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Hybrid materials having dual applications in environmental monitoring and remediation are vital for
mitigating pollution and economic benefits. In this regard, mesoporous silica is extensively studied
compared to nano-silica materials due to challenges in controlling particle size morphology, and
aggregation. In this work, a hybrid material was developed using nano-silica as a substrate and
perylene diimide derivative as a fluorophore for simultaneous detection and adsorption of specific toxic
analytes. A microemulsion method was applied for the synthesis of nano-silica with spherical to
discoid morphology providing a high surface area. The surface immobilization of perylene diimide
and subsequent bay-functionalization yielded the green emissive material nano-SiO,@BAPERTOL. This
material selectively detects 4-nitrocatechol (4-NC) via dynamic fluorescence quenching (FRET), and
Ru** and Cu?* among metal cations through static fluorescence quenching, with LODs of 4.34 nM,
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0.56 nM, and 0.43 nM, respectively. This material exhibits hydrogen bonding-mediated high adsorption
capacity (~775 mg g3 towards 4-NC and coordination-driven adsorption of Ru** and Cu?* ions (460,
DOI: 10.1039/d4ma00862f 566 mg gfl). Also, the biosensing potential of the material was evaluated using brine shrimp (Artemia

nauplii). Conclusively, the material serves as a single recyclable platform for selective detection and

rsc.li/materials-advances

1. Introduction

Environmental monitoring and remediation using a single
platform have gained momentum due to its numerous advan-
tages. Typically, materials capable of either detection or adsorp-
tion/removal functions were widely used. Given the differing
requirements of these functions, water-soluble materials were
typically used for detection, while insoluble materials were
used for removal studies. Recently, various single-platform
materials have been designed to derive dual functions of
detection and removal of toxic analytes simultaneously from
aquatic environments."”® Most of these functional materials
consist of a mesoporous substrate and a fluorophore-appended
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remediation of 4-NC, Ru®**, and Cu®* ions, demonstrating superior performance and sustainability.

