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1. Introduction

Abstract

In this research, calcium carbonate from eggshell waste was used to
prepare the soda-lime borosilicate glass samples (Na,O-B,03-CaO-
Si0y) doped with samarium ions (Sm®') at different SmyO;
concentrations (0, 0.1, 0.2, 0.3, 0.4 and 0.5 mol%). A conventional
melt-quenching method at 1,100°C for 3 h was applied in this work to
produce the glass samples. The samples were then characterized by
XRD, DTA, FT-IR, UV-Vis spectrophotometer and PL techniques.
The results showed that the obtained glasses had amorphous structure,
and the glass density tended to increase with the addition of Sm>Os.
The FTIR spectra of the main glass structure revealed that it was
composed of trigonal BO3 and tetrahedral BO4 borate groups mixing
with SiO4 tetrahedra and non-bridging oxygen. The addition of
samarium ions to the glass resulted in a strong orange emission at 562
nm (4G5/2—>6H5/2), 600 nm (4G5/2—>6H7/2), 646 nm (4G5/2—>6H9/2) and
708 nm (*Gsp,—°Hi1n) under excitation at 403 nm. The results
confirmed that 0.3 mol% Sm;O;-doped glass exhibited the highest
emission intensity, which suggested that eggshells have a high
potential to be used as an alternative CaCOs-raw material in the
production of an efficient luminescent and environmentally-friendly
optical electronics material.

Luminescent glass is a type of optical glass with the active luminescent ions, such as rare earth ions,
incorporated into the glass structure. This glass has been used in a wide variety of applications
including home decorations and optoelectronics devices such as lasers, light emitting diodes
(LEDs), optical fiber cables, etc. When rare earth ions are excited by an incoming energy source,
their electrons are raised to an excited state. Once the electrons return to lower energy levels, they
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release the energy in the form of light. Rare earth ions are used extensively because of their intrinsic
emission-properties originating from f-f and f-d transitions. The luminescent properties of rare earth
ion-doped glass depend on various factors including the type, quality, and concentration of the
doping ions. The doping of rare earth ions is, however, based on the use of rare earth oxides. This
is because rare earth elements are generally very active with oxygen and readily form oxide
compounds.

In order to obtain the optimal luminescent response, the characteristics of the glass matrix
is also important. The properties of glasses generally vary with their chemical composition. Two of
the most well-known glasses are soda-lime glass and borosilicate glass. While the former is the most
common and least expensive type of glass, the latter is more suitable for a wide range of applications
requiring high temperature and chemical resistance. Sodium borosilicate glass (and soda-lime
borosilicate glass) is the glass system comprising sodium (and calcium) ions acting as glass
modifiers together with SiO, and B>O; as network formers. This type of glass has numerous
applications especially as optical glasses [1]. This is because such glass types have good rare-earth
ion solubility [2].

Among the rare earth ions, trivalent samarium ions (Sm?®") have attracted a lot of interest
especially in the fields of high-density optical storage and luminescent devices [3]. A strong intense
emission band of the Sm?* ions occurs at about 600 nm due to *Gs;, — ®H7,, transition, which emits
the bright red-orange light under UV and visible-light excitation [2, 4].

Agricultural waste is any waste being generated from different farming processes. The
conversion of this kind of waste into other useful materials can be a strategy that adds more value
in waste utilization. Eggshell is one of the most common forms of food waste. It typically has a high
calcium carbonate (CaCO3) content (about 94-96% of CaCO3) [5]. When heated in the temperature
range of 800-900°C, eggshell decomposes to form gaseous carbon dioxide and calcium oxide:
CaCO3 — CaO + CO». The gravimetric factor of CaO in CaCOs is about 1.787. This process is the
same as calcium oxide production from limestone [6]. For the production of glass, calcium carbonate
is normally used as a source of CaO due to its stability.

Based on the above concepts, this research studied the preparation of soda-lime borosilicate
glasses doped with samarium ions (Sm*") at different concentrations of Sm,O3 (10Na,0-30B,0s-
10Ca0-(50-x)Si02-xSm»03, x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5 mol%). Eggshells were used as a
valuable and sustainable resource of CaCOj3, which can be used directly or pre-heated to remove
undesired components before use. The purpose of this work is to prepare environmentally-friendly
types of glass for uses in optoelectronic applications.

