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Abstract

In today’s chemistry, greener and more energy-efficient ways of making new materi-
als are becoming increasingly important. In this work, two types of (3-aminopropyl)
triethoxysilane-grafted silica were synthesized using a one-pot method with two different
porogens: Pluronic P123 and cetyltrimethylammonium bromide, and then modified with
silver nanoparticles. Both syntheses produced amorphous silica with crystalline silver. EDX
and EDX elemental mapping confirmed that the modification with silver nanoparticles was
successful, and an even distribution of silver on the silica surface with an average silver load
of around 16% was determined. After silver nanoparticle modification, silica synthesized
using cetyltrimethylammonium bromide as a porogen was mesoporous, whereas silica
synthesis using Pluronic P123 as a porogen yielded a nonporous product. The synthesized
silicas exhibited surface areas of 345 + 2 and 8.80 = 0.05 m? /g for samples prepared using
cetyltrimethylammonium bromide and Pluronic P123 as porogens, respectively, and both
silicas were stable below 250 °C.

Keywords: silica; mesoporous materials; nonporous materials; silver nanoparticles

1. Introduction

Materials made from silica are widely used in various industrial and analytical chem-
istry fields. In industries, silica finds its place in building materials, desiccants, insulators,
supports for catalysts and is used as an additive in the manufacture of several products [1].
In analytical chemistry, various types of organically modified silica are primarily used for
biosensors, receptors, ion exchange coatings and different separations [2]. For example,
aminated silica nanoparticles were used in the production of a biosensor for the detection
of Aflatoxin B1, a highly toxic mycotoxin [3]. Ion-imprinted silica was utilized for U (VI)
and Sc (I) removal from low-level radioactive effluents [4]. Additionally, silica is a key
component in solid phase microextraction sorbents. Ionic liquid-coated silica in combina-
tion with gas chromatography was used for determination of seven organophosphorus
insecticides in cucumber and grapefruit samples [5].

Unmodified silica sorbents are rarely used for analytical purposes. Typically, silica is
modified with various organic functional groups or metal nanoparticles for the separation
of specific compounds. Silicas, which are obtained after modification with organic groups,
are referred to as organic-inorganic hybrid silica materials [6]. There are two main strategies
used to prepare this type of compound: one-pot or post-synthesis grafting methods. In the
one-pot method, already functionalized silica precursors are used to obtain the final product,
whereas in the post-synthesis modification method, functional groups are introduced after
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the silica framework has been synthesized [7]. One-pot synthesis has many advantages
compared to post-synthesis modification; it requires less time, uses low-toxicity materials,
and, in vinyl-group-modified silica, the one-pot approach allows for obtaining higher
functional group content, in comparison with post-synthesis modification [7,8].

One of the popular reagents used for silica functionalization is (3-aminopropyl) tri-
ethoxysilane (APTES). APTES-modified silica can be used on its own for the extraction and
determination of various organic pollutants and trace elements using multiple analytical
methods [9,10]. Another popular use of APTES-modified silica is its further modification
with various biomolecules, such as antibodies or enzymes, for biosensors and diagnostic
applications [11]. Sometimes the silica framework is modified via APTES groups to incor-
porate various metal nanoparticles. For example, gold nanoparticle-grafted silica was used
for the separation and determination of steroid hormones [12]. Other metal nanoparticles,
such as platinum and copper, can be attached to the silica surface [13,14].

One of the most popular metal nanoparticles to incorporate on the silica surface is
silver nanoparticles (AgNPs). It is well known that silver has antibacterial properties;
for example, silica films modified with AgNPs have shown good antibacterial properties
against the E. coli bacterial strain [15]. AgNP-modified silica is also used in separation
science. It was found that due to the interaction between AgNPs and double bonds, AgNP-
loaded sorbents can separate various unsaturated compounds, such as polycyclic aromatic
compounds and trans fatty acids [16,17]. When synthesizing silver nanoparticle-modified
sorbents, as mentioned before, the sorbents are first modified with functional groups,
usually APTES. When the silver ions are introduced, they form complexes with APTES
amino groups, thus lowering the Ag* reduction potential from +0.799 to +0.373, and using
a relatively weak reducing agent, such as formaldehyde, only the bonded silver ions are
reduced to the AgNPs [16].

