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In this thesis, the successful development of an optical chemical sensor for the
determination of Ni** ions were achieved through the immobilization of
bathophenanthroline disulfonate (BPS) on a modified mesoporous silica film.
Electrochemically assisted self-assembly was employed to prepare highly oriented
mesochannel MSFs of various thicknesses on fluorine-doped tin oxide coated glass.
Cyclic voltammetry, scanning electron microscopy, transmission electron microscopy,
and Fourier transform infrared spectroscopy were used to characterize the films.

The single- and multiple-layered films were modified with 3-aminopropyl
triethoxysilane by co-condensation in the synthesis mixture and post-grafting to be
used as supporting material for immobilizing BPS. More BPS was immobilized on the
amino-modified films from the post-grafting method. Nafion was used to coat BPS-
immobilized films to prevent BPS leaching. The Nafion-coated sensing films showed
an emission wavelength of 395 nm with an excitation wavelength of 285 nm. The
developed sensing films were homogeneous, transparent, and physically stable. The
Nafion-coated sensing film exhibited fluorescence quenching upon exposure to Ni2*
solutions at pH 6. The developed method provided a linear calibration for Ni?*
concentration in the 5-40 ppm range and the detection limit of 2.45 ppm. The

developed sensing film could be regenerated in an EDTA solution.
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CHAPTER |
INTRODUCTION

1.1 Monitoring nickel contamination

Nickel is a heavy metal that can be found contaminating the environment, soil,
and water at low concentrations. However, it can pose a risk to human health when
individuals are exposed to nickel at a concentration higher than the maximum
tolerable amount. The metal plating, mining, and battery industries are some of the
contributors to the environmental contamination of nickel. Nickel compounds can
accumulate in the human body through various means, such as breathing air, drinking
water, eating food, or working in nickel-related industries. Exposure to large quantities
of nickel can cause severe health problems such as skin allergies, fibrosis, and
respiratory tract cancer (Amini et al., 2004). The World Health Organization (WHO) and
the United States Environmental Protection Agency (EPA) regulated the concentration
of nickel in drinking water not to exceed 0.07 and 0.04 ppm, respectively (Aragay et
al,, 2011). Therefore, it is necessary to regularly monitor and determine nickel
concentration to ensure compliance with these regulations.

Techniques for the determination of nickel are, for example, atomic absorption
spectroscopy (AAS), inductively coupled plasma atomic emission spectroscopy (ICP-
AES), inductively coupled plasma-mass spectrometry (ICP-MS), and X-ray fluorescence
spectroscopy (XRF) (Korent Urek et al., 2013). All of these methods are highly sensitive,
accurate, and precise. However, they require expensive analytical instruments, trained
personnel, and high operating costs. Therefore, alternative methods with fast and
simple analysis and inexpensive operating costs for determining nickel are highly

desirable.



1.2 Optical chemical sensor development

Spectroscopic methods have been developed to detect heavy metal ions in
solutions. They rely on sensing reagents, commonly organic dyes, that can change their
optical properties, including absorption and fluorescence, upon interaction with the
analyte (Korent Urek et al., 2013). However, recovering and reusing the sensing reagent
from the analytical sample solutions are difficult. Therefore, immobilizing the sensing
reagent onto material support offers a good alternative for developing optical chemical
sensors. This approach enables the reuse of the expensive sensing reagent and reduces
chemical waste in the laboratory. ~ Thin membranes have been used to immobilize
sensing reagents, such as acetyl cellulose (Ensafi et al., 2003), Nafion (Amini et al,,
2004), poly(vinyl chloride) (Aksuner et al,, 2012; Shamsipur et al., 2004), agarose
(Hashemi et al., 2011; Rasolzadeh et al,, 2019). In this work, mesoporous silica film
(MSF) was chosen as the supporting material for immobilizing the sensing reagent due
to its high surface area, porosity, silanol surface available for modification with organic
functional groups, and excellent chemical and thermal stability (Feng et al,, 2013).
Moreover, MSF can be synthesized on glass substrates, providing transparent films
suitable for spectroscopic measurements.

Several methods have been developed for the preparation of MSF onto various
solid substrates, including evaporation-induced self-assembly (EISA) (Urbanova et al,,
2014), Stober-solution growth (Teng et al., 2012) and electrochemically assisted self-
assembly (EASA) (Walcarius et al., 2007). Stober solution growth and EASA approaches
are mostly used to generate mesochannels perpendicular to the substrate surface,
which is an ideal configuration for achieving great accessibility and fast transport rates.
The Stéber solution growth approach involves film formation using silica precursors
with surfactant templates in an aqueous ethanol solution, gradually transforming at
60-100 °C. However, the drawback of this method is the long deposition time, 1-3 days
(Teng et al., 2012), leading to the development of the EASA method, which is much

faster, 5-30 s for film deposition, and can be operated at room temperature (Walcarius



et al,, 2007). However, a substrate with a conducting surface is required for the EASA
method.

The principle of the EASA method is basically the application of a suitable
cathodic potential to an electrode immersed in a sol mixture of a silica source, i.e.,
tetraethyl orthosilicate, TEOS, and a surfactant template, i.e., cetyltrimethylammonium
bromide (CTAB) in an acid solution of water and ethanol. The application of the
potential results in reduction reactions at the electrode surface, which involve a proton
(H"), water (H,0), and nitrate (NO3), generating a hydroxide ion (OH’). The hydroxide
ion acts as a catalyst in the polycondensation of the sol, leading to the formation of
templated silica mesopores with perpendicular channels on the electrode surface. The
films synthesized using this method have a thickness ranging from 25-150 nm (Goux et
al., 2009).

As is well-known, the enhancement of the sensing performance can be
achieved by increasing the reaction area or surface area. The thickness of MSFs can be
adjusted by extending the deposition time, increasing the applied current, increasing
the cathodic applied potential, and raising the precursor concentration. However,
excessively high cathodic potential or deposition time can result in a cracking film
upon drying due to the shrinkage effect, and unwanted silica ageregates can form over
the thin film (Ding et al., 2015; Giordano et al,, 2017). A suitable potential can be
sequentially applied to generate multi-layered films up to a thickness of 400 nm
without aggregates and cracks (Giordano et al., 2017). Thicker MSF films provide more
surface area, which is important for surface modification to accommodate target
species or sensing reagents in sensor applications.

The sensing reagent plays a central role in designing optical chemical sensors
and is commonly used in the spectrophotometric determination of various metal ions.
One such sensing reagent is 4,7-diphenyl-1,10-phenanthroline disulfonic acid disodium
salt, also known as bathophenantroline disulfonate (BPS). BPS can form a complex
with metal ions, causing fluorescence quenching in the solution. However, it can be

challenging to recover and reuse the sensing reagent.



This work aims to develop an optical chemical sensor with the reusability of
the sensing reagent via immobilizing BPS on modified MSF supported by FTO-coated
glass. The MSFs with various thicknesses were synthesized on FTO using the EASA
method. The films were modified with 3-aminopropyl triethoxysilane as a support
material for immobilizing BPS and testing their ability to accommodate the dye. Several
factors affecting BPS immobilization were investigated, including film thickness, amino
modification method (co-condensation and post-grafting), pH, and BPS immobilization
time. Finally, the BPS-immobilized MSFs were further investigated as a potential optical

chemical sensor for detecting nickel ions.



CHAPTER Il
LITERATURE REVIEW

2.1 Optical chemical sensors for nickel ion

Nickel is a heavy metal widely used in many industrial and catalytic processes
and can contaminate the environment, soil, and water. Nickel is known to be found in
the environment at low concentrations, ppb-ppm levels. It can pose a risk to human
health when individuals are exposed to high concentration levels. Therefore, it is
important to regularly monitor and determine the concentration of nickel ions in water
and environmental samples to ensure compliance with regulations.  Several
techniques are used for the determination of nickel, for example, atomic absorption
spectroscopy, inductively coupled plasma atomic emission spectroscopy, inductively
coupled plasma-mass spectrometry, and X-ray fluorescence spectroscopy (Aksuner et
al,, 2012). All of these methods provide high sensitivity, accuracy, and precision.
However, they require expensive analytical instruments, trained personnel, and high
operating cost. Due to the drawbacks associated with these methods, optical chemical
sensors have been developed and can be alternatives for metal ion determination.
The sensors can offer advantages such as highly selective, high sensitivity, rapid analysis
results, simplicity, and cost-effectiveness.

Optical chemical sensors are a type of chemical sensor that can transform light
rays containing chemical information into useful analytical signals through a
transduction unit (Ahuja et al., 2012). These sensors typically rely on sensing reagents,
such as organic dyes, immobilized on the surface of supporting materials. When the
sensing reagent with the analyte, it can change optical properties, such as absorption
an fluorescence, which can be correlated to the concentration of the analyte (Korent

Urek et al., 2013). Suitable supporting materials, sensing reagents, and immobilization



techniques are critical for designing an optical chemical sensor to detect a given
analyte. Consequently, this research focuses on developing an optical chemical sensor
consisting of a sensing reagent immobilized on a selected support material to respond

specifically to nickel ions (Ni?*).

