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Abstract: By way of the sol-gel chemical synthesis method, it is possible to synthesize SiO, nanopar-
ticles with a defined specific particle size, a surface area, and a defined crystal structure that can
be effectively used as a nanoadsorbent to remove various organic dyes. SiO, nanoparticles were
synthesized by the sol-gel method using sodium silicate (NaySiO3) by a green method without
using a tetraethyl orthosilicate (TEOS) precursor, which is very expensive and highly toxic. This
sol-gel process involves the formation of a colloidal suspension (sol) and solid gelation to form a
network in a continuous liquid phase (gel). In addition, it requires controlled atmospheres. XRD
indicates the presence of an amorphous phase with a diffraction angle of 26 = 23°, associated with
Si0,. UV-Vis spectroscopy reveals an absorbance value in the region of 200 nm to 300 nm, associated
with SiO; nanoparticles. The application as a nanoadsorbent to remove dyes was measured, and
it was found that the nanoparticles with the best performance were those that were synthesized
with pH 7, showing a 97% removal with 20 mg of SiO; nanoparticles in 60 min. Therefore, SiO,
nanoparticles can be used as a nanoadsorbent, using a low-cost and scalable method for application
to remove methylene blue in an aqueous medium.

Keywords: SiO,; nanoadsorbent; sol-gel; cleaning; wastewater

1. Introduction

Nanoparticles have received considerable attention for creating new materials or new
compounds, all at the nanometer scale, with amazing new properties for developing inno-
vative applications with great potential, so they are explored for application in industries
such as the environment, water, food, biomedical, and space industries [1]. One of the
applications that have the most direct impact on the development of humanity is nanoad-
sorbents, which can transform toxic substances into non-toxic ones since they can adsorb
toxic substances by ion exchange, ion precipitation, or adsorption. Metal oxides such as
TiO,, Al,O3, ZrO,, SiO,, and ZnO have a very high adsorption capacity and are commonly
used as nanoadsorbents. In particular, amorphous metal oxides are used because they have
high adsorption capabilities due to their extremely high surface areas [2]. The application
of nanotechnology in wastewater treatment is highly feasible due to the following charac-
teristics of nanomaterials: (a) highly specific surface area, (b) rapid dissolution, (c) high
reactivity, and (d) strong absorption of nanoparticles, all of which are used for efficient
water purification [3].
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Silica nanoparticles (SNPs) have shown great applicability potential in several fields
like chemical, biomedical, biotechnology, agriculture, environmental remediation, and even
wastewater purification. With remarkably instinctive properties like mesoporous structure,
high surface area, tunable pore size/diameter, biocompatibility, modifiability, and poly-
meric hybridizability, SNPs are growing in their applicable potential even further. These
particles are shown to be non-toxic and, hence, safe to be used in biomedical research [4].

Adsorption using different adsorbents is seen as the most effective method of treating
wastewater contaminated by heavy metal ions such as copper ions. In particular, nanoad-
sorbents have emerged as state-of-the-art materials for heavy metal removal because of
their unique physicochemical properties. The best results were obtained by the modi-
fication/functionalization of the nanoadsorbents with other materials, which increased
their specific surface area. Effective treatment of copper-contaminated wastewater can be
achieved with the use of nanoadsorbents as a novel, non-toxic, and cost-effective technique
of adsorption [5].

Some techniques are also being developed for wastewater treatment using nanotech-
nology based on adsorption and biosorption, nanofiltration, photocatalysis, disinfection,
and detection technology. In addition, the destination of nanomaterials in wastewater
treatment is highlighted, along with the risks associated with their use [6].

There are two main sources of wastewater: residential and non-residential sources.
Residential wastewater consists of waste products discharged from undigested food mate-
rials in the body, which are diluted by approximately 99%. In addition to water, wastewater
also contains approximately 1% of solid particles that can be classified as organic and
inorganic [7]. Organic materials in wastewater include carbohydrates, proteins, and lipids,
while inorganic materials include sediments, salts, and metals.

Non-residential wastewater is the waste released from commercial, industrial, and
agricultural operations; these are the wastewaters that are much more polluted, and it is in
these waters where the most work is required so that they can be reused. Different types of
commercial or industrial sectors are responsible for the various wastewater components.
The sectors that generate the most water pollution are (1) the textile industries which
mainly release dyes and synthetic chemicals and (2) the agricultural sector with wastewater
containing pesticides, insecticides, and fertilizers [8].

