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Abstract

The research presented in this thesis focuses on light-activated materials that may enhance the
treatment of wastewater and further the understanding of wastewater treatment (WWT) technologies.
Wastewater disinfection technologies and processes are categorized and discussed by groups, namely
conventional, alternatives, and emerging treatments. The pros and cons of all technologies addressed
herein will be highlighted, emphasizing their application in WWT and their respective impact on the
environment. Specifically, technologies that use advanced oxidative processes (AOPs) have been shown
as a promising technology in the disinfection process in WWT and were the motivation behind this
research.

AOPs, which involve the generation of reactive oxygen species (ROS), are highly potent
oxidizing processes and have emerged as an essential class of technologies to accelerate the non-
selective oxidation resulting in the inactivation of a wide range of organic pollutants found in
wastewater. This thesis will discuss the various types of ROS, materials that generate ROS, and the ROS
potential in industrial wastewater treatment.

New materials that generate ROS have been incorporated within polymers and have been
shown to degrade a model pharmaceutical, namely propranolol, along with several semi-volatile and
volatile organic pollutants. Specifically, UV- and visible light-activated membranes were synthesized by
the simple method of doping a photosensitizer (PS) into a polyurethane substrate, ClearFlex 50 (CF50).
Upon irradiation, these doped membranes generate the ROS singlet oxygen (SO), and through
spectrofluorometric and chromatographic measurements, it was determined that propranolol and
several pollutants were degraded. This work demonstrates that practical light-activated PS-doped
membranes can be used to degrade several pollutants found in wastewater. Furthermore, preliminary

studies of PSs that have potential to form metal organic-frameworks were performed and have shown



to absorb visible light and generate SO. These results are important for advancing light-activated

materials that generate ROS with application in disinfection for WWTs.
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Chapter 1 — Introduction

1.1. Background

Improper management and technologies have led to today's most important environmental
issue, namely wastewater, causing severe problems to humans, animals, and the environment.'
3 Wastewater is a collection of water generated by homes, industries, and businesses,
containing pollutants, including organic matter, nutrients, bacteria, viruses, pharmaceuticals,
and other toxins.*® Exposure to these pollutants can cause illness in humans and animals and
environmental issues. Fortunately, wastewater is composed of several reusable components,
and, for example, water, phosphorus, nitrogen, and carbon can be recycled.”® Thus, the
appropriate treatments to recycle such pollutants must be implemented to achieve clean water
acceptable for loading back into the environment. Furthermore, the conventional, alternative,
and emerging technologies and processes should focus on improving resource recovery,
minimizing the carbon footprint, and pushing to be more self-sustainable and eco-friendly.

In the past, when waste was added directly into rivers, lakes, and bogs, the natural
process of purification began.!? Due to the sheer volume of clean water alone, the waste was
diluted enough to be considered safe. Additionally, bacteria and plants in the water consume
some pollutants, turning them into less harmful by-products.’*13 Unfortunately, today's larger
populations and greater demand for freshwater require mother nature to seek assistance from
public works. This led to the use of the first sewer system in the US in the 1850s and then finally
the first US sewage treatment plant by the 1890s.1* Wastewater treatment consists of physical,
biological, and chemical processes that safely generate clean water to reload into the

environment.’®



1.1.1. Conventional wastewater treatment

The term "conventional" refers to the societal development of the US. It is a relative
term and is subject to change depending on geographic location. Federal government agencies
govern conventional WWT technologies, rules, and regulations (e.g., EPA) to meet water quality
standards of the "Safe Drinking Water Act". The process of treating wastewater in a modern
WWT facility is categorized into four major stages: pretreatment, primary treatment, secondary
treatment, and advanced treatment. The purpose of the pretreatment process is to block the
introduction of pollutants, which may damage machinery/ equipment and interfere with the
later WWT processes.® The primary treatment utilizes a series of physical processes (e.g., filters
and sedimentation) to remove large floating objects, grit, and other organic and inorganic
suspended solids.!” During secondary treatment, the removal of most organic matter occurs
through a biological process that utilizes microorganisms that consume biodegradable soluble
organic contaminants.® Advanced or tertiary treatment is typically the final process, although
not always required if an ecosystem is less sensitive, and uses treatment techniques to target

specific pollutants and disinfect, typically leaving the water at a safe-to-drink level .

1.1.2. Conventional disinfection

Due to the potential for ROS use for this step, the remainder of this chapter will focus on
the disinfection step. The primary purpose of the disinfection step is to remove or kill any
pathogenic microorganisms that were not removed during the primary and secondary
stages.®1819 Generally, there are two different methods of disinfection used: physical and

chemical. The most commonly used method is chemical, in the form of chlorination. Chlorine is



a potent oxidizing agent that can oxidize most organic matter, react with bacteria cell walls and
other vital cellular systems, and inactivate enzymes resulting in the inactivation or death of the

pollutant.?%?! These mechanisms of chlorine disinfection render the water safe for human
consumption.

There are several chlorine species, which are not equally as effective as disinfectants.
The effectiveness of species is influenced by two factors: cell penetration/diffusion rate and
reactivity with the cell wall, proteins, and organics.?>23 Chlorine gas (Cl) is the most cost-
effective species used in WWT; unfortunately, it is hazardous for handling and storage, resulting
in the need for additional safety procedures. Therefore, other species have been used as
disinfectants, for example calcium hypochlorite (Ca(OCl);) and sodium hypochlorite (NaOCI).
Both hypochlorite salts have similar advantages and limitations of their own. Sodium
hypochlorite requires fewer safety procedures than Cl; but has a limited shelf life and a high
chemical cost. Calcium hypochlorite is much more stable than sodium hypochlorite, allowing
long-term storage, but is more expensive and may be explosive if mishandled.

When comparing the advantages and limitations of chlorine disinfection, the most
notable considerations are that they are highly effective against most pathogens; however, they
all form undesirable disinfection by-products (DBPs). DPBs are unwanted side products typically
formed when chlorine reacts with organic matter, and include, but are not limited to,
trihalomethanes (THMs) and haloacetic acids. The long-term exposure of DPBs leads to several
health concerns, namely cancer, reproductive issues, congenital disabilities in infants, and
complex mayhem on aquatic life.?*2¢ As a result, alternatives for chlorine are of increasing

importance as they provide the ability to reduce the amount of chlorine needed.



1.1.3. Alternative disinfection

Due to the increasing severity of the demand for freshwater, many scientists and
companies have developed new and efficient technologies to circumvent the DBP problem.
However, conventional physical and chemical alternatives, for example UV-radiation and
ozonation, have limitations of their own.?’?° UV radiation has no residual effects that can be
harmful to humans or aquatic life, but is not as cost-effective as chlorination. Ozone is more
effective than chlorine in destroying viruses and bacteria.?>? Still, it is not economical for
wastewater with high levels of suspended solids, biochemical oxygen demand, chemical oxygen
demand, or total organic carbon.