In this study, using a one-pot method, we synthesized two silicas modified with APTES
with two different porogens—cetyltrimethylammonium bromide (CTAB) and Pluronic
P123 (P123), and modified them with AgNPs. To our knowledge, similar types of sorbents
are usually synthesized via a post-synthesis grafting method—our one-pot approach is
less time-consuming and more environmentally friendly. We investigated how the use of
different porogens and the incorporation of AgNPs influence the structural, morphological,
textural, and thermal stability properties of the prepared silica, while also comparing our
results with the same type of modified silicas, synthesized with post-synthesis methods,
which are presented in the scientific literature.

2. Materials and Methods
2.1. Reagents

All chemicals used for synthesis and solutions were commercially available: tetram-
ethyl orthosilicate (TMOS) (98%), Pluronic P123 (99.7%), and formaldehyde solution in
water (37%) were purchased from Sigma Aldrich (St. Louis, MO, USA). APTES (98%) and
acetic acid (99.7%) were obtained from Alfa Aesar (Ward Hill, MA, USA), and ethanol
(96.3%) and CTAB (>99%) were obtained from Vilniaus degtiné (Vilnius, Lithuania) and
Carl Roth (Karlsruhe, Germany), respectively. Silver nitrate (99%) was obtained from
Girochem (Teplicka nad Vdhom, Slovenia).

2.2. Characterization Methods

All samples were ground in an agate mortar prior to the characterization. X-ray
diffraction (XRD) analysis was performed by a Miniflex II diffractometer (Rigaku, The
Woodlands, TX, USA) using Cu K« radiation (A = 1.541838 A) in a 20 range from 10°
to 80° with a step of 0.02° and a scanning speed of 5°/min. The crystallite size was



AppliedChem 2025, 5, 31

30f13

calculated using Scherrer’s equation (D = KA/ (Bcos®), where K is the shape factor, A is
the X-ray wavelength, {3 is the full width at half maximum in radians, and © is the Bragg
diffraction angle. To correctly determine the 3 for our samples, the 3 was measured for the
corundum standard. Scanning electron microscopy (SEM) analysis was performed on a
Hitachi SU-70 microscope. Elemental mapping for the powder samples was obtained by
X-ray energy dispersive spectrometry (EDX) on Hitachi FlexSEM 1000 II (Hitachi, Tokyo,
Japan) with an EDX detector. Each sample, before nitrogen adsorption—-desorption, was
degassed for 1.5 h at 120 °C under nitrogen flow using the FlowPrep 060 sample degas
system (Micromeritics, Norcross, GA, USA). Nitrogen adsorption—-desorption isotherms
were measured using a TriStar II 3020 V1.03 instrument (Micrometrics, Norcross, GA,
USA). Surface areas were calculated using the Brunauer-Emmett-Teller (BET) method and
pore distribution (Barrett, Joyner, and Halenda) BJH method. Thermogravimetric analysis
(TGA) was carried out using a Pyris 1 instrument (Perkin-Elmer Co., Norwalk, CT, USA)
at a heating rate of 10 °C/min from 50 to 650 °C in nitrogen flow (20 mL/min). Powder
Fourier-transform infrared spectroscopy (FI-IR) spectra of all compounds were recorded
at ambient temperature in the range of 400 to 4000 cm ! using a Bruker ALPHA-FTIR
spectrometer (Bruker Optics, Billerica, MA, USA).

2.3. Synthesis of Uncoated Silicas

Silica with TMOS and APTES (1:1) was synthesized with P123 as a structure directing
agent using the previous method [18] with some modifications. Firstly, 0.35 g of P123 was
dissolved in 4 mL of 0.01 M acetic acid at room temperature (20 °C). After the complete
dissolution of P123, the mixture was continuously stirred for 5 min in an ice bath (0 °C).
Then, 491.5 uL. APTES and 312.5 pL. TMOS were added dropwise under vigorous stirring,
and the reaction mixture was stirred for at least 3 min for a clear sol formation. The resultant
solution was then transferred to a sealed container and kept at 60 °C for 3 days in the
oven. To extract P123, synthesized silica was sonicated for 1 h in 30 mL of methanol in an
ultrasonic bath. Then, if the silica was not going to be modified with AgNPs, the silica was
dried at 40 °C for 5 days in the oven.

