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Abstract 

 

Wheat husks and eggshells, while often regarded as waste, are available in millions of tons. Despite their status as by-products, these 

materials possess significant potential for various applications. Thus, this study explores the possibility of agricultural waste as a source 

of bio-silicate materials for glass production. Bio-silicate was extracted from leached wheat husks, and lime was obtained from 

eggshells. Europium-doped soda-lime borosilicate glasses were fabricated using the melt-quenching method having a chemical 

composition of 30Na2O-(40-x)B2O3-20SiO2-10CaO-xEu2O3 wherein x varied from 0.01 to 0.05 mol%. Chemical oxide compositions 

of wheat husk ash (88.64% SiO₂) and calcined eggshell (91.30% CaO) were determined using X-ray fluorescence (XRF). Functional 

groups were confirmed by Fourier transform infrared (FTIR) spectroscopy. It was confirmed by X-ray diffraction (XRD) that the 

glasses were amorphous. The glasses exhibited 2.61 to 3.03 g/cm³ densities and molar volumes of 10.91 to 14.37 cm³, increasing with 

higher europium doping levels, indicating a denser glass network. Optical features were characterised using Ultraviolet-visible (UV-

Vis) spectroscopy, revealing direct band gaps ranging from 3.55 to 4.90 eV and indirect band gaps from 0.40 to 1.99 eV. Glasses doped 

with 0.05 mol fraction Eu₃⁺ showed the highest density, molar volume, and Urbach energy, suggesting suitability for UV-absorbing 

materials and high-energy photonic devices. Due to their unique emission properties under various excitation wavelengths and 

adaptable optical band gaps, the europium-doped borosilicate glasses derived from agricultural waste are useful in optical devices such 

as white LEDs. 
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1. Introduction 

 

Borosilicate glasses have garnered significant attention in industrial and medical fields over the past few decades due to their high 

ionic conduction, mechanical and thermal stability, and optical transparency [1]. These properties make borosilicate glasses suitable 

for various advanced applications, including optoelectronics and photonics. The optical quality of borate glasses can be improved by 

modifying borate structural units from BO3 to BO4, a process facilitated by incorporating alkali ions such as CaO and Na2CO3. These 

ions improve chemical stability and physical properties of the glass network, making it more suitable for technological applications [2, 

3]. Traditional borate glasses, characterised by high phonon energy, low viscosity, and moisture resistance, are generally unsuitable for 

optoelectronic devices. However, incorporating alkali oxides into the borate network mitigates these drawbacks, thereby, enhancing 

the performance of the material [4, 5]. Moreover, borosilicate glass serves as an excellent medium for incorporating various transition 

metals and lanthanide ions, further expanding its application potential. The silica and the alkali such as calcium oxide can be obtained 

from agricultural waste, offering an environmentally friendly solution to waste disposal issues while providing valuable raw materials 

for glass production. Wheat husks are a novel source of SiO2 due to their high silicon content, while eggshells, containing 98% calcium 

carbonate, offer a convenient and cost-effective source of CaO [6]. Activators and/or modifiers that are alkaline or alkaline earth have 

been added to make borate glasses more effective. 

Research indicates that glasses enhanced with rare earth ions (REIs) show a possibility for developing luminescent devices, fibre, 

and waveguide amplifiers for optical transmission networks, infrared to visible up-converters, colour display devices, optoelectronic 

devices like visible short-wavelength lasers, and high-density frequency domain optical data storage [7-10]. REIs exhibit fascinating 

https://ieeexplore.ieee.org/author/826987881128618
https://ieeexplore.ieee.org/author/37089842691
https://ieeexplore.ieee.org/author/37088347997
https://ieeexplore.ieee.org/author/449912704749721
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luminescent properties due to their narrow emission lines from f-f transitions, making them useful for various applications. The REI 

europium (Eu3+-4f6) is particularly notable for its almost monochromatic electric dipole emission transition and high luminescence 

efficiency [11], making it an excellent candidate for red-emitting photoluminescence [1]. The local environment in different glasses 

can be assessed using the Eu3+ ion, which significantly alters the optical and magnetic characteristics of oxide glass hosts. Research 

has shown that REIs form a glass matrix that facilitates energy transfer between nearby ions. The energy level structure of Eu3+ is 

highly sensitive and reactive to fluorescence within the glass matrix, making it ideal for studying the local structure of rare earth ions 

in glasses [12]. Numerous studies have explored the environments of REIs in silicate glasses [13-17]. For instance, Gowda et al. [18]  

examined the lead borotellurite glasses doped with europium trioxide and their structural, thermal, and spectroscopic characteristics, 

concluding that these glasses possessed good thermal and glass stability. Mariselvan et al. [19] reported on the luminescence and optical 

properties of barium lithium fluoroborate glasses doped with europium, highlighting their potential for red-coloured lasers and display 

devices. Umar et al.[20] analysed the optical, structural, and physical characteristics of rice husk silicate borotellurite (Er-doped 

