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Abstract

Glass ceramic was produced by replacing the major glass forming materials, silica and calcium oxide, with derivates
from rice husk and periwinkle shells respectively. Glass formulation comprising of silica extracted from the rice husk and
calcium oxide from powdered calcined periwinkle shells were compounded with analytical grade sodium carbonate.
Silica was extracted from rice husk and characterized using XRD. SEM/EDS of the periwinkle shell revealed a structure
dominated by calcium and oxygen; however, there was a significant presence of magnesium. Glass ceramic was produced
by melting the mixture at 1300 °C followed by melt quenching. FTIR of the material showed the presence of the carbonyl
functional group, calcium oxide, magnesium oxide and various bond configurations of silica. SEM of the glass ceramic
showed sparsely distributed particles of the crystalline phase, while XRD revealed the presence of 55% amorphous phase.
Several crystalline phases were present, dominated by polymorphs of silica such as quartz (22.15 wt.%) and cristobalite
(5.68 wt.%). Also present are mullite (5.58 wt.%), calcite (1.95 wt.%) and Wollastonite (6.86 wt.%). Noticeable in the crys-
talline phase is Whitlockite (2.33 wt.%), a magnesium and phosphorus rich animal-source bio ceramic, traceable to the
periwinkle which may impart some bioactivity to the material.
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1 Introduction

The invention of glass making is often credited to the Phoenicians at around 5000 BC [1], and its continued relevance is
due to its inertness, excellent barrier properties, and formability into different shapes and sizes. Glass has been subject
to a plurality of definitions that reflect the various perspectives from which it is viewed. It would seem more appropri-
ate however to reserve the term “glasses” only for those non-crystalline solids that exhibit the phenomenon of a “glass
transition” [2]. Glass continues to enjoy growing importance in today’s world, with a annual global glass production of
about 150 million tons in 2019 [3].

Glass ceramics are siliceous glasses with a substantial crystalline phase comprising of various oxides. They are attrac-
tive for different applications due to their often-superior properties over conventional glasses. Such applications include
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electronics (microelectronic packing), medicine and dentistry (bio glass ceramics implants, bone and in dental prostheses)
and optical materials [4].

Glass ceramics have the same basic composition as glass, but typically differ in percentage of crystalline volume. Glass
ceramics can have up to 95-98 volume percent crystalline phase, with only a small percentage vitreous phase. However,
the extent of crystallinity and grain boundaries reduces the transparency of the material [5]. MAS (MgO-Al,0;-SiO,)
transparent glass—ceramics have attracted the most attention due to their excellent physical and chemical properties [6].

Rice (Oryza sativa) is a major staple food for more than half of the world’s population and it is farmed in more than
100 countries [7]. It is the world’s third-most produced agricultural crop with 756 million tons produced globally in 2019
[8]. Rice production however leads to large volume of rice husk as a waste material which accounts for about 20% of the
production volume [9].

Rice husk contains 75-90% organic matter such as cellulose and lignin, with the remainder being silica, alkalis, and
trace elements [10]. However, after calcination, rice husk ash is 87-97% silica; the presence of high proportion of silica
makes it an industrially interesting material [11]. Despite the massive amount of annual production worldwide, so far
rice husk has been recycled only for low value applications [12]. Currently, it is being used locally as a fuel, as additives
in kilns and furnaces bricks [13]; it is also used as fertilizer and substrate [14].

In Nigeria, periwinkles (Tympanotonus fuscatus var radula) are commonly found in most coastal communities, and it
is especially popular in the Niger Delta areas in the South-South and costal communities in the South-West zones of the
country. In these communities, periwinkle is widely consumed and is a relatively cheap source of animal protein [15].
However, the leftover shells from the consumption of periwinkles constitute a major source of environmental litter due
to its non-biodegradable nature. Some efforts have been made for the utilization of periwinkle shells locally. They have
been considered as partial replacement for granite in concrete [16]. Also, powdered periwinkle shells have been com-
pounded with polymers for improved mechanical and electrical insulation properties [17]. Other reported uses include
adsorption of heavy metals from wastewater and as a replacement for asbestos in brake pad [18]. It has also been used
for the production of activated carbon [19]. However, despite these uses large quantity of the periwinkle shells are still
simply disposed of indiscriminately in the local communities [20].

Radical solutions are needed to check the dihedral problem of steady depletion of natural reserves of industrially
important raw materials, and the burgeoning volume of agricultural wastes from the consumption of popular food
items. A pathway for achieving this is a“circular economy”, wherein one production sector’s waste is another’s raw mate-
rial [21]. The trend towards sustainable production has inspired efforts to synthesize glass ceramics from agricultural
and industrial waste materials, such as in Hossain et al. [22] wherein a bioactive wollastonite-base glass—ceramic was
produced from rice husk ash and eggshells.