2. Materials and Methods

Eggshell wastes were collected from Roti krob Je’ Aree (Ratchaburi, Thailand). After washing with
tap water several times, the eggshells were fired at 400°C for 4 h to remove organic compounds,
crushed into powder using a laboratory ball, and then sieved through an 80 mesh. The obtained
eggshell powders were then stored and used as an alternative natural source of calcium carbonate.
Various glasses in the 10Na>O-30B,03-10Ca0-(50-x)Si02-xSm203 (x = 0, 0.1, 0.2, 0.3,
0.4 and 0.5 mol%) system were prepared by the conventional melt-quenching method. Sodium
carbonate (Na;CO3, 99.0%), boric anhydride (B203, 98.0%), silicon dioxide (SiO2, 98.0%), eggshell
powder or calcium carbonate (CaCQO3), and samarium (III) oxide (Sm»03, 99.9%) were first weighed
and thoroughly mixed using a mortar and pestle. After all the raw materials were well-mixed, the
mixtures were heated up to 1100°C in porcelain crucibles for 3 h. Each sample of molten glass was
then poured in a copper mold and annealed at 500°C for 3 h to relieve thermal stress and strain in
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the sample. The obtained samples were assigned as SLBO, SLB1, SLB2, SLB3, SLB4, and SLB5,
and each were of a different doping concentration.

Another factor that was considered in the preparation procedure was the use of ceramic or
alumina crucibles. These crucibles are normally preferred because they are resistant to corrosion
and are durable. However, it was reported in previous studies that glass melted in these types of
crucibles could be affected by contamination, resulting in lowering of the maximum transmission
and IR cut off [7, 8]. Although the presence of contamination from crucibles may be a drawback
for optical applications, some contamination from the the crucibles can be beneficial in other
applications. It was reported that AI** ions from alumina (Al,O3) could de-cluster several rare earth
ions, which diminished the concentration-quenching effect and enhanced emission intensity [8].

To characterize the physical, structural, and optical properties of the obtained soda-lime
borosilicate glasses, different characterization techniques were used. The density of the samples was
calculated using the Archimedes principle. The weights of the glass samples were measured in air
and in water with a 4-digit sensitive microbalance. The molar volume (V) was then calculated
using the relation Vi, = M/p, where M and p are the average molecular weights and densities of the
glasses, respectively.

The crystallinity of the obtained glasses was recorded with a Shimadzu diffractometer
(LabX XRD-6100 model) with a Cu Ko (1.54 A) source at room temperature. Fourier transform
infrared (FT-IR) spectra were recorded using a Fourier transform infrared spectroscope (Vertex 70,
Bruker). Differential thermal analysis (DTA) was carried out at a heating rate of 10°C/min using a
Mettler Toledo TGA/DSC 1 Stare system to determine the glass transition temperatures (T,) of the
obtained glasses. The UV-visible transmission and photoluminescence spectra of the prepared
glasses were recorded using a Shimadzu UV-1800 spectrophotometer, and a photoluminescence
spectrometer (Avantes, AvaSpec-2048TEC-USB2-2), respectively.

The optical bandgap was calculated by using the Tauc’s relation: ahv = B(hv - E,)", where
E, is the optical band gap, h is Planck’s constant, v is the frequency of photons, and B is a constant
[9, 10]. The exponent 1/n denotes the nature of transitions: n = % for allowed direct band gap
transitions, and n = 2 for allowed indirect band gap transitions. According to Tauc's relation, the
plotting of (ahv)”(1/n) versus the photon energy (hv) gives a straight line in a certain region. The
extrapolation of this straight line will intercept the (hv)-axis to give the value of the optical energy

gap (Ey).

