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ARTICLE ABSTRACT

INFORMATION Over the last few decades, researchers have developed great deals of interest focusing on

' . the fabrication and synthesis of zinc silicate-based glass-ceramic. However, using waste
SUbf“'tted 10 April, 2023 materials as precursors for the fabrication is yet another milestone in waste management.
Revised 7 June, 2023 Thus, in this study, zinc silicate glass-ceramic was fabricated using sola lime silica (SLS)
Accepted 10 June, 2023 - . .

glass waste as a source of silicon. The series of precursor glass in the
(Zn0)gg_x (B203), (SLS)g4 system was prepared by the conventional solid-state

melt-quench technique through a controlled crystallization process. The physical,

Keywords: structural, and optical properties of the glass system were obtained by density
Glass-ceramic measurement, X-Ray diffraction, Fourier Transform Infrared Spectroscopy, Ultraviolet-
Melt-quenching visible spectroscopy, respectively. The density of the (Zn0)g¢_x (B203)x (SLS)g4
Waste SLS glass glasses series was observed to be decreasing with the increment of wt.% B, 05 content.
Band gap energy The XRD spectra of the (Zn0)g¢_ (B203)x (SLS)4 samples with 0 and 0.01 wt.%
Amorphous B, 03, exhibits major diffraction peaks attributed to the ZnO phase in the glass matrix.

However, as B, 03 content increased, the precursor glass sample shown by the XRD
spectra depicted a broad halo characteristic, which reflected the properties of amorphous
glass that were observed at the composition of 0.05 wt.% B,. From FTIR spectra, the
bands at 500, 688, 902 and 1243 cm™? can be associated with stretching vibrations of
Zn0y4 and Si-O-B bending vibrations, stretching vibration of the B—O bonds in the BO,
units, and modes of boron—oxygen triangular BO5 units. The intensity of the IR band
increases with increasing percentage of B, 0. The UV-Vis analysis of the samples with 0
and 0.0/ wt% B,0; demonstrates crystalline hump and varies at 370 nm. It was
observed that the addition of B,O; to the ZnO-SLS glass network caused the glassy
amorphous state with an absence of a sharp absorption edge at 0.05, 0.10, and 0.15
wt.% B;03.The (Zn0)gg_x (B203)y (SLS)o4 system shows increase in band gap
when the composition of B, 05 increased. When ZnO serves as a modifier, the number
of NBOs will increase, and this will cause the expansion of glass network. The zinc silicate-
based glass-ceramic produced has been classified to be a semiconductor due to the wide
optical band gap energy obtained and may have key potential applications for future LED
and other optoelectronic lighting devices.

© 2023 Faculty of Engineering, University of Maiduguri, Nigeria. All rights reserved.
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1.0 Introduction
Researchers in the past decade have shown significant interest on optoelectronics advanced

materials such as transition metal-based silicate glass and glass-ceramics (Brugger et al., 2003;
Takesue et al., 2009; Mondillo et al., 2020). These materials are used mostly as phosphor host
for light-emitting diodes (LED), photodetectors, semiconductor lasers and other optoelectronic
applications (Oueslati-Omrani & Hamzaoui, 2020). It is imperative to note that glasses that are
silicate based especially those produced with larger content of ZnO are of great interest for
numerous applications from conventional glasses and glass ceramics to an advanced performance
optical glass (Oueslati-Omrani and Hamzaoui., 2020). Willemite, also known as zinc silicate
(Zn,SiOy), is renowned for its suitability as a good host glass material used for several guest ions
of rare—earth and transitional metals to attain higher effectiveness in displaying a wider range of
multi—colours for luminescence application (Omri et al., 2013; El Mir and Omri, 2014; Al-Nidawi
et al, 2017; Effendy et al., 2017; Zaid et al., 2016; Omar et al,, 2017; Omar et al., 2016a; Rasdi
et al.,, 2017;). For instance, the luminescence characteristics of rare earth ions (RE*) like the long
emission lifetime, sharper luminescence array and the characteristic spectral behavior as they are
filled by 4f shells and shielded by the outer 5s* and 5p° orbitals are some of the motivating drivers
for their choice in nowadays optoelectronic application. For this reason, willemite doped with
RE* is creating major attention for its luminescence efficiency and colour purity for lighting
devices (Omar et al., 2016b; Omar et al., 2017). Furthermore, in the last decade, Takesue et al.
(2009) reported the optical performance of willemite doped manganese (Zn,SiO.:Mn*")
phosphors where the 3d® electron transition in Mn*" ions is characterized as activating centre in
the structure. The rigid lattice structure (noncentrosymmetric cationic sites) of willemite made
it a host material of choice for excellent performance in lighting devices and optoelectronic
applications (Abdel-Hameed & Marzouk, 2022; Wei et al., 2022).

