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Abstract: The aim of this study is to decorate a glass surface with silver nanoparticles (AgNPs)
and further prove its efficiency in the removal of some thio-derivatives—potential pollutants from
water. Therefore, grafting the surface of glass-based platforms with AgNPs will strongly influence
their interaction with other substances or molecules. The most commonly used molecules for glass-
based platform functionalization/modification are organosilanes. In this case, the main interest is in
thioalkyl organosilanes because, after silanization, the thio (-SH) functional groups that have a high
affinity for AgNPs can intermediate their binding on the surface. By decorating the glass platforms
with AgNPs, these surfaces become active for the adsorption of dyes from wastewater. Certainly, in
this case, the dyes must bear -SH groups to ensure a high affinity for these surfaces. Therefore, the
desired purpose of this study was to develop glass-based platforms decorated with AgNPs able to
bind model molecules—dyes from aqueous media (dithizone—DIT and thioindigo—TIO), with these
platforms being potentially used for environmental applications.

Keywords: glass surface silanization; organosilanes; silver nanoparticles; dyes removal; pollution

1. Introduction

The fabrication of solid glass-based surfaces with silver nanoparticle (AgNPs) assem-
blies immobilized on their surfaces is currently of great importance because of the key
role these substrates could play in developing various applications [1,2]. In this study, we
have utilized the potential of glass-based platforms because they are economical, environ-
mentally friendly, durable, reusable, and inert material, which has been demonstrated to
be an excellent candidate in applications ranging from laboratory to industry [1,3]. The
physicochemical properties of the obtained surfaces will depend on the size, shape, and
surface features of the silver nanoparticles and the nature of the glass surfaces [4].

Normally, silver nanoparticles are attached to the glass surface/substrate through
an intermediate layer of diverse molecules grafted on the surface. The grafting process
is carried out with the help of the terminal functional groups due to their electrostatic
or chemical interaction with the nanoparticles (NPs). The main characteristics of these
surfaces/platforms are that they should be stable over time and their interaction with the
NPs should be strong enough to ensure that the NPs continue to be attached to their surface
during further functionalization [5,6].

The molecules commonly used for the functionalization of glass-based platforms are
organosilanes, which are the most studied surface modifiers [7-9]. The affinity of the
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glass for metal NPs involved functionalization with thiol alkyl silane as a silanizing agent
because thio (-SH) groups have a high affinity for several metal nanoparticles including
AgNPs. Likewise, the glass platforms with thiol alkyl silane decorated with AgNPs became
active for the adsorption of thiol-derivates (amino acids, drugs, dyes, etc.) [10]. Moreover,
the numerous studies dealing with the functionalization of glass surfaces with organosi-
lanes have shown that the silanization step is very sensitive and important in terms of
experimental conditions and that the final surface state of the modified substrate depends
strongly on temperature, the presence of water, the concentration, and the duration of the
grafting step [7].

Kawamura et al. [11] show that the decoration with a thin layer of 3-mercaptopropyltri
methoxysilane (MPTMS) on the glass-based platform becomes electrically continuous, and
due to the optical properties (transparency), these materials are suitable for semitransparent
electrode devices. Likewise, another study presents the development (with the same
self-assembling technique) of highly sensitive surface-enhanced Raman scattering (SERS)
substrates with a limit of detection in the zeptomole for two dyes (Nile blue A and oxazine
720) [4]. Furthermore, the AgNPs-silanized glass platform can immobilize the adherence
and growth of microorganisms on the surfaces because of direct contact with Ag* ions (due
to slow release) [5]. The antimicrobial capacity/activity of the developed glass platforms
gives these materials the potential to have various applications (environmental, food
packaging, biomedical, etc.) [6].

Alamier et al. [12] showed an effective green synthesis of AgNPs using Acacia ehrenber-
giana plant extract for the efficient removal of Rhodamine B (RhB) dye. Besides the catalytic
reductions, the antimicrobial activity of the obtained AgNPs was reflected in the novelty of
the study. An interesting study carried out by Mokhtar et al. [13] illustrated the adsorption
efficiency of AgNPs synthesized via Clitoria ternatea flower extract doped with activated
carbon on the removal of RhB dye.