1.1.4. Advanced oxidative processes in disinfection

Developments in chemical disinfection methods for WWT have led to several processes
and technologies that utilize advanced oxidative processes (AOPs).2>3! Although there are vast
amounts of AOPs, the remainder of this thesis will focus on photochemical technologies, which
specifically involve photocatalysts or PSs. PSs have become more attractive than conventional
WWT technologies for pollutant removal and disinfection because the technology is simple,
clean, cost-effective, and energy-efficient. The mechanism used to explain the efficacy of light-
activated AOPs is the generation of reactive oxygen species (ROS). Either direct or indirect
photolysis can generate ROS. An example of direct photolysis is the irradiation of hydrogen
peroxide (H,0;) to generate the hydroxyl radical (¢OH).32 In direct photolysis of the pollutants,
the targeted pollutant must absorb the radiation and undergo degradation. Alternatively,
indirect photolysis works by irradiating a PS, which absorbs a photon and results in populating

an excited state, followed by energy transfer (ET) to molecular oxygen and generation of the



ROS. Subsequently, the ROS reacts with the pollutant, leading to either organic inactivation or

cell death.3?

The photosensitization process responsible for the generation of ROS can be explained by
the Jablonski diagram shown in Scheme 1. Upon the population of the PS’s excited singlet state, 1S,
from light irradiation (hv), subsequent intersystem crossing (ISC) populates the excited triplet state,
3T, a state that is longer-lived and lower in energy than 1S. From the 3T state, ET to molecular oxygen
(0O2) may occur, generating SO. The efficiency of this process is not only governed by the ET from the
3T, but also the efficiency of the ISC. Using heavy atoms optimizes ISC efficiency via the heavy atom
effect (HAE), which is a widely adopted approach that leads to a significantly increased ISC via
enhancing spin—orbit coupling.333* HAE can be achieved by complexing PSs to heavy atoms like
lanthanide ions (Ln3*). Depending on the relative positions of the PSs excited states, ET to the
emissive excited state of the Ln3* ion (f°) can occur, and the return to the ground state (f) leads to
Ln3*-centered luminescence. However, this luminescence is competitive to SO generation and,
therefore, decreases the efficiency of the photosensitization process. Using a heavy atom with
emissive energy levels higher than the ligand 3T state, such as gadolinium (Gd**) for example, that
has an emitting level at 312 nm, prevents this ET to the Ln3*, allowing for increased SO generation.3®
Other energy pathways that can occur are ligand fluorescence (Fl), phosphorescence (Ph), or non-
radiative decay (NR) — all of which will decrease SO generation and are undesirable for applications

in WWT.

Due to the promising applications of using light to generate ROS, several groups have

investigated different PS materials. A blossoming topic in WWT is the use of peracetic acid (PAA).



PAA is used in AOPs to generate ROS. Therefore, PAA in WWT is promising in terms of
implementation in the industry. According to Xiu-Wei Ao and collaborators,3® a few research topics
still need to be explored before PAA can make its industrial debut in WWT, including (1) cost-
effective/ environmentally friendly activation, (2) ability to degrade several contaminants or
inactivate microorganisms, (3) scalability, (4) environmental impact, including the impact of side
products, and (5) potential removal of the side products and its recyclability. These five topics listed

above are not exclusive to PAA but any material that generates ROS with applications in WWT.

Heavy-atom effect
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Scheme 1. Energy level diagram illustrating the competitive ET processes for Ln* sensitization and
SO generation. Energy hv is absorbed by the ligand and populates a singlet excited state (*S). A
triplet excited state (3T) is populated after intersystem crossing (ISC). 3T can either ET to the
emissive f* excited state, which decays by luminescence (L) to the ground state or ET to molecular
oxygen. Other possible radiative processes are fluorescence (Fl) and phosphorescence (Ph).
Energy levels are not drawn to scale.



1.2. Problem statement

At the rate natural resources are dwindling, the population is growing, and energy is
consumed, significant advancements in global sustainability must be implemented. Water is the
most critical resource and is required for all living things to exist. Therefore, conventional WWT
must continue to evolve with more sustainable technologies to achieve the societal goals of the

world.

1.3. The objectives of this work

This work aims to explore new materials that can be implemented in WWT, specifically
the disinfection process. These processes and materials are simple, clean, cost-effective, and
energy-efficient. This work will help push the importance and practicality of implementing more
sustainable WWT technologies and techniques. We have

1. designed and characterized new PS-doped membranes that generate SO.

2. determined the ability of these PS-doped membranes to degrade pollutants.

3. determined the stability of these PS-doped membranes in water.

4. gathered preliminary data on PSs that can used to design new metal-organic
frameworks (MOFs) that generate SO.

In the continuation of this work, we propose to exploit the potential of MOFs as SO

generators in WWT.

1.4. Organization of this work

Chapter 1 contains an introduction to WWT, conventional WWT technologies, and new
emerging technologies. Chapter 2 presents data on PS-doped membranes that have been
shown to degrade model pollutants found in wastewater. Chapter 3 discusses a specific

material that is classified as a metal-organic framework. Finally, chapter 4 summarizes the



principal findings and discusses further studies to ensure these light-activated materials can be

implemented into the industry.

Chapter 2 - Photosensitizer doped membranes and the degradation of pollutants

2.1. Introduction

PSs generate SO upon irradiation with sunlight or artificial light sources.323%37 S0 is a ROS
that can form endoperoxides with organic molecules, typically via a Diels-Alder type
mechanism.3840 This enables the degradation of pollutants, viruses, and bacteria. Oxidation of
substrates by SO is biologically noninvasive, eco-friendly, and cost-effective with diverse

applications from photodynamic therapy to WWT.41-44

To address global environmental concerns over water quality, the removal of organic
pollutants from water sources needs to be optimized.** In water treatment facilities, treatment
with chlorine is typically the last step of the disinfection process before loading back into the
environment. The drawback with using chlorine is the production of DBPs, for example, THMs.?!
The long-term exposure of THMs leads to several health concerns, namely cancer, reproductive
issues, congenital disabilities in infants, and complex mayhem on aquatic life.242° As a result,
alternatives for chlorine are of increasing importance as they provide the ability to reduce the

amount of chlorine needed.

Ideally, an eco-friendlier process would be implemented into WWT, for example in the
form of photoactive coatings. Unfortunately, photoactive coatings capable of disinfecting
wastewater to a "safe to drink" level have not been reported.*® In an approach to developing such

coatings, we have doped membranes with PSs that are known to generate ROS, specifically SO.#”-



9 These membranes have the potential to be applied as surface coatings in WWT facilities, to

reduce the amount of chlorine needed.

