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In this study, extraction and synthesis of SiO, nanoparticles from silica sands have been conducted by means of two
different methods, i.e. dry method (method 1) and hydrothermal process (method 2). The basic difference between the two
methods is in the extraction step. The two methods were compared in terms of being more efficient, economical, and superior in
obtaining SiO; nanoparticles. The SiO; nanoparticles were characterized in terms of phase purity, crystallinity, Si—O functional
bonding as well as particles size and morphology. The most interesting fact in this study was the formation of both quartz and

cristobalite phases within all prepared SiO, nanoparticles.
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1. Introduction

Silica (SiO,) naturally exists in three main
phases, i.e. quartz, tridymite, and cristobalite,
and five minor phases, i.e. Keatite, coesite,
melanophlogite, fibrous and faujasite [1]. Silica it-
self has been used as a raw material in many in-
dustries of glasses, mirrors, mosaic ceramics, ferro
silicon, silicon carbide for abrasives and sand blast-
ing. It is also widely employed as a supporting ma-
terial in industries of cast steel, oil and mining, and
refractory brick. Silica with calcium additive has
grown to be a new nano-composite as a bioactive
material for bone tissue replacement [2]. Besides,
other potential applications of silica nanoparticles
are in areas of pigment production, pharmaceutical
and catalyst industries [3]. Silica can also be ap-
plied for reinforcing polymer composites in coat-
ings for corrosion protection and plastic bags [4],
composite polymer gel electrolytes [5, 6], ther-
moplastic polymers [7], and volatile flavor com-
pounds [8].
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Chemical processes, such as extractions, purifi-
cations, and syntheses of SiO, nanoparticles based
on natural materials have been widely conducted.
For instance, amorphous silica nanoparticles with
purity of more than 95 % have been prepared by
means of chemical methods (sol gel and hydrother-
mal) using organic materials, like baggase ash [4]
and rice hush ash [3, 9]. Meanwhile, inorganic
materials, like silica sands have been employed
to produce SiO; nanoparticles via high energy
milling [10]. Diorite sand with Na;CaOs addition
was sintered at temperature of 1030 °C [11]. Waste
colored glass has also been used for obtaining SiO;
nanoparticles by means of extraction process us-
ing alkali compounds KOH and NaOH at sintering
temperatures of 360 and 500 °C to form sodium
silicate (Na,SiO3) [12, 13]. Other researchers have
prepared SiO, nanoparticles from commercial raw
materials [14-17]. However, a synthesis approach
to produce SiO, nanoparticles from inorganic ma-
terials or silica sands has not been reported so far.

The SiO, nanoparticles are commonly synthe-
sized by means of various approaches, for in-
stance, precipitation [18, 19], aggregation [20],
emulsion [15], and sol-gel [21]. In the present
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study, we introduce two different methods of syn-
thesizing SiO; nanoparticles from a local natural
resource of silica sands. In general, with the parti-
cle size of around ~200 mesh, silica sand in nature
has various purities, depending on the impurities.
Oxide minerals containing Fe, K, Mg, and Ca as
well as organic materials from animals or plants are
the impurities in silica sands, influencing further
their color. Silica sands formed by rock weather-
ing contains quartz minerals, like granite, granodi-
orite, diorite, and quartzite. The sedimentary rock,
formed due to weathering and erosion, experiences
transportation, and natural watery (e.g. by rain or
river water) resulting in finer and cleaner grains
of silica sand, which is finally precipitated on the
beach [22]. The methods employed in this study
include dry method (method 1) and hydrothermal
method (method 2).

2. Experimental method

The raw materials used in this study were sil-
ica sands from Bancar (Tuban, Indonesia), NaOH
(99 %), HC1 (37 %) and DI water.The synthesis
steps for method 1 were: (i) purification of SiO,
from impurities using alkali media (dry process) by
mixing silica sand powders and NaOH with com-
positions of x wt.% Si0; and (100—x) wt.% NaOH
followed by heating at a temperature of 500 °C
to form solid sodium silicate (Na;O-xSi0»); (i)
titrating sodium silicate solution with HCI (1 M)
until reaching normal pH and producing silicite
(Si(OH)4) in a gel form, (iii) cleaning with DI wa-
ter to release NaCl from silica precipitate, and (iv)
drying the precipitate at a temperature of 80 °C for
24 hours.