RHSBT) glasses doped with erbium, noting a decrease in reflectivity and polaron radius with increased REI concentration, indicating 

reduced optical energy loss to reflection. This study focuses on the extraction of silica from wheat husk and calcium oxide from 

eggshells for integration into a glass matrix. Additionally, it investigates the effects of europium doping on the structural and optical 

properties of borosilicate glass. The incorporation of these waste-derived materials aims to improve the glass properties and offer an 

environmentally sustainable solution to waste disposal. The optical, structural and physical properties of the resulting soda-lime 

borosilicate glasses were comprehensively studied. 

 

2. Materials and methods 

 

2.1 Materials 

 

The wheat husk utilized in this investigation was obtained from a Maiduguri farm in Nigeria, and the chicken eggshell waste was 

collected from restaurants in Suleja, Nigeria. Diboron trioxide was obtained from Sigma-Aldrich (Germany), and Europium (III) oxide 

and sodium carbonate were obtained from Merck (USA). All chemicals were utilized just as supplied without any additional 

purification. 

 

2.2 Methods 

 

2.2.1 Extraction of bio-Silicates from wheat husk 

 

The husk underwent a series of steps to extract silica from the wheat husk. The wheat husk was initially thoroughly cleaned with 

regular water and then distilled water. The sample was drained and then leached in 1M hydrochloric acid for approximately 2 h. It was 

then stirred and heated to 110℃ for 3 h. Following the removal of acid, distilled water was used to rinse the husk after which it was 

oven-dried at 105 °C for approximately 3 h. After that, dried wheat husk was subsequently ashed in a muffle furnace at 800 °C for 5 h 

to obtain the wheat husk ash (WHA) [21, 22]. 

 

2.2.2 Extraction of calcium oxide (CaO) from eggshell 

 

CaO was obtained from discarded chicken eggshells (CES). The shells were initially cleaned to get rid of any dirt or other debris 

that might have adhered to the outside of the shell. After the internal white membrane was removed, the shell was thoroughly cleaned 

with distilled water and then dried at 105°C for 3 h in the oven to remove moisture from the eggshell. The dried eggshells were crushed 

until smooth. The eggshell was heated to 900°C for 5 h in a furnace [23, 24].  

 

2.2.3 Glass fabrication 

 

Figure 1 represents the flowchart of the entire glass production methods. The chemical formula (40-x)B2O3-30Na2O-20SiO2-

10CaO-xEu2O3 was utilized to prepare a range of borosilicate glasses doped with europium where x= 0.01, 0.02, 0.03, 0.04 and 0.05 

mol% using conventional melt quenching techniques [25-27]. 13 g of powdered chemicals were weighed using molar ratio of 30Na2O-

(40-x)B2O3-20SiO2-10CaO-xEu2O3. The weighed chemicals were combined and then stirred for 30 minutes to ensure the mixture was 

homogenous. After preheating the homogeneous mix for 1 h at 400 °C to remove any residual water, it was heated to 950 °C for an 

additional 2 h to allow the sample to melt. The glass was annealed for five hours at 250°C to eliminate thermal and mechanical stress 

before glass casting. Silicon carbide was used to polish the prepared glass (Figure 2). Table 1 depicts the chemical composition of the 

fabricated glass samples. 

 

Table 1 Chemical composition (%) of Europium doped sodalime borosilicate glass 

 

Sample code B2O3 Na2O SiO2 CaO Eu2O3 

NaCaBSi 40 30 20 10 0.00 

NaCaBSiEu1 39 30 20 10 1.00 

NaCaBSiEu2 38 30 20 10 2.00 

NaCaBSiEu3 37 30 20 10 3.00 

NaCaBSiEu4 36 30 20 10 4.00 

NaCaBSiEu5 35 30 20 10 5.00 
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Figure 1 Flow diagram for the procedure 

 

 
 

Figure 2 A typical image of soda-lime borosilicate glass 

 

2.3 Characterization of raw materials and produced glasses 

 

2.3.1 X-Ray fluorescence analysis 

 

The elemental compositions of WHA and CES were determined using an X-ray fluorescence meter (PanAlytical Epsilon 4). The 

sample was ground into a powder using an agate pulverizing device (planetary micro mill pulverisette 7). The resulting spectrum 

described the elemental composition of the material. 

 

2.3.2 Physical analysis 

 

Glass sample densities were determined using the Archimedes principle and an automated electronic densimeter measurement 

device with serial numbers SO.20230409001, 300A. Equation (1) was used to obtain the density; 

 

ρsample =
Wair

Wwater
ρwater                                          (1) 

 

The molar volume of every sample was determined using Equation (2). 

