural or artificial
radioactive sources over the course of a year. It considers both the absorbed
dose and the biological effects of the radiation type on human tissues. This
value is defined as the radiation dose a person would receive in a year, whether
from external exposure to radiation from various radiation sources or from
internal exposure to radiation from various radionuclides in the food they eat
and the air they breathe. Its unit is the Sievert. Using the type and energy of
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radiation emitted by each radionuclide, dose conversion factors are determined
for each radionuclide, which emits radiation per unit of activity. The annual
effective dose equivalent is calculated by multiplying the activity concentration
per unit of volume or weight by the dose conversion factors [8,16-21].To
calculate absorbed gamma dose rate (D) (nGy/h)given by,

D(nGy/h)=0.462A,+0.604A14+0.0417Ax (14)

This equation is used to calculate the environmental gamma dose rate of
samples containing natural radioactivity, such as soil, rocks, minerals, building
materials, etc. A,,U-238 activity concentration of the series (bq/kg);Atn, Th-232
activity concentration of the series (bq/kg),Ax, K-40 activity concentration
(Bq/kg) [1,19].

4.2 Lifetime Cancer Risk (LCR)

Lifetime Cancer Risk is a radiological risk parameter that expresses the
increase in the probability of an individual developing cancer throughout their
life as a result of exposure to ionizing radiation. Cancer risk for low doses is
according to the linear nothreshold model [1,8,19]. LCR is given by the
following equation,

LCR= (AEDE)x (DL)x(RF) (15)

Where, (AEDE annual effective dose(Sv/year,(DL Lifetime for 70 years) ,(RF
fatal cancer risk factor 0.05 Lv! [1,8,19].

8.CONCLUSION AND DISCUSSION

Today, natural radioactivity remains the dominant factor in public
exposure,while exposure from artificial radioactivity appears to be under
control and at acceptable levels for general public health.This study examines
and interprets the activity concentrations of these radionuclides in commercially
important industrial minerals in mineralogy and compares them to global
reference values [8,22-30]. Radioactivity is a fundamental physical
phenomenon resulting from the natural decay processes of elements such as
uranium, thorium and potassium. The comparison includes global average
activity concentrations defined by Unscear. Naturally occurring industrial
minerals such as perlite, zeolite, bentonite, and sepiolite are widely used in
various engineering, construction, and environmental technologies. Their
structural and physicochemical properties make them ideal for use in composite
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materials, filtration, and industrial waste recycling. However, these materials
may contain natural radionuclides such as Uranium-238 (U-238), Thorium-232
(Th-232), and Potassium-40 (K-40), which can pose potential radiological
health risks to workers and end users. Methodology and data source (U-238,
Th-232, and K-40) activity concentrations were compiled from peer-reviewed
literature and international standards[1,8-9,23].In terms of radiological risk
effects, mining, quarrying, or processing facilities, ceramics and composites
industries, and cement and insulation sectors may be chronically exposed to
above-background gamma radiation, particularly when working with zeolite,
bentonite, or perlite.Environmental and end-use effects, when these materials
are used in buildings or filters, can contribute to indoor radiation dose,
particularly due to K-40 in volcanic materials and Th-232 in bentonite
[13,17,24-27].

In terms of safety measures and recommendations, routine monitoring of
activity concentrations in raw material batches, the use of personal dosimeters
for workers in high-exposure areas, material selection criteria based on
radiological safety for indoor applications, and the inclusion of radon mitigation
strategies where appropriate are important. Consequently, industrial minerals
are essential for the development of innovative materials, but their radiological
properties must be carefully evaluated. Materials such as bentonite, zeolite, and
volcanic tuff exhibit activity above the global average, which can impact
occupational safety and material regulations. Integrating radioactivity screening
into quality control will ensure both the protection of human health and the
sustainable use of these materials in industrial applications. [11,29,33-35].
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Chapter 6

MICROORGANISMS AS THE VITAL
RECYCLERS OF URANIUM

Oktay BIYIKLIOGLU', Selin CETER?, idris YAZGAN?

1. INTRODUCTION

Uranium (*?U*%%%) is by far the most used actinide element in industry,
which was discovered in 1789 with same year of the Revolution in France.
Even though it is known for nuclear energy production, such fields as nuclear
medicine, catalysis, radiometric dating, industrial X-rays, food processing and
materials [1]. Uranium has mainly U*® (~ 97.3%) and U*° (~ 0.7%) isotopes
[2], but in nature there are up to 27 isotopes [3]. Even though Uranium is among
the rare element elements, it is accepted as one of the most problematic
contaminants worldwide [2] since it can cause a variety of health problems
including bones and kidneys, and it can contaminate foods (e.g. honey) in
addition to soil and water [4]. Apart from acute toxicity, Uranium accumulation
can cause cancer as shown by Basheer et al/ (2024) that blood Uranium level is
significantly higher in leaukemia patients compared to heatlhy individuals [5].
Besides, it is critical to note that Uranium can reach to human through food
chain, so its contamination in soil and water becomes very critical [6]. In soil,
the Uranium contamination is mostly present on the surface (top layer used for
agriculture), so agricultural crops are potentially exposed to Uranium when
there is contamination [7]. It should not be confused that chemotoxic Uranium
is related to natural isotopes while radiotoxic Uranium is related to the enriched
Uranium (U** and U*®) [3]. Today, the exact mechanism of Uranium is still
unknown despite of the fact that accumulation of U®" is known through food-
chain [8]. Besides, inhalation of Uranium contaminated air is also another way
of triggering Uranium toxicity [9].
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2. URANIUM CONTAMINATION THROUGH FOOD CHAIN

Food-chain is probably the most prominent way of Uranium ion enrichment,
which is caused by human activity. Its accumulation and enrichment (refers to
quantity increases throughout the text) within the soil and plants show close
relation with the microbial colony, soil characteristics (e.g. acidity, presence of
clay, humic acid content, ionic concentration etc.) and organic matter of the
contaminate site [10]. In addition to the vegetables directly collected from the
farms, the processed food can contain Uranium ions that show close relation
with the phosphate content since it is one of the compound that precipitate and
increase the available Uranium within the foods [11]. Therefore, remediation of
its pollution becomes a need to deal with. The concentration is generally higher
for the plats grown nearby the Uranium mining area [12]. The level of Uranium
has been reported up to ~17.5 mg/kg for radishes, which is way beyond the
acceptable level [13].

Plants can absorb and store radionuclides through their roots, leaves, and
flowers. Honey can become contaminated with these radionuclides when
honeybees collect nectar and pollen from flowers [14]. Uranium contamination
in honey largely originates from nectar. However, correlations have also been
reported between the amount of uranium in honey and soil, plant, and flower
samples [15]. This allows radioactive isotopes in honey to be used as an
important bioindicator of environmental pollution. Radioactive elements such as
uranium can be transferred to humans through honey consumption [16].
However, many studies have reported that the uranium intake in honey is well
below the level that would cause health concerns [14-17]. Furthermore,
uranium contained in the pollen of some wind-pollinated plants can be
transmitted to humans through the respiratory tract [18].

