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Abstract

Increasing population and improper industrialization practices have led to detrimental surface
and underground water contamination at an unprecedented rate. Therefore, more effective,
lower-cost, robust methods to purify water are urgently needed, without further stressing the
environment or endangering human health by the treatment itself. Stimuli-responsive materials,
which can respond to environmental conditions, have recently attracted much attention in water
treatment. In this thesis, three types of responsive material for water processing are developed:
responsive separation membrane, responsive forward osmosis draw agent, and responsive

adsorbent.

Recently, stimuli-responsive surfaces with switchable superwettability have attracted
growing interest for controlled oil-water separation. The fabrication of such smart membranes
with good mechanical properties, excellent recycling properties, and the ability to separate oil-
water emulsions productively and inexpensively is highly desirable. In this thesis, a robust,
thermo-responsive polymer membrane is produced by the combination of thermoplastic
polyurethane (TPU) microfibre web and poly (N-isopropyl acrylamide) (PNIPAM). The TPU-
PNIPAM membrane possesses switchable superhydrophilicity and superhydrophobicity as the
temperature of membrane changes from 25 to 45 °C. The composite membrane is able to
separate a 1 wt. % oil-in-water emulsion and 1 wt. % water-in-oil emulsion at 25 and 45 °C,
respectively, with a high separation efficiency of > 99.26 %. Furthermore, the composite
membranes show excellent mechanical properties, and they are highly flexible and

mechanically tough.

The feasibility of using stimuli responsive polymer hydrogels as draw agent in the forward
osmosis (FO) desalination was recently demonstrated by our group for the first time. The
swelling pressure of hydrogel, the effective contact area between FO membrane and hydrogel,
and the water transport through the draw agent are key factors affecting water flux. In this study,
hydrophilic microfibre and hydrophobic microfibre are blended with hydrogel to prepare
composite monoliths, respectively, and the relevant FO performance and improvement
mechanism are studied. The incorporation of both hydrophilic and hydrophobic microfibres
results in enhanced FO water flux of hydrogel monolith. Whilst the addition of hydrophilic
microfibres is good for dewatering, the hydrophobic microfibre does reduce the dewatering
flux. The 1% hour FO water flux and dewatering flux of hydrophilic TPU microfibre- poly
(sodium acrylate) (PSA) monolith are 1.81 and 3.51 L m h*, respectively, twice of those for
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PSA particles. The water flux of PSA — hydrophobic polyester microfibre composite (PSA -
PET) reaches 5.0 LMH in the first 10 mins, twice as high as the relevant pure hydrogel alone.
Conversely, the dewatering flux of PSA-PET decreases to half of those of pure hydrogel. The
kinetic swelling studies show that the use of monolithic hydrogels and the addition of
hydrophilic microfibres enhance water diffusion through the draw agent and sustain high
swelling pressure, resulting in improved FO performance. On the other hand, the combination
of hydrophilic ionic hydrogel and hydrophobic PET microfibre produced pores in the
composite hydrogel because of different wettability, with an additional relaxation force
preserved in the composites because of the compressed pressure applied during the preparation.
Thus, the porous structure improves the water diffusion, while the compressed pressure

enhances the polymer chain relaxation rate.

The introduction of responsive ability potentially advances MOFs more flexible for
fundamental studies and other applications, such as controllable adsorption and separation,
energy storage and clean energy, sensing, catalysis. lon adsorption is of great environmental,
technological, and biological importance, and it has been widely applied in separation,
purification, catalysis, food processing, and pharmaceutical industry. Here, an amphoteric
MOF-based ion adsorbent has been designed for stimuli-responsive ion sorption, especially for
monovalent ions, by integrating weak acid groups with base groups. This is achieved by post-
synthesis modification of MIL-121 via in situ polymerization of tertiary amine monomer
introduced in the porous framework. The equilibrium NaCl adsorption capacity of the
amphoteric MOF is 0.92 meg/g, which occupies 77 % of ion adsorption sites, demonstrating
the efficiency of amphoteric MOF ion adsorbent. The adsorbed salt can be recovered and the
MOF-based ion adsorbent can be regenerated with excellent cycle performance. Except for
NaCl, the amphoteric MIL-121 is also able to adsorb other monovalent and divalent cations.
This study indicates that the introduction of stimuli responsiveness advances the water
treatment process to a controllable or “smarter” era, aiming at developing a more convenient,

efficient, energy-saving, and environmental friendly water processing system.

This study indicates that the introduction of stimuli responsiveness advances the water
treatment process to a controllable or “smarter” era, aiming at developing a more convenient,

efficient, energy-saving, and environmental friendly water processing system.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Research Background

Some 97 % of water on earth exists as ocean saltwater, 0.5 % is brackish water found in
surface estuaries and salty underground aquifers, whilst fresh water only constitutes 2.5%. Of
this freshwater, less than one percent is usable by humans, because most freshwater is locked
into polar icecaps or permanent mountain snow cover.[1] It is estimated that 1.2 billion people
lack access to safe drinking water, 2.6 billion have little or no sanitation, and millions of people
die annually-3,900 children a day-from severe waterborne diseases.[2] However, increasing
population and poor industrialization practices have led to detrimental surface and underground
water contamination at an unprecedented rate, worsening this situation. Much effort has been
made into the purification of contaminated water, since the total amount of usable freshwater
is limited. Even though conventional water treatment methods can address many of these
problems, they are often chemically, energetically and operationally intensive. The chemicals
used in the treatment will become the contamination sources of freshwater. In addition,
developing a conventional water and wastewater treatment facility require considerable
infusion of capital and time, which precludes their use in much of the world, especially where
water is really needed.[3] More effective, lower-cost, robust methods to purify water are
urgently needed, without further stressing the environment or endangering human health by
the treatment itself.

Advanced water treatment technology has been developed to deal with this problems. In the
past several decades, advanced oxidation process, biological treatment, adsorption / ion
exchange process and membrane separation process have attracted intensive attention, and

proven to be suitable for practical application.

Advanced oxidation processes (AOPs) deal with the chemically polluted water and
wastewater, and has shown great potential for the treatment of ground water, municipal
wastewater sludge and volatile organic compounds (VOCs).[4, 5] AOPs are also capable of
treating problematic pollutants in water that may not be removed by conventional treatment
method effectively, such as persistent organic pollutants, which is toxic, stable and active in
the environment. The AOP aims to mineralize the organic pollutant into relatively harmless
inorganic molecules, such as carbon dioxide, water, sulphates and nitrate.[6] Biological

treatment has been used for consuming biodegradable soluble organic contaminants and

1
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removal of nitrogen and phosphorus in the conventional wastewater treatment system.[7] The
practical value of biological water treatment technologies arise for several reasons. Firstly, this
process is operationally practical, it can be carried out in situ at the polluted site. Secondly, it
is an environmentally friendly technology, without generating secondary pollution. Thirdly, it
is cost-effective. The recent development of this utilized technology is concentrated on removal

of metal ions and oils.

Membrane filtration has proven to be one of the most promising separation techniques.[8]
Membrane separation processes, like microfiltration, ultrafiltration, nanoflitration, reverse
0smosis, in water treatment have increased rapidly over the past decade.[9] Microfiltration and
ultrafiltration process are widely used in food and beverage processing, biotechnological
applications and pharmaceutical industry, water purification and others. [10-12] Nanofiltration
and reverse osmosis process are mainly used for water purification. [13, 14] Seawater reverse
osmosis (SWRO) plants have been built to undertake seawater desalination to alleviate the
water scarcity problem, even though they are energy-intensive. Low-pressure driven membrane
processes (microfiltration / ultrafiltration) are highly promising due to their relatively low
energy consumption. Forward osmosis (FO), which has been widely investigated for
desalination and wastewater treatment, is renowned for little or no operation pressures, high
rejection over a wide range of contaminants and lower membrane fouling propensity than
pressure-driven membrane processes.[15] Compared to the traditional water treatment methods,
membrane filtration technique has the following advantages: (1) it is a simple, low capital cost,
low-maintenance process; (2) the systems are compact, and some of them are portable;
ultrafiltration setup can be connected to the tap to purify the tap water; (3) it is an
environmentally-friendly process, without the need for addition of chemicals during the

treatment.