 

Vm =
Mw

ρsample
                            (2) 

 

where ρsample = sample density, ρwater = density of water, wAir = weight of sample in air, wwater = weight of sample in water, and Mw = 

molecular weight of the glass sample respectively 

 



Engineering and Applied Science Research 2025;52(2)                                                                                                                                                  177 

2.3.3 X-Ray diffraction analysis 

 

The Rigaku Miniflex X-ray diffractometer was used to identify the phase of CES, WHA, and glass samples. The X-ray 

diffractometer has a fixed acceleration voltage of 30 kV, a fixed current of 15 mA, a scan range of 2θ = 2o - 145o, and a scan speed of 

0.01-100 o/min. The source of X-rays is a copper anode (𝛌 Cu Kα, radiation = 1.5406Å). The diffraction patterns were analyzed using 

the Joint Committee on Powder Diffraction Standards (JCPDS). 

 

2.3.4 Fourier transform-infrared (FTIR) analysis 

 

An Agilent Technologies CARY, INFrared 630 Fourier Transform-Infrared Spectrometer (FTIR) at Ahmadu Bello University 

(ABU), Zaria, Nigeria. Was used to identify the functional to identify the functional groups. Each sample was crushed into a fine 

powder before preparations. The sample FTIR spectra were obtained in the 4000 – 400 cm-1 range and at a resolution of 4 cm-1 using 

the KBr pellet method. 

 

2.3.5 UV-Vis analysis  

 

The refractive index of the glass samples was estimated from the absorption spectra based on the fundamental relations as outlined 

in this section. The optical absorption was measured using a Cary series UV–Vis NIR spectrophotometer (Shidmazu, model UV-3600) 

with a spectral resolution of 0.2 nm. The optical energy bandgap (Eg) for direct and indirect transitions and the Urbach energy (∆E) 

for the synthesized samples were evaluated using the fundamental relations provided by Aliyu et al. [28]. 

The absorption coefficient α (v) as a function of photon energy and the Davis and Mott formula were used to compute the optical 

band gaps (direct and indirect) [20]. 

 

The expression for α(ν) is given in Equation (3): 

 

𝛼(𝑣) = 𝐵
(ℎ𝑣−𝐸𝑜𝑝𝑡)

𝑛

ℎ𝑣
                           (3) 

 

where 𝐸𝑜𝑝𝑡is the optical band gap, n is a number, with n = 2 for indirect and n = 1/2 for direct allowed transitions, and B is a constant. 

The value of α (υ) is the absorption coefficient obtained using Equation (4); 

 

α(v) = 2.303
A

t
                                                          (4) 

 

where t is the sample's thickness and A is the value of the corresponding optical absorbance. The optical band gap values were obtained 

by extrapolating the linear part of the curves at (α̙hv)2 = 0 and (αhv)1/2 = 0 for direct and indirect transitions, respectively. 

The localized states' width corresponding to an optical transition between the extended state in the conduction band above the 

mobility edge and the localized tail states in the neighbouring valence band is known as the Urbach energy (∆E). It is given by Equation 

(5). 

 

α(v) = Bexp
hv

ΔE⁄                                                           (5) 

 

where β is a constant and ∆E is the band tailing parameter. The inverse of the slope of ln α versus the ℎv plot (Equation 6) was used to 

calculate the ∆E.  

 

ln α =
hv

∆E
                                                           (6) 

 

The refractive index of the glass sample was determined utilizing Tauc’s method in Equation (7) i.e relationship between refractive 

index (n), and optical band gap 

 

n2−1

n2+2
= 1 − √

Eopt

20
                                           (7)  

 

where Eopt is the value of the indirect band gap and n is the refractive index. 

The optical parameters were determined using the refractive index, and the n value was obtained [29, 30]. The average molar 

refraction of isotropic substances is given by Equation (8). 

 

Rm =  
(n0

2−1)

(n0
2+2)

vm                                           (8) 

 

Equation (9) was used to determine the oxide ions' electronic polarizability according to their refractive index. The electronic 

polarizability is proportional to the molar refraction [31]. This was demonstrated by applying Avogadro's number to Equation (10): 

  

αm = (
3

4πNA
) Rm                                           (9) 

 

where αm is the electronic polarizability, NA represents Avogadro’s number and Rm represent molar refraction. With αm (Å3), This 

Equation may be modified to: 
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 αm =
Rm

2.52⁄                                          (10) 

 

Polarion radius (rp): The polaron radius (rp) for the glass samples was calculated using Equation (11) as described by Hegde et al. [10]. 