Previously, several researchers over the past decade reported different techniques used for the
fabrication of willemite-based phosphor (Takesue et al., 2009). These techniques include, but are
not limited to hydrothermal (Samigullina et al., 2017), polymer sonochemical (Masjedi-Arani &
Salavati-Niasari, 2016), sol-gel (Benchikhi et al., 2022), spray pyrolysis (Kusdianto et al., 2020),
and simple thermal treatment (Alibe et al., 2021). Nevertheless, other researchers observed that
some of the processes are not time-effective and often involve complicated synthesis procedures
that are financially expensive. Optionally, the conventional method, like the solid-state sintering
method, offers a better alternative for cost-effective production, a shorter period of the
procedure, and large-scale production of the material (Sarrigani & Amiri, 2019). Furthermore,
obtaining silica (SiO,) sources from a complex chemical process mentioned earlier seems to be
expensive and consumes time, yet little amount is produced through the process (Takesue et al.,
2009). Therefore, the use of another sources especially one which the precursor is obtained from
waste recycled material is encouraged. Example of such is the waste from soda—lime—silica glass
(SLS) which is commonly used glass and could be obtained in our surroundings (Sarrigani & Amiri,
2019). The spread of damage glasses disposal by the glass manufacturing industries has caused the
SLS based glasses to become a huge pollutant to the environment. To curb the menace, several
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scientist tend to convert and used the waste SLS glass as a source of silica in the research (Zaid
et al., 2016; Omar et al., 2017; Effendy et al., 2017;Wei et al,, 2022). Interestingly, this goes with
waste-to-wealth creation and also offers a better cost-effective manufacturing. Besides, the
incorporation of SLS glass waste in the willemite formation can also lower its melting point,
improve the clarity as well as enhance thermal and chemical stability of the final material produced
(Takesue et al., 2009; Wei et al,, 2022). Oxide-based glass formers often add on to the bulk
matrix to enhance the formation of a glass and form the interconnected backbone of the glass
network. One of the most studied glass former over the decade is the Boron oxide (B,O,) (Li et

al,, 2013). Previous literature suggest that the addition of little quantity of B,O, could improve

and stabilize the disorder in matrix and further serve as a nucleation agent to hasten
crystallization process (Hamnabard et al,, 2012; Li et al,, 2013; Qazvini et al,, 2012).

In this work, new approach was proposed to fabricate willemite glass-ceramic derived from ZnO-
B2O3-SLS glass system. The influence of calcination temperature on the phase structural

formation, and optical emission properties were thoroughly discussed.

2.0 Materials and Methods

2.1 Materials Preparation

This section describes the glass preparation process for the work according to the solid state
technique (Zaid et al., 2016; Omar et al., 2017; Effendy et al,, 2017;) . The precursors used were
SLS glass, ZnO, and B,O,. The SLS glass powder was prepared from waste broken glasses
obtained from the dumping site, while the ZnO and B,O, powders were purchased from Sigma-
Aldrich and used without further purification. The (Zn0)g¢_x (B203)x (SLS)( 4 glasses samples
were prepared using the conventional melt-quenching technique for glass production. The SLS
glass waste was at first crushed to form glass powder and sieved to 45 pm particle size. The SLS
glass powder obtained was combined with ZnO and B,O, using the composition mixture of
(Zn0)ge_x (B203)x (SLS)g.4 in weight percent. The mixed sample was allowed to undergo a
milling process by placing them into a milling jar and running them for 30 minutes in a Ball Milling
Machine with 50 rpm to ensure homogeneity of the mixture and control the size distribution of
the composition. The milling process was followed by melting about 30 g of the milled sample at