We describe the synthesis and characterization of three new functionalized membranes
that generate SO and deactivate a model pollutant commonly found in wastewater,
propranolol.”®>2 We doped Clear Flex 50 (CF50), an optically transparent, flexible, and
commercially available polymer with three PSs (see Scheme 2), namely terthiophene (3T), a
natural SO generator, Nap-cbx, and [Gd(Nap-cbx)3](NOs)s, which were developed by our group
and shown to generate SO efficiently.>®> We found that the functionalized membranes generate
SO when irradiated with UV and visible light. Degradation studies of the model pharmaceutical
propranolol by these membranes were conducted. The stability of the membranes was
investigated by monitoring changes in the emission intensity of the doped PS, in the SO
generation as monitored by its emission at 1277 nm, and in the membranes' ability to degrade

propranolol after repeated use.

] 8+

3(NOz)

X

[Gd(Nap-chx)s](NO3)s

Scheme 2. 2,2':5',2"-Terthiophene (3T), Nap-cbx, and [Gd(Nap-cbx)3](NOs)3 used as
photosensitizers.



2.2. Experimental
2.2.1. Materials

All commercially obtained reagents were of analytical grade and were used as received.
Solvents were dried and purified by standard methods unless otherwise noted. The CF50 liquid
rubber was purchased from SMOOTH-ON, and membranes were prepared as suggested by the
manufacturer. The model pharmaceutical, DL- propranolol hydrochloride, 99% was purchased by
Acros Organics. The 1-mL ampule of Megamix — 8270 was purchased from Restek. Nap-cbx and
[Gd(Nap-cbx)3](NOs)s were synthesized as indicated in Scheme 3 following a modified literature
procedure.®® All synthetic steps were completed under N> unless otherwise specified. All
photophysical and degradation data presented in this work are the average of at least three
independent measurements. All stock solutions and reaction solutions were prepared using
ultrapure water (18 MQ) from a Thermo Barstead Nanopure Water Purification System Model

7146.

2.2.2. Synthesis of Nap-cbx

NaN3

Q 0 1.S0CI2, DVF (cat) 0 0 DMF, 80 °C, 2 days ) o
> \ .
" "o 20c. 240 > ~ N s N > N s NN
~ 2. E2NH, DCM, 0°C P J L P J L
3.40°C, 24 h.
OH & L

H2, Pd/C 10 %,

DCM, 36 h.
(0] (0]
/\N | N\ N/\
) 7 k Imidazole, O 00 o o
fo) N 0 DMF, 90 °C, 4 days + SN | N\ NN
- ‘O ) = k

Scheme 3. Synthesis of Nap-cbx modified from [53].
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Synthesis of Nap-cbx according®? to a modified literature procedure consisting of different
solvents, higher reaction temperatures and longer reaction times. 1,8-Naphthalic anhydride (5)
(677.8 mg, 3.420 mmol), imidazole (2.3282 g, 34.20 mmol), and (4) (1000 mg, 3.420 mmol) were
dissolved in dry DMF (30 mL) and refluxed for 4 days. The reaction was cooled to room
temperature and quenched with 1M HCI. The reaction mixture was extracted with CHCls3 (3 x 50
mL) and washed with water (3 x 50 mL) and brine (3 x 50 mL). The combined organic layers were
dried over Na;SOs and filtered. The solvent was removed under reduced pressure, and the
product was isolated as a white solid. The crude material was purified using flash chromatography
on silica using ethyl acetate as the eluent. Yield: 1.075 g, 67%. 1H-NMR (400 MHz, chloroform-d)
6 8.65(dd, J =7.3,1.1 Hz, 1H), 8.34-8.29 (m, 1H), 7.82 (dd, ) = 8.3, 7.2 Hz, 1H), 3.58 (q, ] = 7.1
Hz, 2H), 3.44 (q, ) = 7.0 Hz, 2H), 1.25 (dt, J = 12.0, 7.1 Hz, 6H).

2.2.3. Membrane preparation and doping

CF50 is a commercially available optically transparent, flexible, and UV-resistant polymer.
It is obtained as a two-component elastomeric polyurethane with part A (an isocyanate) and

part B (a polyurethane), by mixing A and B with a weight ratio of A: B = 1:2.

The doping of the films was achieved by adding the uncured polymer to varying amounts
of the PS 3T, Nap-cbx, or [Gd(Nap-cbx)3](NOs)s, dissolved in an anhydrous solvent (toluene or
MeCN) under an inert atmosphere. First, the PS-doped polymer mixture was degassed under
reduced pressure for 5 minutes. Next, the polymer was drop cast (0.60 mL) into a homebuilt
round Teflon mold (13 mm diameter). To remove gas bubbles trapped inside the liquid rubber,
the polymers in the molds were degassed under reduced pressure in a desiccator then heated in

an oven to 72°C for 16 hours.
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2.2.4. Scanning electron microscopy (SEM)

Secondary electron imaging was performed on a JEOL 7100FT field emission scanning
electron microscope in the Mackay Microbeam Laboratory at the University of Nevada, Reno.
Samples were coated with a ~2 nm thick iridium layer on a Leica ACE600 coater. The electron

beam was set to 5.0 kV accelerating voltage and a working distance of 10 mm.

2.2.5. Spectroscopic measurements

Luminescence spectra of 3T-, Nap-cbx-, and [Gd(Nap-cbx)s](NOs)s-doped CF50
membranes were obtained on a Fluorolog-3 fluorimeter (Horiba FL3-22-iHR550), with a 1200
grooves/mm excitation monochromator with gratings blazed at 330 nm, and 1200 grooves/mm
or 600 grooves/mm emission monochromator with gratings blazed at 500 or 1000 nm for UV-vis
or NIR range, respectively. An ozone-free xenon lamp of 450 W (Ushio) was used as the radiation
source. The emission spectra were measured in the range 350-800 nm using a Hamamatsu 928P
detector and in the range 800-1600 nm using a Hamamatsu 5509-73 detector cooled with liquid
N,. In addition, emission spectra of propranolol were measured on a Perkin-EImer LS-55 with slit
widths for emission and excitation of 2.5 nm, scan rate of 50 nm/min, and gain of 650 V. All
emission and excitation spectra were corrected for instrumental function. Unless otherwise

indicated, all measurements were performed at 25.0 + 0.1 °C.

2.2.6. Degradation of propranolol and membrane stability

A propranolol solution (40 mL, 98.0 uM) in contact with a PS-doped membrane was
irradiated at either 365 or 400 nm for 24 hours (UVGL-25 compact UV lamp (irradiance = 3.0 mW/
cm?) or homebuilt LED chamber (irradiance = 7.3 mW/ cm?), and the emission of propranolol was
monitored as a function of irradiation time (see Scheme 4). The UV light meter (LM-10HTD,

Coherent, USA) was placed under the UV source at the same distance as the irradiation range (1
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inch) used for the experiments, to obtain the intensity of UV lamp (3.0 mW/ cm?). The visible light
meter (S121B, 400-1000 nm, Thorlabs, Germany) was placed into the LED chamber at the same
distance as the irradiation range (0.5 inch) used for the experiments, to obtain the intensity of

the chamber (7.3 mW/ cm?).