chelating motif. The substrate’s role is to offer a high surface
area and better aquatic dispersion for higher organic loading
and improved photophysical sensitivity. Similarly, the chelating
fluorophore’s role is to signal and bind the targeted analytes for
removal. To this, silica-based porous functional materials have
gained significant attention due to their excellent properties
and versatile applications in fields such as catalysis, sensing,
drug delivery, and environmental monitoring. Silica’s chemical
stability, high surface area, biocompatibility, and ease of func-
tionalization make it an ideal substrate for developing
advanced functional materials.”™** Improving the surface area
of silica-based materials is a new unmet need for high-end
applications. Two promising approaches to achieving high
surface area in silica-based materials include the use of either
mesoporous materials (such as SBA-15 or MCM-41) or the
synthesis of nano-sized silica materials."*™® The nano-sized
silica materials, due to their smaller size, inherently provide a
higher surface area-to-volume ratio, enhancing their inter-
action with the surrounding environment. Among the methods
of synthesis for nano-silica, the microemulsion method stands
out for its precise control over particle size and morphology,
versatility, mild synthesis conditions, scalability, and ability to
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produce stable, and uniform nano-sized silica particles."*"
Considering these merits, nano-silica synthesized via a micro-
emulsion technique is an excellent choice as a solid support for
deriving dual functional materials. Therefore, we aimed to
synthesize and develop hybrid materials from a nano-silica
material with dual functional activity for simultaneous envir-
onmental monitoring and remediation applications. The func-
tionalized nano-silica materials are less explored compared to
mesoporous silica and worth exploring.>*** We selected per-
ylene diimide as a fluorescence tag for several reasons. Perylene
is highly valued as a higher-wavelength emissive fluorophore
due to its unique optical properties, including high quantum
yield, photostability, and chemical stability, which make it
particularly suitable for biological and environmental detection
applications.>*® Additionally, perylene diimide is easy to
functionalize on the silica surface, and post-functionalization
(bay-functionalization) can be performed to create targeted
binding sites for analytes. Therefore, we have considered an
electron-rich perylene moiety functionalized on nano-silica for
optical signalling and removal functions towards electron-
deficient nitro analytes more particularly 4-nitrocatechol. It is
a toxic pollutant and is commonly a by-product of industrial
processes like dye, pesticide, and pharmaceutical manufactur-
ing that contaminates rivers and groundwater through waste-
water streams.?°° 4-Nitrocatechol, formed from catechol and
radicals, is a key secondary organic aerosol precursor with high
yields, low volatility, and significant reactivity with OH radicals,
influencing atmospheric processes and degradation pathways.
Its environmental presence poses serious risks due to its
toxicity and potential to disrupt biological systems, emphasiz-
ing the need for monitoring and mitigation.*" For monitoring
applications, conventional techniques for detecting 4-
nitrocatechol (4-NC) include liquid chromatography with UV
detection.*® Another method using reversed-phase chromato-
graphy with UV/Vis detection, adapted to liquid chromatogra-
phy/electrospray ionization mass spectrometry, has been
developed for detecting 4-NC in atmospheric aerosols.*> Raman
and UV-visible spectroscopies have been used to examine 4-
NC’s molecular properties, with quantum chemical calcula-
tions revealing specific complex formations in aqueous
solutions.>*?* However, these techniques require trained
experts, and pre-treatment and suffer from toxicity and poor
sensitivity. Recently, fluorescence sensing has gained signifi-
cant attention for being user-friendly, displaying excellent
selectivity, and being sustainable in approach.***® However,
only countable reports are present in the literature for fluores-
cence sensing of 4-NC.>’*° Heterogeneous fluorescence
probes, particularly those that are easily recyclable, have
become more attractive than organic probes. Also, for remedia-
tion approaches, the bioremediation of 4-nitrocatechol (4-NC)
has been achieved through bacterial degradation. Pseudomonas
sp. strain WBC-3, induced with para-nitrophenol (PNP), com-
pletely degrades 4-NC, highlighting its bioremediation
potential.*® Photolysis studies show varying 4-NC degradation
rates in semisolid isomalt versus liquid solutions, emphasizing
the importance of the chemical environment. Additionally,

8938 | Mater. Adv., 2024, 5, 8937-8952

View Article Online

Materials Advances

Ochrobactrum sp. B2 degrades 4-NC via a pathway forming
1,2,4-benzenetriol and hydroquinone.**> A more effective
and economical approach for the elimination of 4-NC is
the adsorption process. Recently, metal-bearing surfaces
(Ti(wv), Fe(m), and Al(m)) have been studied to show strong
adsorption of 4-nitrocatechol.*® Additionally, the facile immo-
bilization of cyclobis(paraquat-p-phenylene) macrocycles on
silica surfaces has been demonstrated to adsorb large amounts
of 4-nitrocatechol, forming large aggregates on the surface.**
Conclusively, both approaches of fluorescence detection and
adsorption operated independently in the literature and no
reports of concurrent detection and adsorption of 4-NC are
reported. Integrating the dual functions (detection & remedia-
tion) into a single platform offers several advantages and
is ideal for environmental monitoring and remediation
efforts.*>>° Therefore, it is essential to develop a dual func-
tional material for the detection and removal of 4-NC, which is
not documented in the literature.

Herein, we have created a functional nano-silica (nano-
SiO,@BAPERTOL) to derive dual functions of detection and
adsorption of analytes. Initially, nano-sized silica was synthe-
sized using a microemulsion technique having a high surface
area of approximately 1351 m> g~'. The nano-silica was then
covalently functionalized with synthesized perylene derivative
APERT ligand, followed by post-functionalization (bay-
functionalization) to create the green emissive final material
nano-SiO,@BAPERTOL. The bay functionalization was carried
out to create binding sites for metal ions and higher wavelength
emissions. This kind of bay-functionalization of perylene is
known for affecting the absorption and emission spectra, as
well as the excited-state dynamics, like intersystem crossing,
internal conversion, and fluorescence quantum yield.>** This
material was found to be selective towards 4-nitrocatechol and
metal ions like Cu** and Ru®’. These metals can originate
from various industrial processes, including electroplating,
mining, and chemical manufacturing, and their presence
in water bodies can lead to severe ecological and health
problems. International agencies like the WHO and EPA
have set a maximum limit of 2 mg L~ for Cu®" ions in
drinking water.*® There is no set limit for Ru** ions due
to limited research on their detection and removal.
However, the detection and removal of these pollutants from
water is crucial for aquatic environmental monitoring and
remediation.

