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Abstract

Organic contaminants found in water, and leaching into the environment, are a major
concern worldwide. In this thesis, we investigate the utility of using quantum dot-doped poly
(N-isopropylacrylamide) (pNIPAm) microgels to photocatalytically degrade an organic dye
in water. We use an aqueous-phase process to synthesize the hybrid CdS-modified microgels.
To study the structure and properties of the hybrid microgels, we use scanning electron
microscopy and transmission electron microscopy. Furthermore, we showed that these
microgels can photocatalytically degrade Rhodamine B upon irradiation with UV light and
the nano-CdS would be steadily immobilized within in the outer surface of the spherical
beads, which is dominant for efficient degradation of RhB and for repeated use the catalysts.
The results showed that 95% of the Rhodamine B could be decomposed within one hour, in
addition to other organics. The approach presented in this study is low-cost and provides

wide application prospects in the field of photocatalysis.
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Chapter 1 - Wastewater Treatment Background

1.1 Introduction

Water is essential for maintaining the health and well being of all human life, although it
is also important for various energy applications, and for maintaining food supplies. In
addition to the environmental, economic, and social impacts of poor water supply and
sanitation,' contaminated water has a disproportional impact on children, the elderly, and
the poor.? It is estimated that 10-20 million people die every year due to the waterborne and
nonfatal infection of more than 200 million people every year.* Every day about 5000-6000
children die due to the side effects of drinking contaminated water.> There are currently more
than 780 million people around the world who do not have access to safe water resources,®

resulting in major health problems.

1.1.1 Status of World Water Resources

Although 72% of the earth's surface area is covered by water, fresh water only
accounts for ~0.75% of all water resources. Nearly 70% of this fresh water is fixed in the
Antarctic and Greenland ice.* Most of the rest of the fresh water is trapped in soil or exists as
deep groundwater supplies and cannot be accessed easily by everyday people and resources.
Global freshwater resources are not only limited, but also exist in imbalanced distribution.
Around 1.5 billion people from 80 countries and regions in the world lack fresh water. In this
number, 26 countries containing 300 million people suffer an extreme lack of water. In

Canada, the water level in the Great Lakes continues to decline and parts of the freshwater



supply have been polluted. In Canada, the most serious Escherichia coli (E. coli) water
contamination occurred in Walkerton, Ontario 15 years ago.” The population of this town
was only 5000, but the number of the infected was 2300 and seven people died because of
this lethal pollution. Other provinces have improved their drinking water protection policy to
increase the water quality.

According to the main study from Health Canada about national water quality, 35% of
drinking water samples are polluted by drugs excreted from the human body, including drugs
used to treat mental illnesses and heart disease, anti-inflammatory drugs and pain relievers,
etc.’ Researchers have pointed out that the use of drugs also increases as the baby boomers
age in North America, and the environmental problems caused by drug emissions pollutant

are expected to become more and more serious.

1.1.2 Water Resources Quality and Contaminants

Urban sewage could achieve the national standard for drinking water after purification, in
order to solve the water shortage issue, the source of urban sewage recycling is increasingly
serious and there are many advantages of comparing with other water source development.
First of all, the quantity of urban sewage is huge and stable. Secondly, the reclaimed water
could be produced as long as the urban sewage is produced. The scale of sewage recycling is
flexible and could be focused on the edge of a city to construct not only large-scale recycling
waterworks, but also small-scale recycling waterworks or integration of processing
equipment in various neighbourhoods and public buildings. The size is changeable and can

adjust measures to local conditions.



1.1.2.1 Water Resource Quality

According to statistics, 70% of reclaimed water could be recycled after treatment from
the wastewater. This means the amount of available water to a city could be increased greatly
by wastewater recycling. Countries around the world all attach importance to the use of
reclaimed water, and reclaimed water as a legitimate alternative water source is becoming
more and more widely used as an important part of urban water resources.®

Reasonable use of reclaimed water not only benefits cities economically but also socially
and ecologically. First of all, it can reduce the costs of reclaimed water and recycling water.
Secondly, reasonable use of recycled water could maintain the ecological balance and
effectively protect water resources by changing the traditional mode of "mining - use -
drainage" to achieve the virtuous circle of the water resources with long-term social benefits
and a positive role in a relaxation effect on the city water resources shortage; Thirdly, the
ecological benefit of rational utilization of reclaimed water not only embodies clear adverse
impacts on effluent sewage on the urban environment but also further purifies the

environment and beautifies.

1.1.2.2 General Classes of Water Contaminants

The safe drinking water act defines the term "contaminant" as meaning any physical,
chemical, biological, or radiological substance or matter in water. Therefore, the law defines
"contaminant" very broadly as being anything other than water molecules. Drinking water
may reasonably be expected to contain at least small amounts of some contaminants. Some
drinking water contaminants may be harmful if consumed at certain levels in drinking water

while others may be harmless. The presence of contaminants does not necessarily indicate



that the water poses a health risk. The following are general categories of water contaminants
and examples of each.

Physical contaminants primarily impact the physical appearance or other physical
properties of water. Examples of physical contaminants are sediment or organic material
suspended in the water of lakes, rivers and streams from soil erosion. Chemical contaminants
are elements (heavy metals) or compounds (organics). These contaminants may be naturally
occurring or man-made. Examples of chemical contaminants include nitrogen, bleach, salts,
pesticides, metals, toxins produced by bacteria, and human or animal drugs.
Biological contaminants are organisms in water. They are also referred to as microbes or
microbiological contaminants. Examples of biological or microbial contaminants include
bacteria, viruses, protozoan, and parasites. Radiological contaminants are chemical elements
with an unbalanced number of protons and neutrons resulting in unstable atoms that can emit
ionizing radiation. Examples of radiological contaminants include cesium, plutonium, and
uranium. The main problem caused by water pollution is that it negatively impacts the health
of the life that depends on these water bodies, which can lead to death. Dead fish, crabs, birds
and sea gulls, dolphins, and many other animals often wind up on beaches as shown in Figure
1-1. Pollution disrupts the natural food chain as well. Tiny animals eat pollutants such as lead
and Cd. Later, fish and shellfish consume these animals, and the food chain continues to be
disrupted at all higher levels. The health effects of drinking contaminated water can range
from no physical impact to severe illness or even death. Eventually, this process affects
humans as well. People can get diseases such as hepatitis by eating seafood that has been
poisoned. In many poor nations, there are outbreaks of cholera and diseases as a result of

poor drinking water treatment from contaminated waters.


http://eschooltoday.com/ecosystems/what-is-a-foodchain.html

Figure 1-1. a) Dye released wastewater and b) dead aquatic life.

In recent decades, the availability of clean water is a major concern in both developed
and developing countries for use in domestic and industrial applications. It is estimated that
1.1 billion people in the world lack access to improved water supply and 2.6 billion people
lack adequate sanitation.® The water consumption estimates range from 1,382 km?/year in
1950 to 5,235 km?/year in 2025. Moreover, the water availability in 2025 will be about 872
m?>/capita/year, well underneath the limit of 1,000 m3/capita/year, which defines the people
who live in water scarce regions.’ The increase in water scarcity is one of the most critical
environmental problems facing many parts of the world. It has been predicted that in the year
2025, about 3.5 billion people, i.e. 48% of the world population, will have an inadequate
water supply.'” With an increase in the population growth rate, the amount of fresh water
availability is expected to reduce with time, negatively affecting the socio-economic
development in many countries. Therefore wastewater reuse can be one of the possible

strategies to increase water resources if it can be safely managed.!!



1.1.3 Wastewater Treatment Methods

Population explosion and expansion of urban areas increased the adverse impacts on
water resources, particularly in regions where natural resources are still limited. Currently,
water use and reuse have become a major concern. With the development of the dyeing and
printing industries, its wastewater production has become one of the most important sources
of water pollution. This kind of wastewater has deep color, complicated composition, huge
emissions, wide distribution of surface, and the characteristics of refractory, as well as other
aspects to consider. Direct emissions would bring serious harm to the ecological environment
without treatment. Population growth leads to significant increases in default volumes of
wastewater, there by making it imperative to develop effective and affordable technologies
for wastewater treatment. Here I introduce new technologies and new methods in the

treatment of dye wastewater on the basis of the literature.

1.1.3.1 Adsorption Method

Adsorption is one of the most widely used water remediation techniques. Adsorption
methods concentrate and remove the pollutant on the surface by using the activity on the
surface of the adsorbent. In recent years, the activated carbon '>!3 has been used for pollutant
adsorption in wastewater treatment and has obtained certain achievement. Combining ClO2
oxidation with activated carbon adsorption in printing and dyeing wastewater treatment
greatly improved both the removal rate of the chemical oxygen demand (COD) and the
decolourizing rate compared with the single use ClO, oxidation or the activated carbon
adsorption process. Since coal ash is widely available and the price is low, it has great

potential in terms of the printing and dyeing wastewater treatment. Wang and co-



investigators ' studied the adsorption decolourizing ability of coal ash in reactive dyes, acid
dye, and cationic dye in wastewater. Sun and other researchers!® used fly ash to deal with
reactive dye wastewater and the result is promising . Dealing with dye wastewater by the
adsorption method treatment has the advantages of less investment, short cycle, and
suitability for smaller companies. However, we must also focus on the adsorbent
regeneration after the adsorption of dye and the post-processing of waste adsorbent in order

to reduce secondary pollution.

1.1.3.2 Membrane Separation Technology

Membrane filtration is a process used to separate dissolved substances and fine particles
from solutions. Membranes act as a semipermeable and selective barrier that separate
particles based on molecular or physical size. Membrane separation technology used in
printing and dyeing wastewater has low energy consumption, is a simple process, and
produces no pollution. Feng and coworkers!® deal with printing and dyeing wastewater by
chitosan ultrafiltration membrane. The COD removal rate can reach 80% and the
decolourization rate could be more than 95%. Wu and coworkers!” found that by using an
ultrafiltration method in processing waste water containing indigo, the concentrated dye
solution could be recycled directly and the permeate could be used as a neutral water to reuse.
Su and coworkers'® made a cellulose acetate (CA) nanofiltration membrane, the membrane
was used for printing and dyeing wastewater treatment and dye recycling. Jiang and
coworkers!'® proposed a facile approach for constructing tuneable hydrophilic or amphiphilic
antifouling membrane surfaces for combating different surface foulants during the water

treatment. The membrane with an amphiphilic surface exhibited over 99.5% retention ratio of



COD without appreciable membrane fouling. But there are many disadvantages of the
membrane separation technology, such as the concentration polarization, membrane fouling,
expense of the membrane, and the expensive processing, which severely hampered the

larger-scale industrial application of membrane separation technology.

1.1.3.3 Fenton Method

Fenton and related reactions encompass reactions of peroxides (usually hydrogen
peroxide (H207)) with iron ions to form active oxygen species that oxidize organic or
inorganic compounds. The Fenton reaction was discovered by H.J.H. Fenton in 1894 and he
reported that H,O, could be activated by ferrous (Fe?") salts to oxidize tartaric acid.?’ In the
last few decades, the importance of radical reactions has been recognized and rate constants
for over 1700 OH radical reactions with organic and inorganic compounds in aqueous
solution have been tabulated.?! In the recent past, the Fenton reaction was efficiently utilized
in the wastewater treatment process for the removal of many hazardous organics.”?> The
Fenton process can be carried out at room temperature and atmospheric pressure. In addition,
required reagents are readily available, easy to store and handle, safe, and environmentally
friendly.?* Ma and coworkers** showed that degradation was enhanced and degradation time
shortened when using a small amount of ultraviolet visible light to irradiate. They evaluated
the influence of low-molecular-weight organic acids (LMWOAs), such as malonic acid,
ethylenediaminetetraacetic acid, and oxalic acid, on the Fenton degradation of organic
pollutants under visible irradiation. With the Fenton reagent as a strong oxidizer to deal with
the organic pollutants in water, reaction condition is mild and only simple equipment is

needed, but processing costs too much to be used daily.



1.1.3.4 Photocatalytic Oxidation Method

There has been a growing interest in the use of semiconductors as photosensitizers for the
complete oxidative mineralization of pollutants by oxygen.?>?® The purification of water by
semiconductor photocatalysis is attracting a great deal of interest, not only from research
workers but also from water purification companies. This interest arises because (i) the by-
product is harmless to the environment, (ii) the process of photomineralization can be turned
on or off simply by tuning on/off the light source, and (iii) there is a real possibility that it
could be readily incorporated into existing UV water purification systems.?

There are various semiconductor materials to choose from, which are readily available,
but only a few are suitable for sensitizing the photomineralization of a wide range of organic
pollutants. A sensitizer for reaction must be (i) photoactive, (ii) capable of utilising visible
and/or near UV light, (iii) biologically and chemically inert, (iv) photostable, and (v) cheap.
In many cases, the semiconductor is labile to oxidative decomposition by the photogenerated
hole. It is generally found that only n-type semiconductor oxides are stable towards
photoanodic corrosion. CdS is an example of a highly active semiconductor photosensitizer
that not only has bandgaps sufficiently large that the semiconductors absorb only UV light,
but also has the highly desirable feature that it can be activated using visible light. Another
commonly used catalyst is titanium dioxide (TiO2). Ohtani and co-researchers®’ present a
detailed mechanism for the photooxidation of alcohols on TiO2 that requires the reductive
and oxidative trapping of pairs of photoexcited electrons and holes by surface-adsorbed

substrates. Zhang and coworkers?® prepared spherical TiO2 catalysts, which were composed



of nanocrystal grain by reversed suspension polymerization and a sol-gel method with a

porous structure to degrade KN-R dye in a suspension form.

1.1.3.5 Electrochemical Oxidation Method
Electrochemical processes have gained increasing interest in recent years for the treatment

2931 They are considered to be versatile and capable of degrading a wide

of polluted waters.
range of contaminants. Electrochemical systems offer several advantages over other
approaches, such as operation at ambient temperature and pressure as well as robust
performance and capability to adjust to variations in the influent composition and flow rate.
They generally require no auxiliary chemicals and do not produce waste. Electrochemical
processes can be adapted to various applications, and can be easily combined with other
technologies. Researchers use the electrochemical method to deal with salt dye wastewater.
From the study they found that the generation of residual chlorine in the process of
electrolysis has a decisive role in the COD removal. The COD removal rate are very high
during electrolytic process. Using activated carbon and iron hydroxide composite catalyst to
deal with dye wastewater by electric catalytic method, Zhang and coworkers* deal with dye
wastewater by internal electrolysis-catalytic oxidation-oxidation pond method. As a result,
the removal rate of COD and the chromaticity are all above 95%. Qi and coworkers*
adopted a micro electrolysis-catalytic oxidation- combination of a fly ash adsorption process
to deal with reactive dye production wastewater. As a result, the COD removal rate could be
above 95% and the decolorization rate could be 99.9%. The key for electric catalytic

oxidation technology moving towards practical application is developing electrode material

with efficient catalytic performance, improving the catalytic performance of electrode
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materials, and improving current efficiency. Lowering polarization in order to reduce the
energy consumption is the main research direction in the future. Combining electrocatalysis
and pulse power to change electrode structure would be the new direction to implement

electric catalytic oxidation into industrial application.

1.1.3.6 Ultrasonic Degradation Technology

Ultrasonic refers to sound waves with a frequency above 20 KHz. When the higher
frequency with certain intensity goes through the media, it produces a series of physical and
chemical effects, resulting in the breaking up of the dye. Degradation of organic pollutants by

ultrasonic means in water is a new, simple and effective wastewater treatment technology.