This experiment was repeated after the membrane was irradiated for 48 and 72 hours,
assessing the effect of repeated use on the membrane's ability to degrade propranolol. For all
photocatalytic experiments, light control experiments were performed by monitoring the

emission of propranolol before and after the 24-hour irradiation cycle in the absence of the doped

membranes.

Ve Y Y ¢

x-hours,
Ae=365 nm 1.0mL solution

o= =

Propranolol (aq)

CF 50film

a)

Ae=290 nm

d) e)

Scheme 4. lllustration of the setup used to monitor the degradation of propranolol. A) CF 50
membrane is submerged into a 40 mL of a 98.0 uM propranolol aqueous solution. b) While the
propranolol solution stirring, the membrane is irradiated with 365 nm light using a handheld lamp
(UVGL-25 compact UV lamp, 365 nm BLB, irradiance = 3.0 mW/cm?). c) After 24-hours of
irradiation, 0.6 mL aliquots are dispensed into cuvettes in the absence of light. d) The 0.6 mL
aliquot is irradiated at 290 nm. e) The degradation is monitored by measuring the change in the
emission of propranolol.
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2.2.7. Degradation of Megamix

The ability of the doped membranes to degrade organic contaminants was analyzed by
LC/MS, using an 8270 Megamix standard (Restek, Bellefonte, PA) containing 76 volatile and
semivolatile organic pollutants (1 mg/mL of each contaminant). This standard, prepared in
dichloromethane, was diluted in 15 mL of methanol and sonicated; the mixture was then added

to ultrapure water to achieve target concentrations of 0.056 mg/L for each contaminant.

The Megamix solution (6 mL, 0.056 mg/L) in contact with the PS-doped membrane was
irradiated for 24 hours (UVGL-25 compact UV lamp (irradiance = 3.0 mW/ cm?) or homebuilt LED
chamber (irradiance = 7.3 mW/ cm?) and the intensity of select peaks in the chromatogram was
monitored as a function of irradiation time. The membranes’ degradation ability was evaluated
based on the decrease in peak area of selected pollutants in the chromatogram. Two pollutants
with retention times centered around 5 and 17 minutes were used, as their signals did not overlap

with unexpected CF50 peaks.

2.2.8. LC-MS analysis of the samples
LC-MS was run on an Agilent Technologies, Inc. Model: 1200 Series HPLC with quat

pump and DAD detector. TOF-MS make: Agilent Technologies, Inc. Model: G6230B Source: dual
ESI G1969-65338. A C18 column (Agilent Technologies, Inc. 150 mm x 4.6 mm x 5.0 um,
stationary phase: Zorbax SB-C18, particle size: 5.0 um, part number: 863953-902) was used with
a mobile phase consisting of water, formic acid, and acetonitrile (14.9/0.1/85 %v/v/v), with a
flow rate of 1.0 mL/min. Data collection and analysis software were Agilent Mass Hunter

Workstation LC/MS data acquisition, version B.09.00. and Agilent Mass Hunter workstation
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qualitative analysis, version 10.0. The propranolol and Megamix solutions were not pretreated

and 10 pl aliquots were injected directly into the HPLC—MS system.

2.3. Results and discussion
2.3.1. Membrane doping and performance

We have synthesized several membranes doped with the PSs 3T, Nap-cbx, and
[Gd(Napcbx)3](NOs)s. The color and transparency of the membranes with all PSs at different
concentrations are shown in Figure 1. Low concentrations of PS lead to colorless films. For each
dopant, 3T, Nap-cbx, and [Gd(Nap-cbx)s](NOs)s, the membrane takes on the color of the
respective PS. While Nap-cbx membranes remain colorless, at high concentrations they are no
longer transparent; a similar effect is seen for the Gd-based membrane. The doped filmed
morphology was evaluated using scanning electron microscopy (SEM), which indicates that the
membranes are nonporous (Figure 2). Comparison by SEM of the undoped to the doped
membranes suggests that doping with the PS does not lead to differences in membrane
morphology (Figure 2A-2D). EDS element mapping of the 1.75 % (w/w) [Gd(Nap-
cbx)3](NOs)sdoped membrane (Figure 2E) shows Gd evenly distributed throughout the

membrane, indicating that the doping of the membrane was successful.

The reflectance, excitation, and emission spectra of the three PS-doped membranes are
shown in Figure 3. The 3T-doped membrane has a maximum excitation wavelength at 373 nm
with an emission maximum of 431 nm. The Nap-cbx- and Gd-doped membranes have blue shifted

excitation and emission, with maxima at 330 and 381 nm, respectively.
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blank

[Gd(Nap-cbx);](NO,),

Nap-cbx

Figure 1. Photograph of an undoped membrane and CF50 doped with varying concentrations of
3T, Nap-cbx, and [Gd(Nap-cbx)s](NO3s).

A undoped CF50

Figure 2. High resolution SEM micrographs of an (A) undoped Clear Flex 50 membrane, (B) 0.8
%(w/w) 3T-doped membrane, (C) 1.0 %(w/w) Nap-cbx-doped membrane, (D) 1.75 %(w/w)
[Gd(Nap-cbx)s3](NOs)s-doped membrane, and (E) an energy dispersive X-ray spectroscopy (EDS)
element mapping of Gd showing its distribution within the 1.75 %(w/w) [Gd(Nap-
cbx)s](NOs)sdoped membrane.
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Figure 3. Normalized reflectance (colored), excitation (solid black), and emission (dashed) spectra
of the three PS-doped membranes. Spectra displayed from left to right 3T, Nap-cbx, [Gd(Nap-
CbX)s](NOg)g.

2.3.2. Singlet oxygen generation

The ability of the membranes to generate SO was assessed by measuring the
phosphorescence spectrum of SO at ~1280 nm. All three membranes generate SO, and Figure 4
shows the phosphorescence of SO. Using the same dopant concentration of 0.1%(w/w), the
emission of SO was compared amongst the three membranes. Figure 4 shows that upon
irradiating at 400 nm, the 3T-doped membrane generates the most SO. Irradiation at 350 nm of
the Nap-cbx and [Gd(Nap-cbx)3](NOs)s3-doped membranes leads to less generation of SO. Figure
5 shows the excitation spectra monitoring the SO emission at 1277 nm for the three PS-doped
membranes.