Adsorption is of great environmental, technological, and biological importance, as often
stressed. Generally, porous solid materials are used as adsorbent for gas-phase and liquid-phase
adsorption, e.g. active carbons, metal oxides, zeolites, clays, and metal organic framework.[16]
Adsorption at the liquid/solid interface is of great importance in industry and everyday life,
such as in detergents, adhesion, lubrication, flotation of minerals, water treatment, oil recovery,
pigments and particle technology. To efficiently decontaminate aqueous wastes, both
adsorption and ion exchange are considered to be highly effective and affordable/low-cost

methods.
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“Smart” or responsive polymer materials respond to surrounding environments by changing
their physicochemical properties, such as regulating transport of ions and molecules, changing
wettability and adhesion of different species on external stimuli, or converting chemical and
biochemical signals into optical, electrical, thermal and mechanical signals, and vice versa.[17]
In addition to the fundamental interest, responsive materials are playing an increasing
important role in a variety of applications, such as drug delivery, tissue engineering, biosensors,
coatings, as well as the emerging environmental applications.[18] The introduction of a
responsive ability or “smartness” endows a designated material or device with multiple

synergistic and advanced functions, broaden its applications and promote its performance.

With the rapid development of responsive polymer materials, smart systems have been
incorporated with the filtration system for separation and purification purposes, responsive
membrane, responsive draw agent and responsive adsorbent have emerged, and gaining
increasing concern in the recent decades. The occurrence of smart membrane have realized the
controllable separation process, and bridged to anti-fouling membrane and biomimetic
membrane. Smart draw agent, which can recover the water with low energy cost, lights the
future of forward osmosis desalination process. The responsive adsorbent that can be
regenerated and recycled by stimuli, especially physical stimuli, is ideal for resource
reclamation from contaminated water or water softening. The smart filtration system with self-
cleaning, self-refreshing, energy-saving, or controllable separation abilities will improve the

efficiency of many technological processes, and has strong potential for future applications.

1.2 Research Aims

Responsive membrane systems with switchable properties and highly adaptive surfaces have
been manufactured in recent decades, but most have been focused on how different responsive
interactions within the membranes can be tuned and monitored in controlled environments,
such as permeation and pore size. The challenges of responsive membrane for water treatment
lie in: (1) how to achieve functionality while maintaining membrane stability and mechanical
integrity for the practical application; (2) how to fabricate a membrane which can respond in
more complex and less defined situations and mimic the functionalities of living systems. It is
thought that responsive membranes will be used in various niche applications in the next 5-10
years, and be more widely use in 10-20 years.[19] It is a challenge, yet highly desirable to
explore the field of responsive membrane with better properties and practical applications.
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Meanwhile, only a few responsive materials have been investigated as draw agents, including
magnetic particles, responsive polyelectrolyte and hydrogel. Responsive hydrogels, which
shows great potential for practical application, have been developed by our group.[20, 21]
Using responsive FO draw agent shows several advantages, such as the ready recovery of
product water and draw agent, and low back diffusion. However, there are still some challenges
upon the applications of responsive draw agent: 1) relatively low water flux, 2) incomplete
theoretical study, 3) reusability, 4) development of proper FO unit for continuous water

production.

Responsive adsorbents have been intensively studied in the past several decades, primarily
magnetic responsive adsorbent for easy collection and separation from aqueous solution. Other
responsive materials introduced are mainly used to tune the wettability and adhesion of
different species for the selective adsorption purpose. The regeneration of adsorbent by stimuli
responsiveness can significantly reduce the cost of adsorption process, but investigates rarely.
The development of stimuli-responsively regenerable adsorbent with high adsorption and

proper reusability is highly desirable.

The development of practical responsive forward osmosis draw agents, responsive separation

membranes and responsive adsorbent is thus still at an early stage.

The research aim of this study is to introduce stimuli responsive ability into the water
treatment system, and analyze the effect of responsiveness on the performance of the material
and process, aiming to improve the performance and understand the improvement mechanisms.

More specifically,

1. Development of high efficiency separation membranes for water treatment

(1) Introducing responsiveness to a membrane/film by incorporating responsive polymer;

(2) Introducing special wettability into the responsive composite membrane for novel
properties;

(3) Improving the separation performance of responsive membrane;

(4) Improving the response rate of the responsive membrane;

(5) Investigating the relationship between surface roughness, special wettability, novel

properties, and the performance of the membrane.

2. Development of high-performance smart draw agents for forward osmosis processes
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(1) Introducing special wettability into the smart composite hydrogel for novel properties;

(2) Improving the water absorbing ability and stimuli response rate of the draw agent;

(3) Improving the liquid transportation inside the responsive draw agent;

(4) Investigating the relationship between roughness, special wettability, novel properties, and
the forward osmosis performance of the draw agent.

(5) Investigating the improvement mechanisms by studying swelling behavior.

3. Development of responsive adsorbent for efficient solute removal

(1) Selection of high surface area materials as the base;

(2) Introduce stimuli-responsiveness into the highly porous material for reversible adsorption
and desorption;

(3) Improving the adsorption performance and kinetics of the responsive adsorbent;

(4) Investigating the solute adsorbed and desorbed ability of this adsorbent;

(5) Study the mechanism of reversible adsorption and desorption theoretically.

1.3 Thesis Overview

Abstract

The brief background, research aims, and major findings of this thesis are concluded in this

section.
Chapter 1. Introduction

This section gives brief background on water treatment and responsive materials, research

aims and thesis overview.
Chapter 2. Literature Review

This chapter starts with emphasizing the importance of water treatment by summarizing the
current water issue. Traditional and recent water treatment technologies are detailed. Thirdly,
the responsive materials and responsive water treatment system are described. Finally, the
research aims and significance of this work are presented.

Chapter 3. Robust Thermo-responsive polymer composite membrane with switchable
superhydrophilicity and superhydrophobicity for efficient oil-water separation
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In this work, a robust, thermo-responsive polymer membrane is produced by the combination
of an elastic polyurethane (TPU) microfibre web and poly (N-isopropyl acrylamide)
(PNIPAM). PNIPAM hydrogel is evenly coated on the surface of TPU microfibres, and thus,
the wettability of TPU-PNIPAM membrane is amplified by taking advantage of the
hierarchical structure and increased surface roughness. The TPU-PNIPAM membrane
possesses switchable superhydrophilicity and superhydrophobicity as the temperature of
membrane changes from 25 to 45 °C. The composite membrane is shown successfully able to
separate a 1 wt % oil-in-water emulsion and 1 wt % water-in-oil emulsion at 25 and 45 °C,
respectively, with a high separation efficiency of =99.26%. Furthermore, the composite
membranes show excellent mechanical properties, and they are highly flexible and
mechanically tough. The smart composite membranes reported here have great potential for

further development for practical high efficiency oil—water separations.