2. Results & discussion

2.1. Structural & surface characterizations

The synthetic scheme shown below (Scheme 1) describes the
synthesis of the ligand (APERT), nano-silica, and its chemical
functionalization. The nano-silica (nano-SiO,) was synthesized
using the microemulsion method, where trimethylbenzene
(TMB) served as the oil phase, tetraethyl orthosilicate (TEOS)
in the water phase acted as the silica precursor, thiourea was
the hydrolyzing agent, sodium bis(2-ethylhexyl)sulfosuccinate

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The synthetic and chemical processing representation of the nano-silica (nano-SiO,), nano-SiO,@Cl, nano-SiO,@APERT, and the final

material nano-SiO,@BAPERTOL.

(AOT) functioned as the surfactant, and isopropanol was used
as the co-solvent. In a typical reaction (detailed in the experi-
mental section), a mixture of TMB and AOT was prepared to
form a clear solution. The water phase containing TEOS was
then added to this mixture, leading to the formation of reverse
micelles, where water droplets are dispersed in the oil phase,
creating a W/O microemulsion. Additionally, thiourea solution
and isopropanol were added to initiate the hydrolysis and
condensation of TEOS within the water droplets, resulting in
the formation of silica nanoparticles within the micelle struc-
ture. This process produced discrete nano-sized (30-40 nm)
silica structures (nano-SiO,) with a high surface area
(1351 m* g~ %) and unique morphology, likely due to the growth
of the silica nanoparticles within the confined spaces of the
reverse micelles, ensuring uniform size distribution. After
synthesizing the nano-silica, it was chemically processed with
3-CPTES to form nano-SiO,@Cl material. This intermediate
material was further processed with a synthesized perylene
ligand (APERT) to form nano-SiO,@APERT material, which
was further bay functionalized to obtain the final material
nano-SiO,@BAPERTOL. The synthesized ligand and the mate-
rial were thoroughly characterized by various analytical techni-
ques and further utilized for concurrent optical detection and
removal applications.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Analytical techniques such as FeSEM, TEM, BET, PXRD,
FTIR, Zeta potential, TGA, XPS, UV-Vis, and fluorescence
spectroscopy were employed to extract information about the
surface morphology, surface area, porosity, functionality, nat-
ure, charge potential, stability, and optical behavior of the
synthesized materials. The synthetic conditions yielded sphe-
rical to discoid nano-silica (nano-SiO,) that remains nearly
constant during chemical processing (Fig. 1A-C). The TEM
analysis of the nano-SiO, also revealed defined silica morphol-
ogy with a particle size of 30-40 nm with no morphological
changes after chemical functionalization (Fig. 1D and F). The
close analysis of HR-TEM of the final nano-SiO,@BAPERTOL
material showed aggregation behavior & dense silica particles,
probably due to the functionalization process (Fig. 1F).

The surface area and pore size measurements (physicochem-
ical parameters) were obtained using BET analysis (Fig. 2A and
Table 1), revealing a high surface area of 1351 m”> g~ ' for the
synthesized nano-SiO,. The surface area, pore size, and pore
volume were subsequently reduced through the functionaliza-
tion processes to obtain nano-SiO,@Cl and the final material
nano-SiO,@BAPERTOL, indicating successful surface and pore
functionalization (Fig. S1 and Table 1, ESIf). Additionally,
capillary condensation was highest in the starting material
and least in the final material, further confirming successful

