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Abstract 

Bioglass with the composition of SiO2-B2O3-24.5CaO-24.5Na2O–6P2O5 by varying B2O3 content on 

SiO2 content using the conventional melt-quenching technique. Bioglass was analyzed using X-ray diffraction, 

Ultraviolet (UV-Vis) spectroscopy, and Fourier transforms infrared (FTIR). Tested samples were subjected to a 

two-step-controlled crystallization route to obtain their respective glass-ceramic derivatives. The crystalline 

nature of the glass-ceramic was tested via x-ray diffraction analysis. FTIR spectral data of analyzed samples 

before and after controlled crystallization. Optical absorption spectral data was used to estimate different physical 

parameters associated with the compositional variation of boron atoms at the expense of silicon atoms. Density, 

molar volume, molecular mobility, average boron–boron, boron atom molar volume, ion concentration, polaron 

radius, and field strength were also estimated and correlated to the structural variations. 
Keywords: Borosilicate; Bio-glass; heat treatment; FTIR; XRD 

1. Introduction 

New materials that stimulate a biochemical 

reaction in live tissue to create a strong chemical 

connection with biological fixation between the tissue 

and the prosthesis have recently been developed [1, 

2]. The oldest bioactive material is bioactive 

modified soda-lime-silica glass 45S5, which was first 

published by Hench et al. in 1971 [3] and is today a 

well-characterized material with applications in a 

variety of biomedical fields [4–6].  

Bioactive glasses are chemically connected 

to bone and may be easily replaced by bone; these 

properties make them a potentially useful medicinal 

material. New bioactive glass applications need not 

only strict bioactivity monitoring but also a thorough 

understanding of the impact of glass composition on 

its synthesis and structure in a variety of products. 

Bioactive glasses can link with both hard and soft 

tissue in vivo or in vitro by forming a surface layer of 

hydroxycarbonate apatite by transferring ionic 

species from the bulk material [7]. Glass reactivity in 

aqueous solutions is significantly influenced by the 

glass structure, which is one of the elements to 

consider when choosing a synthesis. Bioactive 

glasses (BGs) and bioactive glass-ceramics (BGCs) 

are being studied for a variety of medicinal uses, 

including bone tissue development and repair [8]. 

When BGs and BGCs were placed in a simulated 

biological environment, they formed a bone-like 

hydroxyapatite (HA) covering on their surface [9]. 

This has also been demonstrated in vivo [10]. Bone 

formation, such as HA, is a crucial component for 

establishing a robust interfacial contact between 

implants and bone [11]. It is widely assumed that the 

HCA layer is produced on the surface of the bioactive 

glass implant as a result of a reaction sequence 

defined by Hench [12], including ion exchange 

processes combined with a change in pH and the 

formation of a silica-rich layer. These steps are 

followed by dissolution and migration of Ca2+ and 

(PO4)-3 ions from the glass through the SiO-2 rich 

layer and from the solution, resulting in the formation 

of the SiO-2 rich layer of amorphous calcium 

phosphate (ACP) layer. 

The adsorption of growth factors with the 

early development of the HCA layer, supported by 

osteoprogenitor cell attachment, proliferation, and 

differentiation, is considered to be one of the basic 

processes of bone-bonding [13]. Osteoblasts (bone-

forming cells) create an extracellular matrix 

(collagen) that mineralizes and converts as the glass 
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degrades and converts over time, resulting in a 

nanocrystalline mineral and collagen on the glass 

implant's surface [14]. It has long been known that 

45S5 glass is biocompatible [15]. 

On the other hand, the modest rate of 

degradation of silicate-based BG makes it difficult to 

synchronize the rate of BG scaffold degradation to 

the rate of new tissue formation [16, 17]. In vitro cell, 

proliferation and differentiation, as well as tissue 

penetration in vivo, be aided by borate bioactive 

glasses [18]. Borate bioactive glasses are effective in 

the treatment of bone infections as a drug release 

substrate. A concern connected with the bioactive 

glass of borate is the toxicity of boron released as 

borate ions (BO3)-3 into the solution. Some borate 

glasses are hazardous to cells under typical static in 

vitro culture settings, although toxicity has decreased 

under dynamic culture circumstances. Recent 

research has demonstrated the capacity to control the 

pace of deterioration of bioactive glass by 

manipulating its structure. For example, partial 

replacement of SiO2 in silicate 45S5 or 13-93 glass 

with B2O3 (borosilicate bioactive glass) or total 

replacement of SiO2 with B2O3 might result in a wide 

variety of degradation rates (borate bioactive glass). 