This chapter has been published as a journal article: Ranwen Ou, Jing Wei, Lei Jiang,
George P. Simon, and Huanting Wang, Environ. Sci. Technol. 2016, 50, 906-914

Chapter 4. Microfibre-polymer hydrogel monolith as forward osmosis draw agent

Stimuli-responsive polymer hydrogels have shown great potential for use as draw agent in
emerging forward osmosis (FO) technology. The swelling pressure of hydrogel and the
effective contact area between FO membrane and hydrogel are key parameters for achieving
such a high water flux. In this work, the forward osmosis performance of hydrogels can be
significantly improved by producing composite hydrogel monoliths containing thermoplastic
polyurethane (TPU) microfibres. The use of monolithic hydrogels and the addition of
microfibres enhance water diffusion through the draw agent and sustain high swelling pressure,
resulting in improved FO performance. As observed in the sigmoidal swelling curves, the
swelling kinetics of microfibre-hydrogel composite (TPU microfibre-poly (NIPAM-co—SA),
TPU-PN5S5) is faster than that of pure hydrogel (PN5S5), and the time required for the
composite to reach swelling equilibrium decreases significantly; the diffusion exponent of
TPU-PN5S5 composite increase from 0.73 to 0.81, indicating that addition of microfibres
increases the water diffusion rate. Further studies show that water transports more quickly
through the microchannels around TPU microfibres due to their hydrophilicity and capillary
forces. The composite monolith was tested as forward osmosis draw agent, and it was found
that the 1st hour FO water flux and dewatering flux of TPU-PSA are 1.81 and 3.51 L m? h',
respectively, twice of those for PSA particles alone.
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This chapter has been published as a journal article: Ranwen Ou, Huacheng Zhang, George P.
Simon, Huanting Wang, J. Membr. Sci. 2016, 510, 426-436

Chapter 5. Modification of the swelling properties of ionic hydrogel for forward osmosis

applications

The swelling properties of hydrogels, and the effective contact between forward osmosis
membrane and hydrogel, are key parameters for improving the performance of a draw agent.
A new strategy is developed here to modify the swelling property of hydrogel by the
introduction of structural inhomogeneity and preservation of a compressed pressure in an ionic
hydrogel, in order to get increased forward osmosis water flux. That is achieved by the
incorporation of an ionic hydrogel with a hydrophobic microfibre under compressed pressure
during preparation. The forward osmosis water flux of the composite hydrogels generally
increased with increasing microfibre loading and compressed loading. The water flux of poly
(NIPAM-co-SA) — polyester microfibre composite (PN5S5 — PET) and poly (sodium acrylate)
— polyester microfibre composite (PSA — PET) reached 3.0 and 5.0 LMH in the first 10 mins,
respectively, when their swelling ratio is 4. The water flux of composites were twice as high
as the relevant, neat hydrogel. The composite hydrogels were also good at maintaining high
water flux over long time periods. The water flux of PSA-PET decreased from 3.5 to 1.4 LMH
after 24 hour forward osmosis test.

This chapter has been published as a journal article: Ranwen Ou, Huacheng Zhang, George
P. Simon, Huanting Wang, Ind. Eng. Chem. Res., 2017, 56 (2), pp 505-512

Chapter 6. Amphoteric Functionalized Metal Organic Framework for Highly Efficient,

Reversible lon Sorption

To explore the emerging stimuli responsive MOFs for advanced adsorption technology, an
amphoteric MOF-based ion adsorbent is developed for physical stimuli reversible ion sorption,
especially for monovalent ions, by integrating cation sites and anion sites with responsiveness
in MOFs. This is illustrated by post-synthesis modification of MIL-121 via in situ
polymerization of tertiary amine monomer introduced in the framework. The synergic effect
of tertiary amine groups of the polymer and non-coordinating carboxylic acid groups of MIL-
121 give rise to the ion adsorption ability and thermal regeneration properties. The equilibrium
NaCl adsorption capacity of the amphoteric MOF is 0.92 meq/g, which occupies 77 % of ion
adsorption sites, demonstrating the efficiency of amphoteric MOF ion adsorbent. The adsorbed
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salt can be recovered and the MOF-based ion adsorbent regenerated by heating at elevated
temperature in 500 ppm NaCl solution, with excellent cycle performance. Other than for NaCl,
the amphoteric MIL-121 is able to adsorb other monovalent and divalent cations. This study
firstly introduces an amphoteric MOF for monovalent ion adsorption, and realizes the thermal

regeneration of MOF-based ion adsorbent.

The results presented in this Chapter has been drafted and will be submit as a journal article:
Ranwen Ou, Huacheng Zhang, Jing Wei, Li Wan, Yaoxin Hu, George P. Simon, and Huanting
Wang, Functionalized Metal Organic Framework with Thermoreversible lon Sorption Property
for Efficient Water Desalination.

Chapter 7. Conclusion and Future Work

This chapter concludes the major finding of this thesis and the suggest Future Work for stimuli

responsive materials in water processing.
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2.1 Water Treatment
2.1.1 Water issue

97 % of water on earth is saltwater in the ocean, 0.5 % is brackish water found in surface
estuaries and salty underground aquifers, and freshwater only constitutes 2.5%. Of this
freshwater, 68.9 % is locked into polar icecaps or permanent mountain snow cover, 30.8 % is
stored underground in the form of groundwater, including soil moisture, swamp water and
permafrost, and 0.3 % is in freshwater lakes and rivers. Statistically, less than 1 % freshwater,

is usable by humans, which is only 0.01% of all water resources on earth. [1]

The freshwater available for human consumption is between 12,500 km? to 14.000 km? each
year. The water withdrawal and consumption are likely to speed up in the near future, as shown
in Figure 2.1a. Global freshwater withdrawal has grown from 3,790 km? per year in 1995 to
4,430 km?® in 2000, and is expected to grow by about 10 - 12 % every 10 years, reaching 5,240
km?3 by 2025. With the rapid population growth, the potential global availability of freshwater
drop dramatically from 12,900 m? per capita per year (1970) to 9,000 m? (1990), to less than
7,000 m3in 2000. It is estimated that is projected to 5,200 m® by 2025. However, the freshwater
resources distribute unevenly on earth that 3 billion people will live in the water scarcity region

of 1,700 m® per capita per year by 2025.

Popuiation with no access to santation’ Y s #
in 9% of the total population, 2004

Ml oot %

Bl tomsrteson
Wior

[ e
B toeathans %

[ oot o

id average

Figure 2.1 World map of a) water withdrawal and consumption and b) sanitation

accessibility.[1]
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Despite the water shortage, water quality issue is also a major challenge that humans face.[2-
4] Agriculture, industry and domestic usage consume one-third of the total accessible
freshwater, resulting in water contaminated with synthetic and geogenic natural chemicals.
Here lists some important pollution sources and pollution ways. (1) To maintain and increase
the agricultural production, several million tons of chemicals are used to control pests
annually.[3, 5] The pesticide can infiltrate into nearby soil or enter aquatic system, which
contaminate ground and surface water, and may cause accidental poisoning to human. (2)
Elements such as arsenic, fluoride, selenium and uranium, where are contained geologically
within aquifers, can be leached into drinking water supplies, with subsequent great negative
health effects on humans, such as cancer and fluorosis. (3) Mining activity involves the intense
use of chemicals, energy and water, generating enormous amount of waste such as sulfuric acid,
cyanide, mercury and copper that may cause chronic neurotoxicity.[6, 7] (4) Spills and
hazardous waste sites are a prominent cause of water pollution. Chemicals like uranium,
technetium, chromium, chlorinated solvents, nitroaromatic explosives, fuel hydrocarbons and
S0 on are expected to release into the environment and cause long term contamination of
drinking water resources, though many of the waste sites are under control.[8-10] (5) Municipal
wastewater is another major source of pharmaceutical compounds that is highly bioactive and
ecotoxicological.[11, 12] It is estimated that the observed concentration of human
pharmaceuticals in raw sewage is up to several micrograms per liter. Importantly,
microorganisms and viruses can also be found in the urban wastewater, which directly affect
human health, child mortality and malnutrition. In addition, persistent organic pollutants (POPs)
contaminate the environment in multiple sources, including waste sites, agriculture,
combustion and others. The increasing chemical and organism pollution of freshwater is a key
problem for human health.

The lack of ready access to clean water and sanitation has had significant adverse health
impact on human.[13] This can lead to water-, sanitation-, and hygiene-related diseases,
including diarrhea, intestinal helminths, schistosomiasis, dengue fever, trachoma and so on,
which currently affect more than a third of populations. Figure 2.1b shows lack of accessibility
to sanitation in the world. It is estimated that 1.2 billion people lack access to safe drinking
water, 2.6 billion have little or no sanitation, and millions of people die annually-3,900 children
a day-from severe waterborne diseases.[13, 14] According to a study from Pacific Institute,
preventable deaths will reach 135 million by 2020 if action is not taken to address the issue of

lack of water, sanitation, and hygiene.[15] Water scarcity also limits the food and energy
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production, industrial output, and the quality of our environment, affecting the economy.
International organizations have been setup to attract global attention and deal with the
accessibility of improved sanitation around the world. Reliable detection, wastewater
collection and treatment systems are all vital for safe water and human health.