1.1.3.7 Biochemical Method

The biochemical method has a low running cost and is therefore widely used in dye
wastewater treatment. Researchers extensively studied anaerobic - aerobic, deep aeration,
pure oxygen aeration, and other biochemical methods in recent years and applied this
technology to engineering. Breeding and producing a variety of excellent decolorizing
bacteria strains is an important development for the biochemical method. A microorganism
has certain challenges for nutrients, pH, and temperature conditions when using the
biochemical method to remove the dye wastewater, such as the difficulty to adapt to the
dyestuff wastewater quality fluctuation, the characteristics of variety, and high toxicity.

The development of cost-effective and stable materials and methods for providing fresh
water in adequate amounts is desperately needed. Traditional water/wastewater treatment

technologies remain ineffective for providing adequate safe water due to increasing demand
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of water coupled with stringent health guidelines and emerging contaminants. The
photocatalysis system?®33-37 has great advantages by using a clean light resource as energy for
wastewater treatment compared to other methods. Otherwise, polymer-based multifunctional
and highly efficient processes are providing affordable solutions to water/wastewater
treatments that do not rely on large infrastructures or centralized systems. So combining
polymer with semiconductor nanocrystals is an increasingly promoted method in the

application of environmental wastewater treatment.

1.2 Characteristics of Polymer/Nanocrystal Systems for Wastewater

Treatment

Composite materials of polymer and semiconductor nanocrystals materials not only
combine the advantages of organic polymer and inorganic nanocrystals, but also possess
many new and unique properties.®® There are many advantages to using polymer-based
materials, such as optical transparency, physical and chemical stability, and easy workability;
they also provide a good carrier for stabilizing nanoparticles to preserve their function. The
presence of nanocrystals enhances the function of the polymer material and also strengthens
the polymer in the physical view, like mechanical property. More importantly, they can bring
photocatalytic properties to the polymer materials.’* Due to the superior performance of
polymer-nanocrystalline composites under light, it is more and more widely used in electrical,
magnetic, industry, agriculture, medical, aerospace, and other cutting-edge technology. Thus,
polymer nanocrystalline composite material has attracted extensive attention in the research
community. Colvin and coworkers*® prepared CdSe@Poly(p-phenylene vinylene) compound

multilayer film by using CdSe nanocrystals and polymer Poly(p-phenylene vinylene. This
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composite material has a change in the light emission spectrum from red to green as the
electric voltage is changed from high to low. The color of the polymer layer is red to yellow
when the voltage is 4V and the color of the polymer layer is green when the voltage is higher.
Thus, it could be used to make light emitting diode (LED) and other electroluminescent
materials. Zhang and co-investigators3>#? prepared different sizes of CdTe nanocrystals and
introduced unsaturated surfactant on the surface to make it copolymerize with the styrene and
methyl methacrylate. The resulting material is a nanocrystal-polymer composite with
different colours and could potentially be used as a display device. Weng and coworkers*!
used a single molecule targeted drug delivery system and connected the CdSe-ZnS core-shell
nanocrystals to the cancer antibody with a PEG polymer chain. The biological test results
confirmed that nanocrystals produced fluorescence imaging in the live mice tumor site.

The ultimate integration of nanocrystals into future devices can largely benefit from the
availability of precisely engineered designer nanocomposites with stimulus responsive
polymers. A frequently used stimulus responsive polymer is poly (N-isopropylacrylamide)
(pNIPAm), which exhibits a lower critical-solution temperature (LCST) in water around 32
°C (in the region of interest for biological applications) where an abrupt chain collapse and
phase separation occur. Thus, several inherent disadvantages of suspension catalysts could be
overcame, e.g., photocatalysts with nanoparticles tend to result in their aggregation into
larger particles and some photocatalysts would be subjected to undesirable photocorrosion,
both of which result in a decrease in the photoreaction efficiency. pNIPAm-based microgels
were selected due to the high porosity/surface area for absorption/adsorption of contaminants.
The pNIPAm-based microgels could help restrain the aggregation of nanoparticles.

Furthermore, the pNIPAm-based microgels are thermoresponsive. Discussing the volume
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change of microgels from a swollen (hydrophilic) state to a compact (relatively hydrophobic)
state in the photocatalytic effect of the semiconductor nanocrystals has an important value in

the research of wastewater treatment.

1.2.1 Synthesis of Hybrid pNIPAm/Nanocrystal

In the synthesis of polymeric nanocomposite photocatalyst nanocrystal/pNIPAm
microgel, it is important that the semiconductor nanocrystals are doped in pNIPAm-based
microgels with homogeneously dispersity. In general, there are two polymerization methods
to synthesize polymeric nanocomposite photocatalyst nanocrystal/pNIPAm: (1) blend

polymerization and (2) in-situ copolymerization.

1.2.1.1 Blend Polymerization

In blend polymerization, the monomer, the initiator, and the semiconductor nanocrystals
are directly mixed together in a suitable solvent to form nanocomposite photocatalyst
nanocrystal/pNIPAm. The polymeric nanocomposite is fabricated by impregnating
semiconductor nanocrystals within pNIPAm-based microgels. Blend polymerization is a
relatively simple and straightforward approach, but the semiconductor nanoparticles without
modification can easily aggregate in the reaction system. Thus, nanocrystals in a composite
gel system are not stable and inhomogeneous. Using the surfactants to modify the surface of
nanocrystals can make nanocrystals more monodispersed in the reaction system, increasing
stability, and therefore the nanocrystals would exist in the composite microgel stably without
aggregation. It can reflect the common excellent properties of nanocrystals and microgel.

Previously, this simple and convenient method attracted the attention of the researchers.

14



1.2.1.2 In-Situ Copolymerization

As for the in situ polymerization method, the semiconductor nanocrystals are formed by
the surface modification of pNIPAm-based microgels. The in-situ polymerization system is
relatively complicated, but the semiconductor nanocrystals within the polymeric
nanocomposite are not only distributed evenly in the polymer matrix but also more stable.
Through this method, nanocrystals can be grown inside a polymer and the polymer acts as
the protective shell for nanocrystals in an aqueous solution. For example, PAMAM

dendrimer*? and PMMA polymeric microsphere.#

were used to fabricate highly
luminescent PAMAM/CdS and PMMA/CdS hybrid materials. Zhang and coworkers®
reported the approach employs polymer microgels (pNIPAm) as templates for the synthesis
of semiconductor, metal or magnetic nanoparticles. The generated pNIPAm/ nanocrystals

retain both stimulus-responsive behavior of the polymer and the optical property of

nanocrystals.

1.3 Introduction to Stimuli Responsive Polymers

1.3.1 Introduction

46-48

Stimuli responsive polymers and systems, which are also called smart materials, are

novel materials capable of responding to external stimuli.*’

The definition of response of a
polymer is highly dependent on the restrictions of the polymeric segments’ mobility. Which
means the polymer chain always have higher dimensional change than a polymer gel, since

there is restricted network in the gel. The response is exhibited in a variety of ways, such as

changes in size, secondary structure, color, solubility, or the degree of intermolecular
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association changes. External stimuli can be either chemical or physical signals,’*>* or also
multiple responsive systems.’*>* Physical signals such as light,*® temperature,!-323%-6!
electric potential,® and pressure®>* modify the energies of chain dynamics and molecular
interactions. Chemical signals, such as pH,%-%7 ionic species,®” or metabolites,®® interfere with
the molecular interactions between polymeric chains and solutes. For multiple responsive
systems, combining physical and chemical stimulus in one material component or systems
has been applied. Tonic interactions and hydrogen bonding or hydrophobic interactions of
polymeric systems can be modified by the external stimuli, causing changes in the physical
state of the system. The removal of the stimulus should result in a reversion to the original

physical state. The examples of responses are depicted in Figure 1-2.
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Figure 1-2. Schematic representation of dimensional changes in polymeric solutions, at

surfaces and interfaces, in polymeric gels, and polymer solids resulting from physical or

chemical stimuli. Reprinted with permission.*® Copyright 2002, Elsevier.
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Physical stimuli responses include those brought on by temperature and light.
Temperature responsive polymers®®>1:>% have been among the most studied stimuli-
responsive materials for several decades due to their ability to change features such as
solubility and conformation, and they are convenient to operate, thereby having a potential
for a variety of applications. Polymers that undergo hydrophilic—hydrophobic phase
transitions are of great interest for researchers who have taken advantage of these transitions
to promote the formation, transformation, or deformation of aggregates in response to
variations in temperature. PNIPAmM>2>7%72 is one of the most popular polymers among these
smart materials. Poly [2-(dimethylamino) ethyl methacrylate] (PDMAEMA)’*77 is another
very frequently used temperature responsive polymer that undergoes a hydrophilic-to-
hydrophobic phase transition at its LCST, which is between 40-50 °C. In chemically
responsive polymers,®”8-%0 frequently used stimuli are pH and redox. One of the important
reason for using pH responsive polymers in the medical area is that the local pH values of
human tissues and cellular environment vary significantly, and thus provides great potential
application of these kinds of polymers in biomedical areas, such as controlled drug delivery.
Combining physical and chemical stimuli is an important advance in designing responsive
polymer systems often aimed at taking advantage of the key features in both internal and
external stimuli. The combination of the two stimuli greatly improves the flexibility to trigger
the stimuli-responsive polymers temporally and spatially and therefore has the capability to
achieve the desired properties on demand. Other stimuli, like biochemical stimuli,?!-%4 can
find use in many applications including drug and gene delivery, imaging, sensing, and so on.
The advantage of incorporating biochemical stimuli responses to a system is that they have

the potential to be specific for a biomedical function, particularly when combined with a
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second cooperative physical or chemical stimulus. Multiple stimuli responsive materials are
those that are responsive to three or more stimuli and are fundamentally interesting but less
explored. For example, a pH sugar and temperature responsive polymer®® was synthesized by
a polymerization of boronic acid acrylamide monomer (APBA) with NIPAm monomer by
atom-transfer radical-polymerization (ATRP) or reversible addition-fragmentation chain
transfer (RAFT) polymerization. Recently, there are several very unique multi-responsive
polymer systems developed by different groups®®-®! to enrich the stimuli responsive polymer

family.

1.3.2 Thermoresponsive Polymers

Thermoresponsive polymers are one of the most extensively studied smart materials.
There are two main types of thermoresponsive polymers involved in most of the studies. One
is the polymer with a lower critical solution temperature (LCST) while the other one presents
an upper critical solution temperature (UCST).”>** LCST and UCST are the respective
critical temperature points below and above which the polymer and solvent are completely
miscible.” Thus, for example, a polymer solution below the LCST is a clear, homogeneous
solution, while a polymer solution above the LCST appears cloudy. The cloudiness appears
because of the increased light scattering from the denser, collapsed species. It is noteworthy
that LCST is an entropically driven effect, while UCST is an enthalpically driven effect.”®%’
Most of the studies use polymers that present an LCST.”® The most common of these is poly
(N-isopropylacrylamide) (pNIPAm). pNIPAm has a lower critical solution temperature
(LCST) of around 32 °C, a very useful temperature for biomedical applications since it is

close to the body temperature (37 °C). Adjustment of the LCST of pNIPAm has been

18



achieved by copolymerizing with hydrophilic or hydrophobic monomers®”!% rendering the
overall hydrophilicity of the polymer higher or lower, respectively. Other polymers with
thermoresponsive properties include poly(N-vinlycaprolactam) (PVCL)'%-19 with an LCST
between 25 and 35 °C and PDMAEMA!'** with an LCST of around 50 °C However, it is
important to note that the LCST of a polymer is dependent on molecular weight and
architecture.!%

The LCST of pNIPAm is an entropically driven transition. Heskins and Guillet*? first
proposed the thermodynamic origin of the LCST. The Gibbs free energy of the system is
given by the following equation:

AGm = AHm — TASh

Where AGn is free energy of mixing, AHm is the enthalpy change of mixing, T is
temperature in Kelvin, and AS,, is the entropy change on mixing. At low temperatures,
formation of hydrogen bonds between NIPAm and water reduce the free energy of mixing
(AGn) as the enthalpic contribution (AHn) is negative. Structured water around the pNIPAm
leads to a loss in entropy (negative AS, term) and a positive entropic contribution. As T
increases, the positive entropic contribution to the free energy grows. When the positive

entropic contribution dominates over the enthalpic contribution, phase separation begins.

1.3.3 pH Responsive Polymers
pH-sensitive polymers are polyelectrolytes composed of weak acidic or basic groups that
either accept or release protons in response to changes in environmental pH. Polyanions and

106-108

polycationic are the most used pH-sensitive polymers, which are characterized by a

large number of ionizable functional groups such as carboxylic or amine groups. In the case
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of pH-sensitive polymers, the key element of the system is the presence of ionizable weak
acidic or basic moieties attached to a hydrophobic backbone. Upon ionization, the coiled
chains extend dramatically responding to the electrostatic repulsions of the generated charges
(anions or cations).5%1%-111 The pH at which the pendant acidic groups become ionized
depends on the pK, (the log value of the acid dissociation constant, K,) of the polymer, which
in turn depends on the polymer’s composition and molecular weight. However, complete
ionization on polyelectrolytes is more difficult due to electrostatic effects exerted by other
adjacent ionized groups. It makes the apparent K, different from that of the corresponding
monoacid or monobasic.

Polyacidic polymers will be unswollen at low pH, since the acidic groups will be
protonated and unionized. When increasing the pH, a negatively charged polymer will swell.
The opposite behaviour is found in polybasic polymers, since the ionization of the basic
groups will increase when decreasing the pH. Typical examples of pH sensitive polymers
with anionic groups are poly (carboxylic acids) as poly(acrylic acid) (PAA)!'2!13 or
poly(methacrylic acid) (PMAA).!'"#115 A few examples of cationic polyelectrolytes are
poly(N,N-diakyl aminoethyl methacrylates),''® poly(lysine) (PL),!'"” poly(ethylenimine)

(PEI),''® and chitosan.!'*?! The examples of pH responsive polymers are listed in Figure 1-3.

20



a) Polyacidic polymers

Oy OH 0. _OH Oy OH
CHg
n n n

poly(acrylic acid) poly(methacrylic acid) poly(2-propylacrylic acid)

b) Polycationic polymers

OHy
0 O\/-'N_CHQ o NH (\u/\,NH:
CHs U\/\/\/ﬂ M N\/\H/\\,N\/\N/\/N K
cr 1 3 i e
CHs NH, o HNT~ N,
poly(N,N-diakyl aminoethyl methacrylates) poly(lysine) poly(ethylenimine)

Figure 1-3. Chemical structure of pH-sensitive polyanions and polycationic polymers. a)

polyacidic polymers, b) polycationic polymers.Reprinted with permission.!''> Copyright 2002,

American Chemical Society.

1.3.4 Other Responsive Polymers

1.3.4.1 Photoresponsive Polymers

Photoresponsive polymeric systems>*!22125 are polymers with photo-sensitive moieties

on the backbone or side chain, and have been widely studied in many areas, such as photonic

materials,'?%!?7  photo-mechanical systems,'?® display'?® and micropatterning.'3® These

systems are important because light is non-destructive, can be localized, as well as remotely

activated. Thus delivering energy to systems results in photo-triggered sensing, actuating,

and transporting. Photoresponsive polymers exhibit conformational changes in response to

light with different wavelengths. Such polymers can be constructed by incorporating
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chromophores that can translate light energy into a change in conformation. Photochromism
is defined as a reversible transformation of chemical species between two states having
observable light absorptions in different regions. In photoresponsive functionalities, the
response may be associated with chemical processes involving either isomerization or
cleavage of chemical bonds. The main chemical processes involved in photochromism are
cis-trans isomerization (azo compounds),*® pericyclic reactions (spiropyrans)!3!, dissociation

reactions (triphenylmethane leuco derivatives),'3? electron transfer (viologens),'*3 and so on.