The dyes used in the textile industry are some of the main pollutants to be eliminated
from wastewater. Many dyes are toxic, and tons of these pigments are released during dye-
ing and finishing operations in the textile sector. These released dyes pose environmental
risks, as they can cause carcinogenic and mutagenic effects, among other harmful effects
such as damage to the brain, central nervous system, and reproductive system [9]. Dyes
can be divided into two types of dyes, cationic and anionic dyes depending on a negative
ion. Anionic dyes, also called acid dyes, are soluble in water. The main harmful effect on
humans is due to their sulfonic acids.

Cationic dyes carry a positive charge in their molecule and are soluble in water. They
are found in various types of dyes, mainly in azoic dyes and methylene dyes, as well as
various polycyclic and solvent dyes. Basic dyes are highly visible. Cationic dyes are widely
used for modeling in dye adsorption studies, with the most used ones being methylene
blue, basic blue, and basic red. The most commonly used cationic dye is methylene blue
(MB), which is used not only as a dye but also as a disinfectant in other dyes, rubber,
pharmaceuticals, and pesticides. It has a molecular weight of 373.9 g/mol and a maximum
wavelength of 660 nm. Its molecular formula is CsH13N3SC. Metal oxide nanoparticles are
among the most commonly used for methylene blue degradation [10]; for example, iron
oxide [11], copper oxide [12], or zinc oxide is to remove it from wastewater [13].

Absorption is carried out to polish wastewater, as it can remove organic or inorganic
substances. Absorption kinetics, lack of selectivity, and active sites are factors that affect
the efficiency of adsorbents. Carbon-based nanoadsorbents have desirable properties of
nanomaterials, such as a high specific surface area, highly accessible adsorption sites,
tunable surface chemistry, and easy reusability. Similarly, metal oxide nanoparticles have
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a high specific surface area, a short particle diffusion distance, more adsorption sites,
and are compressible without a significant reduction in surface area, as well as having
gentle reusability properties. These particles are applied in absorption media filters and
sludge reactors. Nanoadsorbents can quickly mix, facilitating the mass transfer process [14].
They have also been used for arsenic removal, proving to be more cost-effective than other
techniques, although the main use of nanoadsorbents is for dye removal or degradation [15].

Silicon (Si) and oxygen (O) are the two most abundant elements in the Earth’s crust.
Silicon is commonly found in nature as sand in the form of quartz minerals. Additionally,
due to its great abundance, it exists in many different forms that can be both crystalline
and amorphous materials. Silicon can be found in nature in various forms: minerals, flint,
jasper, and opal. When silicon and oxygen mix with reactive metals, the result is a class of
minerals called silicates, which includes granite, feldspar, and mica. The main applications
of silica are industrial, as a key ingredient in bricks, concrete, and glass [16].

SiO, nanoparticles can be prepared through two main methods: the Stober process [17]
(using a tetraethyl orthosilicate precursor) and green synthesis [18] (although this is com-
bined with the combustion technique, which involves high-temperature burning of the
reactants [19]). The commonly used reagent for synthesizing SiO, nanoparticles is the
organic chemical called TEOS (tetraethyl orthosilicate) [20], which is very expensive and
highly toxic. In addition, it requires controlled atmospheres for both the reagents and
during synthesis, leading to high production costs, high energy consumption, and environ-
mental risks.

The development of facile synthesis routes for highly efficient nanomaterials is one
of the key research areas in modern technology. Some studies demonstrate a novel and
facile green synthesis of SiO, nanoparticles using a simple extraction and precipitation
method. These green synthesis methods reduce the energy requirement in many cases.
And the resulting SiO, nanoparticles exhibit enhanced adsorption removal efficiency for
water pollutants [21].

Green synthesis offers a superior alternative to traditional methods for producing
metal and metal oxide nanoparticles. This approach is not only benign and safe but also
cost-effective, scalable, and straightforward, operating under ambient conditions. Notable
metals and metal oxide nanoparticles, such as manganese oxides, iron oxides, silver, and
gold, have been produced using various bio-reductants derived from plant extracts. These
biological agents not only expedite the reduction process but also stabilize the nanoparticles,
playing dual roles as reducing and capping agents. Additionally, the green synthesis of
metal nanoparticles highlights their potential medical applications in areas like antiviral
treatments and cancer therapy [22,23].

An alternative to avoid the use of TEOS for SiO, synthesis is the sol-gel process [24],
which involves the formation of a colloidal suspension (sol) and solid gelation to form a
network in a continuous liquid phase (gel). The parameters that affect sol-gel products
are water concentration, temperature, and the catalyst, which significantly influences the
time to reach a gel [25]. This chemical synthesis can be used to produce large volumes of
nanomaterials. The aim of this study is to prepare and characterize SiO; nanoparticles
using a low-cost and scalable method for the application of removing methylene blue in
an aqueous medium. This study presents a novel approach in the field of nanotechnology,
focusing on the preparation and characterization of SiO, nanoparticles using a low-cost
and scalable sol-gel method for the removal of methylene blue from aqueous solutions.
The key points highlighting the novelty of this study are as follows:

Alternative Synthesis Method: The study introduces the sol-gel process as an alterna-
tive to the conventional TEOS-based synthesis of SiO; nanoparticles. This method is not
only cost-effective but also scalable, making it suitable for large-scale production.