2.2 Sensing reagents for nickel ion

Sensing reagents are an essential part of developing optical chemical sensors.
They play a vital role in detecting specific analytes in a sample by changing their optical
properties upon interacting with the analytes. Various sensing reagents for optode
membranes have been developed for many heavy metal ions. The reagent is typically
immobilized onto or into the solid support through chemical bonding, electrostatic
attraction, incorporation, or entrapment (Amini et al., 2004). Some published optical
chemical sensors for Ni** determination were compared in terms of sensing reagent,
matrix material, mode of measurement, detection limit, and response time, as shown
in Table 2.1.

Sensing reagents used are either commercial (Amini et al., 2004; Hashemi et al.,
2011; Shamsipur et al., 2004) or synthesized chemicals (Aksuner et al., 2012; Ensafi and
Bakhshi, 2003; Rasolzadeh et al., 2019). Commercial reagents have the advantage over
synthesized reagents regarding their availability, although selectivity to the analyte
could be the weakness. The synthesized reagents are designed for specific analytes;
therefore, the selectivity is superior to the commercial reagents. However, the
synthesis of the sensing reagents involves complicated procedures. The product yield

is typically low, which can be an issue for upscaling.



Table 2.1 Some optical chemical sensors for nickel ions.

Sensing reagent Supporting Mode of Limit of Response
matrix measurement detection time
2-amino-1- Acetyl Absorbance 52x 107" M 10 min
cyclopentene-1- cellulose

dithiocarboxylic acid® membrane

2,5-thiophenylbis(5- PVC Fluorescence 8.0 x 10 M <40s
tert-butyl-1,3- membrane

benzexazole)®

2-(5-bromo-2- Nafion Absorbance 20x 107 M 3 min
pyridylazo)-5- membrane

(diethylamino)phenol®

3,7-diamine-5- Agarose Absorbance 9.3 x 107''M 3 min
phenothiazoniom membrane

thionineacetate®

2-6-(3-methyl-3- PVC Fluorescence 8.5 x 1071°M 2 min
mesitylcyclobutyl)- membrane

thiazolo [3,2-

bl[1,2,4]triazol-2-y!l-

phenol®

3-hydroxy-3-phenyl Agarose Absorbance 2.74 x 10°M 10 min
triaz-1-en-1-benzoic membrane

acid"

®Ensafi and Bakhshi (2003), "Shamsipur et al. (2004), “Amini et al. (2004), “Hashemi et
al. (2011), €Aksuner et al. (2012), and Rasolzadeh et al. (2019)



In this work, a commercial reagent, 4,7-diphenyl-1,10-phenanthroline-disulfonic
acid disodium salt or bathophenantroline disulfonate (BPS) was used as a sensing
reagent immobilized on a supporting material. BPS is known for its large molar
absorptivity, 11,000 cm™ M at 535 nm (Hirayama et al., 2017). BPS is capable of
complex formation, making it an excellent reagent for the spectrophotometric analysis
of metals (Story, 1973). Sakamoto et al. (2016) introduced a straightforward method
for visually quantifying total iron in human serum using BPS-loaded modified MCM-41.
The quantification relies on observing the color intensity of the Fe?*-BPS complex
formed within the pores of modified MCM-41, which subsequently precipitates at the
bottom of a well. The method exhibits a detection limit of 0.5 uM by discriminating
the color intensity easily. However, the reuse of the sensing material was not reported.
Therefore, it is necessary to develop and design an optical chemical sensor that can
utilize BPS and allow for the reuse of the expensive sensing reagent, reducing chemical
waste in the laboratory. Immobilization of the sensing reagent on a supporting material
provides a viable alternative.

Figure 2.1 shows the structure of BPS. Nitrogen on the phenanthroline ring can
interact with the nickel ion, quenching the BPS fluorescence signal. The reduction in
the fluorescence signal can be correlated to the concentration of nickel ions.
Additionally, BPS has two sulfonate groups that can be used to bind a supporting

matrix modified with charged functional groups.

Figure 2.1 The chemical structure of bathophenantroline disulfonate.



2.3 Supporting materials

It is well known that choosing a suitable supporting material contributes to
increasing the sensing performance. Many thin membranes are available and can be
used to immobilize sensing reagents, such as acetyl cellulose (Ensafi and Bakhshi,
2003), Nafion (Amini et al,, 2004), poly(vinyl chloride) (PVC) (Aksuner et al., 2012,
Shamsipur et al., 2004), agarose (Hashemi et al., 2011; Rasolzadeh et al., 2019). In this
work, mesoporous silica material was chosen as a supporting material. Mesoporous
silica materials have pores with diameters between 2 and 50 nm, according to the
International Union of Pure and Applied Chemistry (IUPAC) classification. Mesoporous
silica materials have attracted great attention for several reasons: high surface area,
porosity, tunable pore size, high silanol surface availability for modification with organic
functional groups, and good chemical and thermal stability (Feng et al,, 2013).
Mesoporous silica materials can be synthesized using many methods and can provide
a variety of morphologies, such as single crystals, spheres, rods, and fibers. However,
the materials without support can be challenging to retrieve and reuse in sensing
applications. As a result, the synthesis of mesoporous silica films (MSFs) onto glass

substrates is an interesting alternative.

2.4 Synthesis methods of mesoporous silica film on a glass substrate

Several techniques are used for preparing MSF on glass substrates, such as the
evaporation induced self-assembly (EISA) method, the Stéber solution growth method,
and the electrochemically assisted self-assembly (EASA) method.

2.4.1 Evaporation induced self-assembly

Evaporation induced self-assembly is the method to synthesize MSFs via spin-
coating or dip-coating techniques. The technique uses a homogeneous solution of a
water-alcohol mixture, a silica precursor, and a surfactant template. Figure 2.2 shows
the process of MSF formation on a substrate using the EISA methodology with the dip-

coating technique. The film formation occurs when the substrate is pulled upward and
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the solution is coated on the substrate surface. Polycondensation of the silica
precursor forms silica around the surfactant template driven by solvent evaporation.
The EISA method can be used to create various pore structures, including 2D
or 3D mesostructures, lamellar structures, or worm-like structures. However, the films
produced by this method have randomly oriented mesochannels parallel to the
substrate surface. Such pore orientation limits the accessibility and mass transport rate
of molecules (Urbanova and Walcarius, 2014). One way to overcome this limitation is
to synthesize MSFs with perpendicularly oriented mesochannels against the substrate
surface. The pore orientation can improve the performance and response time of the

sensor materials.

o e Co-assembly of

surfactant template

2oy e Solvent Evaporation

Pulling direction
Substrate

Surfactant template

formation

Figure 2.2 Illustration of the MSF formation process by dip-coating using the EASA
method. Reprinted (adapted) with permission from Soler-Illia et al. (2010). Copyright

2010 Springer Science+Business Media, LLC.

The orientation of MSFs with perpendicular channels on the substrate surface
can be synthesized using the Stdber solution growth method or the electrochemically
assisted self-assembly method. The following section describes the syntheses and

properties of MSFs based on these two methods.
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2.4.2 Stober solution growth

Teng et al. (2012) reported the first successful synthesis of uniform MSF with
highly oriented and perpendicular mesochannels to the substrate surface by a Stdber
solution growth method. In this method, MSF synthesis was achieved by immersing a
substrate in a Stober solution containing cetyltrimethylammonium bromide (CTAB) as
a surfactant template, tetraethyl orthosilicate (TEOS) as a silica precursor, ethanol and
ammonia under the quiescent condition at 60 °C. The formation of MSF proceeds
through a gradual transformation of silicate-CTAB composites from spherical to
perpendicular cylindrical micelles. This transformation relies on ammonia-catalyzed
self-oriented growth at the solution-substrate interface and controlled silicate
polymerization. The step of MSF formation using the Stoéber solution growth method

is described in Figure 2.3.

ammonia
CTAB ® = TEOS

L
D

n

\}/ : \LSelf—assemble,~ 7S
> o A
A 4

Substrate in solution Spherical micelles

. l Silica deposit on
CTAB micelle

5

Extraction

|

Mesoporous silica film  Cylinder structure Transition state

Figure 2.3 Illustration of the MSF formation process with perpendicular mesopore
channels to the substrate using the Stéber solution growth method. Reprinted
(adapted) with permission from Teng et al. (2012). Copyright 2012 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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Step 1: The surfactant cations (CTA*) are adsorbed on a negative charge
substrate, forming spherical CTAB micelle assemblies.

Step 2: The molecules of TEOS are slowly hydrolyzed in a controlled
concentration of ammonia and ethanol solution to form negatively charged olisomeric
silicate species that interact with the spherical micelle surface via electrostatic
interaction.

