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Abstract

The purpose of this study was to examine the dye degradation on the titanium dioxide (TiOz2)-
based membranes. While many studies have shown photocatalytic degradation of dye on TiO2 in
solution, few studies have been reported on the solid TiO:z substrate. In this work, a new method
is developed to quantify the dye degradation on TiO2-based membranes. A hydrothermal method
is used to synthesize the photocatalytic TiO2 nanofibers; vacuum filtration is applied to fabricate a
self-assembled membrane. Silver is incorporated into the nanofibers through in situ reduction
before vacuum filtration to fabricate Ag/TiO2 membrane in an attempt to red shift the material’s
photoactive range; however, oxidized Ag species, such as Ag>0O and AgOH, are likely incorporated
due to the nanofibers’ basic environment. The catalytic properties of TiO2 and Ag/TiO2> membranes
are then evaluated by the dye — methylene blue degradation under different conditions. A digital
method by coupling the image-capturing method using a Gel Imaging System and the analysis
using ImagelJ has been standardized to monitor the dye degradation over time on the membranes.
This study successfully calibrates the linear region (0 — 72.3 ng) of methylene blue drop cast on
the membranes. The color intensity of two methylene blue droplets’ mass (36.3 ng and 49.6 ng) is
traced under dark and light conditions. The dye degradation on the membranes follows 1% order
reaction kinetics while dye degrades faster on the Ag/TiO2 membrane than the TiO2 membrane.
This method may potentially be used to quantify other dye degradation on the semiconductor

membranes in an effort to develop (photo)catalysts for applications such as water treatment.
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1. Introduction

With much of the world urbanizing after the Industrial Revolution in the 1920s,
environmental pollution has become a rising concern. In the late 1970s, awareness rose as
environmentalists realized the damage the earth’s ecosystem was experiencing. Since then,
scientists and politicians from around the globe have been making concerted efforts to reduce
pollution and clean the environment, especially that of wastewater.!”” Waterborne diseases are
responsible for approximately 3.5 million deaths each year, so developing a method of purification
in the most rural areas of the world is very important.® One of the obstacles encountered in
developing methods is that waste is always produced in either the creation the method or reduction
and destruction of pollution. For this reason, renewable materials are the ideal tool to process and
reduce pollution via photocatalysis. >*%1°

1.1 Photocatalysis

In materials science, insulators, conductors, and semiconductors are an important topic of
interest because of their unique properties and capabilities. In each of these materials, there exist
3 types of energy bands—filled band, valence band, and the conduction band.!! A filled band
resides between the outermost electron and the nucleus whose energy levels are completely filled
by electrons. The valence band is the area between the filled electron orbitals and the band gap. It
contains the outermost electrons and may or may not possess empty energy levels. Finally, the
conduction band is the area of energy levels beyond the band gap. When electrons are present,
they are very highly energized and considered to be free electrons. '>%!2
Photocatalysis is the process by which a material utilizes photonic energy to drive

thermodynamically favorable or unfavorable reactions. As the photon is absorbed by the

photoconductive material, the material is catalyzed. This process is called photoexcitation and



causes a reaction with AG>0, to proceed with the photon acting as a reactant, allowing the energy
of activation to be greater than Gibb’s free energy.'3!° The first step in this catalyzed reaction is
generating charge carriers, or an electron-hole (e7/h") pair. When a photon strikes the valence band,
the electron absorbs the energy. The electron is then able to cross the band gap, a region where
there exist no quantized energy levels, and reside in the conduction band leaving an electron/hole
pair.!* These charge carriers can only exist for a matter of nanoseconds before the electron
recombines with the electron hole in the valance band.'> Within that timeframe, redox reactions
can occur on the surface of the semiconductor. The electron produces reduction reactions while
the positively charged hole produces oxidation reactions. Under high irradiation, multiple
electron/hole pairs are created. This produces more active sites and increases the efficiency of the

photocatalytic material.'®

When choosing a photocatalyst, several factors must be considered. Firstly, an ideal
photocatalyst is a one that is reusable with little to no decrease in the photocatalytic capability over
time. The low-maintenance nature of renewable sources is one of the most attractive qualities when
choosing a material. Choosing a photocatalyst that has a long charge carrier lifetime and that
produces as little amount of dangerous waste are additional factors to be considered. There are also
different types of semiconductors—p-type and n-type. A p-type semiconductor is one whose
charge carriers are mostly positive that reside in the valence band. This is a result of the p-type’s
Fermi level positioned more closely to the valance band. An n-type semiconductor contains a
majority of negative charge carriers that reside in the conduction band. N-type semiconductors’
Fermi level is closer to the conduction band.!” This phenomenon assists electrons’ excitation and
ability of maintain their position in the conduction band. N-type semiconductors are considered

excellent photocatalysts.!® Finally, choosing a material that possesses a band gap that is



photoactive in the visible range rather than ultraviolet is desirable. Not only will this require less
energy, but the percentage of visible light in solar radiation is much higher than that of UV light.'®
By adjusting the excitation wavelength of the photocatalyst to the visible light range, the

photocatalyst would be more effective in remote areas of the world that do not have easy access to

electricity or the ability to purchase battery-operated or solar powered UV source.

The band gap is an important concept and as such, it deserves additional information. A
band gap is the area of energy levels in a semiconductor or an insulator where there exist no
electrons. This area resides between the highest energy level of the valence band and the lowest
energy level of the conduction band.>*!%15:19 To activate the semiconductor, an electron from the
valence band must acquire the energy necessary to jump from the valence band to the conduction
band. This is commonly done through the exposure of low frequencies of light. Knowing the band
gap energy is an important aspect of research and can be discovered through conducting a Tauc
Plot analysis of UV-Vis spectra.?’ Before analysis can be discussed, the difference between direct

and indirect band gaps must be understood."’

Figure 1.1 depicts the key difference between direct and indirect band gaps. The crystal
momentum (k-vector) of electrons and holes, where p=E/c vary. The k-vector, also known as the
wave-vector, is an important aspect of band gap theory. If the k-vectors of the valence band are in
phase with the k-vectors of the conduction band, photon emission is much more attainable. In
direct band gaps, the bonding and antibonding possess the same momentum, whereas the indirect
band gaps possess electrons and hole pairs that have different momentums.!® As an electron rises
from the valence band, it will need to change its potential and momentum to find the electron hole

in the conduction band. Therefore, indirect band gaps are not as efficient as the direct band gap.

9,19
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Figure 1.1: Example of direct and indirect band gap.

1.2 TiO2 as a Semiconductor

Titanium Dioxide (TiOz2) is cheap, commercially available, non-toxic, and is easy to use as a
framework for other metals. Due to its non-toxic nature, it is commonly used in batteries,
photovoltaic cells, photocatalysis, ion exchange, paint, cosmetics, and paper.2!~2 It possesses high
stability and activity, making this semiconductor a popular material for wastewater and hazardous
chemical waste disposal. TiO2 is a photocatalyst that is active in the ultraviolet range and possesses
an indirect band gap of 3.2 eV.!*?6?7 The valance band edge has an energy of -7.6 eV under
vacuum while the conduction band edge has an energy of -4.4 eV under vacuum. Studies have
shown that TiO2 produces redox reactions when excited by photons of 350 nm to 410 nm, as seen

in Figure 1.2. 2%
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Figure 1.2: Schematic of the Photocatalysis of TiO: in the presence of water.

Photocatalyzed TiO2 will conduct redox reactions with the water at the surface of the material
to produce Reactive Oxygen Species (ROSs) in the presence of water. The ROSs include hydroxyl
radicals (OHe), and super oxides (O2¢), and other species like H2O2 and *OOH. Once the ROSs
have been produced, they non-selectively react with organic matter they encounter until they

eventually reach termination. Below are the equations of the subsequent redox reaction.

TiO, + hv > e~ + h*

e"+ 0,+ H" > HO, »

e_+H02. +H+ - H202



2e” + 0, + 2H* - H,0,

h*+ H,0 ->«O0H + H*

Z'OH - HZOZ

H202+hv — 2¢0H

H,0,+ e~ + H* -« 0H + H,0

Once the initial redox reactions occur, more photons are required if more redox is desired.
Many studies have shown that TiO: is effective in breaking down small organic contaminates,
textile dyes, and microorganisms in wastewater.>>3%374% This is why many scientists have
designed many different TiO2 nanostructures of various morphologies that are operational under
aqueous conditions.