1.3.4.2 Enzyme Responsive Polymers
enzyme-responsive materials undergo reversible macroscopic transitions that are

134137 are highly selective and

triggered by selective enzyme catalysis. Enzyme reactions
efficient toward specific substrates under mild conditions, such as aqueous media, typically
neutral or slightly acidic and alkaline pH. They are involved in all biological and metabolic
processes, serving as the prime protagonists in the chemistry of living organisms at a
molecular level. The integration of enzyme reactions with responsive polymers can further
broaden the design flexibility and scope of applications with enhanced triggering specificity
and selectivity. Enzyme-responsive polymeric systems typically possess enzyme-reactive
moieties in the form of labile linkages along the polymer main chain or side groups. In
addition, they can also produce effects in an indirect manner by utilizing enzyme reaction
products or intermediates as the triggering signal input,'3®'* which can in principle be
integrated with the design of conventional responsive polymers and polymeric assemblies.!*

It is worth noting that these enzyme-triggered structural transformation or transition

processes are relevant to the practical applications of responsive polymers concerning
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functions of drug delivery and controlled release, imaging, and diagnostics. For example, the
Ulijn group'*! fabricates an enzyme-responsive peptide-based material and uses this material
to form small molecule assemblies to apply in the controlled release of dextran. This group
has developed a variety of enzyme-responsive materials exhibiting relevant functions in the
fields of regenerative medicine, diagnostics, and controlled release nanovehicles.!36:142.143 The

classification of enzyme responsive materials is shown in Figure 1-4.

Polymer fiydrogels
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Figure 1-4. The classification of enzyme responsive materials based on their structural

design elements.'**Reprinted with permission. Copyright 2014, American Chemical Society.

1.3.5 Stimuli Responsive Hydrogels
Hydrogels, by definition, are three-dimensional cross-linked polymeric networks that can

imbibe large amounts of water.!*'%° Stimuli responsive hydrogels are classified as a
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responsive polymer network and can have conformation change by applying external stimuli.
Extensive efforts in the field of responsive hydrogels have been focused on the design of
structures that respond to specific stimuli.’>® One of the pioneering works comes from the
Tanaka group,'>!'32 which shows that thermoresponsive ionic gels exhibit a discontinuous
transition in contrast to a continuous transition exhibited by non-ionic gels. In addition to this
contribution, Yan and Hoffman'3 reported that polymerization of NIPAm gels at higher
temperatures than the LCST of the polymer results in formation of the gels that have a large
pore size. Under this methodology, the pNIPAm gels with faster swelling rate were
successfully synthesized. Early responsive hydrogel studies were focused on the
development of new materials that responded to various stimuli such as pH, temperature,
light, and electric field that eventually cause the phase separation of the polymeric materials.
For instance, when gels are formed by polymerizing the thermoresponsive main monomer,
NIPAm, and the light-sensitive chromophore chlorophyllin, in the presence of a cross-link
agent, the phase transition of the gels is induced by illumination.’>* Another interesting study
on responsive gels was performed by applying electric fields to polyacrylamide gels.'”® In
this study, some portion of the acrylamide group was converted into an acrylic acid group by
hydrolysis, and then the volume phase transition of the ionic gels was induced under electric

fields, which provide pH gradient and Coulombic interaction between electrodes.

1.3.6 Poly (N-Isopropylacrylamide) Microgels
Microgel networks, just like hydrogels, are extremely solvent swellable (approximately
95 % by volume) in their hydrated state and contain approximately 20 % solvent in their

deswollen state.3>!5-157 Colloidal microgels constructed from pNIPAm range from 50 nm to
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5 um in size and exhibit similar temperature responsive properties to their hydrogel. That is,
they undergo a volume phase transition at the LCST of pNIPAm. The LCST of the microgels
is affected by cross-linking density, solvent nature and composition, and the nature of the
functional groups in the copolymer.!3-160 Microgels possess several advantages over bulk
hydrogels: small size and volume, high surface area, faster response to stimuli and high
diffusivity. Most of the recent researchers focus on the incorporation of functional moieties
within pNIPAm based microgel materials that alter the hydrophilic/hydrophobic balance as
well as the swelling capacity, while exploring the application of pNIPAm microgels. One of
the examples is copolymerization of acrylic acid monomer into the system to incorporate a
charged species into pNIPAm-based microgels, which found employment in the controlled

uptake and release of various model drug compounds.!38:161-163

1.3.7 Synthesis of pNIPAm Microgels

Microgel particles composed primarily of pNIPAm can be synthesized using a variety of
techniques including emulsion polymerization'®* and thermally induced free radical
precipitation polymerization.!® In all of the syntheses performed, NIPAm served as the main
monomer. Two different types of cross-linkers were normally explored in the polymerization.
The first was N,N'-Methylenebisacrylamide (BIS), a relatively short and rigid cross-linker,
while the second was a more flexible oligomeric cross-linker, Poly(ethylene glycol)
diacrylate (PEGDA). Microgels are formed by homogenous nucleation. Figure 1-5 illustrates
the mechanism of precipitation polymerization. There are two reasons for the polymerization
to be carried out at high temperature: one is formation of sulfate radicals, which initiate the

polymerization. The second is, after initiation the NIPAm monomer polymerizes and the
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chain starts to grow. Once the chain length reaches a certain critical length, it collapses on
itself, producing precursor particles. The chain collapses because the polymerization
temperature is higher than the LCST of the polymer and hence it phase separates. The
precursor particles grow by two mechanisms: they either aggregate with the other precursor
particles or are captured by existing colloidally stable particles. The charge imparted by the
initiator stabilizes the microgels. To synthesize small microgels, the precursor particles have
to be stabilized earlier in the reaction. Since there is not enough charge available to stabilize
the small precursor particles, surfactant is used, which stabilizes the small precursor particles,
so a lower surfactant concentration will generate larger microgels particles. Depending on the

application of the microgels, they can be modified by post polymerization modification. '

_ _ Precursor Growing Microgel
Oligoradical particle particle particle

Figure 1-5. Precipitation polymerization. After initiation the oligoradical grows to a critical
length before collapsing on itself to form a precursor particle. The precursor particle
continues to grow either by aggregating with other precursor particles or with growing
oligomers, and eventually the microgel particle precipitates out of solution.Reprinted with

permission.*® Copyright 2004, Elsevier.
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1.3.8 pNIPAm Microgel Applications

Over the past few decades, several new applications of microgels have arisen due to
their stimulus-responsive nature. These include their uses as microreactors for the synthesis
of inorganic nanoparticles with predetermined properties, as carriers for targeted drug
delivery, as tunable optical lenses and as building blocks of photonic crystals. The section
below will briefly chart the functional roles and properties of microgels in the context of

these applications.

1.3.8.1 Microgels as Microreactors

Nanoparticles (NPs) have been synthesized by template, such as dendrimers, block
copolymer micelles, and polyelectrolyte multilayers. In comparison with other polymer
template systems, microgels serve as ideal microreactors for NPs formation due to their
simple synthesis, easy functionalization, and relatively large size comparable to the
wavelength of visible light. Zhang et al.* used poly(N-isopropylacrylamide-acrylic acid-2-
hydroxyethyl acrylate) [poly(NIPAm-co-AA-co-HEA)] microgels with a hydrodynamic
diameter of 200-600 nm as templates for the synthesis of three exemplary types of NPs:

semiconductor, metal, and magnetic nanoparticles.
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Figure 1-6. A synthetic route used for in-situ synthesis of semiconductor, metal or magnetic

nanoparticles in the interior of poly(N-isopropyl acrylamide-acrylic acid-2-hydroxyethyl
acrylate) microgels. Reprinted with permission.*> Copyright 2004, American Chemical

Society.

1.3.8.2 Microgels for Drug Delivery

One of the key areas of intensive research is the application of microgels in controlled
drug delivery. The open network structure of microgels can be used to incorporate small
molecules such as drugs in their interiors while their large swelling-deswelling transitions
may be employed as physico-chemo-mechanical triggers to direct the release of the drugs. In
addition to pH, ionic strength, or temperature-triggered volume transitions, microgels loaded

with a drug can interact with biological components or events such as enzymatic processes
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that would activate the release of the drug. Langer et al.'é” and Frechet et al.'®® reported pH
triggered nonspecific release of a drug from submicron-sized microgel particles to the
macrophages. Functionalization of microgels allows one to tune their volume transitions in
physiologically relevant conditions. Furthermore, modification with other functional groups
can extend the external stimuli to be applied in controlled drug delivery application. By
attaching receptor-specific proteins to the microgel surface, one can achieve selective
targeting ability designed to treat specific diseases or specific tumor cells. The Kumacheva
group demonstrated the use of two types of biofunctionalized, pH responsive, drug-loaded
microgels for targeted intracellular delivery to HeLa cancer cells'® poly(NIPAm-co-AA) and
the biopolymeric, chitosan-based microgels.!” The Todd group has prepared magnetic
responsive nanogel film for on-off drug release application.!”! They also developed injectable
hydrogels containing entrapped microgels'” for small-molecule drug delivery. Drug release
could be sustained for up to 60 days from these nanocomposite hydrogels, significantly

longer than that achievable using the constituent hydrogel or microgels alone (<1 week).

1.3.8.3 Microgels as Photonic Crystals

Microgels are excellent examples of materials with structural hierarchy. Lyon et al.!'”3
reported color-tunable colloidal crystals formed by the assembly of thermoresponsive
poly(NIPAm-AA) microgels. Upon centrifugation, the microgels assembled into a close-
packed colloidal crystalline array that displayed striking iridescence. The Bragg diffraction
was modulated by a change in temperature. Microgel also can be hybridized with inorganic
nanoparticles to form hybrid microgels. The coupling of structure- and composition-

dependent properties of both polymer microgels and inorganic nanoparticles opens new
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avenues in the production of smart materials with many degrees of freedom in controlling
their performance. Kumacheva et al.'” circumvented these limitations by encapsulating
hybrid poly(NIPAm-AA-HEA) microgels with a dense hydrophobic shell of a copolymer of
methyl methacrylate, butyl acrylate, and acrylic acid (MMA-BA-AA). The narrow
polydispersity, negative charge, and smooth surface of these hybrid core-shell particles

carrying CdS and Ag NPs in their cores favored their self-assembly into colloid crystals.

1.4 Introduction of Semiconductor Nanocrystals

Semiconductor nanocrystals (NCs) are nanometer-sized crystalline particles that
exhibit size-dependent optical and electronic properties.!”” With typical dimensions in the
range of 1-100 nm, these nanocrystals bridge the gap between small molecules and large
crystals, displaying discrete electronic transitions reminiscent of isolated atoms and
molecules, as well as enabling the exploitation of the useful properties. The unique size-
dependent optical properties of colloidal semiconductor nanocrystals have been the subject of
considerable interest in the past three decades.!’® Strongly luminescing II-VI semiconductor
NCs have found potential applications in biological imaging and labeling,!”” photovoltaics,'”®
electroluminescence devices,'” optical sensors,'® etc. Structural, photophysical,!s!
photochemical,'®? and photoelectrochemical'®® properties of the semiconductor NCs have
been intensively studied. The major feature of semiconductor nanomaterials is the quantum
confinement effect, which is essentially due to changes in the atomic structure as a result of
direct influence of ultra-small length scale on the energy band structure. It is a highly size

dependent effect and influenced by the surface of the nanocrystals.
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1.4.1 Quantum Dots

Quantum dots (QD) are semiconductor devices that tightly confine electrons or holes in
all three spatial dimensions. They can be made via several possible routes including colloidal
synthesis, plasma synthesis, or mechanical fabrication. The term “quantum dot” was coined
by Mark Reed in 1988;'®* however, they were first discovered in a glass matrix by Alexey
Ekimov!'8>18¢ in 1981 and in colloidal solutions by Louis E. Brus in 1985.'%" The electronic
properties of the quantum dots fall between those of bulk semiconductors and those of
discrete molecules of comparable size, and optoelectronic properties, such as band gap, can
be tuned as a function of particle size and shape for a given composition. In QDs, light
absorption generally leads to an electron being excited from the valence to the conduction
band, leaving behind a hole. The electron and the hole can bind to each other to form an
exciton. When this exciton recombines (i.e. the electron resumes its ground state), the
exciton's energy can be emitted as light. This effect is called fluorescence. In a simplified
model, the energy of the emitted photon can be understood as the sum of the band gap energy
between the highest occupied level and the lowest unoccupied energy level, the confinement

energies of the hole and the excited electron, and the bound energy of the exciton.

1.4.1.1 Effect of Size

The energy difference between the absorption and emission spectra is known as the
Stokes shift. Generally, the smaller the crystal size, the larger the band gap. Therefore, the
electron will require more energy to become excited, and in turn will emit light with higher
energy when returning to a lower energy state. The color and emission wavelength of a QD

are determined by its size and composition. QDs can emit light at wavelengths ranging from
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the ultraviolet (UV) to the infrared (IR). The ability to tune the size of quantum dots is
advantageous for many applications. For instance, larger quantum dots have a greater
spectrum-shift towards red compared to smaller dots, and exhibit less pronounced quantum
properties. Conversely, the smaller particles allow one to take advantage of more subtle

quantum effects.

1.4.1.2 Effect of Surface

The surface effect of QDs is a reduction in the particle size of the quantum dots, most of
the atoms located at the surface. The quantum dot surface area will increase when particle
size decreases. Due to the large surface area of the nanoparticles, the number of surface
atoms increases, resulting in a lack of coordination of the surface atoms, unsaturated bonds
and increased dangling bonds. These surface atoms have high activity, are very unstable, and
combine easily with other atoms, which creates a large surface energy and high activity.
Active surface atoms not only cause surface atom transport and structural changes, but also
cause a conformational change in the surface electron spin and electron energy spectrum.
Surface defects lead to trap electrons or holes, which in turn will affect the luminescent
properties of quantum dots, causing a nonlinear optical effect. The light reflection coefficient
will decrease usually less than 1%. That is why the QDs are generally black, have smaller
particle size, and display deeper color. The light absorption capability of the QDs is stronger,

showing a strong absorption spectrum of wide band.
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1.4.1.3 Dielectric Confinement Effect

Dielectric confinement is effective reduction of the dielectric constant due to the
penetration of the electric field into a barrier medium with a small dielectric constant. Since
the size of quantum dots are confined in nano space, electron transport is limited, the electron
mean free path is short, localized electrons and coherence are enhanced and produce quantum
confinement effect. For quantum dots, when the particle size is close or smaller than Bohr
radius in the strong confinement area, it is easy to form excitons and exciton absorption
bands. As the particle size decreases, the absorption coefficient of exciton band is increased,
and strong exciton absorption will appear. Due to the quantum confinement effect, the lowest

energy exciton movement that is blue-shifted to higher energy.