Silica, synthesized using CTAB as a structure directing agent and TMOS + APTES (1:1)
as a silica source, was prepared by another method, with some modifications, described
in the scientific literature [19]. Firstly, 236 uL. APTES, 430 uL ethanol, 64 uL water, and
16 mg CTAB were mixed in a glass vial at room temperature (20 °C). After that, the mixture
was placed in the ice bath (0 °C) for 5 min. Then the 149.2 uL. TMOS was added dropwise,
and the solution was thoroughly vortexed at room temperature for 30 s. The mixture was
then reacted at 60 °C for 3 days in the oven and rinsed with ethanol 3 times for at least 12 h
(solvent volume that was used each time—30 mL) to extract CTAB. Then, if the silica was
not going to be modified with AgNPs, the silica was dried at 40 °C for 5 days in the oven.

2.4. Silica Modification with AgNPs

Silica’s modification with AgNPs was performed using a method described in [16]
with some modifications. After porogen extraction, the wet silicas were transferred into an
amber glass vial with a 0.1 M ethanol solution of silver nitrate for 48 h at room temperature.
Afterwards, the silicas were immersed in a 37% formaldehyde solution for 24 h. After that,
the obtained silicas were washed 3 times with ethanol solution for at least 12 h each time
and dried for 72 h at 40 °C in the oven.
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3. Results
3.1. X-Ray Diffraction Analysis

A powder X-ray diffraction study was performed to investigate the influence of Ag
coating on the structural properties of silica adsorbents, and the results are presented in
Figure 1. As seen in Figure 1b and d, in unmodified silica cases, there is only one broad
peak between 15° and 35° 2@ values, which indicates the formation of amorphous silica.
A similar XRD profile was observed for nano-silica prepared by the precipitation reaction
of Na,SiO3 using H,SO,, where the formed SiO, gel was heated at 900 or 1000 °C [20]. It
should be noted that the exact phase structure and cell parameters can be determined by
performing small-angle XRD measurements [21], which are out of the scope of this study.
When samples were coated with Ag (Figure 1a,c), the appearance of four distinct peaks,
located at around 38°, 44°, 64°, and 77° 20 values, was observed. These XRD profiles of
silicas, which were synthesized using two different porogens (P123 and CTAB) and coated
with AgNPs, match the standard data of Ag (COD #96-901-3047). Similar results were
observed for silica adsorbent loaded with AgNPs [22]. Silica, which was synthesized using
P123 as a porogen and coated with AgNPs, displays broader diffraction peaks for the Ag
phase, and the calculated crystallite size (silver crystals) for this sample is 9.6 &= 0.2 nm,
while for silica that was synthesized using CTAB as a porogen, it is 16.4 £ 0.5 nm.
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Figure 1. XRD pattern of silica, which was synthesized using CTAB as a porogen after (a) and before
(b) its modification with AgNPs. XRD pattern of silica that was synthesized using P123 as a porogen
after (c) and before (d) its modification with AgNPs.

3.2. Surface Morphology

In order to investigate how the different synthesis conditions and AgNP incorporation
influenced the obtained silica surface morphology, scanning electron microscopy (SEM)
was performed, and the results are presented in Figure 2. In our previous study [23], we
observed that depending on the porogen used, the final silica products can have different
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shapes and particle sizes. From Figure 2a,c, we can see that both silicas, synthesized using
different porogens, have different particle structures. Silica that was synthesized using
CTAB as a porogen (Figure 2a) has irregular particles, because glass-like monoliths are
formed and their particle size cannot be adequately determined. When P123 is used as a
porogen, silica has smooth and regular particles, which can be witnessed in Figure 2c. We
can also see that after modification with AgNPs (Figure 2b,d), both silica particles” surfaces
become rougher, indicating the presence of AgNPs on the surface. Similar morphological
changes can also be seen in scientific literature; silica nanowire surface gets visibly rougher
after its modification with silver and gold nanoparticles [24]. Moreover, silica nanoparticles,
coated with AgNPs, can also be seen with a rough surface [25]. The overall particle structure

of silica synthesized using CTAB as a porogen stays relatively the same after its modification
with AgNPs (Figure 2a,b). In the P123 case (Figure 2¢,d), after modification with AgNPs,
silica particles become less spherical.

Figure 2. SEM images of synthesized silicas using CTAB as a structure directing agent before (a) and
after (b) AgNP modification; SEM images of synthesized silicas using P123 as a structure directing
agent before (c) and after (d) modification with AgNPs.