TiO2 occurs naturally in three allotropic forms rutile, anatase, and brookite, as seen in Figure
1.3. Each of the forms are octahedral TiOs unit cells with various distortions, lattices, band gap
energies and surface areas. Anatase has a tetrahedral unit square while rutile brookite have
octahedral unit squares. *! Anatase polymorph exhibits a framework of edge-sharing TiOe
octahedra with an indirect band gap while rutile and brookite consist of both edge and corner
sharing configurations with a direct band gap. These polymorphs are commercially available and
can also be purchased in mixtures. Degussa TiO:z is a mixture of anatase and rutile and can be

purchased in various ratios of the two crystal structures. Degussa P25 is a mixture ranges from



70:30 to 80:20 anatase:rutile and P90 ranges from 90:10 to 95:5 anatase:rutile.!**!** By mixing
anatase and rutile, photocatalytic activity increases significantly. This is why we chose Degussa

P25.

1.44

Figure 1.3: TiO2 crystal structures of the three polymorphs. Image adapted M Pelaez et a

These differences in activity arise when the Ti-O bond varies. Changes in the Ti-O bonds are
significant when examining Raman spectra which reveals tetragonal and monoclinic crystalline
phases for anatase and a single monoclinic phase for rutile.* Anatase has been shown to have
higher photocatalytic activity than the other polymorphs, although scientists are still debating the
reason for this. Some hypotheses include larger surface area, lagging charge carrier combination,
and higher level of (100) lattice exposure. However, Degussa P25 is consistently shown to be more
effective as a photocatalyst than anatase. The scientific community has not been able to demostrate
why this is, though they believe that anatase and rutile work in harmony.*¢ The assumption is that

while anatase is in an activated state, rutile utilizes existing ROSs that would otherwise terminate



redox reactions occurring at the surface of anatase. Another possibility is the charge carriers across
the entire photocatalyst is increased by staggered electron-hole pair production.*’*® There is also
proposed band gap overlay at the anatase-rutile interface.*

1.3 TiO2 Nanofibers

Ti02 nanofibers (nanotubes) have been shown to be very diverse in application and so they
were chosen as the material for self-assembled membranes. The hydrothermal method was used
to create these fibers. During the first 6 h, the nanotubes are formed by the folding and curling of
the newly synthesized nanosheets.?! After 20 h of reaction time, the nanotubes grew in length,
about 10 ym with an outer diameter of 12 nm and an interior diameter of 3.7 nm. Figure 1.4 shows
an SEM image of the nanotubes after 20 h of synthesis. Figure 1.5 is HRTEM of the nanotubes
and their dimensions. 2! These fibers have been successfully vacuum-filtered to form a nanofiber-
entangled membrane. Though the membrane was not stable in water, as it broke apart quite easily,
it provided an opportunity for dry experiments. Ex-situ TiO2 experiments are not commonly seen
in literature. Yet, they deserve investigation because they allow for smaller scale experimentation,

which is beneficial for novel method development.

Figure 1.4: SEM Images of nanomaterial after less than 6 h of synthesis. (A) After 6 h. (B) after
3 h. Arrows point to nanosheets folding to form nanotubes. Images adapted from Tian et.al 2!

8



Figure 1.5: (A) An open nanotube. The inset on the left is a cross-section image. The inset on the
right is the Fourier transformation of the TEM image. (B) A close-ended nanotube. HRTEM
Images adapted from Tian et.al. %!

1.4.0Optimizing TiO2

Though TiO: is widely accepted as an excellent photocatalyst, its high recomination rate causes
the semiconductor to have a relatively low efficiency.>® The activity of TiOz also greatly depends
on the morphology, heterojunction structure, and crystal structure, orientation, and size of the
nanomaterial.’! These all give reason for augmenting TiO2. Optimizing these parameters, such as
band gap, is incredibly difficult to do, especially in bulk; so, many studies incorporate a material
that facilitates photocatalytic activity inot the semiconductive substrate.

It is possible to incorporate metal and nonmetal substances into TiO2. Nonmetals such as
sulfur, nitrogen, and carbon red shift TiO2 by providing energy levels that fall between the valence
band and conduction band. While this provides the photocatalyst with the ability to become more
photoactive in the visible range, it has been shown to decrease the optical range of TiOz. > Because
the scientific community is searching for new ways to purify wastewater, reducing the optical
range is not desirable because sun emits a large spectrum of wavelengths of light. This gives reason

to investigate incorporating TiO2 with metal.



Finding a metal that is easily incorporated into the TiO2 nanofibers, adjusts the band gap, and
provides a higher probability for the formation of charge carriers in sunlight. This is done by
incorporating a metal during crystal growth into the structure of the semiconductor, called doping,
or by decorating the semiconductor’s surface with the metal.’! Because the nanotubes created by
Tian et al an established one-pot hydrothermal method, this study focuses on optimizing the
semiconductor by metal-decorating after crystal growth. There were several options of metals to
incorporate onto TiO2. Au, Cu, and Fe are common and well researched; however, Ag was chosen
particularly for its antimicrobial capabilities, for its efficiency, and for its well-documented
behavior in a multitude of experimental settings. 33253

Figure 1.6 is a schematic of Ag-incorporated TiO2 (Ag/TiO2) reaction to produce ROSs.
Because Ag has a Fermi level of -5.5 eV under vacuum, electrons in the valance band of TiO2 can
migrate through the electron orbitals of Ag, thereby shortening the band gap from 3.2 eV to 1.1
eV at the Ag-TiO:2 interface. This allows Ag/TiOz to be excited by photons of lower energy at the

Ag-TiO: interface. °%57 This increases the ability and efficiency of the photocatalyst as a whole,

making it a more suitable photocatalyst for water cleaning under sunlight.

Photon

Figure 1.6: Mechanism of Ag/TiO: in water to produce ROSs, where Er is the Fermi level of Ag

under vacuum.

10



1.5. Testing Efficacy by Utilizing Methylene Blue

Because of its popularity, TiO2 and Ag/TiO2 have been tested in many ways. Utilizing an
aqueous dye is one of the most common methods. Methylene blue is a cationic, organic dye that
is used for textiles, cosmetics, art, and staining for medicinal diagnostics.3>°® It has an absorption
coefficient ranging from 4-9 x10* M-'em™!. As such, it has a very low toxicity and is a popular
choice in testing a multitude of semiconductors, especially TiOz. The dye’s brilliant indigo fades
as it is broken down by ROSs that are photocatalytically produced. This takes place first by the
water molecules adsorbing to the metal oxide’s surface at which point dissociation of OH groups
take place.*>>*%° Due to TiO2’s amphoteric nature, we must consider two chemical equilibria. *?

M—O0H+H* - M- 0H," K1 Eq.1
M—-0H -M—-0"+H* K2 Eq.2

Both reactions can take place simultaneously creating an environment ripe for redox reactions. As
such, the oxidized methylene blue will gravitate toward the negative site on the semiconductor,
where further redox reactions will take place. Studies have shown that an increase in pH causes an
increase in the rate of reaction.*?Ag/TiO: is assumed to possess the same proposed mechanism, as

seen in the figure below, but operates under a higher wavelength.
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Figure 1.7: Mechanism of Methylene Blue on photoactivated TiOz. Image adapted from ST T LE
et al.”

Methylene blue’s reaction with air is not as commonly investigated as its reaction with
Ti02, however, studies show there is a dark redox reaction that occurs with air, yielding the
formation of leuco-methylene blue.%"** This is an important aspect to be aware of, because it

directly affects the accuracy of all quantitative measurements, in-situ and ex-situ. The mechanism

of the dark redox of methylene blue can be seen in the figure below.

