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Silicon Dioxide nanoparticles of high purity were synthesized using a novel technique of obtaining sodium metasilicate from
dealuminated metakaolin. The process involved taking the dealuminated metakaolin through several recrystallization steps to form
sodium metasilicate. This was then converted into silicon dioxide nanoparticles using the sol-gel technique. The nanoparticles were
studied by X-ray diffraction, scanning electron microscopy, energy dispersive X-ray analysis, thermogravimetric analysis, Fourier
transform infrared spectroscopy and UV-visible optical absorption spectroscopy. The results from all the characterization techniques
confirmed that the synthesized product was amorphous silicon dioxide nanoparticles with a high level of purity. This study gives an
alternate pathway for obtaining sodium metasilicate from dealuminated metakaolin to synthesize amorphous silicon dioxide
nanoparticles for industrial applications.
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INTRODUCTION

Silicon dioxide (SiO,) can be found in nature in both crystalline and amorphous forms. Silica in its crystalline form
occurs naturally in three polymorphic phases namely tridymite, quartz, and cristobalite [1-2]. Silica is the primary
component of sand and the second most abundant mineral compound on the earth crust [3-4]. Several research works
have proven interesting properties associated with nano silica, from their high porosity, thermal stability, tunable size,
low toxicity to their higher specific surface area (500-700 m?/g) [3, 5]. The economic importance of silica nanoparticles
is evidenced by its widespread inclusion in various industrial applications such as anti-reflection coatings, photovoltaics,
thermal energy storage, sensors, piezoelectric devices, photocatalysis and mixture of concrete [6-9]. As a result of these
applications, amorphous silica has been projected to hold a significant share in silica production and is expected to
increase in 20222030, due to its rising demand from the aforementioned industries [7, 10].

A cursory review of available literature shows that there are several techniques available for the synthesis of silicon
dioxide (Si0,) nanoparticles for a range of industrial applications [11-12]. These include, hydrothermal processes [13],
vapor-phase reactions [14] chemical precipitation [15], hydrolysis and condensation reactions [16] and the sol-gel
process [17-18]. The conventional industrial method involves a fusing reaction between soda ash and quartz at high
temperatures (1700 to 2000 °C) for sodium silicate production, which is then precipitated with sulfuric acid to recover
silicon dioxide. This process releases a large amount of greenhouse gases into the atmosphere, notably carbon dioxide
contributing to greenhouse gas emissions [19]. It is evident that the conventional processes are environmentally
unsustainable and energy-intensive [20-21].

Precursors employed for the production of silicon dioxide may either be synthetic silica from inorganic alkaline
silicates or organic silicates such as tetramethyl orthosilicate (TMOS) and tetraethyl orthosilicate (TEOS) [4, 22].
However, these precursors are neither cost-effective nor ecologically friendly due to their high cost and toxicity [23].
Consequently, scholars are currently investigating substitute green precursor sources for synthetic silicon dioxide due to
the environmental issues and substantial energy usage linked with these techniques [24-25]. Many researchers have
produced silica synthetically using green precursors such as biomass including rice husk, sugarcane bagasse, palm kernel
shell, sorghum bagasse, maize leaves and bamboo leaves [18, 26-29].

Meanwhile, the use of inorganic materials like kaolinite clay as a raw material to make sodium silicate as silica
precursor has, rarely been reported in literature [24, 25]. Kaolin is an aluminosilicate soft powder clayed mineral
containing mainly kaolinite with some trace minerals and impurities. Kaolin, when taken through a dehydroxylation
reaction at temperatures between 650 — 800°C results in formation of amorphous product known as metakaolin [30] .
When the metakaolin is completely dealuminated, the resultant residue contains > 95 % amorphous silica and quartz with
relatively low impurities of metal oxides [31-32]. Sodium silicate solution (SSS) obtained from metakaolin offers typical
advantages including refined and uniform particle size along with the high concentration of silica nanoparticles [33].
In our view, this makes it a likely starting material for the production of synthetic silica.
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Hence this research work examines for the first time the synthesis of amorphous silica nanoparticles (AS — NPs)
from de-aluminated metakaolin which is converted into sodium metasilicate and taken through a multi-step
recrystallization process before acid hydrolysis and precipitation. The precipitated silica is then further purified through
hydrothermal acid purification into amorphous silicon dioxide.

