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ABSTRACT: Slate is a naturally available aluminous silicate based material and can be used as a good source for silica extraction. In
the current investigation, the slate sample was passed through calcination and acid leaching processes to decrease alumina contents
and other major constituents. Silica extraction was performed by alkaline hydrothermal treatment of a given slate sample followed by
acidic precipitation. Different steps, including the effect of concentration of sodium hydroxide solution, reaction time, the ratio of the
mass of sample to volume of alkaline solution, the temperature of dispersion, and pH of the filtrate, were investigated to extract the
maximum amount of pure amorphous silica. The extracted silica was physicochemically analyzed through XRF, XRD, FT-IR
spectroscopy, and SEM techniques. The amorphous nature of the extracted silica is evident from XRD and SEM studies, while FT-
IR studies support its purity, showing peaks of only Si−O−Si bonds. The purity of the extracted silica was further confirmed via XRF
spectroscopic analysis and a hydrofluoric acid test.

■ INTRODUCTION
Silica (SiO2) is an important constituent of many industrial
products, including ceramics, electronics, and different
polymeric materials. Because of its small particle size, silica
has a wide range of applications in the fields of thermal
insulation,1 composite filler, catalysis, chromatography,2 bio-
logical imaging, drug delivery systems, sensors, liquid armors,
etc. In 1968, a first method was reported for obtaining
monodispersed and spherical silica from tetraethyl orthodox
silicate in basic medium by hydrolysis.3 Because of the costly
production of silica from tetraethyl orthodox silicate, other
low-cost materials to extract silica at low cost have also been
reported.4 Sodium silicate solution has been used as an
alternative for tetraethyl orthosilicate to extract silica at a low
cost.5 Sodium silicate solution was obtained by treating silica-
rich waste materials, including rice husk ash, rice hull ash,

bagasse bottom ash, semiburned rice straw ash, etc., with an
alkali.6,7 Silica was then precipitated from sodium silicate
solution by acidification with an aqueous solution of
hydrochloric acid or carbon dioxide gas,8,9 which is abundant
and valuable natural source of low-cost silica and which can be
utilized for large-scale extraction is slate.
Slate is a metamorphic rock formed by the aggregation of

tiny clay particles when stressed at high pressure for a long
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time period. It is a mixture of silica and other insoluble
minerals in a combined state. As reported in United States
Geological Survey Bulletin No. 586, different slates of different
regions have different chemical compositions, i.e., 54−69%
silica (SiO2), 10−25% alumina (Al2O3), 0.8−7.8% iron(III)
oxide (Fe2O3), 0.1−5.1% calcium oxide (CaO), 1.5−6.4%
magnesium oxide (MgO), 1.1−5.5% potassium oxide (K2O),
and 0.1−7.4% of sodium oxide (Na2O).

10 The reported data
indicated that these metamorphic rocks of slate are rich in
silica. This silica can be extracted in amorphous form by
performing several different unit operations including quarry-
ing, crushing, and grinding followed by subsequent steps of
calcination and hydrothermal treatment.
Different methods have been employed to extract silica from

various raw materials by alkaline hydrothermal treatment.
These raw materials include alkyl silicates, rice husk ash, coal
fly ash, bagasse bottom ash, and clay. In 1968, Stober et al.
prepared uniform spherical silica particles in alcoholic medium
by hydrolysis of alkyl silicate and subsequent addition of
ammonia.11 In 2010, Zhang et al. obtained superfine silica
nanoparticles from acid-treated rice husk ash.12 The diameter
of the silica ranged from 30 to 200 nm. In 2013, Liu et al.
synthesized silica from acid-treated coal fly ash in the synthesis
of mesoporous sieves for mercury removal by adsorption.13 In
2016, Zulfiqar et al. utilized clay as a source material and
synthesized silica nanoparticles.3 In 2018, Bunmai et al.
developed zeolite from silica (99.34% pure), which was
obtained from cogon grass.14 In 2021, Kamari and Ghorbani
extracted silica from rice husk ash and studied its application in
the production of magnetic mesoporous silica.15 Most of the
studies focused on synthesis of silica from fly and bottom