3. URANIUM POLLUTION AND BIOLOGICAL REMEDIATION

Uranium pollution in soil is classified into light, medium and heavy
pollutions. The enrichment factor is used to evaluate quantitative level of
pollution level and source. Besides, geological accumulation index and
pollution load index are also used to evaluate the level of Uranium pollution
(details can be found in Ref [6]). Remediation of Uranium waste is carried out
by chemical, physical and biological methods. Physical methods can only be
used for smaller liquid systems while chemical methods are efficient and
cheaper for soil and liquid small size plants. In contrast to this biological
approaches can be applied to larger soil and water plants for lower Uranium
concentrations [19]. Among the biological approaches, bacterial and fungal
communities have been proposed as valuable Uranium recyclers for their

82



unique mechanisms and adaptation [20]. Current microbial approaches have
alerted that even remediation of higher Uranium concentration is possible, such
as sulfate reducing bacterial species was shown to be effective even in 0.5 mM
UY! concentrations [21].

One of the major mechanisms of diminishing and/or preventing Uranium
contamination is to convert the soluble form of Uranium (U"") into the
precipitated form U' (U®" and U*" are the two common ionic form in nature [3])
while certain bacterial species can oxidize U*" to U®*, which is precipitated with
such anioic groups present in the treatment environment [22] (Figure 1). A
variety of bacterial species can perform this task using different mechanisms
including energy gain mechanism and independent from energy gain.
Particularly sulfate reducing bacterial species, Fe'' reducing bacteria and the
bacterial species that can convert U"'-carbonate into U'V-oxide are among the
most common bacterial species that can serve as Uranium waste recyclers. For
example, Cardenas et al (2008) reported that Desulfovibrio spp. (a sulfate
reducing bacterium), Ferribacterium spp. and Geothrix spp. (Fe** reducing
bacteria) were capable of reducing the soluble Uranium level (from 60 mg/L to
<30 pg/L) in the field application that took place in Oak Ridge (Tennessee, the
US) with a two-year study [23]. Bacterial species can reduce and oxidize
Uranium ions along with that the species can produce complexing agents that
can appear as biosorption, intracellular accumulation and precipitation [24]. It is
proposed that co-culture of sulfate-reducing and phosphate-solubilizing bacteria
can be beneficial for Uranium detoxification; where simultaneous biological
reduction, adsorption and precipitation take place [25]. It should be noted that
sulfate reducing bacterial species require oxygen while phosphate solubilizing
bacteria do not require oxygen, so they can also be used in oxygen-free
environment [26]. Bacterial species can particularly use different types of
cytochromes during Uranium bioremediation, for instance Geobacter
sulfurreducens use periplasmic cs-type cytochrome PpcA while c-type
cytochrome A is highly active during Uranium reduction by Geobacter sp.. It
was also tested for such species as Shewanella oneidensis MR-1 strain lost its
Uranium detoxification when cytochrome deficiency is present. Iron containing
enzymes and certain FAD and NAD utilizing enzymes (e.g. thioredoxin
reductase) can also reduce U" into solid Uranium ion [20]. Production of lactic
acid by the bacterial species can solubilize the phosphate precipitated Uranium
ions, where external phosphate resources are needed to decrease the available
soluble Uranium levels [7]. In addition to these, the functional groups on the
bacterial species including amino, carbonyl and hydroxyl groups can complex
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with UO,*" [21] that cause adsorption of Uranium as of the first step, which
undergoes to biomineralization later on.
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Figure 1: Main sources of Uranium contamination, remediation by
microorganisms and flow of food chain accumulation.

Different fungal species can follow distinct pattern for the detoxification of
Uranium as shown by Schizophyllum commune, Pleurotus ostreatus and
Leucoagaricus naucinus, which affects the location of the crystalized Uranium
ions. For instance, Schizophyllum commune can accumulate the Uranium
crystals within the cytoplasms and outer layer of the cell wall while that
happens within the cytoplasm on the subcellular bodies [27]. Figueiredo et al
(2024) showed that Uranium as the waste in mine affluent can be captured by
white rot fungi species (e.g. Trametes versicolor) that can trigger increased
production of industrially important enzymes (e.g. laccases) and molecules (e.g.
the metabolites melanin and oxalic acid) [28]. Biosorption studies were
performed for Uranium in water and soil to understand the precipitation
mechanisms. Celik ef al (2018) reported that the stability of Uranyl ions and
formation of Uranium oxides show close relation with the treatment pH [2].
Since Uranium can adopt valance values ranging from III to VI that allows it to
coordinate with such groups through 5f-/6d-orbitals [1] and its coordinating
groups show relation with the pH, Uranium oxides carbonates (UO»(COs),*” and
UO»(COs);*") can occur in the treatment environment, so the pH must be
optimized in order to increase the biosorption of uranium contaminants [2].
During microbial remediation, microorganisms can release chelating agents
(e.g. siderophores) into the media that cause precipitation of U'™ [20].
Aeromonas veronii and Bacillus cereus species isolated from Uranium mines
were exposed to carbonate containing Uranium waste, and Uranium was
captured by the bacterial species as of biosorption in the form of Uranium
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oxides carbonates and Uranium hydrates [29] as reported for the chemical
precipitation. However, altering the electron donors and extracellular
phosphates can trigger biomineralization of Uranium ions [30]. Therefore, it is
clear that utilization of external agents along with altering the pH can alter the
fate of Uranium ions. In contrast to this, certain microorganisms including
Penicillium simplicissimum can produce phosphorylated amino acids that can
interact with Uranium ions to contribute precipitation [31].

Enrichment of the treatment plants with key compositions contribute
microbial Uranium detoxification. Qi et al (2021) showed that biochar
introduction to the treatment media increased the stabilization of Uranium ions
through ion-ion exchange (biochar contains a variety of chelating agents) and
dehydrogenase activity, that turned into elevated Uranium detoxification [32].
Similar findings were reported by Zhang et a/ (2025), where combination of
Psedumonas and Bacillus species were also introduced to the system in order to
advance the treatment performance. The comparative study also revealed that
each bacterial species contributes with a dedicated mechanism (i.e. adsorption,
bioreduction, and biomineralization) via enzymatical activity, cell surface
properties and metabolic activity [33]. Besides biochar, Fe*" rich clay mineral
nontronite combined with siderophore desferrioxamine B enhances the
adsorption and reduction of U'" with the help of Shewanella putrefaciens [34].
The clay-ligand change facilitates the conversion of Uranium oxidation level
[35]. Similarly, Ohnuki et al (2010) U°" can be directly absorbed by Bacillus
subtilis species while combination with kaolinite clay enhanced the treatment
efficiency [36]. Figure 1 depicts the sources of Uranium contamination sources
and biological remediation pathways.