In the method 2, formation of solid sodium sil-
icate via hydrothermal process was required. The
synthesis steps for method 2 were: (i) silica sand
powder was mixed with 5 M, 6 M, and 7 M NaOH
solution and then stirred thoroughly at a temper-
ature of 90 °C for 2 hours to obtain Na,-xSiO3
used as a precursor, (ii) formation step to produce
silicite, titrating sodium silicate solution with HCl
(1 M) until reaching normal pH (~7), (iii) the next
step was the same as in the method 1.

The as-prepared SiO, powders were then char-
acterized by means of X-ray diffractometry (XRD)
to investigate the phase formation and crystal struc-
ture [23], X-ray fluouresence (XRF) to evaluate
the elemental composition [24], fast-Fourrier trans-
form infra-red spectrometry (FT-IR) to study the
silica functional groups [25], scanning and trans-
mission electron microscopy (SEM and TEM) to
demonstrate the morphological and microstructural
properties [7, 26], and Brunauer-Emmett-Teller
(BET) to determine the surface area [27].

3. Results and discussion

3.1. Characterizations of silica sand

The result of XRF analysis of silica sand sam-
ples from two different sampling locations in Ban-
car is shown in Table 1. It indicates that the pre-
dominant elements are Si, Ca, and K with the per-
centage contributions of 59 %, 34.9 %, and 2.69 %,
respectively; and their corresponding oxides, which
are Si0;, CaCOs3, and K,O of 76.80 %, 20.50 %,
and 1.45 %, respectively.

Fig. 1 shows the XRD patterns of natural sil-
ica sands (#1), silica sands after being washed
with HCI (#2), and SiO; product from natural sil-
ica sands after completing the hydrothermal pro-
cess (#3). An automatic phase identification was
conducted by High Score Plus software and it re-
vealed the presence of quartz (PDF2 No. 01-087-
2096), microcline (PDF2 No. 01-071-1540), and
calcite (PDF2 No. 01-083-1762) for the XRD data
in Fig. 1 (#1) and (#2), and only quartz for Fig. 1
(#3). Further semi-quantitative phase analysis car-
ried out using RIR method [28] showed that the
content of quartz increased when the hydrother-
mal process was completed. We obtained 66.7 %,
77.0 % and 100.0 % of quartz for the XRD data
shown in Fig. 1 (#1), (#2), and (#3), respectively.
After HCl immersion, the amount of microcline re-
mained almost unchanged, whereas the amount of
calcite within the sample decreased significantly
(Table 2). The completion of hydrothermal pro-
cess led to the complete removal of calcite and mi-
crocline, and consequently, only quartz remained.
Finally, we have produced crystalline SiO, from
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Table 1. XRF data analysis of the silica sands from Bancar.

. Atomic wight (%)
Raw material - - -
Si Ca K Fe Ni Ti Cu Ba Others
#1) 59.00 3490 2.69 1.34  0.00 0.00 1.00 0.20 <0.01
#2) 82.00 1520 1.02 0.14 0.00 0.00 0.01 0.00 <0.01
#3) 97.16 0.80 1.10  0.38 0.04 0.36 0.08 0.00 <0.01

Note: (#1) natural silica sands (NSS) form Bancar-Indonesia; (#2) NSS after HCI treatment;
and (#3) SiO; obtained from NSS via hydrothermal process.
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M= Microcline
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Fig. 1. XRD patterns of (#1) natural silica sand, (#2)
natural silica sand after HCI treatment, and (#3)
silica obtained from natural silica sand via hy-
drothermal process.

silica sands by means of hydrothermal route. In
Fig. 2, we can see the product after the first-step
process (i): the crystalline SiO, is well shaped with
regular pores. It shows the ability of hydrothermal
route to produce quartz of very high purity from
natural silica sands. The size of the pores and the
crystallites is of the order of micrometer. The SEM
micrograph strongly supports the X-ray diffraction
data in Fig. 1.