Environmental and Economic Benefits: By avoiding the use of TEOS, which is expen-
sive and toxic, the proposed method reduces environmental risks and production costs,
contributing to more sustainable and economically viable nanoparticle synthesis.
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High Efficiency in Dye Removal: The study focuses on the application of SiO, nanopar-
ticles for the removal of methylene blue, a common and hazardous dye in wastewater. The
effectiveness of SiO, nanoparticles in adsorbing and degrading this dye highlights their
potential in wastewater treatment.

Characterization of SiO, Nanoparticles: Detailed characterization of the synthesized
nanoparticles is provided, demonstrating their high specific surface area, reactivity, and
adsorption capacity. These properties are critical for their application in environmental
remediation.

Interdisciplinary Relevance: The study bridges material science, chemistry, and en-
vironmental engineering, showcasing an interdisciplinary approach that enhances the
understanding and application of nanotechnology in real-world environmental issues.

Practical Implications: The findings suggest that SiO, nanoparticles can be effectively
used in practical applications such as wastewater treatment, particularly for industries that
release significant dye pollutants, thereby directly impacting environmental sustainability
and public health.

By addressing these aspects, the study not only advances the field of nanotechnology
but also provides practical solutions for environmental challenges, making it a significant
contribution to both scientific research and industrial applications.

2. Materials and Methods
2.1. Synthesis of SiOy Nanoparticles

We diluted 14 mL of sodium silicate (Na;SiO3) with 11 mL of deionized water and
alternately added 1 mL of 20% HCI every two minutes until a pH of 7 was attained. The
total duration of this test was 34 min (15 mL of 20% HCl was added). Due to the tendency
of Na,SiOs to gel when in contact with HCI, it was necessary to keep the substance in a
container with a small diameter (3-5 cm). This was done in order to keep the entire sample
moving. Once it was free of chlorine, it was taken to the oven to dry for at least 18 h at
90 °C. Ultimately, once the material dried, it was crushed using the mortar.

After the dissolution of the reagent, deionized water was once again added to obtain a
final solution with a pH of 13. The pH was further reduced by adding HCl while mixing
the solution, which was performed in a container with a small diameter, every few minutes
until the desired pH was achieved. This is because the pH of the solution was determined
by time intervals.

2.2. X-ray Diffraction Analysis (XRD)

This analysis was performed using the X-ray diffraction method using the powder
method. The phase or phases were identified by comparing the diffract grams to the
patterns reported in articles pertaining to the same type of nanoparticles. The measurements
were conducted with a range of 10° to 40°. X-ray diffraction patterns were obtained using a
diffractometer, Rigaku MiniFlexII, using CuKeo radiation (A = 1.5418 A).

2.3. UV-Vis Spectroscopy (UV-Vis)

For all samples used in the study, optical absorbance measurements were performed as
a function of wavelength in a range from 200 to 600 nm using a Thermo SCIENTIFIC EVO-
LUTION 600 Spectrophotometer (Thermo Electron Scientific Instruments LLC, Madison,
WI, USA).

2.4. Removal of Methylene Blue in Water

For the removal of methylene blue, a dye solution with a concentration of 10 mg/L
was prepared, of which 50 mL was used. Six variants were made for the four samples:
pH2, pH 5, pH 7, and commercial. The first three variants were by weight, using 10, 20,
and 30 mg of SiO; nanoparticles, and the second three were by time, using 10, 30, and
60 min, respectively.
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The percentage of dye degradation was calculated using the absorbance value at
660 nm, using Equation (1):
n= Go-GC % 100 (1)
Co
where 17 = % degradation, Cy is the initial concentration of the dye solution, and Ct is the
concentration of the dye solution after degradation [13].

3. Results
3.1. FTIR Spectrum Analysis

Figure 1 depicts the FTIR spectrum of SiO, nanoparticles, highlighting the bending
vibration peak of H-O-H at 1630 cm~! and the antisymmetric stretching vibration peak
of the Si-O-Si group at 1090 cm~!. These vibrations belong to the characteristic peak of
5i0;, indicating that the primary constituent of the sample is SiO,. Shi et al., 2022, found a
similar result, using the same sol-gel technique to synthesize SiO, aerogels [26].
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Figure 1. FTIR spectrum of SiO, nanoparticles.