ashes. This research is focused on the introduction of slate as a
new and cheap raw material for the first time to obtain low
cost, pure, and amorphous silica through hydrothermal
treatment after calcination. In addition, the physical and
chemical properties of slate are much better than fly and
bottom ashes as slate is found in nature as a metamorphic rock
whereas fly and bottom ashes can be obtained only after the
combustion of carbonaceous materials. Furthermore, compar-
ison the chemical composition of slate with fly and bottom
ashes mainly shows silica. Because of these characteristic
features of slate, it is used in the extraction of silica from
natural resources.

■ RESULTS AND DISCUSSION

Characterization of Raw Material. The chemical
composition of the slate sample determined by XRF analysis
is provided in Table 1. The results show that the slate sample
contains silica in a greater quantity, i.e., 63.9%, along with
other major constituents, including Al2O3, Fe2O3, CaO, MgO,
K2O, and Na2O. For maximum removal of other constituents,
the ground slate was calcined at 900 °C for 1 h to decompose
slate compounds followed by acid leaching to remove these
free compounds along with other impurities. A significant
change in the result of other major constituents was observed
in calcined and acid-leached slate samples as shown in Table 1.
The silica content increased to 75.4% due to the decrease of
other constituents. An increase in silica content was found at
11.52%, while the alumina content decreased by 6.1% for the
mass of calcined slate. The leaching of the calcined slate was
carried out by using 1 M HCl solution at the sample to acid
volume (gm: mL) ratio of 1:15. This ratio was based on

Table 1. Chemical Composition of Uncalcined, Calcined, and Acid Washed Slate Samples and Extracted Silica

wt %

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O moisture LOI

slate (raw) 63.9 17.1 5.9 3.9 2.3 3.1 3.1 0.1 0.6
slate (calcined and acid leached) 75.4 10.9 3.5 2.9 1.9 2.6 2.8
extracted silica (after drying) 98.2 0.3 0.02 0.2 0.2 0.1 0.9 0.1

Figure 1. FT-IR spectra of (a) uncalcined slate sample, (b) calcined slate sample, and (c) extracted silica
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stoichiometric calculations because the number of moles of
alumina in 1 g of calcined slate is almost equal to the number
of moles of HCl in 15 mL of 1 M concentration. Tantawy and
Alomari16 removed 75% of alumina from kaolin activated at
850 °C by an acid-leaching process, whereas Mark et al.
recovered 50.27% of alumina by leaching of calcined Ibere clay,
using 1 M HCl solution.17 For this reason, about 59% of the
total alumina has been leached while the rest remained
recalcitrant which is evident from the XRF analysis provided in
Table 1. In earlier research, the investigators analyzed 36
different samples of clay and reported a maximum of 66.8%
SiO2 and 21% Al2O3.

18

The FT-IR spectra of slate samples before and after
calcination (not acid leached) are shown in Figure 1. The
spectra give a detailed explanation of the qualitative and
quantitative features of the order and disorder in the bonding
and structure before and after activation, depending upon the
relative intensities of the various bonds including Si−O of SiO4
and Al−O of AlO4 in the range of 490−1000 cm−1.19 The
band in the FT-IR spectrum of the uncalcined slate sample at
505 cm−1 is attributed to Si−O bond bending vibrations. In
addition, relatively well-resolved bands appearing at 694 and
777 cm−1 are associated with the Al−O bending vibration. A
broadband at 979 cm−1 may be assigned to the Si−O
stretching vibration.20 The change in structural features of
the slate sample after calcination was recorded by collecting its
FT-IR spectrum as shown in Figure 1b. The change of position
and intensities of the characteristic peaks of slate and
appearance of new peaks after the calcination indicate the
high-temperature results in the decomposition of slate
compounds. The results show that the peaks due to Si−O
bond bending vibrations and Si−O stretching vibrations
shifted to higher frequency, whereas the two bands due to
the Al−O bond in the uncalcined slate sample change to triple
bands after calcination. The shifting of the Si−O peaks from

