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Abstract

The synthesis of nano-silica is gaining the attention of researchers due to its numerous applications in various fields such as medicine,
the food industry, catalysis, agriculture and construction, amongst others, because of its unique physicochemical features. However,
achieving its facile synthesis and finding inexpensive source material that is locally available requires further exploration for its large-
scale production. This paper reports the synthesis and characterization of nano-silica from locally available laterite clay using the
sol-gel method. The product was analysed using X-ray florescence, X-ray diffraction, Fourier-transform infrared spectroscopy, scanning
electron microscopy and transmission electron microscopy. It was observed that the product was spherical, agglomerated and
amorphous in nature. The obtained nano-silica was found to have 97% and 95% purity for sodium hydroxide and potassium hydroxide,
respectively. The synthesized nano-silica is expected to play pivotal role as a pozzolanic activator in the construction industry.
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Nanomaterials play a vital role in binding and in the construction
industry. Different nano-materials, such as nano-silica (She et al.,
2018; Luo et al, 2019), nano-alumina (Heikal et al, 2015),
nano-iron (Heikal, 2016), nano-CaCO; (Meng et al., 2017), nano-
calcium silicate hydrate seeds (Kanchanason & Plank, 2017), and
carbon nanotubes and fibres (Sikora et al., 2019), amongst other,
have been studied to improve the mechanical parameters and dur-
ability of cement composites (Singh et al, 2017). Nano-silica has
become more attractive to material chemistry and material engin-
eering researchers because of its exceptional properties such as its
small particle size, great surface area and surface activity (Tang
et al., 2014). Based upon the unique nature of silica, it has various
properties; for example, it is acidic and hydrophilic due to the
presence of surface silanol groups (Jafarzadeh et al, 2009) and
it exhibits agglomeration due to Van der Waals forces and hydro-
gen bonds between surface hydroxyl groups (Sun et al, 2013),
thus reducing its compatibility with organic polymers.

The parameters of the obtained silica, irrespective of the start-
ing material, depends on the method of its manufacture, such as
the precipitation method (Norsuraya et al, 2016), thermal synthe-
sis (Yuvakkumar et al, 2014) and the sol-gel method (Gu et al,
2015), amongst others. It is one of the most promising environ-
mentally friendly and economically valuable fillers, and it can
also be prepared from renewable sources such as ashes from bio-
masses, including bagasse ash of sugarcane and rice husks (Tang
et al, 2016). However, achieving a consistent supply of raw
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materials for its large-scale production is challenging. Therefore,
there is a need to explore such raw materials that are locally avail-
able in abundance and can be supplied consistently for the
large-scale production of nano-silica.

The main aim of the present investigation was to develop a
facile procedure for the preparation of nano-silica from cheap
and locally available laterite clay, as no such work has been docu-
mented in the published literature. In the present study, we pre-
pared nano-silica from laterite clay in the nanometre range. The
alumina content in the precursor was reduced via a series of ther-
mal and acid treatments. Various parameters, such as the thermal
activation temperature of the laterite clay, were optimized, and
alkali solutions were used to determine the greatest percentage
yield of nano-silica samples with purities of 97% and 95% for
sodium hydroxide and potassium hydroxide.

Materials

Laterite clay samples were collected from the surroundings of Askari
Cement Ltd, Wah District, Pakistan. Methanol (CH;0H; 99%) was
purchased from RDH, sodium hydroxide (NaOH; 99%) and potas-
sium hydroxide (KOH; 98%) were purchased from Sigma-Aldrich
and hydrochloric acid (HCL; 37%) was purchased from Merck.
Deionized water was prepared at our own laboratory.

Methods
Extraction of nano-silica

Laterite clay was thermally activated at various temperatures (650°C,
700°C and 750°C) for a period of 1 h using a programmable tube
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furnace (BEQ-China) with a temperature increment rate of 5°C
min ",

Laterite clay was washed using HCI to remove other metals
prior to the extraction of nano-silica. A 10 g laterite clay sample
was dispersed in 100 mL of 2 M HCI and heated at a temperature
of 120°C for a period of 2 h under constant stirring using a hot-
plate and then filtered off. The residue was washed with deionized
water until the pH became 7 and then heated in oven at 120°C
until complete drying was achieved.