1.4.1.4 Other Physical Effects

Other physical effects such as the quantum tunneling effect and Coulomb blockade
effect are also very important for application of QDs. A quantum tunneling effect occurs
when particles have a finite probability of crossing an energy barrier, such as the energy
needed to break a bond with another particle, even though the particle's energy is less than
the energy barrier. Quantum tunneling has no counterpart in classical mechanics, in which a
particle can never cross an energy barrier with a higher energy level than the particle has.
The emission of alpha rays in radioactive decay is a case of quantum tunneling; though the
alpha particles are strongly bound to the nucleus and don't have as much energy as the bond
does, they still have a finite probability of escaping the nucleus. The design of transistors and
many diodes makes use of this effect. When the sum of a quantum dot and the capacitance of

all its associated electrode are small enough, only one electron can go into the quantum dot,
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and the increase of electrostatic energy of the system will be far greater than the increase of
electron thermal motion ability. This effect can prevent a subsequent second electrostatic
electron entering the same quantum dot, which is call the Coulomb blockade effect.

Bulk semiconductors are characterized by a composition-dependent band gap energy (Eg),
which is the minimum energy required to excite an electron from the ground state valence
energy band into the vacant conduction energy band. The exciton has a finite size within the
crystal defined by the Bohr exciton diameter, which can vary from 1 nm to more than 100 nm
depending on the material. If the size of a QDs is smaller than the size of the exciton, the
charge carriers become spatially confined, which raises their energy. Therefore, the exciton
size delineates the transition between the regime of bulk crystal properties and the quantum
confinement regime, in which the optical and electronic properties are dependent on the
QDs’ size. QDs with dimensions smaller than the Bohr exciton diameter demonstrate size-
dependent absorption and fluorescence spectra with discrete electronic transitions. The most
important consequence of the quantum confinement effect is the size dependence of the band
gap for QDs. By confining the exciton of a semiconductor, the band gap may be tuned to a
precise energy depending on the dimensionality and degree of confinement.!3® The effect on
the optical properties by the particle size is internal structure phenomenal. However, when
the QDs has a small size, the density of atomic layer on the surface will increase and lead to
new features optical properties. For example, reducing the diameter of a spherical sample
from 1 m to 1 nm increases the surface area by a factor of 10°. Such a large change cannot be
ignored, since it also induces other characteristics for the nanomaterial. This is called the
surface effect of QDs. Research shows that when the diameter of a particle is smaller than 10

nm, the density of its surface atoms increase greatly, leading to higher surface energy and
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enhanced activity of the QDs. Also, due to higher surface energy, particles are extremely
unstable under normal conditions and are likely to aggregate. The lack of atomic
coordination and high surface activity of QDs atoms could cause a lot of surface defects on
the surface of the QDs.

The surface state of the nanocrystalline is the trap to capture the electrons and holes.
There is a big effect for the luminescence properties of QDs. It is advantageous to coat QDs
with an insulating inorganic shell in order to stabilize and maximize fluorescence. A lot of
researches have been done to prevent the aggregation of QDs, such as surface modification,
QDs /polymer composite, and the preparation of core-shell QDs. These researches are very

important for extending the application of QDs.

1.4.2 Quantum Dots Preparation

The preparation of QDs is a popular area of research due to the wide application of the
nanomaterials. The research on the preparation of QDs has made tremendous progress
through the continuous efforts of chemical, physical, and material scientists. The inclusion of
nano to micron sized QDs materials into glasses was first explored in 1930s. Rocksby found
that the glass matrices with CdSe inside can change the hue of the glasses and then applied
these materials for color filters. After several decades, Louis Brus first observed the size
dependent properties of colloidal CdS QDs,!® through the measurement of size dependent
redox potentials. The morphology and size of QDs can be controlled by choosing appropriate
reactants and suitable reaction conditions, such as the solvent component, temperature and
reacting time. A typical synthesis system for colloidal QDs consists of three components:

precursors, organic surfactants, and solvents. Upon heating a reaction medium to a
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sufficiently high temperature, the precursors chemically transform into active atomic or
molecular species (monomers); these then form QDs whose subsequent growth is greatly
affected by the presence of surfactant molecules. The formation of the QDs involves two
steps: nucleation of an initial ‘seed’ and growth. In the nucleation step, precursors
decompose or react at a relatively high temperature to form a supersaturation of monomers
followed by a burst of nucleation of QDs. These nuclei then grow by incorporating additional
monomers still present in the reaction medium. The process is schematically shown in Figure

1-7.
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Figure 1-7. Representation of the simple synthetic apparatus employed in the preparation of
monodisperse QDs samples. Reprinted with permission '*° Copyright 2013, Hindawi

Publishing Corporation.
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1.4.2.1 Chemical Precipitation Method

The chemical precipitation method is the formation of a separable solid substance from a
solution, either by converting the substance into an insoluble form or by changing the
composition of the solvent to diminish the solubility of the substance in it. The thermal
decomposition is required for the synthesis of QDs or dehydration. Precipitation methods
include direct precipitation, homogeneous precipitation and co-precipitation, and so on.
Chemical precipitation methods are simple to operate and need only mild reaction conditions.
However, the disadvantage for this method is a lack of control of the reaction process, and it
is difficult to observe the growth of the QDs environment. In general, the diameter
distribution of QDs made by the chemical precipitation method was relatively broad. For

1 synthesized CdS semiconducting quantum dots

example, Pratima Chauhan and coworkers
by the chemical precipitation method using thioglycerol as the capping agent. Nanocrystals
of ZnS have been synthesized through a simple chemical precipitation method using thiourea

as the sulphur source by Nadana and coworkers.!”? The synthesized products were annealed

at different temperatures in the range of 200-800° C. The influence of thermal annealing on

the structural, optical, and morphological features of ZnS QDs was investigated.

1.4.2.2 Thermal Decomposition Method

A very important development in nanoparticle synthesis came in the early 1990s, when
Murray, Norris, and Bawendi'®? introduced the first non-aqueous, controlled growth process
for 1I-VI semiconductor QDs. The keys to this synthesis were (1) to use non-aqueous
solvents and capping ligands to stabilize the products against ripening, (2) to carry out the

reaction at high temperature to ensure good crystallinity, and (3) to separate the steps of
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particle nucleation and growth, and thereby obtain particles of uniform size. It is generally
believed that the degree of crystallinity is improved under high temperature. To increase the
nanocrystallinity, a high temperature and suitable environment were applied when
synthesizing the QDs. Researchers have achieved the thermal synthesis of QDs by using an
organic solvent, such as a high boiling solvent mixture of trioctylphosphine (TOP) and
trioctylphosphine oxide (TOPO), since they can have a high boiling point. At the same time,
a long-chain surfactant is added to the reaction system to prevent the aggregation of QDs. In
this way, both the growth and stability of the QDs can be controlled. This method allows the
reaction to occur in a relatively short time under high temperature, thus creating highly
crystalline QDs. With the continuous development of a thermal decomposition method, this
kind of method has become the most commonly used method to synthesize QDs. QDs with
relative narrower particle size distribution could likely be synthesized by this method through
continuous improvement of the reaction conditions. Zhu and coworkers'®* report a simple
and safe synthetic system to prepare high quality AIS and AIS/ZnS QDs using thermal
decomposition. The synthetic system simply involves heating a mixture of silver acetate,
indium acetate, and oleic acid in dodecanethiol at 170 °C to produce AIS QDs with a 13%
quantum yield (QY). Jin-Kyu Lee and coworkers'®® investigated the mechanism underlying
amine promoted thermal decomposition of single-molecule precursors, namely, zinc
alkyldithiocarbamate complexes, in order to understand the conversion of the precursor

molecules into intermediates, their decomposition into nanoparticles.

38



1.4.2.3 Hydrothermal Method and Solvothermal Method

Hydrothermal and solvothermal are methods that involve reactants at high temperature
and pressure to preparing QDs. The hydrothermal method generally uses water as the solvent
of the reaction system, while the solvothermal method uses organic solvent as the reaction
solvent. These methods are all performed in a closed system. When the closed system is
heated, evaporation of the solvent increases the pressure, so the reaction system could be in a
critical state with high temperature and high pressure. Under the critical state with high
temperature and high pressure, the solubility and activity of reactants are increased, and this
will promote crystallization of the product from the liquid phase. Under these conditions, the
hydrothermal and solvothermal methods are no longer restricted by the boiling point of
solvent. Solvents with lower boiling points could also be used as a reaction medium for this
method to prepare nanocrystalline at high temperature. Hydrothermal and solvothermal
methods greatly expand the types of precursor materials that can be used in the synthesis of
QDs. These methods are also simple and have industrial potential. Qian and co-workers!'*®
have reported a solvothermal synthesis in the solution of enthylenediamine, poly (vinyl

acetate), and ethanol for preparation of CdS nanorods.

1.4.2.4 Liquid-Solid-Solution Interface Phase Transfer and Phase Separation

The ability to synthesize monodisperse QDs is one of the difficulties in nanomaterials
research. Yadong Li from Tsinghua University!®’ proposed a synthesis, which is known as
"liquid-solid-solution" phase transfer, to produce monodisperse QDs. This strategy partially
overcomes the challenge by carefully designing the chemical reactions taking place at the

interfaces of different phases.!”® In this approach, a water/ethanol mixed solution is used as
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the main continuous solution phase. Since water is an ideal solvent for most inorganic
species, and ethanol is a good solvent for most of the surfactants, including fatty acid, most
of the soluble inorganic salts can be used as the starting materials. Long chain alkyl
surfactants such as octadecylamine or oleic acid can be used as protecting reagents for the
QDs. With these important features, this approach has been proven to be quite general in
generating a huge group of monodispersed QDs with sizes in the range of 2-15 nm, which
have quite different crystal structures, compositions, and properties. This method overcomes
the problems of cost and environmental pollution by using organic solvents, and breaks
through the limitations of the existing method to synthesize nanocrystalline, but only applies
for single or limited nanocrystalline materials.

However, despite all the success that has been achieved, more precise control over the
dynamic process across the synthesis remains a challenging task, which may serve as the
basis for the establishment of QDs crystallography. Meanwhile, integration of monodispersed
nanostructures into complex devices or superstructures is another problem that researchers
face in nanoscience fields. The chemical and physical properties of surfaces and interfaces in

QDs are still the first issue to consider in the development of integration strategies

1.4.3 Application of Quantum Dots

QDs have been used in many research areas due to their unique optical properties, such as
optical transistors, light-emitting diodes, semiconductors and photovoltaic. Those are highly
relative to the quantum effect and optical properties. There are many studies and reviews on
this topic,'”22 and we will not go through that detail about this area. Recently, QDs have

been used in biotechnology efficiently after Alivisatos et al.'®® and Nie et al.?* showed that
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QDs can be used in biotechnology. Generally, QDs are synthesized in apolar solvents such as
toluene and heptanes. However, quantum dots must be water soluble to be used in
bioimaging. For that reason, researchers try to make water soluble QDs with different
methods, such as ligand exchange and one pot synthesis. With their excellent optical
properties, QDs are used as labeling agents in bioimaging. Although organic dyes can be
used as fluorophores in biological applications, QDs have overcome many of the restrictions
of organic dyes, such as poor photostability, low quantum yield, and insufficient in vitro and
in vivo stability in bioimaging. QDs are also emerging as a promising class of nanoscale
materials for the development of artificial photocatalytic systems. The energy of excited
states in these nanoparticles can be tuned continuously via nanoparticle size, which presents a
unique opportunity for the design of nanostructures exhibiting a significant spatial separation
of charges, an important property for a photocatalytic material.?** One of the most important
and emerging applications on photocatalytic property of QDs is in environmental area. It
appears to be a promising technology that has a number of applications in environmental
systems such as air purification, water disinfection, hazardous waste remediation, and water

purification.
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Chapter 2- Polymerization and Modification of

pNIPAmM/CdS Composite Microgel

2.1 Introduction

Semiconductor nanocrystals (NCs) are well known to exhibit size-dependent optical
and electronic properties.?** With typical diameter in the range of 2-10 nm, these
nanocrystals bridge the gap between small molecules and large crystals, displaying discrete
electronic transitions reminiscent of isolated atoms and molecules, as well as enabling the
exploitation of the useful properties of crystalline materials. The unique size-dependent
optical properties of colloidal semiconductor nanocrystals have been the subject of
considerable interest in the past two decades.?> The synthesized colloidal nanocrystals are
normally inorganic/organic hybrid materials where the inorganic nanocrystal core is covered
by an organic ligand monolayer, such as vinyl and azide-terminated carboxylic acids. The
organic ligands typically play a crucial role in controlling the size, shape, colloidal stability
and solubility of the particles and for colloidal stability and solubility.?%3-29697 Therefore,
surface modification or ligand exchange is required for improving the stability of the
particles for further applications.?’®2% Removing the nanocrystal’s native ligands that
originate from its synthesis can cause etching, introduce surface defects, and often leads to a
significant loss in quantum yields and poor stability of the colloids in aqueous solutions.
However, there is a way to prevent these side effects.?!%?!3 Polymers offer opportunities for

flexible, lightweight, and mechanically stable nanocrystal composites. Most of the studies on
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semiconductor nanocrystals are focused on their physical properties.?!42!¢ The incorporation
of semiconductor nanocrystals into a thin polymer film has been attempted for potential
application in flat panel displays with a polymer matrix, such as polyvinylcarbazole,?'”
poly(vinyl butyral).?'® Recently, incorporating semiconductor nanocrystals into microgel
particles have attracted interest among researchers for the development of new
applications,?!3-219-221

The ability to control the volume and size of these microgels by changing the
temperature is important for creating unique, controllable composites with CdS nanocrystals.
The photocatalytic activity of CdS nanocrystals is dependent on the particle dispersity and
the aggregation of nanocrystals will induce a decrease in their activity. In the case of the
hybridized pNIPAm microgel with CdS nanocrystals (CdS@pNIPAm), CdS nanocrystals,
which are embedded in the polymer network, are more prone to aggregation due to microgel
shrinkage, and thus exhibit lower catalytic activity. Therefore, adjusting the temperature to
below the LCST will allow the microgel to expand and the nanocrystals to have improved the
particle distribution.

The purpose of this chapter is to discuss the in situ synthesis, modification and
characterization of CdS@pNIPAm microgels. Specifically, the attachment of CdS
nanoparticles to the crosslinked polymer will be discussed. Techniques used to characterize
the composite materials to confirm their structure and properties include transmission
electron microscope (TEM), Raman spectroscopy, X-ray diffraction (XRD), X-ray

photoelectron spectroscopy, and fluorescence spectroscopy.
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2.2 Materials & Methods

N-isopropylacylamide was purchased from TCI (Portland, OR) and purified by
recrystallization from hexanes (ACS reagent grade, purchased from EMD, Gibbstown, OR).
N,N’-Methylenebisacrylamide (99%), acrylic acid (99 %), ammonium persulfate (98 %),
CdCl» (99.99%) sodium hydroxide (97% )hydrogen chloride (99%) sodium sulfide (98%) and
rhodamine B (95%) were purchased from Sigma-Aldrich (Oakville, ON) and were used as
received. Microgel samples were lyophilized using a VirTis bench-top K-manifold freezed
dryer (Stone Ridge, New York). Deionized (DI) water with a resistivity of 18.2 MQ-cm was
obtained from a Milli-Q Plus system (located in the Biological Laboratory in the Department
of Chemistry, University of Alberta) purchased from Millipore (Billerica, MA), and filtered
through a 0.2 pum filter prior to use.

