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Keyword: Beryl coloration/Iron ions behavior/X-ray absorption spectroscopy

Beryl gemstone colors result from several factors, including its elemental
composition, atomic imperfections, mineral inclusions, structural irregularities, and
crystal growth patterns. Notably, iron ions play a pivotal role due to their behavior as
d-orbital transition metals, hich energy band gap, vulnerability to oxidation, and affinity
for bonding with oxyeen.

This study compared various colors of natural and synthetic beryl samples
{consisting of 6 beryl samples), with the synthetic variant containing a higher iron
content. When subjected to X-ray synchrotron irradiation, the berytl underwent color
changes, shifting towards an intense yellow hue, except for colorless beryl, which
remained unaffected. The analysis encompassed UV-Vis and XANES spectra, which
exhibited dEstindive peaks linked to the electron transitions of Fe** and Fe?*. The X-
ray irradiation modified the oxidation state of iron ions, leading to an increase in Fe’
as confirmed by absorption and EPR technigues. The EXAFS analysis revealed that Fe
ions mostly had a six-coordinated arrangernent and were more likely to replace Al
sites than 6¢ sites. After X-ray irradiation, this substitution caused no change in bond
lengths but an increase in Fe** ions in their original positions, indicating an inter-valence
charge transfer (IVCT) reaction between Fe** and Fe*, This IVCT caused a blue color
in the beryl and suggested a potential Fe-Fe pair distance of 2.49-2.51 A (Lin et al,
2013). This color shift resulted from reduced electron transfer between ions of
different oxidation states and increased transfer between ions of the same oxidation
state or between iron ions and oxygen. The NIR data from the study showed no
evidence of foreign substances or water molecules, ruling out OH bond breakdown as
the cause of observed oxidation effects.

While irradiation treatment has been less common for enhancing beryl compared
to other methods, this study demonstrated that X-ray synchrotron irradiation could

safely produce color-stable yellow tones in beryl without residual radioactivity.



Moreover, the ability to adjust the incident X-ray beam size and duration.could create

various two- or three-color shades in beryl gemstones.
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CHAPTER |
INTRODUCTION

Beryl (BesALSisO1g) has a hexagonal crystal structure in the P6/mcc space group.
The structure of beryl is composed of layers of cyclic silicates SiO;g linked to AlOg
octahedra and BeQ, tetrahedra. Layers of cyclic silicates form hollow channels parallel
to the C axis that are typically filled with water (type | H,O and type Il H,0), carbon
dioxide, or alkali ions (Deer et al,, 1997). Cations can also be found in 6-fold (69)
coordinated interstitial sites positioned between two octahedral sites along the C axis.
Natural beryl gemstones come in a variety of colors, including goshenite (colorless),
emerald (green), aquamarine (blue green), morganite (rose pink), bixbite (dark red), and
heliodor (yellow gold). A natural gemstone is available in a variety of colors with
distinctive inclusions from its natural origin, and it can influence people who interact
with it. Despite being from a high-priced gemstone source, a gemstone with unclear
colors and inclusions is considered to be less valuable. Therefore, gemstones are often
subjected to color treatment methods to increase their aesthetic value. In comparison
to heat treatment, radiation treatment of gemstones is a relatively new technique.
Radiation has been used to treat and improve the color of precious and semi-precious
stones on the Mohs scale, such as diamonds, beryl, pearls, topaz, yellow sapphire,
amethyst, and tourmaline. Yellow beryl was subjected to camma and electron beam
irradiation, which resulted in intense yellow coloration and the formation of Fe ions
(Nassau, 1974; Ittipongse et al.,, 2017).

Irradiation is the process of causing electronic interaction within atoms or local
material structures by using electromagnetic radiation. Other methods of irradiation
include electron beam, neutron, and gamma ray irradiation. Cobalt-60 and Radium-
226 are usually used as gamma ray sources. However, the gamma ray and neutron
irradiation processes produce residual radioactive materials in the gemstone, which are

hazardous to human health (Ibragimova et al., 2009; Zagoritis, 2022).



Synchrotron X-ray radiation is frequently employed in structure-based
investigations to analyze the coordination environments and oxidation states of atoms.
An intense high-power X-ray beam can cause color changes in gemstones (Pough and
Rogers, 1947). Secondary electrons emitted by a sample can potentially damage and
change the color of organic and biological species. The duration of exposure to the
incident X-ray beam, the X-ray beam flux, and the chemical properties of the gemstone
can all have an impact on the phenomenon. White beam X-ray energy from the
Synchrotron Light Research Institute (SLRI) was used to investigate the transformation
of natural pearl colors to iridescent gold and the imprinting of gold patterns onto
pearls. To increase the range of energy and X-ray flux beamline, a 2.4 Tesla Multipole
Wiggler (MPW) permanent magnet was installed in the 1.2W X-ray Imaging & X-ray
Tomographic Microscopy (XTM). The polychromatic X-ray beam of the MPW was
optimized using white-beam slits and a toroidal focusing mirror (FM). Low energy X-
rays (4 keV) were filtered by the beryllium window (Be window), which allowed high
energy X-rays (5-20 keV) to enter the X-ray imaging and microtomography experiments.
These defined the X-ray beam up to 8x4 mm (HxV) at the sample position. A white-
beam X-ray responds to detailed material-related questions and can be used to
investigate the atomic structure of various elements after the irradiation process, which
has a faint residual radioactive aftereffect.

In this project, beryl gemstone was irradiated with an X-ray white beam at BL1.2W
(SLRI). Beryl samples from South Africa were chosen based on their natural color
classification, which included colorless, lisht blue, blue, yellowish blue, and yellow, as
well as a synthetic deep blue beryl. Before and after X-ray irradiation, each color
sample was divided into two types: crystal samples for observing color change and
powder samples for investigating the reaction mechanism. To understand the physical
and chemical properties of beryl samples before and after irradiation, five experimental
techniques were used. The total amount of essential elements was determined using
the Electron Probe Micro Analyzer (EPMA). The crystalline structure, which may have
been affected by the irradiation, was examined using X-ray Diffraction (XRD). The
atomic local structure, oxidation states, symmetry surrounding, and neighboring

environments such as coordination numbers and bond distances were investigated



using X-ray absorption spectroscopy (XAS). Electron paramagnetic resonance (EPR) was
used to investigate the paramagnetic properties, unpaired electrons, and free radicals.
UV-Vis spectroscopy with reflection probe and near infrared (NIR) spectroscopy were
used to monitor the color changes of beryl crystals and water molecules, respectively.

This thesis is divided into five chapters. This chapter contains the introduction
and significance of the study. Chapter Il discusses beryl gemstone and X-ray
synchrotron properties, origin of beryl color, and color improvement. Chapter I
describes the experiment in detail, including the characterization techniques used in
this work. The experimental results are discussed in chapter IV. Finally, chapter V states

the conclusion.



CHAPTER Il
LITERATURE REVIEWS

This chapter gives a brief review of the properties of beryl, an application and

the basic principle and physics of X-ray synchrotron.

2.1 Beryl gemstone
2.1.1 Beryl structure and origin

Natural beryl is a mineral composed of beryllium aluminium cyclosilicate,
with the chemical formula Be,Al(SIO,),. Beryl crystallizes in a hexagonal space group
P6/mcc (Yakubovich et al., 2009). The beryl structure is composed of six-fold SigO1g
rings, which consist of SiO,4 tetrahedra connected to each other by BeQ, tetrahedra
and AlOg¢ octahedra. A prominent hollow channel parallel to the optical c-axis runs
through the centers of the six-fold silicate rings as shown in Figure 2.1. These can
accommodate many molecules like water (type | H,O and type Il H,0), carbon dioxide,
heavy alkali metals such as Cs (Deer et al., 1997) as well as an isomorphic substitution
at the AL, Si, and Be sites. Pure beryl is water-clear and colorless, whereas different
transition metal ions like Fe, Cr, Mn, and V can cause different colors to be observed
when substituting for Al and in some cases, Be (Eeckhout, Neisius, and Castaneda,
2005). The accommodation in the channels, such as the substitution of different metal
ions in these sites, has been discussed and is more contentious.

Beryl is a hexagonal crystalline material with conchoidal fracture. The size
of the crystal can range from very small to several meters wide. This mineral has a
hardness of 7.5-8 and a specific gravity of 2.63-2.80 (density relative to pure water).
Beryllium is a very rare metal, and beryl gemstone is a mineral that contains a high
concentration of beryllium. Hence, beryl mineral only occurs in a few geological

formations where there is enough beryllium element.
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Figure 2.1 Crystal structure of beryl (BesALSisO1p): (a) projected on the basal plane
(0001). The green, light blue, blue, and red colors represent the Be, Al Si,
and O atoms, respectively. The unit cell is denoted by the black line. The
dashed line describes the octahedral site which can be occupied by Fe*,
Cr** and V**. Ring channel on channel site, which is shown by the yellow
square, can be occupied by water (H,0), Na*, K*, Cs* and Fe?*. Solid line

represents octahedral site and dotted line represent 6g site (b).

Beryl is most usually found in igneous rocks like granite, rhyolite, and granite
pegmatite; but, in the Ural Mountains in Russia, it can be found in metamorphic rocks
like pegmatite, and in igneous rocks in veins and cavities where hydrothermal activity
has altered granitic rocks. In New England, pegmatite has yielded some of the world's
largest beryls, including a beryl crystal that measured 18 feet by 4 feet and weighed
close to 40,000 pounds. In addition, scientists discovered the world's largest beryl
crystal in Madagascar, which weighed 840,000 pounds, and measured 59 feet in length,
and 11 feet in diameter. The world’s most renowned and remarkable emeralds, or

green beryl, are found in Colombia, where they mostly occur in limestone. Asia,



Europe, South Africa, and the United States are other excellent destinations for locating
beryl resources (King, 2020). The stunning gemstone has been spotted in a wide variety
of nations, including India, Brazil, Canada, China, Italy, Pakistan, Russia, Ethiopia,
Madagascar, Mozambique, Namibia, Nigeria, the United Kingdom, the United States,
Mexico, and Vietnam (Sultana and Podila, 2018).

Only around one hundred minerals contain the element beryllium,
therefore beryl is widely used in jewelry. Furthermore, wires made from beryllium
metal are also utilized in space shuttles (Sultana and Podila, 2018). Cat's-eye
gemstones are created from chatoyant beryl, which is then carved into a cabochon
shape. Among the many types of beryl, emeralds and aquamarines are the most well-
known for their exceptional beauty. However, the appeal of morganite from Brazil has
skyrocketed since 2010 due to better heat treatment techniques, which improved the
color of the material with weak saturation. When the financial value of imported

gemstones was compared to that of diamonds, emeralds came in second (King, 2020).

2.1.2 Beryl colors and theory

While there are different varieties of beryl, they are all the same mineral.
Colorless to white (goshenite), green (emerald), greenish blue to pure blue
(aquamarine), yellow-green to golden-yellow (heliodor), rose to pink (morganite), red
variation (bixbite), and deep blue (maxixe) are all well-recognized varieties. Table 2.1
displays the atomic positions of the transition metals that replace A" in the
octahedral sites of beryl and the channel sites, which create their respective hues. Due
to a charge transfer process, a yellow color emerged as a result of Fe** replacing AP*
(Woods and Nassau, 1968; Deer et al., 1997). The presence of Fe** at the aquamarine's
channel site was the source of the mineral's characteristic blue color (Woods and
Nassau, 1968; Adamo et al., 2008). Intervalence charge transfer between Fe** and Fe**,
on the other hand, caused intense blue color (Samoilovich et al, 1971; Goldman et
al., 1978; Taran and Rossman, 2001). The color center was found to be a dark blue
(Nassau, Prescott and Wood, 1976; Andersson, 1979). Pink beryl was formed when Mn?*
replaced A** in the cation exchange complex (Woods and Nassau, 1968; Deer et al.,

1997). Red variations were caused by Mn** replacing A** (Shigley and Foord, 1984;



Platonov et al.,, 1978). V** replacing Al** was one cause of the green color (Wood &
Nassau, 1968), while Cr** replacing A* was another (Vogel, 1934). The colorless beryl
is commonly assumed to be the result of lack of impurities, but Deer et al. (1997)

reported that the absence of color was caused by Fe?* replacing A*.

Table 2.1 Theory of beryl colors were reported in “An update on color in gem”

(Fritsch and Rossman, 1988).

Theory lons and coordination Colors

Yellow to brown: heliodor

(Wood and Nassau, 1968)

Change transfer O*—Fe*

at the octahedral position

Intervalence charge transfer Fe?*— 0% —>Fe® Blue: aguamarine
(Samoilovich et al., 1971;

Goldman et al., 1978)

at the octahedral position

Intervalence charge transfer,  Fe?'—0%—Fe*', Geennish blue: aguamarine

Change transfer 0% —Fe? (Nassau, 1984)

Color center COs3, NO3 group Deep blue: mixixe
(Nassau, Prescott, and Wood, 1976;

Andersson, 1979)

due to irradiation

Impurities Fe’* Blue: aguamarine
at the channel (Wood and Nassau, 1968)
Impurities Mn** Dark red to red: bixbite
at the octahedral position  (Shigley and Foord, 1984)
Impurities Mn?* Rose to pink: morganite
at the octahedral position (Woods and Nassau, 1968)
Impurities v Green: vanadium emerald
at the octahedral position  (Woods and Nassau, 1968)
Impurities crt Green: emerald

at the octahedral position  (Vogel, 1934)

Scientists have been attempting to observe the color origin of beryl
gemstones using various techniques for more than 50 years. Mossbauer Spectroscopy
(MS), Optical Absorption (OA), and Electron paramagnetic Resonance (EPR) are popular

techniques for studying coordination and ion type in beryl. The findings of ion and



coordination studies continue to be incongruent with the above three techniques for
explaining the presence of iron ions in aluminum positions The findings of ion and
coordination studies on the presence of iron ions in aluminum positions in beryl with
the above three techniques continue to be incongruent (Andersson, 2013). The color

treatment of beryl, the detail of ions and coordination are presented in topic 2.2.

2.1.3 Synthetic beryl

Synthetic beryl can be produced using a variety of processes, including flux-
fusion, hydrothermal operations, and gas transport reaction (Leone et al., 2015).
Hydrothermal growth processes have been used to commercially create synthetic
beryl since the mid 1960s (Nassau, Prescott, and wood, 1976). In 1964, the
development of synthetic emerald using the flux technique entered the market with
a new commercially viable gemstone (Koivula and Keller, 1985). Nowadays, synthetic
gemstones that rival the beauty of natural gems are being developed. The chemical
composition and physical properties of synthetic beryl are similar to the characteristics
of natural beryl. Synthetic beryl jewelry is extremely popular because it is both
beautiful and affordable to the majority of people. Many people prefer synthetic beryls
because they have superior color, clarity, durability, and are much less expensive than
natural gems. Although similar in appearance, synthetic beryl may contain
distinguishing inclusions or have a refractive index that differs from natural beryl
(Shigley et al,, 2001). With a microscope, synthetic beryl can often be distinguished
from natural beryl by looking for signs of the hydrothermal growth process under
reflected light and dark-field illumination at magnifications ranging from 10x to 40x.
Chevron growth features are the most common and easiest to find evidence of
synthetic growth. The hydrothermal crystals of synthetic beryl are grown at a condition
of a solution at temperatures above 600°C and pressures above 2000 bars (Bukin et
al., 1986; Schmetzer, 1988; Demianets, 1996). Typically, thin (1 mm thick) seed plates
of beryl synthetic initiate crystal growth. For the most part, the crystal faces are
relatively flat. Surfaces parallel to the seed plate have the fastest growth rate and thus
exhibit a variety of growth characteristics (mainly growth hillocks and some hopper

formations).



2.2 The color treatment of beryl

Treatment is the process of altering the appearance, durability, value, or supply
of a gemstone by means other than cutting and polishing. For centuries, gemstones
have been enhanced and treated through different processes. Researchers have
improved the appearance of lower-grade gems, and these treatments can sometimes
completely transform a gemstone. Treatment methods include heat treatment,
radiation, dyeing, and bleaching. The detection of these treatments can range from
simple to nearly impossible. A treated gem is frequently encountered in the gem and
jewelry trade and is always disclosed to the consumer, which is a standard practice in
the trade. However, some sellers may unjustly attempt to misrepresent treated grade
gemstones at high prices of natural grade. Heating and irradiation are the two most

common methods of gemstone treatment (Zagoritis, 2022).