The acid-washed samples of the laterite clay were treated with
3 M alkali solution. At this stage, NaOH and KOH were com-
pared for their extraction efficiency; therefore, two set of solutions
were prepared, one treated with 3 M NaOH and the other with
3 M KOH. The alkali-added solutions were then heated at a con-
stant temperature of 120°C for 3 h a using a hotplate. The mixture
was cooled to room temperature and then filtered using filter
paper (Whatman-41). The filtrates containing sodium silicate
and potassium silicate solutions were treated with 3:1 HCL and
methanol, which was added dropwise until the formation of pre-
cipitates, and the pH of the solution was adjusted to 5. The
reagent mixture was then filtered wusing filter paper
(Whatman-42) and the obtained nano-silica was washed repeat-
edly to remove impurities. A graphical representation this process
is given in Fig. 1.

Characterization

The purity of the nano-silica obtained from laterite clay was
determined using the hydrofluoric acid (HF) test. For this pur-
pose, 1 g of the obtained nano-silica was mixed with 0.5 mL of
hydrofluoric acid in a platinum crucible and heated in a furnace
at 1000°C until a constant weight was obtained. The residue
was weighed after cooling in a desiccator. Purity was calculated
using Equation 1.
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Elemental analysis of the as-received laterite clay and nano-
silica samples was carried out using an X-ray fluorescence
(XRF) spectrophotometer (Philips PW 2582/00). Nano-silica
was characterized using Fourier-transform infrared (FTIR) spec-
troscopy (Shimadzu IR Prestige-21 spectrometer), X-ray diffrac-
tion (XRD; JEOL JDX-3532), scanning electron microscopy
(SEM; JEOL JSM-5910) and transmission electron microscopy
(TEM; JEOL JEM-2100).

The XRF spectrophotometer was utilized to study various
compounds such as iron oxide, sodium oxide, alumina and others
that were present in the as-received and acid-washed samples of
laterite, as well as for the two samples of nano-silica that were
prepared.

For the FTIR studies, a pure pellet of KBr was taken as a blank
whilst thin pellets with a 5% solid solution of the sample with KBr
were prepared. The region of the spectra selected was between
4000 and 400 cm ™.

XRD of nano-silica was performed for the phase analysis, for
which each sample was put in a glass holding device before
being moved to the X-ray tube. Spectra were taken with a scan-
ning range of 10-50°, a voltage of 35 kV and a current of 20 mA.

Morphological examination and size measurement of nano-
silica was performed using SEM. For this purpose, silica was dis-
persed in ethanol and then dropped onto a glass slide followed by
carbon coating. For the average particle size and standard devi-
ation calculations, ~100 measurements were performed using
SEM images of each sample.

For TEM analysis, a focused electron beam was passed through
a very thin layer of the sample. The information obtained using
TEM was identical to that from a transmission optical micro-
scope, but the magnification and resolution were greater.

Results and discussion
XRF analysis of the laterite clay

The elemental composition of the laterite clay before and after the
acid leaching as determined using XRF is given in Table 1. Table 1

Filtrulian—l Residue —— e Residue | Filtration

Sodium silicate solution -

Heating of Sodium silicate solution up to 70°C

Reaction with a 1:3 ratio of Methanol and 11M HCI mixture

l

Nano-silica
(LNN)

Potassium silicate solution |

Heating of Potassium silicate solution up to 70°C

Reaction with a 1:3 ratio of Methanol and 11M HCI mixture

!

Nano-silica
(LNK)

Figure 1. Flow chart representing the process for pro-
ducing silica nanoparticles from laterite clay. LNK=
nano-silica extracted using potassium hydroxide;
LNN = nano-silica extracted using sodium hydroxide.
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Table 1. Composition of the laterite clay and extracted nano-silica analyzed
using XRF.

Composition (wt.%)
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Table 2. Purity of nano-silica based on the HF test.

Nano-silica

Obtained using
sodium hydroxide

Obtained using
potassium hydroxide

Sample ID Si0, AlLO; Fe,03 CaO MgO K,0O Na0O SO;
As-received laterite  17.47 6.28 3441 28.88 0.880 0.580 1.08 0.07
Acid-leached laterite 51.03 2.03 6.830 11.04 1920 1.020 2.03 1.07
Extracted nano-silica 97.00 0.27 0.015 0.155 0.231 0.021 110 -
using sodium
hydroxide
Extracted nano-silica 95.00 0.25 0.015 0.255 0.231 1.021 150 -

using potassium
hydroxide

shows that the as-received laterite contains silicon and aluminium
as the major elements, whose concentrations in oxide form are
17.47% and 6.28% before acid leaching and 51.03% and 2.03%
after acid leaching, respectively. Table 1 also indicates that a con-
siderable decrease in the amount of alumina and an increase in
the silica content occurred after acid treatment.