3.2. Characterization of SiO, product

The XRD patterns of SiO; produced by method
1 and method 2 are given in Fig. 3a and 3b, re-
spectively. In method 1, the samples with different
silica sand to sodium hydroxide ratios (in wt.%)
were used: (1) 10:90 for NS(1), (ii) 15:85 for NS(2),
and (iii) 12.5:87.5 for NS(3). In method 2, the
samples had different sodium hydroxide solution

Fig. 2. Micrograph and its zooming in image of pure
quartz from natural silica sands obtained via hy-
drothermal process (#3 sample).

molarities: (iv) 5SM NaOH for NS(4), (v) 6M NaOH
for NS(5) and (vi) 7M NaOH for NS(6). A visual
analysis clearly shows that the XRD patterns ob-
tained for the samples produced by either method
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Fig. 3. XRD patterns of the SiO, nanoparticle sampels

obtained by (a) method-1: NS(1), NS(2), NS(3)
and (b) method-2: NS(4), NS(5), NS(6).

1 or method 2 consist of amorphous phase and a
small amount of crystalline phase.

The XRD data of the amorphous silica show
the much broader diffused peak. From Fig. 3a, it
is clearly seen that the increasing content of NaOH
causes a peak shift to the lower 20, which is sim-
ilar to that in Fig. 3b. This result is also in a good
agreement with the previous reports [11, 12]. Fur-
thermore, after executing automatic search-match
crystalline phase analyses, we made an important
discovery that there exists not only quartz (PDF2
No. 01-087-2096) but also cristobalite (PDF2 No.
01-082-1408) in the SiO, product. It is, however,

rather surprising that the cristobalite has also grown
in the prepared samples. In addition, to accom-
plish the XRD data analysis, the hkl indices of each
phase are also given explicitly in Fig. 2, which is
further confirmed by TEM image (below). Another
analysis to quantify the degree of crystallinity was
executed by applying quantitative analysis using
external standard method. The analysis revealed
that the amounts of crystalline phase of NS(3) and
NS(6) were 19.84 % and 17.99 %, respectively.
Meanwhile, the estimated crystallite size was cal-
culated by the well-known Scherrer formula [28—
30], that yielded 81 nm for NS(3) and 67 nm for
NS(6).

Continuing FT-IR evaluations, the spectra and
the spectral data of produced silica powders are
presented in Fig. 4 and Table 4. The IR band at
3437 cm~! is due to the stretching vibration of
H,0 molecules. Correspondingly, the IR band at
1632 cm™! is assigned to —OH bending vibrations
of H,O molecules. The shoulder at 3246 cm™!
could be assigned to the stretching vibrations
of Si—-OH groups in the structure of amorphous
SiO; [31]. The presence of the Si—~OH group is an
evidence of forming bonded water. The very strong
and predominant absorbance peaks at 1082.8 to
1099.1 cm™! range are usually assigned to the TO
and LO modes of the Si—~O-Si asymmetric stretch-
ing vibrations. The IR band at 956 cm™! can be
assigned to silanol groups. In the case of alkali sili-
cate glasses, this band is assigned to Si—O- stretch-
ing vibrations. The IR band at 800 cm~! can be
assigned to Si—O-Si symmetric stretching vibra-
tions, whereas the IR band at 474 cm™~! is due to
0O-Si—O bending vibrations. Previous study re-
vealed that Si—O group lies in a wave num-
ber range of 465 to 475 cm™!, Si-OH group
in 800 to 870 cm™!, siloxane Si—O-Si group
in 1115 to 1050 cm™!, water molecule O-H
group in 1625 cm~! and O-H group in 3000 to
4000 cm™! [16, 17, 31].