2.2.1 Heat treatment

Heat treatment is a gemstone enhancement process that is similar to the
natural system under which minerals naturally occur. The gemstone is heated to very
high temperatures during treatment, but not to the melting point of the gemstone.
This alters the chemical mechanism of impurities, such as inclusions or removal due
to thermal effects, and may cause an impurity to reform itself, resulting in a change in
mineral species. As a result, the color and optical properties of the gemstone are
altered. Because of these color changes, each gemstone may be more intense, darker,
lighter, or a different color (Zagoritis, 2022). The primary goal of heat treatment is to
change the color or the clarity permanently and irreversibly. Blak et al. (1982)
attempted to compare thermal treatments on green and blue beryl crystals from
different regions. The optical absorption spectra of both beryls showed characteristic
ferrous ions (Fe?"). Infrared spectra showed that alkali content in green beryl is mostly
in structural channels, while it is mostly at substitutional and/or interstitial sites in blue
beryl. Thermal treatments above 200°C could convert green beryl to blue beryl by
converting ferric ions (Fe**) to Fe?*. However, heat treatment had no effect on the
color of blue beryl. In 2007, heat treatment was used to study aquamarine from Altai,

Siukiang, and China. Color, quality, and inclusions were all affected by thermal
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treatments at 480-500°C. The appearance of tiny black inclusions was one example of
the effect. This was due to carbon, which was formed as a result of the reduction of

original fluids in the inclusions (Ruzeng, Hongyi, and Minjie, 2007).

E untreated 300°C 500 °C 700 °C 900 °C 1100 °C F untreated 300°C  500°C 700 °C 900 °C 1100 °C
’ a :
2
1.cm - -

Figure 2.2 Greenish blue (A), greenish yellow (B), yellow green (C), and orangish pink

(D) Madagascar samples before and after heat treatment in the electric
furnace under reducing atmospheres at 400°C (Chankhantha and
Thanasuthipitak, 2012). Aquamarine beryl (E) and yellow beryl (F) samples
from Vietnam before and after heat treatment in the muffle furnace under
air atmospheres for 12 hours at heating rates of 300, 500, 700, 900, and
1,100°C (Fridrichova et al., 2015).

Greenish blue beryl, greenish yellow beryl, yellowish green beryl, and
orangish pink beryl from Madagascar were heat-treated in an electric furnace in 2013
and their colors changed (shown in Figure 2.2: A-D). Thermal treatment in reducing
atmospheres at 350°C changed orangish pink to a more intense pink color and at 400°C,
the first three groups changed to an intense blue color. After heat treatment, the

intensity of the Fe?* characteristic in the octahedral site increased slightly. This was
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due to the conversion of Fe** to Fe*"in the octahedral site. However, heating had no
effect on Fe?" in the channel site, despite the fact that it plays an important role in
blue coloration (Chankhantha and Thanasuthipitak, 2012). In 2014, 80 aquamarine
rough samples from undisclosed sources were heated under two conditions:
atmospheric and reducing. Because they could cause the Fe?*/Fe®" charge process,
both conditions increased the blue intensity of aquamarine. However, because the
characteristic Fe** in the channel site increased, the reducing condition provided a
more enhanced blue intensity (Bunnag and Wanthanachaisaeng, 2014).

Color enhancement in aguamarine and yellow beryl from Vietnam were
studied using various heating rates. For 12 hours, the muffle furnace was set to heating
rates of 300, 500, 700, 900, and 1,100°C in an air atmosphere. After that, they were
cooled to room temperature for 12 hours. Figure 2.2(E and F) depicts the best color
and clarity of yellow beryl and aquamarine, which were obtained at 700°C. Heating the
yellow beryl at 500°C resulted its original yellow color being replaced by a very pale
blue. Heating the aquamarine sample below 700°C resulted in an intense blue with
improved clarity while heating it at 700°C resulted in a desirable dark blue color, and
a significantly improved clarity without a green tinge. Mdssbauer spectroscopy
techniques confirmed that the color change was caused by a reduction of Fe** to Fe?*
when heated to 700°C. When heated to 900 and 1,100°C, the crystal structure of both
groups showed cracks and fissures (Fridrichova et al., 2015). The gemological properties
of green beryls from Madagascar after heat treatment have been studied. The X-ray
absorption near edge spectroscopy (XANES) technique was used to investigate the
conversion of the iron oxidation state after heating. XANES spectra showed that heat
treatment converted Fe®* in the octahedral site to Fe*. Because the undesirable
yellow tinge in the stone was expelled, an appealing blue color developed

(Chankhantha et al., 2016).

2.2.2 Irradiation and implantation treatment
Bordas and Crookes (1900) used radium salts as radiation sources to change
blue sapphires and diamonds green. Many different types of radiation are used in

gemstone treatment innovation. The radiation process for changing the color of
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gemstones is simple. The process involves exposing radiation sources to a gemstone,
which causes electrons to be knocked-off of some of the atoms, allowing them to be
absorbed by others. These have the effect of forming color centers, which alters the
gemstone's light-absorbing pattern and color extension. Depending on the nature of
the color center produced, the enhanced gemstone may result in stable or unstable
colors (Ahmed, 2009). Irradiation may cause gem color to become unstable and revert
to the original tone (Nassau et al., 1997). Irradiation is now commonly used in the color
treatment of diamonds, beryl, pearls, topaz, sapphire, amethyst, and tourmaline
(Zagoritis, 2022). lon Implantation is a new technique for improving the color of
gemstones (Bootkul et al., 2015). In the journal Atoms for Peace, Ahmed (2009) stated
that neutron irradiation, gamma rays, and electron beams can be used to improve the
color and clarity of beryl. The addition of color and clarity to these gems, which would
otherwise be devoid of these characteristics, results in significant value addition.
Brazilian researchers investigated the effects of gamma radiation on
colorless beryl in 2002. A large slab of natural colorless beryl crystal from Salinas (state
of Minas Gerais, Brazil) cut in plane-parallel (PAE) and perpendicular (PEE) to c-axis, was
used for the Electron spin resonance (ESR) and Optical absorption (OA) properties
measurements. Another section of the crystal was crushed and sieved to reduce grain
sizes. The diameter as measured by the Thermoluminescence (TL) measurements was
between 0.069 and 0.180 mm. The samples were then annealed at 450°C for 60
minutes in air before being gamma-irradiated prior to all measurements. Gamma
radiation experiments were conducted at room temperature using a ®°’Co source. The
radiation process used increased gamma energy in the dose range of 5 Gy to 10°Gy. In
all radiation doses, they observed a significant and isolated TL growth curve at 165°C,
but the curve did not indicate H® center. Furthermore, their results indicated that the
ESR signal of the sample radiated at 10° Gy revealed an EPR signal of Fe** at g = 4.257.
The band at 315-326 nm in the OA spectrum was caused by ultraviolet charge transfer
(UVCT) from O% to Fe®*" in the tetrahedral Be?" site. They then concluded that there
was a correlation between the OA spectra and the ESR signal. The study results of
both techniques were related to Fe**, and the correlation was reasonable as a result

(Mittani et al., 2002).
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The following year, Khaibullin et al. (2003) studied natural beryl colorless
crystals from Ural Mountains, Russia. lon implantation treatment of samples allows the
introduction of any chemical element into the near-surface layer of materials, which
can change the color of natural minerals. Natural colorless beryl was implanted with
iron ions at room temperature with 40 keV in the range of 0.5-1.5x10'" ion/cm? After
thermal annealing at 600°C for 30 minutes in oxygen, the color of the iron-irradiated
beryl changed to pale yellow or yellow-orange with golden metallic luster. Their
results indicated that the thermal annealment of the iron-irradiated beryl sample
resulted in an inward diffusive redistribution of iron ions. The yellow tone in colored
beryl was determined by the appearance of optical absorption bands associated with
charge-transfers of O to Fe** and O to Fe*, Fe’*. The implanted iron ions were in
optically active Fe** and Fe’* states and could replace beryllium and aluminum host
ions, respectively, in regular sites. The golden beryl was investigated using optical,
Mossbauer, and Rutherford backscattering spectrometry. The nature of the induced
coloring, valence state, and depth distribution of implanted iron ions in synthetic
golden beryl were determined.

Idris et al. (2012) investigated the effects of electron beam irradiation on
precious and semi-precious gemstones from various parts of Pakistan, including
aquamarine beryl. The goal of this research was to assess gemstone color
enhancement. All the gemstones in this study were irradiated with electron beams at
doses ranging from 25 kGy to 200 kGy. The samples were sealed in plastic bags and
transported on a trolley. Without cooling, the samples were exposed to ionizing
irradiation at 2 MeV energy and 10 mA beam current. The results showed that the
electron beam irradiation did not only improve the color but also the clarity of some
gemstones. The study indicated that many factors, such as impurity, color center, and
charge transfer, contributed to color changes in natural gemstones. Considering
impurity is the cause of gemstone color, the element of impurity in low concentrations
is an essential factor. They also stated that if the oxidation state of the impurity
changes, the color could also change. After being radiated, the aquamarine light blue
color was clarified. When green or yellow beryl was exposed to ionizing radiation, it

lost ferric iron and turned blue. Furthermore, they concluded that 50 kGy was the
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optimal dose of gemstone irradiation for visible color changes. Electron beam
irradiation below 9 MeV did not result in radioactivity after the gemstones were
exposed.

Radiation dosimetry of high doses of beta-rays was studied in blue beryl
crystal. The blue beryl crystal was crushed and sieved to retain grains ranging from
0.180 mm to 0.075 mm. Two grains of powder were subsequently combined with
silica balls inside a tightly sealed pot and subjected to a rotating mill for 2 days to
produce very small grains. The powder was then pressed and sintered at 850°C for five
hours to produce small beryl pellets (5 mm in diameter and 3 mm thickness). The
small beryl was used to measure high beta ray doses produced by an electron
accelerator at the Institute for Energy and Nuclear Research (IPEN). Six pellets were
iradiated with doses ranging from 10 kGy to 100 kGy. Thermoluminescence (TL)
technique was used to investigate the effect of different doses of beta radiation on
beryl pellets. The TL growth curves of all dosimeters had two peaks, one at 230°C and
the other at 310°C. The intensity of the TL growth curve at 230°C decreased when
doses greater than 30 kGy were applied, but the TL growth curve at 310°C shifted to
340°C as doses increased, and that peak grew linearly for all dosimeters. According to
the study, the TL peak grew linearly, which was desirable behavior for radiation
dosimetry. Furthermore, the study indicated that blue beryl pellets could be used for
high dose dosimetry of beta rays (Carmo, Watanabe, and Bittencourt, 2015).

e —

- 1 cm.

Figure 2.3 Three rough aquamarine samples from the same source, before
enhancement (left), implanted with nitrogen ions (middle), and heated at

400°C under reducing atmosphere (right). (Luangpakdee et al., 2016).
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The effect of heat treatment and nitrogen ion implantation on Zambian
aguamarine was investigated by Luangpakdee et al. (2016). The yellowish-green beryl
sample was treated in vacuum for 30 hours with nitrogen ions implantation at 50 keV.
The aquamarine sample was implanted, and the yellowish-green color changed into
an intense yellow without fracture (Figure 2.3, middle). The other yellowish-green beryl
sample was heated in reducing atmosphere at 400°C, with a heating rate of 300°C/hour
for 1 hour and then cooled to room temperature for about 2 hours. When the
aguamarine sample was heated, the yellowish-green color changed to blue without

yellow tinge and revealed more fractures (Figure 2.3, right).

A 34

L ———————

Figure 2.4 Experimental setup for electrodiffusion; (A) sample holder: anode (1),
graphite pellet (2), salt with the contaminant ion (3), aquamarine sample
(4), graphite sample (5), cathode (6). (B) experimental setup of temperature-
controlled electrodiffusion: a) nitrogen flow controller, b) cylindrical oven,
c) sample holder, d) voltage source, and e) oven controller (B). (Alkmim et

al., 2017).

The optical properties were measured using the UV-Vis-NIR
Spectrophotometer. The color of the stone changed to yellow after the nitrogen ion

implantation experiment. The decrease in absorption of Fe** at 370 nm and increase



16

in absorption of Fe** at 480 nm might have led to the combination of Fe** in AP* site
and Fe** in channel site, which caused the greenish and yellowish color cast in
aquamarine. The yellow color in aquamarine sample was removed by heating at 400°C
under the reducing condition. The oxidation state of the Fe** changed to Fe?*in the
octahedral site.

In 2017, a researcher from Centro de Desenvolvimento da Tecnologia
Nuclear (CDTN), brazil, investigated a multicolored natural beryl gemstone. They
revealed that exposure to ionizing radiation, heating, and possibly electrodiffusion
could induce or modify the colors of natural beryl gemstones. Two colors of samples,
greenish aquamarine, and blueish aquamarine were chosen for the study. They
modified Chen et al. (2010)'s electro diffusion experimental setup, which consisted of
a cylindrical oven with a quartz tube containing the sample holder. Stainless steel and
tungsten were used for the cathode and anode, respectively. In the experimental
setup, the temperature was controlled by an oven controller. Figure 2.4 depicts the
assembly of the holder sample and oven controller. They used a temperature of 600°C
for six hours in all experiments, with a heating rate of 10°C per minute. The voltage
ranged from 1500 V to 3000 V, with nitrogen flow maintaining an inert atmosphere.
Furthermore, they conducted two experiments in which samples were cut from the
same crystal. In the first experiment, both samples were electrodifused under the
same conditions, but without the ion donator salt pellets. In the second, the voltage
was also turned off, and the sample was only heated. In the final experiment, the
samples were irradiated to a dose of 4000 kGy in an MDS Nordion IR-214 series, GB-
127 panoramic, multipurpose gamma irradiator with a ®°Co gamma ray’s source.

Infrared spectroscopy (FTIR) technique was subsequently used to
investigate the color change in beryl. They concluded that electro diffusion performed
under the conditions of this study did not change the FTIR spectra of both color
samples, but color change observed in the FTIR spectra were caused by heating. The
FTIR spectra of the greenish sample were significantly altered by gamma irradiation
and heating. The evidence was a decrease in the band at 3663 cm™, which could be

attributed to the position of Na+ ions in the beryl channel along the c-axis (Figure 2.5).
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Furthermore, they suggested that green samples contain more type | water molecules,

whereas blue samples contain more type Il water molecules (Alkmim et al., 2017).

Figure 2.5 Alkalis and water representation in the channels of beryl lattice: a) beryl
channel with Na* ion at position 2a interacting with type | H,O molecule,
and Na* ion at position 2b interacting with type Il H,O molecule; b) Na* at
position 2a seen from above the plane perpendicular to the c-axis (001).

(Anderson, 2006).

2.3 Synchrotron X-ray energy

Synchrotron light is an electromagnetic wave emitted by a charged particle, such
as electrons, moving at near-light speeds. When the action of a magnetic field is forced
to change direction, electrons lose energy and discharge in the form of electromagnetic

waves known as "synchrotron light."

2.3.1 X-rays produced by Siam Synchrotron Light Research Institute (SLRI)
The Siam Light Laboratory generates X-rays from synchrotron light using an
electron gun to generate massive amounts of electrons. That is, using electricity to
heat the cathode until electrons are released. The electrons are then drawn into a
linear accelerator by applying a high positive voltage. The linear accelerator uses
microwaves to accelerate electrons to the desired velocity of 40 Mega electron volts

(40 MeV). The electrons are then fed into a booster synchrotron, which uses radio
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waves to increase electron energy in a circular motion. The circular accelerator forces
electrons to move in a circular pattern, accelerating them until they reach a balmy
energy level of 1,000 Mega electron volts (1 GeV), or nearly the speed of light. The
electrons are then transferred into a storage ring, where their energy is increased to
1,200 Mega electron volts (1.2 GeV). The storage ring is made up of different types of
magnets, such as dipole, quadrupole, and sextupole magnets, and is used to force
these high energy electrons to move in a vacuum tube. Finally, the electron is forced
to move using a magnetic field to change direction and emit light or photons and store
the electrons produced. The beamline system for the experiment station is then

transferred to the end-stage (SLRI, 2015).

2.3.2 X-ray white beam energy radiation of SLRI

The Siam Photon Source (SPS) has a relatively low electron energy of 1.2
GeV. The light source may be capable of providing users with synchrotron light that is
limited to the visible, ultraviolet, and soft X-ray regions. This satisfies user demand for
higher energy X-rays. High magnetic fields have been installed to extend the available
spectral region and increase photon flux. As a result, a 2.4 T Multipole wiggler (MPW)
insertion device has been installed in the storage ring. MPW devices, which consist of
three experiment stations, can generate hard X-ray energy in the 5-20 keV range. One
is for X-ray scattering experiments (SAXS and WAXS). Another is optimized for X-ray
microtomography (XTM), and the last is optimized for X-ray absorption spectroscopy
(XAS). Figure 2.6 depicts the spectral flux densities of SPS (Sudmuang, 2014).

