
INTRODUCTION 
Clay minerals belong to the most abundant sedimentary 
mineral group. They are classified as phyllosilicates and 
predominate in colloidal fractions of soils, sediments, 
rocks, and waters (usually hydrous aluminosilicates). 
There are several types of geological environments 
for the natural growth of clay minerals: weathering, 
sedimentation, burial-diagenetic and hydrothermal. 
The conditions for clay mineral formation differ in 
different environments, resulting in differences in the 
chemical composition, crystal morphology, mechanical, 
and textural properties of respective deposits [1]. Clay 
mineral deposits are evenly distributed throughout 
Mongolia, with over 50 deposits discovered. Layers of 
Si(O,OH)4 tetrahedra and layers of M(OH)6 octahedra 

make up clay mineral platelets, where M is a divalent 
or trivalent cation. Only the mode of crystal sheet 
stacking, nature of bonding, and type of cation in 
the lattice induces different clay minerals, such as 
kaolinite, montmorillonite, and illite. Montmorillonite 
is a smectite group mineral composed of two 
silica-based tetrahedral sheets with water molecules 
within the interlayer sheets (2:1 structure) [2] that are 
easily accessible to inbound compounds. This ion 
exchange property makes montmorillonite minerals 
suitable for a variety of applications. 
Instead of using expensive chemical grade precursors, 
the use of naturally abundant minerals as precursors 
for the synthesis of value-added materials such as 
catalysts is the crucial factor for their application. 
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ABSTRACT
In developed countries, nanoparticles derived from natural minerals and high-purity chemicals both are widely studied, 
while in developing countries like Mongolia, the natural minerals-based nanoparticles have more interest because of 
the low production cost and applicability of domestic natural minerals for their production. For the synthesis of natural 
mineral-based nanomaterials, it is important first to define the chemical composition and physical structure of local minerals 
and their possible processing route. We employed an environmentally friendly alkaline leaching procedure to recover 
silica from the clay mineral at 90°C for 24 hours. We applied an organic surfactant (CTAB) and a simple coprecipitation 
approach to form iron-doped silica nanoparticles. Consequently, we used iron-doped silica nanoparticles as a substrate 
and catalyst for the synthesis of carbon nanosphere at 750 °C for 1 hour in an argon and acetylene gas atmosphere. As a 
result, vast quantities of superhydrophobic carbon nanospheres (CNS) were obtained. The physicochemical properties of 
nanosilica substrate, non-functionalized carbon nanosphere, and functionalized carbon nanosphere (CNS) samples were 
characterized using XRD, XRF, SEM, EDS, TEM, and FTIR spectrometer. Iron-doped mineral-derived nanosilica particles 
demonstrated high catalytic efficiency and the potential to produce a large amount of value-added carbon nanospheres. 
Superhydrophobic CNS can be used in a variety of applications, particularly drug delivery; however, to use CNS in both 
aqueous and non-aqueous media, the superhydrophobic properties of CNS can be modified using different oxidizers.  The 
changes in hydrophobicity of the CNS were examined and suggested possible oxidizing agents. 
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Catalysts are used in more than 80 % of all industrial 
processes, including the generation of electrical energy, 
the removal of pollutants from the environment, and the 
synthesis of advanced materials for rapidly expanding 
electronic applications [3]. Superconductive carbon 
nanomaterials including carbon nanotubes, graphene, 
graphene oxide, fullerene, and carbon nanospheres 
have become one of the most sought-after materials 
at present due to their electrochemical properties, 
electronic abilities, large surface area, and resistance to 
extreme temperatures and pressures [4]. They are used 
in a wide range of applications including aerospace and 
defence, automotive, energy, construction, electronics, 
and imaging [5]. 
Among them, carbon nanospheres (CNS) have a large 
surface area, uniform size and shape, and a small 
energy band gap, which enables them to be used in 
a variety of applications such as heavy metal removal, 
organic pollutant removal, drug delivery, electronic 
conductor, filler material for various construction 
materials, sensors, photo-catalysis, and optoelectronic 
devices [6, 7]. Super hydrophobic carbon nanospheres 
have emerged as a promising candidate for extremely 
diluted solutions, separate biological mixtures, improve 
ultrasensitive molecular spectroscopy, actively convey, 
and organize molecules at the nanoscale level, provide 
smart chambers for chemical reactions, and controlled 
drug release [8, 9] and drug delivery in cancer cell 
treatment [10]. It is possible to change a surface by 
attaching a carboxyl or hydroxyl group and increasing 
the hydrophilic property of the material, allowing CNS 
to be used in an even broader range of applications. In 
addition, most studies on carbon nanosphere synthesis 
used chemical-grade precursors as a catalyst for 
the chemical vapour deposition (CVD) method [11]. 
There have only been a few attempts to use natural 
minerals such as laterite and kaolin as a substrate or 
catalyst in the synthesis of carbon nanospheres but 
montmorillonite [12, 13].
In this study, we synthesized carbon nanospheres for 
the first time using a domestic mineral as a support/
catalyst. Various characterization techniques, such as 
XRD, SEM-EDS, TEM, and FTIR, were used to reveal 
the physicochemical properties of the synthesized 
CNS. In addition, the surface properties of CNS, such 
as hydrophobicity, were studied, and acid activation 
was used to increase hydrophilic properties, increasing 
the possibility of using this final product in more 
diverse applications in aqueous and non-aqueous 
environments.