The size and morphology of CdS nanoparticles were determined at 60 to 120 kV
accelerating voltage by a Hitachi H-7650 transmission electron microscope (TEM) from cell
imaging centre (University of Alberta). The atomic concentration and valence electrons of
Cd and S were determined by X-ray photoelectron spectroscopy from Nano Fab
(Department of Chemistry, University of Alberta). The crystalline phases of the CdS
nanoparticles were determined by X- ray diffraction (XRD) (Dr. Arthur Mar’s group,
Department of Chemistry, University of Alberta) Raman spectroscopy (Dr. Mark T.
McDermott’s group, National Institute for Nanotechnology, University of Alberta) and
electron diffraction (High Resolution Transmission Electron Microscopy from cell imaging
centre). The fluorescence property of CdS nanoparticles was determined by fluorescence
spectroscopy (Analytical and Instrumentation Laboratory, Department of Chemistry,

University of Alberta).
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2.2.1 Transmission Electron Microscopy
Transmission electron microscopy (TEM) is a technique in which a beam of highly
energetic electrons is transmitted through an ultra-thin specimen, interacting with the
specimen as it passes through. An image is formed due to the interaction of electrons with the
specimen. While passing through the sample, certain areas of the material will stop or
deflect electrons more than other areas. The electrons are collected from below the sample
onto a phosphorescent screen or through a camera. In the regions where electrons do not pass
through the sample the image is dark. The image is magnified and focused onto an imaging
device, such as a fluorescent screen, on a layer of photographic film, or to be detected by a
sensor such as a CCD camera.
Good images of composite pNIPAm-co-AAc microgels/CdS were obtained at 60 to
120 kV accelerating voltage by a Hitachi H-7650 Transmission Electron Microscopy (TEM)
from cell imaging centre (University of Alberta). During the detection, pH values of the
pNIPAm-co-AAc microgel were modified from 1.00 to 14.00 by the addition of NaOH. And
the pKa of AAc is around 4.2 in pNIPAm-co-AAc microgel. When the pH is higher than 4.2,
the AAc moiety will be deprotonated and associate with sodium ions. However, when the pH
is lower than 4.2, the carboxylic group will be protonated. Thus, there is an optimal pH value
for the synthesis of composite microgel with CdS quantum dots. Furthermore, the percentage
of AAc in the microgel is also important during the synthesis. Firstly, the percentage of AAc
matters in synthesizing pNIPAm-co-AAc microgel. The percentage of AAc also matters in

subsequent steps to attach CdS quantum dots.
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The morphology and particle size of composite pNIPAm-co-AAc microgels/CdS
were also measured by transmission electron microscopy. Also, the stability of the particles
was analyzed before and after one year. TEM is capable of imaging at a significantly high
resolution, owing to the small de Broglie wavelength of electrons. This enables us to examine

features as small as a single column of atoms.

2.2.2 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive qualitative and
quantitative spectroscopic technique that measures elemental composition, chemical
states, and electronic states of the elements that exist within a material. XPS spectra are
obtained by irradiating a material with a beam of X-rays while simultaneously measuring
the kinetic energy and number of electrons that escape from the top 0 to 10 nm of the
material being analyzed.

To synthesize the composite microgel with CdS quantum dots, the elements of the
composite pNIPAm based microgel doped with CdS quantum dots were analyzed using X-
ray photoelectron spectroscopy from Nano Fab (Department of Chemistry, University of
Alberta).

Furthermore, the amount of Cd and Na were measured within the composite
microgel by X-ray photoelectron spectroscopy. In this way, the approximate capacity of CdS
quantum dots doped within the pNIPAm-co-AAc microgel will be calculated. Also, X-ray
photoelectron spectroscopy was used in chapter 3-Remediation Performance. More detailed

will be introduced in Chapter 3.
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2.2.3 Raman Spectroscopy

In general, Raman analysis is based on the Raman scattering effect found by the
Indian scientist C.V. Raman. Raman spectroscopy is a technique used to observe vibrational,
rotational, and other low-frequency modes in a system with different incident light frequency
scattering spectrum and it is commonly used in chemistry to provide a fingerprint by which
molecules can be identified.

We have observed Raman scattering from both composite microgel with CdS and
pNIPAm-co-AAc microgel to analyze the molecular structures. The Raman spectrum was
obtained by excitation at 514 nm by an argon laser. We used the instrument from Dr. Mark T.
McDermott’s group, National Institute for Nanotechnology, University of Alberta, with a

conventional photon-counting system.

2.2.4 X-ray Diffraction

X-ray diffraction is a tool used for identifying the atomic and molecular structure of
a crystal, in which the crystalline atoms cause a beam of incident X-rays to diffract into many
specific directions.

X-rays are optical radiation from the transition of inner electron atoms under the
bombardment of the high velocity electrons. This technique mainly includes continuous X-
ray and characteristic X-ray. Crystal can be used as a X-ray grating, the interference of light
effect will happen due to the coherent scattering generated by the large number of particles
(atoms, ions or molecules), so that the X-ray scattering intensity increase or decrease. Due to

the superposition of scattering wave from a large number of particles, the maximum intensity
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of the beam produced by mutual interference is called X-ray diffraction line and could be
used in Bragg’s law:

2dsin6=nA (1)
n is a positive integer. A is wavelength incident wavelength. 0 is the scattering angle of light.
d is the interplanar distance of lattice plane. To determine the crystalline structure of the
composite microgel with CdS quantum dots, the 6 angle was measured with a certain X-ray.

The size and the type of crystal plane distance can be calculated by using Bragg’s law.

2.2.5 Electron Diffraction

Electron diffraction is most frequently used in solid-state physics and chemistry to
study the crystal structure of solids. Experiments are usually performed in a transmission
electron microscope (TEM), or a scanning electron microscope (SEM) as electron
backscatter diffraction. This technique is similar to X-ray and neutron diffraction.

The electron diffraction pattern for the composite microgel with CdS quantum dots
was also measured by a Hitachi H-7650 Transmission Electron Microscopy (TEM) from cell
imaging centre to further detect the crystalline structure followed X-ray diffraction. The
sample is the same as the one used in Transmission Electron Microscopy imaging. Camera

lens with high resolution was used in Electron diffraction.

2.2.6 Fluorescence Spectroscopy
Fluorescence spectroscopy is a type of electromagnetic spectroscopy, which analyzes

fluorescence from a sample.
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In general, the size of a quantum dot is usually between 1 ~ 10 nm in diameter.
Because the quantum confinement of electrons and holes, the continuous band structure

changes into discrete energy levels properties. Hence, quantum dots can emit fluorescence

after excitation.

2.3 Polymerization of pNIPAm-co-AAc Microgel

HN
NPAm )0

BIS

Figure 2-1. The synthesis of a pNIPAM-based microgels using an APS initiator. The
functional group AAc in the comonomer with a double bond can involve radical
polymerization in an aqueous solution!®®. Reprinted with permission. Copyright 2004,

Elsevier.

NIPAm and BIS were added to a 500 mL beaker. Then, 99 mL of deionized (DI)
water was added. The solution was stirred for 30 min and then filtered with a 0.2 pm filter
into a 500 mL 3-neck round bottom flask. The solution was heated with hot plate to 70 °C
with stirring and degassed with N, for around 1 hour. After that, we added another co-
monomer acrylic acid and initiated with APS by injection syringe. After 4 hours, the hot

plate was turned off and cooled to room temperature. The mixture was then filtered through
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cotton wool and centrifuged at 10000 RPM for 1 hour. The supernatant was removed and
washed with deionized (DI) water. This process was repeated 6 times to purify the microgel.

As the CdS quantum dots grafting density depending on the amount of carboxylic
group in microgel, the molar ratio of NIPAm to AAc was adjusted from 8.5 to 0.9. The
detailed synthesis molar ratio was shown below.

For the syntheses, the AAc content was adjusted, while changing the %NIPAm in
the reaction and keeping the %BIS constant as shown in tables (Appendix). Polymerized
particles with different percentages of acrylic acid may affect the doped amount of CdS
nanoparticles and the morphology of the composite microgel due to the carboxyl bond from
acrylic acid. Theoretically, more CdS nanoparticles will be doped when the percentage of
AAc is higher. However, CdS nanoparticles may aggregate because of high activity if the
concentration is too high. To find the optimum condition, microgels with different

proportions was tried to merge CdS nanoparticles.

2.4 Preparation of pNIPAm Based Microgel@CdS Composites by In-

situ Synthesis Method

A quantum dot is a nanocrystal composed of semiconductor materials that are small
enough to exhibit quantum mechanical properties. Specifically, its excitons are confined in
all three spatial dimensions. CdS quantum dot is one of the most promising photocatalysts
because of its relatively narrow band gap.

In this thesis, CdS nanoparticles are in-situ synthesized on poly (N-

isopropylacrylamide)-co-acrylic acid (pNIPAm-co-AAc) microgels. The structure of the
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hybrid microgel is shown in Figure 2-2, where black spots are CdS quantum dots. They are

attached to the crosslinked mesoporous structure, which is pNIPAm based microgel.

® semiconductor NP

Figure 2-2. Structure of composite pNIPAm-co-AAc microgel with CdS quantum dots

According to this, pNIPAm based microgel act as a carrier and mircoreactor that
has crosslinked mesoporous structure. At the same time, it could increase the stability of CdS
nanoparticles.

Generally, the synthesis process has two steps that could be shown as in Figure 2-3.

Step 1 is an ion-exchange process and step 2 is an aqueous-phase process.

Stage 1: ion-exchange process
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Figure 2-3. Reaction procedures

For the ion-exchange process, if we adjust the pH value of the solution to be above the
pKa of AAc(~ 4.2) to deprotonate the carboxyl groups in AAc, the hydrogen ions would be
replaced with sodium ions. The AAc then becomes sodium acrylate, resulting in the
dissociation of the weak acid and subsequent exchange of sodium and Cd*" when CdCl, is
added. Because of the high concentration of Cd*" in solution (100 times than AAc), it is
possible to exchange sodium ions with Cd?" into the solution, resulting in attachment of Cd>*
to the carboxylic groups. After attachment saturation, the excess Cd?>" and Cl- must be
removed.

For the aqueous-phase process, Because of the positive charge of Cd*" in solution, the
sulfide ions would attach to Cd*" because of the negative charges. Also the concentration of

sodium sulfide is 100 times that of AAc.

2.4.1 Attempted Cd Coupling to pNIPAm-co0-20% AAc Microgel

Based on the pNIPAm based microgel with different percentage of acrylic acid
shown above, the primary hybrid pNIPAm based microgels doped with Cd were synthesized,
which is step one: ion-exchange process.

After six runs of centrifugation, we tried pNIPAm-based microgels with 10%, 20%
and 30% acrylic acid one by one. pNIPAm based microgel with each percentage of AAc was
added to a 250 mL beaker along with 50 mL of deionized (DI) water with stirring. Firstly,
sodium hydroxide (1M) and hydrogen chloride (1M) were used to adjust the pH value of the

microgel solution from 1.00 to 14.00. Secondly, deionized (DI) water was used to purify the
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mixture. The supernatant was decanted and centrifuged at 10000 RPM for 1 hour. It was then
put inside the ultrasonic instrument for 15 min. The particles were purified using this process,
which was repeated 6 times. Theoretically, the pH value should be above pKa of AAc (~4.2)
to deprotonate the carboxyl groups in AAc. When the pH is low, the microgel is milky and
opaque. As the pH is increased, the microgel becomes more and more transparent. Thirdly,
the mixture was added to a 250 mL beaker along with 40 mL CdCl, (0.5 M), which was
allowed to stir for 12 hours to make it completely reacted. This step and following process
should be engaged in a fume hood. Fourthly, similar as above, the mixture was centrifuged at
10000 RPM for 1 hour and the supernatant was decanted and the resulting polymer mixture
was washed with Deionized (DI) water. It was then put inside the ultrasonic instrument for
15 min. The particles were purified using this process, which was repeated 6 times. After this
step, lots of precipitate was formed in the solutions. So those solutions with precipitate could

not be used in the process below.

2.4.2 Preparation of CdS Quantum Dots Coupled pNIPAm-co0-20% AAc Microgel
Based on the pNIPAm based microgel doped with Cd in step one, the CdS quantum
dots were believed to be synthesized in situ by adding sodium sulfide in an aqueous- phase
process. The synthesizer is the same as the one used for making pNIPAm based microgel.
Microgel and Cd were added to a 500 mL beaker. Then, 300 mL of deionized (DI) water
added. The solution was heated with hot plate to 80 °C with stirring and degassing with N»
for around 1 hour. After that, we added 40mL sodium sulfide (0.5 mol/L) by injection
syringe. Once the sodium sulfide solution was injected, the color of the solution suddenly

changed to yellow. After 12 hours, the hot plate was turned off and cooled to room
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temperature. The mixture was then filtered through cotton wool and centrifuged at 10000
RPM for 1 hour. The supernatant was removed and washed with deionized (DI) water. It was
then put inside the ultrasonic instrument for 15 min. The process was repeated 6 times to

purify the microgel.

2.5 The Performance Detection of Nanodisperse pNIPAm Based

Microgel@CdS

2.5.1 Transmission Electron Microscope (TEM) Results of the Microgel@CdS

The colour of the pNIPAm based microgel@CdS solution was yellow at the
beginning. The solution was diluted with distilled water until the solution became clear and
colorless. After sonication for 15 minutes, 50 puL of the solution was dropped onto the copper
grid using a 200puL micropipette. The morphology and microscopic structure of the
composite microgel with CdS quantum dots were observed using the transmission electron

microscope. The result is shown below:
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Figure 2-4. TEM image of one composite pNIPAm-co-20 % AAc microgel with CdS

quantum dots particle
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Figure 2-5. TEM image of several composite pNIPAm-co-20 % AAc microgel with CdS

quantum dots particle

As shown before, there are several pNIPAm based microgels with different
percentages of AAc and synthesized under different pH values. After analyzing each sample
with TEM, the optimum conditions are determined. The percentage of AAc is 20% and the
pH value of the microgel is 8.58.

From Figure 2-4 & 2-5, many black spots are homogeneously dispersed in the
microgel. However, lots of small black particles aggregated in the beginning. In order to
improve dispersion, the reaction was performed more slowly, especially during the injection

of CdCl; and Na;S. Ultrasound treatment was also increased to 30 minutes.
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Figure 2-6. TEM image of the composite pNIPAm-co-20 % AAc microgel with CdS

quantum dots particle

Figure 2-6 shows a part of the composite pNIPAm-co-20 % AAc microgel with CdS
quantum dots particle with the scale bar at 20 nm. Most of the small black particles are
spherical in shape and the average diameter of the small black particle is about 2.5 nm with

uniform particle size. This illustrates monodispersity.
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2.5.2 Elemental Analysis of Microgel with CdS by XPS (X-ray Photoelectron
Spectroscopy)

Room-temperature XPS experiments were performed at nanoFAB using Kratos Axis
spectrometer with monochromatized Al Ka (hv = 1486.71 eV). The spectrometer was
calibrated by the binding energy (84.0 eV) of Au 4f7/2 with reference to Fermi level. The
pressure of analysis chamber during experiments is better than 5x%10-10 Torr. A
hemispherical electron-energy analyzer working at the pass energy of 20 eV was used to
collect core-level spectra while survey spectrum within a range of binding energies from 0 to
1100 eV was collected at analyzer pass energy of 160 eV.