X-ray imaging microtomography experimental station (BL1.2) generates X-
ray images using high-energy X-rays from the 2.4 Tesla MPW permanent magnet. The
MPW's polychromatic X-ray beam is optimized using white-beam slits (WB slit) and a
toroidal focusing mirror (FM). The beryllium window (Be window) filters low energy X-
rays (4 keV), allowing high energy X-rays to enter the X-ray imaging microtomography
experiment (Figure 2.7). At the sample position, these will define the X-ray beam up
to 8x3 mm (HxV). It has a sharp beam, high intensity, and excellent penetration. As a
result, white-beam responds to detailed material-related questions and can be used

to investigate the atomic structure of various elements.
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Figure 2.6 SPS comparison of spectra from different sources. (BM = bending magnet,
SWLS = superconducting wavelength shifter, MPW = multipole wiggler, and
U60 = SPS Halbach-type planar undulator).
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Figure 2.7 The sample position of BL 1.2 W with the partial flow measured as a

function of the energy present.
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2.3.3 Application of X-ray synchrotron

Many material properties can only be understood by looking at their
microscopic  structure. Synchrotron X-ray white beam can be used for high-
performance material analysis, such as spectroscopy, diffraction, and imaging. The
ability of synchrotron light to accurately discover trace elements allows it to be used
in a wide variety of basic research applications, including the discovery of atomic and
molecular properties and the length of bonds between atoms in molecules of matter,
the study of property changes of materials under high pressure and temperature, the
study of certain magnetic properties, and the study of the arrangement of atoms on
the surface and toxic residues in the environment.

In addition, synchrotron light is crucial to the investigation of bio molecular
matters with small and complicated structures, which are typically found in living
organisms, such as proteins, nucleic acid, etc. Protein crystallography, which examines
the three-dimensional structure of proteins, can be used in the pharmaceutical
industry to create active pharmaceutical ingredients, and infrared micro-spectroscopy,
which can be used to categorize stem cells, are just two examples. Synchrotron light
is also utilized in industrial research, such as developing new goods or improving old
ones by leveraging new information to increase their economic value. The ability of
synchrotron light to cover nanometers to micrometers is used to investigate micro
particle size, especially in cutting-edge industrial materials. Synchrotron light can also
be used to investigate gemstone components like atomic structure modification to
optimize their appeal and marketability. In 2014, Synchrotron X-rays changed the color
of freshwater pearls. Using this discovery, a cheap freshwater pearl was converted into

a beautiful golden pearl.



CHAPTER Il
MATERIALS AND METHODS

This chapter goes over the experimental procedure, experimental setup, sample

materials, and characterization techniques used in this work in detail.

3.1 Experimental procedure

In this study, an X-ray white beam at BL1.2W (SLRI) was used to irradiate a beryl
gemstone. Beryl samples from South Africa, including colorless, light blue, blue,
yellowish blue, yellow, and deep blue synthetic beryl were chosen. Each color sample
was divided into two types: crystal samples were used to observe the color change,
whereas powder samples were used to investigate the reaction mechanism. Five
different experimental methods were utilized to compare the physical and chemical
characteristics of the beryl before and after irradiation. Electron probe microanalyzer
(EPMA) data was used to calculate elemental abundances. To determine the effects
of radiation, X-ray Diffraction (XRD) was used to investigate the crystal structure. X-ray
absorption spectroscopy (XAS) was used to examine the local structure, oxidation
states, surrounding symmetry, and neighboring surrounding of the atoms, including
coordination numbers and bond distances. The free radicals, unpaired electrons, and
paramagnetic characteristics were studied by means of electron paramagnetic
resonance (EPR). Beryl crystal coloration was tracked using UV-Vis spectroscopy with
reflection probe, and water molecules hue were observed by the near infrared (NIR)

spectroscopy.

3.2 Sample materials and sample preparation

The five natural beryl samples used in this thesis were chosen based on their
color classification and designated as follows: colorless color as BL1, light blue color
as BL2, blue color as BL3, yellowish blue color as BL4, and yellow color as BL5.

Normally, natural samples are difficult to identify since they contain different impurities
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despite being collected from the same source. BL6 is a synthetic sample with a deep
blue color. The crystal fragments, each of which is a different color sample obtained from

a bigger crystal, are shown in Figure 3.1.

BL1 BL2 BL3

BL4 BL5 BL6

Figure 3.1 The six groups of beryl samples used in this project, classified based on

their hue and origin: BL1, BL2, BL3, BL4, BL5, and BL6 (synthetic).

For the purpose of analyzing different characteristics of beryl using various
methods, the six samples were separated into crystal and powder forms. Large crystals
with more than two inches of beryl in each color were cut by a gemstone cutting
machine. The crystals were polished with various sorting papers until an approximate
size of dxdxd mm (HxVxW) was obtained, which were then used for color change
observation. Powder samples were crushed with an agate mortar and pestle before
being milled in a mini ball mill to reduce the particle size and homogenize the sample.
Furthermore, the powder sample was sieved to a particle size of less than 15 microns

in order to investigate the mechanism of beryl before and after X-ray irradiation.
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3.3 Experimental setup

The high energy X-rays produced by the 2.4 Tesla MPW permanent magnet were
used to produce a polychromatic X-ray beam. Then, white-beam slits (WB slit) and
toroidal focusing mirrors (FM) were used to optimize it. The beryllium window (Be
window) was used to filter low energy X-rays (4 keV), allowing high energy X-rays to

enter the beryl irradiation experiment (Figure 3.2).

White beam slits
-L=\=’ . g Be window
Multipole wiggler Ty v :3 - c sample

Toroidal stage

focusing mirror

Figure 3.2 Irradiation of samples with white beam X-rays from 2.4 Tesla MPW

permanent magnet SLRI sources.

The beryl sample was positioned on a sample stage that could rotate 360
degrees. The beryl crystal samples moved continuously during the X-ray radiating
process, as opposed to the powder beryl samples. Radiation was used with an X-ray
full beam size of 8x3 mm (HxV). The exposure durations for beryl powder samples
were 30 seconds, 1 minute, 4 minutes, and 10 minutes, with an extended duration of
10 minutes specifically for inducing color changes in beryl crystals. Additionally, to
discern and compare color alterations in natural and synthetic beryl crystals, exposure

periods of 0.5, 1, 4, 10, 20, and 60 minutes were employed.
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3.4 Characterization techniques
The characterization techniques used in this thesis included powder and crystal

samples, based on the aforementioned objective of the study.

3.4.1 Electron Probe Micro Analyzer (EPMA)

A JEOL model JXA 8100 Electron Probe Micro Analyzer provided by the
department of Geology, Chulalongkorn University, was used to determine the chemical
components of beryl. Each hue of beryl crystal was cast using silicone gel, and then
the surface of the sample was polished in preparation for the EPMA experiment. The
experiments were carried out on a high aperture spectrometer that had an accelerating
voltage of 15 kV, a beam current of 10 nA, and a beam size of 5 pm. Each color group
of beryl underwent measurement at five distinct spots to obtain averaged EPMA
results. Empirical equations for beryl were derived by doing calculations with 18 oxygen

atoms, with FeO representing the entire quantity of iron present in the beryl sample.

3.4.2 Coloration measurement

The CIE 1976 L*a*b* color space, a widely used color space for expressing
colors of objects, was used to explain the observation of the color changes in beryl
crystal when exposed to X-ray irradiation (Ly et al,, 2020). In the L*a*b* color space,
L* represents the lightness component and ranges from 0 to 100 (from black to white).
The chromaticity components, a* and b*, a* ranges from -a* (green) to +a* (red), while
b* ranges from -b* (blue) to +b* (yellow) (Wang et al.,, 2022a). Figure 3.3 depicts the
CIE 1976 L*a*b* color space. Color was measured using UV-Vis spectrometers (Ocean
Optics QE-Pro model). The Ocean Optics DH 2000 model employs Deuterium and
Halogen light sources. The WS-1-SL diffuse reflectance standard, Spectralon, from
Ocean Optics was used in the spectral range of 250-2500 nm. The color of the beryl
crystal was measured with 45-degree reflection probe and calibrated at room

temperature using D65 2 degrees standard.
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Figure 3.3 The CIE 1976 L*a*b* color space depicted in 3D and 2D diagrams.

3.4.3 Ultraviolet Visible and Near infrared spectroscopy (UV-Vis-NIR)

The absorbance spectra of beryl crystal samples were measured with the
PerkinElmer LAMBDA 950, a high-performance UV/Vis/NIR spectrophotometer. The UV-
Vis-NIR spectrophotometer measures the intensity of light in the UV, visible, and near-
IR regions using integrating spheres ranging from 250 to 2000 nm. The UV/Vis resolution
reaches up to 0.05 nm, while the NIR resolution reaches up to 0.20 nm. Deuterium and
tungsten halogen were used as light sources, and all measurements were taken at
room temperature with unpolarized light sources. Absorbance spectra fingerprinting
was used to identify the types and densities of active compounds in the samples. The
broad peak features of absorption spectra in the UV-Vis region were used to explain
how the absorbance feature changed after X-ray irradiation, while the NIR region was

used to track the changes in water and OH molecules.

3.4.4 X-ray Diffraction (XRD)

In this study, the diffraction techniques were divided into two sub-
techniques: crystal plane studies and powder diffraction of powdered beryl in capillary.
The crystal plane was used to observe the XANES features of different X-ray polarized
beryl structures, which were polarized to the basal plane and prismatic plane. An X-

ray diffractor was used to confirm the crystal planes obtained from the samples' faces.
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A Rigaku SmartLab diffractometer in step scanning mode, with a step size of 0.02, and
a count time of 10 seconds per step, was used to collect X-ray data in the range of
10-50 in 20. The measurements were carried out at room temperature using Cu-Ka.
radiation (A= 1.54 A) at 40 kV and 40 mA.

The diffractograms of beryl powder in capillary were used to examine the
crystalline structure of each beryl color and to observe effect of X-ray irradiation on
the beryl structure. The capillary spinning averages each plane of the beryl structure,
which could eliminate a preferred crystal orientation. The Debye-Scherrer powder
diffraction was carried out in the capillary at BL1.1 W (SLRI). As shown in Figure 3.4, the
diffractometer employs near-parallel incident beam X-rays with a large enough cross-
section to bathe the entire powder sample. The monochromatic (12 keV) beam from
a double crystal monochromator (Si111), and a 0.3x4 mm (VxH) X-ray beam was cut
by a 4-blade programmable slit before reaching the capillary sample. During the
experiment, the beryl powder was loaded into a 0.3 mm capillary diameter and spun
at 600 rpm using a high-speed goniometer head. The diffraction signal was collected

using DECTRIS Mythen6K 450 a strip detector with overall 20 minute/sample.

Detector
Scan

2 theta

Parallel

beam

v

Sample in capillary

Synchrotron
White beam

Monochromator

Figure 3.4 Schematic of the Debye-Scherrer diffractometer.
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3.4.5 X-ray absorption spectroscopy (XAS)

The photoelectric effect explains how light is absorbed by materials. The
phenomenon, depicted in Figure 3.5(a), occurs when an X-ray photon is absorbed by
an electron in a tightly bonded core level, such as the 1s (K) or 2p (L) level of an atom.
A core electronic level can absorb X-rays if its binding energy is lower than the incident
X-ray energy. If the binding energy is higher than the energy of the X-ray, the bound
electron will not be disturbed and will not be able to absorb the X-ray. To be taken
out of its quantum state, an electron must have a binding energy lower than that of
the X-ray. In this situation, the X-ray is absorbed, and the excess energy is transferred
to a photoelectron that is then ejected from the atom at high speed. The absorption
coefficient (u) offers the likelihood that X-rays will be absorbed according to Beer's
Law where I is the X-ray intensity incident on a sample, t is the sample thickness, and

I'is the intensity transmitted through the sample.

| = lpe™ (3.1)

The absorption coefficient is a smooth function of energy whose value is
determined by the sample density (p), atomic number (2), atomic mass (A), and X-ray

energy ().

UE = pZ*/AF? (3.2)

The main information obtained from XAS spectra is in the form of small
changes in the absorption coefficient, which can be measured directly in a transmission
mode or indirectly in a fluorescence mode (Figure 3.5(b)). The term XAS refers to both
the X-ray absorption fine structure (EXAFS) and the X-ray absorption near-edge
structure (XANES). The XANES region is accessible in the XAS signal spectrum from near
the atomic absorption edge (pre-edge) to about 50 eV above the absorption edge. The
XANES structure is generated by absorbing X-rays from deep energy layers (Core
electrons) and transferring their energy states to empty states (empty orbital) within

the atom. The EXAFS region appears in the XAS signal spectrum above the absorption



28

edge, following the XANES structure (500 eV to 1,500 eV). The EXAFS structure is
formed by photoelectrons emitted by atoms during absorption, which behave in waves
and cross paths with surrounding atoms, scattering, and interfering with oneself. Figure

3.5 displays the XAS spectra as well as the electron energy transfer state after atomic

absorption.
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Figure 3.5 XAS Illustration: (a) X-ray absorption in an atom, (b) synchrotron XAS
technique setup, (c-d) XAS spectra and electron energy transfer state after

atomic absorption.

The XANES region contains near neighbor atomic information of probed
element with multiple scattering in the continuum. The XANES feature provides an
information of bonding and oxidation state of the adsorbing atom (Guda et al., 2021).
Fe K-edge XANES spectra of beryl crystal samples were recorded at BL1.1W MXT of
the Synchrotron Light Research Institute (SLRI), Thailand. Due to the low concentration
of the Fe trace element in beryl, the measurements were carried out in fluorescence
mode using a 19 element Ge detector. The X-ray beam size 4x3 mm (HxV) was used

to measure the sample. For measurements, the crystal faces were angled at 45 degrees
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to both the incident beam and the fluorescence detector. The absorption energy (Eo)
of Fe foil was 7112 eV with a scan range from 150 eV below E, to 200 eV above Ey and
a collection time of 1 seconds per point. Each beryl crystal face was aligned to the
polarization of X-rays yielded different combination of XANES features (Bunnag et al.,
2020). The XANES feature of each crystal face was observed before and after irradiation,
with the beryl crystal samples aligned with C axis perpendicular to polarization but
with both prismatic (plane A) and basal plane (plane C) facing incoming X-rays, as

shown in Figure 3.6.

Basal plane

Polarization direction

2

Direction of X-ray

Polarization direction

’|

Direction of X-ray

Prismatic plane

(a) (b)

Figure 3.6 Sample orientations with prismatic plane (plane A) and basal plane (plane

C) facing incoming X-rays (edit from Bunnag et al., 2020).

The powder sample of each beryl color was analyzed using both XANES
and EXAFS regions in XAS technique. The analysis of pre-edge peaks in transition metal
oxides to determine oxidation state and molecular configuration is one application of
the XANES region. The pre-edge peak is a spectral feature that occurs just before the
main absorption edge (typically due to a metal 4p electron) of a main K edge and is
caused by overlapping of metal d-electrons and oxygen p-electrons (Figure 3.5(c)). It is
frequently described in terms of molecular orbital theory (Newville, 2013). For pre-
edge base line subtraction, the centroid was calculated using the Larch program. A
Linear and Lorentzian function was used to subtract the base line of XANES pre-edge.
The pre-edge area was then fitted with a Gaussian function using the Origin program,

and the fitting results were analyzed using the MagicPlot program.
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The EXAFS feature is the region mainly with single scattering. The EXAFS
technique is used to determine a coordination number, the disorder of neighboring
atoms, and the distance between neighboring atoms (Hayes and Boyce, 1983). The Fe
K-edge EXAFS spectra of beryl powder samples were recorded using a 19 element Ge
detector in fluorescence mode at BL1.1W MXT (SLRI). The sample position and X-ray
aperture size were comparable with conditions of XANES measurements of crystal
samples. The Fe foil absorption energy was 7112 eV, with a scan range of 150 eV below
Eo to 15 keV above E, and a collection time of 1 sec per point. Athena and Artemis
programs were used to analyze EXAFS data in order to fit the spectrum and generate

coordination number and bond range information for iron ions.

3.4.6 Electron Paramagnetic Resonance (EPR)

EPR is a spectroscopic technique that detects unpaired electrons in species.
Unpaired electrons are found in an exceptionally wide variety of materials. These
include free radicals, numerous transition metal ions, and material defects. EPR
spectroscopy is a sensitive method for determining the oxidation state, symmetry, and
type of coordination sites in various complex metal ions (Klencsar and Kontos, 2018).
EPR measurements on beryl powder samples were performed at room temperature
using a Bruker EMX micro spectrometer. The modulation frequency was 100 kHz, the
modulation amplitude was 5 G, the microwave power was 152.607 mW, and the
microwave frequency was around 9.844 GHz. The spectra were scanned in several
ranges, including 500-6500 G (wide range) for 150 secs. The effective g values of the

observed EPR signals were used to label them.