3.2. X-ray Diffraction of 5iO, Nanoparticles

The spectra in Figure 2 are from the pH 2, pH 5, pH 7, and commercial (COM) samples,
which all have the same conditions, the only difference between them being the final pH
of each synthesis. The diffraction pattern demonstrated that the nanoparticles have an
amorphous nature, due to their tendency to agglomerate. In 2022, Alavi et al. [27] used the
antimicrobial properties of SiO, nanoparticles for blood product cleaning and primarily
associated them with their surface functionalization, but mentioned that agglomeration is
an undesirable effect, so it is common to report their agglomeration.

Due to this, only the presence of a reflection corresponding to the diffraction angle
of 20 = 23° [28] is reported for SiO, nanoparticles and sometimes in the angle range
(20 < 30) [29]. Therefore, it is observed that all samples consist of SiO,, as they all coincide
with the mentioned peak. In 2023, Mikhnenko et al. [30] studied a defective structure of
NiO nanocrystals stabilized by SiO, nanoparticles. In their study of XRD, in the angle range
(20 < 30), they found what they call a halo, and they mention that it is due to amorphous
SiO,. Although it is small compared to other different material standards, it is considered
proof of identification of nano-SiO,. In addition, with the finding of no greater intensity
of the diffraction peak compared to the commercial sample in the case of commercial
nanoparticles, it is determined that they are all nanoparticles of nanometer size.
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Figure 2. Diffraction pattern of SiO, samples used in the study.

3.3. UV-Vis of SiO, Nanoparticles

Figure 3 shows the absorbance spectrum curves for the commercial SiO,, pH 2, pH 5,
and pH 7 samples. In these spectra, a very similar behavior can be observed for all the
values of the samples, which indicates that the nanoparticles in the study have a high
absorbance value in the region of 200 nm to 300 nm, and this is also an indication that
the material shows the nature of the samples. These data are similar to those found in
2022 [31] by Eissa et al. when using the same type of SiO, nanoparticles to see their
effects on irrigation water, soil, and productivity improvements; using green chemistry,
the nanoparticles exhibited an absorption peak at 208 nm, attributable to the characteristic
absorption of 5iO;, identical to all the characterized samples.

3| +» Si0, COM
CAREE e + Si0; pH2
o e, e SiO, pH5
% -+ Si0, pH7
£
o
a e,
< | e, Tl T
0.5 M e T ..

200 250 300 350 400 450 500 550 600
Wavelenght (nm)

Figure 3. Optical absorbance measurements for commercial SiO, samples and varying pH.

3.4. SEM of S5iO, Nanoparticles

Based on the SEM images shown in Figure 4a, we can say that SiO, nanoparticles
form a large-size “combination” (cluster). In order to observe the clusters that can be
generated in several hundred nanometers, we must use a large amount of magnification.
In this particular instance, we shall examine SEM images acquired at a magnification of
approximately 60.000 (with an index of 500 nm), as shown in Figure 4b. In this instance,
it is feasible to observe larger nanoclusters that can be formed in nano size. It is evident
that TEM images of these clusters are necessary to obtain a more precise understanding
of their morphology and sizes. Moreover, in order to investigate the composition of SiO,
nanoparticles, EDX analyses have been conducted on the samples in a scanning electron
microscope (SEM) apparatus (Figure 4).
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Figure 4. The scanning electron microscope (SEM) image from amorphous SiO, nanoparticle synthe-
sized: (a) x10.0k and (b) x60.0k.

3.5. Energy-Dispersive X-ray (EDX) Analysis of SiO, Nanoparticles

The investigated nanoparticles have undergone an energy-dispersive X-ray (EDX)
analysis performed to inspect their composition. Figure 5a,b show the selected area of
analysis, while the inset table shows the EDX spectrum. The EDX results confirmed the
formation of SiO; was achieved. In Figure 5b, it can be observed that the highest peak
associated with the oxygen and silicon atoms in the second peak appeared. The atomic
values obtained from the EDX test are presented in the inset table as weight percentages.
According to the results of the inset table of Figure 5b, nanoparticles were synthesized with
a purity of 98.1%, which indicates that the method is efficient. In a similar case, in 2022,
Imoisili et al. used a sol-gel hydrothermal method using fly ash to form spherical SiO,
nanoparticles with 98% as determined by EDX [32].

— Element Weight %
7
or Oxigen 624
5.88K
5.04K si Silicon 357
£ 420k
é Potasium 16
8 33
252K Aluminium 04
1.68K
084k Al
si Al K K
0.00K r— e
0. 067 134 201 268 335 402
Energy (keV)
(a) (b)

Figure 5. (a) SEM image of selected area for EDX analysis; (b) EDX analysis pattern of SiO; and the
inset table of corresponding values of weight percentages.