 

rp(Å) =
1

2
(

π

6N
)

1
3⁄
                                         (11) 

 

The interionic distance was calculated using Equation (12) 

 

ri(Å) = (
1

N
)

1
3⁄
                                                        (12) 

 

where N is the concentration of the Eu3+ ion 

 

Equation (13) was used to determine the field strength (Fs) surrounding the Eu3+ ion: 

 

Field strength (Fs) (cm-2) = (
Z

rp
2)                                        (13) 

 

The subsequent relation in Equation (14) was used to obtain the dielectric constant (ε) 

 

ε = n2                           (14) 

 

where n is the refractive index. 

 

Reflection loss (RL) and transmission coefficient (T): Equations (15) and (16) display the reflection loss and transmission coefficient, 

which were calculated using Fresnel's formula and the refractive index of the produced glasses, respectively [28]. 

 

T =
2n

n2+1
                                          (15) 

 

Fresnel's formula was utilized to calculate the reflection loss from the glass surface based on the refractive index. 

 

RL = [
(n−1)

(n+1)
]

2
                          (16) 

 

Optical electronegativity (𝜒 ): Optical electronegativity is calculated theoretically based on energy band gap using Equation (17) [32]. 

 

Δχ = 0.2688 × Eopt                         (17) 

 

where Eopt represents the simple oxide's energy gap. 

 

Metallization criterion (M). Equation (18) was utilized to evaluate the glass insulating performance by using the metallization criteria.  

The metallization theory of Herzfeld states that materials tend to be metallic or insulating if Rm/Vm >1 and Rm/Vm <1. Thus, the 

metallization (M) was obtained from Equation (18) [33]. 

 

M = 1 −
Rm

Vm
                          (18) 

 

Equations (19) and (20) were used to the refractive index, M(n), and energy band gap, M(Eg), which are used to determine the 

metallization criteria [34]. 

 

M(n) = 1 − [
(no

2−1)

(no
2+2)

]                         (19) 

 

M(Eg) = √Eg

20
⁄                                          (20) 

 

Optical electronegativity-based oxide ion polarizability (𝛼𝑂2−)  and optical basicity (ᴧ): Glasses oxide ion polarizability can be 

estimated based on the optical electronegativity computed from the refractive index [35]. Equation (21) illustrates the optical 

electronegativity estimated from the refractive index by Zhao et al. [36] to predict the oxide ion polarizability of oxide glasses. 

 

αO2− = 3.5 − 0.9χglass                                        (21) 

 

According to Reddy et al. [37] and Moustafa and Elkhateb [38], there is an excellent correlation exists between the oxide ion 

polarizability and average electronegativity. 

 

The optical basicity of the samples is estimated from Equation (22) [39]  

 

ᴧ = 1.7 − 0.5χ                                         (22) 
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3. Results and discussion 

 

3.1 Characterization of raw materials 

 

Table 2 displays the oxide content of wheat husk ash (WHA) and calcined eggshells (CES) as determined by X-ray fluorescence 

spectroscopy. WHA contains 88.64% SiO2, while CES is composed of 91.3% CaO. The silica content of WHA aligns with the 

recommended range of raw materials suitable for glass fabrication, as stated by Hamza et al. [22] and Umar et al. [20]. This high silica 

content makes WHA a potential precursor for the glass industry. 

The IR spectra of CES, shown in Figure 3a, exhibit characteristic bands at approximately 3600 cm-1, attributed to OH in Ca(OH)2, 

formed due to reactive moisture adsorption [40-42]. The band located at 864 cm-1 is linked to Ca–O [43, 44]. The spectra of WHA 

(Figure 3b) display characteristic asymmetric peaks at 1058 cm-1 due to the stretching of O-Si-O and the Si-OH stretching vibration of 

the silanol group around 782 cm-1 [45]. These findings are consistent with the outcomes of Awogbemi et al. [41] and Gouran et al. 

[46]. The FTIR results confirm that both eggshells and wheat husk ash are potential glass formers. 

 

Table 2 Chemical composition of WHA and calcined eggshell (CES). 

 

Elemental composition WHA (%) CES (%) 

SiO2 88.60 0.35 

CaO 1.15 91.30 

Fe2O3 0.85 - 

Al2O3 2.20 0.10 

P2O5 3.82 0.60 

K2O 0.18 - 

TiO2 0.15 - 

MgO - 0.26 

CuO - 0.00 

 

 
 

Figure 3 FTIR spectra of (a) CES and (b) WHA 

 

3.2 Physical properties of the produced glasses 

 

A deep understanding of dopant-induced modifications in material behaviour is critical, particularly for europium-doped soda-lime 

borosilicate glass. A comprehensive physical analysis is essential to unravel these effects, providing valuable insights into the structural, 

optical, and mechanical properties of the material. This knowledge is fundamental for optimizing performance, enhancing durability, 

and ensuring reliability in specialized applications. 