A Methylene Blue Methylene Blue Radical Leucomethylene Blue Radical
(MB) (MB) (LMB *)
( Protonatlon
c‘ |
\N / /
KJ H,
- |
l e Leucomethylene Blue
(LMB) LMB Stacking

E \N/CCD\ ”"\

Figure 1.8: Reaction pathway of methylene blue to leuco-methylene blue. A and B indicate the

molecules commonly identified in UV-Vis characterization. Image adapted from Mahlum et al.®?
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1.6. Purpose of this Study
Most studies present a method in which a suspension or tablets of TiO2 are placed in a low

concentration of methylene blue under UV light. At various times during the course of the
experiment, a specified aliquot of dye is removed from the nanomaterial and taken to a UV-Vis to
measure absorbance, or LC/MS and GC/MS if there are multiple species being tested. Systematic
errors can be present in this setup. For example, it is possible for methylene blue to react with the
air during transport from experimental apparatus to UV-Vis. Other systematic errors exist. Water
can evaporate in the experimental apparatus due to an increasing lamp temperature 5%
Nanoparticles can remain after centrifuging, causing permanent damage to LC/MS or GC/MS
columns. Most solutions to these issues tend to be expensive. Measuring the concentration of the
dye and knowing the exact time at which the measurement was taken is nearly impossible. This
gives reason to develop a method that takes a picture of the dye that can measure the instantaneous
concentration of the dye. The ultimate goal of this study was to develop a method to measure the
instantaneous concentration of methylene blue in various dry, photocatalytic environments.
2. Experimental Methods

2.1. Chemicals and Materials

Titanium (IV) oxide nanopowder (=99.5%, P25 TiO: nanoparticles) was purchased from
Sigma-Aldrich. Sodium hydroxide (pellet) and sodium borohydride (fine granular, ~99%) were
purchased from Macron. Silver nitrate (99.9995%) was purchased from Alfa Aesar (Premion in
Ward Hill, MA). Methylene blue powder was purchased from TCI. All experiments used 182 H>O.

2.2. Materials Preparation

2.2.1. TiO2 Nanofiber Synthesis

13



The TiO2 nanofibers were synthesized using the hydrothermal method.?! To begin, 40 mL of
10 M NaOH was prepared and added to a 50 mL Teflon vessel. Next, 500 mg (or 1000 mg) of P25
TiO2 nanoparticles was added and stirred into the solution. The Teflon vessel was placed in a 100
mL Baoshishan hydrothermal synthesis reactor. The reactor was left in a VWR Shel Lab oven
(Model No. 1350FM, 13.0 A, 115 V, 80 Hz) at 220°C for five days. Following this, the reactor
was taken out of the oven and left to cool in a fume hood at room temperature for approximately
12 h. The nanofiber product precipitated at the bottom of the reaction. After the supernatant was
decanted, the product was redispersed in 300 mL of water and transferred to a beaker. The resulting
aqueous nanofiber dispersion was transferred to centrifuge tubes and centrifuged (Eppendorf
Centrifuge 5804) at 9000 rpm for 10 min. The pH of the supernatant was checked using
MicroEssential pH paper before decanting, and the product was redispersed in water. This
purification process was repeated until the pH reaches neutral. The resulting nanofiber product
was then dried in an oven at 45 — 60 °C for 24 h.??643 Though the nanofibers were thoroughly
sonicated and vortexed, there were still dense aggregates that went unnoticed. It is possible that
the surviving aggregates encapsulated hydroxide.
2.2.2. TiOz2 Self-Assembled Membrane Fabrication
Roughly 300 mg of the nanofiber product obtained from the previous synthesis was
suspended in 40 mL of water, the aggregates were then successfully broken apart and suspended.
The mixture was transferred to a vacuum filtration system. Once dried, the membrane formed on
the filter was removed from the system, placed on a glass plate, and flattened by applying pressure
with a large beaker. The membrane was dried in a 45-60 °C oven.

2.2.3. Preparation of a 5% Ag-Incorporated (Ag/Ti02) Membrane

14



First, 290 mg of the nanofiber product was prepared in a 50 mL centrifuge tube and suspended
in approximately 50 mL of water by sonication. Next, 23.0 mg of AgNOs was then added to the
suspension and the centrifuge tube was sonicated to allow AgNOs3 to dissolve. Following this, 51.0
mg of NaBH4 was added to the suspension. The suspension was then vortexed and aspirated by
opening the cap of the centrifuge tube. The contents of the centrifuge tube were sonicated for 3
min and aspirated every 30 s. The suspension was vacuum filtered into the TiO2 nanofiber
membrane and dried completely in an oven at 45-60 °C as described previously.

2.3.Materials Characterization

The XRD patterns of the samples (i.e., commercially available P25 nanoparticles, synthesized
TiO2 nanofibers and Ag/TiO2 nanofibers) were recorded using an X-ray diffractometer (Rigaku
XtaLLAB Synergy-S diffractometer). Each sample was put on the nylon loop and scanned using
CuKa (0.04 W, 30 kV, and 15 mA) from angles from 10 to 130 degrees at a speed of 1.000 degree.
The UV-Vis spectra of the samples suspended in water and dye aqueous solution were taken using
a UV-Vis spectrometer (Agilent Cary 60). The FTIR spectra of the solid samples were obtained
in attenuated total reflection (ATR) mode with 64 scans by the FTIR spectrometer (IRAffinity-1S
Shimadzu).

2.4. Dye Degradation on Photocatalytic Membranes using a Gel Imaging System

All Gel Imaging System experiments occurred within a 4 week period. The calibration curve
of methylene blue on the membranes was obtained by drop-casting 10 pL of 0 ng, 7.5 ng, 36.3 ng,
49.6 ng, 72.3 ng methylene blue onto the membrane. A grey scale image of the membrane was
taken on parafilm in the UVP ChemStudio touch (Analytik Jena Imager) under colony count

setting with 50 ms exposure time. The intensity of each dye dot was analyzed by Image J.

15



The dye degradation experiments were conducted in four photocatalytic environments—TiO2
Dark, TiO2 Light, Ag/Ti0O2 Dark, and Ag/TiO2 Light. For the dark experiment, images were taken
every 0.5 or 1 min for 5 min using 50 ms exposure time for TiO2 membrane and 150 ms exposure
time for Ag/TiO2 membrane, respectively. For the light experiments, the Xe lamp was on at all
times during the 5 min experiment. Specifications for all four experimental conditions are in
Appendix B. The same two membranes were used for all experiments, one TiO2 membrane and
one Ag/Ti02 membrane. All dye droplets were taken from the same two stock solutions. The stock
solutions were taken to the UV-Vis in order to calculate the exact mass in each 10 puL dye droplet.
2.5. Analysis of Dye Intensity on Photocatalytic Membranes using ImageJ
Each image was cropped to contain only the membrane without any background. The contrast
of each image was inverted such as the dye dots were displayed in gray. The mean grey value
(Mean GV) of the membrane background was measured by utilizing the oval brush. The Mean GV
for each dye dot (i.e., 0 ng, 7.5 ng, 36.3 ng, 49.6 ng, 72.3 ng of methylene blue) was measured
using the polygon selection to isolate them from the background. The Mean GV is equal to the
sum of all gray values of all pixels in the selected area divided by the number of pixels.®> The
intensity was calculated by Equation 3 where the GVs and GV are the Mean Grey values of the
sample and background and Areas and Areas are the areas of the sample and background droplets,
respectively.
Intensity = GV, X Area, — GV, X Area, Eq.3
3 Results and Discussion

3.1 Materials Characterization

Figure 3.1 displays images of the TiO2 and Ag/TiO2> membranes. The surface of the TiO2

membrane was quite smooth and dull while the Ag/TiO2 membrane’s surface possessed a rough
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texture and was shiny. Ideally, the textures would be almost identical, however, during the process
of reducing the silver, the texture changed. Hydrogen gas was released as result of NaBH4 reducing
the silver onto the TiO: fiber in situ. After approximately 30 min, and the fabrication began. During
vacuum filtration, very small bubbles formed at the surface of the fibers. This indicated there was
a minute amount of unreacted NaBHa4 that was forming H> gas. These bubbles left small craters in
the membrane’s surface. The pH of each membrane was tested using pH paper and were found to
be basic. While the supernatants of neutralization process were neutral after processing and before
membrane fabrication, the redispersion of TiO2 fibers had a pH of approximately 10 and Ag/TiO2
a pH of approximately 9. This basicity indicates OH™ groups were entrapped among the fibers or
remained on the surface of fibers due to the presence of very small aggregates of TiO: fiber. These
fibers withstood sonication in bulk yet broke down in pre-fabrication sonication which contained

residual OH".