Microorganism can also be immobilized on such surfaces as graphene oxide
to enhance Uranium removal from the media. Zhao et a/ (2019) reported that
immobilization of Lysinibacillus sp. on graphene oxide layers, which enabled
reusable surface with high load of Uranium removal capacity from the treatment
environment [37]. Yarrowia lipolytica was entrapped within alginate beads to
remove Uranium from waste aqueous systems using batch and regenerative
approach, and high success was obtained [38]. Similarly, placing fungal cells on
the cathode electrodes can increase the speed of UY' conversion to U' [39].
Microorganisms can serve as major bio-fighters in remediation of industrial
chemical waste, there is only limited studies for Uranium remediation in large
fields, so further improvements are needed to offer microorganisms as the most
practical approach in Uranium detoxification. Current studies reveal that sulfate
reducing bacterial species can adapt to different environmental conditions [40]
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but genetic engineering might be needed to design a perfect Uranium recycler. It
is suggested that new technologies that enhance microbial performance in
Uranium detoxification and co-utilization of microorganisms with plants need
to be explored to obtain the desired performance from the microorganisms [6].
For example, recent studies have shown that arbuscular mycorrhizal fungi
species enhance Uranium uptake by plants that help elevate the remediation
[41]. Zhu et al (2026) reported that Proteobacteria and Ascomycota can resist
stress and can speed up production of Krebs cycle metabolites (e.g. oxalic acid,
glutamic acid), which in turn the enhancement of Uranium intake by plant
species [42]. The plant-microbe interaction is not limited to fungal species,
bacterial species can also perform this type of activity, which might use
different signaling pathways [43].
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Chapter 7

CHARACTERISTICS AND USAGE AREAS OF
INDUSTRIAL MINERALS

Gamze SAVACI SELAMET!, Temel SARTYILDIZ?

1. INTRODUCTION

Industrial minerals are defined as naturally occurring, non-metallic, and non-
renewable minerals and rocks with unique chemical compositions [1]. In
comparison with ore minerals, industrial minerals are inexpensive due to their
abundance, wide distribution on the Earth's surface, and ease of processing [2].

Asbestos, barite, bentonite, kaolinite, smectite, talc, mica, vermiculite,
diatomite, feldspar, gypsum, hormite, limestone, nepheline, perlite, silica sand,
wollastonite, and zeolite minerals are all essential industrial minerals due to
their characteristic physicochemical properties and their variety of applications
in different industrial sectors (Figure 1). Those minerals are used in several
industries, such as glass and ceramics (feldspar, silica, kaolinite, nepheline, and
talc), pharmaceuticals and cosmetics (talc, kaolinite, mica, and silica),
electronics (mica, silica, and feldspar), construction (limestone, gypsum, barite,
talc, vermiculite, and zeolite), metallury and foundry (bentonite, wollastonite,
and silica), chemical industry (limestone, barite, zeolite, gypsum, and felspar),
agriculture and horticulture (diatomite, zeolite, vermiculite, and bentonite),
automotive and aerospace (talc, mica, wollastonite, and kaolinite), energy and
environmental remediation (zeolite, bentonite, diatomite, and vermiculite), food
packaging (kaolinite, diatomite, and zeolite), clothing and paints (kaolinite, talc,
calcium carbonate, and mica), polymers and rubber (talc, kaolinite, mica, and
silica), radioactive waste disposal (barite).

! Assoc. Prof. Dr., Department of Forest Engineering/Faculty of Forestry, Kastamonu University, Tiirkiye,
gsavaci@kastamonu.edu.tr, (ORCID: 0000-0003-4685-2797)
2 Prof. Dr., Department of Forest Engineering/Faculty of Forestry, Bursa Technical University, Tiirkiye,
temel.sariyildiz@btu.edu.tr, (ORCID: 0000-0003-3451-3229)
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Figure 1. Applications of industrial minerals in different sectors.

This section of the book provides a detailed examination of the
physicochemical properties of some industrial minerals and their applications in
the industrial sector.

2. SIGNIFICANCE OF PHYSICAL AND CHEMICAL
PROPERTIES

The physical properties of industrial minerals, including hardness, density,
particle size, colour, luster, specific surface area, and thermal stability are
critical determinants of their industrial applications and economic values [3].
Therefore, the physical properties such as brightness (kaolinite), hardness
(silica), or platy habit (talc, mica) are more critical than the chemical
compositions in defining their industrial and economic values. The chemical
properties of industrial minerals are crucial because they determine how these
materials react, interact, or remain stable in industrial processes [4]. Industrial
minerals are often selected based on their chemical composition and stability
rather than their metal content. For example, the purity of CaCOs in limestone
or SiO: in silica (quartz) is critical for most applications [5].

The industrial minerals and rocks are used as raw materials or after
processing due to their important physical and chemical properties [6]. Special



processes have the capacity to endow certain industrial minerals and rocks with
novel physical properties. For instance, the processing of bentonite with
inorganic acids, a process known as acid activation [7], produces materials with
numerous acid sites and high sorption capacity. These materials are capable of
adsorbing coloring compounds, thereby colorizing and stabilizing crude edible
oils. In a similar manner, the expansion of perlite or the flaking of vermiculite
produces lightweight aggregates with significant insulation properties. These
properties are not found in unprocessed raw materials [8].

3. MAJOR INDUSTRIAL MINERALS AND THEIR USES

3.1. Asbestos

Asbestos is a fibrous silicate mineral that occurs naturally and can be
released when ultramafic or serpentine rocks undergo mechanical disruption
such as fracturing or crushing [9]. It possesses a fibrous habit, lacks electrical
conductivity, and shows exceptional resistance to heat, acids, and physical
stress [10]. In terms of composition, asbestos comprises various silicate types
including iron—-magnesium silicate, calcium—magnesium silicate, magnesium
silicate, and complex sodium—iron silicate minerals [10]. Naturally, six main
asbestos minerals are recognized and grouped under two categories: serpentine
(chrysotile) and amphibole (tremolite amosite, crocidolite, anthophyllite, and
actinolite) [11].

Chrysotile deposits generally occur at tectonic boundaries between peridotite
and gabbroic rocks, and may also appear as veins within serpentinites,
serpentinized ultramafic bodies, and serpentinized dolomitic marbles [12, 13].
Representing about 90% of global asbestos use, chrysotile is the predominant
industrial variety [14]. It belongs to the serpentine group and is a hydrated
magnesium silicate mineral characterized by a white color, silky luster, soft
texture, and fibrous form [10]. The chemical formula of chrysotile is
MgsSi20s(OH)a, and its hardness on the Mohs scale ranges between 2.5 and 4
[15]. The 1:1 ratio of these two types of layers and these properties make
chrysotile fibers processable, resulting in a versatile material [11]. The
amphibole group is a harmful type of asbestos and has a hard, needle-like
structure [16]. It contains magnesium, sodium, calcium silicate, and iron in its
fiber structure [17]. These exhibit a linear form with rigid and tight
characteristics [18].

Asbestos fibers are resistant to heat, chemical corrosion, and friction. They
are also impermeable to heat, sound, and electricity, and are relatively
inexpensive [19-21]. The addition of chrysotile asbestos fibers to rubber
produces materials that are commonly used for packings and gaskets [13].
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Asbestos has been widely applied in construction materials, including ceilings,
walls, floors, pipes, beams, and columns [22]. Asbestos minerals can contain
toxic elements that pose health risks [23]. Due to their harmful effects on
human health, most asbestos facilities stopped operating by the late 1990s, and
asbestos production and trade are now banned worldwide [10].