Two comparison samples were prepared here to identify the existence of Cd and S in the
composite microgel. Sample 1 is pNIPAm-based microgel while sample 2 is composite
microgel with CdS. If Cd and S exist in the sample, the characteristic peaks would show in

figure 7.
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Figure 2-7. Characteristic peaks for Cd by X-ray photoelectron spectroscopy. Sample 2 is

composite microgel with CdS, sample 4&5 were prepared in Chapter 3 and will be explained

Based on the results from figure 2-7, the characteristic peaks only showed in sample 2,
and not in sample 1. The spin-orbit components (3ds> and 3dsp) of the Cd 3d peak were
found at 411.3 and 404.6 e¢V. The difference between the binding energy of Cd 3ds» and Cd

3dsp is 6.7 eV, which corresponding to the presence of the oxidation state +2 of Cd at the

in Chapter 3.

surface. Other samples were prepared in Chapter 3 and will be explained in below.
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Figure 2-8. Characteristic peaks for S.

The same comparison was made for sample 1 and 2 in regards to S. In sample 2, the
S 2p3;3 peak was found at 161.8 eV and is attributable to S* in CdS. That means both of Cd
and S exist in the composite microgel with reasonable valence electrons. Since sample 4 and

5 were prepared for Chapter 3, more analysis will be show in Chapter 3.
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2.5.3 The Crystallinity of CdS Nanoparticles within pNIPAm-co0-20%AAc Microgel

2.5.3.1 Raman Spectroscopy

To analyze the molecular structure of the composite microgel with CdS quantum
dots especially for CdS quantum dots. The comparison experiments were prepared. For Test
1, the composite microgel with CdS quantum dots was detected while the pNIPAm-co-
20%AAc microgel was detected in test 2 by Raman spectroscopy. Both samples were powder
and should be lyophilized for 24 hours before using.

100000 50000
MG+CdS NPs

95000 45000 |~

40000 |-

90000
35000 -

85000 30000 -

Intensity
Intensity

25000 -
80000
20000 -

75000 15000 |

10000 PIRPRN WP TP TP TP TP RPN TP TP TP PO 1

000 1
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Raman Shift (cm™1) Raman Shift (cm™)

Figure 2-9. Raman spectrum of composite pNIPAm-co-20 % AAc microgel (left) and
pNIPAm-co-20 % AAc microgel (right) with CdS quantum dots with the excitation by the

514 line of an argon laser

Raman scattering measurements were performed on nanostructured semiconductor CdS.
From Figure 2-9 (left), The Raman spectrum of composite pNIPAm-co-20 % AAc microgel
with CdS quantum dots clearly exhibit the characteristic first- and second-order longitudinal
optical (LO) Raman peaks at 305 cm™ and 607cm!, surface phonon peaks, and multiphonon
processes when excited with an argon laser of wavelength 514.5 nm at 300K. For the

pNIPAm-co-20 % AAc microgel without CdS quanrum dots, a large background without any
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distinguishing peaks is shown in the Figure 2-9(right). There is no signal for the

characteristic peak of CdS molecules.

2.5.3.2 X-ray Diffraction

X-ray powder diffraction of the resultant powder sample was performed at room
temperature on an Inel diffractometer equipped with a curved position-sensitive detector
(CPS 120) and a Cu Kal radiation source operated at 40 kV and 20 mA. X-ray Diffraction
was used to analyze the crystallinity of the composite pNIPAm-co-20 % AAc microgel with
CdS quantum dots. The comparison experiments were prepared. For Test 1, the composite
microgel with CdS quantum dots was detected while the pNIPAm-co-20%AAc Microgel was
detected in test 2 by X-ray Diffraction. Both samples were powder and should be lyophilized
for 24 hours before using.
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Figure 2-10. X-ray Diffraction of composite pNIPAm-co-20 % AAc microgel with CdS

quantum dots(left) and pNIPAm-co-20 % AAc microgel(right)

Many sharp peaks are present in the XRD spectrum (Figure 2-10) of composite

pNIPAm-co-20 % AAc microgel with CdS quantum dots. The right lineshape shows the one
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of the characteristic peaks for CdS. There might be CdS crystalline structure existed with
different phases. The XRD results indicate that there are some crystalline structures and the
peaks do not fit all but several of the characteristic peaks for CdS very well. During the
reaction, there are many impurities that could not be completely removed. That could be the
reason of the impurity peaks. At the same time, the quantity of CdS quantum dots is too
small compared to the impurities. The other reason is that CdCI2 and Na2S made the
composite microgel with CdS in situ. So there might be Na,S formed and shows the
crystalline signal in Figure 2-10(left). For the pNIPAm-co-20 AAC% microgel without CdS
quantum dots, a smooth line shows in Figure 2-10(right). No signal of the characteristic peak

for CdS and other.

2.5.3.4 Electron Diffraction

Figure 2-11. Electron diffraction pattern of the composite pNIPAm-co-20 % AAc microgel

with CdS quantum dots particle
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To further measure the crystalline structure of the composite pNIPAm-co-20 % AAc
microgel with CdS quantum dots, the electron diffraction pattern was obtained using a HR-
TEM. Due to the random orientation of the CdS nanoparticles, the selective area electron
diffraction pattern showed a set of rings with spots in Figure 2-11 which exihibit that
synthesized particles are polycrystalline in nature. However, the crystalline signal is very

weak because of the small size of the CdS quantum dots as shown in Figure 2-8 earlier.

2.5.4 Fluorescence Spectroscopy

Two milliliter of transparent composite microgel with CdS quantum dots was tested
by fluorescence spectroscopy. Then the fluorescent property was tested by fluorescence
spectroscopy. The excitation wavelength was 500 nm and the resulting spectrum showed a
peak at around 366 nm. However, when we changed the wavelength of exciting light, the
peaks shifted correspondingly. That means the peak is either due to artifacts or Raman
scattering, rather than fluorescence. This happens mainly due to the content of CdS quantum

dots is too low and the influence of pNIPAm-co-20 % AAc microgel.

2.5.5 Summary

The pNIPAm based microgel with 20% AAc and the pH value at 8.58 are the
optimum conditions for the polymerization of composite pNIPAm-co-AAc microgel with
CdS quantum dots. The CdS quantum dot has good dispersity within the composite microgel
and also shows identifiable peaks from XPS data and Raman spectra. However, the XRD

spectrum is not useful due to the impurity and inexact synthetic steps. Also, the signal in
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Electron diffraction is very weak because of the too small size there is no fluorescent signal

shows.
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Chapter 3 - Remediation Performance

3.1 Introduction

Dyes are a class of organic compounds that are used as colorants in textile, cosmetics,
food and drug industries.??* These dyes are directly toxic to both aquatic animals and humans,
and they are also be carcinogenic. Therefore, wastewater pollution control is very important.
Until now, there are various photocatalysts that have been developed, such as TiO2, ZnO,
W>03 and CdS 224226, We chose CdS to be the photocatalyst in the wastewater treatment
system because CdS is one of the most important II-VI semiconductors with a direct bulk
phase band gap (2.42 eV) that corresponds well with the electromagnetic spectrum of solar
radiation??®, Compared to the H/H> redox potential, CdS has the advantage of a more
negative conduction band edge?**?37. From Canadian Water Quality Criteria (CWQC, 2014)
for the protection of aquatic life, the benchmark for cadmium in freshwater is 0.09 pg/L for
long-term exposure and 1.0 pg/L for short-term exposure at 50 mg CaCOs/L water

hardness.2?

In general, the uses of photocatalysts come from two forms, which are
suspensions and hybrids??’. Although the photocatalytic reaction rate for suspensions is
remarkable because of the large surface area and sufficient accessible sites for reaction, there
are several inherent disadvantages of suspension catalysts. For example, photocatalysts with
nanoparticles tend to aggregate into larger particles and some photocatalysts would be
subjected to undesirable photocorrosion. Therefore, the photoreaction efficiency for

suspensions will be low and the photocatalytic operation will be hard to process. That is why

we used pNIPAm-co-AAc microgel to fabricate the hybrid microgel with CdS quantum dots.
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Previously, there are various support materials that are used to encapsulate the inorganic
particles, including ceramic??®, glass?**23°, montmorillonite?*!, nafion membranes?*?, Fe;0423,
active carbon?*, and polypropylene granules?*>. There are several advantages choosing
pNIPAm-co-AAc. The pNIPAm-co-AAc microgels have high specific surface areas and
sufficient porous volume for entrapment of CdS particles. The cross-linked structure could
help inhibit the aggregation of nanoparticles. Also, the pNIPAm-co-AAc microgels are
chemically stable.

The purpose of this chapter is to discuss the performance of the composite pNIPAm-co-
AAc microgel with CdS quantum dots and the treatment of wastewater with rhodamine B
(RhB). RhB was chosen as the representative dye pollutant because it is usually present in
industrial effluents and is resistant to biodegradability?*. The performance of the composite
microgel with CdS quantum dots was monitored by heterogeneous photocatalysis and the
change in the overall absorption. In conjunction with heterogeneous photocatalysis, UV-Vis
spectroscopy was used to monitor the absorption of dye before and after treatment with the

composite microgel with CdS quantum dots.

3.2 Materials & Methods

Rhodamine B (95%) and Sulphur Blue were purchased from Sigma-Aldrich (Oakville,
ON). The structure of the RhB molecule is illustrated below. PC-420D hot plate was
purchased from Corning. Sir-Kool SK-12 cold plate was obtained from Nano Fab
(Department of Chemistry, University of Alberta). Deionized water with a resistivity of 18.2

MQ-cm was obtained from a Milli-Q Plus system (located in the Biological Laboratory in the
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Department of Chemistry, University of Alberta) purchased from Millipore (Billerica, MA),

and filtered through a 0.2 m filter prior to use.

OH

Ccr

F=0 o e el

. J

Molecular structure of the target pollutant Rhodamine B (RhB)

3.2.1 Ultraviolet—visible Spectroscopy (UV-Vis Spectroscopy)

Ultraviolet-visible spectroscopy refers to absorption spectroscopy or reflectance
spectroscopy in the ultraviolet-visible spectral region. When a sample is exposed to photons
with energies that correspond to electronic transitions within the molecule, the molecule will
absorb the photon and the electrons will be excited to a higher energy state. A spectrometer
records the degree of absorption by a sample at different wavelengths and the resulting plot
of absorbance (A) versus wavelength (A) is known as a spectrum. The wavelength at which
the sample absorbs the maximum amount of light is known as Amax.>*®

At time intervals, 2mL aliquots were sampled and centrifuged to remove the hybrid

microgel particles during the photocatalytic process. The supernatants were analyzed by
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recording variations of the absorption band maximum (553nm) in the UV-vis spectra of RhB

by using the UV-vis spectrometer’®.

3.2.2 Mass Spectrometry

In general, mass spectrometry is used to quantify known materials, to identify unknown
compounds within a sample and to elucidate the structure and chemical properties of
different molecules. It works by ionizing chemical compounds to generate charged molecules
or molecule fragments and characterizing their mass to charge ratios (m/z). According to the
different mass-to-charge ratio, the ions are separated in the mass spectrometer and are
detected in proportion to their abundance. Thus, a mass spectrum of the molecule is produced.
The mass spectrometry was used to analyze the production of RhB after the

photodegradation test.

3.3 Photocatalytic Property of pNIPAm-co-20%AAc Microgel@CdS

Tests

3.3.1 Photocatalytic Degradation Mechanism

For RhB photodegradation by hybrid microgel with CdS, a 350 W ultraviolet lamp was
used as the light source and the initial concentration of RhB was set as 10 mg/L. A
micropipette was used to transfer 15 mL RhB solution into a Petri dish and magnetically
stirred. The temperatures were adjusted by PC-420D hot plate and Sir-Kool SK-12 cold plate.

The distance from the Petri dish to the light source was 5 cm. To initiate the

69



photodegradation, 0.40 g of the hybrid microgel with CdS was introduced into the Petri dish.
During the irradiation, about 1 mL of suspensions was continually taken from the reaction
mixture at various time intervals (1 hour). After centrifuging, UV-vis spectrophotometer was
used to analyze the RhB solutions. The degradation efficiencies of RhB were evaluated by
measuring the peak value of the maximum absorption (at the wavelength of 553 nm) in the
UV-vis absorption spectra of RhB solution. The photocatalytic activity of the hybrid
microgel with CdS was evaluated by comparing different removal efficiency of RhB in the
absence and presence of visible light irradiation. In addition, parallel experiments were also
processed with other experimental conditions such as changing the temperature, using
pNIPAm-co-20%AAc microgel instead of hybrid microgel and so on. The hybrid microgel
with CdS was recycled and reused five times to test the recyclability and photocatalytic
stability?*°.

Because of the unique optical and electrical properties of metal S semiconductor
materials, charge separation occurs on the surface of CdS nanocrystals under visible light
irradiation (420 < A< 800 nm). Absorption of light by CdS nanostructures is accompanied by
promotion of electrons from the valence band to the conduction band, resulting in the
formation of electron (conduction band) and hole (valence band) pair (Eq. (1)). In most
previous reports, the separation of electrons and holes was always recognized to be the initial
step in the photodegradation mechanism. During the irradiation, the electron/hole pairs and

reactive oxygen species (ROS) are the main active species responsible for photocatalytic

reactions®®. Generally, the reactive oxygen species include H>O», Oz ~, « OH and generated

during irradiation as shown in Eq. (2), Eq. (3), Eq. (4), Eq. (5), Eq. (6). Since the electrons

and holes may recombine and yield no net photocatalysis, it is feasible to study the
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photoreduction/oxidation ability by comparing the energy levels of the standard redox
potential (Eo) of absorbed substances with valence band (Evs) and conduction band (Ecg).

The redox potential for the H>O/*OH couple is 2.32 eV (Eo (H2O/*OH), vs NHE) and —0.16

eV (Eo (02/02 "), vs NHE) for the dissolved oxygen/superoxide couple?*2. The Evg and Ecs

of metal sulfides are affected by pH in aqueous environment?®. In our reaction system, the
pH value was ~7.30 before the photocatalytic reaction. The relevant conduction band edge

(Ecs) and valence band edge (Evs) position at pH ~ 7.30 were calculated by?*3 244:

Ecs, pn7.30 = Ec® + 0.059 (pHzec - pH)
Evs, pr7.30 = EvO+ 0.059 (pHzpc - pH)

The value of Ecg® (vs NHE) and Evs® (vs NHE) for CdS were found to be -0.52 eV and
1.88 ¢V, the band gap for CdS was found to be 2.4 €V when it behaves like a bulk system?#,
The pHzpc refers to the point of zero { potential of the semiconductor. This value was found
to be 2.0 for CdS. Therefore, the Ecs, pu7.30 and Evs, pr7.30 were calculated to be -0.84 eV and
1.57 eV (vs NHE), the photogenerated electrons in the CB were then captured by O: to form
superoxide, and therefore must have a potential less than —0.16 eV. The holes in the VB must
have a potential greater than 2.32 eV to form hydroxyl radicals. Comparing the redox
potential with Ecs, pu7.30 and Evs, pn7.30, the potential in the CB was sufficiently negative to
reduce oxygen and generate superoxide anions while holes in the VB was not able to oxidize
water to produce hydroyxl radicals, since the potential of VB edge is less than (Eo

(H20/0OH), vs NHE)?*. Therefore, the production of *OH in the present system is almost

impossible and the generation of O» ~ plays an important role in the photocatalytic reaction.

RhB molecules are then decomposed by superoxide through an oxidation process (Eq. (9)).
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It has been reported that the photosensitized process would also work concurrently with
the photocatalytic process while the photocatalytic process is the predominant one. Namely,
the RhB would first absorb the incident photon flux with the irradiation of UV lamp (190
nm<A<400 nm) and then transfer the photogenerated electrons to the excited state of the dye
owing to the intramolecular n-n* transition. The photoelectrons of the excited state were
injected into the CB of CdS immediately. Then, the process was similar as before that the
photoelectrons in the CB were captured by O». In this way, the dyes were also oxidized as

shown in Eq. (7), Eq. (8), Eq. (9) ?*.