This work presents yet another pathway for a high-value utilization of the large volume of rice husk wastes produced
annually from rice cultivation, and periwinkle shells leftover from the consumption of the marine snails. This was achieved
by compounding rice-husk-derived silica with pulverized periwinkle shells, to produce environment-friendly and sus-
tainable glass products.

2 Materials and methods
2.1 Materials

Rice husks were obtained from a local rice farm in Ogbese Town in Ondo State, Southwest Nigeria. Samples are shown
in Fig. 1. Periwinkle shells were obtained from a dump site in a local market in Badagary, a coastal community in Lagos,
Southwest Nigeria. Samples of periwinkle shells are shown in Fig. 2. Sodium hydroxide (Qualikems, India) and hydrochloric
acid (Fluka, United Kingdom) were employed in the extraction of silica from rice husk.

2.2 Extraction of silica from rice husk

The flow diagram for the extraction of silica is presented in Fig. 3. The procedure followed the method described
in the patent by Adam and Fua [23, 24]. The first step is the calcination of the rice husk at 700 °C for about 6 h, after
which the resulting ash is allowed to furnace-cool to room temperature. After cooling, the rice husk ash was ground
into fine powder in an agate mortar, to increase the specific surface area of the ash.
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Fig. 1 Raw Rice Husks

Fig.2 Periwinkle Shells

Rice husk ash is boiled in 1 M of sodium hydroxide solution, with constant stirring for about 1 h. This process
causes the silica in the ash to react with the sodium hydroxide to give a sodium silicate solution, with significant
ash residue present. This resultant solution is filtered, using filter paper, producing a filtrate of clean sodium silicate
solution. Silica gel is precipitated by adding 1 M hydrochloric acid to the sodium silicate filtrate which was allowed
to age for about an hour. The silica gel was oven-dried at about 700 °C to burn off any organic impurities.

2.3 Production of glass ceramic

The glass ceramic was composed of 70 wt. % rice husk derived silica, 15 wt. % calcined crushed periwinkle shells
and 15 wt. % anhydrous sodium carbonate. This was based on a simple soda-lime glass composition suggested
by Bauccio [25]. Rice husk derived silica and crushed periwinkle shells powder were used to directly substitute for
silica and calcium oxide respectively. The analytical grade anhydrous sodium carbonate (Qualikems, India) thermally
decomposes to give sodium oxide. The constituent materials for the production of the glass were thoroughly mixed
together in a mortar. They were heated to 1300 °Cin a Carbolite RHF 1600 chamber furnace, for 1 h, after which the
melt was brought out (see Fig. 4) and molten glass was scooped out with stainless steel spatula, forming glass beads.
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Fig.3 Process flow diagram
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Fig.4 Molten glass beads

2.4 Characterization of materials

Characterizations were carried out on the precursor materials and the glass ceramic. Scanning electron microscopy (SEM)
and energy dispersive x-ray spectroscopy (EDS) were carried out for structural and elemental identification using Carl Zeiss
Smart Evo 10 Scanning Electron Microscope. This was done on the rice husk, rice husk ash and glass ceramic. X-ray diffrac-
tion (XRD) was carried out on the raw rice husk derived silica and glass ceramic on Shimadzu XDS 2400H diffractometer with
CuKa X-rays (wavelength, \=1.54056 A). Fourier Transform Infrared (FTIR) Spectroscopy was done on the glass ceramic to
investigate its composition and nature of its chemical bonds with Agilent Technologies Cary 630 spectrometer.
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3 Results and discussions
3.1 SEM of rice husk and rice husk ash

The SEM image of the rice husk is presented in Fig. 5. The rectangular cellular structure of the rice husk grains is discern-
able, appearing in rows in a lamellar pattern. Intergranular cracks and de-laminations are noticeable between the grains,
apparently caused by loss of moisture from drying. The rice husk composition determined by EDS is presented in Table 1.
The EDS spectra is presented in Fig. 6. The composition is dominated by Si (31.96 wt.%) and Oxygen (64.81 wt.%), totaling
about 90 wt.% of the concentration at the location. This suggests a composition that is rich in silica. The composition of
magnesium, rhenium and hafnium present is about 2.5 wt.%.

3.2 Rice husk ash

The SEM image of the rice husk ash particles is presented in Fig. 7a and b. The presence of un-calcinated rice husk frag-
ments is noticeable. This is highlighted in Fig. 7b, with the husk’s lamella grain structure still discernable. This is due to

Fig. 5 SEM micrograph of rice

husk
Table 1. ED§ compositional Element 0 Mg Si Hf Re
analysis of rice husk
Wt.% 64.81 0.58 31.96 1.03 1.62
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Fig.7 aand b SEM micro-
graphs of rich husk ash

the absence of constant stirring during the calcination of the husk pile. This, coupled with the low thermal conductivity
of the husk meant that husk particles deep inside the husk pile were shielded from the high calcination temperature.
The EDS spectra of the rice husk is presented in Fig. 8 while the corresponding compositional analysis is presented in
Table 2. The table shows a concentration of Si of 32.50 wt.% and O of 62.75 wt.%. This confirms the presence of high
concentration of silica.