The geff is defined as hv = geffiB (3.3)

Where B is the external magnetic field in which the EPR signal appears, v is

the microwave frequency used, £ is the Bohr magneton, and 4 is Planck's constant

(Rager and Schneider, 1986).



CHAPTER IV
RESULTS AND DISCUSSION

This chapter presents an exhaustive overview and discussion of the experimental
analysis and results of the study. The findings have been grouped into the following
primary categories: formula computation and chemical composition, coloration and
absorbance spectra, and absorption energy, oxidation state, and coordination number

of beryls.

4.1 Chemical composition and formular calculation

Element composition, both major and trace element analysis, was investigated
using EPMA techniques. The transition elements and alkali element contents (wt.%) of
beryl sample are reported in Table 4.1. Consistent with the chemical formula of beryl
(BesAly(SiOs)g), all the studied samples contained SiO,, ALOs; and BeO as major
elements. BL2 had the highest amount of Al,O5 with 18.36 wt.% while other samples
contained AlLLO; between 17.33-17.81 wt.%. Normally, the Al site in beryl structure can
be occupied by various transition metal elements because the radius size of Al is
similar to those of transition metal ions, such as Fe?", Fe**, Cr**, and V** (Wang et al.,
2022a). Among the alkali elements, Na content varied between 0.019-0.604 wt.%. K
was the lowest elemental content in all samples and was not detected in BL6. Ca was
found only in BL1, BL2 and BL6. Cs element appeared only in BL6, which might be
attributed to other samples having lower Cs concentrations making it harder to detect.
Low content of transition metal Mn was found only in BL5. V was found in BL1, BL3
and BL5 samples while Mg appeared in all samples except BL1. Concentrations of Fe
in the samples ranged between 0.276-0.681 wt.%, with the synthetic sample having
the highest amount of 1.568 wt%.
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Table 4.1 The average chemical composition of beryl samples as determined by EPMA.

Chemical com. Natural Synthetic
Sample name BL1 BL2 BL3 BL4 BL5 BL6
Color colorless ligth-blue blue pale bule yellow deep blue

Oxides (wt.%)
SiO;

ALO;

BeO

MgO

MnO

FeOJr

Sc,04
V,05
Cao
KO
Cs,0
Na,O
Total
H,O*
Cation (apfu)**
Si4+
Al3+
Be2+
M gz+
an+
FeZ+
SC3+
v3+
Ca2+
Kt
Cs*
Na*

o
2 cation
CH***

2 cat. -CH

67.465 (0.031)
17.326 (0.012)
13.446 (0.172)
bdl
bdl
0.276 (0.031)
bdl
0.051 (0.006)
0.027 (0.031)
0.044 (0.004)
bdl
0.604 (0.059)
99.239
1.773

6.109
1.849
2.925
bdl
bdl
0.021
bdl
0.004
0.003
0.005
bdl
0.106

18.000
11.021
0.114

10.907

66.977 (0.515)
18.355 (0.146)
13.626 (0.025)
0.005 (0.002)
bdl
0.475 (0.069)
0.006 (0.004)
bdl
0.012 (0.004)
0.004 (0.001)
bdl
0.030 (0.016)
99.488

1.285

6.040
1.951
2.952
0.001
bdl
0.036
0.000
bdl
0.001
0.001
bdl
0.005

18.000
10.987
0.007

10.980

67.517 (0.127)
17.810 (0.066)
13.880 (0.016)
0.125 (0.023)
bdl
0.681 (0.022)
bdl
0.013 (0.001)
bdl
0.029 (0.002)
bdl
0.604 (0.022)
100.659
1.773

6.039
1.878
2.983
0.017
bdl
0.051
bdl
0.001
bdl
0.003
bdl
0.105

18.000
11.076
0.108

10.968

67.466 (0.081)
17.623 (0.279)
13.766 (0.172)
0.075 (0.028)
bdl
0.325 (0.047)
0.002 (0.001)
bdl
bdl
0.010 (0.002)
bdl
0.249 (0.056)
99.514

1.471

6.078
1.871
2.980
0.010
bdl
0.025
0.000
bdl
bdl
0.001
bdl
0.043

18.000
11.008
0.045

10.964

67.223 (0.062)
17.555 (0.151)
13.573 (0.016)
0.137 (0.070)
0.033 (0.015)
0.576 (0.084)
bdl
0.006 (0.002)
bdl
0.026 (0.003)
bdl
0.237 (0.046)
99.372
1.461

6.079
1.871
2.948
0.019
0.003
0.044
bdl
0.000
bdl
0.003
bdl
0.042

18.000
11.008
0.045

10.963

67.710 (0.484)
17.629 (0.224)
13.758 (0.025)
0.027 (0.009)
bdl
1.568 (0.106)
0.011 (0.002)
bdl
0.005 (0.001)
bdl
0.005 (0.003)
0.019 (0.018)
100.732
1.276

6.063
1.860
2.960
0.004
bdl
0.117
0.001
bdl
0.000
bdl
0.000
0.003

18.000
11.008
0.004

11.005

JrTo‘tal Fe was determined as FeO. H,0 is estimated from H,0O wt. % = (Na,O in wt.% + 1.4829)/1.1771 (Guiliani et

al, 1997). “Compositions were recalculated on 18 O atoms per formula unit (apfu). ~ Channel site (CH) =

Na+Cs+K+Ca (Pikry et al., 2014). Abbreviation: bdl=below detection limit.
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The significant amounts of H,O detected in beryl is probably due to the low total
oxides typically found in beryl from various localities (Brown and Mills, 1986; Sherriff
et al., 1991; Giuliani et al,, 1997), however, the electroneutral molecule of H,O does
not influence the formula calculations. The amount of H,O was calculated by Giuliani
and team (1997) in the form of H,O wt.% = (Na,O in wt.% + 1.483)/1.177, which yielded
a sum of oxides exceeding 100 wt.%.

The cation compositions were recalculated on 18 O atoms per formula unit (apfu)
(PTikryl et al., 2014). The calculation results revealed that the Si in beryl composition
was close to the stoichiometric value of 6 apfu (6.040-6.109 apfu). Table 4.1 shows
the different cation apfu of beryl samples, which indicates that the beryl samples vary
from being highly heterogeneous to more homogeneous (PTikryl et al., 2014). The total
Al content varied between 1.860-1.951 apfu; Al was substituted by Mg (0.001-0.019
apfu) and mostly by Fe (0.021-0.117 apfu). The decrease in octahedral site charge was
balanced by alkali input in the channel (0.004-0.114 apfu), including low K, Ca and
predominantly Na. In relation to the ideal occupancy and as a result of the calculation
method, the calculated values were comparable. Analytical error and formula
calculations are considered to have several causes, including undetermined Be,
incorporation of some elements (Fe?’, Li) at the CH site (Sherriff et al., 1991; Groat et

al., 2010), the presence of OH in the beryl structure (Ventura et al., 2007).

4.2 X-ray diffraction of beryl structure

Beryl is a hexagonal crystal structure mineral consisting of beryllium aluminum
cyclosilicate. The crystallographic properties of beryl, such as lattice constants, unit
cell diameters, and the existence of any impurities or structural flaws, can be
determined by analyzing the intensity and location of the diffraction peaks in the
pattern. In Figure 4.1, the diffractograms of beryl powder showed the 26 range between
10-60, with XRD patterns of beryl JCPDS-00-009-0430 utilized as a reference pattern
(Bunnag et al,, 2020). The XRD analysis indicated that the peak shapes and positions
of the beryl samples were essentially identical with the exception of sample BL1,
which was different at 100% intensity main peak (¥). The primary d-spacing values were

approximately 7.9744 (100), 4.5985 (002), 3.9872 (200), 3.9836 (102), 3.2536 (112),
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3.0125 (202), 2.8641 (211), 2.6581 (300), 2.5208 (212), 2.2992 (004), 2.2117 (310), 2.1504
(311), 2.0570 (114), 1.9918 (204), 1.8294 (320), 1.7936 (313), 1.7390 (304), 1.7098 (411),
1.6268 (224), 1.5949 (500), 1.5710 (323), 1.5328 (006). Additionally, the standard
deviation was approximately +0.0020. The diffractograms of beryl powder before (solid
line) and after X-ray synchrotron irradiation (dotted line) exhibited the same position
pattern, with the intensity and center peak location slightly shifting due to backeground

removal and data processing.
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Figure 4.1 The initial powder beryl (solid line) and irradiation powder beryl (dote line)
X-ray diffractograms reveal the 26 between 10-60 (a) and magnification 26
between 27-32 (b).

The beryl lattice parameters (a and ¢) were calculated using the d-spacing value
of the hlk peak, which included (100), (002), (300), (004), (500), and (006). The beryl
data summary revealed that a value ranged from 9.2088 to 9.2209 A, and ¢ values

varied from 9.1927 to 9.2325 A, as listed in Table 4.2.
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Table 4.2 Unit-cell parameters of the beryls in this study and their assignment to a
substitution series following Aurisicchio et al. (1988) in comparison to beryls

from Western Carpathian.

Description a [A] c [A] \% [A3] c/a Reference
BL1-Initial colorless 9.2208 (28)  9.2325(01) 679.806 1.001 tetrahedral  This work
BL1-IRR - 9.2209 (29)  9.2325(26) 679.826 1.001 tetrahedral  This work
BL2-Initial light blue 9.2119(61)  9.1928 (92) 675579  0.998 normal This work
BL2-IRR - 9.2117(10)  9.1933(10) 675.586 0.998 normal This work
BL3-Initial blue 9.2179 (42)  9.2034 (11)  677.250  0.998 normal This work
BL3-IRR - 9.2166 (15)  9.2024 (37)  676.981  0.998 normal This work
BL4-Initial pale blue 9.2094 (76)  9.1931 (86) 675.249  0.998 normal This work
BL4-IRR - 9.2088 (84)  9.1927 (61)  675.121  0.998 normal This work
BL5-Initial yellow 9.2138 (42)  9.1958 (76)  676.079  0.998 normal This work
BL5-IRR - 9.2139 (40)  9.1962(71) 676.136  0.998 normal This work
BL6-Initial deep blue (syn) 9.2180 (90)  9.2005 (47)  677.039  0.998 normal This work
BL6-IRR - 9.2191(91)  9.2014 (32)  677.278  0.998 normal This work
PSL pale blue-green 9.2199 (05)  9.1916 (05)  676.666  0.997 normal Bacik et al,, 2019
BLS pale green-yellow  9.2083 (07)  9.1847 (08)  674.457  0.997 normal Fridrichova et al., 2016
DUV pale green-yellow  9.2200 (30)  9.1910 (30) 676.636  0.997 normal Fridrichova et al., 2016
SIT pale green-yellow  9.2619 (04)  9.1837 (07) 682258 0.992  octahedral ~ Ozdin, 2010
BN-21a pale green-yellow  9.2248 (03)  9.2132(02) 678.977 0.999 tetrahedral Uher et al,, 2010
PI-15 pale green-yellow  9.2179 (03) ~ 9.2033 (04) 677.233  0.998 normal Uher et al,, 2010
Sample-3 dark blue 9.2736 (11)  9.1910 (25) 684.526 0.991 octahedral  Aurisicchio et al., 1988
Sample-12  blue 9.2202 (10)  9.1960 (10)  677.034  0.997 normal Aurisicchio et al., 1988
Sample-14  light blue 9.2200 (10) ~ 9.1970(10)  677.078  0.998 normal Aurisicchio et al., 1988
Sample-16  yellow 9.2097 (12)  9.1943(07) 675368  0.998 normal Aurisicchio et al., 1988
Sample-17  pale blue 9.2150 (10) ~ 9.2000 (10)  676.564  0.998 normal Aurisicchio et al., 1988
Sample-21 colorless 9.2180 (10)  9.2300 (10) 679.213  1.001  tetrahedral Aurisicchio et al., 1988
S1 colorless (syn) 9.2077 (06)  9.1953(4)  675.148 0.999  tetrahedral  Aurisicchio et al., 1988

The unitcell volume showed a range of 675.121 to 679.826 A°. When
substitutions lead to opposite distortions within the beryl structure, particularly in the
octahedron and tetrahedron, two distinct series are formed. The presence of
octahedral and tetrahedral substitutes results in contrasting effects. Beryl chemistry is
influenced by heterovalent substitutions at octahedral and tetrahedral sites, as
observed in previous studies (Wood and Nassau, 1968; Aurisicchio et al., 1988). These
substitutions significantly impact the lattice parameters, leading to the categorization
of three distinct beryl series based on the c¢/a ratio: (1) The “octahedral” beryls,

characterized by the main isomorphous substitutions of Al «» Metal ions (¢/a = 0.991-
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0.996); (2) The "tetrahedral" beryls, primarily involving the substitution of Be « Li (c/a
=0.999-1.003); (3) The “normal” beryls, where both substitutions occur together, albeit
to a limited extent (¢/a = 0.997-0.998) (Aurisicchio et al., 1988). The samples consisted
of ¢/a values ranging from 0.998 to 1.001, corresponding to the normal to tetrahedral
beryl series. As a result, the beryl samples in this study included both tetrahedral and
octahedral substitutions. The colorless (BL1) the only sample belonging to tetrahedral
series in this study, while other samples (blue to yellow) belonged to the normal series
ranged.

This beryl color and ¢/a ratio in this study were compared to beryl samples from
Aurisicchio et al. (1988) and beryls from Western Carpathian. The color was similar to
that of beryls from Western Carpathians, however, the abundance of beryls in various
areas had resulted in a variety of series (tetrahedral, normal, and octahedral). The
colorless natural and synthetic beryls studied by Aurisicchio et al. (1988) belong to the
tetrahedral series, similar to the beryls in this study, which also encompass colors
ranging from blue to yellow, characteristic of the normal series. The dark blue beryl
belonged to the octahedral series resulting from greater Al <» Metal ions substitutions,

although it was not found in the beryl samples in this study.

4.3 Beryl coloration and absorbance spectra
4.3.1 Beryl coloration

The color of beryl is determined by the kind and quantity of impurities
present within its crystal structure as it forms. Beryl color can be improved through
processes like heat treatment or irradiation. In this study, synchrotron X-ray energy was
employed to enhance the color and overall appearance of beryl samples.

The ClELab color space values of the initial beryl crystal samples were
evaluated using reflection color measurement within the spectral region of 250-2500
nm. After 10 minutes of X-ray irradiation, the natural and synthetic blue color samples
changed color to yellow, including yellow beryl, which turned to intense yellow. After
X-ray irradiation, the colorless BL1 sample changed to a slightly burnt tone. The CIELab
color space values revealed a significant change in b* value when the color changed

to yellow (Table 4.3). The comparison of b* value showed that colorless beryl only



slightly increased with a little over 3 in value, which was comparable to yellow beryl
changing to intense yellow, while blue beryl changed to yellow with a significant
increase of around 15-45 in b* value. The color simulation shown in Table 4.3 and
Table 4.4 were calculated using the L*a*b* value of reflection measured at the actual

thickness of the sample.

Table 4.3 The CIELab values of beryl samples as determined using a D65 2° illuminant

and a reference angle.

Before irradiation S Color After irradiation SColor
Sample

L* a* b* simulation L* a¥ b* simulation
BL1 6399  -0.28 -0.55 - 64.83 -3.70 258 -
BL2 6393  -3.05 -1.75 - 67.50 -9.25 13.96 -
BL3 56.25 8.36 -31.56 - 6657  -12.53 7.80 -
BLA 63.88  -5.65 -2.82 - 68.23 -7.09 41.61 -
BL5 68.23 6.20 19.35 - ] 68.82 6.25 22.73 -
BL6 59.02 2.95 -21.30 - 64.75 -2.40 2.39 l

5The color was simulated by website https://www.nixsensor.com/free-color-converter/.

Table 4.4 The ClELab values of natural and synthetic beryls as determined using a

D65 2° illuminant and a reference angle.

Natural beryl CIELab value G Color Synthetic beryl CIELab value G Color
(BL4) L* a* b* simulation (BL6) L* a* b* simulation
Iniitial 6388 565 -2.82 - Iniitial 59.02° 295  -21.30 -
IRR_1m 6530 <3.88  4.60 - IRR_1m 6110 010 -1353 -
IRR_4m 6977 -418 29.77, NI IR 4m 6023 -469  -0.89 -
IRR_10m 6823 -7.09 41.61 - IRR_10m 64.75 240 239 -
IRR_20m 7240 -738 46,67 - IRR_20m 6594 -289 818 -
IRR_60m 7390 045 66.73 - IRR_60m 66.10 -488 824 -

Table 4.4 depicts the hue of natural and synthetic beryl ranging from blue
to yellow. The b* value of beryl color tended to change depending on the X-ray
irradiation duration, with the first stage (1%) being a high b* value change at 1 to 4
minutes of irradiation and the second stage (2"%) being a lower b* value change at

periods longer than 4 minutes (shown in Figure 4.2(c)).