Mater. Adv., 2024, 5, 8937-8952 | 8939
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Fig.1 (A)—(C) The FeSEM images of the synthesized nano-SiO,, nano-SiO,@Cl & the final material nano-SiO,@BAPERTOL; (D)-(F) the transmission
electron microscopy (TEM) & HR-TEM images of the synthesized nano-SiO, material; nano-SiO,@C!| & the final material nano-SiO,@BAPERTOL.
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(A) The comparison of the BET surface area measurements of the nano-SiO,, nano-SiO,@Cl & nano-SiO,@BAPERTOL materials; (B) PXRD of the

nano-SiO,, nano-Si0,@CL & nano-SiO,@BAPERTOL; (C) TGA profiles of nano-SiO,@C|, nano-SiO,@APERT and the final material SiO,@BAPERTOL.

Table 1 The N, BET parameters: surface area, pore volume & pore
diameter

Surface area Pore volume Pore diameter

Samples (m*g™ (em® g™ (nm)
Nano-SiO, 1351.21 0.914 2.1
Nano-SiO,@Cl 181.78 0.089 1.8
Nano-SiO,@BAPERTOL 13.087 0.0016 1.2

chemical processing. The high surface area of the starting
material was likely due to the small size of the silica particles,
which increases the effective available surface area due to a
higher surface-to-volume ratio. This is advantageous for
the effective loading of ligands, and beneficial for high-
performance application.

8940 | Mater. Adv, 2024, 5, 8937-8952

The synthesized materials were also subjected to PXRD and
TGA measurements to determine their nature, ligand loading,
and stability. The broad-angle PXRD of the nano-SiO, exhibited
an amorphous structure with a broad band at 23.81°, which
remained consistent throughout the chemical processing,
showing bands at 23.46° and 22.72° for nano-SiO,@Cl and
the final material nano-SiO,@BAPERTOL, respectively (Fig. 2B).
The thermal profile of the synthesized materials displayed the
percentage weight loss, thermal stability, and degree of cova-
lent functionalization. The thermal profiles (Fig. 2C) were
divided into three phases. Phase 1 (0-250 °C) denotes the
removal of any form of physically adsorbed water molecules
in the materials, with higher water loss (~17%) in the final
material, likely due to the presence of more electronegative

© 2024 The Author(s). Published by the Royal Society of Chemistry
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functionalities forming hydrogen bonds with water molecules.
Phase 2 (250-550 °C) corresponded to the removal of
organic functionalities attached to the materials, with percen-
tage weight losses of 14.43%, 33.62%, and 61.10% for
nano-SiO,@Cl, nano-SiO,@APERTOL, and the final material
nano-SiO,@BAPERTOL, respectively. The successive higher
weight loss in the synthesized materials indicates successful
covalent functionalization, with the highest weight loss in
the final material demonstrating effective ligand loading
due to pore and surface functionalization. Phase 3 (550-
800 °C) denotes the destruction and dihydroxylation of the
materials.

The FTIR spectrum and XPS profiles (Fig. 3 and 4) of the
synthesized materials were analyzed to determine their surface
states and functional groups. The FTIR spectrum of nano-silica
(nano-Si0,) exhibited characteristic peaks at 3422 and 1081
em™ !, corresponding to Si-OH and Si-O-Si functionalities,
confirming the successful synthesis of nano-silica (Fig. 3A).*°
Comparing the FTIR spectrum of nano-silica with that of

(A)

View Article Online
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Cl-functionalized nano-silica, additional peaks at 2923 and
2884 cm ' were observed, indicating the alkyl stretching of
the CPTES group and confirming the successful grafting of the
CPTES group to form nano-SiO,@C] material. To confirm the
covalent attachment of the synthesized ligand (APERT), the
FTIR spectra of APERT and nano-SiO,@APERT were compared
exhibiting that all characteristic peaks of silica were present,
along with new peaks at 3321, 3239, 1701, 1664, 1535, 1590, and
1365 cm™ ' (Fig. 3B). The peaks at 3321 and 3239 cm ™" corre-
spond to -NH stretching, while 1701 and 1664 cm™ " correspond
to symmetric and asymmetric amide stretching (amide-1 and
amide-2). The peaks at 1590, 1535, and 1365 cm ™' correspond
to C—=C aromatic stretching and C-N linkage. The presence of
all APERT ligand peaks in the intermediate material suggests
successful grafting of the APERT ligand, forming nano-
SiO,@APERT material (Fig. 3C). The FTIR spectra of the final
material, nano-SiO,@BAPERTOL, exhibited additional peaks at
1570 and 660 cm ', corresponding to C=N and C-S function-
alities, respectively, confirming the successful synthesis of the
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(A) The FTIR spectra of the nano-SiO, & nano-SiO,@Cl material; (B) and (C) comparison of the FTIR spectra of the APERT ligand & nano-