We have shown that all three PS-doped membranes generate SO; this led to our
investigation on the dependence of SO generation on the PS concentration in the membrane.
Plots of the SO emission intensity as a function of PS concentration (Figure 6) show an increase
in SO generation with increasing amounts of 3T, Nap-cbx, and [Gd(Nap-cbx)s](NOs)s within the

membranes. Plateaus for each PS are reached at 0.8, 1.0, and 1.75 %(w/w), respectively.
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Figure 4. Phosphorescence spectra of SO generated by the doped membrane: 3T upon irradiation
at 400 nm (red), Nap-cbx (blue), and [Gd(Nap-cbx)s](NOs)s (green) upon irradiation at 365 nm.
[Dopant]= 0.1 %(w/w).
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Figure 5. Excitation spectra of a 3T- (red), Nap-cbx- (blue) and a [Gd(Nap-cbx)s](NOs)s-doped
membrane (green) monitoring singlet oxygen emission at 1277 nm.
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Figure 6. Intensity of SO emission at 1277 nm as a function of the concentration of 3T (red
squares), Nap-cbx (blue triangles), and [Gd(Nap-cbx)s3](NOs)s (green circles) in the CF50
membrane.

2.3.3. Degradation of propranolol

Propranolol is a beta-blocker, used for high blood pressure, chest pain (angina), and
uneven heartbeat and is part of a class of water contaminants designated as a pollutant of
emerging concern.’%>%% |t absorbs at 290 nm and shows an emission maximum at 353 nm. To
investigate the ability of our SO-generating membranes to degrade this model pollutant, we
irradiated a solution of propranolol on its own (Figures 7 and 8) and when in contact with these
PS-doped membranes (Figures 9-11). The Nap-cbx- and [Gd(Nap-cbx)s](NOs)s-based membranes
were irradiated at 365 nm, and the 3T-based membrane was irradiated at 400 nm, the
excitation maxima for SO generation (Figure 5). In all cases, the emission intensity of
propranolol showed an exponential decrease with irradiation time (Figure 12). Over 24 hours,
decreases of 42, 36, and 41 %, for 3T, Nap-cbx and [Gd(Nap-cbx)3](NOs)s, respectively, were

observed.
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In a complementary approach, the degradation of propranolol was investigated using
LC/MS before and after 24 hours of irradiation in the presence of 3T-, Nap-cbx-, and
[Gd(Napcbx)3](NOs)s-based membranes (Figure 13). Analysis of the peak areas in the
chromatogram indicates the decomposition of propranolol to be 65, 39, and 48% for the three

membranes, respectively, consistent with the values obtained by fluorescence spectroscopy.
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Figure 7. Emission spectra (Aex= 290 nm) of propranolol (40 mL, 98 uM) at 25.0°C in nanopure
water after irradiating for 24 hours at 365 nm (3.0 mW/cm?, UVGL-25 compact UV lamp) in the
absence of a doped membrane.
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Figure 8. Emission spectra (Aex= 290 nm) of propranolol (40 mL, 98 uM) at 25.0°C in nanopure
water after irradiating for 24 hours at 400 nm (7.3 mW/ cm? LED chamber) in the absence of a
doped membrane.
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Figure 9. Emission spectra (Aex= 290 nm) for the first trial of cycle 1 of propranolol (40 mL, 98 uM)
in nanopure water after irradiating with 400 nm (7 mW/ cm? LED chamber) at selected intervals
in the presence of 0.8 %(w/w) 3T-doped membrane.
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Figure 10. Emission spectra (Aex= 290 nm) for the first trial of cycle 2 of propranolol (40 mL, 98

MM) in nanopure water after irradiating with 365 nm (3 mW/ cm?, UVGL-25 compact UV lamp)
light in the presence of a 1.0 %(w/w) Nap-cbx-doped membrane.
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Figure 11. Emission spectra (Aex= 290 nm) for the first trial of cycle 1 of propranolol (40 mL, 98

MM) in nanopure water after irradiating with 365 nm (3 mW/ cm?, UVGL-25 compact UV lamp)
light in the presence of a 1.75 %(w/w) Gd(Nap-cbx)3(NOs)s-doped membrane.
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Figure 13. LC/MS analysis of a propranolol solution after 24 hours of irradiation (365 or 400 nm,
colored) compared to a solution of non-irradiated propranolol (black). The degradation was
performed using a 1.75 %(w/w) [Gd(Nap-cbx)3](NOs)s-doped membrane.

2.3.4. Degradation of Megamix

The ability of the doped membranes to degrade organic pollutants found in Megamix was
investigated by monitoring peak intensity changes in the chromatogram before and after
irradiation. Figure 14 shows a chromatogram of a Megamix solution (0.056 mg/L of each
contaminant) before irradiation (shown in black), Megamix after 24 hours of irradiation at 400
nm (shown in red), and Megamix after 24 hours of irradiation at 400 nm in the presence of a 0.8
%(w/w) 3T-doped membrane (shown in green). Two pollutants with retention times centered at
5 and 17 minutes have been highlighted in yellow. The two highlighted areas corresponding to
the two chosen reference pollutants are magnified to show the decrease in the peak intensity,
indicating degradation of the pollutant. Nap-cbx and [Gd(Nap-cbx)3](NOs)s; -doped membranes
were also screened for their ability to degrade Megamix (Figures 15 and 16), the data shows a

degradation trend similar to the 3T-doped membrane.
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24

Figure 14. LC/MS analysis of Megamix (black), Megamix under 24 hours irradiation (red), and
Megamix under 24 hours irradiation in the presence of a 0.8 %(w/w) 3T-doped membrane
(3TDM) (green). The two inserts show magnified areas of the pollutants at 5 and 17 minutes.
Irradiation= 400 nm (7.3 mW/ cm?); [Megamix]= 0.056 mg/L
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Figure 15. LC/MS analysis of Megamix (black), Megamix under 24 hours irradiation (red), and
Megamix under 24 hours irradiation in the presence of a 1.0 %(w/w) Nap-cbx-doped membrane
(Nap-cbx-DM) (green). The two inserts show magnified areas of the pollutants at 5 and 17
minutes. Irradiation= 365 n4rL\)1 (3.0 mW/ cm?); [Megamix]= 0.056 mg/L
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Figure 16. LC/MS analysis of Megamix (black), Megamix under 24 hours irradiation (red), and
Megamix under 24 hours irradiation in the presence of a 1.75 %(w/w) [Gd(Nap-cbx)3](NOs)s-



doped membrane (Gd-DM) (green). The two inserts show magnified areas of the pollutants at 5
and 17 minutes. Irradiation= 365 nm (3.0 mW/ cm?); [Megamix]= 0.056 mg/L

2.3.5. Membrane stability

To monitor the stability of the membranes, their ability to degrade propranolol was
monitored as a function of 24-hour cycles. Upon subjecting the 3T-, Nap-cbx-, and [Gd(Nap-
cbx)3](NOs)s-doped membranes to three irradiation cycles and monitoring ability to degrade fresh
solutions of propranolol, a slight decrease in performance, indicated by the change in slope of
the fitted emission data, was observed from 42 to 30 %, 36 to 27 %, and 41 to 29, respectively
(Figure 12).