3.3. Elemental Analysis

To determine if the modification of silicas with AgNPs was successful, elemental
analysis using X-ray energy dispersive spectrometry (EDX) was employed. It must be
noted that the AgNP uncoated silicas are the intermediate compounds in this study; thus,
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EDX data of those silicas are not presented. In Figure 3, we can see EDX images of
synthesized silicas after modification with AgNPs. In all silicas, we can see that carbon,
oxygen, aluminum, silicon, nitrogen, and silver peaks are visible; aluminum peaks arise
from the aluminum sample holder, carbon from carbon tape, used to secure the samples on
the aluminum holder. Oxygen and silicon peaks arise from silica itself. Silver peaks in both
silicas confirm that the silica surface was successfully coated with AgNPs. Nitrogen peaks
could arise from APTES groups that are immobilized on a silica surface. EDX measurements
were also used to confirm APTES presence on mesoporous silica magnetite nanoparticles
that were later used for the removal of Cr (VI) from aqueous solution [26]. Silver content,
calculated against the silicon, in AgNP-coated silicas was 16.75 and 15.43 at% for silicas,
synthesized using CTAB and P123 as a porogen, respectively.

40,000
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Figure 3. EDX images of synthesized silicas using CTAB as a structure directing agent (a) and using
P123 as a structure directing agent (b) after modification with AgNPs.

EDX elemental mapping was also performed on silicas coated with AgNPs (Figure 4)
to determine the distribution of elements. As shown in Figure 4, all elements—silicon
(5i), oxygen (O), nitrogen (N), and silver (Ag)—in both silicas (synthesized by CTAB and
P123) are homogeneously dispersed on the surface of silicas, and no Ag-rich regions were
observed, indicating successful AgNP introduction.

Figure 4. SEM image (a) and EDX elemental mapping of silica synthesized using CTAB as a porogen:
Si (b), O (¢), N (d), and Ag (e). SEM image (f) and EDX elemental mapping of silica synthesized using
P123 as a porogen: Si (g), O (h), N (i), and Ag (j).

3.4. Textural Properties and Surface Area

To see if our synthesized silicas have the potential to be used as a base for sorbent
synthesis, the nitrogen adsorption—desorption measurements were carried out, and the
results are demonstrated in Figure 5. As depicted in Figure 5a, silica, which was synthesized
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using CTAB as porogen and coated with AgNPs, has an IV-type hysteresis loop, associated
with mesoporous materials [27]. In our previous study, similar results can be seen with
silica, synthesized with the same reaction conditions but without AgNP modification [23].
These results indicate that modification with AgNPs does not have a significant impact
on general porosity in this type of silica synthesis. These results correspond to the pore
distribution data (Figure 5b); silica, modified with AgNPs, has mesopores. We can also see
that modification with AgNPs increases the average pore size distribution compared to
unmodified silica (Figure 5b).
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Figure 5. Nitrogen adsorption—desorption isotherms of synthesized silicas using CTAB as a structure
directing agent after AgNP modification (a); pore volume distribution graph of synthesized silicas us-
ing CTAB as a structure directing agent after AgNP modification (b); nitrogen adsorption-desorption
isotherms of synthesized silicas using P123 as a structure directing agent before (red line) and after
(black line) modification with AgNPs (c); pore volume distribution graph of synthesized silicas
using P123 as a structure directing agent before (red line) and after (black line) modification with
AgNPs (d).

For silicas, synthesized using P123 as a porogen, we can indicate that both modified
and unmodified silicas have type Il isotherms (Figure 5c), which represent materials that
are nonporous or macro porous (>50 nm pore size) [28]. These results are confirmed by
pore distribution measurements (Figure 5d)—small pore volumes indicate that these silicas
are nonporous. We can also see that after modification with AgNPs, pore volumes increase,
especially in the small average pore size range, 2-10 nm (Figure 2d). This can be explained
by the alteration of existing pore space when the AgNPs were deposited on a silica surface,
for example, some pores or pore throats were split in a way that the smaller pores were
formed after NP deposition. Similar effects were seen when the nanoparticles were injected
into a porous sandy medium [29].

Pore distribution measurements suggest that the silica, synthesized via CTAB as a
porogen and coated with AgNPs, has better application possibilities for sorbent synthesis
than silica synthesized with P123 as a porogen and coated with AgNPs. Both nitrogen
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adsorption-desorption isotherms and pore volume distribution graphs for uncoated silica,
synthesized with CTAB as porogen, can be found in our previous work [23].