Step 3: The free silica species are deposited at the junction between the
spherical micelles and the substrate at a low concentration. Simultaneously, the
ethanol diffuses into the CTAB micelles, causing a decrease in the interaction of the
alkyl tail and an increase in the hydrophobic area of the micelles, leading to a lowering
of micelle curvature.

Step 4: The ammonia is used to catalyze the growth of the MSFs and to
promote the formation of hydrogen bonds between the surfactant template and the
silicate oligomers, which also favors the transition from spherical to cylindrical micelles
along with the longitudinal direction of cylindrical micelles that are perpendicularly
oriented on the substrate.

Step 5: Calcination or solvent extraction is used to remove the surfactant from

the mesopore channels.

In summary, the Stober solution growth method provides the orientation of
MSF with perpendicular channels on the substrate. This method is an attractive
alternative in fabricating functional devices for sensor applications. The method is
relatively simple and inexpensive, producing MSFs with good chemical and mechanical
stability. However, the synthesis process takes a long time, 3-72 hours. Additionally, a
new type of sandwich-like MSF has been synthesized with many mesochannel defects
at a high reaction temperature (Teng et al., 2012). MSF synthesis methods with highly
oriented and perpendicular mesochannels to the substrate under mild conditions and

less synthetic time are interesting alternatives.
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2.4.3 Electrochemically assisted self-assembly

Synthesis of MSF with highly oriented and perpendicular mesochannels to the
surface under mild conditions and less synthetic time can be achieved using the EASA
method. The principle of this method is to apply a suitable cathodic potential to a
conductive substrate immersed in a sol mixture of silica precursor (TEOS) and
surfactant template (CTAB) in a water/ethanol acid solution. After applying the
potential, the reduction reaction of proton (H*), water (H,O), and nitrate (NO3)
generates hydroxide ions (OH) at the electrode surface. Hydroxide ion is a catalyst for
the polycondensation of the sol, which leads to the formation of template silica
mesopore channels that grow perpendicularly on the electrode surface, as shown in
Figure 2.4. However, the film thickness synthesized using this method is in the range
of 25-150 nm (Goux et al,, 2009). The film thickness may be a limitation for sensor
applications, as the thickness contributes to the surface area for the reaction and
immobilization of the sensing reagents. Therefore, it is necessary to develop a method

to overcome this limitation by increasing the film thickness.

PR

Working electrode
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® [norganic e« Surfactant >;W\/“NM

Polycondensatlon

Working electrode Working electrode Working electrode

Figure 2.4 Illustration of the MSF formation process with perpendicular mesopore
channels to the substrate using the EASA method. Reprinted (adapted) with permission
from Walcarius (2015). Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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The thickness of MSFs prepared by EASA can be controlled by adjusting the
deposition time, current, applied potential, and precursor concentration. However, at
high cathodic potentials and long deposition times, the hydroxide concentration on
the electrode surface increases along with the diffusion layer. The situation leads to
the competition between MSF formation and the deposition of unwanted silica
particles on the MSF. Additionally, cracks may appear on the film upon drying due to
the shrinkage effect (Ding and Su, 2015; Giordano et al., 2017).

Increasing the thickness of MSF without silica particles deposited on the film
and crack-free films is achieved by sequentially applying the suitable potential to
generate a multi-layered film (Giordano et al., 2017). In this method, the multi-layered
film synthesis process was the same as that of single-layer MSF synthesis, but the
potential is applied up to four consecutive times. For each cycle of potential
application, the electrode is disconnected from the electrochemical cell and rinsed
several times to prevent the polymerization of the silica precursors. The multi-layered
film obtained from this method has highly ordered and vertically oriented mesoporous
silica with thicknesses up to 400 nm. However, improving sensor performance is not
solely reliant on increasing the MSF thickness. Silica surface modification and sensing
reagent immobilization techniques also play a vital role in enhancing sensor

performance.

2.5 Modification of mesoporous silica film with aminosilane

Silica materials have a high concentration of silanol (Si-OH) groups on their
surface, which can be modified with organic functional groups to accommodate
sensing reagent immobilization. In this research, 3-aminopropyltriethoxysilane (APTES)
was used to modify the surface of MSF. APTES can covalently bond to silica via Si-O
of APTES and Si-OH of the silica surface (de O. N. Ribeiro et al., 2019). Co-condensation
and post-grafting are two methods used to modify the silica surface with amine

functional groups.
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2.5.1 Co-condensation

Co-condensation means incorporating the simultaneous condensation of silica
and organosilane groups in the initial stage of the synthetic process of MSF, as shown
in Figure 2.5. In this method, the organosilane groups are mainly embedded in the wall
of the mesoporous silica framework, resulting in the homogeneous distribution of the
organosilane groups over the mesopore and wall structure. However, the amount of
organosilane added to the initial sol can affect the mesostructures.

Etienne et al. (2009) successfully prepared amine-functionalized oriented
mesoporous silica films on the electrode. The level of functionalization was controlled
by adjusting the APTES/TEOS molar ratios. The APTES content ranged from 0 to 20%
mol (relative to the total mole of APTES combined TEOS). They found that the
hexagonal mesostructures of oriented mesoporous silica films changed from ordered
to disordered when the organosilane concentration in the sol was between 10 and
15%. In addition, increasing the percentage of APTES up to 15 or 20% resulted in a
complete loss of the mesostructures. It was concluded that APTES up to 10% is
sufficient to maintain the pore orientation mesostructures.

An increasing concentration of organosilane can lead to competition reactions
between APTES and SiOH and adjacent APTES molecules, which can give rise to large
APTES polysilane. As a result, there is a decrease in pore diameter, pore volume, and
specific surface areas, which are known to be unfavorable to mass transport through
the film (Hoffmann et al., 2006). Consequently, the amount of organosilane in co-

condensation routes should be controlled appropriately.
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Figure 2.5 Illustration of the modification process of MSFs with the organosilane groups
from APTES via the co-condensation route. Reprinted (adapted) with permission from

Hoffmann et al. (2006). Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

2.5.2 Post-grafting

Post-grafting refers to the modification of organosilane on the silica surface after
the MSF synthetic and template removal process, as shown in Figure 2.6. The
organosilane groups can form covalent or hydrogen bonds with the free silanol groups
on the mesochannel surface. The post-grafting method provides more organosilane
groups on the silica surface (Calvo et al.,, 2009; Feng et al., 2013). However, during the
initial stages of the modification process, if the organosilane preferentially reacts at the
pore openings, it can hinder the diffusion of other organosilane molecules into the
pores. This results in an inhomogeneous distribution of organosilane groups on the
silica surface and decreased pore size due to pore blocking (Hoffmann et al., 2006).
Furthermore, the choice of solvent for dissolving the organosilane (anhydrous or
aqueous solvents) and the method used for solvent removal also play a crucial role
in the grafting process (de O. N. Ribeiro et al., 2019). Therefore, the design and

development of synthesis conditions significantly impact the final silica product.
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Figure 2.6 Illustration of the modification process of MSFs with the organosilane groups
from APTES via the post-grafting route. Reprinted (adapted) with permission from
Hoffmann et al. (2006). Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.



CHAPTER 1lI
EXPERIMENTAL

3.1 Chemicals

The chemicals utilized in this research are listed in Table 3.1. All aqueous

solutions were prepared using deionized (DI) water.

Table 3.1 Chemicals used in this research.

Chemicals Formula Content Supplier
3-aminopropyltriethoxysilane (APTES) CoHp3NO5SI 99% Acros
acetone CH;COCH; 99.8% Carlo Erba
bathophenanthrolinedisulfonic acid CyqHiaNoNa, 98% Acros

O6S,3H,0

cetyltrimethylammonium bromide CigHgoBrN 99%+ Acros
(CTAB)
citric acid anhydrous C¢HsO7 99.5% QReC™
ethyl alcohol C,HsOH 99.9% Carlo Erba
ethylene diaminetetraacetic acid CioH1aN,sNa,Og 99% QReC™
disodium salt, dihydrate -2H,0
hexaammineruthenium (II) chloride [RU(NH3),1Cls 99% Strem

chemicals

hydrochloric acid HCL 37% RCI Labscan
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Table 3.1 Chemicals used in this research (Continued).