3. Results and Discussion

The XRD patterns of glass samples are shown in Figure 1. There are no crystalline peaks and only
broad halo humps observed, which confirms the amorphous nature of glass samples. It is also found
that the addition of Sm»xO; does not affect the glassy state of the obtained glasses. As shown in
Figure 2, FTIR spectra of the glass samples can be divided into four absorption regions. The
absorption peak around 462 cm! is assigned to the vibrations of cations such as the modifier ions
(Na*, Ca*") and overlaps with the bending vibration of Si-O-Si of SiO4 (Q*). The weak peak at 685
cm’! and the broad band at 1422-1425 cm’' are associated with the bending vibrations and
asymmetric stretching of B-O borate triangles (BO3), respectively [11-13]. The bands in the region
800-1200 cm™! are ascribed to the characteristic vibrations of the borate and silicate structural units.
The possible silicate groups in this region are associated with non-briding oxygens (NBOs): Q* (Si-
0-Si) at 1200 cm™, Q* (Si-O-NBO) at 1075 em’!, Q? (Si-O-2NBO) at 1000 cm™!, and Q' (Si-O-
3NBO) at 900 cm™!. The presence of non-bridging Si-O groups in the glass structure overlaps with
borate groups in the region between 830 to 1109 cm! [14]. The band near 1000 cm™! is due to the
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Figure 1. XRD patterns of glasses doped with Sm»O3 at different concentrations: (a) SLBO,
(b) SLB1, (c) SLB2, (d) SLB3, (¢) SLB4 and (f) SLBS
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Figure 2. FT-IR spectra of glasses doped with Sm>0Os3 at different concentrations: (a) SLBO,
(b) SLB1, (c) SLB2, (d) SLB3, (¢) SLB4 and (f) SLBS
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asymmetric stretching vibrations of non-bridging B-O-B in BOj units, while that between 950-1050
cm’! is due to a stretching vibrations of B-O-Si [15-17]. Generally, in the sodium-borosilicate glass
structure, the glass is made up of BO4 units sharing four oxygen with SiOj4 tetrahedra. The Na* ions
are used to compensate for the negative charge of the borate units. When Sm>*" ions are incorporated
into the boron structure, the bridging oxygens are displaced. This leads to an increase in the numbers
of non-bridging oxygens (NBOs) and BOj3 units. A small amount of Sm;0O3 (0.1-0.5 mol%),
however, does not affect the glass network, but tends to be incorporated in the interstices, which
may break the bridging bonds and create more non-bridging oxygens.

Figure 3 shows the densities and the molar volumes of glasses doped with Sm,0O3 at
different concentrations. The results show that the density increases with increasing Sm>O;
concentrations. This is because SmO;3 has a higher molecular weight (348.72 g/mol) than other glass
formers such as SiO» (60.08 g/mol) and B,03 (69.6182 g/mol). The low density of the undoped glass
indicates the presence of a large number of empty interstices. With Sm>O3 doping, the molar volume
largely decreases, but does not change significantly with increasing Sm>Os3 concentration. The
results suggest that Sm>* ions tend to migrate into the glass structure and fill in any empty interstices,
making the structure more compact and giving it nearly constant molar volume.

The DTA analysis of glasses at a heating rate of 10°C/min is depicted in Figure 4. The
results reveal two endothermic peaks, which correspond to the glass transition temperature (Tg) and
the melting point (Tm) of the glass samples. The glass transition temperatures of all the samples were
measured at the onset of the endothermic peak, as shown in the inset. It can be noticed that the glass
transition temperature slightly increased from 572 to 580°C with increasing Sm»>O3 concentration.
Any changes in the thermal stability of the glasses could, generally, be due to many factors such as
the formation of non-briding oxygens or brindging bonds, the chemical bonds, and the packing
density in the glass structure [18, 19]. The increase in Ty could be explained by the densification
and the packing of the glasses as discussed earlier. There is, however, no evidence of crystallization
peaks observed in the results, showing that the obtained glasses doped with Sm»>Os are resistent to
crystallization.
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Figure 3. Density and molar volume of glasses doped with Sm,O3 at different concentrations
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Figure 4. DTA thermograms of glasses doped with Sm»Os at different concentrations: (a) SLBO,
(b) SLB1, (c) SLB2, (d) SLB3, (¢) SLB4 and (f) SLBS