Furthermore, different studies regarding the exceptional catalytic and biological activ-
ity of AgNPs are presented. Other authors have shown that the AgNPs synthesized using
Plantago ovata leaf extract had effectiveness in removing organic dyes (methylene blue and
congo red) and antifungal activity [14].

The glass surface was modified with MPTMS and further used to generate Au and Ag
nanostructures with different sizes and shapes (aspect ratio of 11 and 24, for the two kinds
of nanoparticles) according to a seeding approach proposed by Lee et al. [15].

In this paper, glass-based platforms were obtained using MPTMS and MPTES/(3-
mercaptopropyl) triethoxysilane as silanization agents for glass surface functionalization.
Afterward, AgNPs-decorated glass platforms were obtained using AgNPs synthesized as
decorating agents [16], by absorption. Moreover, these AgNPs-decorated surfaces were
proved to be efficient in the absorption of thio-derivatives using two common dyes (such
as dithizone and thioindigo), potential pollutants from aqueous solutions. Additionally,
these dyes can be easily monitored by UV-Vis spectroscopy, and thus, their use is desirable.

2. Materials and Methods
2.1. Chemicals

The reagents isopropyl alcohol, NH3 solution 25%, hydrogen peroxide 35%, HCl 37%,
MPTMS, and MPTES were purchased from Sigma-Aldrich (Darmstadt, Germany). The
dithizone was acquired from Chinoin (Ciudad de Mexico, Mexico), the thioindigo was from
(TCI-Tokyo Chemical Industry Co., Tokyo, Japan), and the AgNPs used were synthesized
and characterized according to previous studies [17,18]. The AgNPs used in this study
were synthesized by the solvothermal method with polyethylene glycol as a reduction
component, at 260 °C and 3 bar pressure for 1 h. The results in the case of the solvothermal
reaction showed that the nanoparticles were spherical with an average size of 50 nm (HT4
synthesis from our previous paper [17]).

The microscope slides (26 x 76 mm, 1.0-1.2 mm thickness) were purchased from
Labbox (Barcelona, Spain).
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To descant upon this work, we studied the organic layer’s influence on the decoration
of AgNPs on functionalized glass-based platforms. Therefore, for this purpose, we explored
the surface interaction, starting from the nature and features of the decorated glass-based
platforms, as follows. In the first step, the pre-treatment of glass-based platforms with de-
tergent and alcohol was performed [5]. Then, the first glass activation was conducted with
a mixture of NH3/H>0,/H;0 (alkaline treatment). This stage was performed to introduce
hydroxyl groups on the glass-based platforms and prepare the glass for the silanization
process. The second glass activation was conducted with a mixture of HCl/H,O,/H,0
(acid treatment). Then, the actual silanization occurs by treating the glass-based platforms
with MPTMS and MPTES as silanization agents for the glass surface functionalization
(Figure 1). As already mentioned, the main purpose for designing such glass is to identify
diverse dyes presented in the polluted wastewater. Therefore, after decorating the glass
surface with organosilanes, AgNPs were used to improve their properties and applicability
for environmental applications. The obtained glass-based platforms were characterized by
Fourier-transform infrared (FTIR) spectroscopy and microscopy, UV-Vis spectroscopy, and
scanning electron microscopy (SEM).

NH,OH, H,0, i i T
OH ?H OH ?M OH ?H
HCl, H,0, ! : '
Glass surface Activated glass surface
J et ﬂ J! MPTMS
IS e 2 or MPTES

Silanized glass surface
Figure 1. Glass surface functionalization procedure.

2.2. Cleaning Pre-Treatment

All glass samples were washed in an aqueous solution with detergent and rinsed
with distilled water (DW) followed by cleaning with isopropyl alcohol. The slides were
dipped in a mixture of NHj3 25%:H,O,:H,O = 1:1:5 (in volume) for 30 min (min) at 30 °C,
followed by cleansing with DW, and treated with a mixture of HC1 37%:H,0,:H,0 = 1:1:5
(in volume) for 30 min (min) at 85 °C. After these treatments, all samples were washed with
DW, DW:isopropyl alcohol = 1:1, and isopropyl alcohol. The glass surface functionalization
was immediately performed [16].