3.2. Barite

Barite (BaSOs) is a non-metallic mineral characterized by a specific gravity
of 4.2-4.7, a stable crystal structure [24], and a Mohs hardness of 3.0 [25].
Barite deposits occur in sedimentary, metamorphic, or igneous environments
depending on geological conditions [26]. It has been reported that barite in the
Earth’s crust forms through the mixing of two fluids - one containing barium
derived from silicate minerals and the other containing sulfate [27].

Barite is a vital industrial mineral used in petroleum and gas drilling, as well
as in the production of paints, papers, rubbers, plastics, glasses, leathers,
tobaccos, fertilizers, radiological materials, and pharmaceuticals [28, 29].
Owing to its softness, chemical inertness, insolubility in water, low solid
content, and ability to increase mud density, it is widely used in the oil and gas
sector. Barite serves as a drilling weighting agent, filler, and radiation-shielding
material [30-32]. It is also employed in the chemical industry for producing
barium compounds and in the paint and glass industries [33].

3.3. Diatomite

Diatoms are a major component of phytoplankton in marine ecosystems [34]
and accumulate in various aquatic environments, including wetlands, lakes, and
oceans [35]. Diatomites are sedimentary silica rocks mainly composed of opal
and cristobalite [36]. They are light, fine-grained, and formed primarily from
the opaline skeletons or fragments of diatoms (diatom algae). Diatomites can
appear in several colors, such as white, light grey, dark grey, brownish-grey,
and yellowish-grey [36].

Diatomite is a siliceous material with high porosity, low thermal and
acoustic conductivity, chemical inertness, and resistance to acids and heat. It
also has a large surface area, high absorption capacity, and low bulk density
[37]. These properties allow its use in pharmaceuticals [38], cosmetics [39],
food [36], and nanotechnology [40]. It is also applied as a soil conditioner with
inorganic fertilizers [41] and as insulation in furnace covers, pipe linings, and
walls [36].
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3.4. Clay Minerals, Classifications and Structures

Clay minerals are hydrous aluminium silicates that play an important role in
both natural processes and industrial applications [42]. They are mainly formed
through the weathering of igneous and metamorphic rocks and are characterized
by fine particle size, plate-like morphology, and layered structures [43]. The
classification of clay minerals depends on how their tetrahedral and octahedral
silicate layers are arranged and stacked. Groups include kaolinites with a 1:1
ratio structure (e.g., halloysite, kaolinite), limited-expanding 2:1 clays (e.g.,
vermiculite), non-expanding 2:1 clays (e.g., mica, illite), uncharged 2:1 clays
(e.g., talc, pyrophyllite), strongly expanding 2:1 clays (e.g., montmorillonite),
2:1:1 clays containing a brucite layer (e.g., chlorites), and fibrous silicates (e.g.,
sepiolite, palygorskite) [44]. The clay minerals classified above are nanoscale
materials and are represented in Figure 2 [45].

Clav 2:1 Lo
mmerals
—-

Figure 2. Different types of clay minerals and their classifications

Clay minerals (bentonite, kaolinite, smectite, talc, mica, and vermiculite) are
important industrial minerals due to their wide range of applications across
various sectors (Figure 3). They are used in industries such as construction,
cosmetics, ceramics, paper, biomedicine, textiles, energy, food packaging,
healthcare, paint, environmental remediation, radioactive waste management,
and soil improvement.
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Figure 3. Applications of Clay Minerals

3.5. Feldspar

Feldspars constitute the most abundant minerals in the crusts of many
terrestrial planets, such as Earth, the Moon, and Mars, and are also commonly
found in asteroids and meteorites [46]. They are aluminosilicate minerals
containing calcium, sodium, and potassium, and occasionally cesium or barium,
forming isomorphous mixtures [47]. Feldspars are chemically classified into
alkali feldspars and plagioclases and exhibit anisotropic crystal chemistry. Most
feldspar minerals have a specific gravity of 2.5-2.8, a Mohs hardness of 6-6.5,
and a glassy luster that appears pearly on cleavage surfaces [48]. Feldspars,
including alkali feldspar and plagioclase, are chemically and optically complex
[46]. They are important in various industrial applications, particularly as
fluxing agents in glass and ceramic production due to their high alkali and
alumina content [49,50]. Feldspar is widely used in glass manufacturing,
plastics, paper, ceramics, enamel frits, polymers, paints and glazes, welding
electrodes, and as a filler or extender in rubber [51]. In glass production,
alumina from feldspar enhances hardness, durability, and chemical resistance,
making high alumina content and alkali presence critical for the industry [52].
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3.6. Gypsum

Gypsum, composed of calcium sulfate dihydrate (CaSO4:2H-0), is a mineral
commonly found in nature as a white powder. Its hardness is 1.5-2, and its
density is 2.3-2.4. It is colorless or white. They are the first minerals formed by
the evaporation of seawater in salt beds. They usually form together with halite,
calcite, dolomite, anhydrite, sulfur, pyrite, and Quartz [53]. Gypsum is a
sedimentary mineral found in deposits worldwide, particularly in evaporite
sources. In its purest form, it consists of calcium sulfate dihydrate, though most
naturally occurring gypsum is found alongside anhydrite, clay, dolomite and
limestone [54]. Gypsum is a significant material, and it is one of the oldest
materials still in use in the construction industry [55]. Gypsum is utilised in a
variety of products, including plaster, plasterboard, interior coatings, cement
retarders, ceramics, and medical supplements or implants [55-57]. Gypsum is
widely used as a soil acidity improver in surface applications [58].

3.7. Calcium Carbonate (Limestone)

Calcium carbonate exists in three polymorphs: orthorhombic aragonite,
hexagonal vaterite, and hexagonal calcite [59]. Calcite is the stable form, while
vaterite and aragonite are metastable and convert readily to calcite. Vaterite is
the least stable, slowly dissolving in water and recrystallizing as calcite [60].

The Earth's crust contains calcite as the most common form of calcium
carbonate, whereas aragonite and vaterite are less widespread, and dolomite is
relatively uncommon. Most calcite is relatively pure, with common impurities
including manganese, iron, and magnesium. Calc-silicate rocks form through
the metamorphism of impure carbonates or from the accumulation of calcareous
shells, and weathering of these rocks produces calcite [53,61]. Calcite is used in
the chemical industry, cement, lime production, and construction. Aragonite
precipitates from seawater and is found in mollusk and coral shells; its
orthorhombic structure provides enhanced stability and durability [62].
Aragonite is applied in building facades, sculpture, and decorative items.
Vaterite may form as an initial phase in the exoskeletons of some invertebrates
under specific conditions [63].

3.8. Nepheline

The chemical formula of the nepheline mineral, which belongs to the
feldspathoid group, is (Na, K) (AlSiO4) and it crystallizes in a hexagonal system
[53]. Chemically, it is close to alkali feldspars, but they are deficient in silica
[64]. It is a major mineral in alkaline rocks, primarily syenite and its pegmatites,
phenolites, and nepheline basalts. Nepheline is relatively enriched in alkalies
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and alumina than the alkali feldspars and hence it is known to be a better natural
substitute for feldspar in all industries [65].