977 to 991 cm−1 and from 505 to 522 cm−1 and transmutation
of the two bands of the Al−O bond to triplet bands at 586,
694, and 781 cm−1 indicate the conversion of aluminum
silicate compounds into the amorphous state of silica and
alumina.21

Figure 2 shows the XRD patterns of the uncalcined and
calcined slate samples before acid leaching. It can be observed
that both patterns are characterized by the different numbers
of quartz, mullite, and kaolinite peaks. In the slate sample after
calcination, an amorphous phase can be seen in the range of 7
to 19° and 57 to 70°. In the uncalcined slate sample, various
peaks due to kaolinite and quartz exist in these ranges, which
have disappeared after calcination and replaced with an
amorphous band indicating the transformation of the
crystalline form of kaolinite and quartz to their amorphous
form. Calcination at high temperature may lead to its
dehydroxylation,22 which increases the reactivity of alumina
including other slate components, and can be easily extracted
by using acid leaching process.23,24 The XRF analysis provided
in Table 1 can be used to support this argument as the
percentage of alumina along with those of other major
constituents were significantly decreased by acid leaching.
The surface morphologies of uncalcined and calcined slate

(not acid leached) were studied by scanning electron
microscopic, and their analysis is provided in Figure 3. The
SEM micrograph as represented in Figure 4b shows the
morphological transformations upon calcination. Figure 4a
shows that uncalcined slate containing unevenly distributed
different sized flakes. After activation, these flakes are found
detached from each other and are dispersed oddly.

Condition Optimization for Maximum Silica Extrac-
tion. The maximum extraction of silica from calcined and acid
leached slate sample mainly depends on the concentration of
the alkaline solution. When the concentration is high, more
amorphous silica reacts to form sodium silicate solution. The

Figure 2. XRD pattern of uncalcined slate sample (a), calcined slate sample (b), and extracted silica (c).
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effect of the molar concentration of sodium hydroxide solution
on the silica extraction is given in Figure 4a. The figure reveals
that the silica extraction increases as the concentration of
sodium hydroxide solution increases up to 1.5 M. Above this
concentration, the amount of silica is observed to decrease;
hence, 1.5 M concentration is the optimized concentration.
The effect of reaction time on the silica extraction is

provided in Figure 4b. It is found that reaction time has a
greater influence on the efficiency of silica extraction. As the
reaction time increases from 20 to 60 min, an increase in the
extraction of silica was observed. Above 60 min, silica
extraction almost remained constant. It shows that the reaction
of the entire amorphous silica completes with sodium
hydroxide at 60 min and further that reaction time has no
significant effect on the amount of extracted silica.
The effect of volume of alkaline solution of NaOH of 1.5 M

compared to the fixed amount of the slate sample on silica
extraction also plays an important role because as the volume
of alkaline solution increases more silica molecules react with
alkali. The result of the ratio of the mass of sample to volume

of the alkaline solution is shown in Figure 4c which reveals that
silica extraction increases as the volume of sodium hydroxide
solution increase 20 times compared to the mass of calcined
and acid leached slate sample. Further increase in volume has
no better performance and the result was almost found
constant which indicates that silica completes reaction with
this volume of optimized alkali solution.
Effect of pH adjustment of the filtrate obtained after the

hydrothermal reaction is given in Figure 4d which showed that
the precipitation of silica started at a pH range of 5 to 12.
Beyond this range, no silica appeared to precipitate. It may be
due to greater solubility or redissolution of extracted silica in
both strongly acidic and basic environments. Maximum
extraction was observed when the pH of the filtrate was
adjusted at 8.0.
The temperature effect on silica extraction was studied and

is provided in Figure 4e. The results indicate that as the
temperature increases the percent extraction of silica also
increases. This is due to the inert and slight acidic nature of
silica, which upon treatment with NaOH solution at high
temperature gives better results.25

Analysis of Extracted Silica. The moisture content and
purity of extracted silica under optimized conditions are
provided in Table 1. The experimental results show that the
maximum possible purity of extracted silica is approximately
98.2%. The result also shows close agreement with the XRF
analysis of extracted silica as provided in Table 1 and Figure 5.
Kalapathy et al.26 and Velmurugan et al.27 reported the
maximum purity of silica obtained from rice husk ash and corn
cob ash up to 60%, while Amin et al.4 obtained 96%
amorphous silica from bagasse ash by a hydrothermal reaction.