3.6. TEM of SiO, Nanoparticles

The primary objective of performing TEM scanning is to observe the cluster of SiO;
nanoparticles and determine their morphology and size. The TEM images were scanned
with micron-size images at 20.000 and 40.000 magnification (Figures 6a and 6b, respectively).
The sample consists of pure nanoparticles, but it is difficult to see a good morphology
or size at this magnification for the agglomeration. Furthermore, based on the TEM
image presented in Figure 6a, it can be inferred that novel nanoparticles possess a size
of approximately 60 nm and exhibit an aspheric morphology. Figure 6 displays TEM
images (a) and (b) of the synthesized SiO, nanoparticles from this study. From image
(b), it is evident that the synthesized nanometer-scale SiO; particles are amorphous, as
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no crystallinity is observed, which coincides with the X-ray diffraction results. A similar
size was obtained by Rahimzadeh et al. in 2022 utilizing Rhus coriaria L. extract and
sodium metasilicate under reflux conditions to produce SiO, nanoparticles; they used
sodium hydroxide (NaOH) added to the mixture to control the pH of the solution, like
our work, but they were using annealing at 500 °C for 40 min, while in our case, we
never passed 100 °C [19]. In a similar case, in 2022, Imoisili et al., 2022 used a sol-gel
hydrothermal method using fly ash to form spherical SiO, nanoparticles with sizes of about
60 nm [32]. To summarize the results, we present Table 1, which presents a comparison of
the characteristics and descriptions of commercial and synthesized SiO, NPs in this work.

Figure 6. TEM images of SiO, nanoparticles at (a) x20.0k and (b) x40.0k.

Table 1. Table of characteristics and description of commercial and synthesized SiO; NPs.

Characteristic Commercial SiO, NPs Synthesized SiO, NPs
Purity 99.00% 98.10%
Particle Size 80 nm 60 nm
Specific surface area 70 m?/g 90 m?/g
Morphology Spherical Spherical
Dispersibility Good in aqueous and non-aqueous solvents Good in aqueous solvents
Color White powder White powder
Applications Used in coatings, electronics, drug delivery, Clean wastewater

catalysis, and more

3.7. Methylene Blue Degradation UV-Vis

In all the measurements, the degradation of methylene blue was observed; it can only
be noted that some nanoparticles are better than others, and a comparison is made with
commercial ones to determine the efficiency of their use to remove the dye.

In Figure 7a, the absorbance values for the pH 2 samples with a 30 min agitation
time are shown for the three different weights of SiO, nanoparticles. It can be observed
that degradation is consistent as the nanoparticle quantity increases, with the 30 mg
sample showing the highest degradation. In Figure 7b, the absorbance values for the
pH 5 samples with a stirring time of 30 min are shown for the three different weights of
5iO, nanoparticles, and it can be seen that the degradation is constant with increasing
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the amount of nanoparticles, although now a similar efficiency is seen for the removal
of dye from the samples with 20 and 30 mg. Figure 7c shows the absorbance spectra for
commercial S5iO, samples with 30 min stirring time for the three different nanoparticle
weights. It can be seen that the degradation is constant as the amount of nanoparticles
increases; the sample with 30 mg is the one that shows the most degradation, although
compared to the pH 5 samples under similar conditions, the synthesized ones are more
efficient, even those with lower nanoparticle content, namely the sample that has 20 mg.

pH2 30 min

pH5 30 min

- Methylene 10mg/L 1.31 - Methylene 10mg/L
= ~10mg ~ | ~10mg
3 _ 3 -20mg
s, ~2m g
g 30mg Y 30mg
c c
m m
= £
[o] | =]
2 0.5 2 0.5
< <
[ — : r — ; 0+ — — e )
500 550 600 650 700 750 500 550 600 650 700 750
Wavelength(nm) Wavelength (nm)
(a) (b)
COM 30 min pH7 10 min
1.51 - Methylene 10mg/L 1.57 - Methylene 10mg/L
~ - 10mg -~ - 10mg
E -20mg E -20mg
p 11 —30mg o 11 30mg
2 e
8 8
g 05 2 0.5
fa) fa)
< <
o — : = | o—— : .
500 550 600 650 700 750 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)
(9 (d)
pH7 30 min pH7 60 min
1.51 - Methylene 10mg/L 1.51 - Methylene 10mg/L
~ | —10mg -~ —10mg
g -20mg 2 - 20mg
E 11 - 30mg E 11 —30mg
c c
z 8
2 0.57 & 0.5
fa] fal
< <
0+ - — - T \ 7 T — T )
500 550 600 650 700 750 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)
(e) ()

Figure 7. (a) Observance measurements for the pH 2 sample with 30 min of agitation using 10, 20,
and 30 mg. (b) Observance measurements for the pH 5 sample with 30 min of shaking with 10, 20
and 30 mg. (c) Observance measurements for the commercial sample with 30 min of agitation with
10, 20 and 30 mg. (d) Observance measurements for the pH 7 sample with 10 min of shaking with 10,
20 and 30 mg. (e) Observance measurements for the pH 7 sample with 30 min of shaking with 10, 20
and 30 mg. (f) Observance measurements for the pH 7 sample with 60 min of agitation using 10, 20,

and 30 mg.