Chemicals Formula Content Supplier
Nafion® CoHF 17055 ~5% in a Sigma-Aldrich
mixture of

lower aliphatic

alcohols and

water

nickel standard solution Ni(NO3), 6H,0 1,000 ppm Spectrosol,
BDH

potassium hexacyanoferrate (Ill) KsFe(CN)g 99% Merck
potassium hydrogen phthalate CgHsKOq4 99.9% QReC™
(KHP)
sodium citrate dihydrate CgHgNazOq 99% BDH, AnalaR®
sodium hydroxide NaOH 99% Carlo Erba
sodium nitrate NaNO; 99% Carlo Erba
tetraethyl orthosilicate (TEOS) Si(OC,Hs)q 98% Sigma-Aldrich

toluene CgHsCH5 99.8% Carlo Erba
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3.2 Apparatus and characterization

Electrodeposition and cyclic voltammetry experiments were carried out using
a Palmsens EmStat®* potentiostat monitored by PSTrace software. The measurements
were recorded in a three-electrode cell, including the mesoporous silica film-modified
working electrode, an Ag/AgCl reference (ItalSens), and a mesh stainless steel counter
electrode. Cyclic voltammetry was applied to characterize the film permeability using
Ru(NH,)s>" or Fe(CN)s> as redox probes (at a concentration of 0.5 mM in 0.05 M KHP)
and voltammograms were recorded at a scan rate of 100 mV s,

Functional groups of synthesized films were identified by Fourier transform
infrared spectroscopy (FTIR) on a Bruker Vertex 70 using attenuated total reflectance
(ATR) mode with a resolution of 4 cm™ and a number of scans at 64. The film
morphology was characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). SEM images were taken using an Auriga Carl
Zeiss microscope. Samples were sectioned with tile cut nippers and adhered on metal
stubs with carbon tape. TEM images were obtained with a Talos F200X microscope at
an acceleration voltage of 200 kV. Samples were scraped using a surgical blade and
dispersed in ethanol. The samples were subsequently supported on carbon grids. The
phases of the film were studied by X-ray diffraction (XRD). The experiments were
performed at ambient temperature at Beamline 1.1W (Multiple X-ray Techniques) at
Synchrotron Light Research Institute, Thailand, using the monochromatic synchrotron
X-ray radiation of the energy 7.5 keV (wavelength of 1.66477 A). Sample film was placed
and aligned using a goniometer head. A diffraction pattern was recorded by a strip
detector (Mythen6K 450, Dectris®) in the 20 range of 0.9°-25° (with respect to the X-
ray energy of 7.5 keV).

Fluorescence measurements were performed using a Perkin Elmer LS 508B
spectrofluorometer with FL WinLab software. The excitation wavelength was 285 nm
and emission spectra were recorded between 330 and 525 nm. The slit width for

excitation and emission was 4.0 nm.
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3.3 Preparation of mesoporous silica films

Mesoporous silica films (MSFs) were synthesized on fluorine-doped tin oxide
(FTO) coated glass (surface resistivity ~7 Q/sq, Sigma-Aldrich Pte Ltd) using an electro-
assisted self-assembly (EASA) method, following the procedure described in the
literature (Goux et al., 2009). The sol preparation and film deposition procedures were
carried out at 20+2 °C. A typical sol mixture consisted of 20.0 mL of ethanol, 20.0 mL
of 0.1 M NaNOs containing 1.0 mM HCL, 1.59 ¢ CTAB, and 2.83 ¢ TEOS; CTAB/TEOS ratio
was 0.32. The final pH of the sol mixture was adjusted close to 3 by adding 0.1 M HCL.
The mixture was aged for 2.5 h with stirring before use.

Before film application, an FTO glass was cleaned by sonication for 15 min in
each following liquid, a detergent solution, acetone, ethanol, and DI water,
respectively. The cleaned FTO glass was used as a working electrode (WE) in a three-
electrode electrochemical cell, and the surface of the WE was limited to 0.8 x 1.5 cm
using magic tape (3M, Scotch). Mesh stainless steel and silver/silver chloride (Ag/AgCl)
electrodes were used as a counter electrode (CE) and a reference electrode (RE),
respectively.

Three electrodes were immersed in the sol mixture, where the CE was placed
about 1-2 mm from the WE. A potential of -1.3 V was applied for the desired time
under quiescent conditions. The time for potential application of the 15 s or 30 s was
set for synthesizing a single-layered film. The potential was applied sequentially up to
four times to synthesize multi-layered films. For each cycle of the potential
application, the WE was disconnected from the electrochemical cell and rinsed several
times with DI water. The films were dried and aged overnight in an oven at 130 °C. The
template was removed from the films by sonicating in an ethanol solution containing

0.1 M HCl for 15 min. This process was repeated twice.
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3.4 Modification of MSFs with 3-aminopropyl triethoxysilane

MSFs were modified with APTES using the co-condensation and post-grafting
methods. In the co-condensation method, the synthesis process was the same as that
of MSFs described in section 3.3, except that APTES was added to the sol mixture. The
sol mixture consisted of 12.24 mmol TEOS, 1.36 mmol APTES, and 4.35 mmol CTAB
(Etienne et al.,, 2009). For the post-grafting method, MSF on FTO glass without
surfactant was placed in a 1%v/v APTES in toluene under reflux conditions at 80+5 °C
for 6 h (de O. N. Ribeiro et al.,, 2019). After refluxing, the modified MSFs were rinsed
and sonicated with toluene to remove excess APTES. The films were dried at 60 °C for
at least 24 h to remove the solvent. The modified films from the co-condensation and

post-grafting route were denoted as NH,(C)-MSF and NH,(G)-MSF, respectively.

3.5 Immobilization of bathophenanthrolinedisulfonic acid on

aminopropyl-modified MSFs

To immobilize BPS, aminopropyl-modified MSFs (NH,-MSFs) were immersed in
0.1 M HCl for 1 h and then in DI water for 30 min to remove any excess acid. Next, the
protonated NH,-MSFs were soaked in 0.1 mM BPS solution for 18 h with stirring
provided. Afterward, BPS-immobilized films were rinsed multiple times with DI water
and dried at room temperature. When not in use, the obtained films were kept in a

desiccator. BPS immobilized on NH,-MSFs were designated as BPS/NH,-MSFs.

3.6 Nafion coating on BPS/NH,-MSF

Sensing films were coated with 1%w/v Nafion in ethanol. The sensing films were
dipped in the Nafion solution for up to 3 cycles. In each cycle, the sensing films were
dried at room temperature for 5 min before subsequent coating. Finally, the Nafion-
coated BPS/NH,-MSFs were dried in an oven at 60 °C for 24 h. The resulting Nafion-
coated BPS/NH,-MSFs were thoroughly washed with a copious amount of 0.01 M citrate

buffer pH 6 to remove any unbound dye.
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3.7 Response of sensing film to nickel ion and calibration study

A sensing film was immersed in a cuvette cell containing 2.5 mL of 0.01 M
citrate buffer at pH 6.0 for 3 min. A nickel (Ni**) solution in citrate buffer pH 6.0 was
added to the cuvette, and fluorescence signals were recorded for 60 min. All the above
steps were carried out under stirring.

A calibration curve for Ni** was obtained by immersing the sensing film in Ni**
solutions with different concentrations and monitoring the fluorescence signal at 395

nm under optimal measurement conditions.

3.8 Regeneration of sensing film

The multiple uses of a sensing film were investigated through regeneration
using a suitable stripping reagent. After contact with a Ni** solution, a sensing film was
soaked in a 0.1 M EDTA solution for a given time. It was then rinsed with DI water and
immersed in a 0.01 M citrate buffer at pH 6 for 15 min. The fluorescence signal was

recorded and compared with the initial signal of the sensing film.

3.9 Reproducibility

The reproducibility of the prepared sensing films from different batches was
assessed. The signal measurements were made on the sensing films from eight batches
of synthesized gel mixtures, five sensing films from each batch. The responses of the
sensing films in the Ni*" solution were also used for the evaluation. The reproducibility
of sensing film response to Ni** was evaluated using three sensing films for signal

measurement in the Ni*" solution of the same concentration.

3.10 Interference study

The selectivity of the sensing film was evaluated through the interference
study. Various ions, including Co®*, Cu?*, Mg®*, and Zn?*, were chosen for the study.
Signal measurements were made with the sensing film in solutions containing only Ni%*

and Ni?* with the studied ion at the optimum condition for Ni?".
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3.11 Real sample analysis
Tap water samples were collected from equipment building 1 of Suranaree
University of Technology in Nakhon Ratchasima, Thailand. The water samples were

spiked with Ni**, and the pH of each sample was adjusted to 6.0 before analysis.



CHAPTER IV
RESULTS AND DISCUSSION

This chapter describes the development of an optical chemical sensor with a
reusable sensing reagent. In this work, mesoporous silica films (MSFs) were used as a
supporting material to immobilize 4,7-diphenyl-1,10-phenanthroline disulfonic acid
disodium salt, also known as bathophenantroline disulfonate (BPS). The MSFs with
various thicknesses were synthesized on FTO using electrochemically assisted self-
assembly (EASA). The films were modified with 3-aminopropyl triethoxysilane to serve
as a support material for immobilizing BPS and testing their ability to accommodate
the dye. Several factors affecting BPS immobilization were investigated, including film
thickness, amino modification method (co-condensation and post-grafting), pH, and
BPS immobilization time. Finally, the BPS-immobilized MSFs were further studied as a

potential optical chemical sensor for detecting nickel ion.