EXPERIMENTAL
Mineral source and properties of the montmorillonite 
mineral: More than 50 various clay mineral deposits 
have been discovered in Mongolia, and our sample 
was taken from the Humeltei montmorillonite deposit, 
which is located 50 kilometres east of Ulaanbaatar in 
the Tuv aimag. The mineral was grey-white and was 

collected as a fine powder. The general composition 
of Humeltei montmorillonite mineral is 55 wt.% SiO2, 
17 wt.% AI2O3, 7 wt.% K2O, 2 wt.% FeO, and about 
5 wt.% organic component (Figure S1). Analytical 
grade sodium hydroxide (NaOH) and iron III chloride 
(FeCI3 × 6H2O) were purchased from Xilong Scientific 
Co.,Ltd, and hexadecyl trimethyl ammonium 
bromide (CTAB) was purchased from Rhawn 
Chemical Technology Co., Ltd.  
Synthesis of catalyst: Montmorillonite mineral was 
mechanically milled in 30 minutes on a vibration mill 
(VM-4, Czechoslovakia) and sieved with 0.075 mm 
mesh. To extract silicon, 10 g of the mechanically 
milled mineral was added to 100 ml of 3 M sodium 
hydroxide solution for 24 hours at 90 °C. The 50 ml of 
the extracted alkaline solution is then mixed with 2 g 
of CTAB to increase surface area and porosity of silica 
nanoparticle [14, 15] and 0.5 g FeCI3 dissolved in 40 
ml distilled water for 4 hours while being constantly 
stirred. Then 2M of H2SO4 was added dropwise to the 
mixture until silica precipitation occurs at pH 6 and 
mixed again 30 minutes to stabilize the system. After 
that, the mixture was placed in a Teflon vessel for 24 
hours at 100 °C to support CTAB-SiO2 compound 
forms. Following that, the mixture is filtered through 
a 0.45-micron nylon filter and repeatedly washed with 
ethanol and water. The filtrate was dried at 110 °C for 
2 hours to remove the water content and then heated 
at 550 °C for hours to remove the surfactant CTAB and 
create a porous silica surface.
Synthesis of CNS: On the ceramic boat, 0.3 g of 
catalyst is placed and inserted into the furnace (400-1 
Nabertherm, Germany). Before the oven temperature 
reached 750 °C, argon gas was added to the system 
to remove oxygen. In 1 hour at 750 °C, acetylene gas 
and argon gas at a flow rate of 1:10 passed through 
the furnace tube. Following the reaction, the acetylene 
gas was turned off and only argon gas was allowed 
to flow until the furnace temperature reached room 
temperature (Figure 1a). 
Surface functionalization of CNS:  A. HNO3: In 24 
hours of constant stirring, 0.1 g of CNS sample was 
oxidized by 50 ml of 5M HNO3. The dispersion was 
filtered, and the oxidized CNS was washed with distilled 
water until pH 7 before drying for 2 hours at 110 °C.
B. KMnO4: 0.1 g of CNS was oxidized by sonication 
with 0.225 g of KMnO4 (potassium permanganate) and 
0.2 M H2SO4 in 4 hours. The mixture was filtered and 
treated CNS was washed with distilled water until pH 
neutral and dried at 110 °C for 2 hours.
Suspension with Pluronic F68: A single rapid test 
for 50 ml of 0.5% Pluronic F68 solution and 0.007 g 
of CNS with sonication for 1 hour was performed. 
The suspension was then placed in a room, and the 
settlement of CNS particles was photographed at 
various times (1 hour, 24 hours, and 48 hours).
Experimental techniques: The chemical composition 
of the original mineral was detected by handheld X-ray 
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Fluorescence spectrometry (SkyRay Instrument). For 
crystal structure characterization, a Rigaku Miniflex 
II powder X-ray diffractometer with a Cu K radiation 
source (l = 0.15418 nm) operating at 30 kV and 15 mA 
at room temperature and a scanning rate of 0.5-degree 
min1 in the 10-70° 2θ range was used. CNS surface 
modification was investigated using Fourier-Transform 
Infrared (FTIR) spectroscopy (IR Prestige-21). To 
perform compositional studies, a high-resolution 
Transmission Electron Microscope HR-TEM (FEI 
TECNAI G2 20 X-TWIN) with an accelerating voltage 
of 200 kV and a Scanning Electron Microscope (Hitachi 
S-4700Type II instrument (30 kV accelerating voltage) 
integrated with EDS were used. SEM (TESCAN TIMA3) 
was also used to perform morphological studies on 
some samples. The Image J program was used to 
examine the size distribution of the CNS on a TEM 
image.