Figure 7d shows the absorbance spectra for pH 7 SiO, samples with 10 min stirring
time. For the three different nanoparticle weights, it can be seen that the degradation
is constant as the amount of nanoparticles increases; the sample with 30 mg is the one
that shows the most degradation, although the 10 and 20 mg samples have the same
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performance indicating a saturation for the sample with 20 mg of weight. Figure 7e shows
the absorbance spectra for pH 7 SiO, samples with 30 min stirring time. For the three
different weights of nanoparticles, it can be observed that degradation remains constant as
the nanoparticle quantity increases. The sample with 30 mg shows the highest degradation,
although the 10 mg and 20 mg samples perform well, indicating good performance for this
type of sample at pH 7. In Figure 7f, absorbance spectra are shown for SiO, samples at pH 7
with a 60 min agitation time for the three different nanoparticle weights. The samples with
10 and 20 mg exhibit the highest degradation among all tested samples, demonstrating
superior performance compared to commercial nanoparticles.

3.8. Percentage of Methylene Blue Removal

In Table 2, we see the percentage of removal of each of the samples for each condition,
using Equation (1). The commercial SiO; sample showed a maximum of 89% removal for
the case of the highest quantity and the longest time, not reaching 90% in any of the cases.

Table 2. Percentage of methylene blue removal by sample and weight of SiO, nanoparticles.

Sample/Weight NPs 10 mg 20 mg 30 mg
10 min 38% 10 min 66% 10 min 77%
COM 30 min 39% 30 min 70% 30 min 85%
60 min 46% 60 min 72% 60 min 89%
10 min 55% 10 min 48% 10 min 51%
pH2 30 min 45% 30 min 66% 30 min 82%
60 min 67% 60 min 51% 60 min 83%
10 min 34% 10 min 64% 10 min 92%
pHS5 30 min 38% 30 min 89% 30 min 95%
60 min 59% 60 min 93% 60 min 97%
10 min 63% 10 min 67% 10 min 85%
pH7 30 min 67% 30 min 81% 30 min 93%
60 min 80% 60 min 97% 60 min 97%

The best pH 2 sample showed a maximum of 83% removal for the case of the highest
amount and the longest time, and the best pH 5 sample showed a maximum of 97% removal
for the case of the largest amount and the longest time, but it must be considered that
more than 90% removal was reached in more than five samples, even in a sample with
only 10 min of stirring. The pH 7 SiO, samples show the best results; although there are
four that show more than 90% removal, there are two with 97% removal, and one with
only 20 mg reaches 97%, showing excellent results, much better than those for commercial
SiO, nanoparticles.

Figure 8 shows the removal measurements of commercial SiO; nanoparticles, showing
a very similar behavior for both time and weight variations in nanoparticles, which can be
explained by the size control attributed to the nanoparticles’ industrial origin where equip-
ment with high control standards is used. But even so, the commercial SiO;, nanoparticles
do not even reach a removal level of 90% in any of the variations.

Figure 9 shows the measurements of the removal of SiO, nanoparticles with pH 7; at
10 mg, a similar response was shown for the three times, but at 20 and 30 mg, a considerable
increase can be noticed in the 60 min samples, a result that can be seen in Table 2, where
97% is shown. The highest MB removal efficiencies were found for the pH 5 and pH 7
samples for both adsorbents and were 97%. These can be explained on the basis that the pH
5 and pH 7 samples have smaller particle sizes than the commercial ones that have 80 nm,
as can be seen in image 19, and therefore, they have a higher surface area, especially in the
case of pH 7, which resulted in a higher adsorption capacity and a higher percentage of MB
removal. The commercial SiO, nanometer-scale particles exhibit a very narrow distribution,
whereas those synthesized in this work have a broader particle size distribution. As a result,
Figures 8 and 9 illustrate different behaviors between the particles synthesized here and the
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commercial ones. This variation is due to the different particle sizes, which lead to distinct
degrees of adsorption. Although there are studies that mention that SiO; nanoparticles
show photodegradation [33,34], in the study of this thesis, a different decomposition range
was not found, either under darkness or under visible irradiation or under ultraviolet
irradiation, so the effect of removing dyes is absorption, not photodegradation.