A

Figure 3.1: (A) TiO2 nanofiber membrane (B) Ag/TiO2 nanofiber membrane.
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XRD was used to confirm the structures of the materials. Figure 3.2 shows the XRD
patterns of the TiO2 nanofibers (black), Ag/TiO: fibers (red), and the Ag particles (blue). For the
TiO2, peaks were found at 25.13, 29.53, 35.27, 38.43, 48.53, 52.43 and 60.74 degrees that
correspond to indices of (101), (004), (001), (200), and (204) of anatase, respectively;***” and
peaks were found at 29.53, 34.34, and 52.43 degrees that correspond to indices of (110), (101),
and (211) of rutile, respectively.®*7! The XRD pattern for TiO2 and Ag/TiO2 membranes were
found to be similar. The XRD pattern for Ag particles showed high crystallinity and a nearly
identical pattern to literature values with indices (111), (200), (220), (311), (222), (400), (331), and

(400) at 38.15, 44.34, 64.47, 77.44, 81.59, 110.60, and 115.01 degrees.®’

700 - —— Ag Particles
111 —_ i
] ain) Ag/TiO,
600 - —TiO,
1 (200) (220) (3
(311)
500 (331420
_ A (222)  (400) (420)
400 -
E i
300 -
O | R
S
2001 A%k a,
12,s” A A
1004 T 128 8- I
] =) o 8]
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20 40 60 80 100 120
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Figure 3.2: XRD overlay of nanomaterials with all associated indices and crystal structures.

Anatase was labeled “A”, rutile was labeled “R”, and Ag particles were labeled “Ag.”
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Compared to the Ag particles, the XRD pattern of Ag/TiO2 does not contain metallic Ag.
However, the Ag/TiO2 nanofiber sample does appear slightly different from the TiO2 nanofiber
sample as shown in Figure 3.2. Therefore, further analysis took place. Because the synthesis of Ag
occurred under the basic conditions, it is likely that Ag2O and AgOH formed instead of Ag in the

Ag/TiO2 sample following Equations 4 and 5.
NaOHq + AgNO; = NaNOj3 (4q) + Ag,0 + H,0 Eq.4
NCIOH(aq) + AgN03 —>NaN03(aq) +Ag0H Eq5

To confirm this, a closer look at the Ag/TiO2 sample, an additional set of peaks at 27.92, 32.23,
and 53.61 degrees that would be assigned to Ag>O (110), (111), and (211) indices, respectively.
Ag>0 does not seem to appear in the XRD pattern as indicated in Figure 3.3. >’ Due to amorphous
nature of AgOH, it is difficult to obtain it XRD pattern. It also cannot be ruled out that the content
of Ag might be lower than the detection limit (< 10%) of the XRD. Because of the difference in
the appearance of Ag/TiO2 membrane and its experimental behavior (as it will be discussed in later
sections) as compared to TiO2 membrane, it is most likely that oxidized Ag incorporated to the
membrane. Further ICP/MS analysis might be able to resolve the Ag content in the membrane.
While the presence of the Ag particles, whether AgoO or AgOH, was not identified in XRD,
experimental results from TiO2 and Ag/TiO2 membranes are significantly different. Therefore, it
is most likely that the oxidized Ag content was below the detection limit, or that the Ag content

was mostly amorphous.
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Figure 3.3: XRD of (A) TiO2 membrane with associated angles and (B) Ag/TiO2 membrane with

associated angles and indices.

UV-Vis spectra were acquired for the TiO2 and Ag/TiO2 nanofiber suspensions in aqueous
solution respectively, as shown in Figure 3.4. The concentrations of the suspensions were not
considered for the samples as the purpose of this characterization was qualitative rather than
quantitative. The TiO2 aqueous suspension exhibited a broad peak at 288 nm. The literature report
that most of the spectra for TiO2 nanofibers showed the major peak with a range of 280-330 nm
compared to that of TiO2 P25 nanoparticles with a peak residing at roughly 325 nm.?*?#72 This
difference in literature values exists simply because spectra can greatly vary from study to study.
Depending on the fabrication method, it is possible for a particular facet or a TiO2 phase more
interactive with light at lower wavelengths to be located at the surface of the material.!®*”3 Some
authors have proposed the in-plane interactions of the anatase (001) lattice are stronger than those
that are perpendicular to it. Although anatase preferentially expose (100), (101), and (001)
surfaces, it is possible those will become covered by other phases of TiOz, such as rutile, whose

interfaces are less interactive with photons of a low wavelength.”* The Ag/TiO2 nanofiber aqueous
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suspension showed a nearly identical spectrum. It is expected to see a peak at 400-420 nm if
significant amount of metallic Ag particles is incorporated to the TiO2 nanofiber,®>’% but it was

not observed. This result suggests that the metallic Ag nanoparticles are not present.

1.0 1
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Figure 3.4: UV-Visible spectra of TiO2 nanofiber aqueous suspension (A) and Ag/TiO2 nanofiber

aqueous suspension (B). Note that they are not the same concentration.

To further investigate the presence of Ag content in the membrane, a Tauc plot was

constructed to measure the band gap. The Tauc plot method utilizes Equation 6,
(a-hv)YY = B(hv — E,) Eq.6

Where the energy-dependent absorption coefficient is a, h is plank’s constant, v is the photons
frequency, Eg is the band gap energy, and B is a constant. An important note to make is the y
factor—y refers to the direct or indirect transition in the band gap (1/2 or 2 respectively).?’ Because
Degussa P25 has both direct and indirect band gaps, many studies have shown that the mixture of
anatase and rutile exhibit direct band gap behavior. While the photocatalytic material used in this
study was consistent with this phenomenon, a Tauc plot for indirect band gap was examined for

this study and can be found in the Appendix. The Tauc plot for a direct band gap revealed TiO: to
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have a band gap of 3.44 eV and Ag/TiO2 with 3.38 eV. These values are larger than what the
literature values are (TiO2, 3.2 eV; Ag/TiO2, 2.5 eV).3!1:336667.72 The most probable reason for the
discrepancy is that there is a small amount of quantum confinement present in the TiO: fiber.
Quantum confinement can occur when the e-/h+ pair’s energy levels are too close together. This
causes band gap expansion and is the most likely explanation for the larger than normal value for
both TiO2 and Ag/TiOz. The high band gap of the Ag/TiO: is most likely due to the small size of

the Ag particles (Ag20 and AgOH) that do not cover a larger surface area of TiO2. Therefore, there

are fewer Ag-assisted excitations as compared to TiO2 excitations. !"-1®
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Figure 3.5: Tauc plots for (A) TiO2 and (B) Ag/TiO2 membranes were plotted to measure the

direct band gap of each semiconductor.

There are several reasons the spectra look similar. The first being that the Ag particles failed
to deposit onto the membrane. There were differences in the membranes’ appearances; TiO2
membrane was a bright, white color and the Ag/TiO> membrane was a shiny, silver color. The
second possibility was that the concentration of Ag content that was successfully deposited was so

low that the TiO2 peak shielded the red shift. A third possibility was that AgNO3 was not finished
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reacting with NaBHa4. If this were the case, residual NaBHa4 could still exist in the suspension. A

series of characterizations were conducted to investigate this further. %1923

An IR spectrum was taken of each of the materials to find and identify the presence of organic
contaminates (Figures 3.6 and 3.7). The sample preparation involved taking small portions of new
TiO2 and Ag/TiO2 membranes The IR spectra for TiO2 and Ag/TiO2 membranes showed a large
broad peak at roughly 3100 cm™!. This peak is commonly associated with an O-H stretch and in
this case is most likely due to the presence of OH.’® Both membranes contain peaks in the
fingerprint region that are characteristic of TiO2 (900 cm™!, 760 cm™!, and 685 cm™). A weak, yet
broad peak at approximately 1650 cm™ was found in both membranes. While NaBH4 has a peak
at 1620 cm’!, it is sharp.”” NaBH4 does not appear to be present in the membranes.