3.3 XRD of rice husk silica

The silica extracted from the rice husk after following the steps outlined in the flow chart in Fig. 3 is presented Fig. 9. It is
snow-white in appearance after drying the gel precipitated in step 8 of Fig. 3. Figure 10 shows the XRD pattern of the silica.
The peaks at 20 of 21.928° and 31.718° indicate the existence of crystalline silica in the form of quartz and cristobalite
respectively. Also, the peak at 26 of 45.00 indicates the presence of mullite. The peak at 26 of 58.0 indicates the presence
of quartz. The presence of the polymorphs of silica confirms the extraction of silica from the rice husk.

3.4 SEM and EDS characterization of calcined periwinkle shell

The SEM image of the periwinkles shell is presented in Fig. 11. The shell texture is observed to be coarse, consisting of
overlapping plates. The EDS spectra is presented in Fig. 12, while the EDS compositional analysis is presented in Table 3.
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Table 2 EDS' compositional Element 0 Al Si In Hf Re
analysis of rice husk ash
Wt.% 62.75 0.55 32.50 1.38 0.99 1.83
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Fig.9 Extracted rice husk
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Fig. 11 SEM micrograph of
periwinkle shell

The major elements are C (22.09 wt.%), O (51.32 wt.%) and Ca (14.13 wt.%). Notable minor elements are Mg (3.77 wt.%)
and Na (2.68 wt.%).

The presence of Ca, C and O suggests the presence of calcium trioxocarbonate (CaCO;). The presence of the minor
elements Mg and Na are notable. Periwinkles are marine snails, and the shells used in this study were sourced from a
coastal community on the Atlantic coast of Lagos, Nigeria. Marine organisms are exposed to elements from salt minerals
that are prevalent in the ocean environment, prominent of which are Mg and Na. Magnesium salt is the second most
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Fig. 12 EDS spectra of peri-
winkle shell
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Table3 EDS analysis of Element C o Na Mg Al Si Ca sb
periwinkle shell
Wt.% 22.09 51.32 2.68 3.77 0.99 0.92 14.13 4.10

plentifully salt in sea water [26] hence, its presence in the shells can be traceable to a lifetime exposure of the periwinkles
to the ocean environment.

3.5 FTIR spectroscopy of glass ceramic

The FTIR spectra for the glass ceramic is presented in Fig. 13. From the figure, the asymmetric vibration of Si-O is observed
at a wavenumber of 1006 cm™'. The asymmetric vibration of Si—-OH at 916 cm™ and the symmetric vibration of Si-O at
738 cm™ are also noticeable. Absorption bands in the range of 800 and 1260 cm™' can be described as a superimposition
of different SiO, peaks and Si—-OH bonding [27]. Also, O-Mg-O bending is noticed at 484.5 cm™!, similar to the findings
of Choudhary et al. [28], while the peak at 574 cm™" shows the presence of Ca-O group.

The band region between 1700 and 1725 cm™' is indicative of strong C=0 stretching [29]. Stretching vibrations gen-
erally require more energy and show absorption bands of higher wavenumbers. The peak observed at a wavenumber
of 1703 cm™' signifies the presence of a carbonyl group in the glass. The high transmittances (from 92 to 97%) in the
fingerprint region is an indication of the low impurity level in the material because there are few bonds to absorb the
wavelengths in this region.

3.6 SEM and EDS

The SEM micrograph of the glass ceramic surface is presented in Fig. 14a and b. Specks of the crystalline phase can be
seen festooned across the surface in Fig. 14a. These are visible in Fig. 14b (arrow A). A bubble that apparently breached
the surface can be seen at arrow B (Fig. 14b). This bubble collapsed and flaked off, leaving behind a shallow pit. The crys-
talline phases can also be seen inside the exposed surface of the pit, beneath the surface. The EDS spectra of the glass is
presented in Fig. 15, while the elemental composition is presented in Table 4. The elements identified are Si, Ca, Na, O, C
and P. While Na is part of the major glass forming composition, P can be traced to the periwinkle shell.

