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ABSTRACT 

This study investigates the effect of ZnO, FeO, MnO, and MgO 
dopants on the optical properties of phosphate-based glass within the 
P₂O₅–CaO system and compares the results with glasses using 
eggshell-derived CaO as an alternative calcium source. The glass 
samples were synthesized using the melt quenching method, followed 
by characterization using Energy Dispersive X-ray (EDX) and UV-
Visible spectroscopy. EDX analysis confirmed that phosphorus and 
oxygen were the dominant elements in all samples, with successful 
incorporation of each dopant as a network modifier. UV-Vis analysis 
revealed that the optical properties of the glass were significantly 
affected by both dopant type and concentration. The addition of ZnO 
decreases absorbance and widens the band gap up to 10 mol%, 
indicating improved structural regularity of the glass network. MnO 
exhibits a non-linear trend, with the highest absorbance observed at 5 
mol% and decreasing at higher concentrations. The band gap varies 
from 3.37 eV to 3.59 eV, suggesting a transition from a disordered to 
a more stable and compact glass structure. In contrast, FeO and MgO 
doping reduced the band gap energy due to increased formation of 
non-bridging oxygen and network disruption. Additionally, 
comparison with eggshell-derived CaO showed higher UV 
absorbance compared to glass made with pure CaO, especially in the 
wavelength range below 400 nm, indicating that the raw material 
source influences the optical performance of the glass. Overall, this 
research highlights the potential of tuning dopant concentration and 
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utilizing sustainable raw materials to enhance the optical 
characteristics of phosphate glass for use in UV-blocking, 
optoelectronic, and sensor applications. 

Keywords: phosphate glass, metal oxide, ZnO, MgO, MnO, FeO, 
calcium oxide, eggshell, optical properties 

INTRODUCTION 

Phosphate-based glass (P₂O₅) is a type of inorganic material that has attractive characteristics 
such as high optical transparency, low coefficient of thermal expansion, and the ability to form 
stable glass networks [1]. Phosphate glass also has the ability to be structurally modified 
through the addition of various metal oxide compounds, which makes it a potential candidate 
in optoelectronic applications, anti-UV coatings and optical sensors [2]. One important 
modification that is often done is to add calcium oxide (CaO) compounds as a network 
modifier to lower the melting point of the glass [3]. Metal oxide doping such as ZnO, FeO, 
MnO, and MgO is also widely used to improve the optical and electrical properties of glass. 
Each type of dopant has unique characteristics that can affect the formation of bridging oxygen 
(BO) and non-bridging oxygen (NBO) in the glass network, thus having a direct impact on 
changes in bandgap energy values and light absorption capabilities[4]. 
In addition to using pure chemicals, a more environmentally friendly approach has also begun 
to be developed through the utilization of organic waste as a source of raw materials [5]. One 
example is eggshells, which contain large amounts of calcium carbonate (CaCO₃) and can be 
calcined into CaO [6]. The use of eggshells as an alternative raw material for glass not only 
supports the concept of green materials, but also has the potential to reduce production 
costs [7]. Therefore, a cdinignomparative study between P₂O₅-CaO-based glass systems and 
P₂O₅-eggshell-based glass systems is relevant to assess the feasibility and effectiveness of such 
substitution. 
This study aims to analyze the effect of variations in the concentration of ZnO, FeO, MnO, 
and MgO dopants on the optical properties of P₂O₅-CaO glass systems and compare them with 
glass systems that use eggshells as a source of calcium. The results of this study are expected 
to contribute to the development of phosphate-based functional glass materials with improved 
optical properties while supporting the utilization of organic waste as a sustainable alternative 
material. However, limited studies have compared the optical behavior of phosphate glasses 
synthesized using eggshell-derived CaO as a sustainable calcium source, particularly when 
combined with different transition metal oxide dopants. The present work aims to fill this gap 
by demonstrating how eggshell-based CaO influences the structural and optical response of 
doped phosphate glass, providing both scientific insight and an environmentally friendly 
alternative to conventional chemical precursors. 