Nepheline syenite serves as a fluxing agent in glass and ceramics, similar to
feldspar, by providing alkalis that lower the melting temperature, reduce
viscosity, accelerate the formation of the glassy phase, and enhance reactivity
with quartz. In glass manufacturing, it also contributes alumina, which increases
mechanical strength, thermal stability, and chemical durability [64].

3.9. Perlite

This definition underscores the dominance of SiO, and AlLO; in its
composition, which contribute to its low density, high surface area, and
chemical inertness [66]. Perlite consists predominantly of principal oxides:
Si0,, Al,Os3, K»0, Na,O; minor constituents: TiO,, CaO, MgO, Fe,0s;, water,
and small amounts of unburned carbon. Because of its high silica and alumina
content, especially in its finely ground form, perlite exhibits pozzolanic activity
(the capacity to chemically react with calcium hydroxide in the presence of
moisture, forming cementitious compounds). This property is attributed to its
amorphous (non-crystalline) glassy structure [67]. Perlite is a naturally
occurring volcanic glass that contains water within its structure and expands
into a lightweight, porous material when rapidly heated. Although classified as
an industrial mineral, its composition can vary because it is a rock rather than a
true mineral [68]. The expanded form of perlite is widely used in construction,
horticulture, insulation, and various industrial applications due to its low density
and high porosity [69].

3.10. Wollastonite

Wollastonite belongs to the pyroxene group and is a naturally occurring
calcium metasilicate (CaSiOs3). It is a non-metallic, needle-like crystal structure,
alkaline (pH 9.8), white-colored mineral. The main reason for the commercial
use of wollastonite is its crystal structure and chemistry [70]. It generally
contains magnesium, manganese, iron, and strontium. It occurs in contact
metamorphic limestones and volcanic rocks together with quartz, garnet,
diopside, plagioclase feldspar, tremolite, sphene, calcite, apatite, epidote, and
andradite [13, 70].

Wollastonite is mostly used in the ceramic industry. Its needle-like crystals
increase the strength of ceramics and raise the drying rate [53]. Wollastonite has
a fibrous, needle-like crystal structure, allowing its use as a filler in paints [71].
It is also employed in the production of heat-insulating packaging materials,
ceramics, foundry linings, and as a filler in paints and polymers for the
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metallurgical and automotive industries [72]. Wollastonite is used in a new way
in the bioactive ceramics industry and acts as a biocompatible material used as a
bone substitute, covering its applications [72, 73]. With its low-temperature
melting properties, wollastonite is an important additive for the continuous
casting process used in sheet metal production [70].

3.11. Zeolite

Zeolites are hydrated aluminum silicates with a crystalline structure
composed of alkali and alkaline earth elements [53]. Zeolites form in gneiss,
amphibolite, serpentinite, hornfels, quartzite, and marble rocks. Zeolites are
minerals that form at low pressure and temperature depending on the presence
of water (H,O) and have a porous structure. Zeolites have an open lattice
structure, which gives them a lower density [74]. Zeolites, which are low in
weight, highly porous, homogeneous, compact, and robust, can be easily cut
and processed [75] Anorthite, hollandite, l0mantite, natrolite, sabazite, stilbite,
and phillipsite are the most common minerals in the zeolite group. Zeolites are
industrially important due to their catalytic, adsorptive, and ion-exchange
properties [76]. They are applied as fertilizer additives and soil conditioners, in
construction and cement production, for oil spill cleanup, as drying agents, and
in water treatment. Additionally, zeolites serve as carriers for pesticides,
herbicides, and animal feed additives, as well as in binding toxins, controlling
odors, and managing hazardous and nuclear wastes. They are also utilized in
biochemical processes, including enzyme and antibiotic production, and as
components in food supplements [77-79].

4. CONCLUSION

The industrial minerals play a crucial role in modern industry due to their
wide range of physical and chemical properties, which determine their
suitability for various technological and environmental applications.
Understanding the characteristics of these minerals - such as particle size,
purity, hardness, and chemical composition - is essential for optimizing their
use in industries ranging from construction and ceramics to pharmaceuticals and
electronics.

The diversity of industrial minerals, including sulfate, feldspar, clay
minerals, carbonates, and zeolites, provides unique functional advantages such
as thermal stability, adsorption capacity, and mechanical strength. As
technology advances, the demand for higher purity and more specialized forms
of industrial minerals continues to increase, highlighting the importance of
mineral beneficiation and sustainable resource management.
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In conclusion, the industrial minerals are indispensable raw materials for
modern industry and sustainable development. The relationship between the
properties and applications of industrial minerals underscores their
indispensable role in industrial development and innovation. Continued research
on mineral processing, substitution, and recycling will be vital for ensuring
sustainable and efficient utilization of these non-metallic resources.
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Chapter 8

FUTURE DIRECTIONS IN COMPOSITE
MATERIALS AND THEIR INTEGRATION WITH
GREEN TECHNOLOGIES

Almusa ATAMALIYEV!, Altunay ISKENDERLI?, Temel Kan BAKIR?

1. INTRODUCTION

One of the primary tasks facing materials science and engineering in the 21st
century is the creation of material systems that are efficient both technologically
and ecologically [1,2]. In parallel 4.0 industrial revolution, materials
technologies have oriented themselves toward smart, sustainable, and green
production models. Against this backdrop, composite materials assume
particular strategic importance. Unlike conventional metals and ceramics,
composite materials by virtue of their multiphase structure-combine high
mechanical strength with low mass density. Their key advantages include
corrosion resistance, shape stability, tunable thermal and electrical properties,
and energy efficiency. In recent years, global industry has focused not only on
product performance, but also on its environmental footprint . Concepts such as
the green economy, sustainable manufacturing, and the circular economy have
entered the everyday lexicon of engineering laboratories and industrial
enterprises alike. According to statistical forecasts, the global composites
market exceeded USD 95 billion in 2023 and is expected to reach USD 140
billion by 2030 (Market Research Future, 2024). The main drivers of this
growth are, the use of composites in the renewable energy sector (wind turbines,
solar panels) [3] shift to lightweight materials in transportation to reduce fuel
consumption the expanding adoption of bio-based raw materials and recycling
technologies [4]. For industrially developing countries such as Azerbaijan and
Tiirkiye, the ecological integration of composite technologies is doubly
significant: on the one hand, it ensures the efficient use of local resources
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(basalt, clay, petro-polymers); on the other, it supports the formation of new
industrial models aligned with green energy policy. Accordingly, the aim of this
study is to analyze, on a scientific basis, contemporary development trends in
composite materials, their integration with green technologies, and a
comparative view of Azerbaijan with Tiirkiye scientific and applied experience
.A composite material is a multiphase heterogeneous system obtained by
combining two or more components with distinct physical, chemical, and
mechanical properties . In such systems, the components complement each
other to yield new, superior properties [5-7]. Reinforcing phase (fiber, particle,
or powder) enhances mechanical strength and elasticity .The interfacial
interaction between these phases determines the overall behavior of the
material. Ideally, the interface optimizes stress distribution and prevents
deformation.Historical milestones antiquity, Humans produced primitive
composites from natural combinations (clay and straw, wood and pitch, sand
and bitumen). Many elements of Egyptian pyramids and Mesopotamian
architecture used such composites. Engineering structures emerged from
combinations of metal and wood (iron bridges, ship hulls) . 20th century:
Polymer-based fiber composites (fiberglass, kevlar, carbon fiber) revolutionized
industry, gradually replacing metals in aerospace structures . 21st century:
Advances in nanotechnology enabled composite design at the molecular level.
Nanoscale particles and biopolymers impart both excellent mechanical
performance and biocompatibility. Historical evolution shows that composites
have accompanied all phases of human technological creativity [7]. Whereas
mechanical durability was the primary goal in antiquity, today the focus is
sustainability, recyclability, and ecological responsibility .The scholarly
literature emphasizes that reliable measurement, statistical modeling, and
systematic optimization are foundational to sustainable technological progress.
Applied to materials science, each new composite system is tested not only for
mechanical metrics, but also for ecological indicators. Contemporary materials
engineering therefore foregrounds the notion not merely of strong material, but
of responsible material.