 

3.2.1 Molar volume and density  

 

The impact of Eu3+ concentration on the molar volume and density of the glass is depicted in Figure 4. The molar volume and 

density of the glass increased as the Eu3+ concentration increased. This signifies that the glass network becomes more rigid as Eu3+ 

content increases [47]. The addition of europium atoms which are heavier relative to other constituents contributes to this phenomenon 

[20, 26, 48-51]. The incorporation of Eu3+ ions resulted in a higher proportion of tetrahedral BO4 units and bridging oxygens (BOs) 

which enhances the glass network's structural integrity [26, 47, 48, 52]. The network strengthening contributes to the observed increased 

density of the glass produced. The glass molar volume also increases with higher Eu3+ concentrations because of the replacement of 

the atoms of boron by larger Eu3+, leading to expanded glass structures [26, 46]. This phenomenon suggests an occurrence of non-

bridging oxygens (NBOs) and further elucidates the impact of europium doping on the glass matrix. 
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Figure 4 Molar volume and density of the produced glasses Figure 5 XRD spectra patterns for europium oxide doped 

soda-lime borosilicate glasses. 

 

3.3 Structural properties of the produced glasses 

 

3.3.1 X-ray diffraction analysis 

 

The XRD patterns of the produced glasses shown in Figure 5 exhibit a broad hump within the 20°–30° range, with no detectable 

crystalline peaks, confirming their amorphous nature [53]. The absence of crystallization peaks or long-range periodic order in the 

glass structure as noted in previous studies [11, 22] further supports this conclusion. Therefore, it can be definitively stated that the 

glass maintains an amorphous structure due to the lack of long-range periodic order 

 

3.3.2 FTIR Analysis 

 

The glass sample FTIR spectrum, presented in Figure 6, reveals the functional groups present and indicates a structural 

rearrangement due to the addition of Eu3+ to the host matrix. The band shows the Si-O-Si symmetric stretching of the bridging oxygen 

between the tetrahedral phases at around 750 cm-1 [54, 55]. The stretching vibrations of BO4 units in di-borate groups are attributed to 

the band between 900 and 950 cm-1. The band at about 1369 cm−1 is associated with symmetric B–O stretching vibrations in BO3 units 

belonging to the orthoborate, pyroborate, and metaborate groups [10, 31]. The bands at 1190-1199 cm-1 are linked to B-O vibrations 

in BO3 units within boroxol rings [28]. This affirms boroxol rings (B3O6) splitting into BO3 and BO4 units. Therefore, by forming 

bridging oxygens (BOs) in the glasses that were produced, the action of Eu3+, which acted as a "network strengthener" in the produced 

glasses by bridging oxygens, is responsible for the structural changes and compactness of the glass. 

 

  
  

Figure 6 The FTIR spectra of the Eu3+ doped NaCaBSi glass 

samples. 

Figure 7 Absorption spectrum of 0.00-0.05Eu mol% of the 

produced glass 

 

3.4 Optical properties of the produced glasses 

 

3.4.1 Optical band gap and Urbach energy 

   

Glass structures are ideal hosts for rare earth ions like Europium (Eu³⁺) due to their heterogeneously widened optical conversion 

line widths and simple compositional changes. Europium, with the electronic configuration [Xe] 4fn 6s2, has partially filled 4f shells. 

Absorption peaks from infrared to ultraviolet areas become visible as a result of these intra-4f transitions. Visible and near-IR 

absorption corresponds to transitions between f-f energy levels, while UV absorption results from transitions from the 4f to the higher 
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energy 5d level [56]. Figure 7 shows the UV-near infrared absorption spectra of Eu³⁺ doped borosilicate glasses with varying 

concentrations of the dopant (0.00 to 0.05 mol%) across the 200-1000 nm wavelength range. The glasses absorb light in the visible and 

near-infrared regions due to transitions from the 7F₀ and 7F₁ to higher energy levels. The absorption peak around 200 nm is likely due 

to the charge transfer band associated with Eu³⁺ ions, signifying transitions related to the interaction between the europium ions and 

the glass matrix. Absorbed photons at approximately 368 nm and 404 nm correspond to the 7F0 → 5D4 and 7F0 → 5L6 transitions, 

respectively [57, 58], indicating specific electronic transitions within the europium ion's 4f orbital configuration. These absorption 

characteristics are consistent with other studies involving different glass matrices doped with rare earth ions, confirming the behaviour 

of europium-doped glasses [59-61]. 