Surface areas were calculated using the Brunauer-Emmett-Teller (BET) method, and
the results are presented in Table 1. As displayed in Table 1, unmodified silica that was
synthesized using CTAB as a porogen has a much bigger surface area (175 + 1 m?/g) (the
surface area was taken from [23]) in comparison with silica, synthesized using P123 as a
porogen (3.95 & 0.06 m?/g). The same trend can be seen after AgNP modification with
surface areas being 345 4 2 and 8.80 4 0.05 m?/g, respectively. The AgNP introduction
also leads to a double increase in surface area values, which confirms the successful silica
modification. The increase in BET surface area can be explained by the increase in pore
volume, as seen in Figure 5d for the silica synthesized using P123 as a porogen and for
the silica synthesized using TMOS, APTES and CTAB after AgNP modification (Figure 5c)
compared with the unmodified silica in our previous work, where the pore volume of the
pores around the 2 nm mark are 0.05 cm3/g-nm [23].

Table 1. Brunauer-Emmett-Teller (BET) surface areas of synthesized silicas.

Precursors Used in the Synthesis of Silicas Surface Area, m?/g
TMOS + APTES (1:1) + CTAB ! 175+ 1.1
TMOS + APTES (1:1) + CTAB (Ag coated) 345 £ 2
TMOS + APTES (1:1) + P123 3.95 4 0.06
TMOS + APTES (1:1) + P123 (Ag Coated) 8.80 & 0.05

1 Surface area taken from article [23].

3.5. Thermostability Properties

Thermostability of both AgNP-coated silicas was evaluated using thermogravimetric
analysis (TGA), and the results are illustrated in Figure 6. Because only the AgNP-coated
silicas are the desirable product for future sorbent applications, the uncoated silicas’ TGA
results are not provided. Both silicas show a small weight loss at around 50-150 °C,
which can be attributed to water loss. Another degradation step is observed from around
230 to 400 °C and can be attributed to weight loss from unwashed porogens (CTAB and
P123) and pyrolysis of amino propyl groups from APTES [23]. These results correlate
with EDX measurement and can explain the nitrogen presence in the synthesized silicas
(Figures 3 and 4). Further weight loss from 400 to 600 °C can be attributed to the elimination
of silanol groups [16]. These results demonstrate that better methods for removing porogens
are needed, and amino propyl groups are immobilized on the silica surface. Also, the
remaining unwashed P123 blocks the existing pores, which potentially explains the lack of
porosity for this sample. In one study, authors suggest that P123 removal by calcination is
necessary to obtain hexagonally ordered pores in mesoporous aluminosilicates [30].

3.6. Surface Functionalization

To examine the surface functionalization after the synthesis, the FT-IR spectroscopy
was used, and the acquired results are depicted in Figure 7. Regardless of the synthesis
method used, the FT-IR spectra of silica samples contain IR bands at around 1060 cm ! and
810 cm~!, which can be attributed to Si-O and Si-O-C stretching, respectively [28,31]. In
both AgNP unmodified silicas (Figure 7, first and third lines), we can see bands around
1560 cm ! that can be attributed to the N-H deformation peak from APTES [32]. N-H peaks
in AgNP unmodified silica suggest that the APTES group’s immobilization was successful.
FTIR data of uncoated silica with CTAB were published in our previous work [23].
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Figure 6. TGA measurements of synthesized silicas using CTAB as a structure directing agent (black
line) and using P123 (red line) as a structure directing agent after modification with AgNPs.
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Figure 7. FT-IR spectra of synthesized silicas (from top to bottom): after AgNP modification, silica that
was synthesized using P123 as a structure directing agent before and after modification with AgNPs.
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4. Discussion

When comparing the structural properties of AgNP-coated silica obtained via one-pot
with post-synthesis grafting methods, we can observe similar XRD profiles in both cases: a
broad peak, which can be attributed to the amorphous silica, and sharp peaks, belonging
to the Ag crystalline phase in the cases of both porogens (P123 and CTAB) [16,33]. We can
conclude that in both porogen cases, the crystal structure stays relatively the same when
comparing the one-pot and post-synthesis grafting methods.