MATERIALS AND METHODS
Materials
Kaolin was obtained from the Ghana Bauxite Company located at Awaso in the western north part of Ghana. Sodium
hydroxide (NaOH) pellets (99 wt% purity) and ethanol (98 wt%) were purchased from Analar Normapur, UK, whilst
Sulphuric acid (H,SO4 95 wt%) and Hydrochloric acid (HCI, 35 wt% and Whatman filter paper (No 1) were purchased
from Sigma-Aldrich, Germany. Deionized water (WES laboratory, KNUST) served as solvent and used in the solution
preparations. Without additional purification, all of the reagents were employed in their original form.

Methods
Preparation of de-aluminated Metakaolin
The metakaolin was obtained by thermal treatment of kaolinite clay. First, the kaolin clay was physically
beneficiated using water to remove unwanted particles including quartz, then decanted and centrifuged to further remove
residual quartz particles, dried and calcined at 850 °C for 60 minutes to obtain a more reactive phase of kaolin known as
metakaolin; which was then leached using 2 M HCl at 105 °C for 2 hours to obtain de-aluminated metakaolin.

Preparation of Sodium Metasilicate

Sodium metasilicate solution was prepared by weighing 133.14 g of NaOH and adding it to 100.00 g of dealuminated
metakaolin in a 1-litre Teflon beaker and mixed thoroughly. 500 g of H,O was then gently added to the mixture which
results in a spontaneous exothermic reaction thereby causing up to 80 % dissolution of the dealuminated metakaolin. The
resultant solution was boiled for a while and then gradually cooled down and subsequently transferred into a Teflon bottle
placed in an electric oven at 150 °C for approximately 90 minutes to allow for the reaction to complete. The reaction
product was recovered at the end of the predetermined time, filtered to separate any unreacted residue from the sodium
silicate solution. The sodium silicate solution was kept under normal ambient conditions for 24 hours to crystallize into
sodium metasilicate after which it was recovered and filtered to separate it from the mother liquor. The chemical reactions
occurring in the synthesis process is stated in Equation 1.

Si0y¢sy + 2NaOH4q) = Na,SiOs5) + H, 0y )

Conversion of Sodium Metasilicate to Sodium silicate solution

After the recrystallization process, the sodium metasilicate was then converted to precipitated silica via acid base
neutralization and precipitation reactions. This was done by preparing 2 M of H,SO4 solution and used to neutralize and
precipitate silica from an aliquot of a solution of the crystallized sodium metasilicate in a 1000 ml borosilicate glass
beaker. The whole process was done under continuous stirring using a magnetic stirrer at 120 rpm at ambient temperature.
The acid was added dropwise while the stirring continued and the pH of the mixture monitored until the pH reached a
neutral point where a white precipitate of silica was obtained and at this point the temperature of the mixture reached
95°C, the stirring was then halted and the beaker covered to allow the mixture of the precipitate and the mother liquor to
cool to near ambient temperature.

Obtaining Silicon Dioxide from Sodium Silicate Solution
The precipitated silica was recovered by filtration, washed with aqueous ethanol solution then copiously with
distilled water. The sample was subsequently dried at 105 °C in an electric oven overnight; recovered, then ground into
fine powder using agate mortar and pestle and then stored in zip lock bag for characterizations. The chemical reactions
occurring in the synthesis process is stated in Equations 2.

Na25i03(5) + H2504(aq) d SlOz(s) + Na2504(aq) + HZO(I) (2)

RESULTS AND DISCUSSION
Chemical composition of De-aluminated metakaolin and as-prepared Sodium silicate

The chemical composition of the de-aluminated kaolin has shown clearly that, it is a suitable precursor for the
synthesis of silica due to the fact that it contains over 93 % silicon oxides which readily solubilized in caustic soda solution
at relatively low temperature. The precursor according to the XRF analysis contains some impurities of metallic oxides
with some significant weight percent as shown in Table 1.