 

| 143 
 

SPEKTRA: Jurnal Fisika dan Aplikasinya Volume 10 Issue 2, August 2025 

METHODS 

This study uses the melt quenching method to synthesize glass with P₂O₅-CaO composition 
and variations of ZnO, FeO, MnO, and MgO dopants. The raw materials were weighed 
according to the mole composition, mixed evenly, and then melted in a furnace at 900-1100°C 
for about 1 hour. The glass melt is then poured onto a metal plate for rapid cooling 
(quenching). After cooling, the samples were crushed and ground to a fine glass powder for 
characterization purposes. Optical tests were performed using a UV-Vis spectrophotometer in 
the wavelength range of 200-800 nm, and absorbance data were analyzed using the Tauc plot 
method to determine the optical gap energy (bandgap) value.  The value of material 
composition in mass units can be calculated using the formula [8]: 

𝑀𝑊 = (𝑚𝑜𝑙%	 × 𝑀𝑟) + (𝑚𝑜𝑙%	 × 𝑀𝑟) + (𝑚𝑜𝑙%	 × 𝑀𝑟), (1) 

𝑊𝑃!"#$%&"' = 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙(𝑚𝑜𝑙%) ×
𝑀𝑟
𝑀𝑊

× 100%	, (2) 

𝑚!"#$%&"' = 𝑊𝑃!"#$%&"' × 15	𝑔𝑟𝑎𝑚	, (3) 

where 𝑚 is the mass of the composition of each material, 𝑊𝑃 is the weight percent of the 
composition used, while 𝑚!"!#$ is the total mass of all compositions used. The equation for 
calculating the energy gap is as follows [9]: 

(𝛼ℎ𝜈)𝑛 = 𝐵(ℎ𝜈 − 𝐸𝑔). (4) 

Photon energy (eV) is obtained by the formula: 

ℎ𝑣 = 𝐸 =
ℎ𝑐
𝜆  (5) 

where ℎ is Planck’s constant, 𝑐 is the speed of light, and 𝜆 is the wavelength. 
By plotting (𝛼ℎ𝜈)% versus ℎ𝜈, the band gap energy was determined from the intercept of the 
linear portion of the graph with the energy axis. Error margins in band gap values were 
calculated within ±0.02 eV, based on repeated measurements from three replicate spectra [10]. 

RESULTS AND DISCUSSIONS 

EDX characterization results 

1. (65-x)P2O5-xZnO-35CaO glass system with 10% mol ZnO dopping concentration 

TABLE 1 shows that the main elements in the glass samples are oxygen (43.48%) and 
phosphorus (34.61%), which confirms the dominance of P₂O₅ as the forming glass network 
[11]. The Zn content of 9.81% proves the success of ZnO doping as a modifier that simplifies 
the polyphosphate structure [12], while Ca (9.69%) plays a role in lowering the melting point 
[13]. Al and Si signals were detected in small amounts (<2%) which are thought to come from 
contamination of the synthesis process, so they have no significant effect on the glass structure. 
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TABLE 1. The EDS results on (65-x)P2O5-xZnO-35CaO glass samples with 10 mol% ZnO doping show the 
mass composition (Wt%) and atomic composition (At%) of each element. 

Element Elemental Mass 
Composition (Wt%) 

Elemental Atomic 
Composition (At%) 

O 43.48 63.01 
P 34.61 25.90 

Zn 09.81 03.48 
Ca 09.69 05.61 
Si 01.79 01.48 
Al 00.61 00.53 

2. (70-X)P2O5-xMgO-30CaO glass system with 10% mol MgO dopping concentration 

TABLE 2 show that the main constituents of the glass are O (40.81%), P (36.25%), Ca 
(10.37%), and Mg (4.02%), in accordance with the composition of the 30CaO-xMgO-(70-
x)P₂O₅ system. The presence of minor elements such as Co, Si, In, and Al in concentrations 
below 5% is thought to come from contamination of the preparation process, do not 
significantly affect the optical or structural properties of the glass. The presence of Mg²⁺ 
confirms the success of the doping process, as this ion acts as a network modifier that regulates 
the ratio of bridging and non-bridging oxygen, thus affecting the optical characteristics of the 
material [14]. 