38

@ ko (©)

80

60

40 1

20

b* value (CIELab)

-20 —#— Natural beryl (BL4)

—&— Synthetic beryl (BL6)

-40 T T T T T T T
0 10 20 30 a0 50 60

Irradiation times (minutes)

Figure 4.2 (a) and (b) show 3D and 2D diagrams of the CIE 1976 L*a*b* color space; (c)

The b* value of beryl coloration as a consequence of X-ray irradiation time.

The alteration of color of beryl from blue to yellow through exposure to
X-ray energy is a captivating phenomenon associated with irradiating the gemstone.
When beryl, particularly the blue varieties like aquamarine or blue-green types,
encounters X-ray or high-energy radiation, its crystal structure undergoes a
transformation, resulting in changes to its color. Numerous theories have been
proposed to explain this color-changing process, such as ionization of metal ions,
electron trapping, and the formation of color centers. Additionally, the intensity and
duration of X-ray irradiation can influence the number and type of color centers that
form in the beryl crystal lattice. Longer or more intense irradiation may lead to a
deeper and more saturated color change, while shorter or milder irradiation could
produce a lighter shift in color.

For instance, in the context of aquamarine beryl, exposure to irradiation
can enhance the intensity of its blue color (known as Maxixe type) by generating color
centers within its crystal lattice (Nassau, Prescott, and wood, 1976; Mathew et al., 1998;

Andersson, 2006; Adamo et al., 2008). These color centers can absorb specific
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wavelengths of light, resulting in the gemstone having a more vivid and appealing blue
tone. However, the color change induced by X-ray irradiation in beryl is generally not
permanent and may fade over time when the gemstone is exposed to heat or light
(Nassau et al., 1984; Robert et al., 1990) Therefore, beryl gemstones subjected to X-
ray irradiation are typically sold with full disclosure of the treatment to ensure
transparency and informed purchasing decisions. In this study, it was observed that the
color shift from blue to yellow and from yellow to intense yellow in beryl remained
stable after X-ray irradiation (last checked approximately 1 year after irradiation). The
stability in the yellow color of beryl might be attributed to the processes other than

the formation of color centers.

4.3.2 UV-Vis and NIR absorbance spectra

The absorbance spectra typically show absorption bands at specific
wavelengths, which are indicative of the presence of impurities. The pattern of
absorption bands and their intensities can be used to identify the type of beryl and
potentially the trace elements responsible for its color. The absorbance spectra of the
beryl crystal sample were measured in the range of 300 to 2000 nm, which can be
divided into UV-Vis and NIR regions.

The UV-Vis-NIR absorption spectra of both the initial beryl and X-ray
irradiated beryl are depicted in Figure 4.3. The absorption profile of the initial sample
displayed two relatively narrow peaks, labeled as bands a and b, which occurred at
approximately 375 and 427 nm, respectively. Nearly all the beryl samples exhibited
the a and b narrow absorption bands with the exception of BL5, which displayed a
broader absorption spectrum. The presence of band ¢ within the broader absorption
range between 620-750 nm could be attributed to electronic transitions involving iron
ions of varying valence, a phenomenon well-documented in previous studies
(Andersson, 2019; Wang et al, 2022a). Additionally, the distinct peak at 820 nm,
designated as band d, was the result of exceptionally strong absorption, as noted in

the work of Taran and Rossman (2001) and Fridrichova et al. (2014).
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Figure 4.3 The absorbance spectrum of beryl crystal sample.

After X-ray irradiation, blue beryl including, BL2, BL3, BL4 and BL6 changed
to yellowish blue. The band d intensities of BL2, BL3 and BL6 significantly decreased
while that of BL4 sligshtly decreased. However, there a and b absorption bands were
pronounced. The yellow beryl (BL5) changed color to intense yellow after irradiation,
which resulted to the broad absorption range increasing from 300 to 500 nm. The
colorless BL1 displayed a modest feature change in the UV-Vis region after X-ray
irradiation, which could have been due to the sample changing to a burnt hue. The
beryl crystal spectra in the NIR region of 1100 to 2000 nm is shown in Figure 4.3. The
band peak range of 1370-1470 nm was due to the first and second overtones (water
linked with alkalis) of the H,O stretching vibration, while the intense band at around
1900 nm was caused by the H,O combination mode (Taran and Vyshnevskyi, 2019).
After irradiation with white beam X-ray, the absorption peak of NIR region did not show
any changes in their intensity or feature. Therefore, the X-ray irradiation energy in this

study had no influence on water within the beryl structure.
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Several distinct electronic transitions must be considered in the analysis of the
absorption bands observed in the spectrum of the beryl under investigation, including:
(1) Standard electronic d-d transitions occurring between electronic levels within the
d-shell of 3d" ions. These transitions are influenced by the Crystal Field (CFT) created
by the surrounding ligands, specifically O* and OH". (2) Electronic Intervalence Charge-
Transfer (IVCT) transitions, which involve 3d" ions of varying valence located in adjacent
cationic sites of the crystal structure. The strong high-energy absorption edge observed
in the spectrum is primarily associated with remarkably intense absorption bands
related to electronic charge-transfer transitions of the ligand-to-metal type, particularly
0% — Fe® and O —> Fe*" in this context. These transitions, with their peak
absorption occurring in the ultraviolet (UV) region, create the lower-energy wing that
extends into the visible range.

Among the absorption bands, the ones categorized under (1) have undergone
the most comprehensive study, and their characteristics are relatively well-understood
(Marfunin, 1979; Burns, 1993). Notable examples of such absorption bands in beryl
include the spectra of green emeralds influenced by the Cr-ligand field (Atanasov et
al., 2022), the spectra of yellow-green-blue tones associated with iron ions (Wang et
al., 2022a), and the pink-purple hues generated by the presence of Mn and Cr ions
(Czaja et al., 2018). In iron-bearing beryl varieties, it is noteworthy that the spin-allowed
°T,, — °E, d-d transitions of Fe*" ions are observed in octahedral sites, leading to a
pair of bands that doubled with components around 820 nm and 950 nm (Taran and
Rossman, 2001). The assighment of these bands, with their properties varying according
to the polarization direction, indicates that they correspond to spin-allowed d-d
transitions of Fe?" ions located in both the channel site (Goldman et al.,, 1978) and the
tetrahedral site (Taran et al., 1989). Additionally, absorbance bands observed near 427
nm and 375 nm could be attributed to Fe**/Fe®" pairs. These bands arose from
electronic spin-forbidden ®A;, —> Ay, “E; and °A;, — “E, (‘D) d-d transitions of Fe’*,
respectively. These findings are consistent with earlier research (Taran and Rossman,
2001; Taran, Dyar, and Khomemko, 2018; Andersson, 2019; Wang et al.,, 2022a).

The spectra of minerals and compounds containing 3dN ions in varying valence

states revealed the presence of IVCT bands of type (2). The striking coloration evident
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in compounds and minerals containing both Fe?* and Fe®* ions was attributed to
electronic IVCT transitions (Weyl, 1951). Extensive research encompassing a wide array
of mixed-valence compounds with iron has substantiated the occurrence of electronic
transitions specifically between Fe?* and Fe®* ions. In these transitions, Fe?* functions
as the electron donor, while Fe** serves as the electron acceptor, a phenomenon
activated by electromagnetic or thermal excitation. A notable example of such
transitions is the blue coloration observed in sapphire gemstones, a characteristic
attributed to IVCT. When Fe?" and Fe®* ions are situated in adjacent cationic sites with
common edges or faces, meaning that the neighboring coordination polyhedra have
at least two ligands in common, a broad and highly intense absorption band arises.
This is due to Fe**/Fe* IVCT transitions, which are discemible in the optical spectra.
Mineral specimens exhibit two distinctive types of IVCT bands: Fe**/Fe** — Fe**/Fe?*
and Fe?*/Ti* — Fe®*/Ti** transitions. These transitions occur when the electric field
vector of polarized incident light aligns with the donor-acceptor bonds. In optically
anisotropic minerals containing Fe?*, Fe®*, and Fe**, Ti*" ions, these IVCT bands manifest
strong polarization effects, yielding distinct pleochroism (Taran et al., 2015).

The consistent identification of the Fe?*/Fe*" IVCT in beryl is attributed to the
presence of iron ions sharing sites within the structure. This is because iron ions can
occupy various positions within the structure (Mihalynuk and Lett, 2004). Specifically,
the Fe®" ions located within the octahedral sites contribute to a yellow coloration,
while Fe?* ions in the same sites do not affect the color. The deep blue color,
characteristic of aquamarine gemstones, is primarily a result of the presence of Fe*
ions within specific channels. Some researchers have proposed that the variations in
blue, green, and yellow hues are influenced by different ratios of Fe** and Fe’* ions,
as suggested by Goldman, Rossman, and Parkin in 1978. Another plausible explanation
is that the IVCT process occurs between Fe?* and Fe* ions located at the aluminum
sites and in an interstitial octahedral position (6g), which could contribute to the blue
coloration in beryl as proposed in studies, such as Platonov et al. (1978), Groat et al.
(2010), Kati et al. (2012), and Lin et al. (2013). The broad and strong band in the spectra
at about 690 nm was assigned to Fe?*/Fe** IVCT, which was generated by an absorption

band in the near-infrared region at 820 nm (Isotani, Blak, and Watanabe, 2010).
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The coloration of beryl is a consequence of the presence of iron ions within its
structure, a phenomenon influenced by irradiation processes (Mittana et al., 2002).
Upon irradiation, the Fe®* ions within the beryl crystal convert into Fe®* ions by
donating an electron to an electron trap. This transformation was associated with a
noticeable decrease in the absorption peak at 820 nm (Ittipongse et al., 2017). The
yellow coloration of beryl is linked to charge transfer mechanisms involving Fe** ions
substituting for A** ions within the octahedral sites, which are surrounded by oxygen
ions (Andersson, 2013). Furthermore, blue beryl initially exhibited narrow absorption
bands at 375 and 427 nm. These bands appeared to transition into broader bands after
exposure to X-ray irradiation. This change may be indicative of a process where Fe**
ions aggregate into exchange-coupled pairs, specifically Fe**-Fe**, which becomes
more complete and resembles the initial state of natural yellow beryl (Figure 4.3). This

concept is in line with the observations made by Taran et al. in 2015.

Table 4.5 The electron transition and band energy of Fe ions.

Band Electronic transition Energy (nm) Energy (eV)
a Fe>* (6A;; — °E, (D)) 375 3.30
b Fe** (A, — Ay, °Eg) 427 2.90
C Fe3* <> Fe?" IVCT 690 1.80
d Fe?" (°Ty — °Ey) 820 1.51

The band gap energy of pure beryl, which crystallizes in the hexagonal
P6/mcc space group, was computed and reported at 5.32 eV in Material project mp-
6030 (Jain et al., 2013). The different colors of beryl are due to the presence of
different trace elements or impuirities in the crystal lattice. The blue and yellow colors
of beryl are considered to be caused by trace amounts of iron. The specific band gap
energy of a beryl gemstone depends on its chemical composition, crystal structure,
and the presence of impurities. The presence of Fe ions was found to influence the
band energy of beryl structure, which is related to the color observed, as shown in
detail in Table 4.5. The introduction of Fe®*" ions in the octahedral sites of beryl

structure led to the yellow color in beryl, with band energy ranging from 2.90 eV to



aa

3.30 eV. Octahedral Fe?" ions, which caused crystal field effects at 820 nm absorption,
did not contribute to visible coloration (Andersson, 2019). The correlation between the
intensity of the 690 nm absorption and Fe?* concentration supported the involvement
of octahedral Fe?* ions in the blue coloration. The proposed theory suggests that the
blue coloration arises due to IVCT between Fe** and Fe®* ions, substituting for A* ions
and occupying the 6¢g crystallographic site along the c-axis direction (Plantonov et al,
1978; Goldman et al,, 1978). The IVCT band energy at 690 nm was determined to be

1.80 eV, while the band energy of Fe?* at 820 nm was 1.51 eV.
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Figure 4.4 Tauc plot for direct bandgap of beryl crystal sample, with black solid line
representing initial beryls and red solid line representing IRR beryls. The
bandgap is defined as the intercept of the dotted line with the horizontal axis.



a5

Beryl is a mineral composed of beryllium aluminosilicate and is
characterized as a direct band gap material. In order to elucidate the relationship
between the absorption factor and band gap energy, the Tauc plot method and the
Kubelka-Munk equation were employed, as discussed by Chen, Wang, and Shu in 2024.
To calculate the band gap energy of beryl samples, Tauc's equation was utilized,
expressed as [(@hv)"" = A(hv-E)l. In this equation, 'hv' represents the energy of
incoming photons, 'A" denotes a constant, and 'n' is the exponent. The specific value
of 'n' depends on the nature of the electronic transition governing the absorption,
taking on values of 1/2 or 2 depending on whether the transition is direct or indirect.
It is worth noting that the absorbance spectra of different colors of beryl samples
exhibited variability and manifested distinct changes following X-ray irradiation. The
alterations in the absorption spectra corresponded to fluctuations in the band gap
energy, as illustrated in Figure 4.4.

In summary, this study identified distinct color zones in beryl, irrespective
of plane polarization considerations, which can be categorized as follows: (1) yellow
beryl was found to have a band gap energy similar to that of Fe** at 3.30 eV, (2) blue
beryl exhibited a band gap energy ranging from 3.70 to 3.75 eV, (3) colorless beryl
demonstrated a conclusive band gap energy exceeding 3.75 eV, resulting in its lack of
coloration. According to Chen, Wang, and Shu (2024), the band gap energy of both
blue and colorless beryls were comparable to the band gap energy of light blue beryl
(3.76) and intense blue beryl (3.64), as determined by the Kubelka-Munk equation.

Upon exposure to X-ray irradiation, the color of beryl shifted towards a hue
closely related to that of yellow beryl. This change was likely due to the conversion
of Fe?* electrons to Fe**, which resulted in reduced electronic intensity. It is important
to note that although this study provides support for this phenomenon, the findings
are based on a limited sample set. Except for colorless beryl (BL1), the exposure of
blue beryl to X-ray could induce the reduction of electrons from Fe?* to Fe*". This led
to an increased electronic intensity of Fe** post-irradiation and a decreased band gap

energy comparable to the band energy of Fe’*.
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4.4 Absorption energy, oxidation state, and coordination number
4.4.1 X-ray Absorption Near Edge Spectrometer (XANES)

XANES was used to investigate the chemical environments and oxidation
states of specific elements in beryl samples. XANES is sensitive to the chemical
environment of the element, including its oxidation state and arrangement. Absorption
edge shifts are caused by different oxidation states. The shape of the spectrum
represents the local atomic structure, and different coordination geometries give
distinct properties. Beryl XANES spectra were studied by comparing features, positions,
and patterns in XANES spectra to references, revealing electrical and structural
properties. In this study, XANES was used to examine Fe ion states and the

surroundings in the crystal structure, offering insights into the origins of colors.
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Figure 4.5 XANES spectra of irradiated beryl powder samples (0, 0.5, 1, 4, 10 mins)
compared to Fe?/Fe* mixture ratios of 0, 10, 25, 50, 75, 90, and 100 wt.% Fe’*.
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Fe-K-edge XANES were used to investigate the initial beryl powder. The
XANES characteristics of initial beryl could be divided into three feature groups. The
first group consisted of BL1 and synthetic BL6, which showed flat shoulders b and c.
The second group consisted of BL2, BL3, and BL5, which displayed the shoulder b and
¢ characteristics. The third group was BL4, which had the highest levels of shoulders b
and c in this research, particularly shoulder b position.

Powdered beryl samples underwent X-ray irradiation for durations of 0.5, 1,
4, and 10 minutes. The XANES characteristics of most beryl powder samples altered
post-irradiation, with the exception of slight changes in BL1 attributed to electronic
data accumulation. Notably, BL6 exhibited a distinctive trend compared to other
groups. Following X-ray irradiation, both Groups 2 and 3 beryl samples displayed similar
modifications in features, with flattening of shoulders b and ¢, and particularly BL4
sample exhibiting significant changes with complex features in d and e. The altered
features observed in BL4 resulted from Fe?*/Fe®" wt.% ratio changes. A depiction of
the changes in irradiated beryl features are shown in Figure 4.5.