COM % Removal
100+
== 10min
804 == 30min
== 60min
60+

401

% Removal

20+

O-I T T T
0 10 20 30

Weight of NPs (mg)

Figure 8. Removal measurements of commercial SiO, nanoparticles.
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100~ 0 /
== 10 min /

[ == 60 min
S 60
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Weight of NPs (mg)

Figure 9. Removal measurements of SiO, nanoparticles with pH 7.

4. Discussion

Silicon dioxide (SiO;) is an amorphous metal oxide from which nanoparticles can be
obtained, exhibiting good physical and chemical properties such as adjustable size (5 nm
to over 100 nm), low toxicity, biocompatibility, and a good specific surface area. These
properties make them attractive and suitable for various applications in biomedicine, agri-
culture, catalysis, construction, and water treatment, among others [35]. Silica nanoparticles
have been investigated in the field of adsorption due to their high adsorption capacity
and modifiable surface. Additionally, these silica nanoparticles present silanol (Si-OH)
functional groups on their surface, allowing them to interact with different compounds
when they are in a solution.

The adsorption mechanism for dyes is proposed as follows: It is mainly due to surface
complexation through electrostatic interactions between cationic dyes and negatively
charged nanoparticles (confirmed by zeta potential measurements). Dye molecules ionize
on the adsorbent surface, followed by stabilization of these charges by hydroxyl (OH)
groups, which facilitate the adsorption process [36]. The adsorbent’s main advantages
for use as a nanoadsorbent for dye removal are that its dispersions in water and various
biological media are very stable, and it has demonstrated excellent adsorption properties
with a capacity of 150-200 mg/g and over 95% removal of various toxic contaminants from
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water, along with reusability for more than five cycles [37]. The most common form of use
for removing contaminants is in combination with other materials, combining properties
and using them in dyes, such as the combination of SiO; /TiO; using the hydrolysis and
calcination method at 600 °C in an argon atmosphere. SiO; nanoparticles (11%) were used
to modify TiO, nanoparticles, which contributed to an increase in specific surface area
and total pore volume. Testing with methylene blue demonstrated that under ultraviolet
irradiation, it degraded by 89%, and under visible irradiation, by 35% [38].

An interesting application would be to create SiO, films, but due to the nature of
5i0,, this is not feasible. However, depositing it onto a film could be a viable option. A
notable application is the use of SiO, nanoparticles as a uranium adsorbent in the form
of silica nano-meshes with a specific surface area [39]. Silicon dioxide nanoparticles are
commonly used as part of the nano-oxides that have mainly been introduced into ceramic
systems, proving to be an innovative alternative to improve their properties [40]. Above
all, nano-SiO; particles as a nanomaterial are among the most widely used in concrete [41].
In other studies, the effect of adding nano-SiO; as an additive is sought, in order to obtain
certain properties more effectively, in the material to be synthesized, especially looking at
how affordable nanoparticles can be when they are made of this material [42]. A special
and not-so-well-known characteristic of silica is the biocompatibility of this material with
biological systems [43], which combined with good chemical stability makes it a material
of great interest for many applications.

In 2022, El-Feky et al. [44] conducted a study similar to that of this research, using
the sol-gel method for the preparation of silicon dioxide nanoparticles using dissolved
silica gel and nitric acid for the removal of Pb(II) and Cd(II) ions in aqueous media. They
prepared SiO; nanoparticles at three different pH values, namely 6, 7 and 8, and varied
the pH as well, although they did so in a shorter range and also did not use commercial
samples to make the study more extensive. They also calcined the nanoparticles at 800 °C
for 2 h, a treatment not necessary or sought in this work because the use of such a high
temperature will require, apart from special equipment, a large amount of energy, reducing
the viability of the synthesis and therefore of the application. They found nanoparticle
sizes of about 40 nm, similar in size to that estimated in this study.

In 2019, Hong et al. [45] used SiO, nanoparticles combined with FeO nanoparticles
(10 nm) prepared by chemical vapor deposition. After the deposition of Fe oxide nanoparti-
cles, they found an adsorption capacity of SiO; for methylene blue (MB) from 98 to 100% in
3 h of use. Similar results are sought, but with one less method, in addition to the fact that
it is not combined with any other nanoparticle and will seek to use less time. In 2022, Ruchi
et al. [46] used the same sol-gel method to synthesize TiO, /SiO; nanoparticles from tita-
nium tetra isopropoxide and tetraethoxysilane precursors; these precursors were calcined
at 300 °C, 500 °C, and 800 °C. The estimated particle size was 18 nm. The nanoparticles
combined TiO; nuclei encased within SiO, particles with an average crystallite size of
10-20 nm. They were evaluated for the degradation of methylene blue dyes, and it was
found that the sample calcined at 300 °C exhibited a better photodegradation of 85% in
2 h. Similar results are expected, but they used an extra process, calcination, in addition to
the fact that there was no combination with any other nanoparticle, and better results will
be obtained in the adsorption ranges of 85%; for that study, it is proposed that it exceeds
95% adsorption.