TABLE 2. The EDS results on (70-X)P2O5-xMgO-30CaO glass samples with 10 mol% MgO doping show the 
mass composition (Wt%) and atomic composition (At%) of each element. 

Element 
Elemental Mass 

Composition (Wt%) 
Elemental Atomic 

Composition (At%) 
O 40.81 58.96 
P 36.25 27.05 

Ca 10.37 5.98 
Mg 4.02 3.82 
Co 2.02 0.79 
Si 2.06 1.70 
In 3.25 0.65 
Al 1.21 1.04 

3. (70-x)P2O5-xFeO-30CaO glass system with 5% mol FeO dopping concentration 

TABLE 3 shows that the main elements in the glass sample are oxygen (40.34%) and 
phosphorus (37.22%), confirming the dominance of P₂O₅ as the primary glass former in the 
phosphate-based network [15]. The presence of Fe at 5.19% indicates successful doping of 
FeO as a network modifier, which is expected to influence the optical properties by introducing 
localized states in the band structure. Calcium (10.59%) also acts as a modifier that contributes 
to structural stability and reduces the melting point of the glass. Minor elements such as Na 
(0.48%), Mg (0.52%), Al (1.40%), and Si (4.26%) were detected in low concentrations (<5%), 
likely originating from impurities or contamination during the synthesis process, and are not 
expected to significantly affect the overall glass network. 
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TABLE 3. The EDS results on (70-x)P2O5-xFeO-30CaO glass samples with 5 mol% FeO doping show the mass 
composition (Wt%) and atomic composition (At%) of each element. 

Element Elemental Mass 
Composition (Wt%) 

Elemental Atomic 
Composition (At%) 

  O 40.34 58.29 
 Fe 05.19 02.15 
 Na 00.48 00.48 
 Mg 00.52 00.49 
 Al 01.40 01.20 
 Si 04.26 03.51 
  P 37.22 27.78 
 Ca 10.59 06.11 

4. (70-x)P2O5-xMnO-30CaO glass system with 10% mol MnO dopping concentration 

TABLE 4 presents the EDX analysis of the MnO glass system, which shows oxygen (35.06 
wt%) and phosphorus (28.92 wt%) as the dominant elements, confirming the formation of a 
phosphate glass matrix. Mn (9.62 wt%) is successfully incorporated as a dopant, while Ca 
(9.14 wt%) acts as a stabilizer [16]. Minor elements like C, Si, Al, and Mg may originate from 
raw materials or equipment. The composition supports the intended MnO doping in the glass 
network. 

TABLE 4. The EDS results on (70-x)P2O5-xMnO-30CaO glass samples with 10 mol% MnO doping show the 
mass composition (Wt%) and atomic composition (At%) of each element. 

Element Elemental Mass 
Composition (Wt%) 

Elemental Atomic 
Composition (At%) 

C 14.27 24.62 
O 35.06 45.42 

Mg 00.23 00.19 
Al 00.70 00.53 
Si 02.08 01.53 
P 28.92 19.35 

Ca 09.14 04.72 
Mn 09.62 03.63 

5. 60P2O5-40CaO glass system  

TABLE 5 presents the EDX analysis of the CaO glass system, showing that the main elements 
are phosphorus (29.39 wt%), carbon (22.15 wt%), oxygen (18.66 wt%), and calcium (17.91 
wt%), which confirms the presence of phosphate and CaO as the key components. Minor 
elements like cerium (7.21 wt%), silicon, zinc, and aluminum are also detected, possibly from 
dopants or raw material impurities. The overall composition indicates a stable glass structure 
with potential optical activity [17]. 
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TABLE 5. The EDS results on 60P2O5-40CaO show the mass composition (Wt%) and atomic composition (At%) 
of each element. 