CdS + light — CdS holes (h™) + CdS electrons (¢") (1)
e +0,—> 0" )
h"+H,0 —»*OH+H" (3)
2¢ + 02+ 2H — H:0» (4)
H,0: + light — +OH + «OH (5)
H,0,+ 0, — *OH+OH + O, (6)
RhB + light »RhB* (7)
CdS + RhB*—RhB* "+ CdS electrons (e") (8)
RhB* "+ 02/ 0> ~* —intermediate product 9)

3.3.2 Temperature Influence for the Photocatalytic Efficiency of Rhodamine B
Since the pNIPAm based microgel is temperature responsive and CdS particles were

doped in the crosslinked structure, pNIPAm based microgels show the volume phase
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transition in the Lower Critical Solution Temperature (LCST) and it might affect the
photocatalytic efficiency of RhB. To study the function of temperature, the RhB/hybrid
microgel system was observed in different temperatures. For comparison, others conditions

were keep constant. The results are summarized as follows:

3.3.2.1 Kinetics at Low Temperature

10 °C was set in the case of low temperature by Sir-Kool SK-12 cold plate. There were
four samples made for comparison:
Samples:
a: 0.4g MG@CdS+15mL 10mg/L RhB+UV
b: 0.4g MG@CdS+15mL 10mg/L RhB+Dark
c: no Gel+15mL 10mg/L RhB+UV
d: 0.4g MG no CdS+15mL 10mg/L RhB+UV

For sample a: Firstly, a micropipette was used to transfer 15 mL 10mg/L RhB solution
into a petridish reactor (reaction cell). Then, 0.4 g hybrid microgel with CdS was added into
the RhB solution. The mixed solution was stirred on the Sir-Kool SK-12 cold plate and the
temperature was set at 10 °C. The UV lamp was turned on to irradiate the solution with the
distance at 5 cm. During the irradiation, about 5 mL of suspensions were continually taken
from the reaction cell at the following time intervals: 0.5h, 1h, 2h, 3h, 4h, 5h for subsequent
target dye concentration analysis by UV-vis after centrifuging.

For sample b: Firstly, a micropipette was used to transfer 15 mL 10mg/L RhB solution
into a petridish reactor (reaction cell). Then, 0.4 g hybrid microgel with CdS was added into

the RhB solution. The mixed solution was stirred on the Sir-Kool SK-12 cold plate and the
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temperature was set at 10 °C. The photocatalytic system was wrapped up into a large piece of
tin foil to ensure the reaction would proceed in a dark condition without visible light. During
the reaction, about 5 mL of suspensions were continually taken from the reaction cell at the
following time intervals: 0.5h, 1h, 2h, 3h, 4h, 5h for subsequent target dye concentration
analysis by UV-vis after centrifuging.

For sample c: Firstly, a micropipette was used to transfer 15 mL 10mg/L RhB solution
into a petridish reactor (reaction cell). Then, the RhB solution was stirred on the Sir-Kool
SK-12 cold plate and the temperature was set at 10 °C. The UV lamp was turned on to
irradiate the solution with the distance at 5 cm. During the irradiation, about 5 mL of
suspensions were continually taken from the reaction cell at the following time intervals:
0.5h, 1h, 2h, 3h, 4h, 5h for subsequent target dye concentration analysis by UV-vis after
centrifuging.

For sample d: Firstly, a micropipette was used to transfer 15 mL 10mg/L RhB solution
into a petridish reactor (reaction cell). Then, 0.4 g pNIPAm based microgel (without CdS)
was added into the RhB solution. The mixed solution was stirred on the Sir-Kool SK-12 cold
plate and the temperature was set at 10 °C. The UV lamp was turned on to irradiate the
solution with the distance at 5 cm. During the irradiation, about 5 mL of suspensions were
continually taken from the reaction cell at the following time intervals: 0.5h, 1h, 2h, 3h, 4h,
Sh for subsequent target dye concentration analysis by UV-vis after centrifuging.

The degradation efficiency of RhB by hybrid microgel with CdS was determined in
sample a, the three other trials were all comparative. The degradation kinetics of RhB in
terms of removal efficiency (percent) at various time intervals (hour) in 10 °C of the four

samples was showed in Figure 3-1.
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Figure 3-1. The degradation kinetics of RhB in terms of removal efficiency (percent)
atvarious time intervals (hour) in 10 °C. MG@CdS+UV: 0.4g MG@CdS+15mL 10mg/L
RhB+UV; MG@CdS+Dark : 0.4g MG@CdS+15mL 10mg/L RhB+Dark; No Gel+UV: no

Gel+15mL 10mg/L RhB+UV; MG no CdS+UV: 0.4g MG no CdS+15mL 10mg/L RhB+UV

As seen in Figure 3-1, the RhB removal efficiency of hybrid microgels with the
irradiation of UV light in equilibrium is much higher than the RhB removal efficiency in b, ¢
and d conditions. From the comparison of sample a and b, UV light irradiation could
significantly enhance RhB removal by the existence of hybrid microgel with RhB. However,

the removal efficiency of RhB by pNIPAm-based microgel without CdS was lower than 20%
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even with the irradiation of UV light. Thus, either hybrid microgel with CdS or UV light was

essential for photodagradation.

3.3.2.2 Kinetics at High Temperature

45 °C was set in the case of low temperature by PC-420D hot plate. There were four

samples made for comparison:

Samples:

a: 0.4g MG@CdS+15mL 10mg/L RhB+UV
b: 0.4g MG@CdS+15mL 10mg/L. RhB+Dark
c: no Gel+15mL 10mg/L RhB+UV

d: 0.4g MG no CdS+15mL 10mg/L. RhB+UV

For sample a: Firstly, a micropipette was used to transfer 15 mL 10mg/L RhB solution
into a Petri dish reactor (reaction cell). Then, 0.4 g hybrid microgel with CdS was added into
the RhB solution. The mixed solution was stirred on the PC-420D hot plate and the
temperature was set at 45 °C. The UV lamp was turned on to irradiate the solution with the
distance at 5 cm. During the irradiation, about 5 mL of suspensions were continually taken
from the reaction cell at the following time intervals: 0.5h, 1h, 2h, 3h, 4h, and 5h for
subsequent target dye concentration analysis by UV-vis after centrifuging.

For sample b: Firstly, a micropipette was used to transfer 15 mL 10mg/L RhB solution
into a Petri dish reactor (reaction cell). Then, 0.4 g hybrid microgel with CdS was added into
the RhB solution. The mixed solution was stirred on the PC-420D hot plate and the
temperature was set at 45 °C. The photocatalytic system was wrapped up into a large piece of

tin foil to ensure the reaction would proceed in a dark condition without visible light. During
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the reaction, about 5 mL of suspensions were continually taken from the reaction cell at the
following time intervals: 0.5h, 1h, 2h, 3h, 4h, and 5h for subsequent target dye concentration
analysis by UV-vis after centrifuging.

For sample c: Firstly, a micropipette was used to transfer 15 mL 10mg/L RhB solution
into a Petri dish reactor (reaction cell). Then, the RhB solution was stirred on the PC-420D
hot plate and the temperature was set at 45 °C. The UV lamp was turned on to irradiate the
solution with the distance at 5 cm. During the irradiation, about 5 mL of suspensions were
continually taken from the reaction cell at the following time intervals: 0.5h, 1h, 2h, 3h, 4h,
and Sh for subsequent target dye concentration analysis by UV-vis after centrifuging.

For sample d: Firstly, a micropipette was used to transfer 15 mL 10mg/L RhB solution
into a Petri dish reactor (reaction cell). Then, 0.4 g pNIPAm based microgel (without CdS)
was added into the RhB solution. The mixed solution was stirred on the PC-420D hot plate
and the temperature was set at 45 °C. The UV lamp was turned on to irradiate the solution
with the distance at 5 cm. During the irradiation, about 5 mL of suspensions were continually
taken from the reaction cell at the following time intervals: 0.5h, 1h, 2h, 3h, 4h, 5h for
subsequent target dye concentration analysis by UV-vis after centrifuging.

The degradation efficiency of RhB by hybrid microgel with CdS was determined in
sample a, and the other three trials are all for comparison. The degradation kinetics of RhB in
terms of removal efficiency (percent) at various time intervals (hour) in 45 °C of the four

samples was showed in Figure 3-2.
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Figure 3-2. The degradation kinetics of RhB in terms of removal efficiency (percent) at
various time intervals (hour) in 45 °C. MG@CdS+UV: 0.4g MG@CdS+15mL 10mg/L
RhB+UV; MG@CdS+Dark : 0.4g MG@CdS+15mL 10mg/L RhB+Dark; No Gel+UV: no

Gel+15mL 10mg/L RhB+UV; MG no CdS+UV: 0.4g MG no CdS+15mL 10mg/L RhB+UV

As seen in Figure 3-2, the RhB removal efficiency of hybrid microgel with the irradiation
of UV light in equilibrium is much higher than the RhB removal efficiency in b, ¢ and d

conditions.
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3.3.2.3 The Comparison of Photocatalytic Efficiency of Hybrid Microgel at Different
Temperatures
The comparison of the photocatalytic efficiency of hybrid microgel at different

temperatures was shown as Figure 3-3.
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Figure 3-3. The comparison of degradation kinetics of RhB at different temperatures at: 0.4g

MG@CdS+15mL 10mg/L RhB+UV

Theoretically, the volume and size of pNIPAm-based microgels can be adjusted by
changing the temperature which could alter the photocatalytic effect. When the volume and
size of pNIPAm-based microgel is larger, the specific area for CdS increases, which

increases the efficiency of the photocatalytic reaction. The comparison of the degradation
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kinetics of RhB in both 10 °C and 45 °C for sample a shows in Figure 3-3. After 0.5 hour, the
removal efficiency in 10 °C was 49.5% and 11% faster than the removal efficiency in 45 °C,
which was 38.5%. Thus, over 95% RhB were removed from the mixed solution within 5

hours in both temperatures. The photocatalytic efficiency is higher at temperature lower than

LCST of pNIPAm based microgel.

3.3.3 Photocatalytic Data for Various Amount of pNIPAm-c0-20%AAc Microgel@CdS

Based on the removal efficiency in 10 °C was higher than the removal efficiency in 45 °C,
10 °C was set to measure the degradation kinetics of RhB in terms of removal efficiency
(percent) at various time intervals (hour) with adding different amount of hybrid microgel.
Three samples were made a, b, c:

a: 0.2g MG@CdS+15mL 10mg/L RhB+UV
b: 0.4g MG@CdS+15mL 10mg/L RhB+UV
c: 0.6g MG@CdS+15mL 10mg/L RhB+UV

The photocatalytic system was also observed under the same conditions except for the
amount of hybrid microgel with CdS added.

For sample a: Firstly, a micropipette was used to transfer 15 mL 10mg/L RhB solution
into a petridish reactor (reaction cell). Then, 0.2 g hybrid microgel with CdS was added into
the RhB solution. The mixed solution was stirred on the Sir-Kool SK-12 cold plate and the
temperature was set at 10 °C. The UV lamp was turned on to irradiate the solution with the
distance at 5 cm. During the irradiation, about 5 mL of suspensions were continually taken
from the reaction cell at the following time intervals: 0.5h, 1h, 2h, 3h, 4h, 5h for subsequent

target dye concentration analysis by UV-vis after centrifuging.
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For sample b: The conditions and processes were the same as in sample a except for
adding 0.4 g hybrid microgel with CdS into the RhB solution.
For sample c: The conditions and processes were the same as in sample a except for

adding 0.6 g hybrid microgel with CdS into the RhB solution.
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Figure 3-4. The comparison of degradation kinetics of RhB at different amount (0.6g, 0.4g,

0.2g) of hybrid microgel with CdS.

On the basis of the above results (Figure 3-4), the removal efficiency of RhB in
sample ¢ was observed higher than in sample b and higher than in sample a. Thus, as we
increase the amount of microgel with CdS, we increase the removal efficiency of RhB.

Regardless of how much (0.2, 0.4, 0.6) hybrid microgel with CdS was added, over 95% RhB
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was removed after 5 hours. Note that even 0.2 g hybrid microgel can remove the vast
majority of RhB. The recyclability of hybrid microgel with CdS was examined under UV

light irradiation as in 3.3.3.

3.3.4 Photocatalytic Data For Using pNIPAm-co-20%AAc Microgel@CdS Recyclable

10 °C was also set to study the recyclability of hybrid microgel with CdS. Firstly, a
micropipette was used to transfer 15 mL 10mg/LL. RhB solution into a petridish reactor
(reaction cell). Then, 0.6 g hybrid microgel with CdS was added into the RhB solution. The
mixed solution was stirred on the Sir-Kool SK-12 cold plate and the temperature was set at
10 °C. The UV lamp was turned on to irradiate the solution with the distance at 5 cm. During
the irradiation, about 5 mL of suspensions were continually taken from the reaction cell at the
following time intervals: 0.5h, 1h, 2h, 3h, 4h, and 5h for subsequent target dye concentration
analysis by UV-vis after centrifuging.

For the cyclic operation, 0.6 g hybrid microgel with CdS was used in the photocatalytic
reaction for 4 more times. Namely, after the first photocatalytic reaction and UV-vis testing,
the mixed solution was collected to get the recyclable hybrid microgel by centrifuging. Next,
15 mL of new 10mg/L RhB solution was transferred into the petridish reactor (reaction cell),
and then the recyclable hybrid microgel was added into the RhB solution. The same process

was repeated for 5 times.
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Figure 3-5. The degradation kinetics of RhB in terms of removal efficiency (percent) at

various time intervals (hour) in 45 °C

Although the rate of photocatalytic degradation decreased as the number of the cycles
was increased, the removal efficiency was 63.5% after 5 hours of irradiation. If the
photocatalytic reaction was allowed to continue under the irradiation of UV light for a longer

time, over 95% RhB was removed even in the fifth cyclic operation.
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3.3.5 The XPS Data of Atomic Concentration for Cd and S Before and After
Photocatalytic Operation

During the photocatalytic reaction, there is leaking of Cd and S, which increases the
toxicity of the wastewater with RhB. Also, the leaking of Cd and S indicates that some part
of the hybrid microgel structure was destroyed with the irradiation of UV light. To
investigate the effect of the irradiation process on the stability of CdS immobilized on the
pNIPAm based microgel, five samples were made by adding a drop of liquid sample on a
silicon substrate and dried on the PC-420D hot plate:
Sample 1. pNIPAm based microgel
Sample 2. Hybrid microgel with CdS
Sample 3. RhB solution
Sample 4. Mixed solution of hybrid microgel with RhB before photocatalytic operation

Sample 5. Supernatant of sample 4 after photocatalytic operation

SAMPLE Atomic Conc% of Cd | Atomic Conc% of S
1 microgel 0 0

2 microgel@CdS 1.09(+2) 0.14(-2)

3 RhB 0 0

4 Rhb+Microgel@CdS before photocatalytic | 1.01(+2) 0.13(-2)

5 supernatant after photocatalytic 0.10(+2) 1.16(+6)