RESULTS AND DISCUSSIONS
X-ray diffractometry analysis results are shown in 
Fig. 1b. Reflection peaks were appeared at 20°, 
26.6°, 27.9°, 32° and 34.9° 2θ for montmorillonite 
sample. Mineral montmorillonite-associated peaks 
have appeared at 20°, 28° and 36° 2θ and quartz peak 
appeared at 26.6° 2θ [16]. Unlikely Fe-SiO2 sample 
was showed strong and broad peak at 15-18° 2θ which 
corresponds to nano SiO2 (101) [17].  Other peaks 
have appeared at 34° and 36° 2θ which explains the 
possibility of the formation of iron oxide (Fe3O4) after 
heat treatment at 550 °C for removal of surfactant 
CTAB in catalyst structure [18]. As synthesized CNS 
sample showed carbon sphere-associated reflection 
peaks at 24.8°, 41.7°, and 42.7° 2θ [19] and peaks at 
48.5° and 62.1° 2θ which are related to metallic iron 
formation due to high-temperature synthesis condition 
in reducing atmosphere [20]. 

The chemical composition of the samples is shown 
in Fig. S2. According to elemental analysis, the 
mechanically processed montmorillonite mineral 
sample was containing oxygen 44 wt.%, silicon 17.6 
wt.%, aluminium 9.3 wt.%, organic carbon 9.2 wt.%, 
iron 5.7 wt.%, zinc 3.3 wt.%, potassium 2.2 wt.%, 

sodium 1.1 wt.%, and minor elements less than 1 wt.% 
including magnesium, phosphorus, titanium, calcium, 
chlorine etc.  Fe-SiO2 sample was containing oxygen 
44 wt.%, silica 12.8 wt.%, aluminium 7.2 wt.%, iron 
19.4 wt.%, sodium 1.6 wt.% and most of the impurities 
like magnesium, chlorine, potassium, calcium, titanium, 
zinc was not present in the catalyst/support sample. 
As-synthesized CNS sample was mostly containing 
carbon 77.6 wt.%, oxygen 20.7 wt.%. However, iron 
0.1 wt.%, aluminium 0.1 wt.%, and silicon 0.07 wt.% 
impurities were present in the sample derived from the 
catalyst/support [21], and except for these negligible 
amounts of elements from the catalyst/support, CNS 
demonstrated high purity.
Morphological information of the samples was revealed 
by SEM and an image of the samples is shown in 
Fig. 2. Mechanically milled and sieved by 0.075 mm 
sample showing 1–10-micron sized particles which 
are aggregated together (Fig. 2a). It is clear that due 
to mechanical processing particle size of the mineral 
was decreased significantly purpose to increase the 
dissolution rate in alkaline media. Fig. 2b shows the 
morphology of the sample Fe-SiO2, and the distribution 
of particles was even, and the size of the particle looks 
smaller than 1 micron. In Fig. 2c, the morphology of 
the CNS sample and it is visible that sphere-shaped 
carbon particles were formed. It was also interesting 
to note that those sphere-shaped particles were 
connected and created chains of beads-like accretions 
of the carbon spheres [22]. 

Particle shape and size distribution of the samples 
revealed by TEM. Fig. S3 shows the porous silica 
particles as substrate and darker particles on the silica 
structure were iron oxide particles with the size of 20 
nm to 100 nm. Further, the particle shape and size of 
the final product CNS is revealed in Fig. 3. According 
to the TEM image (Fig. 2a), CNS is contained with a 
spherical shape and particle size ranges from 5 nm to 
100 nm [23]. The particle size distribution was analyzed 
by the Image J program, and the histogram shows that 
125 particles were analyzed, with an average particle 
size of 9.96 nm (Fig. 3b). TEM images show particles 
as small as 10-20 nm, whereas SEM images show 
larger spheres (Fig. 2c). As a result, we expect larger 
aggregated CNS particles to be separated during 
sample preparation for TEM measurement using 
sonication in acetone. 
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Fig. 1.  Montmorillonite mineral, catalyst prior to furnace 
placement and CNS formation on the catalyst 
(a), and X-ray diffractograms of montmorillonite 
mineral, Fe-SiO2 catalyst and CNS (b).