The alteration trend of b, ¢, and d features in response to the Fe?/Fe*
ratio was indicated by the 1% derivative feature. This trend corresponded to Fe?, the
mixture of Fe*/Fe’*, and Fe® features, respectively. The suggestion that the beryl
samples represented a mixture of Fe?* and Fe** could be explained by comparing the
oxidation feature of the Fe?*/Fe*'ratio in the samples (Bunnag et al., 2020). Following
X-ray irradiation, a decrease in Fe?* and an increase in the complex d and e feature
(associated with Fe®) were observed. The decrease in Fe*" in the XANES feature
implicated the alteration of octahedral Fe?* substitution and IVCT between Fe** and
Fe®" ions within the beryl structure. This phenomenon supported the transformation
from a blue to yellow color, including the intense yellow in the yellow beryl. The
synthetic sample exhibited a different feature trend due to its higher content of Fe**
ions, possibly as free atoms. After X-ray irradiation, these features were modified to
suitably occupy beryl lattice sites, leading to a reduction in the Fe* feature. The
colorless beryl did not show a change in color or XANES features after X-ray irradiation,

corresponding to the same trend in UV-vis absorption spectra and band gaps.
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4.4.2 Pre-edge feature and centroids position

The pre-edge peak, a feature obtained from the XANES spectra, illustrates
a transition resembling the characteristics of an s-d like transition. Despite its inherent
dipole-forbidden nature, this transition is somewhat permitted through the
combination of the d-states associated with the transition metal and the p-states of
the surrounding oxygen atoms. Consequently, the pre-edge peak energy position and
its strength are profoundly influenced by the geometric arrangement around the
element Fe, as well as the average oxidation state of Fe (Calas and Petiau, 1983a,

1983b; Brown et al., 1995).
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Figure 4.6 Background subtracted pre-edge peaks of the beryl sample (dotted lines)
along with the Gaussian component used in the fitting procedures (dash

lines and short dotted lines) and Gaussian sums (solid lines).

Notably, a meticulous assessment of the central energy of the pre-edge
peak and its integrated intensity, coupled with a comparative analysis against Fe model
compounds, can yield quantitative insights into both the oxidation state of Fe and the

coordination environment (Wilke et al., 2001; Farges, 2001; Giuli et al.,, 2002a, 2003).
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The intensity of this peak is nearly negligible in case of a regular octahedral symmetry
(Op) around the absorbing element, whereas it attains its maximum magnitude in
instances of tetrahedral coordination (Ty). The subtracted pre-edge peaks after
accounting for the background are displayed in Figures 4.6, along with the components

following a Gaussian profile and their cumulative sums.

Table 4.6 XANES pre-edge fitting resulted of powder beryl samples.

Sample Position (eV) Area HWHM Total area  Weight area (%) Centroid (eV) R

FeO 7112.47 0.0580 1.29 0.0743 78.06 7112.83 0.9991
7114.10 0.0163 0.90 21.94

Fe,05 7114.42 0.1323 1.73 0.1323 100.00 7114.42 0.9995

7117.41% 0.0565 1.52

BL1 7113.59 0.1068 1.74 0.1236 86.41 7113.84 0.9824
7115.42 0.0168 1.07 13.59

BL1-IRR 7113.56 0.1087 1.77 0.1253 86.75 7113.81 0.9864
7115.44 0.0166 1.09 13.25

BL2 7112.81 0.0503 151 0.0824 61.04 7113.37 0.9874
7114.25 0.0321 1.18 38.96

BL2-IRR 7112.50 0.0383 1.68 0.0885 43.28 7113.50 0.9936
7114.27 0.0502 1.50 56.72

BL3 7113.08 0.0654 1.74 0.0920 71.09 7113.55 0.9913
7114.72 0.0266 1.31 28.91

BL3-IRR 7113.06 0.0541 1.56 0.0950 56.95 7113.81 0.9962
7114.79 0.0409 1.39 43.05

BL4 7112.73 0.1158 1.58 0.1293 89.56 7112.95 0.9939
7114.84 0.0135 0.90 10.44

BL4-IRR 7112.60 0.0894 1.59 0.1472 60.73 7113.33 0.9890
7114.45 0.0578 1.38 39.27

BL5 7113.02 0.0619 1.50 0.0903 68.55 7113.60 0.9916
7114.86 0.0284 1.12 31.45

BL5-IRR 7112.72 0.0525 1.59 0.1075 48.84 7113.66 0.9954
7114.56 0.0550 1.48 51.16

BL6 7111.69 0.0041 1.20 0.1036 3.96 7114.05 0.9967
7114.15 0.0995 1.70 96.04

BL6-IRR 7112.81 0.0429 1.49 0.0964 44.50 7113.75 0.9978
7114.50 0.0535 141 55.50

* Peak centered above 7116.08 eV, being non-local transitions observed in spectrum of Fe*, which

are omitted in the analysis of the chemical state of Fe.
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The centroid energies and integrated intensity values are detailed in Table
4.6. Each pre-edge peak of beryl can be accurately described by two Gaussian
constituent elements, with energies approximately around 7112.51 to 7114.44 eV.
These energy values correspond well with those found in Fe model compounds. Two
Gaussian components align with contributions from Fe?* and Fe®" mixture, while the

energy results from combined Gaussian of both divalent and trivalent Fe.

0.40
] O Feo
] BL1 BL1-IRR
0.30 BL2 BL2-IRR [4]
> BL3 BL3-IRR
‘@ 0.251 BL4 BL4-IRR
5 °*7 4
= : ; BL5 BL5-IRR -
T 0207 'O B A eerr !
© ] 1
T 0.151 !
IS O D Fe,O,
] 1 1
0.107 FeQ | A 1 [6]
1 1
! i A% :
0.05 i I
] 1
] I !
0.00 T | L —— T T T T

Tl ' T Tang ainn' T Y T TN L T
00 02 04 06 08 10 12 14 16 18 20 22 24 26 28 3.0
E-Eg (eV)

Figure 4.7 Relationship between integrated pre-edge intensity and pre-edge centroid
energy locations of beryl samples and oxide standards. The open circles
relate to the reference research, which gave typical characteristics for four
kinds of Fe species in Wilke et al. (2001) and Giuli et al. (2011). [4] represents

a d-fold coordinated Fe and [6] represents a 6-fold coordinated Fe.

The proportionate significance of either divalent or trivalent Fe influences
the respective components, inducing a shift in the energy center of the pre-edge peak.

Figure 4.7 presents a graphical representation of the integrated intensity of the pre-
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edge peaks in relation to their centroid energies. This figure also includes the data from
analyzed Fe standard (FeO and Fe,Os) and Fe model compounds (Wilke et al., 2001,
Giuli et al,, 2011). The depicted plotted energies begin at 0, which corresponds to the
initial peak in the first derivative of the metallic Fe spectrum. All divalent Fe
compounds in the standard Fe model were plotted at energies close to 0.9 eV above
the metallic Fe edge (0 eV), whereas trivalent Fe compounds were plotted at energies
close to 2.4 eV. The intensity of the pre-edge peaks of the model compounds changed
with the Fe coordination geometry at constant energy. The shaded circle in Figure 4.7
refers to the range of coordination numbers in Fe compounds.

The fitting results of Fe standards in this study were considered reliable
because the results indicated a similar trend to the reference model compound. The
centroid calculation of FeO and Fe,O; were 7112.83 and 7114.42 eV, respectively. The
iron oxides standard had six coordinated oxygen and octahedral symmetry structure.
The data for the beryls in each group plot followed a trend that extended from the
region of [6] Fe?* compounds to higher energies and intensities of [6] Fe** compounds.
The centroid results provided by the beryl samples were [6] Fe?* and [6] Fe**
compound mixture. BL4 beryl had a greater intensity between the [6] Fe** and [4] Fe**
mixture and centroid energy was near to the divalent model compound, however, the
centroid energy changed to [6] Fe** compound after X-ray irradiation. While the BL6
synthetic beryl initial sample had the greatest centroid energy, the centroid intensity
shift was comparable with other beryl groups after X-ray irradiation. The difference in
the centroid of BL4 could be attributed to the eeometry and coordination
corresponding to the XANES after X-ray irradiation where BL4 still contained powerful
divalent Fe in both fourfold and sixfold coordination. This could imply that the Fe
ions can occupy other sites in the beryl structure in addition to the sixfold coordination

(Mittani et al., 2002).

4.4.3 Electron Paramagnetic Resonance (EPR)
EPR is a spectroscopic method used for analyzing materials with unpaired
electrons, like paramagnetic substances. Beryl, a mineral containing various impurities

and transition metal ions, exhibits diverse color variations attributed to trace elements
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or impurities within its crystal structure. The introduction of unpaired electrons occurs
when iron ions within beryl adopt a particular oxidation state, rendering them
paramagnetic. EPR is employed to investigate the electronic characteristics of these
paramagnetic iron ions. Iron ions can substitute other metal ions within the beryl
lattice, leading to the emergence of unpaired electrons. Applying an external magnetic
field to the beryl gemstone hosting paramagnetic iron ions induces energy level shifts
in the unpaired electrons, resulting in microwave radiation absorption. The frequency
of the absorbed radiation hinges on the strength of the magnetic field and the
properties of the paramagnetic species, surrounding the local iron ion environment.
The interplay between iron ions and adjacent atoms influences the EPR signal,
generating distinct EPR spectra under different coordination conditions. EPR analysis
can also uncover defects or impurities within the crystal structure, which can influence

the beryl characteristics and coloration.
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Figure 4.8 1°' functional derivative EPR spectra of beryl powder, (a) comparison of

signal intensities, (b)-(¢) comparison of EPR feature in normalized intensity.
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Figure 4.8 depicts the EPR spectra of initial beryl powder and X-ray
irradiated beryl. The most significant component of the EPR signal was resonance
absorption, which corresponded to the value of ¢ » 2 (blue dashed line). The EPR
signals of different beryl samples exhibited varying intensities, with the difference in
intensity levels ranging from lower to higher, designated as BL1, BL4, BL3, BL2, BL6,
and BL5, respectively. The intensity of the EPR signal corresponded to the quantity of
paramagnetic content within the beryl structure. Typically, the signal intensity was
influenced by the presence of Fe content in the beryl structure. For instance, colorless
beryl (BL1) displayed the lowest EPR intensity, correlating with its lower Fe content, as
indicated in the EPMA Table 4.1. A point of interest pertained to BL3, which exhibited
an intense blue hue but demonstrated lower EPR signal intensity compared to BL2.
Conversely, the yellow-colored beryl (BL5) displayed higher EPR intensity than the blue
beryl BL3 and synthetic BL6, despite having lower Fe ion content. The relatively low
signal of blue beryl might be attributed to its elevated Fe*" content, as posited by
previous studies (Andersson, 2019; Wang et al, 2022b). Fe?* ions predominantly
occupy the same position, often leading to diamagnetic compounds. However, in the
presence of certain ligands, Fe?" complexes can become diamagnetic due to a low-
spin configuration. Strong-field ligands in an octahedral configuration induce a low-spin
situation, where all electrons are paired, resulting in diamagnetism. Conversely, Fe**
ions are paramagnetic due to the necessity of unpaired electrons in their orbitals,
leading to a strong EPR signal.

Upon irradiation with X-rays, the EPR signal intensity of nearly all beryl
samples increased, with the exception of BL1, which exhibited a slight change in
intensity. Previous research by Andersson (2013) elucidated the significance of the ¢ =
2 value, corresponding to Fe** in octahedral and center site symmetry (Groat et al.,
2010). In contrast, this study identified a weak rhombic Fe** center at ¢ = 4.28, with a
signal relatively unaffected by the treatment process (Lin et al., 2013).

Distinctive EPR features arise from variations in the absolute value of |D| or
the magnitude of zero-field splitting, where |D| characterizes energy level splitting in
paramagnetic species due to the interaction between unpaired electron spins and the

local environment (Klencsar and Kontos, 2018). Contributions of high-|D| and low-|D]
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components to the theoretical Fe** EPR signal delineate energy level splitting caused
by strong and weak interactions with the local environment, respectively. EPR
characteristics of powder samples BL2, BL3, BL4, BL5, and BL6 revealed an isotropy
axis, indicating symmetry in the 1% derivative EPR signal and a tendency toward high-
|D| contributions, evident in the pronounced and narrow peaks illustrated in Figure 4.9
(c)-(g). However, BL1 diverged from other beryl samples, showcasing an anisotropy axis
feature with gx = gy > gz (Petasis and Hendrich, 2015). The anisotropy axis observed in
Fe®* within the BL1 structure might be attributed to the XRD pattern, where the ¢
lattice is longer than the a lattice, as presented in Table 4.2. Notably, this study did
not investigate the EPR signal of beryl crystal samples; future exploration of beryl
crystal may enhance comprehension of the structural and electronic attributes of Fe**

ions in beryl coloration induced by X-ray irradiation.

4.4.4 Extended X-ray Absorption Fine Structure (EXAFS)

The EXAFS technique holds considerable efficacy in X-ray spectroscopy,
functioning as a means to investigate the intricate atomic milieu in proximity to a
designated element within a material. The present study employed Fe K-edge EXAFS
to concentrate on the meticulous scrutiny of the local structural characteristics
encompassing iron (Fe) atoms within a beryl sample. The magnitude and patterns of
oscillations in the intensity of X-rays absorbed within the EXAFS spectral region are
subject to meticulous analysis, yielding insights into the interatomic distances, bond
lengths connecting iron with adjacent atoms, and the coordination numbers prevalent
in the system. Interpretation of the EXAFS spectra typically entail subjecting data to
Fourier transformation, facilitating the segregation of distinct contributions.
Subsequently, a theoretical model is harnessed to effectively conform the
experimental data, thereby eliciting quantifiable insights pertaining to the indigenous
atomic configuration. This methodological approach proves instrumental in
comprehending the precise geometrical arrangement of neighboring atoms proximate
to iron ions embedded within the crystal lattice of the beryl sample.

The EXAFS computation of the beryl Fe-k edge began with an examination

of the Fe,O5 standard, which has a known chemical structure and had simultaneous
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measurement circumstances on the same parameters. The Fe,O; standard EXAFS
spectra was simulated using the Fe,O; mp-19770 model, which crystalizes in the
trigonal R3c space group. Fe®" is bonded to six equivalent O* atoms to form a mixture
of distorted face, corner, and edge-sharing FeO4 octahedra. The corner-sharing
octahedral tilt angles range from 48-61°. There are three shorter (1.97 A) and three
longer (2.12 A) Fe-O bond lengths. O% is bonded to four equivalent Fe** atoms to form
a mixture of distorted corner and edge-sharing OFe, trigonal pyramids (Jain et al., 2013).
Figure 4.9(a) displays the chemical structure and single scattering path of the Fe,Os

model.
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Figure 4.9 Chemical structure and single scattering path of the Fe,O; model (a), Fourier
transforms of k?x(k) spectra and R-space curve and fits for Fe K-edge EXAFS

spectra from the Fe,O; experiment (b).

Table 4.7 Local environments of Fe from R space EXAFS fitting of Fe,O; standard.

Path no.  Path CN S0? o’ (A?) R (R) EO shift R-factor
1 Fe-O, 3 09480 0.00662 191 (0.02)
2 Fe-O, 3 09480 0.00662 2.06 (0.02)
3 Fe-Fe, 3 0.9600 0.00460 293 (0.01) 2495 0.00976
4 Fe-Fe, 3 09500 0.00300 337 (0.02)
5 Fe-Fe, 6 09500 0.00990 3.66 (0.02)
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The Fourier transforms of k*x(k) spectra were performed over the k ranges
of 3.0-10.0 A" and R-space fitting windows of 1.0-4.0 A (Figure 4.9(b)). Table 4.7 shows
an excellent EXAFS fitting result for Fe,Os; experiment when compared to the mp-
19770 structure model including outer Fe-O and Fe-Fe paths. The SO? levels containing
Fe,O5 varied between 0.9480 and 0.9500 (average was 0.9512 = 0.95). This SO? value

was utilized as the constant value for the beryl sample EXAFS analysis.
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Figure 4.10 Chemical structure and simulated single scattering path of Model-I (a),
Model-II (b).

The Fe K-edge EXAFS data of beryl powder sample was fitted with two
models, using theoretical standards from IFEFFIT by ARTEMIS program (Ravel and
Newville, 2005) The beryl crystallography data, mp-6030, identification in P6/mcc space
group was used for EXAFS model fitting. The hexagonal crystal system of beryl model
is a lattice parameter including, a=9.303 A, 6=9.203 A and c= 9.278 A (Jain et al,, 2013
project, 2022). Two models were associated with the Fe ions in the beryl structure. For
Model-l, the Fe ion was substituted at the Al site, which assumed the local symmetry
of the octahedral from the six nearest oxygen atoms. The Fe ion was positioned at a
6¢ interstitial position from the six adjacent oxygen atoms in Model-ll (Lin et al., 2013).
Figure 4.10 demonstrates the simulated single scattering path of Models | and Il using
the IFEFFIT computation by the ARTEMIS software.