The lack of a sharply defined optical absorption edge in the spectra indicates the glassy nature of the samples. In amorphous 

materials, the cations affect the indirect band, significantly influencing properties such as refractive index and polarizability, while the 

glass-forming anions influence the conduction band [28]. The intensity of the absorption bands increased with higher Eu³⁺ 

concentrations, due to a greater number of absorbing centres within the glass matrix, leading to a higher absorption coefficient. This 

enhanced Eu³⁺ concentration boosts charge transfer transitions, particularly from oxygen ligands to Eu³⁺ ions, resulting in stronger 

absorption bands [62]. At higher concentrations, interactions between Eu³⁺ ions further increase absorption intensity due to cooperative 

effects, although excessive concentrations may eventually cause quenching [63]. Additionally, increasing Eu³⁺ concentration can 

modify the local glass structure, potentially reducing non-bridging oxygen atoms and altering the glass network, which also affects 

absorption properties. Tauc's plot, derived from the absorption coefficient data, was used to determine the optical band gaps of the 

glass samples, as shown in Figure 8. The direct band gap, plotted as (αhv)² against hv, ranges from 3.55 to 4.90 eV, indicating high-

energy transitions that require higher photon energies. These values suggest that the glass samples have tightly bound electronic states, 

making them suitable for UV-absorbing materials or high-energy photonic devices [64]. In contrast, the indirect optical band gap, 

plotted as (αhv)¹/² against hv, ranges from 0.40 to 1.99 eV. This lower energy range indicates that less energy is needed for indirect 

transitions, covering the infrared to visible regions. This suggests potential applications in photonic devices operating at lower energies, 

such as solar cells or infrared detectors [65, 66]. 

These findings demonstrate that the glass samples possess diverse optical properties, making them versatile for various 

technological applications based on their specific band gap energies. Europium-doped borosilicate glasses, in particular, show promise 

for use in white light-emitting diodes (LEDs) due to their ability to produce orange-red emissions when excited by multiple 

wavelengths, making them suitable candidates for white LED applications [11, 67].  

 
 

Figure 8 Plot of (a) (αhv)1/2 against hv and (b) (αhv)2 against hv for europium doped soda-lime borosilicate silicate glasses 
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Figure 9 Indirect and direct optical band gap of europium-doped 

soda-lime borosilicate glasses 

Figure 10 Urbach energy as a function of europium-doped 

borosilicate glasses 
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Figure 9 illustrates that the indirect and direct optical band gaps of the glass samples follow opposite trends with increasing Eu³⁺ 

concentration. While the indirect band gap increases, the direct band gap decreases. This behaviour can be attributed to structural 

modifications within the glass matrix induced by europium doping, which influences the electronic band structure and the nature of 

optical transitions. These variations in the optical band gaps are attributed to structural changes induced by the addition of Eu³⁺, which 

produces non-bridging oxygen (NBO) sites, modifying the glass structure, consistent with FTIR data. This aligns with previous studies 

that reported similar results, indicating a less ordered glass structure [19, 29, 50, 68-70]. Azlan et al. [68] explained that the decrease 

in optical band gap energy is due to the weaker bond strength of europium oxide (Eu–O) compared to boron oxide (B–O). Azlan et al. 

[68] and Saddeek et al. [49] As the dopant concentration increases, the direct band gap narrows from 4.90 to 3.85 eV, and the indirect 

band gap narrows from 1.98 to 0.96 eV. Within the glass system, this narrowing is linked to an increase in free electrons [71], resulting 

from the increasing number of NBO atoms [72]. Therefore, the internal structure and chemical composition of the glass samples 

significantly impacts the optical band gaps. 

Figure 10 shows the Urbach energy of the glass samples, a key parameter for assessing the level of disorder in the glass structure. 

As the Eu³⁺ content increases, the Urbach energy also increases, indicating a higher level of atomic disarrangement within the glass. 

This rise in Urbach energy (ΔE) is associated with an increase in disorder and defect states in the glass structure, leading to a higher 

number of non-bridging oxygen and BO3 units [29, 71]. 

 

3.4.2 Refractive index (n), Molar refraction (Rm), and electronic polarizability (αm). 

 

The produced glass samples were assessed for their optical viability, focusing on the refractive index and electronic polarizability.  

As illustrated in Figure 11a, the refractive index of the glass initially decreases from 0.00 to 0.03 Eu mol% before increasing from 0.04 

to 0.05 Eu mol%. The observed decrease in refractive index can be attributed to the incorporation of a modifier, which reduces the 

number of nonbridging oxygens (NBOs) within the glass network. This reduction in high-polarizability NBOs results in a lower 

refractive index as the europium oxide concentration increases. Conversely, the subsequent increase in refractive index is associated 

with the addition of Eu³⁺ ions, leading to structural modifications, specifically the transition from BO₄ tetrahedral units to BO₃ triangular 

units. Similar observations were reported by Azlan et al. [68] and Zagrai et al. [71]. The creation of NBO, which is more polarizable 

than BO, also contributes to the higher refractive index, consistent with findings from studies involving erbium-doped glasses [68]. 