The stability of the membranes was further evaluated by their ability to degrade Megamix
after multiple irradiation cycles. Figures 17-19 show the chromatograms of Megamix in the
presence of doped membranes after multiple irradiation cycles. When evaluating the
performance of doped membranes, the pollutants corresponding to the retention time of 5 and
17 minutes will be used to qualitatively observe the performance of the membranes. Using the
same two reference peaks at 5 and 17 minutes, we see little to no difference in the performance
of the membrane to degrade these pollutants. It is evident based on the light control of Megamix
irradiated at 365 nm, that the reference pollutant at 5 minutes is less photo-stable (Figures 15

and 16).

To further monitor the stability of the membranes, chromatograms of the liquid the
membrane was submerged in were analyzed, before and after the 24-hour cycles. Figures 13-19
all show a Gaussian distribution of peaks centered around 15 minutes which is characteristic of

the polymer leaching. It is known that synthetic polymer samples will typically contain a
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distribution of chain lengths, as seen in Figure 13 (blue graph). To circumvent this leaching issue,
the membranes were washed with copious amounts of water before and after each irradiation
cycle; then chromatograms were compared to the pristine membrane (Figure 20). Figure 20
shows a decrease in the polymer peaks, suggesting the washing decreases the leaching. Figures
17-19 also show a significant reduction in the intensity of the Gaussian distribution of peaks

centered at 15 minutes upon the washing of the membrane.
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Figure 17. Plots of 3 24-hour cycles showing the intensity of the eluting bands of the
components in Megamix as a function of irradiation time, using a 0.8 % (w/w) 3T-doped

membrane. The two inserts show magnified areas of the pollutants at 5 and 17 minutes. (Airrad =
400 nm)
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Figure 18. Plots of 3 24-hour cycles showing the intensity of the eluting bands of the
components in Megamix as a function of irradiation time, using a 1.0 % (w/w) Nap-cbx-doped
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Figure 19. Plots of 3 24-hour cycles showing the intensity of the eluting bands of the components
in Megamix as a function of irradiation time, using a 1.75 % (w/w) [Gd(Nap-cbx)3](NOs)3 — doped
membrane. The two inserts show magnified areas of the pollutants at 5 and 17 minutes. (Airrad =
365 nm).
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Figure 20. LC/MS analysis of water (shown in black) and water in the presence of CF50 after
several hours of irradiation. Water in the presence of CF50 after 24 hours irradiation (shown in
red), water in the presence of washed CF50 membrane after 48 hours irradiation (shown in
blue), and finally water in the presence of a 2x washed CF50 membrane after 72 hours of
irradiation (shown in green).

2.4. Summary

Three new PS-doped membranes were synthesized and explored for their ability to degrade
the model pharmaceutical propranolol. We have seen that the membranes can photodegrade
propranolol using UV and visible light as the irradiation source. Based on the change of
propranolol’s emission intensity, visible light performed the best for the 3T doped membranes.
The ability of the Nap-cbx-doped membrane to degrade propranolol was enhanced upon the
coordination of Nap-cbx to Gd. All three of the membranes were subjected to several cycles of

the degradation of propranolol with minimal loss in performance.

All three doped membranes were screened for their ability to degrade several pollutants
found in the standard 8270 Megamix. Using changes in chromatographic peak intensities, was

shown that several pollutants degraded in the presence of these doped membranes, with little



to no loss in their performance over several cycles. Thus, these PS-doped membranes have
demonstrated their potential for applications in wastewater treatment, and this work should help

further the understanding of photo-activated materials used for water purification.

Chapter 3 - Metal-organic frameworks in WWT

3.1. Introduction

This chapter briefly introduces metal-organic frameworks (MOFs) and their design,
synthesis, and application in WWT. MOFs, are a sub-class of coordination polymers and are
porous solid-state materials consisting of inorganic metal-containing nodes bridged by organic
ligands, referred to as linkers, forming one-, two-, and three-dimensional structures, as shown
in Figure 21.559 MOFs have the highest internal void volume of any material known to date,
and have received much attention for purifications, separations, and storage.3246:°6-60 Sglid
materials containing void spaces can act as molecular sponges. These sponges can selectively
soak up gases, liquids, and solids, allowing for removing pollutants from water. The precise
control or design of porous solids has been a long-standing challenge from a chemist's
perspective.”® |t can be challenging to construct porous solids tuned for a particular
application. Fortunately, MOFs can easily be modified by combining specific metals and organic

molecules. Many groups have tackled this challenge with the construction of new

MOFs 31,48,58,61-64
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Figure 21. The building block, or modular, is the principle behind forming MOFs.>8
This chapter discusses how design strategies of MOFs can be implemented to achieve
select functionalities for advancing both the performance and fundamental understanding of
light-activated materials used to enhance the WWT process. Using PSs as the organic linkers
to construct photocatalytic MOFs that generate SO and adsorb pollutants is of great interest
in WWT.® Photocatalytic MOFs have potential to be the leading technology for WWT and are

the motivation behind the work described below.

3.1.1. Design of MOFs for WWT

Photodegradation and adsorption are two of the most sustainable technologies
currently implemented in WWT.*¢°660 However, these implemented processes remain to be

separate techniques, that is why the design of efficient SO generating MOFs is of upmost

importance.®® The efficiency of a PS to generate SO is directly correlated to the singlet oxygen
quantum yield (SOQY,®s0).3%5>%7 It has been shown that increasing the conjugation of a PS or

a linker by incorporating it into a network (e.g., formation of a MOF) is expected to improve
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the SOQY and consequently enhance the degradation of pollutants.®>%8 In addition to
enhancing SOQY upon forming these conjugated networks, there is also a red shift in the
excitation wavelength needed to generate SO. Red-shifting in the excitation wavelength is
beneficial for energy consumption as it requires lower energy photons to excite the PS.
Ideally, a MOF used in WWT would have a high SOQY (value close to 1), using a broad range of

visible excitation wavelengths (e.g., 400-700 nm) or the sun as irradiation source.®%7°

Innovative approaches in MOF design allow for desirable properties such as porosity,
structural morphology, recyclability, and thermal/chemical stability.”* Some standard
techniques used in MOF design are to vary the size and type of organic linker. For example,
shorter rigid linkers exhibit more excellent thermal and chemical stability relative to longer
flexible linkers. However, larger, more flexible linkers allow for higher porosity (larger internal
void volume), resulting in better adsorption properties. According to V. Russo and others,”?
adsorption is a separation technique used for waste purification, which involves the selective
interaction of one or more compounds in the liquid phase on a solid called the adsorbent. MOFs
have many adsorption mechanisms (electrostatic, hydrogen bonding, acid-base,