To make the raw clay reactive and to increase the percentage of
silica, the laterite clay was thermally treated at various tempera-
tures (650°C, 700°C and 750°C), and the elemental composition
of nano-silica obtained from each treatment is shown in Fig. 2.
From Fig. 2, it is clear that the sample calcined at 700°C become
more reactive and gave the greatest nano-silica yield. It can be
concluded that increasing the calcination temperature up to
700°C could increase the reactivity of laterite clay. The unfavour-
able production of nano-silica at temperatures >700°C might be
due to the fact that at higher temperatures the laterite clay
again becomes crystalline and less reactive. This reveals that for
maximum extraction of nano-silica the laterite clay should not
be thermally activated at >700°C, which is the optimum tempera-
ture for calcination.

HF analysis of the laterite clay

The purity of the prepared nano-silica was studied using the HF
test, and the results are given in Table 2. Table 2 demonstrates that
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Figure 2. Nano-silica production as a function of calcination temperature.

Weight at beginning (g) 1.00 1.00
Weight loss (g) 0.97 0.95
Purity (%) 97 95

highly pure nano-silica obtained from laterite clay is 97% and
95% with respect to sodium hydroxide and potassium hydroxide,
respectively. It is also observed that the purity of nano-silica
resulting from sodium hydroxide is greater than that from potas-
sium hydroxide under identical conditions. This finding is sup-
ported by previous studies showing that the purity of silica
obtained from bagasse ash is 96% (Amin et al., 2016) and that
from corn cobs is 60.2% (Velmurugan et al, 2015). The purity
being <100% in this nano-silica could due to the presence of
moisture and some impurities such as sodium, calcium and alu-
mina, amongst others, as is clear from Table 2. The existence of
moisture in this nano-silica could be due to imperfect drying
after precipitation, whereas the presence of impurities might be
due to insufficient acid being used for washing or incomplete
washing of the laterite clay prior to the extraction of nano-silica.

FTIR analysis of nano-silica

The FTIR spectra of nano-silica obtained from thermally activated
laterite clay at 700°C with sodium hydroxide and potassium
hydroxide are shown in Figs 3 & 4, respectively. Figures 3 & 4
clarify that the primary silica absorption band occurs in the
range 1300-800 cm ™. The peak at ~3500-3300 cm ™" corresponds
to the stretching and bending vibration of -OH absorbed from
H,O and silanol (Si-OH). Similarly, the peaks positioned in the
range 1636-1631 cm™" corresponds to the bending and stretching
modes of OH. The bending mode of OH being greatly intensified
in this spectrum region of 1636-1631 cm™" supports the presence
of Si-OH groups on the hydrophilic surfaces. The broad peak in
the spectra, observed in the 1226-1063 cm™" range, represents Si—
O-Si asymmetric stretching vibrations. Similarly, the stretching
vibration in the range of 955-950 cm™" corresponds to the surface
~OH group of silanol. The minor peaks at ~802-791 cm™" corres-
pond to the symmetrical stretching of Si-O-Si linkages in the
Si-O, network, whereas the band at ~470-446 cm™ confirms
the presence of Si-O-Si linkages in siloxane bond bending vibra-
tions. In addition to Si-O-Si and Si-OH, the mean intensity of
the -OH stretching and bending peaks increase in nano-silica
with respect to potassium hydroxide. These findings regarding
peak positioning for the various functional groups are supported
by the previous research (Ghorbani et al., 2013; Wang et al., 2010).

XRD analysis of nano-silica

The XRD traces of nano-silica produced from thermally activated
laterite clay at 700°C with sodium hydroxide and potassium
hydroxide are shown in Figs 5 & 6, respectively. The patterns cor-
respond to the amorphous nature of nano-silica. Figures 5 & 6
show one broad hill-shaped diffraction peak ranging from 22° to
23°26, providing evidence in support of the amorphous nature of
the nano-silica obtained using both sodium hydroxide and
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potassium hydroxide (Zhang et al, 2021). An important observa-  in Fig. 5 regarding sodium hydroxide, became greatly diminished,
tion from the XRD traces is that the broad peak (Fig. 5) shifts  thus reducing inactive nano-silica, as has been reported in previous
towards a lower °20 value (Fig. 6) with increasing water content. ~ work of a similar nature (Paya et al., 2001).