Fig. 2.  SEM image of montmorillonite mineral (a), Fe-SiO2 
catalyst/support (b), and CNS (c). 
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Surface properties and functionalization of Carbon 
Nanosphere;The functional groups of the pre-pared 
nanospheres were detected by Fourier transform 
infrared (FTIR). Figure 4 shows the FTIR spectrum of 
CNS and acid functionalized 2 samples. The spectrum 
of CNS pristine shows a broad and strong peak at 
3438 cm-1 which is shifted in the other two acid-treated 
samples to 3445 cm-1. This shifted peak at 3445 cm-1 
ascribed to -OH band [24]. It has another 6 major peaks 
at 674 cm-1, 812 cm-1, 1629 cm-1, 1709 cm-1, 2364 cm-

1, 2858 cm-1, 2924 cm-1 same as other two samples. 
O-H stretching vibrations overlap with C-H stretching 
vibrations, typically for alkyl groups at wavenumbers 
2975 to 2845 cm-1. In functionalized CNS, the peak at 
1364 cm-1 is due to C–OH stretching vibrations and the 
peak at 1028 cm-1 and 978 cm-1 is due to C–O stretching 
vibrations. O-H vibration band at wavenumber ~900 
cm-1. The additional absorption band at wavenumber 
~1741 cm-1 is due to the stretching vibration of the C=O 
(carbonyl group) for both functionalized samples [25]. 

The ability of the CNS sample to suspend in aqueous 
media also confirmed its functionalization, as shown 
in Fig. 5. Super-hydrophobic CNS did not disperse 
well in water and only a small amount of particle was 
suspended after 1 hour of sonication (sample №1 in Fig. 
5a), whereas HNO3 and KMnO4 activated CNS samples 
demonstrated high dispersion ability at the same time 
(samples №2 and №3, respectively in Fig. 5a). After 24 
hours, the pristine CNS sample had completely settled 
on the bottom. The HNO3 and KMnO4 treated CNS 
samples were still visibly dispersed in the system, but 

some particles had settled in the bottom as well (Fig. 
5b). Interestingly, the HNO3-treated CNS sample was 
still dispersed in the system after 48 hours, implying that 
more changes in the hydrophobicity of the CNS surface 
occurred than that (Fig. 5c). The results show that it is 
possible to increase the hydrophilic property of CNS 
by using a longer oxidizer treatment time. However, 
when compared to the literature of similar carbon nano 
materials [26, 27], both treatments took less time and 
produced promising results. Another quick and simple 
test with Pluronic F68 and CNS sample revealed that 
CNS dispersion in water was significantly increased 
and remained stable for 48 hours, similar to the HNO3-
treated CNS sample (Fig. S4). The results indicate 
that CNS with Pluronic surfactant could be used in 
fields other than adsorption, particularly biology and 
biomedicine [28, 29].

Furthermore, CNSs are negatively charged, and they 
can be changed while modifying with surfactants 
(anionic and cationic) [30]. As a result, CNSs modified 
with surfactant exhibit good stability. According to these 
findings, we can use as-synthesized CNS for cationic 
dye adsorption (Methylene Blue, Rhodamine B) [31] 
and transportation fuel desulfurization [32] or modify it 
with a surfactant and then use modified CNS for anionic 
dye adsorption (Methyl Orange, Alizarin Yellow). 

CONCLUSIONS
The use of the natural mineral montmorillonite as 
a precursor to creating substrate and catalyst for 
CNS synthesis was completed successfully. As the 
demand for superhydrophobic nanomaterials grows, 
CNS can be used directly in those applications. In the 
case of aqueous media application, acid treatments 
demonstrated the ability to change the super 
hydrophobic property of the CNS. This study also 
demonstrated the potential of montmorillonite mineral-
derived nanomaterials in a variety of applications.
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Fig. 3.  TEM image of the CNS sample (a) and size 
distribution histogram detected by Image J 
program (b). 

Fig. 4.  FTIR spectra of pristine CNS, HNO3 activated 
CNS and KMnO4 activated CNS.

Fig. 5.  Pristine CNS- sample №1, KMnO4 - H2SO4 activated 
CNS- sample №2, HNO3 activated CNS - sample 
№3 after 1 hour sonication (a), 24 hours (b), and 
48 hours later (c).
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