The chemical compositions of the sodium metasilicate obtained from the de-aluminated metakaolin is also shown
in Table 1. The data in Table 1 shows that sodium metasilicate contains silicon and sodium oxides as the major chemical
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constituents and impurities of metallic oxides derived from the de-aluminated metakaolin. It further shows that the yield
of Na,SiO; contained high concentrations of silicon dioxide (63 %) which makes it a good precursor for the synthesis of
high purity silica nanoparticles. The recrystallized Na,SiOs inherently exhibited impurities such as oxides of sodium,
calcium, aluminum and iron which are characteristics of its precursor, and obviously emanated from the de-aluminated
kaolin. The level of purity observed in the sodium silicate obtained in this study are much higher than those obtained in
works by [34,16, 35, 36] who synthesised sodium silicate from quartz sand.

Table 1. XRF analysis showing the oxides present in De-aluminated metakaolin and Sodium metasilicate hydrate with their percentage
weights

SAMPLES Oxides/(wt%)

Si0, Na,O CaO Fe,03 Others
DE-ALMTK 93.573 0.854 0.112 0.235 5.226
S-SLCT 63.000 35.300 0.235 0.198 1.267

DE-ALMTK — De-aluminate metakaolin, S — SLCT — Sodium metasilicate

Structural characteristics of AS — NPs
The structure of the synthesised product was studied by Powder X-Ray Diffraction measurements using a Shimadzu
XRD-6000 diffractometer, with Cu-Ka radiation (A = 0.15408 nm), The equipment was operated at 40 mA and 45 kV for
phase analysis using the Bragg-Brentano geometry in the 26 range 10 to 70 °, scan step of 0.05°. The X-ray diffraction
pattern of amorphous silicon dioxide nano particles synthesised from kaolin-based metasilicate is illustrated in Figure 1.
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Figure 1. XRD patterns of amorphous SiO> nanoparticles (a) as-synthesised (b) purified

The XRD pattern of the as-synthesised and purified silicon dioxide nanoparticles are shown in Figures la and 1b.
The pattern in Figure 1a shows a broad peak in the 20 from 22.3 ° to 28.0° which is distinctive of amorphous solid,
confirms the formation of amorphous silica [26, 37]. This observation is also in direct accordance with JCPDS 47-0715.
The pattern of prominent peaks at positions 31.667, 45.412, 56.404 and 75.175° are indexed to reflections from the (002),
(022), (222) and (024) planes of NaCl halite structure (Ref. COD 9008678), which is present as a contaminant. These
peaks disappear completely after repeated washings as shown in Figure 1b, leaving behind what appears to be a pure
phase of amorphous silicon dioxide. Figure 1b shows a pure phase of amorphous silica with no discernable peaks indexed
to impurities.

Morphological and compeositional analysis of amorphous SiO2 nanoparticles
The morphology and elemental composition of synthesised product was studied using a Phenom Pro Desktop FEI
Quanta FEG 200 High Resolution Scanning Electron Microscope, integrated with EDS.

SEM and EDX analysis

The micrograph from the SEM analysis of the as-synthesised silicon dioxide is displayed in Figure 2(d) and the
corresponding EDS spectrum is depicted in 2(c). As exhibited in Figure 2, it is evident that the morphology shows that,
sample consists of a rough surface composed of agglomerates of extremely tiny particles which exhibit irregular shapes
and sizes with angular and sharp edges. The EDX spectrum presented in Figure 2 (c) shows that the silicon dioxide
contains silicon at 40.63 % and oxygen at 59.37 % with traces of Na, Cl and C elements as impurities for the as-synthesised
silica, while Figure 2(b) confirms the purity of the purified silica as it reveals the presence of only Si and O elements
having significant intensities. This supports the observations made in the XRD analysis.
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Figure 2. SEM micrograph (d and a) and EDS spectrum (c and b) of the as-synthesised silica and as-purified silica respectively

Thermal Analysis of the synthesised amorphous SiO: nanoparticles
To evaluate the thermal stability and phase transition temperature of the prepared SiO, nanoparticles, a
thermogravimetric study (TGA) was conducted with a TA instrument (SDT Q600 V20.9 Build 20), under the following
experimental conditions: temperature ranging from 25 to 1200 °C; speed of heating 10 °C/min; sample mass 4.0 mg;
under an argon environment; material carrier — ceramic pot. The TGA profile of as-synthesised Si0, nanoparticles are
depicted in Figure 3.
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Figure 3. TG/DTA curves of the synthesised pure amorphous silicon dioxide nanoparticles