2.1.2 Conventional water treatment system

Water treatment processes treat surface / ground water, industrial water and wastewater and
make it more acceptable for specific uses. The conventional water treatment processes for
treating raw water from surface source are mainly preliminary treatment, coagulation /
flocculation, sedimentation / clarification, filtration and disinfection, as shown in Figure
2.2.[16-19]

OO0

Water source Powdered Coagulation and Clarification Air flotation
activated carbon flocculation l

0006

Customers Service reservoirs pH adjustment Disinfection Filtration

Figure 2.2 Schematic illustration of conventional water treatment process.

In preliminary treatments, all large objects usually involving sand and grit in the incoming
water are removed before entering the remaining treatment stages. Then, activated carbon or
pre-chlorination may be applied. Powdered activated carbon is mainly used for the removal of
organic matter, while the pre-chlorination is for controlling algae and biological growth.

Coagulation and flocculation aim to remove a large amount of organic compounds, suspended
particles, and pathogens attached to dissolved substances.[20] In the coagulation process,
coagulants with a positive charge are added to the water, with rapidly mixing, to neutralize the
mostly negatively charged dissolved and suspended particles. Coagulants are usually iron or
aluminium salts, such as aluminium sulphate, ferric sulphate, ferric chloride, or polymers. With
the reaction started, the particles coagulate or flocculate to form larger particles. Mixing speed,

mixing intensity and mixing time all affect the efficiency flocculation. During flocculation, the
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destabilized particles are further aggregated. The visible floc in the suspension is slowly mixed

using turbulence until it is sufficiently large to settle with gravity.

Following flocculation, the flocs are removed during clarification / sedimentation unit where
the flow slow down. In the clarification process, most of the flocs are removed by gravitational
settling, whilst the suspended particles in water are removed during filtration process. Air
flotation may also be used so that the suspended matter such as oil or solids can float to the

surface for easy removal via a filtration process.

In the filtration process, the relatively floc — free water flows through the filter by gravity,
with the nature of the particles removed from the water depending on the type of filter. Slow
sand filtration removes bacteria, protozoa and viruses, which produces essentially clean water.
In contrast, rapid sand filtration removes suspended particles, but does not remove bacteria,
protozoa or viruses. However, rapid sand filtration is much more commonly used, because the
water flow of rapid sand filtration is hundred times higher than the slow sand filtration process,
and it require relatively little space to operate. The most popular filter of the conventional
treatment process is composed of anthracite coal and sand.

Disinfection aims to kill remaining microorganisms in water, such as bacteria, viruses and
other pathogens. Normally, chlorine is used as the dosing chemical added to water.[21, 22]
Supplemental chlorine is added to continue disinfection of water while it moves through the
distribution network. However, the usage of chlorine to disinfect can lead to several problems.
Chlorination of organic materials can generate carcinogenic or harmful chlorinated-organic
compounds. Also, the residual chlorine may be able to chlorinate organic material in natural

aquatic environment. Ozonation is a popular and safer alternative to chlorination.

After all the above procedures, pH adjustment and fluoridation may be applied to treat the

water before storage and distributing to customer.

When treating wastewater, such as sewage, industrial and agricultural wastewater, additional
treatment is needed in addition to the above processes. A wastewater treatment plant may
include one or more of the following plants: oil-water separator, clarifier, roughing filter,

activated sludge, carbon filtration and advanced electrodialysis reversal system.

Centralized municipal wastewater systems can address many of the problems on water
contamination and sanitation, but they are often chemically, energetically and operationally

intensive. Developing a conventional water and wastewater treatment facility requires
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considerable capital and time, which precludes their use in much of the world, especially where
water is really needed. It is estimated that global annual infrastructure costs of US$100 billion
over the next 20 years.[3] In addition, the chemicals used in the treatment will become the
contaminating sources of freshwater. More effective, lower-cost, robust methods to purify
water are urgently needed, without further stressing the environment or endangering human
health by the treatment itself, as well as a cheap, fast and reliable detection method for detecting

pollutants in natural water.

2.1.3 Advanced water treatment technologies

To deal with the rapidly increasing water pollution, new types of pollutants and inaccessibility
of sanitation, advanced water treatment technologies have emerged to achieve a more robust,
cost-effective and greener water treatment system.[14, 23] In general, four processes have been
developed, advanced oxidation process, biological treatment, adsorption or ion exchange
process and membrane filtration. In this chapter, more attention is paid to the adsorption / ion
exchange process and the membrane filtration process as they are closely related to the works

done in the subsequent chapters.

2.1.3.1 Advanced oxidation process

Advanced oxidation processes (AOPs) have been developed to deal with the chemically
polluted water and wastewater, and show great potential for the treatment of ground water,
municipal wastewater sludge and volatile organic compounds (VOCs).[23, 24] AOPs are also
capable of treating problematic pollutants in water that may not be able to be removed
effectively by conventional treatment methods, such as persistent organic pollutants, which are
toxic, stable and active in the environment. The AOPs aim is to mineralize the organic pollutant
into relatively harmless inorganic molecules, such as carbon dioxide, water, sulphates and
nitrate.[25] To date, many AOPs have been developed for water and wastewater treatment,
including ultraviolet (UV) photolysis, solar photocatalysis, H202, Fenton’s reagent,

photocatalysis, ozone, sonolysis, radiation, supercritical water oxidation and so on.

Although there are more than 10 techniques classified as AOPs, these processes produce in
situ reactive free radicals, mainly hydroxyl radicals. The degradation of organic pollutants in
aqueous solution by AOPs is mainly achieved by a series of hydroxyl radicals initiated

reactions. Hydroxyl radicals (HOe) are a powerful oxidant that can be easily produced. As
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shown in Table 2.1, the standard redox potential value of hydroxyl radical is 2.80 V, second to

fluorine (3.03 V), suggesting that it is possible to complete mineralization most organic matters.

Table 2.1 Redox potential of oxidants.[23]

Oxidants Redox potential (V)
Fluorine 3.03
Hydroxyl radical 2.80
Atomic oxygen 2.42
Ozone 2.07
Hydrogen peroxide 1.78
Perhydroxyl radical 1.70
Permanganate 1.68
Hypobromous acid 1.59
Chlorine dioxide 1.57
Hypochlorous acid 1.49
Chlorine 1.36

There have been extensive studies on the development of AOPs over the past 40 years, as
shown in Figure 2.3. Figure 2.3a shows the traditional and advanced oxidation processes.
Oxidants such as chlorine, H20. and ozone are applied to oxidize pollution or provide
disinfection in conventional oxidation technologies. However, they are not efficient enough
when oxidizing more complex and stable materials or complete oxidation of pollutants.
Therefore, in the advanced oxidation processes, these oxidants are combined with other
reagents or assisted techniques to produce more hydroxyl radicals (HO¢) during treatment. For
example, the combination of ferrous ions (Fe?*) and H.O. gives a new oxidant — Fenton’s
reagent. Oxidants for HOe generation include Os, H202, Fenton, TiO2 and water, assisted
techniques for enhancing the HOe generation are ultraviolet (UV), sonolysis, microwave,

irradiation and supercritical liquid.[26]
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Figure 2.3 (A) Traditional (chlorine) and advanced oxidation process and (B) number of AOP
publications over 1975-2000 period [27].