Figure 11b illustrates that the glasses' molar refraction and electronic polarizability increase as the Eu³⁺ concentration rises from 0.01 

to 0.05 mol%, with mol% increasing from 9.56 to 11.22 and polarizability from 3.79 to 4.45. This suggests that the glasses become 

highly polarized owing to the greater amount of non-bridging oxygen, which has higher polarizability than bridging oxygen, as Eu³⁺ 

content increases. The findings indicate that the polarizability of the glass materials, in addition to density, affects the refractive index. 

NBO tends to polarize more than BOs, which explains the observed increase in refractive index and polarizability [19, 29, 31, 70]. 

The structural alterations seen in soda-lime borosilicate glass can be explained by the Eu³⁺ function as a network modifier in the 

glass. Eu³⁺ ions break bonds and integrate into the glass network by forming symmetric NBO ions. This results in a restructuring of the 

internal glass network, a decrease in bandgap energy, an increase in refractive index, and an increase in the degree of disorder and 

defect states within the glass network. 

 

 
 

Figure 11 (a) The refractive index and (b) electronic polarizability/molar% of the produced glass 

 

3.4.3 Polarion radius (rp), Internuclear distance (ri), and Field strength (Fs)  

 

The polaron radius is used to study the polar interaction between an electron and longitudinal optical phonons. This radius 

represents the linear displacement field of atoms or ions surrounding a polaron. A polaron is regarded as large when its radius exceeds 

the material's lattice constant and small when its radius closely matches the lattice constant [20]. Figures 12(a) and 12(b) show the 

polaron radius (rp), internuclear distance (ri), and field strength (Fs) of a glass series doped with Eu³⁺. The decrease of the internuclear 

distance and the polaron radius continuously with increasing Eu₂O₃ content. In contrast, the field strength increases with higher Eu₂O₃ 

concentration. This pattern indicates an enhancement in the glass network's polarizability and compactness, potentially leading to 

improved electrical conductivity. The robust bond formation between Eu and O contributes to the intensified field strength around 

Eu³⁺, resulting in the observed reduction in the polaron radius [20]. The increase in Eu³⁺ ion concentration likely corresponds to the 

diminishing (rp) with escalating Eu₂O₃ content. This trend is due to the bolstered field strength surrounding Eu³⁺ ions, resulting from 

heightened bond strength and a reduced average distance between europium and oxygen atoms. The polaron classification 

remains small, as indicated by the calculated values being below the lattice constants of the various oxides within the glass [10, 73]. 
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Figure 12 (a) Polaron radius and internuclear distance and (b) field strength of europium-doped soda-lime borosilicate glasses 

 

3.4.4 Transmission Coefficient T and Reflection Loss RL  

 

Figure 13 illustrates the variation in the reflection loss and transmission coefficient of soda-lime borosilicate glass doped with 

europium oxide (Eu₂O₃). As the concentration of Eu³⁺ increases, the transmission coefficient rises and reflection loss decreases, 

indicating that the glasses become more optically transparent and less reflective. However, at higher dopant concentrations (0.04 – 0.05 

Eu mol%), there is a decrease in the transmission coefficient and an increase in reflection loss, suggesting reduced optical transparency 

and increased reflectivity. These findings are in line with the reports of Umar et al. [20] and Aliyu et al. [28]. 

 

  
  

Figure 13 Transmission coefficient (T) and reflection loss (RL) 

of europium-doped soda-lime borosilicate glasses 

Figure 14 Variation of refractive index-based and optical band 

gap metallization criterion of Europium doped soda-lime 

borosilicate glasses 

 

3.5 Metallization criterion based on band gap energy (MEg) and refractive index (Mno) 

 

The necessary conditions for a solid to be classified as metallic or non-metallic are determined by Herzfeld's 1927 theory of 

metallization [29], which states that Rm/Vm > 1 for metals and Rm/Vm < 1 for non-metals. The metallization criterion is defined as the 

difference from 1 or 𝑀 = 1 −
𝑅𝑚

𝑉𝑚
 [30]. Furthermore, it was shown that typical insulators are materials with large, M close to 1. 

According to Umar et al. [20], the metallization criterion of any material reveals whether the material is insulating. Based on its band 

gap energy (Eg) and refractive index (n). Figure 14 displays the graphs for the Eu3+ doped borosilicate glass metallization criterion based 

on refractive index and optical band gap energy. Considering the band gap energy, the values are found in the range of 0.49-0.81, while 

the refractive index ranges from 0.09 to 0.31. In Figure 14, it was observed that the increasing concentration of Eu3+ reduces the 

metallization criterion of the glasses. This is due to the increasing number of refractive index (0.04-0.05Eu) and decreasing number of 

energy gaps (0.04-0.05Eu). The metallization criterion's decreasing value suggests that when Eu3+ increases, there is a tendency for 

metallization in the electronic structure of the glasses that are formed. The small value of the metallization criterion suggested that the 

width of both valence and conduction bands became widened which led to a narrow band gap and increased the possibility of glasses 

metalizing [30]. A similar decrease in the metallization criterion was observed and reported by Azlan et al. [68] and Meena [33] in 

their investigation.  