TI—Tt stacking, pore/size-selective, and hydrophobic interactions) that can be tuned for the
selective removal of pollutants from wastewater.’”! The ideal properties of a MOF with
application in WWT are large internal void areas and good thermally/ chemically stability. The
ability of MOFs to adsorb selectively and photodegrade efficiently will allow for the sustainable
removal of pollutants of emerging concerns that are difficult/impossible to remove with

conventional WWTs.
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3.1.2. Synthesis of MOFs

The term “simple,” as described in this section, is relative to the “one-pot” synthetic
approach which there is no opportunity to adjust the MOFs properties post-formation. There
are several strategies used in the construction of MOFs. Classical one-pot methods of
coordinating clear solutions of the reactants can be used following the precipitation of the MOF
upon heating or the passing of time. Another simple approach is using solvothermal chemistry,
which involves mixing the reactants in a solvent then sealing them in a closed container (i.e.,
autoclave or pressure tube). Unlike simple solution approaches, the solubility of the reactants
increases under solvothermal methods, which makes the reaction more likely to occur at lower
temperatures. Small changes in one or more reaction variables, such as temperature, time, pH,
or the solvent type, can profoundly influence the final product.”? For both simple methods
described above, achieving high purity MOF crystals with a narrow size distribution is possible.
However, the synthesis and crystallization process remain an empirical process governed by the

trial and error of various experimental conditions.3*

3.1.3. MOF membranes for WWT
The end goal of a MOF designed for applications in WWT, is to use the MOF to clean

water repeatedly with minimal loss in performance and uphold structural integrity. The two
most rational design strategies for implementing MOFs into the WWT processes is to either
incorporate them into a polymeric substrate (MOF-based composite membranes) or grow them
onto a substrate (bare MOF membranes).®%’* MOFs based membranes have been shown to
have enhanced performance and stability relative to free MOFs.®° A well-designed MOF

membrane with applications in WWT must have high water stability, high SOQY, a large internal
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void volume, and be constructed with the perfect combination of MOF synthesis and
membrane manufacturing. However, according to Juan Li and others,®° to uncover the full
potential of the application of MOF membranes in WWT, several challenges need to be
addressed. These challenges include the long-term stability of the MOF membrane in complex
aqueous/organic solvent systems, acid/basic environments, and a wide range of temperatures.
Additionally, scalability, societal acceptance, and environmentally friendly production must be

considered to implement MOF membranes into the industry.

3.2. Experimental section

Scheme 5. Proposed Gd(cbx-TPT-cbx)1.5s MOF, cbx-TPT-cbx, cbx-2T-cbx, and cbx-3T-cbx
compounds described herein.
3.2.1. Crystallization of cbx-3T-cbx

The crystallization was performed by vapor diffusion. Cbx-3T-cbx (5 mg) powder was
added to a 2-dram vial then dissolved in 2 mL of DCM. The 2-dram vial was placed in a 4-dram
vial containing hexanes as the counter solvent, and after four weeks, orange needle-like

crystals, shown in Figure 22, formed.
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Figure 22. Photograph of the needle-like crystals obtained by the crystallization of cbx-3T-cbx
powder.
3.2.2. Synthesis of Gd(cbx-TPT-cbx)1.5 MOF

In a solvothermal approach, the organic linker cbx-TPT-cbx (0.0221 g, 2.78 x10° mol)
was added to a pressure tube and dissolved in DMF (6 mL). An aqueous solution of
[GA(NOs)3] (5 mL, 1.85 x10-5 mol) was added to the linker solution. The solution was
sonicated for 5 minutes, heated at 80 °C for three days, cooled to room temperature for one
day, and then stored in a freezer at -29°C for one day. The resulting yellow powder was
filtered, washed with acetone, and dried in the air.

3.2.3. MOF activation procedure

The solid was washed three times with 10 mL of ice-cold DMF. The solvent was then
exchanged with 10 mL of ice-cold methanol. The MOFs were allowed to soak in methanol
overnight before washing three times with 10 mL of ice-cold acetone. After the final wash, the

MOFs were thermally activated at 60 °C for 24 hours under reduced pressure.
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3.2.4. Single crystal X-ray diffraction
A suitable crystal was mounted on a glass fiber and placed in the low-temperature
nitrogen stream of a Bruker SMART CCD area detector diffractometer. A full sphere of data was

collected using a graphite-monochromated Mo-Ka radiation source (A = 0.71073 A).

3.2.5. Powder X-ray diffraction

Powder X-ray diffraction (PXRD) was performed using a Bruker D2 X-ray diffractometer using Cu Ka
radiation (A= 1.5406 A). Data were collected over the range of 4° < 2(8) < 60° in 0.02° steps at a scan

rate of 1°/min. Samples were prepared on a zero-diffraction silicon wafer.

3.2.6. UV-Vis spectra

Absorption spectra were measured on a PerkinElmer Lambda 35 spectrometer equipped
with deuterium and tungsten halogen lamps and a concave grating with 1053 lines/mm. The
spectra were collected using a scan speed of 480 nm/min in the range 225-600 nm with a

photodiode detector. All spectra were background corrected, using solvent as the blank.

Spectra of the ligands and standard were collected using concentrations between 0.1-5.0 uM.

3.2.7. Singlet oxygen emission

Singlet oxygen emission was measured on a HORIBA Fluorolog-3 fluorimeter (Horiba
FL3-22-iHR550) equipped with using a Hamamatsu 5509-73 NIR detector cooled with liquid N>
(1 s integration times and 14 nm excitation and emission slit widths were needed).

3.2.8. Determination of singlet oxygen quantum yield

For SOQY experiments, samples were prepared at concentrations where the optical
density was below 0.05 and were excited at wavelengths corresponding to that specific optical
absorbance (433 nm for cbx-TPT-cbx and 406 nm for 3T). Quantum yields were determined

relative to 2,2":5',2"terthiophene (3T) standard, which has a quantum yield of singlet oxygen
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production in DCM of 0.75.33 The SOQY of cbx-2T-cbx, cbx-3T-cbx, and cbx-TPT-cbx were
determined by the dilution method using the equation below.
mx Istd

(px = X X ¢std

Mstd Ix

m is the slope of the plot of the emission area as a function of the absorbance, / is the intensity
of the excitation source at the excitation wavelength used, and fis the quantum yield for
sample x, namely cbx-TPT-cbx, and std is the standard, 3T. All data are the average of at least

three independent measurements.