The greater hydroxyl groups present in silica make it less viscid

and leads to a wobbly packing structure, which reduces the density . - .

of the samples. As a result, the density of nano-silica obtained with SEM analysis of nano-silica extracted from the laterite clay

potassium hydroxide underwent less of change as compared to that ~ Figure 7 shows SEM images of the surface morphology of extracted
obtained with sodium hydroxide. This effect is also evident from  nano-silica powders under optimized conditions with sodium
the FTIR spectra (Figs 3 & 4), which show more intense hydroxyl = hydroxide and potassium hydroxide. It can be observed from
group peaks for nano-silica obtained using potassium hydroxide  Fig. 7 that homogeneous clusters of particles are seen that are dis-
than nano-silica obtained using sodium hydroxide. These findings  similar in size. Greatly magnified images reveal that the large clus-

are also supported by the previous literature (Wassie & Srivastava,  ters of particles are the agglomerations of a large number of smaller
2017). Figure 6 shows that the peaks at 25°20 and 38°26, as shown  particles.
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Figure 5. XRD trace of nano-silica extracted from laterite clay using sodium
hydroxide.
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Figure 6. XRD trace of nano-silica extracted from laterite clay using potassium
hydroxide.
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TEM analysis of nano-silica extracted from the laterite clay

To determine the particle size of the resultant nano-silica, TEM at
much higher magnification and resolving power than SEM was
used, and the resultant images are shown in Figs 8 & 9 for sodium
hydroxide and potassium hydroxide, respectively. Figures 8a & 9a
show the TEM images, while Figs 8b & 9b show the TEM histo-
grams that display the approximate grain size of the nano-silicas
derived with sodium hydroxide and potassium hydroxide, respect-
ively. To estimate more accurately estimate the size of the particles,
Image] software was used to analyse the TEM images. From the
software application on the TEM images, it was confirmed that
the particle size of the nano-silica obtained using sodium hydroxide
is smaller than that obtained using potassium hydroxide. The par-
ticle sizes using both of these alkalis are in nano range, being on
average 41.0 and 52.6 nm with sodium and potassium hydroxide,
respectively. Similar studies have been conducted using zinc
oxide nanoparticles and the same behaviour of size reduction
was observed when the alkali used was changed from sodium
hydroxide to potassium hydroxide (Ghorbani et al., 2013).

Conclusion

Nano-silica was effectively extracted from laterite clay in the par-
ticle size range of 41.0 and 52.6 nm on average using sodium
hydroxide and potassium hydroxide, respectively. The optimum
temperature for the calcination of laterite clay was found to be
700°C. The thermally activated clay after undergoing a sequence
of acid and thermal processes was activated with sodium hydroxide
and potassium hydroxide solution to prepare sodium silicate and
potassium silicate solutions. Nano-silica particles were obtained
by reacting the sodium silicate and potassium silicate solutions
with hydrochloric acid along with the addition of ethanol. It was
observed that the temperature of thermal treatment had a great
impact on the production of nano-silica. Moreover, the selection
of the alkali used had a great impact on the morphology, crystallin-
ity and particle size of the extracted nano-silica. The particle size of
nano-silica was smaller when obtained using sodium hydroxide in
comparison to that obtained using potassium hydroxide, probably
due to the absorption of more water as indicated by the intensified
FTIR spectra peaks for -OH groups when obtained with potassium
hydroxide. The nano-silica particles were spherical, dissimilar in

SED 20.0kV WD13mmP.C.60 HV  x2,700 Spm
NCEG-UOP ___Dbooo

Figure 7. SEM images of nano-silica synthesized from laterite clay using (a) sodium hydroxide and (b) potassium hydroxide.
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Figure 8. (a) TEM image of silica nanoparticles with sodium hydroxide. (b) Particle-size distribution histogram of silica nanoparticles with sodium hydroxide.
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Figure 9. (a) TEM image of silica nanoparticles with potassium hydroxide. (b) Particle-size distribution histogram of silica nanoparticles with potassium hydroxide.

size and agglomerated in morphology with an amorphous nature,
as confirmed by SEM, TEM and XRD characterization. The pre-
pared nano-silica with an amorphous nature and a nano size
range has potential future scalable applications in the cement
industry as a low-cost source material.
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