4.1 MSF synthesis using chronoamperometry

The chronoamperometry technique was utilized for the synthesis of MSF. A
constant potential was applied on the electrode and the current was recorded against
time. To obtain multi-layered films, the potential was applied sequentially (30 s/ layer).
Figure 4.1(A) displays the current profiles recorded during the potential application.
The current value was the highest in the synthesis of single-layered film, while it
decreased with further deposition of the mesoporous silica layer on the FTO glass. The
measured current resulted from the reduction of H*, H,O, and NO5 at the electrode
surface to produce OH™ (Walcarius et al., 2007). A lower current was observed as the
previously deposited silica layer with surfactant-templated hindered the diffusion of

the electroactive species to the surface of the working electrode. Figure 4.1(B) presents
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a photograph of FTO glass plates deposited with varying layers of MSF. As the number

of layers of the film increased, the film appeared opaque.
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Figure 4.1 (A) Current profiles from the synthesis of MSF (B) A photograph of FTO
glasses deposited with different layers of MSF. The symbols 1L, 2L, 3L, and 4L are the
number of film layers deposited (30 s/ layer).
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4.2 Characterization of MSFs

Cyclic voltammetry (CV) measurements were conducted to assess the quality
and permeability properties of MSFs before and after CTAB extraction using a redox
probe, [Ru(NH,)]Cl; (cationic probe) and Ks[Fe(CN)] (anionic probe) in solution. Half-
reactions involving the two probes are shown in Appendix A. Voltammograms obtained
from the studied in [Ru(NH-)s]Cl; solution and in Ks[Fe(CN),] solution are shown in Figure
4.2 and Figure 4.3, respectively. For as-prepared films, the electrochemical responses
of both redox probes disappeared when compared with the bare FTO, as shown in
Figures 4.2(A) and 4.3(A). The results indicated that the silica film was coated onto the
FTO glasses without cracks. The absence of current suggested that the probe species
could not diffuse through the surfactant on the films to reach the electrode surface.
After CTAB was removed from the films, the current response increased in the case of
Ru(NH5)s>*, as shown in Figure 4.2(B). The removal of CTAB opened up the pores on
the film, and the probe molecules could diffuse through mesopore channels to
interact with the electrode surface. Moreover, with an increase in the film thickness,
the mass transport rate of the electroactive species could be lower, resulting in a lower
current response in the thicker films. However, the current response was not observed
when using Fe(CN)s*as shown in Figure 4.3(B), contributing from the negatively charged
silica surface. Since the isoelectric point of silica is around 2-3, the silica surface is
negatively charged in the potassium hydrogen phthalate solution, pH~4 (Ding et al.,
2014).
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Figure 4.2 Cyclic voltammograms of multi-layered MSFs before (A) and after (B) CTAB

removal recorded in 0.05 M KHP solutions containing 0.5 mM [Ru(NH;)s]Cl; at scan rate

100 mV sL.
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Figure 4.3 Cyclic voltammograms of multi-layered MSFs before (A) and after (B) CTAB

removal recorded in 0.05 M KHP solutions containing 0.5 mM K;[Fe(CN)s] at scan rate

100 mV s,
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The morphology of the multi-layered MSF was obtained using SEM and TEM,
and the results are presented in Figure 4.4. The 1L, 2L, 3L, and 4L films were deposited
on FTO-coated glass along with some silica particles, as shown in Figure 4.4(A-D). More
silica particles are observed with more deposition layers. Furthermore, the cross-
section FE-SEM images reveal film thickness in the 200-600 nm range, as shown in
Figure 4.4(A"-D").

TEM images show a well-ordered mesostructure with hexagonal packing, as
shown in Figure 4.5 (A), and arrays of mesopore channels, as shown in Figure 4.5(B).
The observed silica particle did not have a mesoporous structure, as shown in Figure

4.5(C).
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Figure 4.4 FE-SEM images of mesoporous silica film on FTO: (A-D) top view, (A"-D")
cross-section of 1L, 2L, 3L, and 4L-MSF.
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50 nm

Figure 4.5 TEM images of 4L-MSF stripped from the FTO: (A) mesopores (B) arrays of

mesopore channels, and (C) a silica particle.

The effectiveness of CTAB removal was assessed using FTIR spectroscopy. Fiure
4.6(A) shows the FTIR spectra of MSFs before CTAB removal, with bands at 2924 and
2853 cm! corresponding to the aliphatic -CH, chain of CTAB. Figure 4.6(B) shows the
spectra in the absence of the two bands indicating that CTAB was removed from MSFs
after ethanolic extraction. Furthermore, the FTIR spectrum of the parent silica exhibits
characteristic vibration bands of the silica framework, including Si-O-Si asymmetric
stretching at 1055-1070 cm™, Si-O-Si symmetric stretching at 803 cm™, and Si-OH

stretching of silanol groups at 960-965 cm™ (Etienne et al., 2009).
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Figure 4.6 FTIR spectra of MSFs before (A) and after (B) CTAB removal.
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XRD patterns of the films at low-angle are shown in Figure 4.7. A broad
diffraction peak between 2.7° to 3.3° is attributed to the aggregated silica particles
distributed over the film (Goux et al., 2009). Furthermore, the intensity increased and
the peaks shifted to a lower angle in the presence of a larger amount of aggregated
particles, and vice versa when fewer silica particles are present on the film, which

agrees with SEM analysis in Figure 4.4.

Intensity (a.u.)

2Theta (degree)

Figure 4.7 XRD patterns of MSFs on FTO glass.



35

4.3 Characterization of aminosilane grafting on MSFs
4.3.1 Electrochemical characterization of aminopropyl-modified MSFs from

co-condensation and post-grafting route

Aminopropyl-modified MSF, designated as NH,-MSF, synthesized from co-
condensation, designated as NH,~(C)-MSF, and post-grafting route, designated as NH,-
(G)-MSF with the concentration of aminopropyl ethoxy silane (APTES) of 1 %(v/v). The
films were characterized using cyclic voltammetry with an anion electrochemical
probe, Fe(CN)s>. In Figures 4.8(A), 3L and 4L NH,«(C)-MSF exhibited a current response
to the probe only, whereas no current response was observed with 1L and 2L NH-(G)-
MSF. The silica surface modification with the amine group should provide the positively
charged MSF surface in a potassium hydrogen phthalate solution, favoring the anionic
probe. Since the isoelectric point of silica is approximately 2-3, the silica surface
becomes negatively charged in a potassium hydrogen phthalate solution, pH ~4 (Ding
et al,, 2014). For NH,-MSFs from the co-condensation route, the current response
increased with the thickness. This can be attributed to more aminopropyl groups on
the silica wall from multi-layered deposits that could accumulate more Fe(CN)s>
resulting in a higher current response for thicker films.

No current response was observed for NH,~(G)-MSFs, as shown in Figure 4.8(B).
In the post-grafting route, the amine precursor reacted at the pore entrance of the
MSF could hinder the diffusion of other precursor molecules further into the pores,
resulting in @ nonhomogeneous distribution and a lower amount of the amine group
within the pores (Hoffmann et al., 2006). Pore blocking is another possible explanation
for the absence of a current response due to the relatively high amount of APTES used

in the experiment (Talavera-Pech et al., 2016).
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The permeability of NH,-(C)-MSFs was significantly higsher compared to that of
NH,-(G)-MSFs. This phenomenon could be from the different synthesis pathways. In
the co-condensation route, the amine precursor was added during the initial stage of
MSF synthesis. The amino groups are mainly embedded in the mesopore wall structure
of the synthesized products, resulting in a homogeneous distribution throughout the
mesopores and wall structure (Feng et al,, 2013). As a result, probe species can

permeate through the mesopores more effectively.

80
60 Co-condensation __Bare FTO

40
20
04
o0l 1k
40
60 4
804 (A)

aL

2L 3L

Current (MA)

-04 -02 00 ()P 0.4 0.6 0.8
Potential (V), vs. Ag/AgCL
Figure 4.8 Cyclic voltammograms of modified NH,-MSFs via co-condensation (A) and

post-grafting route (B) recorded in 0.05 M KHP solution containing 0.5 mM Ks[Fe(CN)]

at scan rate 100 mV s
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Figure 4.8 Cyclic voltammograms of modified NH,-MSFs via co-condensation (A) and

post-grafting route (B) recorded in 0.05 M KHP solution containing 0.5 mM Kj[Fe(CN)]

at scan rate 100 mV s (continued).
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4.3.2 Functional groups characterization of NH,-MSF by FTIR

APTES grafting on the silica surface has been investigated using FTIR in
attenuated total reflectance (ATR) mode. Figure 4.9 shows the FTIR spectra of 4L-MSF
before and after grafting with 1% (v/v) APTES in toluene at 80 °C, 6 h. It can be observed
that the band at 960 cm™ corresponds to the disappearance of the free silanol (Si-OH),
confirming the loss of the hydroxyl group after the attachment of APTES into the silica
structure and the creation of a siloxane bond. The observation of a band attributed to
the N-H group is obtained at 1621 cm™. The result indicates that APTES was

successfully grafted onto the silica surface.