Figure 3. SEM images of (a) uncalcined slate sample and (b) calcined
slate sample.

Figure 4. Condition optimization for maximum silica extraction: (a) effect of the molar concentration of NaOH solution (0.5−3 M), (b) effect of
reaction time (20−100 min), (c) effect of the ratio of the mass of sample to volume of alkaline solution (1:5 to 1:25), (d) effect of pH (3−13), and
(e) effect of temperature (20−100 °C).
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Characterization of Extracted Silica. The chemical
composition of the dried extracted silica was determined by
using XRF analysis as provided in Table 1. The result shows
that extracted silica is mainly composed of SiO2, i.e., 98.2%,
along with other constituents in trace amounts including
Al2O3, Fe2O3, CaO, MgO, K2O, and Na2O. The presence of
these elements in trace amounts may be due to the insufficient
acid leaching of the calcined slate sample before silica
extraction.
The FT-IR spectrum of the dried silica extracted under

optimized conditions is provided in Figure 1c. The spectrum is
characterized by all major peaks in the range 450−1000 cm−1.
Sharp peaks at 990 and 556 cm−1 are assigned to the
asymmetric stretching vibration of the Si−O−Si,27,28 while
peaks at 680−780 cm−1 are correlated to symmetric vibration
of the Si−O−Si bond. On the other hand, the peaks that
appeared in the range of 420−460 cm−1 are due to the bending
vibration of O−Si−O bonds.29

XRD patterns of silica obtained from the calcined and acid-
leached slate sample is represented in Figure 2c. The pattern
confirms that the nature of the extracted silica is characteristi-
cally amorphous. The diffraction peaks at 20−24 2-θ also
prove the formation of amorphous silica. It may be due to the
disordered of cristobalite.30 The XRD pattern obtained in the
current study shows close agreement with XRD patterns
obtained in the previous investigations.31,32

SEM micrographs of the amorphous silica with different
magnifications extracted under optimized conditions are
provided in Figure 6. The figures reveal that silica mostly
comprises the very small size of irregularly arranged particles
and shows a tendency toward aggregation to form compara-

tively larger particles. The SEM images show that the surface of
the extracted silica is characterized by several pores; thus, it can
be used as a novel adsorbent for the removal of different toxic
materials like heavy metals, dyes, etc. by adsorption.

Advantages of Silica. The experimental results showed
the extraction of an appreciable amount of amorphous silica
from naturally abundant sources, indicating the great success of
the current research over the previous studies. Industrially, the
maximum amount of amorphous silica can be obtained from
calcined and acid-leached slate by using the optimized
conditions. The process involves calcination, acid leaching,
and extraction, which may increase the cost of silica, but due to
the very low price of slate and widespread industrial
applications including water desalination by reverse osmosis33

and the synthesis of silica−graphene-based nanocomposite,34

silica nanoparticles,35 and ligand anchor based adsorbent,36 etc.
make slate a suitable option for silica extraction. As a technical
quality of the current study, this method can be employed to
other natural resources to obtain silica.

■ CONCLUSIONS
In the current study, the hydrothermal process was studied to
extract the maximum amount of pure amorphous silica, and
the following conclusions were made:

(i) Calcination of ground slate followed by acid leaching
significantly reduces the alumina and other major
constituents and results in increased silica content.

(ii) The calcined and acid-leached slate sample can be used
as an excellent source of amorphous silica, which can be
obtained by hydrothermal extraction.