The thermogravimetric analysis conducted in a temperature range of 25 — 1200 °C, produced two curves that showed
mass lost (in pink) and heat flow (in blue) over time as functions of temperature. The noticeable mass loss from 30 — 150
°C may be attributable to the evaporation of the absorbed moisture including water of crystallization which gets
evaporated and volatile organic compounds present on the surface of the produced nano-silicon dioxide [38]. This initial
mass loss indicates the presence of physically absorbed water on the open pore structure and possibly some loosely bound
water molecules, which occurs on the silica particle’s surface [39]. This suggests quite well that the synthesised silica
nanoparticles are stronger absorbers of the surrounding moisture. Some reports have suggested that mass loss due to the
presence of physical water is an indication of the porous nature of the material [38, 40]. At temperatures above 1000 °C,
the mass loss curve flattens out, indicating no significant further loss in mass. This suggests that all volatile components
have been removed, and the remaining material is thermally stable silicon dioxide [34]. Distinct exothermic peaks are
also observed at around 800 — 1000 °C, which may indicate phase transitions or crystallization process within the silicon

dioxide nanoparticles. El-didamony et al. (2019) explained that these peaks suggest structural rearrangements that release
heat.
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Optical analysis of the synthesised amorphous SiO: nanoparticles
FTIR Analysis
Fourier transform infrared (FTIR) spectra for the as-synthesised nanoparticles were evaluated via PerkinElmer
Spectrum Two photometer (PerkinElmer, USA). The synthesized samples were prepared and placed in a holder
constructed of KBr ionic materials and the spectrum is obtained in the wave number range of 400 — 4000 cm™'. A
background spectrum was run and subtracted from the compound spectrum. Structural functional group characteristics of
the synthesised silica is presented in Figure 4.
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Figure 4. FTIR spectrum of the synthesised silicon dioxide nanoparticles using sodium metasilicate as precursor

The characteristic vibrational functional groups observed in the analyzed spectrum are Si — O — Si, Si — OH and
O —Si- 0. The synthesized silicon dioxide nanoparticles also exhibited H — O — H groups showing the presence of
absorbed molecular water within the sample. The intensities of the peaks in the spectrum characterize the phase purity of
the silicon dioxide, thereby corroborating with the EDS data and the XRD results which demonstrated that the silicon
dioxide is composed of 100 % quartz low. The asymmetric vibrational mode due to Si — O in the SiO; groups occurred at
1050 cm™ while symmetric stretching mode due to Si— Si or Si — O — Si occurred at 790 cm™!. The band at 450 cm™ was
due to the bending mode of Si— O — Si or O — Si — O. The observed functional groups in this research are consistent with
the reported results in literature [35, 37]. From the FTIR graphs, all peaks relevant to silicon dioxide nanoparticles are
observed, thus, further confirming the synthesis of silicon dioxide nanoparticles.

Optical analysis of the synthesised amorphous SiO: nanoparticles
UV-Vis absorption spectroscopy
The optical absorption characteristics of the synthesised silicon dioxide nanoparticles at room temperature were
studied by UV-Vis spectrophotometer (UV-1800, Shimadzu, Japan). 5.0 mg of each sample was measured into 1:1 ethanol
solution to form a colloid. For the measurement of absorbance, the colloid sample was placed in a cuvette with a fixed 1
mm path-length. NaOH solution was utilised as reference to prepare a blank. An illuminated visible light source from the
monochromator of constant intensity and low noise over the 200 — 700 nm wavelength range was employed to run through
the colloid samples contained in the cuvette.
UV-Vis absorbance spectra of the amorphous SiO, were analyzed by plotting (a¢hv)? as a function of photon energy
(hv) based on Tauc’s relation in the wavelength range of 200 — 700 nm. It can be observed from Figure 5 that the
absorbance value was around 385 nm indicating the onset of the fundamental absorption edge.
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Figure 5. Absorbance spectra of as-synthesized amorphous silicon dioxide nanoparticles.