Element Elemental Mass 
Composition (Wt%) 

Elemental Atomic 
Composition (At%) 

C 22.15 40.19 
O 18.66 25.43 
Zn 01.80 00.60 
Al 00.37 00.30 
Si 02.51 01.94 
P 29.39 20.68 

Ca 17.91 09.74 
Ce 07.21 01.12 

Absorbance and Band Gap Result 

1. (65-x)P2O5-xZnO-35CaO glass system with 0-15% mol ZnO dopping concentration 

  
(a) (b) 

FIGURE 1. (a) Absorbance spectra of (65-x)P2O5-xZnO-35CaO glass system with varying ZnO concentrations 
(0–15 mol%) in the wavelength range of 200–800 nm. (b) Tauc plot used to estimate the optical band gap energy 
of each sample. 

Based on the FIGURE 1, show that all glass samples have high absorbance in the ultraviolet 
region (200-350 nm) with a maximum peak in the samples without ZnO, while an increase in 
ZnO concentration leads to a decrease in absorbance and a shift in the absorption peak to larger 
wavelengths. This trend indicates that ZnO dopants affect the regularity of the glass network 
structure, reduce optical defects that become light absorption centers, and improve matrix 
homogeneity [17]. The addition of ZnO up to 10% mole increases the energy bandgap due to 
the strengthening of network bonds and the reduction of defect states, while the concentration 
of 15% mole decreases the bandgap to 3.14 eV due to the formation of local energy levels that 
facilitate electronic transitions [18] and the effect of BO-NBO ratio on absorption 
characteristics [19], so the control of ZnO doping is key to the stability of the optical properties 
of the glass. 
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2. (70-X)P2O5-xMgO-30CaO glass system with 0-15% mol MgO dopping concentration 

  
(a) (b) 

FIGURE 2. (a) Absorbance spectra of (70-X)P2O5-xMgO-30CaO glass system with varying MgO concentrations 
(0–15 mol%) in the wavelength range of 200–800 nm. (b) Tauc plot used to estimate the optical band gap energy 
of each sample. 

Based on the FIGURE 2, analysis of the absorbance graph of phosphate glass with varying 
MgO concentrations shows that the absorbance characteristics change with increasing 
concentration. Samples without MgO have an absorbance peak at a wavelength of 230–270 
nm with a maximum value of approximately 1.05. The addition of 5% MgO increases the 
absorbance to approximately 1.13. However, at a concentration of 10%, the absorbance value 
decreases to approximately 0.90 [20]. Meanwhile, at 15%, the absorbance slightly increases 
to 0.96, but adjustments to temperature and heating time are required due to increased viscosity 
that hinders the melting process. After adjustments are made, the graph shows stable results 
with good transparency above a wavelength of 350 nm. The graph shows that the optical band 
gap value decreases as the MgO concentration increases. Glass without MgO has the highest 
band gap of 3.43 eV, while doping with 5%, 10%, and 15% respectively reduces the band gap 
value to 3.34 eV, 3.19 eV, and 3.01 eV [21]. 

3. (70-x)P2O5-xFeO-30CaO glass system with 0-15% mol FeO dopping concentration 

 
(a) 

 
(b) 

FIGURE 3. (a) Absorbance spectra of (70-x)P2O5-xFeO-30CaO glass system with varying FeO concentrations 
(0–15 mol%) in the wavelength range of 200–800 nm. (b) Tauc plot used to estimate the optical band gap energy 
of each sample. 
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Based on the FIGURE 3, The absorbance and optical band gap graphs of phosphate glass with 
varying FeO concentrations demonstrate that FeO addition significantly influences the 
material’s optical properties. Absorbance increases sharply from approximately 0.8 (FeO 0% 
mol) to around 1.6 at 5% mol concentration, then slightly decreases at 10% and 15% mol, yet 
remains higher than the undoped sample. This indicates that Fe²⁺ ions act as absorption centers 
that enhance electronic transitions. Meanwhile, the Tauc plot shows a decrease in the band 
gap energy from 3.10 eV (FeO 0%) to 2.95 eV (5%), 2.89 eV (10%), and 2.86 eV (15%), 
suggesting that increasing FeO content leads to the formation of non-bridging oxygen (NBO) 
and network disruption, which lowers the minimum energy required for electronic excitation, 
in accordance with the glass network depolymerization [22]. 