The EXAFS spectra of the beryl sample in R-space underwent noticeable
changes following exposure to X-ray irradiation. The characteristics of the first peak,

BL2 to BL5 showed increased intensity, whereas BL6 exhibited a decrease in intensity.
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However, the colorless beryl (BL1) exhibited only slight changes. Following X-ray
irradiation, the R-space of the EXAFS spectra displayed changing trends. The first
magnitude peak showed increased intensity for BL4 and decreased intensity for BL6 in
the initial peak, particularly when compared to other beryl samples (refer to Figure

4.11(b)).
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Figure 4.11 The Fe K-edge EXAFS spectra of powder beryl samples were calculated
using theoretical standards from IFEFFIT using the ARTEMIS software to
compare initial and after X-ray irradiation spectra in Fourier transforms R-

spec (a and b) and k?x(k) of k-pace (c).

The Fourier transforms of k-space in Figure 4.11(c) revealed a shift in the
characteristics of BL4, which differed from other beryl samples before and after X-ray
irradiation, corresponding to the lower intensity of the first peak in R-space. This first
peak in R-space is associated with the positioning and coordination of Fe ions in the

beryl structure. The investigation of the first path scattering focused on the initial Fe-
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O scattering path of Model-I. EXAFS analysis were conducted within the k-range of 3.0-
11.0 A" and R-space of 1.0-2.0 A. Table 4.8 summarizes the calculation results of the

coordination of Fe ion sites in beryl structures.

Table 4.8 The first scattering path of oxygen nearest to Fe ions in beryl structure was

fitted using Model-l of EXAFS R-space.

Sample 02(A%)  EO shift R (A) R-factor CN
BL1 0.004 -4.36 1.99 (0.03) 0.0322 4.96  (1.95)
BLI1-IRR 0.003 -2.38 2.00 (0.03) 0.0296 4.96  (1.85)
BL2 0.004 -0.65 2.00 (0.02) 0.0128 450  (1.03)
BL2-IRR 0.004 -1.16 1.99 (0.02) 0.0089 5.13 (1.02
BL3 0.004 -1.86 2.00 (0.03) 0.0170 489  (1.30)
BL3-IRR 0.004 -0.50 2.00 (0.02) 0.0096 512 (1.06)
BLA 0.005 4.23 2.01 (0.03) 0.0215 392 (1.14)
BLA-IRR 0.004 2.74 2.00 (0.03) 0.0186 422 (1.11)
BL5 0.004 0.56 2.01 (0.05) 0.0290 456  (1.55)
BL5-IRR 0.004 -0.69 2.00 (0.02) 0.0141 477 (1.20)
BL6 0.002 -3.59 1.99 (0.02) 0.0120 514  (1.27)
BL6-IRR 0.003 -4.48 1.99 (0.02) 0.0119 507  (1.26)

The oxygen atoms nearest to the iron ions exhibited coordination with
varying coordination numbers and a significant standard deviation, theoretically
allowing for an inaccuracy of approximately 20-30% or about 1 CN. The predominant
trend in Fe-O coordination was observed to be between 4 and 5 CN, with BL4
displaying the lowest CN, while other beryl samples exhibited higher values around
4.5 CN, estimated to be approximately 5 CN. Following irradiation, there was an overall
trend toward higher CN in the coordination of oxygen around iron ions, except for the
synthetic BL6 sample, which showed a sligsht decrease in CN. The coordination
numbers were influenced by the magnitudes of intensities, such as the peak intensity
(I) in the R-space beryl EXAFS spectra. BL4 consistently displayed the lowest CN of Fe
coordination, leading to pre-edge fitting. Even after X-ray irradiation, BL4 continued to

exhibit coordination numbers ranging from 4 to 6 CN, possibly due to the average Fe
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ions occupying both tetrahedral and octahedral sites in the beryl structure. The diverse
coordination of iron ions in the beryl structure may contribute to asymmetry, as
observed in BL1, and is linked to the results obtained from EPR and XRD analyses.
Notably, BL6, which had the highest iron content of 1.568 wt.% (determined by EPMA),
displayed an opposite trend in CN changes following X-ray irradiation, possibly
attributable to Fe ions occupying unstable sites.

The EXAFS simulation spectra were generated with k ranges of 3.0-11.0 A™,
R-space of 1.0-55 A for Model-l and around 1.0-2.9 A for Model-l. The Fe ion
substituting Al site assumed the local symmetry of the octahedral from the six nearest
oxygen atoms for Model-l fitting. The identical Fe-O; was the first shell scattering paths
from the six nearest neighboring oxygen atoms and the second nearest neighboring
paths from three Fe-Be;. Other scattering paths included six silicon atoms (Fe-Siy), six
oxygen atoms (Fe-O,), twelve oxygen atoms, (Fe-Os), six oxygen atoms (Fe-Oy), six

silicon atoms (Fe-Si,), two aluminum atoms (Fe-Al) distances.
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Figure 4.12 The IFEFFIT calculation and comparison of beryl experiment spectra and
Models | and Il simulation spectra in R-space curve and fits for (a), Fourier
transforms k?-y(k) of k-pace (b) for determining the local structure of the

Fe K-edge EXAFS spectra of beryl powder sample.

Figure 4.12 shows that Model-l reproduced Peaks I, Il, ll, IV and V in the
experimental spectrum well, resulting in a low fitting residual (see Appendix). Fe

substitution in Al site has been frequently reported by gemologists because their
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compatibility. The interatomic distances (R) for these outer paths were taken directly
from the ideal beryl structure, but the ¢? values and coordination numbers were
adjusted to best reproduce the experimental spectrum. The detail of the EXAFS fitting
result is presented in the Appendix section. The Fe ion was introduced at a 6g
interstitial site with a single scattering path in Figure 4.10(b). Figure 4.12 indicates that
Model-Il exclusively reproduced Peaks | and Il in the experimental spectrum, with Peak
| containing six oxygen, two aluminum, and three silicon atoms and Peak Il containing
three oxygen atoms. Fitting by another single scattering path provided a substantial

fitting residual value.

Table 4.9 Model-l and Model-ll R space fits of the Fe K-edge generated local

environments of Fe in beryl samples.

Model-| Model-ll
Path
Fe-O, Fe-Be; Fe-Siy FeO, FeO; FeO; FeSi, FeAl | Fe-O; FeAl FeSiy FeO,
Initial ~ 2.00 2.65 3.32 3.71 3.88 4.54 4.52 4.59 1.98 2.38 2.68 2.99
+/- (0.01) (0.04) (0.02) (0.04) (0.06) (0.08) (0.04) (0.20) | (0.08) (0.28) (0.25) (0.43)
ot IRR 2.01 2.67 3.35 3.73 3.93 4.53 4.55 4.62 2.00 2.39 2.70 3.02
+/- (0.01) (0.03) (0.02) (0.03) (0.05) (0.10) (0.04) (0.14) | (0.09) (0.39) (0.31) (0.56)
Initial ~ 2.01 2.68 3.33 3.73 3.98 4.47 4.53 4.49 2.01 2.07 2.80 3.07
+/- (0.01) (0.04) (0.02) (0.04) (0.04) (0.11) (0.04) (0.07) | (0.07) (0.15) (0.14) (0.13)
o2 IRR 2.00 2.70 3.34 3.71 3.96 4.43 4.51 4.52 1.98 2.20 2.36 292
+/- (0.01) (0.03) (0.02) (0.03) (0.04) (0.08) (0.08) (0.27) | (0.14) (0.16) (0.17) (0.14)
Initial  2.01 2.68 655 3.71 3.96 4.45 4.50 4.56 2.01 2.44 272 3.03
+/- (0.01) (0.04) (0.02) (0.03) (0.05 (0.12) (0.06) (0.11) | (0.05) (0.27) (0.20) (0.42)
o IRR 2.00 2.70 3.34 3.72 3.96 4.42 4.51 4.53 2.00 2.53 276 3.05
+/- (0.01) (0.03)  (0.02) (0.03) (0.04) (0.05) (0.15) (0.47) | (0.04) (0.12) (0.16)  (0.31)
Initial ~ 2.02 2.69 3.39 3.81 4.05 4.43 4.51 5.02 2.01 2.37 277 3.00
BLa +/- (0.01) (0.03) (0.04) (0.05 (0.04) (0.08) (0.04) (0.07) | (0.06) (0.34) (0.33) (0.27)
IRR 2.00 2.70 3.38 3.77 4.01 4.42 4.49 4.65 1.98 2.06 2.28 3.00
+/- (0.02) (0.04) (0.04) (0.04) (0.05 (0.11) (0.05) (0.08) | (0.07) (0.15) (0.07) (0.16)
Initial  2.01 2.69 3.34 3.70 3.95 4.43 4.51 4.53 2.00 2.38 2.69 3.00
BLS +/- (0.01) (0.03) (0.02) (0.03) (0.04) (0.08) (0.11) (0.37) | (0.10) (0.42) (0.35) (0.44)
IRR 2.00 2.69 3.34 3.72 3.97 4.56 4.55 4.98 2.00 2.56 277 3.06
+/- (0.01) (0.03) (0.01) (0.02) (0.04) (0.04) (0.02) (0.06) | (0.04) (0.12) (0.15) (0.03)
Initial ~ 2.00 2.69 3.34 3.70 391 4.50 4.53 4.54 1.97 2.19 2.33 293
BLe +/-(0.01) (0.03) (0.01) (0.03) (0.03) (0.17) (0.19) (0.37) | (0.09) (0.34) (0.20) (0.32)
IRR 1.99 2.69 3.34 3.74 3.99 4.40 4.49 4.97 1.99 2.54 276 3.03
+/-(0.01) (0.03) (0.01) (0.02) (0.04) (0.04) (0.02) (0.05) | (0.03) (0.12) (0.15) (0.33)
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Table 4.9 displays the local environments of Fe in beryl samples. After
irradiation, the bond distance of the six oxygen first shell nearest to the Fe ion
substitution at Al site slightly decreased. The bond length of Fe-Si; paths were higher
than 3.39 A, which might be attributed to multiple changes in bond distances that
might have been caused by atoms moving radially and changed bonds for Fe ion
occupancy in the Al site. Figure 4.13 depicts a comparison of the bond lengths of Fe

neighbor atoms in beryl structure.
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Figure 4.13 The comparative bond length of beryl sample before and after X-ray
iradiation by scattering path fitting (a) bond length of Model-I fitting and
(b) bond length of Model-ll fitting.

Figure 4.13(a) demonstrates the bond length of Fe neighbor atoms for
Model-I: the three paths of all samples had slightly distinct bond lengths, and the
bond length of neighbor atoms had a moderate difference and a high distribution when
faraway from Fe core atoms. The last path fitting was higher for Fe-Al, with different
bond lengths for BL2, BL4, and BL6, which indicated that X-ray modified the bond
length or the electronic noise signal of the EXAFS spectra. Peak | of Model-ll included
three scattering paths that added to the number of numerous parameters owing to
computation processing limitations. The bond lengths of Fe-Al; and Fe-Si; were notably
different when the 6¢ site was compared to the Al site, whereas the Fe-O, bond length

was comparable.
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The analysis of the EXAFS results obtained from Model-l and I fitting
provided insights into the potential positions of iron (Fe) within the beryl structure.
Peak | suggest that Fe tended to occupy a central position with 6 coordinated
neighbors (referred to as 6 CN). However, in certain beryl samples, Fe appeared to
exhibit different coordination patterns, leading to the description of Fe as occupying a
tetrahedral site. The EXAFS data averaged the scattering of Fe within the beryl
structure, suggesting that Fe could potentially occupy sites through substitution, such
as replacing aluminum (A, or interstitial sites like the 6g site. The first scattering path
in both models yielded similar bond lengths, approximately ranging from 1.97 to 2.02
A. Consequently, it was challenging to distinguish or confirm the exact bond length of
Fe-O, or the quantity of Fe-occupied sites within the beryl structure. The substitution
of Fe for Al sites appeared to be more common than for 6g sites, as all the samples
could be fitted with five peaks using Model-l. The combination of Model-I and Model-
Il assumed the occupancies of isolated Fe ions at both the octahedral Al site and the
6¢ interstitial site, which has been reported to be feasible during heat treatment of

beryl (Lin et al., 2013), but could not fit the beryl EXAFS spectra in this investigation.

4.5 Polarization of crystal beryl to X-ray and UV-vis absorption.
4.5.1 X-ray Diffraction of crystal plane conformation

Out of the six beryl samples, two had a hexagonal crystal structure. The
beryl crystal samples were carefully polished to investigate their physical and chemical
characteristics of before and after exposure to radiation. The crystal faces of the
samples were identified using X-ray diffraction. X-ray data were collected in the 26
range of 10-50 using a Rigaku SmartLab diffractometer, with precise step-by-step
measurements at 0.02 intervals and a 10 second count time for each step. This analysis
was carried out at room temperature, utilizing Cu-Ka radiation (A\= 1.54 A) at 40 kV and
40 mA. The XRD results are displayed in Figure 4.14, with the beryl JCPDS- 00-009-0430
pattern as a reference. When the prismatic faces of BL2 and BL5 were exposed to X-
rays, the XRD patterns exhibited peaks at 11.10° and 11.18°, respectively, corresponding

to the (100) plane. Meanwhile, for measurements on the basal plane, BL2 and BL5
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patterns showed peaks at 19.34° and 19.28°, respectively, indicating the (001) plane.
These XRD findings confirmed that the beryl faces of BL2 and BL5 had been accurately

polished to the prismatic and basal planes, denoted as plane A and plane C,

respectively.
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Figure 4.14 X-ray diffractogram basal plane (dote line) and prismatic plane (solid line)
of crystal beryl sample BL2 and BL5.

4.5.2 UV-Vis-NIR absorption spectra for beryl crystal comparison

Figure 4.15 shows the UV-Vis-NIR absorption spectra of natural beryl and
beryl exposed to X-ray irradiation, each plane-polarized. Both samples exhibited two
relatively narrow absorption peaks at 375 and 427 nm, corresponding to electron
transitions involving Fe®*. Plane A exhibited a higher peak intensity than Plane C in
these narrow peaks. The absorption in the 670-750 nm range is attributed to the charge
transfer from Fe?* to Fe* in octahedral positions. Interestingly, the absorbance features
between Plane A and Plane C were different in BL2 (blue beryl) but were quite similar

in BL5 (yellow beryl). Notably, there was a distinctive peak at 820 nm resulting from
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Fe* absorption. There were also differences in the absorbance features between Plane
A and Plane C, with Plane C showing higher peak intensities in BL2 but similar features
in BL5. Following irradiation, the blue beryl changed to a yellowish color, and the
yellow beryl had its color intensified. The absorption peak intensities at 820 nm
decreased, while the absorption peaks at 375 and 427 nm were more pronounced in
both color samples. The discussion of the previous UV-vis absorbance results indicates
a transformation of Fe?* ions into Fe** ions due to X-ray irradiation. The most significant
change in the absorbance spectra was the distinct deformation feature in Plane A,
which exhibited higher intensity than Plane C, particularly in the increased intensity of

the broad feature around the narrow peaks at 375 and 427 nm.
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Figure 4.15 UV-Vis-NIR absorbance spectrum of beryl crystal sample.

In the NIR region, both beryl colors exhibited band peaks corresponding to
the first overtone, second overtone, and combination mode of H,O stretching
vibrations. Interestingly, these NIR features remained unchanged after X-ray irradiation.

However, it is important to note that the water-related features vary in terms of the
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number of peaks and their intensities, depending on the plane of polarization. The
crystal plane and polarization measurements yielded diverse results and left some
aspects of the study unexplained. Consequently, the behavior of Fe ions and the color
changes in beryl due to X-ray irradiation may be linked to alterations in both polarized
planes, as these features appear to undergo changes that correlate with the crystal

plane and polarization.

4.5.3 Comparison of beryl crystal using X-ray Absorption Spectroscopy
XANES spectra of powdered beryl samples revealed distinct differences
before and after exposure to X-ray irradiation, as depicted in Figure 3.6. To facilitate
comparison, crystal samples with different plane polarizations are illustrated in Figure

4.16.
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Figure 4.16.XANES spectra of crystal sample for each plane polarization direction.

The pre-edge XANES features (labeled as a) in both samples exhibited slight
changes. Notably, in plane A, the XANES feature displayed a prominent peak difference

when compared to plane C. Positions b, ¢, d, e, and f in plane A exhibited noticeable
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feature alterations following beryl irradiation, with b and ¢ being the most significantly
altered positions in plane C. Particularly, b caused an absorption edge shift towards
higher energy. The changes in absorption features are linked to the 1% derivative.
Positions b, ¢, and d experienced changes in both plane polarizations after X-ray
irradiation, particularly in plane A. The differing orientations of elements, bond lengths,
and the distribution of Fe ions in the beryl structure between the basal plane (plane
() and the prism plane (plane A) likely contributed to the distinct XANES features in
each crystal plane. This is because multiple scattering properties averaged the X-ray
incident area of Fe ions across all substituted and occupied sites.