2. PROPERTIES OF MODERN COMPOSITE MATERIALS

Based on the matrix type, modern composites are divided into four main
groups, each with specific technological and ecological advantages [7]. Polymer
matrix composites (PMCs) matrices include epoxies, polyesters,polyamides,
and thermoplastics; reinforcement typically comprises glass, carbon, or aramid
fibers. Advantages, low weight and high elasticity; ease of forming (lay-up,
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vacuum bagging, etc.); lower production costs and broad applicability.
Applications, aerospace, automotive, marine engineering, sporting goods .

COMPOSITE MATERIAL

Reinforcing
RPhase (Fibers)

Matrix
Phase

Figure .1 Classification and types of modern composites[3,7,9].

2.1 Metal matrix composites (mmcs)

Matrices are aluminum, magnesium, and titanium alloys; reinforcements
include SiC, Al:Os, or carbon nanotubes [7]. Advantages: capability at high
temperatures; high strength-to-density ratio; oxidation resistance.Applications:
aerospace technologies, defense industry, high-speed transport systems .

2.2 Ceramic matrix composites (cmcs)

Matrices are ceramicbased (SiC, Al-Os, ZrO-) and remain stable at very high
temperatures [7]. Advantages: resistance to wear and erosion; thermal stability
and dimensional constancy [8,9].Applications:gas turbines, combustion
chambers, thermal protection panels of spacecraft .

2.3. Biocomposites and nanocomposites

Reinforcements include plant-derived fibers (flax, bamboo, sisal, kenaf) or
nanometer-scale particles (graphene, nanotubes, nanoclays). Their advantages
include biodegradability, dependence on natural resources, reduced carbon
footprint, and ecological compatibility. These systems are at the core of green
production and are aligned with the UN sustainable development goals (SDGs).
Additional scientific aspects rheology: flow, viscosity, and control of molding
processes; thermal behavior, conductivity, thermal expansion, and flammability
[7,9]; Microstructure analysis by using SEM, XRD, and EDS to study phase
morphology .
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2.4. Industrial application areas of composite materials

The wide industrial adoption of composites is explained by their unique
multiphase structure and adaptability to varied engineering demands Thanks to high
strength to weight ratios, corrosion resistance, and thermal chemical stability,
composites have gradually displaced metals and ceramics across numerous
technological domains [9]. Their use carries strategic importance not only for
technical efficiency but also for energy savings and environmental responsibility.

2.4.1. Aerospace

Since the late 20th century, carbon fiber reinforced polymers (CFRPs) have
defined a transformative era . In modern aircraft such as the Boeing 787 Dreamliner
and Airbus A-350, composites account for more than 50% of structural content.
This reduces overall aircraft mass by 20-25%, yielding substantial fuel savings and
improving passenger comfort via vibration damping and sound insulation .

2.4.2. Automotive and Energy

Composite panels, bumpers, engine covers, and structural components enhance
safety, aerodynamics, and fuel efficiency. Companies like Tesla, BMW, and Toyota
have transitioned to hybrid structures built from carbon- and glass-fiber composites,
thereby lowering CO: emissions and optimizing thermal management of battery
systems [10]. Composites spearhead the green energy transition . Wind, blades of
80-100 meters are feasible only with high-modulus composites . Solar, polymer-
composite frames are light and corrosion-resistant, extending photovoltaic panel
lifetimes beyond 25 years [10]. Hydrogen, carbon-fiber tanks offer reliable storage
at pressures up to 700 bar .
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Figure .2 Industrial applications of composite materials. [3,11,17]

112



Zero—-Waste Technologies
and the Importance of

Recycling ‘O

>
otld < miter parts are \
- < = 3 e >
2 ccoat
Aand environmentally soafe.

=» Thermochemical Recovery (->
matrix is degraded by maans of
i

- -
Nhi= method is especi i ctive wihen J
Processing cartbon al-(l glass NMbhers.,

&=p CThemical Depolymerization
polymer matrices degrade down to
tThe manomer level and are thhen usaed
@ ravw material for re-polymerization.

«» Bio-based Recycling
natural polymers are converted and
restored by means of biological enzymes
This iz known as the “bic-icop recycling’”
and is considered to be the most eco-friendly >roach.

Figure.3 Sustainable material flow and circular economy concept[13,14]

2.4.3. Medical engineering and biotechnology

Biocompatible composites (PLA, chitosan, hydroxyapatite systems) are used
in orthopedic implants, artificial joints, and prosthetics, combining
biocompatibility with tissue integration .Thus, industrial adoption of composites
is grounded not only in strength and lightness, but also in the principles of
sustainable production and the green economy [11-17].

3. THE CONCEPT AND PRINCIPLES OF GREEN TECHNOLOGIES

Green technologies are set of technological systems that enhance industrial
productivity while preserving ecological balance, ensuring resource efficiency
and zero-waste production . This concept is one of the main vectors of the UN
2030 Agenda for sustainable development .Five core principles of green
technologies; As follows;energy efficiency and resource conservation
minimizing energy use in production ,use of renewable energy sources
integrating solar, wind, and bioenergy into technological cycles, recycling and
circular economy returning used products to the production loop as raw
material. Reduction of harmful emissions and waste minimizing CO: and VOC
releases,use of eco-friendly materials prioritizing biopolymers, natural fibers,
and water-based resins .In the composites industry these principles manifest as:
adoption of bio-based polymers (PLA, chitosan, lignin, starch) as ecological
alternatives to petro-polymers ; utilization of secondary raw materials (e.g.,
micronized metal/ceramic waste as fillers) [12];low-temperature molding and
microwave-assisted synthesis (up to 30 % energy reduction); CO:-based
polymerization (carbon capture and utilization). Green technologies thereby
optimize the balance among ecological responsibility, economic efficiency, and
technological innovation [17].
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3.1. The role of composites in the green economy

A green economy is an economic model that enables ecosystem restoration
and efficient use of natural resources [17,18]. Materials science, and composite
technologies in particular, play a crucial role in this model [17,18].Composites
enable energy savings, emission reductions, and sustainable production cycles
across many sectors; Automotive, lightweight composite panels reduce average
CO: emissions by 90 kg per ton of vehicle mass. Construction, panels made
from recycled fibers and biopolymers improve building thermal insulation by
15-20 %. Energy, composites in wind and solar systems extend service life and
reduce maintenance costs.The world economic forum (WEF, 2024) estimates
that widespread deployment of composite-based technologies could reduce
industrial waste (18-22 )% by 2035 significant both economically and
environmentally. Composites align directly with the SDGs: SDG 7 (Affordable
and Clean Energy), SDG 9 (Industry, Innovation and Infrastructure), SDG 12
(Responsible Consumption and Production), SDG 13 (Climate Action) .Thus,
composite production is not merely a technological process; it is a core
component of an ecological economy [17,18].