Ultraviolet (UV) is an electromagnetic radiation with a wavelength shorter than that of visible
light but longer than x-rays, which can cause chemical reactions.[28] In advanced oxidation
processes (AOPs), UV advances the elimination of organic pollutant by initiating the
generation of powerful oxidising agent, such as HOe, from relevant oxidants. (1) H.Oz alone is
not sufficient when oxidizing stable and complex organics. Under UV irradiation, every H>O>
decomposes to two hydroxyl radicals, enhancing the degradation performance.[29-31] Since
H20- is totally soluble in water, the UV/ H20- process provides an effective source of hydroxyl
radicals, and there is no need for further separation after treatment. (2) Fenton’s reagent can
degrade a wide range of pollutants to largely harmless or biodegradable products. In an aqueous
acidic medium, Fe?* is oxidized to Fe**, while H,0, decompose into HO™ and HO-. The Fenton
reaction stops as soon as all Fe?* is consumed, resulting in the cessation of hydroxyl radical
generation, and no further degradation of organic pollutants. The photo — Fenton reaction rates
can be increased manyfold assisted with UV / visible light irradiation. During the reaction, Fe?*
ions are regenerated by irradiation from oxidized Fe®*, so that HOe is supplied
continuously.[32-34] (3) Ozone oxides organic pollutants directly or indirectly via the
formation of HOe. Incomplete oxidation with ozone may produces toxic intermediates,

sometimes even more toxic than the initial compounds. Thus, UV / Oz is developed to degrade
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organic pollutants more effectively through the generation of HOe from aqueous ozone

produced H20:.[35, 36] UV / O3/ H20: is also used for treatment of organic compounds.

Photocatalysis is to accelerate a catalytic reaction involving light absorption by a catalyst.[37]
Photocatalysis can degrade a wide range of refractory organics into biodegradable compounds,
or even mineralize them.[38] Mild operating conditions, complete mineralization of organic
pollutants and the low operating cost made this process feasible for water treatment. In the
photocatalytic reaction, the catalyst absorbs a proton to excite an electron (e”) from valence
band (VB) to conduction band (CB), at the same time creating holes (h*) in the valence
band.[39] Those holes act as oxidizing agents, which generate free radicals able to undergo
further reactions. When h* comes into contact with water molecules, HOs and H™ are produced.
On the other hand, electrons can react with dissolved oxygen to generate Oz ions, then the
peroxide radicals react with water molecules, H* and h™ to eventually form HOe.
Semiconductors, such as TiO2, ZnO, Fe>03, CdS, GaP and ZnS, have been shown to be suitable
photocatalysts because of the appropriate positioning of VB and CB bands for adsorption of
light. Among the semiconductor catalysts studied, titanium dioxide (TiO2) is the most popular
and exhibits best performance for photocatalytic water treatment. TiO2 shows good chemical
and thermal stability, and it remains stable after repeated catalytic cycles under a photon
energies of 300 — 390 nm.[40, 41] In addition, development of catalyst with broader
photoactivity range and feasible photocatalytic system are challenges that attract intensive

attention.

Sonolysis —, microwave — assisted oxidation processes and supercritical water oxidation
process are also swell studied.[42-46] Sonolysis of water produces He and HOe by thermal
dissociation of water. Sound waves are also used to enhance the performance of Fenton process,
ozonation process and the activity of catalyst or photocatalyst. It is observed that microwave
can greatly enhance the efficiency of AOPs, but the performance is not as good as using
ultraviolet. By taking advantage of the unique properties of supercritical water, organic

pollutants is mineralized through adding oxygen into the water.

Advanced oxidation processes provide a promising technology for the treatment of
wastewater containing organic pollutants, and have demonstrated their ability to solve this

problems in a greener, cost-efficient, practical way.
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2.1.3.2 Biological treatment

Biological treatment has been used for consuming biodegradable soluble organic
contaminants and removal of nitrogen and phosphorus in the conventional wastewater
treatment system.[47] The practical value of biological water treatment technologies arises for
several reasons.[25] Firstly, this process is very practical, it can be carried out in situ at the
polluted site. Secondly, it is an environmentally friendly technology, without generating
secondary pollution. Thirdly, it is cost-effective. The recent development of this utilized

technology is concentrated on removal of metal ions and oils.

Mining activity mobilize more than 5 10'° metric tons of geological materials annually in
our world,[1] and can also cause significant environmental problems, constituting the most
common metal pollution in fresh water. Biological treatments have been proven successful for
efficient removal of metal ions from contaminated water.[48-50] Generally, metal ions can be
treated by biosorption, bioaccumulation and phytoremediation.

Biosorption is the uptake of toxicants by dead/inactive biomaterials or by materials derived
from biological sources. Depending on the biosorbent used in the process, the mechanism of
metal removal can be physical adsorption, ion exchange, complexation, chelation and micro-
precipitation.[51] Several bacterial, fungal biomass and seaweed show good biosorption
capacity of relevant metal ions. For example, the biosorption capacities of a bacterial biomass,
Corynebaterium glutamicum, for adsorbing lead and nickel are 568 and 111 mg/g, respectively.
[49, 52] A kind of seaweed, Ascophyllum nodosum, adsorbs 215 mg/g cadmium and 136 mg/g
nickel.[53, 54] In addition, as an industrial waste, crab shell performs very good, the relevant
adsorption capacity of cadmium, cobalt, copper, lead, nickel and zinc are 199, 510, 244, 870,
170 and 124 mg/g, respectively.[55-60] However, most research focus on the biosorption of
metal ion, but few reports desorption and regeneration of biomaterials, which indicates the

industrial applicability of the process.

Bioaccumulation is the uptake of metal ions by living cells. In this process, metal ions are
bound onto the cell by rapid sorption, then accumulated inside the cell by metabolism.[61]
Bioaccumulation is usually conducted in batch systems. Thus, additional processes, such as
harvesting, drying, processing and storing, are reduced.[62, 63] However, it is not feasible to
treat solutions with high pollutants loading. The uptake capacity of bioaccumulation is about
one tenth of the biosorption process.
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Phytoremediation uses living plants to clean up chemically contaminated soil, air and
water.[64] Four different processes mediated by plants are developed for treating metal
polluted soil, sediment and water, including rhizofiltration, phytostabilization,
phytovolatilization and phytoextraction. Rhizofiltraiton uses hydroponically cultivated plants
to absorb and concentrate metals in their roots and shoots in the metal contaminated water.[65]
Phytostabilization reduces the migration of pollutants in the soil. Phytovolatilization removes
pollutants from soil or water and release it to air by transforming them to a volatile form.
Phytoextraction concentrates the pollutants into the plant biomass from environment. The
phytoremediation process is cost-effective, easily monitored, but it is a long term remediation
method. Over the past 20 years, this technology has been employed to deal with organic and

inorganic contaminants all over the world.

The increasing amounts of oily wastewater from oil fields, oil mills, petroleum industry,
frequent oil spill accident, and domestic households poses a major threat to the environment.
The oil water mixtures can be separated by gravity separation and filtration. The oil water
emulsions can be treated by centrifugation or ultrafiltration. However, dissolved oil in water is
difficult to remove, and causes serious issues of toxicity. Biological treatment has been proven
to treat it effectively by degrading the hydrocarbon to CO;, H>O and biomass. Oil
bioremediation can be achieved by direct addition of microorganisms into the pollution sites,
and / or addition of nitrogen and phosphorous to initiate the growth of microorganisms.[66, 67]
Microorganisms have been studied to treat drilling fluid contaminated waste water, edible oil
contaminated wastewater and petroleum contaminated wastewater. To treat the drilling fluid,
suitable carbon source is added after the dilution of wastewater with water, followed by
inoculating of metal treating and oil utilizing microorganisms. The resultant water can be
reused after separation the slurry or further treatment. This method removes metal and oil
contaminants at the same time. To treat petroleum contaminated wastewater, oleophilic oil-
eating microbes are used to break complex petroleum into fatty acids or carboxylic acids.[68]

If proper nutrients are introduced, these microorganisms can remove the oil completely.