2.3. Glass Surface Modification

The glass-based platforms were performed using MPTMS and MPTES as thioalkyl
silanization agents for the glass surface functionalization. All slides were immersed in
a l, 3, and 5% MPTMS/MPTES (v:v) alcoholic solution at 30 °C, 25 rpm for 24 h. The
silanization agent excess was washed with isopropyl alcohol, isopropyl alcohol:WD = 1:1,
WD, and dried at room temperature. All treatments were performed using tightly closed
PVC centrifuge tubes [16].

2.4. Decoration with AgNPs of Silanized Glass Platforms

In the second step, glass platforms were decorated using AgNPs. All samples were
immersed in 1.2 ppm AgNPs solution at room temperature and 20 rpm for 10 days. The
adsorption of AgNPs was followed by measurements at 405 nm using a UV-Vis spectropho-
tometer. AgNP quantification was performed using a six-point calibration curve covering
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the 0.08-1.2 ppm range. The AgNPs deposited (mg/m?) were calculated according to the
calibration curve (y = mx + b) and using the following equation (Equation (1)):

(Ai—Af)—b
mx Volume (1)

substance deposited =
4 P Glasssurfacearea

Aj—absorbance, initial, A;—absorbance, final, b—constant, m—glass mass, and the
volume of glass immersion.

2.5. Adsorption of Dyes to AgQNPs-Decorated Glass Platforms

Additionally, to improve the properties and applicability of the AgNPs-decorated
glass platforms, DIT and TIO were used as standard dyes for testing the removal capacity.
The AgNPs-decorated slides were immersed in 10 ng/mL DIT solution at room tempera-
ture and 25 rpm for 4 days. The adsorption of DIT was followed by spectrophotometric
measurements at 595 nm. DIT quantification was performed using a six-point calibration
curve covering the 0.75-10 ng/mL range.

The TIO decoration was performed using the same steps with a 20 ng/mL solution (in
ethanol) and measured at 453, 459, and 540 nm. The spectrophotometric measurements
were performed at six specific wavelengths, but of these, only the values in the visible
range were retained because the values in the UV range were not conclusive; there are
complex processes of Ag* ion release and TIO absorption (natural and degraded). Likewise,
the experimental wavenumbers 453, 459, and 540 nm are specifically for trans-thioindigo
isomers [19,20].

The dyes deposited (ug/m?) on the AgNPs-decorated glass platforms were also
calculated using Equation (1).

2.6. Characterization Methods

The obtained glass-based platforms were characterized by FTIR spectroscopy and
microscopy, UV-Vis spectroscopy, and scanning electron microscopy (SEM).

The FTIR spectra were recorded with a Nicolet iS50 FTIR spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA), using the attenuated total reflection accessory (ATR)
(Thermo Fisher Scientific, Waltham, MA, USA). All spectra were obtained as an aver-
age of 32 scans over the spectral range of 400-4000 cm~! at a resolution of 4 cm~!. FTIR
2D maps were obtained with a Nicolet iN10 MX FTIR microscope, equipped with a DTGS
detector, between 600 and 4000 cm~!. Information about the spatial distribution of the
components was extracted from the 2D FTIR maps [21].

The UV-Vis Evolution 300 spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) includes a long-lifetime xenon flash lamp and a silicon photodiode detector with
extended wavelength ranging up to 900 nm. Moreover, the equipment includes photo-
etched slits for greater accuracy and a stepper-motor-driven slit drive with intelligent
optimization. The grating features are 1200 lines/mm, 240 nm blazed, holographic grating
for exceptional stray light performance. Also, the spectrophotometer 4.5.0 VisionPro
software, which offers advanced scanning, multiple fixed wavelength measurements, and
multi-wavelength measurements with customized UVcalc [22].

The morphology of the glass-based platforms samples was investigated by scanning
electron microscopy (SEM) using a high-resolution microscope Quanta 250 (FEI Company,
Eindhoven, The Netherlands), incorporated with an energy dispersive X-ray spectrometer,
produced by EDAX (Mahwah, NJ, USA), consisting of Element EDS Analysis EDX GENESIS
XM4 Software (Mahwah, NJ, USA) [23]. For sample preparation, a small amount of each
sample was fixed on the carbon SEM stub that was placed inside of the analysis chamber,
resulting in a sample covered with a 10 nm gold layer [21].
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3. Results and Discussion
3.1. FTIR Microscopy and Spectroscopy
3.1.1. Characterization of Glass-Silanized and AgNPs-Decorated Platforms

Characterization of the MPTMS- and MPTES-silanized platforms using FTIR spec-
troscopy and microscopy is shown in Figures 2 and 3.
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Figure 2. FTIR spectra for glass and glass-based platforms silanized with MPTMS and MPTES and
their derived AgNPs-decorated glass surfaces.