a temperature of 1450 °C for 2 h. When melting point is achieved, the hot sample is then
quenched in a container filled with water to produce glass frits. Due to the fast quenching
process, the glass frits produced were transparent devoid of bubbles. The earlier process of
crushing, grinding, and sieving the glass frits produced a fine glass powder with an average particle
size of 45 pum for the pelleting process. Note that pelletizing is the process of compressing or
molding a material into the shape of a pellet. Therefore, after the sieving process, the sample was
mixed with 1.75 weight percent of polyvinyl alcohol (PVA), which served as a binding agent, and
pressed using a hydraulic press machine until it reached 4 tons/m” Each sample was left for 10

minutes to form |3 mm diameter glass pellets. The solid pellets were all sintered at 700 °C for 2
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hours to decompose the PVA. A constant heating rate of 10 “C/min was maintained throughout.
Subsequently, all the samples obtained were characterized using densimeter and vernier caliper
measurements to determine their physical properties. The structural properties of the glass
formed were studied using X-ray diffraction (XRD) (PW 3040/60 model, Philips, San Jose, CA,
USA) and Fourier transform infrared reflection (FTIR) (Spectrum 100 model, Perkin Elmer;
Waltham, Massachusetts, USA). The optical properties were analysed using ultraviolet—visible
(UV-Vis) (UV-3600 model, Shimadzu, Kyoto, JAPAN) and photoluminescence (PL) (LS 55 model,
Perkin Elmer, Waltham, Massachusetts, USA) spectroscopic techniques, respectively.

2.2 Characterization

In this work, all samples obtained were characterized for their physical properties using
densimeter and vernier caliper measurements. The structural properties of the glass formed were
studied using X-ray diffraction (XRD) (PW 3040/60 model, Philips, San Jose, CA, USA), Fourier
transform infrared reflection (FTIR) (Spectrum 100 model, Perkin Elmer; Waltham,
Massachusetts, USA), and optical properties were analysed using ultraviolet—visible (UV—Vis)
(UV-3600 model, Shimadzu, Kyoto, JAPAN) and photoluminescence (PL) (LS 55 model; Perkin
Elmer; Waltham, Massachusetts, USA) spectroscopic techniques respectively (Omri et al., 2013;
Zaid et al., 2016a; Rasdi et al.,, 2017; Effendy et al., 2017).

In glass and glass ceramic-based research, the physical properties of the material, such as its
density, are considered as an important factor in determining the material’s strength. The density
was obtained by using densitometer MS-300S in order to determine the molecular packing inside
the sample (Samsudin et al., 2016). Ethanol was used as an immersion liquid in this experiment,
which was repeated three (3) times in order to avoid parallax error and mathematically shown
in the equation.

pm (1

Where p is the density of sample (g cm — 3), m is the mass of pellet (g) and V is the volume of
ethanol (cm™).

3.0 Results and Discussion
This section analyses and discussed comprehensively the data obtained from the characterization
of the samples.

3.1 Density and Linear Shrinkage Analysis

Table | shows the density of five glass samples respectively. The Series of
(Zn0)ge_x (B,03)x (SLS)p4 glasses were observed to be decreasing with the increment of
B,03; content. The data measurement shows the trend of density samples decrease with
increasing weight fraction of B,05 as expressed graphically in Figure |. It is noteworthy that this
decrement in density of the glass samples was due to lower B,0; atomic mass compared to
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other element in glass system. The atomic mass of B,0; is 69.617 amu which is lower as
compared to atomic mass of ZnO (81.38 amu). This phenomenon led to the decrease in density
from 2.80 to 2.50 g cm™ as ZnO content decrease from 0.6 to 0.455 w.t%.