There is no doubt that biological treatment is a promising alternative of conventional
wastewater treatment methods. With proper handling, microorganisms can not only survive in
tough environment, but also remove problematic organic and inorganic waste from water. More
pilot scale experiments are needed to be carried out to make biological treatment more reliable

for treating real wastewater.
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2.1.3.3 Adsorption or ion-exchange process

Adsorption and ion exchange processes are two of the most important water treatment
technologies that have been employed in many environmental applications, such as removal of
organic contaminants, taste and odor regulation, removal of sulfur compounds, toxic / heavy
metal removal, nitrogen and phosphorus removal, treatment of nuclear waste solutions,
produce high quality water, and so on.[69, 70] Adsorption is the adhesion of atoms, ions or
molecules onto the external and/or internal surface of a porous solid. lon exchange is also a
sorption process using a porous solid, but only for ions, and for the sorption of every ion, there

is another ion(s) with equivalent charge released to the solution from the ion exchanger.
Adsorption

Adsorption is a process of enrichment of material on an interface.[71] It is of great
environmental, technological and biological importance, as it has been widely used in
separation, purification, catalysis, food processing, and pharmaceutical industries. Adsorption
is a consequence of surface energy.[72, 73] For solids, matter on the surface have more energy
than that inside the bulk, this excess energy is called “surface energy”. These surfaces are
available to rearrange or react to reduce their surface energy according to the Second Law of
Thermodynamics. Thus, it is more favourable to use adsorbents with high specific surface areas,
for example, industry uses adsorbents of fine particle size and a specific surface area larger
than 100 m?/g. To date, porous solid materials such as activated carbons, metal oxides, zeolites,
clays, and metal organic framework have been used as adsorbents for various applications, as
shown in Table 2.2.[74]

Activated carbon. The surface area of activated carbon normally ranges from 300 to 1500 m?/g,
with a pore volume between 0.7-1.8 cm®/g. The manufacture of activated carbon uses
carbonaceous material as a source, including wood, peat, coal, nutshells and so on. The
preparing process involves carbonization and activation.[75, 76] During the carbonization
process, the source material is heated up to 400-600 °C in an oxygen deficient atmosphere to
convert it into carbon or a carbon-containing residue. Activation aims to improve the
accessibility of pore structure by chemical activation or thermal activation. It also helps to open

and widen the micropores.

Activated carbon has been extensively used for the water treatment.[77] Organic compounds
like aromatic solvents, chlorinated aromatics, chlorophenols, polynuclear aromatics, pesticides

and herbicides, chlorinated nonaromatics, high molecular weight hydrocarbons and surfactants,
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and inorganic compounds such as chlorine, bromine, iodine, fluorine, antimony, arsenic,
bismuth, chromium, tin, solver, mercury, cobalt and zirconium can be efficiently adsorbed by
activated carbon. The adsorption with activated carbon is preferred for water treatment under
some circumstances: non-biodegradable compounds, solid residue lower than 50 ppm, oil
residue lower than 10 ppm, organics concentration <5000 ppm and inorganics concentration
<1000 ppm.

Table 2.2 Specific surface area and applications of adsorbents.

Specific surface

A t Applicati
dsorbents area (m2/g) pplications
. Organic compounds: aromatic solvents, high
Activat .
ctivated 300~1500 molecular weight hydrocarbons
carbon . . -
Inorganic compounds: cation and anion ions
. Alumina 200~400
Metal oxides Silica 300~850 Gas
Clays Smectite ~30 Decolouration, dye, radioactive material, metal ions
y Laponite ~300 Y8 ’
. LTA 150~450 i . .
Zeolites FAU 500900 Gas separation, catalysis, drying
Mesoporous MCM-41 >1000 Organics: pharmaceuticals, cyanuric acid, phenols,
silica SBA-15 500~1000 dyes
Metal i .
etat organic 100~5000 Metal ions, dyes, gas
framework

Metal oxides. Some metal oxides can be fabricated to obtain high specific surface area. The
metal oxides studied as adsorbent are alumina, magnesia, silica, titanium dioxide, ferric oxide,
chromium and so on. Among them, alumina and silica are notable adsorbents, having a specific
surface area of 200-400 m?/g and 300-850 m?/g, respectively. Metal oxides are usually used
for gas adsorbent, desiccant, gas sensor, catalyst or catalyst support, pigments and fillers, [78-

81] but they are not readily applied for water treatment.

Clays. Clay combines clay minerals and trace amount of metal oxides and organic matter,
plastic when hydrated and harden when drying.[82, 83] As the mineralogical constituents of
clay, clay minerals are hydrous phyllosilicates with coordinating cations such as AI**, Mg?*,
Fe3* or Fe?*, and a particle size range of 1 nm to 1 pum. Based on the clay minerals, layer silicate
includes Kaolinite, Smectites, Vermiculites, Palygorskites and so on. Kaolinite is the most
well-known type of clay, which is relatively thick and rigid, with a BET surface area in the

range of 10-20 m?/g. For Smectite, the surface area of montmorillonite is about 30 m?/g, while
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that of laponite can be up to 300 m?/g.[84] Due to their inertness, stability and low cost, clays
have been used in many industrial applications that are directly related to the adsorbent
properties. In the water treatment process, clays can be used for decolouration, dye adsorption,
radioactive materials adsorption and heavy metal adsorption.[85-87]

Zeolites. Zeolites are microporous, aluminosilicate minerals, have a general formula of
Myn[(AlO2)x(Si02)y]-mH20. [(AlO2)x(SiOz2)y] constitutes the zeolite framework, while M is the
exchangeable cation, such as Na*, K*, Ca?* and Mg?*. The zeolites can be divided to zeolite A,
zeolite X, zeolite Y and Pentasil zeolites with more specific formula. Zeolites can be obtained
naturally or synthesized from alumina, silica and base. The synthesis of zeolite involves the
formation of poorly ordered aluminosilicate hydrogel, the growth of oligomer precursors and
the development of crystallinity.[88] The synthetic zeolites are uniform and phase pure. The
effective pore volume for N2 of CagA (zeolite A) is about 0.30 cm®/g, those of NaX (Si/Al=1.25,
zeolite X) and Silicalite | (Pentasil zeolites) are 0.35 and 0.19 cm?®/g, respectively. The zeolites
are of great fundamental and technological importance, have been applied for catalysis, gas
separation and drying. In liquid adsorption application, zeolite can adsorb Ca?* and Mg?* in

replace of Na* to soften water.

Mesoporous silica. Mesoporous silica such as MCM-41 and SBA-15 comprises uniform
ordered pores / channels, high pore volume and high surface area, which is a promising
adsorbent for water treatment and catalysis.[89, 90] The pore/ channel size can be tuned by
using surfactants of different length or by varying synthesis conditions. Functionalized
mesoporous silica has also been made to extend the applications of this adsorbent. Mesoporous
silica has been investigated for the removal of organics in aqueous solution, including

pharmaceuticals, cyanuric acid, phenols and dyes.

Metal organic framework. Metal organic frameworks (MOFs) are an emerging class of porous
materials built from organic linkers and inorganic metal nodes or metal-based clusters through
coordination bonds, and are well known for high surface area, uniform pore size, controllable
structures, and readily tailorable functions.[91-93] Highly porous and flexible MOFs have
shown great potential as high-performance adsorbents in the development of advanced
adsorption technology. Compared to the other adsorbents, MOFs show several advantages:[94-
96] 1) it has relatively high surface area, which can be up to 5000 m?/g, so that it is possible to

adsorb large amount of molecules per volume unit. 2) It has flexible and designable chemical
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structure that can be functionalized by organic or inorganic compounds. 3) The high surface

area may also advance the MOF adsorption process faster.