3.2. Zero-Waste Technologies and the Importance of Recycling

A key challenge in composites is the difficulty of recycling multiphase
systems, as separating polymer, metal, and ceramic components requires
complex physical/chemical processes . Yet, the past decade has seen notable
progress through zero-waste manufacturing Main approaches[14].

Mechanical recycling: end-of-life parts are milled and the powder is reused
as fillers-low cost and environmentally safe thermochemical recovery, pyrolysis
and gasification decompose the matrix while preserving fiber integrity-
effective for carbon and glass fibers Chemical depolymerization: polymer
matrices are broken down to monomers for repolymerization .Bio-processing:
enzymatic conversion of natural polymers the cleanest approach [17]. Economic
and ecological benefits (10-15%) reduction in production costs decreased
emissions and energy use [17]; returning secondary raw materials to industrial
circulation minimizing impacts on land and water [17] Accordingly, the
industry is transitioning from make and dispose paradigm to waste-to-resource
concept, positioning materials science as a driver of the ecological economy
[17,18].
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3.3. Rare earth elements(RREs) and role of ecological

Rare-earth elements (REEs) the lanthanides plus scandium (Sc) and yttrium
(Y) are indispensable in modern technologies and high-performance
materials. They optimize the mechanical, electrical, and magnetic properties of
composites. Functional roles in composites;adding REEs to composite matrices
(especially metal and ceramic systems) can increase corrosion resistance by 25—
35 %][22], improve thermal stability up to 30 % optimize electrical
conductivity and magnetic behavior, for instance, cerium (Ce) and neodymium
(Nd) improve structural stabilityin Al- and Mg-matrix composites. CeO:
promotes passivation of oxide films, substantially reducing corrosion rates;
Nd:0s can enhance magnetic properties and thermal conductivity
[8],applications in ecological engineering;catalysts REE oxides (CeO2, La.0s)
reduce NOx and CO in automotive exhaust, Energy storage and renewables: Nd-
Fe-B magnets with high energy density are used in wind turbines and electric
motors, Photocatalysis: TiO-—CeO: composites activated under UV are applied
in water and air purification, recovery and bio-extraction;. Although REE
recycling is challenging, recent progress in bio-leaching using microorganisms
(Aspergillus niger, Bacillus subtilis) enables environmentally safer extraction
from natural sources and residues, forming key line of green metallurgy [20-
26].

3.4. Energy Efficiency and Principles of Sustainable Production

Energy  efficiency is  fundamental to the economic and
ecologicalsustainability of composite manufacturing. Traditional methods often
require high temperatures and pressures, increasing energy use and carbon
emissions. Modern approaches prioritize low-energy, low-emission technologies
. Key directions;Low-temperature synthesis and molding,sol-gel, microwave
and ultrasonic-assisted techniques can reduce energy consumption by 30—40 %,
while improving matrix homogeneity and particle dispersion. Heat recovery
systems: process heat is recuperated for use in other stages, improving LCA
metrics, Energy audits and life cycle assessment (LCA): energy use, waste
volume, and carbon footprint are quantified at each stage to optimize production
[23.,24], Local raw materials: leveraging regional resources (basalt, clay, plant
fibers) reduces import dependence, transport distances, and strengthens local
economies [27,28].Regional Initiatives Azerbaijan: new polymer—composite
production line at Sumgait Chemical Industrial Park is powered by renewables;
waste heat is recirculated, achieving up to 28 % energy savings [28]. Tiirkiye:
Under Tibitak and Aselsan’s Eco-Compositesinitiative, biopolymer-based,
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thermally robust, and energy-efficient materials are being developed [26, 27-
31].These initiatives underpin a green industrial transformation in the region
[27].Biocomposites are natural fibers and biobased matrices, biodegradable,
environmentally benign, and aligned with the circular economy plant fibers
(flax, bamboo, jute, sisal, coir); matrices (PLA, starch, chitosan, lignin). They
enable the reintroduction of agricultural waste into industrial cycles, thereby
reducing energy consumption and minimizing carbon footprints. Biocomposites
see broad use in thermal and acoustic insulation, and in medical and packaging
industries, embodying the “green materials” ethos of ecological engineering
Nanocomposites Incorporating 1-100 nm particles (graphene, CNTs, SiO:,
AlL:Os, TiOz,.) dramatically improves performance due to high surface-area-to-
volume ratios . Even 1-2 % nano-additives can: reduce weight by 20 %;
increase mechanical strength by up to 50 %; raise thermal conductivity by 30—
40 % . Nanocomposites are valued as high-performance, multifunctional
materials in defense, aerospace, electronics, and biomedicine [32, 34].Next-
generation graphene—polymer systems are already deployed in energy-storage
devices (supercapacitors, Li-ion batteries) [34, 36].Thus, bio and
nanocomposites define the next stage of green technologies at the nexus of
ecological, economic, and technological efficiency [32].Experimental setup for
3d composite research and additive manufacturing.Digital transformation has
opened a new era in materials engineering [31].Additive manufacturing (3D
printing) maximizes flexibility, economy, and precision in composite production
[4]. Processes once reliant on molding, pressing, and sintering are now executed
layer-by-layer. Advantages of 3d composites,zero-waste production using only
required material quantities , 40—-60% increases in production speed [31],mass
customization of shapes and dimensions reduced capital expenditure by
eliminating molds and tooling [31].Materials include carbon-fiber-reinforced
thermoplastics, nano-additive resins, and biopolymer composites, yielding
optimal structural stability and energy savings [33].Regional research
collaborations.The “3D-BioComp” project between Azerbaijan Technical
University (AzTU) and Middle East Technical University (METU, Tiirkiye) has
achieved notable results in modeling mechanical and thermal behavior of 3D
biocomposites, including development of biopolymer systems using local
natural fibers pilot production via 3D printers Al-based performance prediction
[34].Such collaborations provide a scientific foundation for localizing green
technologies and advancing digital manufacturing in the South Caucasus.The
rapid expansion of the composites industry raises critical environmental issues:
energy-intensive processes; CO: and other emissions; recycling challenges due
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to multiphase structures; dependence on petro-based polymers; and long-term
waste accumulation . Thus, the next phase involves not only inventing new
materials, but also managing their ecological life cycles. Eco-design and Life
Cycle Assessment (LCA) Products are no longer judged sufficient merely for
mechanical robustness; instead, life-cycle thinking quantifies stages from raw-
material sourcing through synthesis, shaping, service, repairability, and end-of-
life reuse or recycling.