While it is unlikely that metallic Ag formed in situ, a closer look at the biproducts of the

reduction of Ag under FTIR spectroscopy. Equations 7-9 shows the possible reactions under

examination.
2AgNO; + 2NaBH, (qq) = 249(s) + B2He + Hy () + 2NaNO; Eq.7
B,H, + 6H,0 — B(OH)3; + 6H, Eq.8
2AgNO; + H, —» 2Ag + 2HNO; Eq.9

NaNOs possesses a strong, broad peak that ranges from 1680-1420 cm™.”” While a weak, small
yet broad peak at 1657 was found in both membranes, further testing would need to be done to
confirm the presence of NaNOs. FTIR spectra for TiO2, NaBH4, and NaNOs from SDBS was used

as comparison and can be found int the Appendix.
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Figure 3.6: FTIR of dry TiO2 membrane
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Figure 3.7: FTIR of dry Ag/TiO2 membrane
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3.2 Dye Calibration

A UV-Vis spectrum (Figure 3.8) was obtained for the following concentrations of methylene
blue: 3.13 x10° M, 7.82 x10° M, 9.38 x10° M, 12.5 x10° M, 18.8 x10° M, 25.0 x10° M, and
31.3 x10% M. The solutions were made by creating a 3.13 x10* M solution and then diluting to
the appropriate concentrations. The Amax was 665 nm for all concentrations and is characteristic of
the dye.* The spectrum was characteristic of a methylene blue at room temperature and as such,
the absorption coefficient of the dye was 5.22 x10* M'em™!.405861:62 Dye to its proclivity of redox
in the presence of air even in dark conditions, this calibration curve (Figure 3.9) was created with

fresh samples.

1.2 1
——31.3x10°M
1.0 ——25.0x10°M
——18.8x10°M
0.81 ——12.5x10° M
——6.25x10° M
8 0.6 1 ——3.13x10° M
——0.00x10° M

< 0.4 -

0.24

0.0 1

460 | 560 | 660 | 760 | 860
Wavelength (nm)
Figure 3.8: UV-Visible spectra of methylene blue (MB) taken in November 2023. Molar
concentrations 3.13 x10° M, 7.82 x10 M, 9.38 x10° M, 12.5 x10°° M, 18.8 x10% M, 25.0
x10° M, and 31.3 x10° M correspond to 0.0 pg, 2.0 pg, 5.0 ug, 6.0 pg, 8.0 ug, 12.0 pg, 16.0

pg, 20.0 pg in 2 mL of water.
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Figure 3.9: Methylene blue calibration curve from the UV-Vis spectrum in Figure 3.8.

Immediately after all Gel Imaging System experiments had been conducted, the dye samples’
absorbances were measured to ensure accuracy for all subsequent kinetic information. Figure 3.10
shows the spectra for all experimental samples of dye. The absorbances at Amax were divided by
the absorption coefficient to yield the mass of the dye in the 10 pL dye droplets used for the
experiments. Table 3.1 shows the absorbance of the 2 mL experimental samples, their associated

molar concentrations, and the mass of methylene blue in each of the 10 puL droplets.
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Figure 3.10: UV-Vis spectra of methylene blue samples that were used in all Gel Imaging

System experiments and their corresponding molar concentrations.

Table 3.1: Table of experimental molar concentrations and masses in 10 pL droplets and their

corresponding absorbances.

Absorbance Concllltle?\Itar;tion Mas[)sr:;Il(: -
0 0.00 x10° M 0.0 ng
0.123 2.76 x10° M 7.5 ng
0.593 13.3 x10° M 36.3 ng
0.81 18.2 x10° M 49.6 ng
1.18 26.5 x106 M 72.3 ng
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3.3 Digital Dye Quantification by Gel imaging System and Image]

3.3.1 Calibration Curves for Different Conditions

The goal for collecting a calibration curve was to isolate the linear range of the dye drop
cast to the membrane according to Beer’s Law and to quantify the mass of methylene blue versus
the color intensity of the dye on the photocatalytic membranes of each experiment. Each sample
circle was formed by drop casting 10 uL of the solutions listed in Table 3.1, resulting in
corresponding sample mass in the circle. Figure 3.11 is the image from which the calibration curve
was analyzed. For droplets of higher concentration, the calibration curve experienced a dramatic
curvature. This curvature is historically seen in oversaturated spectroscopic spectra like highly
concentrated UV-Vis samples. The higher concentrations were not included in the methylene blue
calibration curve because they did not fall into the linear region according to Beer’s law. In the
case of overly concentrated UV-Vis samples, diluting highly concentrated samples remedy the

oversaturation.

The first observation to be discussed is the uneven nature of dye distribution on the
substrate. In the droplets with higher concentrations, this phenomenon is more evident and can be

seen most prominently in the 36.3 ng, 49.6 ng, and 72.3 ng samples.

The second observation that can be made is the droplet size and shape. Though each sample
was 10 pL, they were never perfectly spherical or uniform. The size of the droplets also changed
over time. Though this is not directly related to the calibration curve, it is worth mentioning
because it is another reason for manually outlining the droplet. Automatic trancing would, at time,
ignore small amounts of dye that can be seen with the naked eye. Choosing to manually tracing
each circle to ensure the complete coverage before quantifying the Mean GV. This adaptation

ensures a more precise and accurate reading of the color intensity for all samples.
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Figure 3.11: Image of Calibration Curve for MB on TiO, membrane in a dark experiment. The

masses are listed above the droplets with arrows identifying the location of droplets that are

difficult to see.

© 0 | TiO,Dark . |

%o s

ES , y§z3='1:;918%x
0 . . .

O -+

20 40 60 80
Mass (ng)

Figure 3.12: Calibration Curve for TiO2 Dark. A) Calibration curve from 0 to 49.6 ng. B) This

calibration curve was constructed by setting the x-intercept to 0.
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Figures 3.13, 3.14, and 3.15 are the collection of the calibration curves for TiO2> membrane
in the light, and Ag/TiO2 membranes in the dark and the light. The linear regression equations for
each are very similar. With intercepts set to zero, sensitivities, which are the slopes, were found to
be in the same magnitude and R? values above 0.98. For each graph, the intensity is linearly
proportional to their respective mass across the four various environments. However, the slope is
different. The cause for this was most likely due to the uneven nature of the dye spreading across
the membrane surface. Although the same methylene blue solutions were used for all calibration
curves and experiments, the sensitivity was greatly affected by the deposition of the droplet on the
substrate. Evenly depositing 10 pL proved to be quite a challenge. Any change in the pipet’s angle,
deposition speed, or shaking would affect the droplets’ size, shape, and uniformity. Despite these
shortcomings, calibration curves were consistently collected with R? values of > 0.9820 with the
digital quantification in ImageJ. Therefore, the linear region was identified and can be used for
quantifying the disappearance of the methylene blue at a fixed mass in this region due to

degradation in the kinetics experiments.
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Figure 3.13: Calibration curve for methylene blue for the TiO, light experiment.
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Figure 3.14: Calibration curve of methylene blue for the Ag/TiO, dark experiment
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Figure 3.15: Calibration curve of methylene blue for the Ag/TiO, light experiment

Subsequent calibration curves were collected to determine the reproducibility of this

method. Droplet masses that exceeded 72.3 ng did not fall within the linear region for any

experimental conditions. A dramatic curvature was seen in the graph (as seen in Appendix, Figure

A?2). The hypothesis was that it would be possible to use the calibration curve seen in Figure 3.12-
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3.15 for all of their respective experimental conditions. This was not the case. While this method
was able to render calibration curves with R? values of 0.9820 and higher for each experiment, the
slopes varied. Because the slopes varied from experiment to experiment, the calculated methylene
blue mass inaccurate. This demonstrated that the calibration curves in Figures 3.12-3.15 were not
suitable to accurately calculate dye mass. In response, new calibration curves were made for each
experiment and used to calculate to dye masses. This yielded the data found below. All averaged

initial masses fell within +3 ng of the true mass.

Table 3.2: All initial masses (M) of dye droplets in this study.