The current research on MOFs focus has been mainly involved gas storage, gas separation
and purification, catalysis, drug delivery and sensor.[97] However, MOF-based materials have
recently been explored for adsorbing organic compounds, cations and anions in liquid phase.
In general, the uniform framework structure and high surface area endow the MOF-based ion
adsorbents with superior ion adsorption kinetics and remarkable uptake capacity. To date, the
research has been mainly focused on the adsorption properties of pristine MOFs. On the other
hand, the MOF-based ion adsorbents have been mainly used to adsorb metal pollutants in oxo-
hydroxo anion forms such as perchlorate, chromate, selenite and arsenate in water treatment
and purification processes. In addition, the regeneration of spent MOFs usually requires the

use of chemicals via ion exchange process.
lon-exchange process

lon exchange processes are one of the most important scientific developments of the 20™
century, and have been applied for water softening, environmental remediation, wastewater
treatment, hydrometallurgy, chromatography, biomolecular separation and catalysis.[70] As
the key component of ion exchange process, ion exchangers are insoluble solid materials
carrying exchangeable cations or ions.[98] The ion exchanger can be natural or artificial
materials, inorganic or polymeric materials. With the development of ion exchange technology,
the artificial polymeric resin has become the most popular and practical ion exchangers, and
widely applied. The synthetic resin is well known for high capacity, wide versatility, low cost,
and designable structure. Here, the species and applications of polymeric resin is introduced.
The polymeric resin is composed of a crosslinked network of hydrocarbon chains and
functional groups with ionic charges at various positions. A proper crosslinking density makes
the resin insoluble in water and ensure the swelling. Polystyrene divinylbenzene is commonly
used as the matrix (hydrocarbon chains) of resin. Others, phenol-formaldehyde matrix and
acrylic/methacrylic acid — divinylbenzene matrix are also used. The polymeric resin can be
classified into four types according to the functional groups: strong acid cation resins, strong

base anion resins, weak acid cation resins and weak base anion resins.[77]

Strong acid cation resins. These resins are functionalized with sulfonic acid groups (-SOzH)
or sodium sulfonate groups (-SOsNa), which can fully dissociate in water to form highly

ionized ion exchange sites. Na* and H* are highly exchangeable over the whole pH range.
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Strong acid cation resin can exchange with all kinds of cations in water, including monovalent
and multivalent ions. The sodium form is preferred for water softening, while the hydrogen
form is for preparing ultrapure water. The regeneration of resins is achieved by washing it with

strong acid or sodium chlorine solution.

Weak acid cation resins. The functional group of these resins is carboxylic acid group (-COOH),
which can partially dissociate in water to behave like weak organic acid. Thus, weak acid cation
resins can only exchange with multivalent cations, such as Mg?* and Ca?*. Because of the good
affinity between —COOH and H*, these resins can be regenerated easier with lower amount of

acids.

As a kind of weak acid cation resin, heavy metal selective chelating resin can form complexes
with heavy metal ions, so that they are much more selective in heavy metal. Functional groups
with two or more chelating sites are usually used to decorate the resin, such as iminodiacetic
acid group, iminodiacetate, aminophosphonate, 8-hydroxyquinoline and picolylamine. The

relative selectivity of a commercial chelating resin for mercury is 2800 times as that of calcium.

Strong base anion resins. These resins are decorated with quaternary ammonium groups, and
are used in hydroxide form. The hydroxyl groups are fully dissociated in water, and can
exchange with all anions in water under an entire pH range. The regeneration of strong base

anion resins are treated with concentrated sodium hydroxide solutions.

Weak base anion resins. These kind of resins are functionalized with weak base such as primary,
secondary and tertiary amine. They can only exchange with strong acid in water, and the
exchange capacity is greatly affected by pH. Weak base anion resins are more readily

regenerated with lower concentration base solution compared to that of strong base anion resins.

2.1.3.4 Membrane separation technology

Membranes are a selective barrier that allow the permeation of some matter but block
others.[99, 100] There are both biological and synthetic membranes. Biological membranes
include cell membranes, nuclear membranes and tissue membranes. Synthetic membranes are
man-made and used in laboratories and industry. With regards membrane technology for water

treatment, only synthetic membranes are discussed in this study.

Synthetic membranes can be subdivided into symmetric and asymmetric membranes. The
development of asymmetric membrane is the breakthrough for industrial applications.[101]

Thinner membrane generates higher permeation. Asymmetric membranes are composed of a
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dense and thin selective layer (high rejection and permeation) and a porous support layer (good
mechanical property). The modern membrane separation industry started in 1960s with the
development of interfacial polymerization and multilayer composite coating. The Loeb-
Sourirajan process made defect-free, high flux reverse osmosis membranes with 10 times
higher flux than any membrane at that time.[102, 103] During 1970s and 1980s, microfiltration,
ultrafiltration, reverse osmosis and electrodialysis processes were all established. In 1980s,
membrane processes were applied for industrial gas separation. More recently from mid-1990s,
microfiltration / ultrafiltration processes have been developed as reliable and economical
systems for the treatment of municipal water sources and for sewage treatment integrated in
membrane bioreactor. Nowadays, membrane technology is very promising for water treatment

which has been widely applied.
Fabrication

Either inorganic or organic materials can be used for preparing membranes. The
manufacturing technique aims to fabricate membranes with certain structure or morphology
for a specific separation. Among the techniques developed, some of them are more important
and have been commonly used, including sintering, track-etching, phase inversion, sol-gel
process, vapor deposition and solution coating.

Sintering. The sintering method is a two steps process involves compressing powders and
sintering at elevated temperatures.[104, 105] The material used in this process normally has
outstanding chemical, thermal and mechanical stability, such as powders of polymers, metals,
graphite and glass. The sintering temperature depends on the material used. During sintering,
the interfaces between powders “melt” to form a continuous and porous membrane. The pore
sizes of this membrane is about 0.1-10 um, and depends on the particle size of powders, while
the porosity is 10 to 20 %. The sintering method can prepared microfiltration membranes.

Track-etching. Using this method, a porous membrane with an assembly of parallel cylindrical
pores of uniform dimension can be fabricated. The preparation method starts with a dense film,
followed by a high energy particle radiation vertically applied on the film, and etching with
acid or alkaline solution.[106-108] The radiation particles create tracks in the matrix, and then
the acid or alkaline etches along these tracks to form uniform cylindrical pores. The radiation
time determines the porosity, while the etching time determines the pore diameter. The surface
porosity of membranes obtained using this method is low, usually not higher than 10%. The

pore size ranges from 0.02 to 10 pum.
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Phase inversion. Phase inversion is the most commonly used and versatile technique for
fabricating filtration membranes. Phase inversion is a process to transform polymer from liquid
state to solid state, which includes a range of different techniques, such as solvent evaporation,
evaporation-controlled precipitation, thermal precipitation, precipitation in vapor phase and
immersion precipitation.[99] Solvent evaporation is to evaporate the solvent of the liquid
polymer solution cast on a suitable support, in an inert and dry atmosphere to obtain a dense
and homogeneous membrane. In the vapor phase precipitation process, the casted liquid
polymer film is precipitated in an atmosphere with saturated nonsolvent vapor. The membrane
forms due to the penetration of nonsolvent into the polymer film, resulting in the formation of
porous membrane.Most of the membranes prepared in lab or for commercialization are phase
inversion membranes obtained by immersion precipitation. In this process, a casted liquid
polymer solution film is immersed in a nonsolvent / coagulation bath.[109-111] The exchange
of solvent and nonsolvent precipitates the polymer to be a porous membrane.
Solvent/nonsolvent pair is an important factors affecting the membrane structure. Water is
often used as a nonsolvent. Polymer concentration, evaporation time, humidity, temperature
and casting solution composition are also parameters determining the membrane performance.

The obtained membrane can be used directly or for post treatment.

Coating. As mentioned above, thinner membrane generates higher water flux. To increase the
water flux, composites membranes with a porous support layer and a very thin selective layer
are desired. Thus, the support layer and selective layer can be optimized independently for
optimal performance, such as permeation, selectivity, stability and mechanical properties. The
support layers are often asymmetric membranes obtained from phase inversion. Coating
procedures such as dip coating,[112, 113] spray coating, spin coating,[114, 115] grafting,
plasma polymerization, interfacial polymerization and in situ polymerization[116, 117] can be

applied to prepare these membranes.