Figure 3 presents FTIR maps related to the MPTMS/MPTES-silanized glass platforms
(1, 3 and 5%) and shows the most representative peaks, recorded at the wavelength’s
characteristic of Si-C, Si-O, C-H, S-H, -CH,, and -CHj3 (812, 1272, 1342 /1344, 2561 /2566,
2837/2886, and 2940/2974 cm 1) [8]. Thus, one can observe visible similarities between the
FTIR diagrams related to the glass surfaces/platforms silanized with MPTES and MPTMS
and at the same time an adequate, homogeneous functionalization of the surface.

In the maps above, similarities can be seen as follows: in the case of MPTMS-silanized
surfaces, the following vibration bands at 2940 and 2837 cm~! characteristic of the C-H
functional bond (asymmetric and symmetric), were observed. C-H bonds were also present
at 1344 cm™!, as well as the S-H bond at 2561 cm~!. Very important to illustrate are the
peaks at 812 cm~! and 1272 cm~!, which were confirmed by the presence of the Si-C and
5i-O bond (glass) [24].

In the case of glass platforms silanized with MPTES, 2974 and 2886 cm ™! are character-
istic of the C-H functional bond (asymmetric and symmetric). Likewise, the presence of C-H
deformation vibrations at 1342 cm ! can be observed, as well as S-H stretching vibrations
from 2566 cm~!. As in the previous case, we have the peaks at 812 cm~! and 1272 em™1,
which were confirmed by the presence of the Si-C functional bond (glass) [25-27].

Recent studies include numerous works regarding the interaction of various metals
(Au, Ag, or Cu) with the “-SH” functional group, which is why MPTMS and MPTES are
used as precursors in the preparation of silanized /functionalized surfaces with mercapto-
propyl moieties for “capturing” noble metal nanoparticles [15,28-30].

In the case of the glass platforms silanized with thiol alkyl silanes (Figure 2) and
decorated with AgNPs (Figure 4), the presence of the same bands characteristic of each
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functional group related to the glass samples silanized with MPTMS and MPTES can be
observed. Thus, in the case of the glass platforms silanized with AgNPs@MPTMS (1, 3, and
5%), as well as those silanized with AgNPs@MPTES (1, 3, and 5%), the FTIR maps show
visible similarities, which proves the good homogeneity of the samples/functionalization
of the glass platforms [27,31,32].

2940 cm! 2837 cm™! 2561 cm! 1344 cm! 1272 cm! 812 cm™!

.

[ [
133 134 135
. 0

o) A0

| [ 1 |
1.23 1.30 1.40 1.49

2974 cm! 2886 cm™! 2566 cm-l_ 1342 cm 1272 cm™! 812 cm™!

e "9
s EEEE— ]|
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Figure 3. FTIR maps for glass-silanized platforms. (a) MPTMS 1%, (b) MPTMS 3%, (c) MPTMS 5%,
(d) MPTES 1%, (e) MPTES 3%, and (f) MPTES 5%; in all cases, the scanned surfaces were of 600 um
X 600 pm.
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Figure 4. FTIR maps for AgNPs-decorated glass platforms. (a) AgNPs@MPTMS 1%, (b) Ag-
NPs@MPTMS 3%, (c) AgNPs@MPTMS 5%, (d) AgGNPs@MPTES 1%, (e) AgNPs@MPTES 3%, and
(f) AgNPs@MPTES 5%; in all cases, the scanned surfaces were of 1400 pum x 1400 pm.

3.1.2. Characterization of Ag-Decorated Glass Platforms from the Point of View of Their
Dye Retention

The adsorption of pollutants is a technique used in the capture of numerous com-
pounds found in wastewater and polluted environments. This adsorption is desired in
order to ensure not only removal from the environment but also for sampling purposes,
and according to the sampling conditions, the sorbents can be used to determine the real
concentration of the pollutants from the environment. Coal is most often used, but its
reusability is low, and it cannot be used for the direct determination of the concentration of
the pollutants [33].