Controlling the glass composition can help to balance 

the pace of degradation of borate-based bioactive 

glass with the rate of bone repair. 

The presented work aims to introduce a 

borate glass former partner to control dissolution rate, 

reduce the time of hydroxyapatite formation, and 

increase the glass bonding ability, in addition to 

optimizing the bone-bonding criteria of the studied 

glassy system.  

 

2. Experimental work  

2.1. Sample preparation 

Glass samples were formed using analytical 

grade chemicals of silicon dioxide SiO2 supplied by 

LANXESS, Germany. Boron oxide is used in the 

form of boric acid H3BO3 supplied by El-Gomhouria 

Co. P2O5 was introduced in the form of Ammonium 

dihydrogen orthophosphate supplied by LANXESS 

Co. CaO and Na2O were introduced in their 

carbonate form and supplied by EL-Nasr 

pharmaceutical chemicals Co. All the previously 

mentioned chemicals were used to synthesize glassy 

samples with a nominal composition ofxSiO2- (45-x) 

B2O3-24.5 Na2O-24.5 CaO-6 P2O5, as listed in Table 

(1). The batches were melted in porcelain crucibles 

within a programmable electrical furnace regulated at 

1100–1200 oC. Molten glass was occasionally stirred 

many times to ensure the formation of homogenized 

bubble-free glasses. To eliminate thermal and internal 

stresses, the molten glass was cast onto warmed 

stainless-steel plates of the appropriate size, annealed 

for 1 hour, and then cooled gently to room 

temperature. 

 
Table (1) Notation and structure of samples 

Sample 
Composition 

SiO2 B203 CaO Na2O P2O5 

B0 45 0 24.5 24.5 6 

B5 40 5 24.5 24.5 6 

B10 35 10 24.5 24.5 6 

B15 30 15 24.5 24.5 6 

B20 25 20 24.5 24.5 6 

B25 20 25 24.5 24.5 6 

B30 15 30 24.5 24.5 6 

B35 10 35 24.5 24.5 6 

B40 5 40 24.5 24.5 6 

B45 0 45 24.5 24.5 6 

 

 

 
(a) (b) 

HUMO 

(-0.11102 Hartree) 

LUMO 

(-0.06719 Hartree) 

(c) (d) 

Figure (1) Graphical representation of the mechanism of 

interaction (a, b, c, d refer to 3D, 2D, HOMO, LUMO of 

borosilicate bioactive glass respectively) 

 

2.2.Physical measurements 

X-ray diffraction patterns, Fourier 

transforms infrared (FTIR), ultraviolet (UV-vis) 

spectroscopy and crystallization events have all been 

used to study bioglass samples. For the preparation of 

glass ceramics, heat treatment was employed to 

regulate crystallization. After higher heat treatment 

temperatures (800-900°C), X-ray diffraction analysis 

and Fourier transform infrared spectroscopy were 

demonstrated. 

Xylene was used as an immersion solvent to 

determine the density of the examined glasses. The 

glass density () was measured at room temperature 

(30 °C) using Archimedes' method. Using a digital 

balance, a bulk solid sample was weighed in air 

(WSA) and the solvent (WSL), and density was 

estimated as the average of triplicate readings using 
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the formula [19]: 

 

 =  
𝑊𝑆𝐴

𝑊𝑆𝐴−𝑊𝑆𝐿
𝜌𝐿   (1) 

 

where L denotes sample density.  

The predicted Vm of the synthesized glass samples: 

 

𝑉𝑚 = ∑
𝑛𝑖 𝑀𝑖

𝜌𝑖     (2) 

 

where Mi denotes the molecular mass of a component 

ni denotes the molar ratio, and  is the sample 

density. 