Table I: The compositions and density of the glasses for (Zn0)g¢_x (B203)x (SLS)¢4

Samples Compositions Density
I (Zn0)gy 6 (SLS)g 4 2.80
2 (Zn0) .59 (B203)0.01 (SLS) 0.4 2.72
3 (Zn0)g55 (B203)0.05 (SLS)o.4 2.60
4 (Zn0)g.50 (B203)0.10 (SLS)0.4 2.52
5 (Zn0)g.45 (B203)0.15 (SLS)0.4 2.50

2.8 -

B,0, (Wt%)

Figure l. Density of (ZnO)(ové_X) (B;_Og,)x (SLS)04 glasses

3.2 XRD Structure and Phase Analysis

The structure of the prepared glasses samples were analyzed using XRD. Figure 2 shows a XRD
pattern of (Zn0)g¢_x (B203)x (SLS)o4 based glass samples. The presence of ZnO phase in the
glass matrix was observed in the samples with 0 and 0.01 wt.% B,05. By matching the diffraction
peaks in the pattern with the standard diffraction pattern of the XRD, the sample with 0 wt.%
B, 03 exhibit 8 major diffraction peaks of ZnO at 31.97°, 34.65°, 36.46°, 47.75°, 56.79°, 63.07°,
68.14° and 69.27° correspondingto (0 1 0),(002), (220),(012),(1 10),(013),(l12)and
(0 2 1) planes. While, the sample with 0.01 wt.% B,05 also exhibit 6 major diffraction peaks at
31.87°, 34.54°, 36.37°, 56.76°, 63.05° and 68.14° respectively (Shofria et al., 2010).

It appears that when little quantity of the B,03 is substituted for ZnO, the glass structure may
form a crystalline phase as depicted in Figure 2. It was reported by some authors that the glass

Corresponding author’s e-mail address: babaiya | @gmail.com 509



http://www.azojete.com.ng/
file:///C:/Users/Engr.%20Samuel/Documents/Engr%20Oyeniyi/azojete/AZOJETE%20ARCHIVE/UPLOAD/VOL%2019%20NO%203/babaiya1@gmail.com

Arid Zone Journal of Engineering, Technology and Environment, Sept, 2023; Vol. 19(3):505-518. ISSN 1596-2490; e-ISSN 2545-5818;
www.azojete.com.ng

network modifier work as a crystallization promoting agent, thereby providing nucleation
positions arising from effect on the glass stability, caused by ion substitution within the glass
network (Qazvini et al., 2012; Sarrigani and Amiri 2019). In addition, Takesue et al., 2009 reported
that ZnO work as a network modifier that breaks the bonds between oxygen and glass former
ions, which may lead to a change in the structural unit that affects the physical characteristics of
the glass network. Thus, forms a non-bridging oxygens (NBO), as proved in samples with
compositions of 0 and 0.01 wt.% B,05. Besides, the high amount of ZnO can lead to more intense
crystallization and favor the precipitation of optically active crystalline phases (Zaid et al., 201 6a).
Moreover, it show that there is very slight increase in the intensity of the diffraction peaks with
the increment of ZnO content because the ratio of composition is not stable to achieve the
amorphous phase (Zaid et al., 2016a). However, as B,0; content increased, the precursor glass
sample showed a broad halo characteristic, which reflected the properties of amorphous glass
that were observed at a the composition of 0.05 wt.% B,03; (Mohd Shofri et al., 2020). From the
pattern, there is no discrete sharp peak, which implies the samples were fully in glass form. The
amorphous hump was obtained at 33°. By comparing the increment of B,03 in the glass system,
it was observed that the peaks get broadened in the spectrum due to variation in the inter-atomic
distances (Shofria et al., 2010). It was confirmed and also reported by Lim et al. (2002), that the
formation of covalent B-O bonding produced a stronger, better chemically resistant glass
network with higher packing density and lower crystallization tendency (Mohd Shofri et al., 2020;
Shofria et al., 2010).