Figure 3-6. The XPS data of atomic concentration for Cd and S (red marks are the valence

states detailed before in chapter 2)
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On the basis of the above results (Figure 3-6), the ratio of Cd to S was 1.09: 0.14 in the
hybrid microgel with CdS. After photocatalytic operation, the ratio of Cd to S in sample 5
(the supernatant of sample 4 after centrifuging) was 0.10: 1.16. As the data showed in
Chapter 2 (Figure 2-8 &Figure 2-9) by XPS, the characteristic peaks for Cd were unchanged
at +2 but the characteristic peaks for S shifted in sample 5. The peak observed at 167.5 eV is
due to the presence of sulphate. It shows the presence of other oxidation states. This means S
was oxidized during the irradiation and the valence state for S changed from -2 to +6. Since
the valence state was changed, the chemical bond between Cd and S was broken, resulting in
the leaking of S into the mixed solution during irradiation. Thus, the atomic concentration for
S is a lot higher than Cd. It can be assumed that all S from sample 2 was oxidized and leaked
into the mixed solution during the irradiation. Namely, the proportion of S from sample 2
(0.14%) occupied 1.16% in the supernatant after photocatalytic operation. The proportion
increased for S because most other elements were centrifuged after irradiation. Since the
valence state for Cd was still +2, the bond between carboxylic group and Cd were not broken,
resulting in less leaking of Cd compared with S. On the basis of the ratio from sample 5,
0.10% Cd in the supernatant implies occupied 0.012% would leak into the solution for
sample 2.. Namely, if the initial atomic concentration of Cd to total elements is 1.09%, then
0.012% would leak into the mixed solutions. So the leaking percentage was: 0.012%/1.09%=
0.011%. In summary, 0.011% of Cd was leaked into mixed solution during the photocatalytic

operation.
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3.3.6 Data of Working pH Range for pNIPAm-co-20%AAc Microgel@CdS

The effect of solution pH on the stability of CdS that were immobilized on the pNIPAm
based microgel is investigated. 10 °C was also set to study the working pH range of hybrid
microgel with CdS. Eleven photocatalytic systems were made with the only difference being
the pH. Firstly, a micropipette was used to transfer 15 mL 10mg/L RhB solutions into each
petridish reactors (reaction cells). Then, 0.4 g hybrid microgels with CdS were added into the
RhB solutions. The pH values were adjusted of the mixed solutions from ~3 to ~13. After
that, the mixed solutions were stirred on the Sir-Kool SK-12 cold plates and the temperatures
were set at 10 °C. The UV lamp was turned on to irradiate the solution with the distance at 5
cm. About 5 mL of suspensions were taken from the reaction cells in 5 hours for subsequent

target dye concentrations analysis by UV-vis after centrifugation.
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Figure 3-6. Working pH range for the hybrid microgel with CdS

Figure 3-7 describes the removal efficiency of RhB by hybrid microgel with CdS at
different pH values. It is reasonable that higher acidity corresponds to lesser removal of RhB

because at high pH, there is lower CdS stability and increased dissolution. If the

concentration of H' was increased, the negatively charged carboxylic groups wound bond to

H' resulting in the dissolution of CdS nanoparticles. In general, CdS nanoparticles

immobilized on pNIPAm based microgel seemed stable and functional in the studied pH

ranges (>4.5).
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3.3.7 Stability of Hybrid Microgel with CdS Nanoparticles

Figure 3-7. TEM of hybrid microgel before (left) and after (right) photocatalytic operations

Figure 3-8. TEM of hybrid microgel before (left) and after (right) half a year

Figure 3-8 shows the structure of the hybrid microgel with CdS before (left) and after
(right) photocatalytic operations. Figure 3-9 describes the structure of the hybrid microgel
with CdS before (left) and after (right) half a year. On the basis of the results above, part of
the CdS nanoparticles (black spots) were aggregated after photocatalytic operations but most

the CdS nanoparticles (black spots) were still coated in the pNIPAm-based microgel. The
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results also indicated that the stability of the hybrid microgel is very high due to the desired

structure of CdS nanoparticles (black spots) immobilized on the polymeric host.

3.3.8 Analyzing the Product of RhB After Photocatalytic Operation by Mass
Spectroscopy.

According to some previous investigations, one possible explanation for the
degradation of RhB is composed by many deethylations and carboxylations of the dye and

the intermediates (Figure 3-10) 24247, Finally, the compound is mineralized to CO, and H>O.
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Figure 3-9. Possible degradation intrmediates of RhB during the photocatalytic process.

90



To analyze the product of RhB after photocatalytic operation, mass spectroscopy was

used and the data are shown as in Figure 3-11.
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Figure 3-10. Mass spectra of RhB before irradiation (blue) and after 5 h irradiation (red).

The figure above (blue) shows the mass spectra for RhB solution before irradiation and
the red spectrum shows the mass spectra of supernatant after irradiation. As expected, the
RhB solution gives a well defined spectrum for cation CisH31N2O3 while the supernatant
gives a more complex spectrum with many additional peaks. Except for 443.3 m/z , which is
the peak for RhB, the primary peaks are at 415.3 m/z , 387.3 m/z , and 354.5 m/z . It’s not
hard to find that the difference value between 443.3 m/z and 415.3 m/z is ~28, between
415.3 m/z and 387.3m/z is ~28, between 387.3 m/z and 354.5 m/z is ~32, it could be the
loss of CH>CH:> or CO. Furthermore, the maximum value of molecular weight is 443.3 m/z .

According to the structure of RhB, it is easy to break the carbon bond connected with
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CH,CH>. Based on the analysis above, the degradation products of RhB are CO», H,O and

some low molecular weight byproducts.

3.3.9 Photocatalytic Data of Other Organic Dgmye (Sulphur Blue).

Sulphur blue was also used to be the pollutants in the photocatalytic system besides RhB.
The conditions of photocataytic degradation of sulphur blue were the same as in the
photocatalytic system of RhB. The initial color of the sulphur blue dye is blue, the color
faded to colorless within 1 hour as showed above. Furthermore, the removal efficiency of

sulphur blue was analyzed by UV-vis and shows that over 95% dye were removed.

3.4 Summary

The CdS nanoparticles would be steadily immobilized on pNIPAm-based microgel. In
the photocatalytic system, the hybrid microgel is effective for efficient degradation of RhB
and also for repeated use the catalysts. Furthermore, the photocorrosion of other organic dyes

could also be performed by the hybrid microgel with CdS.
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Conclusions

Chapter 1 provided a general concept of polymer/nanocrystal systems for wastewater
treatment and introduced stimuli-responsive polymers and quantum dots. The chapter
showed the importance of wastewater treatment and the properties and applications of
stimuli-responsive polymers and quantum dots. The chapter introduced the polymeric
nanocomposite photocatalyst nanocrystal/pNIPAm that could deal with organic contaminants
in photocatalytic oxidation wastewater treatment.

Chapter 2 showed polymerization and modification of pNIPAm/CdS composite
microgel. To find the best condition in synthesizing composite microgel, we tested the
amount of AAC in microgels and the different pH values of the microgels to see how they
affected the structure of composite microgel. We determined that 20% AAc and the pH value
at 8.58 are the optimum conditions for the polymerization of composite pNIPAm-co-AAc
microgel with CdS quantum dots. We fabricated a hybrid catalyst pNIPAm/CdS by
encapsulationg CdS nanoparticles within a porous cation exchanger.

In Chapter 3, RhB was chosen as the representative dye pollutant during the
photocatalytic oxidation wastewater system, the polymeric nanocomposite photocatalyst
would be steadily immobilized within the outer surface of the spherical beads, which is
dominant for efficient degradation of RhB and for repeated use the catalysts. Furthermore,
photocorrosion of CdS is effectively inhibited through hybridation, as demonstrated by the
constant performance of continuous photodegradation runs?®.

Since the materials generated here have been able to perform at a high level for many
photodegradation cycles,?® and they are low cost, the results reported in this thesis may be of

considerable value for real-world applications and can be used by various companies in
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249

Canada such as BioRefinex Canada Inc.?*, EnviroSim Associates Ltd.?** and Natural

Environmental Systems, LLC.?!
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Future Work

As discussed in Chapter 2, X-ray photoelectron spectroscopy (XPS) was used to

confirm the existence of CdS quantum dots doped in pNIPAm-based microgels. However,
the content of CdS quantum dots was low. This work can be further modified by further
increasing the concentrations of AAC present in the microgels and perform more detailed
analysis of how pH, concentration of CdClz and Na.S can affect the content of CdS.

During the synthesis of hybrid microgels, the dense-structure of pNIPAm-based
microgels may affect the percentage of CdS nanoparticles in the microgels, and may affect
the photodegradation efficiency. Therefore, more investigations should be done to analyze
the effect of crosslinker concentration and method of addition on the photodegradation
efficiency.

In Chapter 3, results from XPS were discussed. It was established the leaking of CdS
in wastewater during photocatalytic operation. New contaminant was imported in the
wastewater. Further experiments can be performed on these systems using a more suitable
equipment to avoid the leaking of CdS. Also, the production of RhB after photocatalytic
operation was established. Several other equipments and treatment methods can be
performed more detailed analysis of the production of RhB after photocatalytic operation.
The photocatalytic operation should also be carried for longer time to see if all the RhB could
be degraded into H,O and COx to certify the possible explanation from previous report.

More comparison experiments should also be completed. For example, the
photocatalytic efficiency of CdS nanoparticles on their own, at various temperatures, should

be evaluated and compared to the doped microgels.
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Furthermore, more work should be done to determine if the CdS is capable of degrading
the microgels. This can be done by exposing the CdS-loaded microgels to UV light and

evaluating the degradation products by mass spectrometry.
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Appendix

Table2-1. pNIPAm-co- 10%AAc Microgel

% mmole M (g/mol) Mass (g)
NIPAm 85 11.951 113.16 1.3524
BIS 5 0.703 154.17 0.1084
AAC 10 1.406 72.06 96.4 (uL)
APS 0.046g
Table2-2. pNIPAm-co-15%AAc Microgel
% mmole M(g/mol) Mass(g)
NIPAm 80 11.248 113.16 1.2728
BIS 5 0.703 154.17 0.1084
AAC 15 2.109 72.06 144.6(uL)
APS 0.046g
Table2-3. pNIPAm-co-20%AAc Microgel
% mmole M(g/mol) Mass(g)
NIPAm 75 10.545 113.16 1.1933
BIS 5 0.703 154.17 0.1084
AAC 20 2.812 72.06 192.8(uL)
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APS 0.046g
Table2-4. pNIPAm-co-30%AAc Microgel
% mmole M(g/mol) Mass(g)
NIPAm 65 9.139 113.16 1.034
BIS 5 0.703 154.17 0.1084
AAC 30 4218 72.06 289.2(uL)
APS 0.046g
Table2-5. pNIPAm-co-40%AAc Microgel
% mmole M(g/mol) Mass(g)
NIPAm 55 7.733 113.16 0.875
BIS 5 0.703 154.17 0.1084
AAC 40 5.624 72.06 385.6(uL)
APS 0.046g
Table2-6. pNIPAm-co-50%AAc Microgel
% mmole M(g/mol) Mass(g)
NIPAm 45 6.327 113.16 0.71598
BIS 5 0.703 154.17 0.1084
AAC 50 7.03 72.06 482(uL)
APS 0.046g

117




118



	1.1 Introduction
	1.1.1 Status of World Water Resources 
	1.1.2 Water Resources Quality and Contaminants
	1.1.2.1 Water Resource Quality
	1.1.2.2 General Classes of Water Contaminants

	1.1.3 Wastewater Treatment Methods
	1.1.3.1 Adsorption Method
	1.1.3.2 Membrane Separation Technology
	1.1.3.3 Fenton Method
	1.1.3.4 Photocatalytic Oxidation Method
	1.1.3.5 Electrochemical Oxidation Method
	1.1.3.6 Ultrasonic Degradation Technology
	1.1.3.7 Biochemical Method


	1.2 Characteristics of Polymer/Nanocrystal Systems
	1.2.1 Synthesis of Hybrid pNIPAm/Nanocrystal 
	1.2.1.1 Blend Polymerization
	1.2.1.2 In-Situ Copolymerization 


	1.3 Introduction to Stimuli Responsive Polymers 
	1.3.1 Introduction
	1.3.2 Thermoresponsive Polymers
	1.3.3 pH Responsive Polymers
	1.3.4 Other Responsive Polymers
	1.3.4.1 Photoresponsive Polymers
	1.3.4.2 Enzyme Responsive Polymers

	1.3.5 Stimuli Responsive Hydrogels
	1.3.6 Poly (N-Isopropylacrylamide) Microgels
	1.3.7 Synthesis of pNIPAm Microgels
	1.3.8 pNIPAm Microgel Applications
	1.3.8.1 Microgels as Microreactors
	1.3.8.2 Microgels for Drug Delivery
	1.3.8.3 Microgels as Photonic Crystals


	1.4 Introduction of Semiconductor Nanocrystals 
	1.4.1 Quantum Dots
	1.4.1.1 Effect of Size
	1.4.1.2 Effect of Surface
	1.4.1.3 Dielectric Confinement Effect
	1.4.1.4 Other Physical Effects

	1.4.2 Quantum Dots Preparation 
	1.4.2.1 Chemical Precipitation Method
	1.4.2.2 Thermal Decomposition Method
	1.4.2.3 Hydrothermal Method and Solvothermal Metho
	1.4.2.4 Liquid-Solid-Solution Interface Phase Tran

	1.4.3 Application of Quantum Dots

	Chapter 2- Polymerization and Modification of pNIP
	2.1 Introduction
	2.2 Materials & Methods
	2.2.1 Transmission Electron Microscopy
	2.2.2 X-ray Photoelectron Spectroscopy 
	2.2.3 Raman Spectroscopy
	2.2.4 X-ray Diffraction
	2.2.5 Electron Diffraction
	2.2.6 Fluorescence Spectroscopy

	2.3 Polymerization of pNIPAm-co-AAc Microgel
	2.4 Preparation of pNIPAm Based Microgel@CdS Compo
	2.4.1 Attempted Cd Coupling to pNIPAm-co-20% AAc M
	2.4.2 Preparation of CdS Quantum Dots Coupled pNIP

	2.5 The Performance Detection of Nanodisperse pNIP
	2.5.1 Transmission Electron Microscope (TEM) Resul
	2.5.2 Elemental Analysis of Microgel with CdS by X
	2.5.3 The Crystallinity of CdS Nanoparticles withi
	2.5.3.1 Raman Spectroscopy
	2.5.3.2 X-ray Diffraction
	2.5.3.4 Electron Diffraction

	2.5.4 Fluorescence Spectroscopy
	2.5.5 Summary


	Chapter 3 - Remediation Performance
	3.1 Introduction
	3.2 Materials & Methods
	3.2.1 Ultraviolet–visible Spectroscopy (UV-Vis Spe
	3.2.2 Mass Spectrometry

	3.3 Photocatalytic Property of pNIPAm-co-20%AAc Mi
	3.3.1 Photocatalytic Degradation Mechanism    
	3.3.2 Temperature Influence for the Photocatalytic
	3.3.2.1 Kinetics at Low Temperature
	3.3.2.2 Kinetics at High Temperature
	3.3.2.3 The Comparison of Photocatalytic Efficienc

	3.3.3 Photocatalytic Data for Various Amount of pN
	3.3.4 Photocatalytic Data For Using pNIPAm-co-20%A
	3.3.5 The XPS Data of Atomic Concentration for Cd 
	3.3.6 Data of Working pH Range for pNIPAm-co-20%AA
	3.3.7 Stability of Hybrid Microgel with CdS Nanopa
	3.3.8 Analyzing the Product of RhB After Photocata
	3.3.9 Photocatalytic Data of Other Organic Dgmye (

	3.4 Summary

	Conclusions
	Future Work
	References