3.3. Results and discussion

To investigate new light-activated MOFs for their application in WWT, preliminary
studies on the organic linkers and a MOF were performed. The studies conducted were single-
crystal X-ray diffraction, powder X-ray diffraction, florescence excitation and emission, UV/Vis
absorption, and SOQY. While this preliminary photophysical characterization is incomplete, a

foundation has been set for future studies.

3.3.1. Single crystal X-ray diffraction

Cbx-3T-cbx crystallized in the Cc space group with unit cell parametersa=30.9 A, b =
17.924 A, c=8.0667 A, vV =4412.30 A3, a=90.0°, B = 99.06 °, and y = 90.0°. Crystallographic
details are summarized and selected information is given in Table 1. The compound structure,
shown in Figure 23, consists of three thiophene rings with two 4-aminopyridine-2,6-

dicarboxamide functional groups at the 2- and 5”- positions on the terminal thiophene rings.
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Figure 23. Thermal ellipsoid plot of cbx-3T-cbx. Carbon (grey), nitrogen (blue), oxygen (red),
sulfur (yellow), and hydrogen (white).

Identifier Cbx-3T-cbx

Formula C42 Hso N6 Os S3

Space Group Cc

Cell Lengths (A) a2 30.9005 b 17.9246 ¢ 8.0667
Cell Angles (°) a 90.00 B 99.06 y 90.00

Cell Volume (A) 4412.30

R-Factor 7.53

Table 1. Selected crystal structure Information
3.3.2. Powder X-ray diffraction

Typically, analysis of MOFs by PXRD is used as a qualitative technique, by comparing the
diffraction patterns of a new material (e.g., MOF) with those of known starting materials (e.g.,
linkers and metal salts). The PXRD pattern of a Gd(cbx-TPT-cbx)1.s material (red, Figure 24). The
powder diffraction peaks are sharp, suggesting a crystalline substance. The green trace shows
the simulated PXRD pattern of the organic linker and the black trace shows the pattern of
Gd(NO3s)s. The three PXRD patterns are different suggesting that a crystallin material has been

synthesized.



104 — Gd(cbx-TPT-cbx), .- MOF
Simulated cbx-TPT-cbx
-]
< 0sd — Gd(NO,),
B
w
G 0.6-
<
o
(O]
N 044
®
£
@]
Z 0.2-
00 —--Uw
T T T T T T T T T
10 20 30 40 50
20 / Degree

Figure 24. XRD pattern of a Gd(cbx-TPT-cbx)15 material (Red). Simulated PXRD pattern of cbx-
TPT-cbx (Green). PXRD pattern of Gd(NOs); (black).
3.3.3. UV-Vis, excitation, emission, and SO generation of linkers

In acetonitrile, cbx-2T-cbx, cbx-3T-cbx, and cbx-TPT-cbx have absorption maxima at 395,
425, and 405 nm (Figure 25, black) respectively. These compounds emit in the visible region of
the spectrum with maxima at 460, 515, and 490 nm (Figure 25, green), respectively. The
excitation spectra monitoring ligand emission maxima (Figure 25, blue) show that the
absorption and excitation spectra coincide for all compounds. Upon excitation of the three
compounds near their absorption maxima (400 nm), SO was generated, as evidenced by its
emission at 1270 nm (Figure 26). For cbx-TPT-cbx, cbx-2T-cbx, and cbx-3T-cbx the SOQY are 19.
7+0.9,37.1+£2.3,and 47.4 + 3.3 %, respectively (Table 2). Figure 27 shows the plots of the SO

generation as a function of absorbance of both the cbx-TPT-cbx and the 3T standard in DCM.
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Figures 25. Absorption (black), singlet oxygen excitation (red), compound excitation (blue), and
emission (green) spectra of cbx-2T-cbx, cbx-3T-cbx, and cbx-TPT-cbx in acetonitrile. [L]= 1.0 x
10 M.
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Figure 26. Emission spectra monitoring singlet oxygen phosphorescence the compounds

studied here in acetonitrile. [L] = 1.0 x 10™ M.
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Figure 27. The integrated emission area of singlet oxygen (Aex= 406 nm) vs. the absorbance
monitored at 406 nm for a 3T solution in acetonitrile. [L] = 0.1-0.5 uM (Left graph)

The integrated emission area of singlet oxygen (Aex = 433 nm) vs the absorbance monitored at

433 nm for a cbx-TPT-cbx solution in acetonitrile. [L] = 1.0-5.0 uM (right graph)

Compound SOQY (Dn)

cbx-2T-cbx

37.1£2.3

cbx-3T-cbx

47.4+33

cbx-TPT-cbx

19.7+£0.9

Table 2. Singlet oxygen quantum yields of the different compounds.

3.4. Summary

Preliminary studies on three ligands and one MOF with potential applications in WWT
were performed using various techniques. The crystal structure of cbx-3T-cbx was obtained
from SCXRD, and a Gd(cbx-TPT-cbx)1.s material was proven via PXRD to have a crystalline lattice.
UV/Vis absorption, ligand excitation, and ligand emission have been shown for cbx-2T-cbx, cbx-
3T-cbx, and cbx-TPT-cbx; interestingly, the absorbance maxima for all three compounds is near

400 nm. When comparing the cbx-2T-cbx to the cbx-3T-cbx, a red shift is observed in the



41

absorbance, consequent of the increase in the conjugation. These compounds SO generation
was monitored via phosphoresce emission at 1270 nm, cbx-3T-cbx showed the most vigorous
emission, relative to cbx-2T-cbx and cbx-TPT-cbx. The SOQY for cbx-TPT-cbx, cbx-2T-cbx, and
cbx-3T-cbx in DCM was shown to be 19.7, 37.1, and 47.4 %, respectively. These compounds
have demonstrated their ability to form crystalline compounds, absorb in the visible, and
generate SO. The electronic and structural features of these compounds have been exploited

for their potential use as photosensitizing adsorbents, that could be implemented into WWT.

4. Chapter 4 — Conclusions

There is a selection of wastewater treatment technologies and materials, which vary in
performance and sustainability. Significant factors such as performance, cost, and sustainability
are considered to determine the practicality of wastewater technologies. The objective of this
study is to introduce new sustainable materials that have promising applications in WWT. Here
we have doped PSs, namely 3T, Nap-cbx, and [Gd(Nap-cbx)3](NOs)s into a polyurethane rubber,
forming functional membranes capable of generating SO and which were shown to degrade
model pollutants. The membranes' performance and stability were evaluated, and it was shown
that the membranes are capable of degrading pollutants after multiple cycles with minimal loss
in performance. In addition, preliminary studies on ligands that can be used to construct MOFs
were explored. These ligands have demonstrated their ability to absorb in the visible region,
generate SO, and coordinate to metals forming extended networks. The design of MOFs that
can both adsorb and photo-degrade pollutants is highly desirable for sustainable WWT

technologies.
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