MMMMWMW 0.15 wt% B,O,

s LTIV ‘
g

/W\M 0.05 wt% B,O,

w%

0.01 wt% B,O,

220

0.10 wt% B,O,

"

Intensity (a.U)

010

0 wt% B,O,

1 1 1 1
20 40 60 80

Degree (2theta)

Figure 2. XRD Pattern of (ZnO)gs.y (B,O3x (SLS)o4 glasses
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3.3 FTIR Analysis

All the functional groups and the existing chemical bonding in the Pattern of (ZnO) . (B.O3)x
(SLS)o4 glasses were assessed by FTIR analysis a shown in table 2 and figure 3 respectively. The
structure of the glass samples were measured using FTIR in the wavenumber range of 280 to
4000 cm ™. The IR spectrum is divided into two paths; the first one consists of the main sharp,
distinctive and characteristic absorption bands extending in the mid IR region from 400 to about
1400 cm™!, and the second part reveals only small peaks from 1400 to 4000
cm™ !, Furthermore, silicate glass structure having disordered geometry with the formation of
tetrahedral coordination of BO, units among oxide glasses. According to the glass formation
theory, the oxides of metal cation (e.g. Zn?*) with valence one or two plays an important role as
glass modifier (Hivrekar et al., 2017). Some of the bridging oxygen of tetrahedral BO,units
combines with glass modifier coordinated by six, eight or even more oxygen atom to form glass
network with non-bridging oxygen (De Leede & De Waal, 1988). Figure 3 shows the samples
analysed and was obtained at the range of 400-1400 cm™! which signifies the vibrations of main
building units of SLS. Then, it was obvious that the band at 500, 688, 902 and 1243 cm™? can be
associated stretching vibrations of ZnO, units ( Zaid et al., 2016b) and Si-O-B bending vibrations,
stretching vibration of the B—O bonds in the BO, units and modes of boron—oxygen triangular
BOj3 units (Kullberg et al., 2017). The intensity of IR band become higher with increasing
percentage of B,03; (Mohd Shofri et al., 2020).

Table 2: IR absorption bands and band assignment (Kullberg et al., 2017)

Wavenumber (cm™1) Assignment of vibrational mode
500 Stretching vibrations of ZnO, units
650 — 700 Si-O-B bending vibrations
840 — 930 Stretching vibration of the B-O bonds in the BO, units
1234 — 1250 Modes of boron—oxygen triangular BO3 units
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0.15 wt% B,O,
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0.10 wt% B,O,
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Figure 3: FT-IR spectra of sample (Zn0)g¢_x (B,03)x (SLS)o4 glasses

3.3 UV-VIS Analysis

The absorption spectra of sample (SLS)g4 (Zn0)g¢_x (B203)x glasses are presented in Figure 4.
Ultra violet regions are very important in study field as it provides scientist with information to
understand the electronic band gap of a particular material and to find the optical absorbance
whether it bands at high or shorter wavelength. Optical absorbance is higher at lower wavelength
region while lower at higher wavelength region whereas ultraviolet “cut off’ emerge as a term
to describe increase in absorption factor spectra (Singh et al., 2008).

Figure 4 shows that samples with 0 and 0.01 wt.% B,03 has crystalline hump which varies at 370
nm. It was observed after the addition of B,03; to ZnO-SLS glass network has caused the glassy
amorphous state with absence of shrill absorption edge at 0.05, 0.10 and 0.15 wt.% B,0;.
Moreover, the absorption edge (cut-off wavelength) tends to move to higher wavelength sides
when the amount of B,03 increases in the glass system and produces a non-sharp structure due
to the disorder in the matrix. It is clear that there is no sharp absorption edge after addition of
0.05, 0.10 and 0.15 wt.% B,03 This corresponds to the characteristics of the glassy state.

Basically, there are two transitions occurring in the energy band gap of materials, these are direct
allowed or indirect allowed transition which can occurs regardless of crystalline or amorphous
material of the glass. These transitions usually occur during the reaction among electromagnetic
wave when it reacts with electrons at the valence state thus forcing it to be promoted to the
conduction state (Gnutzmann and Clausecker, 1974). In order to find different kinds of transition,
the values n=1/2 and n=2 which are for direct allowed and indirect forbidden transitions were

1
substituted into (athv)n against photon energy (hv) and plots were displayed by extrapolating the
linear region of the curve as shown in Figure 5 and 6 respectively. By comparing the value of
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direct forbidden and indirect allowed transition with different composition for
(SLS)p.4 (Zn0)g 6_x (B203)4 glass system obtained using different values of n, a good agreement
with Egp¢ values for n=2 is the best transition. It also can be resolved that optical band gap
obtained for (SLS)y.4 (Zn0)¢¢_x (B,03)y glass favors indirect forbidden transition (n=2). Table
3 shows the calculated band gap energy. The samples shows increase in band gap when the
composition of B,0; increases. When ZnO serves as a modifier, the number of NBOs will
increase and this will cause the expansion of glass network. Increase in optical band gap clearly
state that the glass has higher number of NBO'’s rather than BO’s.