Materials, which are used as sorbents, should have good porosity, ideally in the meso-
pore range, and high surface area. Mesoporous materials, according to the nomenclature by
the International Union of Pure and Applied Chemistry IUPAC), are materials with pore
sizes ranging from 2 to 50 nm [27]. Mesoporous materials, synthesized by varying various
porogens and reaction conditions, can be synthesized with high surface areas (>1000 m?/g)
but also with large pore volumes (1 cm®/g) and narrow pore distribution [34]. Other
mesoporous materials” advantages in separation science are the size-selective adsorption of
small molecules (particularly excluding larger ones), thermal stability, chemical stability,
compositional controllability, and possibility of post-synthesis modification by introduc-
ing various functional groups for different separation properties [35]. Silica synthesized
using P123 as a porogen and modified with AgNPs is not an ideal choice—the low surface
area and lack of mesopores limit its application in separation science. In contrast, silica
synthesized using CTAB as a porogen and modified with AgNPs potentially can be used
for future sorbent development. For example, in a related study where silica was used with
TMOS as a silica source and urea as a catalyst, nitrogen adsorption—-desorption revealed
the formation of ordered mesopores with narrow pore size and a surface area of 393 m?/g
(before the modification with APTES and AgNPs) [16]. After modification with AgNPs,
the silica was successfully applied for the separation of aromatic hydrocarbons [16]. While
the procedure of incorporating AgNPs in this study was nothing new—it was successfully
used in previous works—it is important to notice that usually the incorporation of AgNPs
is performed on a post-grafting synthesis, where APTES is not used as a silica source. In
this case, APTES functional groups are directly incorporated into the silica framework and
have an impact on initial pore formation, resulting in a shift towards micro pores, while
still producing the pores in the mesopore range. For example, in the post-synthesis grafting
methods, the pores are usually in the narrow 5 to 10 nm range [16,36]. When comparing
our results with previously reported synthesis, we can see that this change in the starting
reaction mixture, while broadening pore size distribution, still produces the pores in the
5-10 nm range, typical for previously mentioned post-grafting methods. The impact of
this change in pore size distribution, while being an important topic for developing future
sorbents, is out of the scope of this investigation.

Another important property of sorbents, especially in gas chromatography analysis
when the sorbent is inserted directly into the injection port, is thermal stability. Typically,
desorption temperature is set between 100 and 300 °C, depending on the volatility and
thermal stability of analytes of interest [18,37-39]. As mentioned earlier, AgNP-modified
sorbents can be used for the extraction of unsaturated compounds. For instance, literature
reports show that naphthalene and anthracene were successfully extracted and desorbed
from the sample headspace using silica sorbent, with the injection port temperature (where
desorption happens) set at 200 °C [18]. In our case, both silicas could be used for this
purpose, as both silicas start to decompose around 230 °C.

The environmental and time aspects of this study should also be noted. In this type
of silica synthesis, typically, the post-synthesis grafting method is used with a separate
stage for aminopropyl group grafting, where the silica is treated with the APTES solution
in toluene at 80 °C [16]. Eliminating this stage from the synthesis reduces the need for toxic
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solvents (toluene) and reduces the energy consumption because heating at 80 °C for 24 h
is not needed in this situation. Moreover, the additional washing step after aminopropyl
modification is not needed, further reducing the synthesis time and economic cost of the
whole process.

5. Conclusions

In this work, two silicas, coated with AgNPs, were successfully synthesized using
TMOS and APTES as silica sources, with CTAB or P123 as a porogen. Both synthesized
silicas exhibited an amorphous silica phase and crystalline silver nanoparticles with uni-
form element distribution on the surface. Both silicas were thermally stable up to 250 °C.
Silica synthesized using CTBA and modified with AgNPs displayed mesopores with a
BET surface area of 345 + 2 m?/g, whereas silica synthesized using P123 as a porogen
and coated with AgNPs was nonporous, with a BET surface area of 8.80 & 0.05 m?/g.
Comparison with literature data indicates that silica synthesized using CTAB and coated
with AgNPs has potential for future sorbent development, as its thermal stability, surface
area, and porosity are similar to those of previously reported sorbents. These results show
that it is possible to synthesize porous silica, coated with AgNPs, with a synthesis that
requires less time and toxic chemicals, compared to more traditional synthesis methods,
while at the same time achieving comparable specifications, like surface area, porosity, and
thermal stability.
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The following abbreviations are used in this manuscript:

AgNPs  Silver nanoparticles

APTES  3-aminopropyl) triethoxysilane

TMOS  Tetramethyl orthosilicate

P123 Pluronic P123

CTAB  Cetyltrimethylammonium bromide

XRD X-ray diffraction

EDX X-ray energy dispersive spectrometry
TGA Thermogravimetric analysis

FTIR Fourier Transform Infrared Spectroscopy
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