LCA measures carbon, water, and energy footprints, toxicity, and waste
burden. Early integration of LCA compels ecologically acceptable choices from
the outset, making materials science a component of eco-technological policy as
well as mechanics. Bio-based and biodegradable materials A strong recent trend
is the phased substitution of petro-based resins and matrices with biopolymers-
especially PLA, PHA, natural structural fibers (flax, bamboo, jute, sisal), and
lignin-starch-based fillers. Bio-matrix natural fiber architectures offer
biodegradability without toxic residues under appropriate conditions and
reduced waste volumes [37]. Studies show biocomposites can cut industrial
waste by 40-60 % versus conventional polymer composites for the same
function, especially in packaging, automotive interiors, and building insulation [
39] Recycling and Zero-Waste Manufacturing The target is to eliminate the very
notion of “waste.”In practice: off-cuts, excess resin, and fiber remnants are
immediately reincorporated as fillers mechanical milling creates secondary raw
materials in thermoset epoxies, chemical depolymerization recovers reusable
resin fractions This is the circular economy applied to composites: resources do
not disappear; they change form and recirculate within the system. Energy and
emissions management Composite production (autoclaves, high-pressure
molding, high-temperature sintering) is energy-intensive.Industry advances
along two parallel lines: powering parts of production with solar and wind
energy digitalizing energy monitoring in workshops [33].IoT-based systems
track real-time consumption, identify losses, and flag anomalies-reducing
energy waste by ~25-30 % while VOC emissions control expedites green
certification. These strategies recast the composites sector as a responsive
environmental management system, not merely a materials factory.

The next decade prioritize intelligent, ecological, self-managing, and
economically justified composite systems over merely “stronger materials” .
Four focal areas emerge,Expansion of biocomposites Research targets:
improving mechanical stability of natural fibers (flax, bamboo, hemp, jute),
mitigating aging and moisture uptake; enhancing thermal/oxidative stability of
biopolymer matrices to enable load-bearing uses. Bio-nano hybrids-natural fiber
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matrices with CNTs, graphene, or nano-SiO: approach the balance of “fully
ecological high mechanics” [32, 36].Smart and functional composites Active
systems that: monitor structural health via embedded sensor fibers; “sense”
load distribution; provide early warnings of damage or microcracking
[34].These underpin predictive maintenance in aerospace, critical transport
infrastructure (bridges, pipelines), medical implants, and defense [31,
34].Environment-responsive materials Self-healing composites:
microencapsulated resins or self-healing phases restore integrity upon
microcrack formation [34]. Biodegradable composites: designed to degrade
without toxic legacy-relevant for medical implants, single-use industrial
structures, and “trace-free” defense infrastructure [37, 39]. The objective is to
pre-program the ecological fate of the material. Digitalization and Al, high-
dimensional modeling, and big-data analytics shorten the design—test cycle by
~40 %: algorithms pre-optimize matrix—reinforcement ratios, nano-additive
loadings, and processing temperatures; mechanical behavior is predicted prior
to lab testing; models auto-calibrate from discrepancies with experiments-
saving resources and accelerating time-to-market [34, 38].Azerbaijan and
Tiirkiye are parallel-developing regional hubs in composites and green
technologies, differing primarily in institutional approach. In both countries,
composites have become part of national industrial strategy. Azerbaijan
Industrial infrastructure: At the Sumgait Chemical Industrial Park and
enterprises producing polymer- and aluminum-based semifinished products,
composite structural elements and coating systems are manufactured, with a
portion of raw materials sourced locally (petro-polymers, aluminum powders,
etc.) . Scientific base: Research under ANAS has yielded results in ceramic-
matrix composites and phases modified with rare-earth elements, chiefly for
defense, high-temperature coatings, and energy systems [35]. Policy and
priorities: For 2025-2030, state industrial programs explicitly prioritize “green
industry,” “zero-waste manufacturing,” and the “circular economy,” aimed at
environmental protection and reduced dependence on imported high-tech
materials. Tirkiye Research—engineering integration: Institutions such as
Tiibitak Mam, Aselsan, and the Sabanci University Composite Technologies
Center of Excellence operationalize university-industry partnerships, rapidly
transferring lab results to defense, aerospace, automotive, and energy sectors .
Biocomposites and energy storage: Green composites are developed not only
with bio-based matrices but also for energy-storage components (high-density
battery casings, thermal management).Programs such as “GreenMAT” and
“BioCompTech” co-optimize mechanical and functional (thermal, electrical,
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magnetic) roles . Regulatory framework: Since 2023, the “Green Deal Action
Plan” has embedded carbon neutrality, emissions management, and resource
efficiency in binding industrial regulation, elevating green composite
production from scientific initiative to state-regulated standard.
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Azerbaijan is strengthening its resource and materials base (raw materials,
energy, geostrategic position), while Tiirkiye focuses on commercialization and
industrial-scale deployment .The ideal regional model merges these strengths:
Azerbaijan leads in raw materials and foundational research; Tiirkiye advances
applied engineering and market scaling-together forming a unified South
Caucasus—Anatolia “green composites ecosystem” .

4. CONCLUSIONS AND RECOMMENDATIONS

Our analysis shows that composites are not merely structural solutions to
technical problems; they embody the ideological core of future industry low
carbon economy, resource security, zero-waste production, ecological
responsibility, and high-tech sovereignty. Composites are pivotal to energy
efficiency, Lightweight structures reduce fuel use in transport and extend
service life in renewable systems (wind, solar), directly lowering CO2
emissions. Rare-earth elements and functional additives elevate performance to
a new tier, enhancing mechanics and thermal stability while enabling high-value
ecological-engineering applications (catalysis, water treatment, energy storage)
[35].Biocomposites and nanocomposites are becoming mainstays of green
industry biodegradability and valorization of agricultural waste reinforce the
circular economy; nanocomposites deliver maximum mechanical functional
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performance at minimal mass. Digitalization, 3D printing, and Al are reshaping
manufacturingadditive processes realize zero-waste concepts. Azerbaijan—
Tiirkiye collaboration can accelerate green composite technologies via joint
labs, common material standards, and harmonized environmental norms
positioning the South Caucasus Anatolia corridor as a high-tech green
manufacturing hub. Azerbaijan with Tiirkiye “Green Composites Research
Center” specializing in biocomposites, REE-modified composites, and zero-
waste manufacturing. Industrial-scale recycling lines: Create regional parks for
mechanical milling, chemical depolymerization, and bio-recovery of composite
waste-generating ecological and economic value chains. Education and
workforce: Integrate ecological materials science, LCA, circular economy, and
green engineering modules into university curricula to train a new generation
that unites classical materials engineering with environmental responsibility
Regulatory framework: Develop unified regional standards for composite-waste
management that both limit industrial waste volumes and assign life-cycle
responsibility to producers. Local raw-materials strategy: Prioritize local basalt
fibers, polymer resources, REE components, and agro-fiber feedstocks to
reduce import dependence and ensure raw-material security . As result ,the
development trajectory of composites now extends beyond creating new
materials; it articulates a new industrial philosophy lightweight, intelligent,
clean, and responsibl supporting regional economic sovereignty and addressing
global ecological challenges [40].
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