The Vf is used to describe molecular 

mobility within a network and is defined as the 

vacant space between molecules calculated using the 

formula: 

 

𝑉𝑓 =  𝑉𝑚  −  ∑ 𝑉𝑖𝑖 𝑋𝑖    (3) 

 

The molar ratio of the samples is Xi, and the 

Vm of each component is Vi. The ratio of the ions' 

lowest fraction of volume occupied to the 

corresponding effective volume of glass computed 

using [20] was defined as Pd [20]: 

 

𝑃𝑑 =  ∑
𝑉𝑖𝑋𝑖

𝑉𝑚
𝑖     (4) 

 

The impact of dopant concentration in the glass 

matrix may also be evaluated using average boron–

boron separation [21]: 

 

db-b=[
𝑉𝑚

𝑏

𝑁𝐴
]

1

3   (5) 

 

where𝑉𝑚
𝑏 is the boron atoms' molar volume and is 

provided by 

 

𝑉𝑚𝑏 = (
𝑉𝑚

2 (1−𝑋𝑏)
)   (6) 

 

where Xb is the mole percentage of B2O3 in the 

sample. 

The ions concentration (N) is calculated using the 

formula [22] 

 

N=
Mol%of dopant∗Density of sample∗Avogadreo’sNo

Glass average molecular mass
(7) 

 

A polaron is a quasi-particle that is used to 

characterize and grasp the interaction between ions 

and electrons in materials. Based on the value 

obtained for N, the polaron radius (rp) in (A °) may 

be calculated using the formula [23]: 

 

rp(Å)=(
1

𝑁
)

1

3   (8) 

 

Equations [24] can be used to calculate the field 

strength (F): 

 

F=
𝑍

𝑟𝑝
2    (9) 

 

Where Z is the molar mass (B2O3).  

 

3. Results and discussions: 

3.1 FTIR Absorption Spectra of borosilicate Bioglass 

Before and after heat treatment 

Figures (2 and 3) show FTIR readings for 

the produced glass samples before and after heat 

treatment in the 400–4000 cm-1 range. The typical Si–

O–Si bond-associated bands appeared at 1031 cm-1. 

In water molecules, broadband at 3434 cm-1 is due to 

the O-H stretching vibrational modes. Wavenumber 

470-480 cm-1 refers to the Si-O-Si Bridge’s rocking 

vibration [25, 26]. The B-O-B bond bending of the 

borate network [27] was correlated with 700-720 cm-

1. While the peak observed at 930-1197 cm-1 is due to 

the tensile vibration of the trigonal BO-3 units of the 

tetrahedral (BO-4) units and the band at 1200-1500 

cm-1 BO stretching vibrations, respectively. The 

presence of a [BO3
-3] band suggests that [BO3

-3] 

replaces [SiO4
-4] positions in the glass structure in 

part. 

The areas of the BO3 and BO4 peaks were combined 

to determine the N4 using the following formula: 

𝑁4 =
𝐵𝑂4

𝐵𝑂4 + 𝐵𝑂3

 

Figures (4 and 5) displays FTIR deconvoluted 

spectral data with residuals of two different samples 

that were used to calculate the fraction of four 

coordinated boron. Estimates the BO4 influence on 

the change of the relative population of tetrahedral 

units BO4 and triangular units BO3 by plotting N4 as 

a function of BO4 content. The levels of N4 were 

found to vary depending on the concentration of BO4. 

It appears that adding BO3 reduces BO4 units before 

heat treatment, while the converse is true after heat 

treatment. 
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Figure (2) FTIR of borosilicate bioactive glass before heat 

treatment 
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Figure (3) FTIR of borosilicate bioactive glass after heat 

treatment 

 

3.2 X-ray Diffraction Studies of borosilicate 

Bioglass 

X-ray experimental results for borosilicate 

bioactive glass before and after heat treatment are 

shown in Figures (6 and 7). Untreated borosilicate 

glass behaved as if it were in an amorphous state, 

which represents the material's inherent instability 

and glassy nature. Some crystalline phases appear 

after heat treatment. 

 

3.3 UV-Visible Absorption Spectra of borosilicate 

bioglass 

 The optical absorption spectra of the glass 

samples are presented in Figure (8). In the absorption 

spectra, the power-law region is visible. In the UV 

area, there is a high absorption edge. The basic 

absorption edges aren't as sharp as they could be, as 

shown in Figure (8). This is a characteristic of most 

glass materials. A redshift appears as the 

concentration of PbO and B2O3 rises steadily. 