4. (70-x)P2O5-xMnO-30CaO glass system with 0-15% mol MnO dopping concentration 

  
(a) (b) 

FIGURE 4. (a) Absorbance spectra of (70-x)P2O5-xMnO-30CaO glass system with varying MnO concentrations 
(0–15 mol%) in the wavelength range of 200–800 nm. (b) Tauc plot used to estimate the optical band gap energy 
of each sample. 

Based on the FIGURE 4, the glass sample with 5% MnO exhibits the highest absorbance, 
peaking at around 270 nm, indicating enhanced UV absorption. As the MnO concentration 
increases beyond 5%, the absorbance gradually decreases, with the 15% MnO sample showing 
the lowest intensity. This trend suggests that low concentrations of MnO effectively disrupt 
the glass network, increasing light absorption, while higher concentrations may lead to 
structural stabilization or ion clustering that reduces absorbance. All samples show significant 
absorption in the UV region (200–300 nm), confirming their potential for UV-blocking 
applications [23]. Overall, MnO concentration plays a crucial role in tuning the optical 
response of phosphate glass. Based on the Tauc plot shown, the optical band gap values of 
phosphate glass samples vary with MnO concentration. The undoped sample (0% MnO) has 
a band gap of 3.37 eV, which slightly decreases to 3.45 eV at 5% MnO and further drops to 
3.15 eV at 10% MnO, indicating the formation of non-bridging oxygen and structural disorder 
that narrows the energy gap. Interestingly, at 15% MnO, the band gap increases to 3.59 eV, 
suggesting a restructuring of the glass network into a more compact and ordered form. This 
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non-linear trend confirms that MnO acts not only as an optical dopant but also influences the 
structural stability of the glass matrix, allowing band gap tuning for specific UV-
optical applications [11]. 

5. P2O5-CaO glass system with a comparison of pure CaO and eggshell-derived CaO in 
the range of 25–40% mol 

  
(a) (b) 

  
(c) (d) 

FIGURE 5. Absorbance spectra of P₂O₅–CaO glass with a comparison between pure CaO and eggshell-derived 
CaO at various compositions: (a) P₂O₅ (75%)–CaO (25%), (b) P₂O₅ (70%)–CaO (30%), (c) P₂O₅ (65%)–CaO 
(35%), and (d) P₂O₅ (60%)–CaO (40%). 

Based on the UV-Vis spectra (FIGURE 5), samples with eggshell-derived CaO (red line) 
generally show higher absorbance than those with pure CaO (black line), especially below 400 
nm. The absorbance difference is notable at 25% CaO, decreases at 30% and 35%, then 
increases again at 40%. This indicates that the source of CaO affects the optical absorption of 
the glass. Overall, increasing CaO content tends to reduce absorbance, but the influence of the 
CaO source remains consistent [24]. 
FIGURE 6 shows a comparison of the band gap values, revealing that samples containing 
eggshell-derived CaO consistently exhibit higher band gap energies than those with pure CaO 
across all compositions (25–40%). The band gap of eggshell CaO increases with CaO content, 
reaching a peak at 35%, before slightly decreasing at 40%. In contrast, pure CaO samples 
show a relatively lower and less variable band gap trend. These findings suggest that the origin 
of CaO significantly influences the electronic structure of the glass, likely due to differences 
in impurities or structural modifiers present in the raw materials [25]. 
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FIGURE 6. Band gap comparison of pure CaO and eggshell-derived CaO at different CaO contents. 

CONCLUSION 

This study examined the effects of ZnO, FeO, MnO, and MgO dopants on the optical 
properties of P₂O₅–CaO glass and compared them with glass made using eggshell-derived 
CaO. EDX results confirmed the dominance of P₂O₅ and the successful incorporation of 
dopants as network modifiers. UV-Vis analysis showed that ZnO and MnO improve 
absorbance and band gap up to optimal concentrations, while higher levels lead to structural 
stabilization or defect formation. FeO and MgO doping reduced the band gap due to increased 
non-bridging oxygen and network disruption. Glasses using eggshell-based CaO showed 
higher UV absorbance than those using pure CaO, confirming the influence of raw material 
sources on optical behavior. Dopant concentration and CaO source significantly affect the 
optical properties of phosphate glass, offering potential for tailored applications and 
sustainable material development. 
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