Next, the characterizations of the glass platforms silanized and decorated with DIT
and TIO are presented.

In Figure 5, the maps belonging to the glass surfaces decorated with AgNPs after
exposure to the DIT are presented. It is worth mentioning that these maps were recorded
at the main peaks/bands characteristic of the functional groups related to silanized glass
slides decorated with AgNPs and exposed to DIT solution. According to the illustrated
images and the color intensity grid, a uniformity of DIT deposition on the surfaces of the
glass slides is also observed in these samples. In addition to Figures 3 and 4, the FTIR maps
of the main DIT functional groups are shown: N-H (3437 cm™1), S-H (2600-2550 cm ™ 1),
etc. [34,35].
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In Figure 6, the maps with the most representative adsorption bands related to TIO
are illustrated. Thus, between 3070 and 3190 cm ™!, the C-H (aromatic) functional bond is
present. Also, present are the adsorption bands of the functional bond C=0 between 1600
and 1700 cm~!, C=C between 1590 and 1630 cm !, and C-H between 1080 and 1140 cm ™!,
as well as adsorption bands from 961 cm ! related to the C-S functional bond [36].

The presented microscopy analyses demonstrate the homogeneous adsorption of the
dyes over the AgNPs-decorated glass slides via the MPTMS or MPTES linker.

3437 cm?! 2940 cm! 2837 cm! 2561 cm! 1272 cm? 1097 cm! 812 cm!
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Figure 5. FTIR maps recorded on the AgNPs-decorated glass platforms after exposure to DIT.
(a) DIT@AgNPs@MPTMS 5% and (b) DIT@AgNPs@MPTES 5%; in all cases, the scanned surfaces
were of 350 um x 350 um.
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Figure 6. FTIR maps for thioindigo- and AgNPs-decorated glass platforms. (a) TIO@AgNPs@MPTMS
1%, (b) TIO @AgNPs@MPTMS 3%, (c) TIO @AgNPs@MPTMS 5%, (d) TIO @AgNPs @MPTES 1%,
(e) TIO @AgNPs@MPTES 3%, and (f) TIO @AgNPs@MPTES 5%; in all cases, the scanned surfaces
were of 1800 um x 1400 pm (xy).
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3.2. UV-Vis Spectroscopy
3.2.1. Decoration with AgNPs of the MPTMS/MPTES-Silanized Glass Platforms

Since “-SH” groups have a high affinity for AgNPs [32], the “-alkylated” glass slides
decorated with AgNDPs are expected to be suitable for the binding of thio-derivatives
including dyes.

The adsorption and affinity of AgNPs depending on the silanization agent used are
shown in Figure 7. In the case of the glass platforms silanized with MPTMS (graph “a”),
a greater quantity of deposited Ag is observed compared to those with MPTES. Also,
the affinity of AgNPs increased with increasing silanizing agent concentration, and the
platforms with 3 and 5% MPTMS/MPTES present the highest amounts of adsorbed AgNPs.
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Figure 7. AgNPs-decorated on the silanized glass platform over time. (A)—AgNPs@MPTMS glass-
decorated platform and (B)—AgNPs@MPTES glass-decorated platform.

3.2.2. Adsorption of Dyes to Ag-Glass-Decorated Platforms

Glass platforms silanized with MPTMS and MPTES and decorated with Ag nanopar-
ticles became active for the adsorption of thiol-derivatives (dyes, amino acids, drugs,
etc.) [37]. Addressing the critical issue of environmental pollution and the requirement
to remove hazardous dyes from wastewater [38], two dyes were studied: dithizone and
thioindigo.