Figure 5, shows the optical absorbance spectra of the as-synthesised amorphous SiO, nanoparticles. It can be
observed that the nanoparticles have very low absorbance in the visible range making them almost transparent to visible
light. This is an inherent characteristic of amorphous silicon dioxide.
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Optical Energy Band Gap (E ) of the synthesized amorphous SiO: nanoparticles
The optical band gap shown inset of Figure 5 is obtained from the absorbance spectra by plotting (ahv)? against
photon energy (hv). The band gap is obtained by drawing a line of best fit, and extrapolating that line to intersect the hv
axis where (ahv)? tends to zero [41]. The point of intersection gives the band gap. From the inset of Figure 5, the energy
band gap is 3.85 eV. This high energy band gap is consistent with values reported in previous studies [42, 34]. This
observed high band gap energy value shows that the absorption of the silicon dioxide sample is near UV-Vis region,
clearly confirming the transparent nature of the synthesised amorphous silicon dioxide nanoparticles.

CONCLUSION
An alternate route for obtaining sodium metasilicate from de-aluminated Kaolin for the synthesis of amorphous
silicon dioxide nanoparticles has been established. The physical, structural and thermal characteristics of the synthesized
nanoparticles were all authenticated by the XRD, FTIR, SEM, TG/DTA results which were largely congruous with results
reported in literature. The findings of the current work show that kaolinite-based clays are prospective alternative
precursor for high purity synthesis of amorphous silicon dioxide nanoparticles for potential industrial applications.
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HOBHUM NIIXIJT OTPUMAHHS METACHJIIKATY HATPIIO 3 JEAJIFIOMIHICHOBAHOI'O KAOJIIHY JIJIS
CHUHTE3Y HAHOYACTHHOK AMOP®HOI'O JIOKCHUAY KPEMHIIO
J.B. Iy3ep, A.U.K. Amy3y, A. Adanpo, I. Hkpyma, b. KBaxi-ABya, ®.K. Amnonr, P.K. Hxkym, ®@. Boak'e
Daxynemem @izuku, Ynieepcumem nayku i mexvoaoeiu Keame Hxpyma, Kymaci, I'ana

HaHowacTHHKH NIOKCHAY KPEMHII0 BUCOKOI YHCTOTH OyJIM CHHTE30BaHI 32 JOMOMOTOI0 HOBOi METOAMKH OTPUMAaHHS METACHIIIKATY
HATpiIO 3 JeaIOMIHOBaHOTO MeTakaoiiny. [Iponec nepenbavyaB NpoXoHKEHHS IEATIOMIHOBAHOTO METAKaoJIiHy Yepe3 KijbKa eTamiB
MIepeKpHCTATI3aIil 3 YTBOPEHHSAM MeTacwiikary Harpito. IloTiM me Oysio mepeTBOpeHO B HAHOYACTHHKH JIOKCHAY KPEMHII0 3a
JIOTIOMOTO0 30JI1b-T'eJIb TeXHiKH. HanoyacTrHKY Oyin JOCIIKEH] 3a JOIIOMOTOF0 PEHTIeHIBChKOT An(paKiii, CKaHyI04o1 eeKTPOHHOT
MIKPOCKOIIil, €HeproANUCIIEPCIHHOrO PEHTIeHIBCHKOTO aHaji3y, TepMOrpaBIMETPUYHOrO aHalizy, iH(padepBoHOI creKkTpockomil 3
nepetBopeHHsIM Dyp'e Ta CHEKTPOCKOIT ONTHYHOrO NOruHaHHs B Y O-BUIMMOMY Aiana3oHi. Pe3ynbraTé BCiX METO/IB BU3HAUCHHS
XapaKTePUCTHK i ATBEP M, [0 CHHTE30BaHHI IPOAYKT SBJISAB 00010 aMOp(hHI HAHOYACTHHKH JIOKCHIY KPEMHIIO 3 BUCOKUM PiBHEM
yrcToTH. Lle mociimKkeHHs IPOIIOHy€ albTepPHATUBHIN IUIAX OTPUMAHHS METACUITIKATy HATPIIO 3 A€ATIOMIHOBAHOTO METAKAOHY UL
CHHTE3y HAaHOYACTHHOK aMOP(HOTO TIOKCHIY KPEMHIO ISl IPOMHCIOBOTO 3aCTOCYBAaHHSI.

Kuto4oBi ciioBa: amopdruii kpemHesem; 301b-2efb CUHME3, HAHOYACMUNKI, XAPAKMepu3ayis, Memaxkaonin, Memacuiikam Hampiro