 

3.6 Optical electronegativity 𝜒  
 

Optical electronegativity (𝜒 ) is a highly effective parameter for comprehending the chemical bonding structure of optical materials. 

Reddy et al. [32] claim that the size of 𝜒  reveals the kind of bonding between the materials. A substance is considered ionic if 𝜒  is 
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high, and covalent if 𝜒  is low. Additionally, it is observed that molecules with a lower 𝜒  value also have a higher refractive index 

[32]. Figure 15b shows that as the Eu3+ increases, the electronegativity of Eu2O3 doped glasses reduces. At some concentrations, the 

decrease in electronegativity suggests that the covalent nature of the glass material has increased [74]. 

 

3.7 Oxide ion polarizability and optical basicity of glass 

 

The ability of oxide glass to contribute to the negative charges in the glass matrix is examined by the theoretical optical basicity 

(ᴧ). In other words, it describes the oxygen's capacity to donate electrons to the oxide glass [75]. Figure 15a shows the influence of 

Eu3+ concentration on the oxide ion electronic polarizability and optical basicity of the produced glass. The optical basicity and oxide 

ion polarizability for 0.04 - 0.05Eu mol/% doped glasses show an increasing trend with a significant increase in the optical basicity of 

the glasses. This could be attributed to the breaking of bonds leading to the structural change i.e., the decrease in bridging oxygens 

(BOs) by forming more non-bridging oxygen (NBOs) which makes the glasses more polarized. Increases in optical basicity indicate an 

increase in the ionic nature of the cation-oxygen bonds, which also means that the produced glass is basic. The high optical basicity 

demonstrates that oxide ions have a high electron-donating ability to the cations. These observations were also established in previous 

literature [16, 29, 75]. 

 

 
 

Figure 15 (a) Optical basicity (ᴧ) and oxide ion polarizability αo
2- (b) optical electronegativity of europium doped soda-lime borosilicate 

glasses. 

 

Table 3 presents a concise overview of the optimum glass produced in this study compared with other studies that used agricultural 

waste and conventional materials in glass production.  

 

Table 3 A comparative analysis of the current study with the existing literature 

 

Glass code Properties  References 

NaCaBSiEu The wheat husk used in this study contains 88.65% silicate. The 

addition of europium ions increases glass density and molar 

volume. The higher Urbach energy suggests a glassy nature, 

while the metallization criterion shows that the samples do not 

exhibit metalizing properties.  

Present study 

 Er-RHSBT The study shows a notable yield of 98.55% silica from rice husk. 

Glass made from rice husk ash exhibits an increased optical band 

gap due to greater structural compactness. Additionally, higher 

concentrations of erbium ions decrease Urbach energy, 

indicating a strong link between ionic doping and the glass's 

optical properties. 

[20] 

BSBT Rice husks have a silicate content of 98.62%. Additionally, glass 

density inversely correlates with molar volume as Er3+ ion 

concentration increases.  

[22] 

xEu2O3•(100 − x)[4PbO2•Pb]  The analysis of the glass samples showed significant variations 

in direct and indirect bandgap energies. A correlation was found 

between the refractive index and non-bridging oxygen, along 

with local density. Additionally, Urbach energy increased with 

higher concentrations of Eu3+ ions. 

[71] 

 

4. Conclusion 

 

In conclusion, the study comprehensively investigated the europium-doped soda-lime borosilicate glass, revealing key insights into 

its physical, structural, and optical characteristics. Utilizing wheat husk ash (WHA) and calcined eggshell as glass precursors was 

validated through XRF analyses. FTIR spectroscopy identified important functional groups in the glass matrix, while XRD patterns 

confirmed its amorphous nature. The glass doped with a 0.05 mol% of Eu3+ exhibited the highest density, molar volume, and Urbach 

energy, alongside direct band gaps ranging from 3.55 to 4.90 eV. These properties indicate strong potential for UV-absorbing materials 
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or high-energy photonic devices. Conversely, the indirect optical band gap ranged from 0.40 to 1.99 eV, suggesting suitability for 

applications in lower-energy photonic devices like solar cells or infrared detectors. These findings underscore the versatility of 

europium-doped borosilicate glasses, particularly in advancing technologies such as white light-emitting diodes (LEDs) through their 

unique emission properties under various excitation wavelengths. 
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