Table 5 presents the elemental constituents of
produced silica [(NS(1), NS(2), NS(3), (NS(4),
NS(5), and NS(6)]. The samples of NS(1), NS(2)
and NS(3) were prepared by the method 1, titrating
Nay-xSiO; solution with HCI at neutral pH (~7).
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Table 2. Semi-quantitative phase analysis results of XRD data from Fig. 1.

Samples Ref. Code Phase Chemical formula Quantification
(based on RIR method)
01-087-2096 Quartz Si0, 66.7 %

(#1)  01-071-1540 Microline K(Al,Fe)SizOg 13.1 %
01-083-1762 Calcite CaCOs 20.2 %
01-087-2096  Quartz SiO, 77.0 %

(#2)  01-071-1540 Microline K(Al,Fe)SizOg 13.0 %
01-083-1762 Calcite CaCO;3 10.0 %

(#3) 01-087-2096 Quartz SiO; 100.0 %

Table 3. Semi-quantitative phase analysis of XRD patterns of the SiO, samples for NS(4) and NS(6) applying

high score plus software.

hkl 20 ¢) d-spacing (A) Matched phase. . Characterized by
Quartz Cristobalite XRD TEM
(01-087-2096) (01-082-1408)

(101) 266733 334213 J Y, YV

(102)  31.8600 2.80889 v v v

(200)  36.8285 2.44057 Vi Vi Vi

(200)  42.3400 2.13475 V v v

(220)  55.4600 1.65684 V v v
i and Fe;O3, which were not completely removed.
1 bandig barmding OH The NS(2) sample was synthesized by the same
O | sos stretching way as that of NS(1), but controlling pH between
-WWM\\W 1 and 2. The elemental content for NS(2) can be

i 5(5)
I N e S )
N fvw\/‘i T NS(3)
W T~ _Nse
‘Ww
1447.39 1638.64

4 1095.19 3436.04
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Fig. 4. FT-IR spectra of the SiO, nanoparticles,
method-1: NS(1), NS(2), NS(3) and method-2:
NS(4), NS(5), and NS(6).

Silica gel was obtained from NS(1) with silica con-
tent of 72.9 % followed by reduction of CaO, K,0O

found in Table 4. The SiO, content in NS(2) sam-
ple is very high, i.e. 94.8 %. The NS(3) sample
was produced by soaking the sand powders with
2M HCl for 10 hours to dissolve contaminants. The
loss of impurities after the soaking is indicated by
the mass reduction from 7 g to 6.2 g. Using this
method, we obtained SiO;, with the purity as high
as 98.9 % and impurities content of 0.42 % CaO
and 0.237 % Fe;0Os.

The samples of NS(4), NS(5), and NS(6) were
prepared by the method 2, NS(4) was synthesized
at pH = 1 (stopping titration) resulting in high pu-
rity silica (97.10 %); NS (5) was synthesized at
pH = 4 (stopping titration) resulting in high pu-
rity silica (96.10 %); and NS(6) was synthesized
at pH = 7 (stopping titration) resulting in high pu-
rity silica (98.30 %), with reduction impurities of
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Table 4. Assignment of infra red (IR) spectral data of silica.

Frequency (cm™') Position assignment Frequency Ref.
Method 1 Method 2 value (cm™ )

NS(1) NS(2) NS(3) NS@4) NS(5) NS(6) (from literature)
4774 4709 4673 466.0 465.2 463.1 Group Si-O (siloxy) 465-475 [17,31]
799.2 799.1 7959 797.1 798.3 799.1 Group Si—OH (silanol) 800-870  [16, 17]
1095.2 1095.4 1082.8 1099.1 1096.2 1095.5 Group Si—-O-Si (siloxane) 1115-1050 [16, 31]
1638.6 1638.8 1639.1 1639.8 1639.3 1639.0 Group O-H (water molecule) 1625 [17]
3436.1 3437.3 3469.5 3467.9 3466.1 3467.6 Group —OH (silanol) 3000 - 4000 [16, 17]

Table 5. XRF data analysis of the SiO; samples obtained by method 1 (NS(1), NS(2) and NS(3)) and method 2

(NS(4), NS(5) and NS(6)).