(iii) The maximum amount of pure amorphous silica was
successfully obtained when the calcined and acid-
leached sample was boiled for 60 min in 1.5 M sodium
hydroxide solution at a 1:20 (g:mL) ratio.

(iv) The amorphous nature of the extracted silica was
confirmed by XRD and SEM analyses.

(v) The FT-IR spectrum of silica reveals the presence of
only Si−O−Si bonds. The elemental composition
showed that the extracted silica is 98.2% pure.

■ MATERIALS AND METHODS
Materials. A natural and rich source of silica, i.e., slate, was

collected from the Chashmai mines in the District Nowshera,
Khyber Pakhtunkhwa, Pakistan. The selected slate sample was

Figure 5. Chemical composition of extracted silica under optimized
conditions.

Figure 6. SEM images of extracted silica with different magnifications.
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converted into a fine powder using a grinder to increase the
surface area to maximize silica extraction. The powdered
sample was meshed through a 250 μm sieve. Pellets of
analytical grade sodium hydroxide (NaOH) were procured
from Sigma-Aldrich Co, St. Louis, MO, while analytical grade
hydrochloric acid (37%) was purchased from Merck. Distilled
water was used for washing and solution preparation.
Calcination of Powdered Slate. Powdered samples of

slate were calcined at 900 °C in a muffle furnace working up to
1100 °C. The incremental heating rate was maintained at 15
°C/min, and the time of residence was kept at 1 h. Calcined
samples were then allowed to cool to room temperature in a
desiccator. After cooling, the calcined sample was powdered in
a grinding machine until 100% of the mass had passed a 250
μm mesh.
Acid Leaching of Calcined Powder Slate. Acid leaching

of ground calcined slate was carried out to remove impurities
for obtaining pure silica. A mass of 10 g of powdered calcined
slate sample was added to 150 mL of 1 M hydrochloric acid
solution and boiled for 1 h with constant stirring. The mixture
was filtered through Whatman filter paper 41 (pore size 20
μm) to separate a silica-rich slate sample. The residue was
thoroughly washed with hot distilled water (60 °C) until the
pH was 7 and then dried in an oven until a constant weight
was obtained. This dried sample was utilized for alkaline
hydrothermal extraction of silica.
Silica Extraction. For extraction of pure silica, 1 g of acid

leached calcined slate sample was dispersed in 20 mL of 1.5 M
sodium hydroxide solution according to the exact stoichio-
metric ratio calculated from the following balanced chemical
equation:

Na SiO 2HCl SiO 2NaCl H O2 3(aq) (aq) 2(s) (aq) 2+ → + +

The dispersion was boiled in a round-bottom flask fitted
with a reflux condenser by indirect heating in a container filled
with lubricating oil (bp > 200 °C) on a hot plate with constant
stirring for 60 min. Time counting was noted after the boiling
of dispersion. The reflux condenser was sealed at the top to
prevent water loss from the dispersion by evaporation, which
may affect the concentration of NaOH solution. The mixture
was filtered using Whatman filter paper 41, and the residue was
washed with hot distilled water for maximum removal of
dissolved silica. The resultant filtrate was cooled at room
temperature followed by dropwise addition of 9.5 mL of 1 M
HCl solution under constant stirring. Finally, precipitated silica
appeared. As a result of the addition of acid, the pH of the
solution dropped to 8. The utilization of a fixed volume of 1 M
HCl solution was computed by stoichiometric calculation
using the following chemical equation:

Na SiO 2HCl SiO 2NaCl H O2 3(aq) (aq) 2(s) (aq) 2+ → + +

The precipitated silica was allowed to stand for 24 h at room
temperature in the mother liquor followed by centrifugation to
obtain a white powder of pure silica. The obtained silica was
repeatedly washed with hot distilled water to remove residual
impurities and dried at 105 °C until a constant weight was
obtained. The produced NaCl was removed from the mother
liquor before discarding by crystallization to minimize the
potential effluents.
Condition Optimization for Maximum Extraction