1%v/VvAPTES in toluenen-MSFs

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm~1)

Figure 4.9 FTIR spectra of the MSF before and after amino modification by post-

grafting method.
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4.4 Characterization of sensing films

4.4.1 Effect of pH on BPS fluorescence
The influence of pH on BPS fluorescence intensity was studied by measuring
fluorescence signals of 5.0 uM BPS solutions with controlled pH in the range of 3-6
using 0.01 M citrate buffer. The fluorescence intensity of the solution was measured
at 395 nm. Figure 4.10(A) demonstrates that the fluorescence intensity increases with
the increased solution pH from 3 to 6. The lower fluorescence intensity observed at
lower pH values can be attributed to the protonated BPS. The protonation reduces
the intensity at 395 nm and results in the appearance of another peak at 443 nm, as
shown in Figure 4.10(B). Notice that there is an isosbestic point at 408 nm, suggesting
the existence of two BPS species in equilibrium in the solution. Therefore, the BPS
solution pH 6 was used in the study to keep BPS in the anionic form for immobilization

on amino-modified MSFs.
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Figure 4.10 Fluorescence intensity (A) and spectra (B) of BPS in solutions at various

pH. The solutions contained 0.05 mM BPS in 0.01M citrate buffer.
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4.4.2 Fluorescence spectra of BPS-immobilized on NH,-MSF from co-
condensation and post-grafting route

Amino groups on the NH,-MSFs were protonated before immobilizing BPS. The
protonation resulted in positively charged amino groups on the films that could
interact with the sulfonic groups (-SO5) of BPS. BPS in an aqueous solution has an
emission peak at 395 nm with an excitation wavelength of 285 nm, as shown in Figure
4.11. Figure 4.12 shows fluorescence spectra of BPS immobilized on NH,-MSFs from
co-condensation and post-grafting. BPS emission spectra were similar to that observed
in the solution. The results indicate that BPS could be fixed on the NH,-MSFs.

From the fluorescence spectra, the intensity obtained from NH,-(G)-MSFs is
higher than that obtained from NH,-(C)-MSFs. The results suggested that more BPS was
immobilized on NH,~(G)-MSFs, implying the different nature of the modification route.
Most amino groups are attached to the silica surface with various orientations in the
post-grafting route. In contrast, the amino groups are incorporated into the silica wall
with a vertical orientation in the co-condensation route (Hoffmann et al., 2006). As a
result, the post-grafting films could have more amino groups available for dye
immobilization than the co-condensation films. Additionally, the fluorescence intensity
tends to increase with the number of layers. Therefore, the 4L-MSF obtained from the

post-grafting route was selected for further study.
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Figure 4.11 Fluorescence spectra of 0.02 mM M BPS solution.
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Figure 4.12 Fluorescence spectra of BPS on multi-layered NH,-MSFs via co-

condensation (A) and post-grafting route (B). The excitation wavelength was 285 nm.
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4.4.3 Effect of time on dye immobilization

To study the effect of time on dye immobilization, aminopropyl-modified four-
layered MSF, designated as 4L-NH,-(G)-MSF, was immersed and stirred in 0.1 mM of
BPS solution for 3 to 24 h. The fluorescence signal at 395 nm was then measured. The
BPS immobilization time was varied to achieve the maximum fluorescence intensity.
Figure 4.13 shows the emission spectra of immobilized BPS on 4L-NH,(G)-MSFs,
obtained after immobilization at different times. The fluorescence intensity increases
with longer immobilization time. This study selected an immobilization time of 18 h,
as the intensity of BPS on 4L-NH,(G)-MSF should be sufficient to observe signal change

in the presence of Ni*.
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Figure 4.13 Fluorescence intensity of BPS on 4L-NH,-MSF with different BPS

immobilization time.



4.4.4 Reproducibility of sensing film preparation

The reproducibility of sensing film preparation was investigated by measuring
the fluorescence signal of sensing films at 395 nm. Figure 4.14 show the fluorescence
intensity of the sensing films prepared from eight batches of the sol-gel mixture and
each batch consisted of five films. A relative standard deviation (RSD) of 8.79% was
obtained from the measurements of all batches combined. The RSD values for each

batch are also shown in Figure 4.14 . The results suggest that the film preparation was

reproducible.
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Figure 4.14 Fluorescence intensity at 395 nm of sensing films prepared of five

sensing films from the different batches of the sol-gel mixture.
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4.5 Response of sensing film to Ni**
4.5.1 Effect of pH on Ni?*-BPS complex in solutions

The effect of pH on the nickel response to BPS in solution was studied before
the study with the sensing films. A solution of 0.1 mM BPS in 0.01 M citrate buffer pH
6 was mixed with a solution containing 2.0 ppm Ni#* at various pH values ranging from
3 to 6. After 30 seconds of mixing, the fluorescence intensity at 395 nm was measured.
Figure 4.15 illustrates that the highest response (fluorescence quenching) was observed
at pH 6.0. For solutions of pH value higher than 6 were not investigated due to the
potential hydrolysis of Ni** ions, which would reduce the complexation between the
metal ion and the reagent. Consequently, the solution pH 6.0 was deemed optimal

and utilized for further studies with the proposed sensing film.
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Figure 4.15 The effect of pH on the Ni**-BPS complex in solutions. The fluorescence
measurements were made at 395 nm. The solutions contained 4.26 x 10° M Ni** at

various pH in citrate buffer.
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4.5.2 Response of sensing film to Ni%*

The BPS-immobilized 4L-NH,(G)-MSF was investigated for the detection of Ni**
based on fluorescence quenching. The sensing film was conditioned in 0.01 M citrate
buffer pH 6 for 15 min to obtain a stable signal, and then it was exposed to Ni** in 0.01
M citrate buffer pH 6. Figure 4.16(A) shows the fluorescence spectra of the sensing film
before and after exposure to Ni**. Quenching of the fluorescence signal represents the
interaction between the BPS and Ni?*. This reduction in fluorescence signal can be
attributed to different mechanisms, including collisional quenching, energy transfer,
and chemical reactions (van de Weert et al., 2011). In the case of the Ni**-BPS, the
fluorescence quenching of BPS could be from coordination bonds formed between
the lone pair electrons of nitrogen in the phenanthroline ring of BPS and Ni** ions. This
interaction could alter the excited state of BPS, leading to a decrease in its
fluorescence intensity.

The sensing films were tested for their responses in Ni** solutions with a
concentration from 0.1 to 20 ppm. The sensing film was conditioned in citrate buffer
and then exposed to Ni**solution. The fluorescence signal at 395 nm was recorded
every 2 s for 60 min. The response of the sensing film to Ni** was reported as the
relative signal response, lg-I/lg, versus response time (s), where |, is the fluorescence
signal at 395 nm after conditioning with 0.01 M citrate buffer for 15 min and | is the
fluorescence signal at 395 nm after exposure to Ni** at different time intervals. Figure
4.16(B) demonstrated that the signal approached equilibrium in about 15 min. By
measuring the relative fluorescence signal, one can determine the concentration of

nickel ions present based on the degree of quenching observed.
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Figure 4.16 (A) Fluorescence emission spectra of a sensing film before and after
exposure to 1.0 ppm Ni?* (B) time profiles of response signals at 395 nm of the sensing

films with different concentrations of Ni**. All experiments were performed in a 0.01

M citrate buffer pH 6.
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Although the sensor can respond to Ni?*, the high-water solubility of BPS (100
mg/mL) results in the leaching of BPS during the measurement. Figure 4.17 shows an
emission spectrum of BPS leached into a Ni** solution after the measurement in the
0.1 ppm Ni** solution. It is possible that the reduction in fluorescence signal during the
response to Ni** occurs due to a combination reaction between Ni** and BPS on the
sensing film, as well as in the solution. Consequently, improving the sensing films to

reduce reagent leaching is critical for enhancing the accuracy and reliability of the

analysis. 20
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Figure 4.17 Fluorescence emission spectra of BPS leached into Ni** solution after

removing the sensing film from the solution.
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4.6 Development of Nafion-coated sensing film

The previous experimental results revealed that BPS leached out in the
aqueous solutions. Therefore, an effort to reduce BPS leaching was investigated by
coating the sensing film with Nafion. Nafion is a polymer with hydrophobic and
hydrophilic structures, as shown in Figure 4.18. These properties provide suitable
conditions for trapping the sensing reagent, while the sulfonate groups provide ion
exchange. Nafion coatings have been extensively studied and developed for sensor
applications due to their good chemical, thermal, and mechanical stability and high

transparency, making them suitable for optical chemical sensors (Amini et al., 2004).
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Figure 4.18 The structure of Nafion.