SiO,@APERT material; (D) the comparison of the FTIR spectra of the intermediate material nano-SiO,@APERT and the final material nano-

SiO,@BAPERTOL.
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Fig. 4 (A)-(C) The X-ray photoelectron spectroscopy full scan spectrum (XPS), O 1s, and Si-2p core-shell spectrum of the synthesized nano-silica

(nano-SiO,) material; (D) the XPS full scan spectrum of the Cl functionalized material nano-SiO,@Cl; (E) the XPS full scan spectrum of the nano-
SiO,@APERT material; (F)—(l) the XPS full scan, C 1s, N 1s, and Si-2p core-shell spectra of the final material nano-SiO,@BAPERTOL.

final material, as supported by EDX analysis (Fig. 3D and
Fig. S2, S3, ESIY).

The materials were further evaluated by X-ray photoelectron
spectroscopy (XPS). The XPS full scan spectrum of the synthe-
sized nano-silica (nano-SiO,) showed signals for silicon (Si) and
oxygen (O), indicating the successful synthesis of nano-silica
particles (Fig. 4A). The core-shell O 1s spectra exhibited peaks
at 532.7 and 534.0 eV, corresponding to the Si-O-Si and Si-OH
functionalities; also the silica framework was confirmed by the
XPS core-shell Si-2p spectrum (Fig. 4B and C).*” The Cl func-
tionalization of the nano-silica was confirmed by the full scan
spectrum of the nano-SiO,@Cl material, showing additional
signals at 285 and 200.0 eV, corresponding to the alkyl group
and Cl-2p functionality (Fig. 4D). The attachment of the APERT
ligand moiety was confirmed by the full scan and C 1s spectra
of the nano-SiO,@APERT material. The full scan spectrum
showed an extra signal for nitrogen functionality along with
the increased intensity of the carbon signal, indicating a
successful functionalization process (Fig. 4E) The XPS C 1s
core-shell spectra showed signals at 284.5, 285.4, 286.2, 287.2,
and 288.2 eV, corresponding to the C=C(sp>), C-C(sp®), C-N,
O=C-N, and C=0O0 functionalities (Fig. S4, ESIT). Furthermore,
the synthesis of the final material nano-SiO,@BAPERTOL was

8942 | Mater. Adv., 2024, 5, 8937-8952

confirmed by the XPS full scan, C 1s, and N 1s spectra. The XPS
full scan spectra of the final material displayed extra signals for
sulfur with increased intensities of the carbon, oxygen, and
nitrogen signals, indicating successful covalent processing
(Fig. 4F). The C 1s and N 1s core-shell spectra showed signals
at 284.5, 285.4, 286.2, 287.2, 288.2, 397.8, 398.4, 400.1, and
400.5 eV, corresponding to the C=C(sp?), C-C(sp®), C-N,
O=—C-N, and C=O0 functionalities of the carbon spectra, and
C-N, C=N-C, pyrrolic N, and N-(C); functionalities of the
nitrogen spectra, confirming the successful synthesis of the
desired final material nano-SiO,@BAPERTOL (Fig. 4G-I).