Silica. Different conditions including concentration of sodium
hydroxide solution, reaction time, the ratio of the mass of

sample to volume of alkaline solution, filtrate pH, and the
temperature of dispersion were optimized step-by-step for
maximum extraction of silica in the following pattern:

(i) The different concentrations of sodium hydroxide
solution used in the experiments were 0.5, 1, 1.5, 2,
2.5, and 3 M, while the reaction time, ratio of the mass
of sample to volume of alkaline solution, filtrate pH, and
temperature of dispersion were kept constant at 20 min,
1:10, 7, and 20 °C, respectively. This concentration is in
accordance with the available literature. Liou and Yang2

reported 1.5 M, Zulfiqar et al.3 used a 2 M solution of
NaOH while Amin et al.21 utilized a 1.5 N NaOH
solution for silica extraction.

(ii) The effect of the reaction time on silica extraction was
studied between 20 and 100 min using an optimized
concentration (1.5 M) of sodium hydroxide solution,
1:10 ratio of the mass of sample to volume of alkaline
solution, maintaining pH = 7 of the filtrate and 20 °C
temperature of the dispersion.

(iii) The ratio of the mass of sample to volume of alkaline
solution was maintained at 1:5, 1:10,1:15, 1:20, and
1:25. Other test conditions including 1.5 M sodium
hydroxide solution (optimized), 60 min of reaction time
(optimized), pH = 7 of the filtrate and 20 °C as
temperature of dispersion were used.

(iv) The pH of the filtrate was adjusted at a value between 3
and 12 for maximum silica extraction. In this step, three
optimized conditions including concentration of sodium
hydroxide solution, reaction time, and ratio of the mass
of sample to volume of alkaline solution, i.e., 1:20, were
employed at a constant temperature of 20 °C.

(v) The effect of heating was studied between 20 and 100
°C at an optimized concentration of sodium hydroxide
solution, reaction time, the ratio of the mass of sample to
volume of alkaline solution, and filtrate pH = 8
(optimized).

For each optimization step, the quantity of extracted silica
was calculated by eq 1:

quantity of silica (%)
mass of extracted silica

mass of acid washed calcine slate sample
100= ×

(1)

Analysis of Extracted Silica. The extracted silica was
analyzed for moisture content and purity. The moisture
content was calculated according to a method reported by
Okoronkwo et al.37 About 1 g (W1) of extracted silica was
heated in the air in an oven at 130 °C in an aluminum
moisture pan for 1 h. The silica sample was then cooled to
room temperature in a desiccator and again weighed (W2) to
find the weight loss in terms of percentage by eq 2:

W W
W

moisture contents of silica (%) 1001 2

1
=

−
×

(2)

The purity of the dried extracted silica was estimated
according to the method reported by Amin, Noor-ul, et al.4

The extracted silica was mixed with 48% of hydrofluoric acid
(HF) at a ratio of 2:1 (g: mL) in a platinum crucible, and the
weight (W1) was noted. The mixture was then heated in a
muffle furnace until constant weight followed by cooling in a
desiccator and again weighed (W2). The purity was determined
from eq 3:
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Purity of silica(%)
W1 W2

W1
100= − ×

(3)

Characterization of Raw Material and Extracted
Silica. The raw material and the extracted silica samples
were studied through different analytical techniques. The
elemental composition was analyzed using a Cubic XRF
spectrometer (Model: PW2300, Netherland, Askari Cement
Limited, Nizampur Nowshehra). The surface morphologies of
both raw material and extracted silica were studied by using a
scanning electron microscope (JEOL-JSM-5910; Japan, CRL
University of Peshawar). Powder X-ray diffraction (XRD)
patterns were obtained at the 2-θ angle (10−70°) using an X-
ray diffractometer (JDX-9C, JEOL, Japan, University of
Peshawar) at room temperature with CuKα radiation and a
nickel filter. Fourier transform infrared spectroscopic studies
were performed using an FT-IR spectrophotometer (Perki-
nElmer Spectrum, Version 10.4.00, Bacha Khan University,
Charsadda) in the wavenumber range of 4000−400 cm−1.
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