Figures (9) the optical bandgap from the 

absorption at the edge of the optical band gap Eg can 

be estimated by fitting the following equation: 

 
 Where, m is a constant that depends on the 

direct or indirect optical band gap, and A is the 

independent energy constant. For m = 1/2, the 

bandgap ranged from 3.24 eV to 3.40 eVwhich is 

shown in Figure(10), Table (2),and represents the 

directly allowed transition. 
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Figure (4) Deconvolution of borosilicate bioactive glass 

before heat treatment 
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Figure (5) N4 of borosilicate bioactive glass (a) before, and 

(b) after heat treatment 

 

10 20 30 40 50 60 70

In
te

n
si

ty

2q (degree)  
Figure (6) X-ray of borosilicate bioactive glass before heat 

treatment 
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Figure (7) X-ray of borosilicate bioactive glass after heat 

treatment 
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Figure (8) UV-vis experimental data for borosilicate 

bioactive glass 

 

Table 2 Direct, indirect, and Energy gaps of 

borosilicate bioactive glass before heat treatment 
Sample Boron  

Content  
edge EOptical EDirect EIndirect 

(nm) (eV) 

B0 0.0 382 3.24 2.63 3.63 

B5 5 370 3.35 3.01 3.86 

B10 10 367 3.38 3.05 3.88 

B15 15 373 3.32 2.98 4.01 

B20 20 364 3.40 3.11 3.89 

B25 25 364 3.40 3.15 3.68 

B30 30 372 3.33 3.08 3.74 

B35 35 382 3.24 3.06 3.68 

B40 40 377 3.28 3.06 3.8 

B45 45 379 3.27 3.01 3.89 
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Figure (9) Direct and indirect bandgaps estimation curves 

of borosilicate bioactive glass 
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Conclusion  

Mixed former borosilicate glasses and their glass 

ceramic derivatives were successfully synthesized via 

traditional melt quenching and step nucleation and 

crystallization routes, respectively. Synthesized 

glasses reveal an amorphous nature while their glass-

ceramic derivatives show a high tendency for 

crystallization approved through XRD analysis. The 

FTIR spectral data of both glass and glass-ceramics 

approve the bone-bonding ability of the studied 

samples with the appearance of separated bands and 

combined with the variation of the four coordinated 

boron calculated via the deconvolution analysis 

technique (DAT).Optical absorption spectral data 

were recorded and used to estimate the optical energy 

gap and other physical parameters that are used to 

interpret and understand several structural variations 

associated with the increase of boron atoms atthe 

expense of silicon atoms. The density, 𝑃𝑑, and ri of 

the prepared samples were found to be decreased 

with B2O3 content, while 𝑉𝑚 , 𝑉𝑓, and ion 

concentration were found to be increased, 

demonstrating an opposite trend. 

 

 

 

 

 

Table 3 Physical properties of 45SiO2– (45-x) B2O3-24.5CaO–24.5Na2O–6P2O5 glasses system 

Parameters 

Glasscode 

B0 B5 B10 B15 B20 B25 B30 B35 B40 B45 

Density(ds)gcm-3±0.0002 2.67 2.65 2.62 2.63 2.51 2.49 2.48 2.46 2.46 2.41 

Molarvolume(Vm)cm3mol-1±0.0001 24.19 24.53 24.90 25.04 26.40 28.32 29.45 28.41 27.62 28.63 

Packingdensity(Pd) 0.53 0.54 0.54 0.55 0.53 0.51 0.50 0.53 0.56 0.55 

Freevolume(Vf) 11.32 11.37 11.44 11.27 12.32 13.93 14.74 13.38 12.27 12.94 

Averagemol.wt.(MAv)(g) 58.23 65.01 65.43 65.91 66.47 70.65 73.02 69.83 67.92 76.33 

Ion concentration (N) ( 10+21 ions) 0.00 1.09 2.17 3.26 4.15 4.87 5.67 6.90 8.17 8.94 

Polaron radius (rp) (A˚ ) 0.00 3.91 3.11 2.72 2.51 2.38 2.26 2.12 2.00 1.94 

Inter-nuclear distance (ri) (A˚ ) 0.00 9.71 7.73 6.74 6.22 5.89 5.61 5.26 4.96 4.82 

Field strength (F) 10+17(g mol-1cm-2) 0.00 2.28 3.59 4.72 5.55 6.17 6.82 7.79 8.71 9.25 

MolarvolumeoftheboronatomsVb 12.09 12.84 13.68 14.48 16.14 18.37 20.37 21.07 22.09 24.89 

Averageboron–borondistance(dB–B)(nm) 1.26 1.27 1.272 1.274 1.29 1.33 1.35 1.33 1.32 1.33 
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