TiO, Dark Ag/TiO, Dark
36.3 ng droplet 49.6 ng droplet 36.3 ng droplet 49.6 ng droplet
Date M Date M; Date M; Date M;
1 36.5 1 495 1 384 1 46.2
2 38.0 2 47.5 2 31.6 2 42.1
3 379 3 44 4 3 48.5 3 51.7
Ave 37.5 Ave 471 Ave 39.5 Ave 46.7
Std Dev  0.68 Std Dev  2.10 StdDev 6.94 |StdDev 3.93
TiO, Light Ag/TiO, Light
36.3 ng droplet 49.6 nqg droplet 36.3 ng droplet 49.6 ng droplet
Date M; Date M; Date M; Date M;
1 39.7 1 493 1 41.8 1 49.7
2 30.9 2 473 2 30.9 2 47.3
3 37.7 3 56.9 3 35.3 3 56.7
Ave 36.1 Ave 51.2 Ave 36.0 Ave 51.2
Std Dev  3.77 Std Dev 4.14 Std Dev 4.48 |StdDev 3.99

3.3.2 Methylene Blue Dye Degradation

3.3.2.1 Degradation of Dye on the Membranes under Different Conditions

The purpose of this analysis was to study the degradation of methylene blue dye under
different conditions. The specifications of the four different conditions and calculated initial

masses can be found in the Appendix B. The hypothesis was that TiO2 Dark Experiments would
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yield the smallest percentages while Ag/TiO2 Light Experiments would yield the highest
degradation percentages. Figure 3.18 is a time lapse of a TiO2 Dark Experiment and an example
of a typical degradation experiment. As can be seen, a significant amount of dye was broken down
in droplets of lower concentrations. The 7.5 ng droplet is very hard to identify but can still be seen
and measured in ImageJ after the inversion for 0 min image. However, it was nearly impossible to
make out the edges of the droplet after 1 min and therefore has been removed from all data
analyses. Figure 3.19 is a graph of the mass degradation over time for a TiO2 dark experiment.
Compared to the control experiment on the filter paper that is made of cellulose (found in Appendix

A), the dye was degraded faster on the TiOz surface in dark.

0 min 1 min 2 min 3 min 4 min 5 min

Figure 3.18: Unedited image of typical degradation experiment. This is a time laspe of a TiO2 dark

experiment.
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Figure 3.19: Methylene blue breakdown over time for TiO2 membrane in dark of 49.6 ng droplet.
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Table 3.1 is a summary of the percent degradation of dye intensity over time for the four
experimental conditions in triplicate. The standard deviations that were calculated in Table 3.1
were quite high, meaning the range of the data differed significantly from the calculated mean.
However, the individual environments of each triplicate were identical, and the analysis method
consistently yielded high quality calibration curves. A likely explanation for this is that the droplets
were not uniformly drop-cast onto the membrane and caused an uneven distribution. What resulted
was some areas of the droplet reached the upper limit of the linear region according to Beer’s law.
Over time, the areas with less dye would seemingly lose intensity more quickly than the areas with

more dye, thereby yielding a smaller overall decrease in dye intensity.

Table 3.3: Percent degradation in mass for 30.9 ng and 42.2 ng droplets.

TiO, Dark Ag/TiO, Dark
36.3 ng droplet 49.6 ng droplet 36.3 ng droplet 49.6 ng droplet
Exp %deg Exp %deg Exp %deg Exp %deq
1 60.57 1 51.74 1 52.41 1 48.01
2 32.01 2 31.55 2 41.29 2 33.22
3 53.06 3 25.67 3 76.70 3 61.36
Ave 48.55 Ave 36.32 Ave 56.80 Ave 47.53
Std Dev 14.81 Std Dev 13.67 Std Dev 18.11 Std Dev 14.08
TiO, Light AgITiO, Light
36.3 ng droplet 49.6 ng droplet 36.3 ng droplet 49.6 ng droplet
Exp %deqg Exp %deg Exp %deq Exp %deq
1 43.59 1 27.39 1 53.80 1 58.57
2 40.00 2 49.96 2 57.96 2 49.97
3 40.90 3 36.73 3 51.30 3 40.60
Ave 41.50 Ave 38.03 Ave 54.35 Ave 49.71
Std Dev 1.87 Std Dev 11.34 Std Dev 3.36 Std Dev 8.99

A higher percent decrease in mass was consistently observed in the 36.3 ng droplet than in the
49.6 ng droplet. This demonstrates that each methylene blue molecule that was broken down in
the 36.3 ng droplet had more of an impact of the percent degradation, than in the larger sample.

Ag/TiO2 membranes were approximately 10% more effective in breaking down methylene blue in
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dark and light environments for both dye droplets. This demonstrates that adding Ag>O had a
measurable impact of the efficacy of the TiO2 membrane. When white light was added, there
seemed to have no effect on the percent mass decrease of the dye. While this behavior was expected
for TiO2 membrane, it was not for the Ag/TiO2> membrane. As aforementioned, incorporating Ag
shortens the band gap, thereby red shifting the photocatalysts light activity range.>* The band gap
for the Ag/TiO2 material was found to be 3.38 eV. As mentioned in the power densities of 320 nm
and 365 nm of the white light were 0 mW/cm? for all four experimental conditions. So, while it
was expected degradation percentages to be higher for Ag/TiO2 light experiments and Ag/TiO2
dark experiments, the results were equivalent to each other. Though the results falsified the
hypothesis, they confirmed that the digital quantification acquired from the Gel Imaging System

was reliable.
3.3.2.2 Droplet Size Change on Photocatalytic Surface under Different Conditions

The purpose of this analysis was to collect data that would point to a correlation between the
percent mass decrease (Table 3.3) and the change in droplet size (Table 3.4). In the preliminary
UV experiments, droplets sizes commonly increased over two-hour periods of time. While dye
spreading will not affect the accuracy of the mass calculation as it did in preliminary UV studies,
it deserves examination under a shorter timeframe. The standardized image-capturing allowed for
droplet size to be tracked using area. For this experiment, the change in droplet size was calculated
using Equation 8, where Areai is the initial area of the droplet and Arear is the final area. Due to
the lower concentration of the droplets, the droplets were not perfectly rounded with smooth edges.

This is why the area of the droplet was used instead of the diameter of the droplet.

Area; — Areas

%Size Decrease = x 100 Eq.10

Area;
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The averages across every experiment were positive. In most experimental environments, one
triplicate of 36.3 ng and 49.6 ng droplets increased in size. The standard deviations were quite
high, indicating the individual measurements varied greatly from mean and in most cases, they
exceeded the average. In many cases, the size change did not directly relate to the decrease in mass
on an individual or average basis. Because of this, it was determined that the droplet size change

over time did not correlate to the percent mass decrease and is therefore not an appropriate analysis

for this study.

Table 3.4: Percent Size decrease over 5 min for two droplets in Gel Imaging System study.

TiO, Dark Ag/TiO, Dark
36.3 ng droplet 49.6 ng droplet 36.3 ng droplet 49.6 ng droplet
Exp %Size Dec Exp %Size Dec Exp %Size Dec Exp %Size Dec
1 7.75 1 35.86 1 4.49 1 20.46
2 11.49 2 12.08 2 34.22 2 7.21
3 29.74 3 -13.19 3 20.21 3 2.78
Average 16.33 Average T 23.97 Average " 19.36 Average 10.15
Std Dev 11.77 StdDev’  16.81 StdDev”  21.02 Std Dev 9.20
TiO, Light Ag/TiO, Light
36.3 ng droplet 49.6 ng droplet 36.3 ng droplet 49.6 ng droplet
Exp %Size Dec Exp %Size Dec Exp %Size Dec Exp %Size Dec
1 9.06 1 -6.70 1 -0.59 1 -4.41
2 8.91 2 42.34 2 -0.98 2 12.63
3 -2.70 3 13.18 3 28.23 3 8.79
Average 5.09 Average =~ 17.82 Average 8.89 Average 4.1
Std Dev 6.75 StdDev’  34.68 Std Dev 16.75 Std Dev 12.05

3.3.2.3 Kinetics of Dye on the Membranes under Different Conditions

Identifying the kinetics of methylene blue’s fading over time was done by plotting 0™ order,

1%t order, and 2" order graphs and comparing the R? values of the linear regressions from those

graphs for all Gel Imaging data sets. Derivations for these kinetics and rate constants can be found

in the Appendix. Figures 3.20-3.22 show the typical kinetic analysis followed for all data sets. The



first order graphs were plotted to have an intercept set to 0. By doing this, R? values improved for

all data sets. All data sets in all experimental environments yielded L-H 1% order results.
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Figure 3.20: 0" order kinetic analysis of TiO2 dark experiment 49.6 ng droplet.
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Figure 3.21: 1* order kinetic analysis of TiO2 dark experiment 49.6 ng droplet where M is the

mass at time t and M; is the initial mass.
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Figure 3.22: 2™ order kinetic analysis of TiO2 dark experiment 42.2 ng droplet.

Table 3.5 is a collection of all kinetic information from all Gel Imaging experiments. All
standard deviations were excellent. This indicated that though the droplet size and percent mass
decrease were inconsistent, the digital quantification in the Gel Imaging System was still able to
collect reproducible kinetic information for all experimental environments. In literature, rate
constants for methylene blue in a TiO2 suspension under UV range from 0.040 min™ to 0.0011 min
4280 All averaged rate constants were larger by at least one magnitude. This can be attributed to

the excess photocatalyst, presence of water, and the basic nature of the membrane.