In 2023, Eddy et al. [47] used the combination of TiO, /5iO; nanoparticles in the coat-
ing process of polyester fabrics with the sol-gel-assisted sonochemical method. With the
addition of SiO, with an equal or greater proportion of TiO,, the occurrence of agglomer-
ation on the dye surface increased. The tests on the degradation of the dyes gave a 97%
expected result for this study, but without the combination of nanoparticles or synthesis
techniques. In 2018, Aly et al. [34] used SiO; nanoparticles in removal of methylene blue
dye under an ultraviolet light source. They found that the dye degraded completely within
90 s, using 10 g/L of SiO, nanoparticles at pH 1.5 and 11. Although this study is similar to
the one in this article because of the variation in the pH, it cannot be compared in the use
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for removing dye due to the difference in the amount that was used, and this uses 1000 x
of material, so there is no comparison; what can be highlighted in this study is that, using
UV-vis spectroscopy, they mention that there is photocatalysis, like Nandanwar et al. [34]
who, in 2015, used the sol-gel method and TEOS for the synthesis of SiO, nanoparticles
combined with calcination at 300 °C for the degradation of methylene blue through the pho-
tocatalytic activity of SiO,. No evidence of photocatalytic properties of SiO, nanoparticles
was found in this study.

Here, MB was used, but other investigations in the comparison used methyl orange
(MO) and MB and SiO; nanoparticles as catalysts for photocatalysis in the presence of
UV light, obtaining similar results for both colorants. And these results were similar to
ours with MB. It was observed that catalyst doses significantly affect the photocatalytic
degradation of MO and MB. The maximum degradation efficiency of the dye was achieved
with the combination of UV in the presence of SiO; nanoparticles. Hence, from experimental
results, it was found that the silica nanoparticles enhanced the photocatalytic activity under
UV and were cost-effectively employed for the degradation of dye effluent with little more
retention time against methylene blue and methyl orange dye, which agrees with our
results using only MB dye [48].

5. Conclusions

SiO; nanoparticles were synthesized effectively by the sol-gel method using sodium
silicate (Nap5SiO3) as solvents without using TEOS, which makes it an ecological and
low-cost method.

XRD analysis of the nanoparticles indicates the presence of the amorphous phase with
the diffraction angle of 26 = 23°, which is the main characteristic associated with SiO,. The
results of the characterization by UV-Vis spectroscopy show that the nanoparticles have an
absorbance value in the region of 200 nm to 300 nm, showing that the material possesses
the nature associated with SiO, nanoparticles.

The main factors affecting the SiO, nanoparticles are temperature, pH value, and
salinity. In addition, other factors such as the shape, size, porosity, and morphology of the
nanoparticles may also play a role. The three types of SiO; nanoparticles do not show a
notable difference in the pH range between 5 and 7, although there is a difference as can
be seen from Table 2; at low amounts of SiO, nanoparticles (10 mg), the yield of the MB
degradation reaction is higher at pH 7 than at pH 5, approximately 20% to 30%.

The application of SiO; nanoparticles as a nanoadsorbent for the removal of dyes was
verified by means of UV-Vis spectroscopy, and this was reflected by the removal of methyl
blue. It was found that the nanoparticles with the best performance were those that were
synthesized successfully with pH 7; they showed a 97% removal, compared to the 89%
removal shown by the commercial nanoparticles.

The size of the synthesized SiO, nanoparticles was 60 nm smaller than that of the
commercial ones, so the specific surface area of the synthesized particles is greater than 90
m? /g, while the commercial ones have a specific surface area of 70 m?/g. The shape of the
synthesized particles is quasispheroidal, and their purity is 98.1%.

Studies of future interest and limitations are as follows: We consider the possibility
of realizing novel studies of antibiotics that are often ineffective against Gram-negative
bacteria due to their double cell membrane structure, which blocks many key antibiotics
like vancomycin. Novel studies have developed hybrid silica nanoparticles that combine
membrane-targeting groups with encapsulated antibiotics and a ruthenium luminescent
tracking agent for optical detection. These nanoparticles have successfully delivered
vancomycin and shown efficacy against various Gram-negative bacteria. The luminescence
confirms the penetration of nanoparticles into bacterial cells. Modified nanoparticles with
aminopolycarboxylate chelating groups effectively inhibit bacterial growth, providing a
new platform for delivering antibiotics that cannot penetrate bacterial membranes on their
own [49,50].
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