. Atomic weight (%) Oxide weight (%)
Samples of silica product — -
Si Ca K Fe Others SiO, CaO K,O Fe,03 Others
NS (1) 71.86 4.42 1521 1.12 <0.10% 7290 5.74 16.60 222 <0.10%
Method 1 NS (2) 92.18 0.23 0.08 2.22 <0.10% 94.80 0.65 0.20 211 <0.10%
NS (3) 96.50 0.38 0.23 0.32 <0.10% 98.90 042 0.49 023 <0.10%
NS 4) 95.00 1.00 0.16 2.68 <0.10% 97.10 0.63 0.12 1.52 <0.10%
Method 2 NS (5) 95.60 1.10 0.25 1.60 <0.10% 96.10 047 0.00 277 <0.10%
NS (6) 95.70 098 0.10 1.44 <0.01% 98.30 0.55 0.06 0.65 <0.10%

Ca, K, and Fe elements or CaO,
oxides.

The microstructures of the NS(3) and NS(6)
samples are given in Fig. 5. At 60,000 magnifica-
tion, we can clearly see some agglomerated SiO;
particles with sphere-like morphology, having par-
ticle size of around 72 nm. Further analysis by
means of “image-j software” and BET measure-
ment gave estimated surface area, diameter, and
particle size (Table 6). Taking an assumption that
SiO; nanoparticles are spherical, nonporous, and
uniform in shape, the theoretical surface area of a
particle can be calculated by the following equa-
tion [26, 31]:

KZO and F6203

§=(6/pD) (1)

where p represents the particle density
(p =20 x 10° g/m3 for silica) and D corre-
sponds to particle diameter. The calculated S
values in comparison to the experimental value
from BET measurement are listed in Table 6.

The morphology of SiO; nanoparticles for
NS(3) and NS(6) are given in Fig. 6. The

synthesis methods influenced the particle size and
surface area of SiO, nanoparticles (Table 4). TEM
image shows that the particles are of nanometer
size. The uniformly spherical particles tend to form
agglomerated species. The diffuse ring pattern in-
dicates the presence of amorphous phase in addi-
tion to the main phase (Fig. 6a) [9]. Meanwhile,
Fig. 6b indicates the formation of crystalline state
within the SiO, nanoparticle. The XRD data related
to NS(6) inform that the crystalline phases within
the sample are quartz and cristobalite. Recalling the
full pattern analysis on the XRD data at this point,
an explicit comparison can be done to confirm va-
lidity of the analysis. From Table 2 and Fig. 6 one
can see that besides amorphous silica, quartz and
cristobalite actually coexist in the sample.

4. Conclusions

The SiO; nanoparticles have successfully been
synthesized from natural silica sands by means of
dry and hydrotermal methods. From the viewpoint
of process duration, lowering temperature and cost,
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Fig. 5. SEM and outline images of the SiO; for: (a) and (b) — NS(3); and (c) and (d) — NS(6) samples.

Table 6. Surface area and particle size of SiO, product.

Samples of silica Samples Average Surface area,  Surface area,
product particle size, D (nm)?  S(m?/g)° S(m?/g)P
NS(1) 49.2 60.1 43.0
Method 1 NS(2) 48.9 61.3 452
NS(@3) 50.0 60.0 46.7
NS4) 32.1 93.4 56.6
Method 2 NS(5) 30.3 99.2 59.0
NS(6) 29.1 103.1 63.3

2analysis with image-j software. ®Surface area calculated based on spherical model
(theoretical: equation 1). °BET of surface area (m?/g).
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Fig. 6. TEM with electron diffraction images of SiO;, nanoparticles: (a) and (b) — NS(3); and (c) and (d) — NS(6).

the latter method is strongly recommended as com-
pared to the former one. Using this method we ob-
tained high purity SiO, (more than 98 %) com-
posed of spherically shaped particles with the size
of around 30 nm, containing quartz and cristobalite
phases. The presence of the silanol (Si—-O), silox-
ane (Si—O-Si) as well as hydroxyl groups on the
surface of the tested samples was revealed.
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