Because the dye was always in direct contact with the membrane, the experiments were
considered to contain an excess amount of photocatalyst. The excess photocatalyst in the presence
of excess water allowed for the constant generation of reactive oxygen species which were able to
quickly breakdown methylene blue at the interface. A suspension requires stirring to allow the

photocatalytic particles to reach the dye.
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Table 3.5: All 1* order kinetic information for all Gel Imaging System experiments.

Std Dev 0.0078

Std Dev ” 0.0766

Std Dev 0.0180

TiO, Dark Ag/TiO, Dark
36.3 ng droplet 49.6 ng droplet 36.3 ng droplet 49.6 ng droplet
Exp Slope Exp Slope Exp Slope Exp Slope
1 -0.1812 1 -0.1404 1 -0.1475 1 -0.1257
2 -0.0777 2 -0.0775 2 -0.2889 2 -0.1475
3 -0.1458 3 0.0588 3 -0.1163 3 -0.1933
Average -0.1349 | Average 7-0.1090 Average 7-0.2182 Average -0.1555
k 0.1349 k 0.1090 k 0.2182 k 0.1555
Std Dev 0.0526 | Std Dev ~ 0.0445 | Std Dev ~ 0.1000 | Std Dev 0.0345
TiO, Light Ag/TiO, Light
36.3 ng droplet 49.6 ng droplet 36.3 ng droplet 49.6 ng droplet
Exp Slope Exp Slope Exp Slope Exp Slope
1 -0.1058 1 -0.0598 1 -0.1785 1 -0.1920
2 -0.0937 2 -0.1681 2 -0.1654 2 -0.1477
3 -0.1083 3 -0.0756 3 -0.1430 3 0.1071
Average -0.1026 | Average ' -0.1140 | Average -0.1623 |Average -0.1699
k 0.1026 k 0.1140 k 0.1623 k 0.1699

Std Dev ~ 0.0313

While previous studies, mentioned in the Appendix, revealed that water can quickly evaporate

from the membrane no matter the light source, there was no evaporation with the Gel Imaging

experiments. Figure 3.23 shows methylene blue on an Ag/TiO2 membrane at 0 min and 5 min in

a Light Experiment and is a visual depiction of the presence of water throughout the experiments.

The light grey circles surrounding the droplets shows the presence of water and the true diameter

of the 10 pL droplet. The white arrow labeled “0 ng MB” points to a 10 uL droplet of water that

served as the background.”

30,32,39,64,78,79
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Figure 3.23: Methylene blue on Ag/TiO2 membrane in a Light Experiment. The light grey

circles indicate the presence of water.

4. Conclusion and Future Work

This study successfully developed a method to quantify the mass of methylene blue deposited
on the solid membranes under different conditions. By utilizing ImagelJ, calibration curves relating
the mass of methylene blue to dye intensity were consistently collected. The calibration curves and
the absorbances of the samples were used to calculate the mass of each dye droplet, whose averages
were within +3 ng of the samples’ mass. The linear region of the calibration curve was found to be
0 — 72.3 ng of methylene blue. This method allowed further investigation of methylene blue on
dry photocatalytic surfaces, that is, TiO2 and Ag/TiOz self-assembled membranes. Due to the basic
environment, the Ag in the membrane is oxidized and the amount is below detection limit.
Therefore, we didn’t observe substantial difference between the two membranes. The degradation

of dye in dark follows first kinetics; however, we didn’t observe photocatalytic activity under
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visible irradiation possibly due to the low light intensity and inhomogeneity of the dye droplet
mass. Future studies could include work towards optimization of the method for the increase of
the homogeneity of the dye on the membranes, identification of the linear regions for other dyes
such as methyl orange or rthodamine B, and the use of it to assess the membranes made of

photocatalysts other than TiOx.
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Appendices
Appendix A: Additional Experiments

A1l. Methods

The following amounts of methylene blue were drop-cast on a TiO2 membrane: 200 pg, 500
ng, 1000 pg, 1500 pg, and 2000 pg in 10 pL aqueous solution. The membrane was placed in a dark
drawer for 2 h and used as a control. For another membrane, 10 pL of 2000 pg of methylene blue
was drop-cast on and subjected to irradiation under a UV lamp for 2 h. Every 30 min, an additional
2000 pg of methylene blue in 10 puL aqueous solution was placed on the membrane. Images were
taken using portrait, natural light settings in iPhone and then analyzed in ImageJ.

A TiO2 membrane, 10 uL of 2000 pg of methylene blue was drop-cast on and subjected to
irradiation under a UV lamp for 2 h. Every 30 min, an additional 2000 pg of methylene blue in 10
uL aqueous solution was placed on the membrane. Images were taken using portrait, natural light
settings in iPhone and then analyzed in ImagelJ. The droplets’ GVs were used in this experiment
because it was impossible to collect an accurate area of each droplet. This would have led to
incorrect intensity measurements.

A2. Digital Qualification of Calibration Curve by iPhone and Image]

The purpose of these experiments was identify a relationship between color intensity and
concentration using an iPhone and ImageJ. Figure Al shows the images taken from this
experiment. Figure A2 is the calibration curve of the grey values associated with the concentration
of dye. Unfortunately, the regression line was not linear. Plateauing began at 50 ppm and continued
more drastically with the increase in concentration. The white and yellow light surrounding the
membrane is a reflection of the light source in the petri dish that contained the membrane. I tis

possible the light reflection caused inconsistencies in the ImageJ analysis.
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Figure A1: Calibration curve found at 0 min for methylene blue quantities at 200 pg, 500 pg, 1000

/

pg, 1500 pg, and 2000 pg in 10 pL aliquots. Images at 30 min, 60 min, 90 min and 120 min show
the dyes fading while in the dark. The top row shows the images taken directly with iPhone. The

bottom row shows images in grey scale and inverted in Imagel.
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Figure A2: Calibration curve for low-powdered. The concentrations correspond directly to the

droplets found in Figure A1. The intercept for the linear regression was set to 0.
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Correcting each droplet’s GV involved collecting an averaged GV for the membrane without
dye that served as the background. Each background GV yielded standard deviations that did not
fall within one to two standard deviations from the mean. We believe this gravely affected the
results. Though in the dark, the dye faded over time. This is evidence for the formation of leuco-
methylene blue. Another possibility for the observed plateau is that the dye is too concentrated and

is therefore not within the linear region.

In the preliminary digital quantification studies, the dye droplets’ size changed over time. Dye
spreading was very apparent in the UV experiments as seen in Figure B3. This figure shows two
images from a 2 h UV experiment at 0 min and 120 min studying a 10 uL droplet containing 500
pg of methylene blue. The diameter of the droplets and membranes were measured at their widest

using Imagel.

/

- 68.96 pixels : 116.39 pixels

725.00 pixels ~ 723.00 pixels

Figure A3: Images from 2 h UV experiment. The diameters of the droplet and membrane were
measured using ImagelJ. The droplet measurement ranged from 68.96 pixels to 116.39 pixels in

width.

Because this image capturing was not standardized, the iPhone lens was not at the same

distance from the membrane. This varied distance directly affects the pixel count and therefore,
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utilizing the droplet’s area would yield inaccurate data. To counteract this systematic error, we
decided to examine the diameter of the droplet to diameter of the membrane percentage. At 0 min,
the droplet’s diameter was found to be 9.51% of the membrane’s diameter; over time, that
percentage increased to 16.10%. Though we observed a diameter increase, we still see the dye
fading. We expected to observe a decrease in the diameter of the dye droplets. This is yet another

reason to examine the intensity of the mass of dye, instead of the intensity of the concentration.

A3. Internal Standard experiment for UV light

Because calibration curve was not collected in earlier experiments, a percent GV reduction
over time was calculated under the low power density (0.0174 W/cm?), UV lamp. The experiment
was composed of triplicates, utilizing an internal standard to accomplish this goal. The hypothesis
was that there would be a high percent reduction of the dye’s GV over 2 h. Figure A4 shows the

photographic results from the low-powered, UV light experiment.