3.7 XRD of glass ceramic
The representative XRD patterns of the glass ceramic are shown in Fig. 16, while Table 5 shows the corresponding identi-

fied phases and quantitative analysis. From the figure, the structure of glass ceramic is evident. The peaks representing
the various crystalline phases are superimposed on the characteristic amorphous glass hump between 26 of 20 and
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Fig. 13 FTIR spectra of the ]
glass ceramic 100

f

] C=0 (1703.4, 100.09)

f

Si-O (1006.4, 94.353)

L o .
< 60 ] Si-OH (916.9,
8 93.6) .
£ ] Si-O (738.0,
%40: 97.857)
@ Ca-1% §574.0,
2 20 70198 Mg-0 (4846,
] 73.9)
0 t " " " " t " " " " {
1350 850 350
Wavenumber (cm-)

Fig. 14 aand b SEM micro-
graphs of the glass ceramic

Fig. 15 EDS of the glass 300 .
ceramic si 9

Si

Na

Intensity (au)
(=Y
wn
o

8

Ca

wv
o o

W p

0 0.5 1 15 2 25 3 3.5 4 4.5
Energy (kV)

Table 4 EDS of the glass

i Elements C (0] Na Si P Ca
ceramic

Wt. % 2.86 45.75 15.06 19.66 1.60 15.08

@ Discover



Research Discover Materials (2024) 4:8 | https://doi.org/10.1007/543939-024-00078-6

Fig. 16 XRD of glass ceramic 100 ey
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Table 5 XRD compositione!l 20 Plane Intensity d-Valve (A°) Minerals wt.%
analysis of the glass ceramic
20.00 100 54.71 44342 Amorphous 13.14
24.42 011 15.23 3.6407 Amorphous 3.66
27.83 101 21.68 3.2017 Amorphous 5.21
32.00 110 45.12 2.7933 Amorphous 10.83
34.28 111 94.11 2.6125 Amorphous 22.61
35.00 200 9.70 2.5607 Whitlockite 233
39.95 220 28.54 2.2541 Wollastonite 6.86
41.00 311 67.21 2.1987 Quartz 16.14
45.00 222 8.75 2.0120 Mullite 2.10
50.00 400 23.64 1.8221 Cristobalite 5.68
52.21 331 14.50 1.7500 Mullite 348
58.07 420 25.00 1.5865 Quartz 6.01
63.00 511 8.12 1.4737 Calcite 1.95

34. From Table 5, a significant amorphous phase of residual glass of 55.45 wt. % is apparent. The crystalline phases are
dominated by polymorphs of silica such as quartz (22.15 wt.%) and cristobalite (5.68 wt.%).

Also present is mullite (3Al,052Si0, or 2Al,05Si0,) at 5.58 wt.%, and calcite (CaCO,) at 1.95 wt.%. Noticeable in the crys-
talline phase is Whitlockite (Cag(MgFe)(PO,),PO;0H) at 2.33 wt.%, a calcium orthophosphate crystal in which, magnesium
is partly substituted for calcium [30]. This is a bio ceramic found in calcified tissue and it is the second most abundant
inorganic mineral in living bone [31] and is traceable to the periwinkle shell. Also present is Wollastonite (CaSiO5) at 6.86
wt.%. The presence of Whitlockite may confer some bioactivity on the glass ceramic. The insurgence of bioactivity in
glass ceramics is interesting for biomedical applications because of the prospect of combining the higher bioactivity of
glasses over hydroxyapatite [32], with the superior mechanical properties of glass ceramics.

3.8 Appearance of glass ceramic bead

The glass ceramic bead is shown in Fig. 17. It has a light yellowish tint, which appears golden under a white spotlight.
It is mostly transparent in thin sections; this however decreases in thicker sections. This correlates with the FTIR spectra
which showed high transmittance numbers of between 92 and 97%. The relatively high transparency of the glass ceramic
is an indication of its significant residual amorphous glassy phase of about 55%. There is always a tradeoff between
crystallinity and transparency in glass ceramics; the higher the crystallinity the lower the transparency and vice versa
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Fig. 17 Glass ceramic bead
showing a light yellowish tint

[33]. Highly crystalline glass ceramic (above 85%) tend to be significantly opaque. The yellowish appearance could be
due to the presence of phosphorus oxides. The EDS data for the glass ceramic indicated the presence of phosphorus
(1.6 wt.%). Phosphorus oxide is a colour intensifier in glass and is known to induce a yellowish colour in glass at small
concentrations [34].

4 Conclusions

The ubiquitous soda-lime glass is commonly made from silicon oxide, calcium oxide and sodium oxide typically sourced
from natural reserves. The unbridled consumption of glass making raw materials calls into question their sustainability in
the mid to long term. This work demonstrated a high-level utilization of rice husk and periwinkle shells in the production
of a glass ceramic. The goal of a“circular economy” can be achieved through the utilization of these environmental wastes,
and more value addition infused into the production chain of rice production and periwinkles harvesting. The presence
of Whitlockite, a magnesium and phosphorus rich bio ceramic, and wollastonite suggests some bioactive capabilities in
the glass ceramic. Furthermore, rice husk can be considered as a viable route for the sourcing of silica for glass making
and a range of other industrial applications.
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