The UV-Vis transmission spectra are displayed in Figure 5. The parent glass structure
shows a strong UV absorption. The addition of Sm,0O3 leads to light absorption band in the UV-
visible region centered at 345, 360, 376, 403, 416, 438, 463 and 472 nm. These correspond to the
energy transitions from Hsp to *Kisn, *L172, ®Psn, P3p, *Psn, *Gop, *1132 and *1115, respectively [4].
The highest absorption occurs at 403 nm. Figure 6 shows the optical indirect bandgap (E,)
calculated by using the Tauc relation. From the results, it can be seen that the bandgap energy
decreases with increasing concentration of Sm0O;3. This may be due to an increase in non-bridging
oxygens (NBOs) by incorporating Sm*" into the glass network. The bonding defects in the glass
system create more active electrons from the negative charges of oxygen ions in NBOs [20]. These
active electrons then accumulate under the valence band energy, causing the valence electrons to
move closer to the conduction band energy, thus lowering the bandgap.
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Figure 5. UV-Vis transmission spectra of glasses doped with Sm,Oj3 at different concentrations:
(a) SLBO, (b) SLBI, (c) SLB2, (d) SLB3, (e) SLB4 and (f) SLBS5
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Figure 6. Indirect (whv)'? vs. hv of glasses doped with Sm,Os at different concentrations:
(a) SLBO, (b) SLB1, (c) SLB2, (d) SLB3, (¢) SLB4 and (f) SLB5

Figure 7 shows the physical characteristics of glass doped with Sm»Os in daylight and
under UV light stimulation. It can be seen that the obtained glasses are highly transparent but take
on a light-yellow tint with the addition of Sm,03. Under UV exposure, the doped glasses emit the
orange light. Considering the photoluminescence (PL) spectra in Figure 8(a), the emission spectra
of the doped glasses show four emission peaks at 562 nm (*Gs»— °Hs;), 600 nm (*Gs;2— *Hzp),
646 nm (*Gs;,— ®Hos2) and 708 nm (*Gs;,— °®Hj1/2) when excited at 403 nm. The partial energy
diagram of Sm**-doped glasses is shown in Figure 8(b). It can be observed that the emission intensity
is optimal at the wavelength of 600 nm and at the Sm>O3 concentration of 0.3 mol% (SLB3). The
decrease in the emission intensity at concentrations higher than 0.3 mol% Sm;Os is related to the
concentration quenching effects. A high concentration of Sm*" ions can re-absorb the light by itself,
leading to a reduction in the luminescence intensity of glass samples [21]. As shown in a CIE
diagram (Chromaticity diagram, 1931) of glass samples doped with Sm>" at a concentration of 0.3
mol% (SLB3) (Figure 8(c)), the Sm*"-doped glass gives the orange emission under UV irradiation.
The corresponding CIE color coordinate was calculated to be about (0.522,0.474), which is located
in the orange region.
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Figure 7. Daylight picutre and luminescence images excited by UV light of glasses doped with
Sm,0; at different concentrations
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Figure 8. (a) Photoluminescence spectra of glasses doped with Sm,O3 at different concentrations,
(b) CIE Chromaticity Coordinates under UV irradiation of SLB3 and (c) partial energy level
diagram of excitation and emission transitions of Sm**-doped glasses

4. Conclusions

In this study, 10Na>;O-30B203-10Ca0-(50-x)Si02-xSmy03 (x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5 mol%)
glasses were prepared by the melt-quenching method with calcined eggshells as a natural source of
CaCOs. The amorphous nature of the obtained glasses was proven by the presence of broad halos in the
XRD patterns. The Sm>Os-doped glasses were found to exhibit higher densities, higher glass transition
tempeartures, and lower indirect bandgaps. This was due to an increase in packing density of the glass
structure and the formation of non-bridging oxygens (NBOs). The emission spectra showed the highest
emission intensity occurred at 600 nm (*Gs,— ®Hzp) and at the concentration of 0.3 mol% Sm,Q3, when
excited at 403 nm. From CIE 1931 chromaticity coordinates, the emitted light is in the orange region.
Based on the results, eggshells could, therefore, be efficiently used to substitute for CaCO; in the

production of environmentally friendly luminescent glasses.
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