Given the final material’s numerous electronegative func-
tionalities (N, O, S), understanding its surface charge is crucial
before investigating its optical and adsorption properties. The
surface charge potential values were measured using zeta
potential at various pH levels (Fig. S5, ESIT). At low pH, the
zeta potential of the final material was found to be +16-12 mV,
at neutral pH —36.7 to —40.6 mV, and it remained nearly the
same at higher pH values. The positive values at low pH are
likely due to the protonation of -NH sites forming {nano-
SiO,@BAPERTOL-H+}, while the negative values at neutral
and higher pH are due to the presence of electronegative donor
atoms (N, O, S).
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2.2. Optical properties & stability studies

The photophysical characteristics of the material nano-
SiO,@BAPERTOL were investigated in a dispersion solution
phase (4 mg/10 mL) by UV-Vis and fluorescence spectroscopy.
Analysis of the UV-Vis spectrum profile of the finely dispersed
material revealed three distinct bands at 258, 387 & 593 nm,
corresponding to the m to n* and n to ©* transitions (Fig. S6;
inset, ESIf). Initially, various cations underwent selectivity
testing within the UV-Vis range. In the presence of Cu®>" and
Ru** ions among the cations, spectral changes occurred, char-
acterized by an increase in spectral intensity (hypochromic
shift), while no such alterations were observed with the other
cations (Fig. S6, ESIT). Notably, the observed UV-Vis spectral
changes with Ru®*" and Cu*' ions validate the interaction
between the material’s donor atoms and these ions. Conse-
quently, to delve deeper into the material’s selective optical
behavior, fluorescence studies were conducted in an aqueous
buffer medium at pH ~ 7.2 (HEPES) encompassing cations,
anions, and nitroaromatics (Fig. 5). These studies, employing
an excitation wavelength of 380 nm, unveiled two emission
spectral bands at 480 nm and 510 nm, demonstrating a large
Stokes shift of ~100 nm. Notably, the material exhibited a
selective fluorescence quenching response in the presence of 4-
NC among nitroaromatics, with minimal, non-significant
fluorescence quenching observed with TNP (Fig. 5A). Moreover,
the material’s fluorescence response with TNP was relatively
low compared to 4-NC, underscoring its selective nature
towards 4-NC among nitroaromatics (Fig. 5B). Similarly, a
notable fluorescence response was elicited by Cu®*, and Ru**
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ions among cations, while no fluorescence response was noted
in the presence of anions (Fig. 5C and Fig. S7, ESIt). To reaffirm
the material’s selectivity for 4-NC over analogous compounds
(diols), we conducted a fluorescence selectivity study with the
diols, revealing no significant fluorescence quenching (Fig. S8,
ESIt). Conclusively, these experiments evidenced the selective
nature of the material towards 4-NC among nitroaromatics
and Cu®' and Ru*' ions among the wide range of cations and
anions. Interference selectivity experiments were also per-
formed with the excess of other ions along with specific
analytes revealing the selective nature of the material in the
detection of specific analytes in a complex pool of other ions
(Fig. S9, ESIY).

2.3. Fluorescence sensing studies

The material demonstrated a high fluorescence quenching
efficiency for 4-NC, Ru*’, and Cu*' ions, with quenching
efficiencies ranging from approximately 90% to 99%, indicat-
ing its sensitive detection capabilities for these substances
(Fig. 6A-C). To assess the stability of its fluorescence emission,
a time-dependent study was conducted, which revealed that the
material maintained a stable fluorescence emission intensity
over time (Fig. S10, ESIT). Since the material showed good
luminescent properties and significant quenching response, in
a further quest to derive more information regarding fluores-
cence parameters, titration experiments were performed with
the 4-NC, Ru*', and Cu®' at saturation concentration with
incremental additions (Fig. 7).
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(A)-(D) The fluorescence selectivity response & relative emission intensity of the material nano-SiO,@BAPERTOL in the presence of cations &

nitro-analytes; (E) and (F) the selective fluorescence quenching pictures of the material with the specific analytes 4-NC, Cu?* and Ru** in the presence of

other ions.
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Fig. 7 (A)—(C) The fluorescence titration profiles of the final material with Cu?*, Ru** & 4-NC at saturation concentration; (D)—(F) the Stern—Volmer plots

(SV) of the material towards Cu®*, Ru** & 4-NC show linear