Previous research on single crystals of 3d transition metals in the R3 group
reported that different linearly polarized X-ray directions produced varied features in
the Ni L;-edge due to the 3de, orbital shifting from an in-plane (3d,*-?) to an out-of-
plane (3ds”,%) orientation (Ghosh et al, 2018). Additionally, considering oxygen
vacancies (V) defects through density functional theory (DFT) calculations can lead to
crystal distortions, cation displacement, and distortion of oxygen octahedra. These
factors affect cation electronegativity and valence states, inducing effective electric
polarization (Cortés Estay et al., 2022). It is important to note that studying the XANES
features of beryl crystal samples from only one plane polarization direction may not
provide a comprehensive representation of the Fe ions within the beryl structure.
Therefore, investigating the behavior of Fe ions in both powdered and crystal forms is
essential. Powdered samples provide an average representation across all planes,
while crystal planes offer clear insights into feature changes. Furthermore, plane A
displayed significant feature changes, potentially due to the presence of Fe ions
located at crystallographic sites along the c-axis, such as the Al site and 6¢ site

(Andersson, 2019).



CHAPTER V
CONCLUSION

The various colors of beryl gemstone depend on primary factors such as, ratio of
element composition, atomic defection and dislocation, mineral inclusion, distortion
of the structure, and crystal pattern grown. Researchers have frequently observed the
behavior of iron ions due to their electron activity on d-orbital transition metals, high
band gap energy, ease of oxidation, and affinity for forming bonds with oxygen.
Although the beryl samples in this study were low in alkali, irons were particularly
vulnerable to radiation-induced oxidation. The synthetic sample contained 1.57 wt.%
total iron, which was about three times higher than the natural sample, whereas
colorless beryl contained just 0.28 wt.% total iron.

The color of irradiated crystal samples changed into intensive yellow (positive b*
value), except for the colorless beryl, which displayed no color change. The UV-Vis
spectra of beryl presented the absorbance peak at 375 and 427 nm implied a d-d
electron transition of Fe**, the broad peak at 820 nm indicated the presence of Fe?*,
and the shoulder peak at 670-750 nm was interactions of IVCT between Fe** and Fe**
in octahedral position. Iron oxidation state changed after irradiation by X-ray white
beam because the absorption peak position ratio of Fe® increased and that of Fe?*
decreased. The Fe ion oxidation state results of UV-Vis corresponded to X-ray
absorption results of pre-edge and multiple scattering regions, especially plane A of
crystal sample investigation. The EPR spectra of powdered beryl revealed only a single
axial Fe**center of site symmetry (g = 2) increased intensity after X-ray irradiation, which
is supported by UV-Vis and XANES data.

The EXAFS calculation indicated that Fe ions were situated within a six-
coordinated symmetry, consistent with the presence of Fe®* centers in aluminum (Al)
sites as confirmed by EPR and the pre-edge fitting of XANES data of powder samples.
The simulation of the six-coordinate EXAFS path model suggested that Fe could

potentially occupy positions through substitution, such as replacing aluminum (Al), or
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interstitial locations like the 6g site. This was supported by the observation of similar
bond lengths, approximately ranging from 1.97 to 2.02 A, in both models. As a result,
it was challenging to precisely determine the bond length of the first single scattering
(Fe-0O,) or the quantity of Fe-occupied sites within the beryl structure. It appeared that
the substitution of Fe for Al sites was more prevalent than for 6¢ sites, as all the
samples could be adequately described using Model-l, which comprised five peaks.

The results of the EXAFS simulation and spectral fitting before and after exposure
to X-ray irradiation exhibited remarkably similar characteristics, with only a slight
change in the bond length of the first single scattering. However, other analytical
techniques such as UV-Vis, XANES, and EPR indicated an increase in the presence of
Fe®" ions or a conversion of Fe* to Fe**. The primary Fe ions were found to be situated
within a six-coordinated symmetry according to the EXAFS calculations. Changes in the
plane polarization of Fe were observed in the UV-Vis and XANES spectra, particularly
in plane A along the c-axis. Additional support for these observations comes from the
appearance of a blue color, which was generated by the IVCT between Fe?* and Fe**
ions located at both Al and 6¢ sites in the beryl structure, suggesting a possible Fe-Fe
pair distance of 2.49-2.51 A. In contrast, in the antiferromagnetic configuration, the
nearest Fe-Fe pair distance along the c-axis, considering the nearest Al site, was
approximately 4.64 A (Lin et al,, 2013). The shift in beryl coloration towards a more
intense yellow hue implied an IVCT Fe?*- Fe** reaction phenomenon induced by X-ray
exposure, leading to the conversion of Fe?* ions to Fe®* at both Al and 6g¢ sites. This
phenomenon resulted in a decrease in the transfer of electrons between ions with
different oxidation states within the crystal lattice and an increase in the transfer of
electrons between ions with the same oxidation state (Fe**-Fe**) or between metal
ions and oxygen (Fe**-0).

Furthermore, the NIR data revealed a general absence of foreign and water
molecules, implying that the impinging X-ray whit beam could not cause any OH bond
breakdown in H,O. Furthermore, cryogenic cooling of the sample, which is commonly
used to reduce free radical mobility, would most likely not help to prevent the

observed oxidation effects in beryl induced by synchrotron radiation. The oxidation
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process could be attributed to bond cracking and electron release (Eeckhout et al,
2005).

The irradiation treatment requires special care because some irradiated gems,
like beryl and spodumene gemstones, tends to have short-lived colors that fade upon
exposure to bright light (Weldon, 2023). Irradiation is a less common method for
enhancing beryl color. Colorless or light pink beryl gems subjected to neutron and
gamma radiation take on a new shade of blue, a "maxixe-type" color (Nassau, Prescott,
and wood, 1976). This color is thought to form due to radiation-induced chemical
changes involving carbonate ions in the channels (Edgar and Vance, 1977). However,
unlike heat treatment results, the color gradually fades when exposed to light because
the maxixe-type color is unstable. As a result, the gem and jewelry industry does not
consider radiation treatments as acceptable beryl enhancements. If this color could
be stabilized and produced sufficiently, the stone would have great potential as a gem
material. Both beryl color samples in this study were treated to an increased yellow
shade (*b) by X-ray synchrotron, which tended to be a stable color. In addition,
irradiation of beryl by an X-ray synchrotron source did not result in any residual
radioactivity being released into the environment. The irradiated beryls are safe to
handle and wear, are not brittle as usual. However, care must be taken not to damage
pointed faceted corners and edges, like avoiding exposure to high temperatures. The
incident X-ray beam size and incident time in a synchrotron source can be adjusted to

create two- or three-color shade in one beryl gemstone.
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APPENDIX

As a consequence of the EXAFS computation and sample spectra fitting
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Figure A.1 Models | and II's IFEFFIT calculations are compared to experiment spectra

of BL1-Initial (a) and BL1-IRR (b).

Table A.1 Model-l and Model-ll were used to fit the first scattering path of

neighboring atoms nearest to Fe ions in the BL1 sample.

BL1-Initial BL1-IRR
Model Path - N
N 0% (A R (A) SD N 0% (A R (A )
Fe-O, 6 0.005 200 001  Rfactor 6 0.005 201 001  Refactor
Fe-Be, 3 0.003 265 004 00276 3 0.003 267 003 00293
Fe-Si 6 0.008 332 002  EO shift 6 0.009 335 002  EO shift
Fe-O, 6 0.008 371 004 30 6 0.003 373 0.03 13
! Fe-O, 12 0.020 388  0.06 12 0.018 393 0.05
Fe-O, 0.003 452  0.08 0.003 453 0.10

Fe-Si,
Fe-Al,

0.003 4.54 0.04
0.003 4.59 0.20

6 6
6 6 0.003 4.55 0.04
2 2 0.003 4.62 0.14
Fe-O, 6 0.006 1.98 0.08 R-factor 6 0.006 2.00 0.09 R-factor
2 2
3 3
3 3

Fe-Al, 0.013 2.38 0.28 0.0050 0.014 2.39 0.39 0.0082
0.012 2.68 0.25 EO shift 0.014 2.70 0.31 EO shift
0.003 2.99 0.43 -6.3 0.003 3.02 0.56 -4.2

Fe-Si,
Fe-O,
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Figure A.2 Models | and II's IFEFFIT calculations are compared to experiment spectra

of BL2-Initial (a) and BL2-IRR (b).

Table A.2 Model-l and Model-ll were used to fit the first scattering path of

neighboring atoms nearest to Fe ions in the BL2 sample.

BL2-Initial BL2-IRR

Model Path = = . -
CN oA R@A) sD CN o‘(A) RA) sD

Fe-O, 6 0.007 201 0.01 R-factor| 6 0.005 2.00 0.01 R-factor
Fe-Be;, 3 0004 268 0.04 0.0175 3 0001 270 0.03 0.0170
Fe-Siy 6 0.009 333 0.02 EOshift | 6 0.007 334 0.02 EO shift
Fe-O, 6 0.004 373 0.04 -0.3 6 0.003 371 0.03 0.0
Fe-O, 12 0012 398 0.04 12 0.016 396 0.04

0.006 447 0.11 0.003 443 0.08

0.002 453 0.04 0.003 451 0.08

0.000 549 0.07 0.003 452 0.27

Fe-0, 6 6
FesSi, 6 6
Fe-Al, 2 2
Fe-O, 6 0005 201 007 Rfactor| 6 0008 198 0.14 R-factor
2 2
3 3
3 3

Fe-Al
Fe-Si;
Fe-O,

0.010 207 0.15 0.0156 0.003 220 0.16 0.0091
0.018 280 0.14 EO shift 0.008 236 0.17 EO shift
0.004  3.07 0.13 4.6 0.004 292 0.14 -1.5
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Figure A.3 Models | and II's IFEFFIT calculations are compared to experiment spectra

of BL3-Initial (a) and BL3-IRR (b).

Table A.3 Model-l and Model-Il were used to fit the first scattering path of neighboring

atoms nearest to Fe ions in the BL3 sample.

BL3-Initial BL3-IRR
Model Path = c - .
CN o’ R@A D CN o* (&) R@A) sD
Fe-O, 6 0006 201 001 Rfactor| 6 0006 200 001 R-factor
Fe-Be, 3 « 0004 268 004 00188 { 3 0003 270 003 00125
Fe-Si, 6 0007 333 002 EOshift | 6 0008 334 002 EO shift
Fe-O, 6 0003 371 003 -08 6 0003 372 003 05
Fe-O, 12 0014 396 005 12 0016 396 004
Fe-O, 6 0003 445 0.12 6 0003 442 005
FeSi, 6 0003 450 0.06 6 0003 451 015
Fe-Al, 2 0003 456 0.11 2 0003 453 047
Fe-O, 6 0007 201 005 Rfactor| 6 0006 200 004 R-factor
Fe-Al, 2 0017 244 027 00023 | 2 0016 253 012 0.0018
: Fe-Si, 3 0012 272 020 EOshift | 3 0009 276 0.16 EO shift
Fe-O, 3 0003 303 052 -16 3 0003 305 031 04
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Figure A.4 Models | and II's IFEFFIT calculations are compared to experiment spectra

of BL4-Initial (a) and BL4-IRR (b).

Table A.4 Model-l and Model-ll were used to fit the first scattering path of neighboring

atoms nearest to Fe ions in the BL4 sample.

BL4-Initial BLA4-IRR
Model Path = y . -
CN o’ R@A D CN o°(A) RA) sD
Fe-O, 5 0007 202 001 R-factor | 55 0007 200 002 R-factor
Fe-Be, 3 0003 269 003 00215 | 3 0003 270 004 0.029
Fe-Si, 6 0016 339 004 EOshift [ 6 = 0013 338 004 EO shift
Fe-O, 6 0007 381 005 49 6 0004 377 004 33
| Fe-O; 12 0014 405 0.04 12 0014 401 0.05
Fe-O, 6 0003 443 008 6 0003 442 0.11
Fe-Si, 6 0003 451 0.04 6 0003 449 005
Fe-Al, 2 0003 502 007 2 0003 465 008
Fe-O, 5 0008 201 006 R-factor |55 0002 198 007 R-factor
Fe-Al, 2 0015 237 034 0003 | 2 0002 206 0.15 0.0109
! Fe-Si, 3 0026 277 033 EOshift | 3 0011 228 007 EO shift
Fe-O, 3 0011 300 027 19 3 0003 300 016 07
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Figure A.5 Models | and II's IFEFFIT calculations are compared to experiment spectra

of BL5-Initial (a) and BL5-IRR (b).

Table A.5 Model-l and Model-Il were used to fit the first scattering path of neighboring

atoms nearest to Fe ions in the BL5 sample.

BL5-Initial BL5-IRR

Model Path = = . -
CN oA R@A) sD CN o‘(A) RA) sD

Fe-O;, 6 0.007 201 0.01 R-factor| 6 0.006  2.00 0.01 R-factor
Fe-Be; 3 0003 269 003 0.0291 3 0003 269 0.03 00121
Fe-Siy 6 0.007 334 0.02 EOshift | 6 0.008 334 0.01 EO shift
Fe-O, 6 0.003 3.70 0.03 -0.5 6 0.003 372 0.02 -0.1
Fe-O; 12 0.013 395 0.04 12 0.019 397 0.04
Fe-O, 6 0.003 443 0.08 6 0.003 455 0.04
Fe-Si, 6 0.003 451 0.11 6 0.003 456 0.02
Fe-A,, 2 0.003 453 037 2 0.003 498 0.06
Fe-O, 6 0.008 2.00 0.10 R-factor| 6 0.006  2.00 0.04 R-factor
2 2
3 3
3 3

Fe-Al, 0.012 238 042 0.0072 0.021 256 0.12 0.0015
Fe-Siy 0.018 269 0.35 EO shift 0.010 277 0.15 EO shift
Fe-O, 0.003 3.00 0.54 -3.0 0.003  3.06 0.03 0.0
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Figure A.6 Models | and II's IFEFFIT calculations are compared to experiment spectra

of BLé-Initial (a) and BL6-IRR (b).

Table A.6 Model-l and Model-ll were used to fit the first scattering path of

neighboring atoms nearest to Fe ions in the BL6 sample.

BL6-Initial BL6-IRR
Model  Path
(N o*(® R@A) D CN o*®) R@A) D
Fe-O, 6 0004 200 001 Rfactor| 6 0005 199 001 R-factor
Fe-Be, 3 0003 269 003 00106 | 3 0003 269 003 00102
Fe-Si, 6 0007 334 001 EOshift [ 6 = 0007 334 001 EO shift
Fe-O, 6 0004 370 003 -22 6 0003 374 002 -4.0
! Fe-O, 12 0014 391 0.3 120020 399 004
FeO, 6 0003 450 0.17 6 0003 440 004
Fe-Si, 6 0003 453 0.19 6 0003 449 002
Fe-Al, 2 0003 454 037 2 0003 497 005
Fe-O, 6 0005 197 009 Rfactor| 6 0005 199 003 R-factor
Fe-Al, 2 0008 219 034 00068 | 2 0019 254 012 0.0015
! FeSi, 3 0013 233 02 EOshift | 3 0011 276 0.5 EO shift
Fe-O, 3 0003 293 032 99 3 0003 303 033 -44




CURRICURUM VITAE

Name Watcharakon Setwong
Date of Birth 20 May 1991

Place of Birth Buriram, Thailand
Education

® 2010- 2013 : Bachelor of Engineering, school of Geotechnology,

O Institute of Engineering, Suranaree University of Technology, Thailand
® 2014 -2017 : Master of Engineering, school of Geotechnology,

O Institute of Engineering, Suranaree University of Technology, Thailand
® 2018 - present : Doctor of Science, School of Chemistry,

O Institute of Science, Suranaree University of Technology, Thailand

Publication
® Study of Fe ions in aquamarine and the effect of dichroism as seen using UV-
Vis, NIR and X-ray. Radiation Physics and Chemistry, 109107., (2020)
® Using fly ash, palm oil fuel ash, and sugarcane bagasse ash as density and
compressive strength additives for APl class G cement. Suranaree J. Sci.

Technol. Vol. 24 No., (2017)

® Study of using pozzolanic materials as additives for API class G cement. SUTIR.,

(2016)



	Cover
	Approved
	Abstract
	Acknowledgement
	Content
	Chapter1
	Chapter2
	Chapter3
	Chapter4
	Chapter5
	Reference
	Appendix
	Biography