——0  Wt%By0,
——001 wt%B,03
——0.05 wt%B,0,
——0.10 wt%B,03
015 wt%B,04

Absorbance (a.u.)

T T T T T T
300 400 500 600 700 800
Wavelength (nm)

Figure 4: Absorption spectra of sample (Zn0)g¢_x (B203)x (SLS)g4 glasses

——0  Wt%By0s
——001 Wi%B,05
——0.05 wt%B,0,
——0.10 wt% 8203
015 Wt%By0y

extinction coefficient

20 25 30 35 40 45 50 55 60 65 70
hv (eV)

1
Figure 5: plot of (a¢hv)2 as a function of energy for (Zn0)y¢_x (B203)yx (SLS)4 glasses, n=2

Corresponding author’s e-mail address: babaiya | @gmail.com 513



http://www.azojete.com.ng/
file:///C:/Users/Engr.%20Samuel/Documents/Engr%20Oyeniyi/azojete/AZOJETE%20ARCHIVE/UPLOAD/VOL%2019%20NO%203/babaiya1@gmail.com

Arid Zone Journal of Engineering, Technology and Environment, Sept, 2023; Vol. 19(3):505-518. ISSN 1596-2490; e-ISSN 2545-5818;
www.azojete.com.ng

—0 wt.% B,0g
—0.01 wt.%B,04
—0.05 wt.% B,04
—0.10 wt.% B,Oq4
—0.15 wt.% B,04

extinction coefficient

3.0 3.5 4.0 4.5 5.0 55 6.0

Figure 6: plot of (ahv)? as a function of energy for (Zn0)g¢_x (B203)x (SLS)g.4 , n=1/2

Table 3: Energy Band Gap (eV) for (Zn0)g¢_x (B203)x (SLS)¢.4 glass system

Samples Direct allowed Indirect forbidden
transition, n=1/2  transition, n=2
(Zn0)g60 (SLS)g.4 4.35 3.25
(Zn0)g.59 (B203)0.01 (SLS)0.4 4.45 3.35
(Zn0)gs5 (B203)0.05 (SLS)0.4 4.70 3.60
(Zn0)g.45 (B203)0.10 (SLS)0.4 4.85 3.65
(Zn0)¢.40 (B203)0.15 (SLS)0.4 5.25 4.30
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4.0 Conclusions

Based on this study, the ZNO-B,O;-SLS glass system had been successfully fabricated and
investigated. The physical, structural, and optical properties of glass system were comprehensively
discussed. The density of the material was observed to decrease as the B,03; content is increased.
This is attributed to the lower atomic mass of B,0O; compared to ZNO and SiO, present in the
glass system. The functional groups attached to the glass system observed from the ftir spectrum
reveal that the ir spectrum is divided into two paths; the first one consists of the main sharp,
distinctive and characteristic absorption bands extending in the mid ir region from 400 to about
1400 cm™?, and the second part reveals only small peaks from 1400 to 4000 cm™?. It was obvious
that the bands at 500, 688, 902 and 1243 cm™? can be associated with stretching vibrations of
ZNO, units, Si-O-B bending vibrations, stretching vibration of the b—o bonds in the bo, units,
and modes of boron—oxygen triangular bos units. The band gap characteristics of the glass system
favor direct and indirect forbidden transitions, and the increase in the b,0; content causes higher
absorption in the uv region, thus resulting in a lower band gap. Based on this study, B, 05 served
as an important glass formers and flux materials that connects the backbone of the glass network.
The findings in this work open the path to comprehend the effects of b,0; content on the
structural and optical properties of the ZNO-B,O;-SLS glass system, and the wide band gap
energy of the material obtained may have key potential applications for future led and other
optoelectronic lighting devices.
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