In the previous experiment, sensing films were prepared by synthesizing multi-
layered MSF with a 30 seconds/ layer deposition time of up to four consecutive times
to increase the film thickness. However, the SEM results revealed that the synthesized
films had silica particles starting from the first layer (1L) of film synthesis. The formation
of silica particles could partially block the active electrode surface and lower the
amounts of produced OH catalyst at the interface (Giordano et al,, 2017), and
consequently, slower film growth with unwanted silica particles over the film. Too long
a deposition time was the cause for silica particles to form at the interface. As the film
thickness increased with the number of film layers, the likelihood of the silica particles

blocking the film pores would increase continuously. Based on the experimental
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results, deposition time was reduced to 15 seconds/layer for preparing MSFs for sensing

film development.

4.7 MSF synthesis with reduced deposition time

The chronoamperometry technique was used to synthesize multi-layer MSF
with a potential step of -1.3 V for 15 seconds. Figure 4.19 shows the current profile of
MSF synthesis. The current profiles in the synthesis of the first and second layers are
similar, indicating that the generation of OH™ from the reduction reaction of H', H,0,
and NOs™ on the surface of the electrode occurs simultaneously with film formation.
However, the current profile of the third layer synthesis appeared different with lower
current values. The results suggested that simultaneous silica particle formation along
with the MSF synthesis process could hinder the diffusion of the electroactive species

to the surface of the working electrode.
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Figure 4.19 Current profiles from the synthesis of MSF with a deposition time of 15

seconds/layer).
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4.8 Characterization of MSF synthesized with reduced deposition time

The as-synthesized MSFs were characterized using cyclic voltammetry to study
their permeability and uniformity. The MSFs before and after CTAB removal were
investigated using cationic electrochemical probes, [Ru(NH3)sICls. Figures 4.20(A) and
4.20(B) show the cyclic voltammograms of the MSFs before and after CTAB removal,
respectively. For as-prepared films, the film synthesized using 15 seconds of deposition
time exhibited a slight current signal indicating that the film might not be uniformly
covered on the FTO glass. No current signal was observed when the number of layers
was increased to two or three. The results suggested that MSF synthesis starting from
two layers could be achieved on FTO glass without cracks. Giordano et al. (2017)
reported that 15 seconds is the minimum deposition time required to obtain a
uniformly covered MSF without cracks. They found that films with a deposition time
of less than 15 s had an uneven appearance, and no film was formed if the synthesis
time was less than 10 seconds.

After CTAB removal from the films, current signals were observed due to the
electroactive species being able to move through the opened nanopores and undergo
reactions on the surface of the electrode. The current signal of the 1L (15 seconds)
synthesized film is almost comparable to the signal of the bare FTO. This is expected
to be the result of reducing the synthesis time of the film, which reduces the
occurrence of silica blockage particles, allowing for good accessibility of the substance
through the opened pores. When considering the current signals of the 2L (15/15
seconds) and 3L (15/15/15 seconds) films, it was found that the current signal of the
2L film slightly decreased. This is due to the mass transport resistance at different film

thicknesses.
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The morphology of the MSFs synthesized with a deposition time of 15 seconds
per layer was characterized using SEM, and the results are presented in Figure 4.21.
The films prepared with 1L (15 s), 2L (15/15 s), and 3L (15/15/15 s) were coated on
FTO glass and appeared as thin films, as seen in Figures 4.21 A, B, and C, respectively.
In addition, reducing the deposition time of film synthesis contributed to decreasing
the amount of silica particles over the thin film. However, the amount of silica particles
increased as the number of film layers increased. This is evident in the 15/15/15 s

synthesized film. Furthermore, the cross-sectional FE-SEM images of the films exhibited

a thickness in the range of 100-150 nanometers, as seen in Figures 4.21 A', B', and C’.
Based on the experimental results from CV and SEM, the 2L-MSF was selected for
sensing film fabrication, as it exhibited good accessibility with a uniform film and a

small amount of silica particles on the film.
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Figure 4.21 FE-SEM images of mesoporous silica film on FTO: (A-C) top view, (A'-C')

cross-section of 1L, 2L, and 3L synthesized with deposition time of 15 seconds/layer.
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4.9 Characterization of Nafion-coated BPS-NH,-MSF
4.9.1 Fluorescence spectra of Nafion-coated BPS-NH,-MSF

The 2L-MSFs were chosen to modify with APTES using the post-grafting method.
The films with CTAB removed were refluxed in a 1% (v/v) APTES in toluene at 80 °C
for 6 h. Then, the obtained films were protonated in 0.1 M HCl for 1 h and immobilized
with BPS by immersing in 0.1 mM BPS solution at 20 °C for 18 h. Finally, the BPS-
immobilized-MSFs were coated with Nafion to prevent dye leaching.

The films after coating with Nafion was characterized by fluorescence
technique. The fluorescence spectrum of the Nafion-coated BPS-NH,-MSF exhibited an
emission peak at 415 nm, as shown in Figure 4.22(A). The Nafion-coated BPS-NH,-MSF
has a slight difference in the emission spectrum compared with BPS-NH,-MSF (without
Nafion coating). However, after the Nafion-coated film was soaked in 0.1 M citrate
buffer pH 6, the obtained spectrum appeared the same as the film without coating. In
addition, when measuring the buffer solution after removing the Nafion-coated film,
the fluorescence spectrum of BPS was observed, as shown in Figure 4.22(B). This is
expected to be from excess BPS on the Nafion layer. Therefore, removing the excess

BPS is crucial to ensure no BPS release during sensor response studies.
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Figure 4.22 Fluorescence emission spectra of (A) the sensing film before and after
coating with Nafion and the Nafion-coated film after soaking in 0.01 M citrate buffer pH
6 and (B) 0.01 M citrate buffer after removing the Nafion-coated film.
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The excess BPS from the Nafion-coated BPS-NH,-MSF can be removed by
immersing the film in 40.0 mL of 0.01 M citrate buffer pH 6 for 15 min. Figures 4.23(A)
and 4.23(B) show the fluorescence intensity at 395 nm of the sensing film and 0.01 M
citrate buffer pH 6 before and after removing the excess BPS, respectively. The results
show that the fluorescence intensity of the film before and after removing the excess
BPS is about the same. The results suggested that Nafion coating contributed
significantly to reducing BPS leaching. In the solution, a slight fluorescence intensity at
395 nm was observed after the first removal of the excess BPS, and it further decreased
after the second removal. This observation is similar to the signal in the blank solution.
This result confirms that excess BPS can be removed from the film by soaking the film

in a citrate buffer.
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Figure 4.23 Fluorescence intensity at 395 nm of (A) Nafion-coated BPS-NH,-MSF before
and after soaking in 0.01 M citrate buffer pH 6 and (B) 0.01 M citrate buffer pH 6 before

and after film removal.



80
= 70 1 [ Blank (0.01 M citrate buffer pH 6) (B)
5 i
8 60 1 77 after 1" soaking in buffer, 15 min
:g ] [ ] after 2" soaking in buffer, 15 min
c . r oo :
_g 20 | [ after 3 soaking in buffer, 15 min
= 404 36,607
8 ]
c i
5 30
lk,)’ B
o 204
g 4
z 101 5.235

0 1.077 1.177

57

Figure 4.23 Fluorescence intensity at 395 nm of (A) Nafion-coated BPS-NH,-MSF before

and after soaking in 0.01 M citrate buffer pH 6 and (B) 0.01 M citrate buffer pH 6 before

and after film removal (continued).
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4.9.2 Reproducibility of Nafion-coated BPS-NH,-MSF preparation
The reproducibility of the Nafion/BPS-NH,-MSF preparation was investigated by
measuring the fluorescence signal at 395 nm after removing excess BPS and
conditioning in 0.01 M citrate buffer pH 6. Figures 4.24 show the fluorescence intensity
of eight sensing films from three synthesis gel batches. The results demonstrate that
the preparation of the sensing film was reproducible, with a relative standard deviation
of 5.85% for all batches combined and 4.42%, 4.49%, and 7.19% for the first, second,

and third batches, respectively.
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Figure 4.24 Fluorescence intensity at 395 nm of Nafion/BPS-NH,-MSFs prepared from

the three batches of the sol-gel mixture.
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4.10 Performance characteristics of Nafion-coated sensing film
4.10.1 Response of Nafion-coated BPS-NH,-MSF to Ni?*

The response of Nafion-coated sensing film to Ni** was studied in the Ni®*
concentration range of 5 to 40 ppm. Figure 4.25 shows the time profile signals of the
sensing films in Ni** solutions. The response was reported as the relative signal
response, ly - I/ly, versus response time, where |, is the fluorescence signal at 395 nm
of the film after conditioning with 0.01 M citrate buffer for 15 min and | is the
fluorescence signal of the film at 395 nm after exposure to Ni?* at different time. The
results indicated that the fluorescence quenching increased Ni** concentration. The

films responded to Ni** relatively fast, reaching a steady state after about 30 s.