In the case of the adsorption of DIT on the surface of the AgNPs-decorated silanized glass
platforms (Figure 8), it can be observed that, with time, DIT adsorbed more on the surface of
the AgNPs-decorated glass platforms silanized with MPTMS/MPTES 5%.
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Figure 8. Dithizone adsorbed onto the AgNPs-decorated silanized glass platforms over time.
(A)—DIT@AgNPs@MPTMS glass-decorated platform and (B)—DIT@AgNPs@MPTES glass-
decorated platform.
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The evaluation of the TIO adsorption on the AgNPs-decorated silanized glass surface
was performed at three wavelengths: 453, 459, and 540 nm (Figure 9). From the following
graphs, it was observed that at all three wavelengths, TIO adsorbed the most on glass
surfaces silanized with 1% MPTMS/MPTES followed by 3 and 5%.
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Figure 9. Thioindigo adsorbed onto the AgNPs-decorated silanized glass platforms. (A,D)—absorption of
TIO at 453 nm; (B,E)—absorption of TIO at 459 nm; (C,F)—absorption of TIO at 540 nm.

Even over a short absorption time, TIO is absorbed better compared to DIT, with
the experimental data showing absorption of 100-500 ng/ m? (2060 min). Moreover, DIT
is adsorbed at ~24-25 pg/m? compared with the TIO, which can reach 2300 pg/m? if
the evaluation is performed based on the data at 453 or 459 cm~! or ~1500 ug/m? if the
evaluation is performed based on the data at 540 cm~!. The huge difference between these
data can be explained most probably because of the different absorption of the TIO-related

species from the solution. More research will be necessary to clarify this result through
chromatographic assessments.
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The interaction between DIT and TIO with the AgNPs-decorated silanized glass plat-
forms developed in this study is due to the MPTMS/MPTES, which induces the coupling
reaction of thiols [16]. Likewise, the AgNPs present an affinity for dyes. For example, the
self-assembled monolayers of Prussian blue were grafted onto the Ag-decorated silanized
glass surfaces [39].

3.3. SEM
Figure 10 shows the SEM images for silanized glass platforms decorated with AgNPs

and dyes (DIT and TIO).

2000x
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" (d) AgNPs@ MPTES 5%
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(¢) DIT@ AgNPs@ MPTMS 5% (f) DIT@ AgNPs@ MPTES 5%
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Figure 10. Representative SEM images of the glass platforms modified with: (a) MPTMS 5% and
(b) MPTES 5%; (c¢) MPTMS 5% and decorated with AgNPs; (d) MPTES 5% and decorated with
AgNPs; () MPTMS 5% and decorated with AgNPs after the adsorption of DIT; (f) MPTES 5% and
decorated with AgNPs after the adsorption of DIT; (g) MPTMS 5% and decorated with AgNPs after
the adsorption of TIO; and (h) MPTES 5% and decorated with AgNPs after the adsorption of TIO.

From the glass-based platforms silanized with MPTMS/MPTES 5% (Figure 10a,b), the
smooth surface of the glass platforms can be observed. Instead, on the glass-based platforms
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decorated with AgNPs@MPTMS/MPTES 5% (Figure 10c,d), at 100,000 x magnification, it
can be observed that on the platform’s surface, AgNPs were deposited. This fact indicates
that Ag bonded with the thio-alkyl chain through -SH functional groups that are well
known to have a high affinity for AgNPs.

On the other hand, both samples exposed to the two dyes: DIT (Figure 10e,f) and
TIO (Figure 10g,h) appear highly different in the SEM images compared with the AgNPs-
decorated silanized glass platforms. Therefore, by comparison, the two systems denoted
as TIO@AgNPs@ MPTES 5% and DIT@AgNPs@ MPTES 5% can observe different shapes,
which is most probably because of the deposition of the dyes mediated by the presence
of AgNPs.

4. Conclusions

In this work, we proved the ability of a glass surface to bind thio-derivatives (two dyes,
namely thioindigo and dithizone). This affinity for such thio-derivatives was generated
by a two-step surface modification of the glass which first involves functionalization
by covalently bonded thioalkyl chains on the glass surface followed by decoration with
AgNPs, which are adsorbed because of the high affinity of the thioalkylated surface to
such nanoparticles. Based on these results, we can observe an important difference in
the adsorption capacity of these surfaces to the two dyes, 24-25 pg/m? for dithizone and
~2300 pg/m? for thioindigo. Based on these results, further work will be conducted in order
to evaluate the potential applications of these modified glass slides for specific applications
in pollutant removal (thio-derivatives) or just for sampling or diagnosis (rapid diagnosis of
the presence of dyes in aqueous media).
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