The first observation to be made is that after 30 m the dye does not seem to degrade as
drastically. In fact, it seems that the dye faded more thoroughly in the dark than under UV. Figure
A3 shows the percent decrease in GV over time, and it confirms the first observation. At 30 minutes
and 120 m, the difference between the GVs of the sample and internal standard was 36.8% and
48.9%, respectively. The second observation to be made is the edges of the droplets seemed to be

more defined than in Figure A3.

One possibility is that the UV lamp caused a slight increase in temperature in the membrane
and caused the water to evaporate from the dye. By removing this crucial reactant, we removed a
source for ROSs and the reaction slowed dramatically. Quantitative data was not collected in this

experiment; however, the qualitative information provided reasonable conclusions from this set of

57



experiments. This experiment indicated that an internal standard has the potential to reveal

quantitative information if it is accompanied by calibration curve.
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Figure A4: Images of internal standard experiment where experimental droplet is in the center of

the membrane while the internal standard was placed before every image was taken.
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Figure AS: Percent difference between the sample and internal standard over time.

A4. Artificial Sunlight experiment
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A TiO2 membrane was hung vertically after 100 pL of 500 ug of methylene blue was drop-
cast on it. The membrane was then exposed to a high-powered (300 W) Xe lamp to mimic sunlight
for 90 min. The light spectrum of this light source can be found in the Appendix B. The power
density was not acquired because the power meter required a specific wavelength to measure. The
membrane was sprayed with water every 15 m while images were taken every 30 m. Images were
taken using portrait, natural light settings in iPhone and then analyzed in ImageJ. The droplets’
GVs were used in this experiment because it was impossible to collect an accurate area of each
droplet. This would have led to incorrect intensity measurements.

This experiment tested the efficacy of a wet TiO2 membrane in artificial light over time. The
hypothesis was that the 100 puL of 50 ppm of methylene blue would degrade more quickly on a
wet membrane due to the excess source for hydroxyl radicals, and that by taking the image of the
membrane on a black sheet of paper, the extraneous reflected light would be eliminated. While the
band gap for the membrane was quite low as compared to literature, the assumption was that the
artificial sunlight would increase the overall efficiency of the membrane due to the light spectrum

of the Xenon lamp.

Figure A6 shows the membrane at 0 m and at 60 m with an obvious change in color intensity.
Figure A7 is a graph that shows the percent difference of GV over time. Within the first 15 m, the
percentage difference in grey value was 55.5%. By the end of the experiment, the change was
68.0%. Though different light sources were used, Figures A5 and A7 have very similar patterns
with plateauing after 30 and 15 m, respectively. Most likely, a majority of the TiO2-methylene blue

breakdown occurs within the first 15 m of light exposure no matter what the light source.
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Figure A6: Right-0 min; Left-60 min
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Figure A7: % Difference in methylene blue GV over time.

This qualitative study indicated that artificial light yielded a slightly more efficient
breakdown of methylene blue. This was most likely due to a higher power of the source.
Standardizing image capture is a crucial first step in collecting quantitative data. It was impossible
to ensure that each image was taken at an identical distance and angle. This affected the standard
deviations for the background, droplet size and shape, and even the tint of the image. Non-uniform

distribution can be a source of error because the analysis necessitates measuring the Mean Grey
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Value, which is the color intensity over the area of the highlighted region. This experimental error
was resolved by utilizing the mass of the deposited dye as opposed to the concentration of the dye
and by manually outlining each droplet. Mass is a more reliable variable than concentration for
this study as it is independent of volume of solvent. This is an important distinction to be made
because previous studies have revealed that evaporation of the solvent occurs. Though this
evaporation is not quantifiable, any decrease in volume results in an increase of concentration.
This increase of concentration was then correlating to and decrease in color intensity, which is not

reasonable.
AS5. Behavior of Dye on Filter Paper with No Light — A Control Experiment

As a control experiment, the purpose of this experiment was to verify any changes in the
concentration of methylene blue over time due to a dark redox reaction on the filter paper that is .
By utilizing filter paper, redox reactions occurring due to the catalytic surface’s interaction with
methylene blue, air, and water vapor was eliminated. Two droplets were analyzed and will be the
focus of this discussion. What resulted was minimal change in mass between the initial and final
time stamps. The slope was negative, but very small. This indicated there was an almost
imperceptible change in concentration over time (Figure 16). A variation was observed in each
measured mass; however, there was no apparent behavior that followed for 0™, 1%, or 2" order L-
H kinetics. This experiment demonstrated that methylene blue does not oxidize with the air to form
a detectable decrease of methylene blue in the dark experiment. Therefore, this control experiment
was a success. Future work could include a control experiment of this nature for an extended period

if experiments last longer than 5 m.
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Figure A8: Methylene blue behavior over time on filter paper. No apparent kinetic behavior

observed. (A) 36.3 ng droplet (B) 49.6 ng droplet.

Appendix B: Experimental Conditions, Spectra, and Additional Plots

Table B1: Gel Imaging System settings of the 4 experimental conditions

Settings TiO, Dark TiO, Light Ag/TiO, Dark Ag/TiO, Light
White Light OFF ON OFF ON
Trans Lighting OFF OFF OFF OFF
Emission Filter Clear Clear Clear Clear
Brightness 40% 40% 40% 40%
Focus 69% 69% 69% 69%
Noise Reduction ON ON ON ON
Exposure Time* 50 msec 50 msec 150 msec 150 msec
Epi Lighting White White White White

*Exposure time is the amount of time the camera lens is exposed to the photons emitted from the sample. The
greater the exposure time, the more light is absorbed by the camera. This results in a brighter image.
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Table B2: Power densities of selected wavelengths in 4 experimental conditions

Wavelendath Power Density Power Density Power Density Power Density
g TiO, Dark Tio, Light AgITiO, Dark AgITIO, Light
320 nm 0 mW/em? 0 mW/em? 0 mW/em? 0 mW/em?
365 nm 0 mW/ecm? 0 mW/cm? 0 mW/cm? 0 mW/cm?
405 nm 0 mW/em? 0.0398 mW/cm? 0 mW/cm? 0.0398 mW/cm?
488 nm 0 mW/em? 0.0318 mW/cm? 0 mW/em? 0.0318 mW/cm?
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Figure B1: Spectrum of white light in Gel Imager System
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Figure B2: Tauc plot of indirect band gap.
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Figure BS: FTIR of NaBH4 taken from SDBS.
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The spectral irradiance E, is the radiant flux in a small
band of wavelengths, Ak, at wavelength 1 falling on a
small element of a surface located 0.5 m from and
facing the source, divided by the area AA (in m") of the
surface element and divided by Al (in nm). See page
1-2 for conversion to other units.

Actual peak shapes are a convolution of the true peak
shape with the measurement instrument response
function.

10° — —
N The area under the curve, B
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The logarithmic scale allows display of the lamp output

over several orders. You can clearly see that there is We use wavelength as a spectral variable. The symbol is A.

UV output and you can estimate it. The linear display
of the same graph (Fig. 4 on the following page)
doesn't make this clear and because of the large
dominant peaks, a lot of detail is lost over the rest of
the spectrum. The logarithmic display suppresses
the high peaks. We mention a disadvantage of the
semi-log display on the next page.

See page 1-3 for a conversion to other spectral quantities,
wavenumber, frequency and photon energy. When you
convert, the shape of the spectrum will change. The
displayed range covers the most popular wavelengths for
the lamps. We show 200-2400 nm irradiance for each type
of lamp on pages 1-22 to 1-29.

Fig. 3 Example of the spectral irradiance curves we show for our arc, quartz tungsten halogen, and deuterium lamps, on pages 1-22 to

1-30.

Figure B6: Artificial sunlight lamp spectrum
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Appendix C: Derivations, Calculations, and Mechanisms

E, = hv
hc
Eg = 7
E 19.85 x 10726 - m _ 12.393x 107 7eV -m
9 j) B J)
eV -nm
E, = 1240

A

Zeroth Order Kinetics

Rate = —M = k[A]°

dt
d[A]

dt
d[A] = —kdt

[A] tq
f d[A] = —k [ at
[

Ao to

[A] — [A]o = —kt

First Order Kinetics

Rate = —% = k[A]

d[4]
dt

Lo = e

[l
lnm = kt

[A]: = [A]pe™™
66

—kdt



where,
Slope = —k = 0.1477 min~1!
R = 0.1477 min'(49.6 ng) = 7.33 ng/min

Second Order Kinetics

[A]d[A] B t
_f[A]O AT = Lokdt
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