0.5

40 ppm

0.4 1
0.3 4
So

2o 0.2

0.1

0.0 1

0 50 100 150 200 250 300
Time (s)
Figure 4.25 Time profiles of response signal at 395 nm of the Nafion-coated sensing

films with different concentrations of Ni**. The solution pH was fixed at 6 using 0.01 M

citrate buffer.
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4.10.2 Calibration curve for Ni*
The fluorescence quenching of BPS by Ni** can be express by using the Stern-

Volmer Equation (4.1) as follows:

b/l = 1+ K, [Ni*'] 4.1)

where |y is the fluorescence signal of the film after conditioning with 0.01 M citrate
buffer for 15 min, | is the fluorescence signal of the film after exposure to Ni#* for 30 s

, K, is the Stern-Volmer quenching constant, and [Ni**] is the concentration of Ni*".

The Stern-Volmer plot is shown in Figure 4.26. A linear calibration was obtained
in the 5-40 ppm Ni**. The regression equation is y = 0.0122X + 0.0014, with a correlation
coefficient (R?) 0.9907. The limit of detection (LOD) was found to be 2.45 ppm, as
defined in Equation (4.2):

LOD = 3Sbk /m (4.2)

where sy, is the standard deviation of the blank signal and m is the slope of the Stern-

Volmer plot.

0.5- E

044 y=0.0122X + 0.0014
R® = 0.9907

.
.
n

O-O'|'|'|'|'|'|'|'|'
0O 5 10 15 20 25 30 35 40 45

Concentration of NiZ* (ppm)

Figure 4.26 Calibration curve for Ni**.
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4.10.3 Reproducibility and regeneration

The reproducibility of the sensing films in response to Ni** was evaluated by
measuring the fluorescence signal of three sensing films in 5 ppm Ni?* solution and
another three sensing films in 40 ppm Ni** solution for 30 seconds. Figure 4.27(A)
shows that the films responded reproducibly at both Ni** concentrations, with the
corresponding RSD values of 0.54% for 5 ppm and 3.22% for 40 ppm.

The regeneration of a sensor refers to restoring the fluorescence signal to its
original or near-original signal. After the sensor was contacted with Ni** solution, it was
immersed in 0.1 M EDTA to remove Ni?* and then conditioned in 0.01 M citrate buffer
pH 6. Figure 4.26(B) shows the signals of the sensing films after regeneration 3 times.
The results indicated that the EDTA solution could efficiently remove Ni?* from the
sensing film. The fluorescence signal of the regenerated film was found to return to

near the initial fluorescence intensity with the RSD of 1.40%.
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Figure 4.27 (A) Reproducibility and (B) regeneration of the Nafion-coated sensing film.
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Figure 4.27 (A) Reproducibility and (B) regeneration of the Nafion-coated sensing film

(continued).

4.10.4 Interference study

The effect of foreign species, Co?*, Cu?", Zn**, and Mg**, on the response of the
sensing films to Ni** was studied. Fluorescence signal measurements were made in Ni*
solutions with and without the tested species. The molar ratio of Ni** to the tested
species was 1:5. Ni*" concentration was fixed at 0.17 mM. The pH of the solutions were
fixed at 6 with citrate buffer. The changes in the fluorescence signal of the sensing film
in the presence of the tested species were expressed %error defined as Equation (4.3)
and the results are displayed in Table 4.1. From the study, Zn** interfered the
measurement significantly. However, the consideration of interference species also
depends on the concentration and the existence of the interference species in the

samples.

%error = [(lr NiZ*/tested ion ~ |r, Ni2+) /lr, Ni2+] x 100 (4.3)
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where |, is the relative intensity defined as I/lo, I, ni2+sested ion 1S the relative intensity of
the film in a Ni?* solution with the tested ion and |, niz+ is the relative intensity of the

film in a Ni** solution without the tested ion.

Table 4.1 Interference study at a 1:5 molar ratio of Ni?* to the tested species.

Tested species %_Error
Co?* 1.91
Cu? 2.97
Zn?t 11.66
Mg?* 1.78

4.10.5 Real sample analysis

The prepared Nafion-coated sensing film was applied to quantify Ni** in tap
water samples to demonstrate the applicability of the developed sensor. The results
are shown in Table 4.2. The developed method could not detect Ni** in the samples.
Ni** is generally not found in tap water samples, so the sample was spiked with a
known amount of Ni**. The recovery and RSD value suggested that the proposed
method was reliable for Ni** determination. The proposed method and the other
optical chemical sensors for Ni** are compared in Table 4.3. Although the developed
method gave a high detection limit for Ni¢*, the sensor has the advantages of rapid

response to Ni** and the potential for reusable.

Table 4.2 Determination of Ni** in the tap water sample.

Sample Ni** added, ppm Ni?* found, ppm *SD %Recovery %RSD
(n=3)

Tap water 0 not detect - -

10.0 10.2+0.4 102 3.83
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Table 4.3 Comparison of the developed sensor and other sensors in the literature.

Sensing reagent Supporting Mode of Limit of Response
matrix measurement detection time
2-amino-1- Acetyl Absorbance 52x 107" M 10 min
cyclopentene-1- cellulose
dithiocarboxylic acid® membrane
2,5-thiophenylbis(5- PVC Fluorescence 8.0 x 107 M <40s
tert-butyl-1,3- membrane
benzexazole)”
2-(5-bromo-2- Nafion Absorbance 20x 10" M 3 min
pyridylazo)-5- membrane
(diethylamino)phenol®
3,7-diamine-5- Agarose Absorbance 9.3 x 107'' M 3 min
phenothiazoniom membrane
thionineacetate®
2-6-(3-methyl-3- PVC Fluorescence 8.5 x 107'M 2 min
mesitylcyclobutyl)- membrane
thiazolo [3,2-
bl[1,2,4]triazol-2-yl-
phenol®
3-hydroxy-3-phenyl Agarose Absorbance 2.74 x 10°M 10 min
triaz-1-en-1-benzoic membrane
acid"
BPS Mesoporous ~ Fluorescence  4.14 x 10° M 30s
(This work) silica (quenching)
film/FTO

®Ensafi and Bakhshi (2003), "Shamsipur et al. (2004), “Amini et al. (2004), “Hashemi et

al. (2011), éAksuner et al. (2012), and Rasolzadeh et al. (2019)



CHAPTER V
CONCLUSIONS

The optical chemical sensor based on BPS immobilized on modified MSF was
successfully developed for the determination of Ni?*. MSFs with various thicknesses
were synthesized on FTO using the EASA method, which involved applying a potential
step of -1.3 V for 30 seconds. The obtained MSFs had a well-ordered mesostructure
with hexagonal packing and vertical orientation of mesopore channels. MSFs with
amino modification were used as a supporting material for immobilizing BPS. The films
were modified with 3-aminopropyl triethoxysilane by co-condensation in the synthesis
mixture and post-grafting route. More BPS was immobilized on the amino-modified
films using the post-grafting method and the chosen time for dye immobilization was
18 h. The BPS-immobilized sensing film was characterized by fluorescence
spectroscopy and showed an emission wavelength of 395 nm with an excitation
wavelength of 285 nm. The sensing film fabricated from four layered MSF exhibited
fluorescence quenching upon exposure to Ni** solutions buffered at pH 6. However,
BPS leached from the sensing film. The film also contained some aggregates of silica
particles.

A Nafion coating was used to prevent reagent leaching from the sensing film.
In addition, synthesis with a lower deposition of 15 seconds was used to reduce silica
aggregates on the films. Two layered MSFs with amino modification were used for BPS
immobilization. The BPS-immobilized films were coated with Nafion and tested for
their response to Ni**. These sensing films responded rapidly to Ni?* solutions pH 6
with no evidence of dye leaching. The response signal approached equilibrium values
in about 30 seconds. The developed method provided a linear response to Ni**in a
concentration range of 5-40 ppm, with a detection limit of 2.45 ppm. The Nafion-

coated sensing film, after exposure to Ni** could be regenerated in an EDTA solution.
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APPENDIX
REDOX PROBES FOR CHARACTERIZATION OF
MESOPOROUS SILICA FILMS

Ruthenium hexaamine ion, Ru(NH5):>*, and iron hexacyanoferrate, Fe(CN)s>,
were used to characterize the permeability of mesoporous silica films by cyclic
voltammetry. The two species are known for the reversible redox couple behavior and
the ability to move through the hexagonal mesoporous channels to interact with the
underlying electrode surface. Half-reactions involving the probe species are shown in
Equations (A1) and (A2). The redox reactions depend on the presence/absence of the

surfactant template and the charge on the surface of the mesoporous channels.
RuNHs)s** + & = Ru(NH5)s** (A1)

Fe(CN)¢> + e == Fe(CN)s* (A2)
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