In the case of dip-coating, an asymmetric membrane is firstly immersed in a low concentration
coating solution containing polymer, monomer or crosslinker, and then coated membrane is
placed in oven to evaporate the solvent and crosslink it.[113] Membranes prepared by dip-
coating are used in reverse osmosis, gas separation and pervaporation. In the interfacial
polymerization process, the reaction occurs on the active surface of support layer between two
very active monomers dissolved in two immiscible solvents. Amine and acid chloride /
isocyanate are usually used as the active monomer pair. A polymer film thinner than 50 nm

can be obtained through this technique.
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Characterization of membranes

The properties of membrane determines its applications. Membranes need to be characterized
for a specific process. Based on the morphology and structure, there are porous and nonporous

membranes.

Porous membrane. The characterization of porous membrane includes structure related
parameters and permeation related parameters. The structure related characterization includes
the determination of pore size, pore distribution, selective layer thickness and the surface
porosity. These can be characterized by scanning electron microscopy, permeation
measurement, solute rejection measurement, bubble point method, mercury intrusion
porometry and so on. The permeation related parameters are flux and molecular weight cut-off
(MWCO). Normally, dead end cells are used to measure the flux by applying a certain pressure.
In the molecular weight cut-off measurement, a series of molecules with increased molecular
weight are permeated through the relevant membrane. Cut-off is the molecular weight that is

> 90 % rejected by the membrane.

Nonporous membrane. Nonporous membrane separates molecular size substances. Normally,
gas permeability is used for the characterization. Other physical properties such as glass
transition temperature, crystallinity and density are used for better understanding concerning
permeability through the nonporous polymeric membrane. The thickness of selective layers
can be determined by plasma etching. Surface properties of the selective layer can also be
determined by electron spectroscopy, X-ray photoelectron spectroscopy, secondary ion mass

spectrometry and auger electron spectroscopy.
Types of membrane processes

Membrane filtration has been proven to be one of the most promising separation techniques.
Separation occurs when an appropriate driving force is applied. The driving forces are pressure
difference, concentration difference, osmotic pressure difference, temperature difference and
electrical potential difference. According to the pore size and rejection of relevant membrane,
membrane processes for water treatment can be divided into microfiltration, ultrafiltration,
nanofiltration, reverse osmosis and forward osmosis (Figure 2.4),[99] they have increased
rapidly over the past decade. Figure 2.5 shows the process of membrane filtration, the
membrane selectively retains some solutes, while water permeates through under applied

pressure or osmotic pressure.
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Figure 2.5 Schematic of membrane filtration.

Microfiltration (MF). The pore sizes of microfiltration membrane is between 10 to 0.05 um,
the applied pressure ranges from 1 to 4 bar, normally lower than 2 bar.[99] Microfiltration

membranes are suitable for filtering out suspended solids, emulsions and bacteria.

Microfiltration membranes can be prepared from organic or inorganic materials by sintering,
sol/gel process, anodic oxidation, stretching, track-etching and phase inversion. Organic
materials include polymers, such as polytetrafluoroethylene (PTFE), poly (vinylidene fluoride)

(PVDF), cellulose esters and polycarbonates. Inorganic materials are mainly ceramics such as
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alumina, zirconia, titania and silicium carbide. Inorganic membranes are more favorable than

polymer ones, due to the outstanding chemical and thermal resistances.

In terms of industrial applications, microfiltration is mainly used to separate impurities with
a particle size large than 0.1 um from liquid. A number of applications of microfiltration have
been proven to be efficient:[118-120] 1) sterilization and clarification of beverages and
pharmaceuticals under mild conditions, 2) cell harvesting, 3) metal recovery as colloidal oxides
and hydroxides, 4) removal of large particles during water treatment or ultrapure water

production, 5) wastewater treatment, 6) oil-water emulsion separation and so on.

Ultrafiltration (UF). The pore sizes of ultrafiltration membrane are between 1 nm to 0.05 um.
Compared to microfiltration membrane, ultrafiltration membranes have a much denser
selective layer, resulting in a much higher hydrodynamic resistance. Thus, the applied pressure
(driving force) of ultrafiltration process is higher, between 1 to 10 bar. Ultrafiltration membrane
is typically used for retaining macromolecules and colloids from a solution.

Ultrafiltration membranes are mostly an asymmetric polymer membrane prepared by the
phase inversion process.[121] Some of the polymeric materials used for UF membrane
preparation are polysulfone, poly (ether sulfone), sulfonated polysulfone, poly (vinylidene
fluoride), polyacrylonitrile, cellulosics, polyimide, polyetheretherketone and so on. Some
inorganic materials such as alumina and zirconia can also be used for UF membrane
preparation. Ultrafiltration membranes are often used as porous support for preparing
membranes for nanofiltration, reverse osmosis, forward osmosis and gas separation.
Applications can be found in the field such as dairy and food industry, oil water emulsion
separation, electropaint recovery, textile industry, pharmaceutical industry, paper industry,

leather industry and water treatment.[122, 123]

Nanofiltration (NF). The pore sizes of nanofiltration membrane should be less than 10 nm, the
applied pressure ranges from 10 to 40 bar. Nanofiltration membrane is permeable to solvent
but reject solutes, which separates small organic molecules and multivalent inorganic salts from
a solvent. High pressures applied in this process are due to the high hydrodynamic resistance

caused by dense selective layer and the osmotic pressure of the feed solution.

Water flux and selectivity are both vital factors determining the performance of nanofiltration
membranes. For a given material, the flux is inversely proportional to the membrane thickness.
Both integral asymmetric membrane and thin film composite membrane are used as

nanofiltration membrane.[124, 125] The materials suitable for preparing integral asymmetric
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membrane by phase inversion are cellulose esters, aromatic polyamides, polybenzimidazole,
polybenzimidazolone, polyamidehydrazide and polyimides, which show high selectivity
towards salt. The thin film composite membrane is manufactured by coating a thin layer on a
porous support which is mainly ultrafiltration membrane obtained from phase inversion.
Coating techniques include dip coating, in situ polymerization, interfacial polymerization and

plasma polymerization, and interfacial polymerization are the most preferred.

Nanofiltration membranes are not sufficient to retain monovalent ions such as Na* and CI-,
but can be effectively remove multivalent ions and low molecular compounds. The main
applications of nanofiltration membrane are desalination of brackish water, removal of

micropollutants, water softening, wastewater treatment and dyes removal.[126, 127]

Reverse osmosis (RO). The pore sizes of reverse osmosis membrane is about 1 nm or lower,
the applied pressure ranges from 30 to 60 bar. Only solvent permeates through the reverse
osmosis membrane, indicating that RO process separates all solutes include monovalent ions

from solvent. The rejection of monovalent ions in RO process can be greater than 98 %.

Reverse osmosis membrane are also integral asymmetric membrane and composite
membrane.[128] To increase the permeation, the dense selective layer should be thinner. The
RO membrane materials are cellulose triacetate, aromatic polyamide, polyamide and poly
(ether urea), similar with those of nanofiltration. Most composite membranes are prepared by

forming a dense thin film by interfacial polymerization on an ultrafiltraion membrane.[129]

RO process are used for solvent purification and solute concentration. The main applications
are desalination of brackish and seawater, production of ultrapure water, food and milk

concentration in industry.[130, 131]

Forward osmosis (FO). The pore size of forward osmosis membrane is similar to that of the
RO membrane, less than 1 nm that only solvent permeates. Osmosis is the movement of solvent
molecules across a semipermeable membrane from a region of lower solute chemical potential
to a region of higher solute chemical potential. Osmotic pressure is the minimum pressure
applied to prevent transport of solvent across the membrane. In the FO process, a
semipermeable membrane is placed between a draw solution with higher osmotic pressure and
a feed solution with lower osmotic pressure, as shown in Figure 2.6.[132] The osmotic pressure
difference between draw solution and feed solution acts as the driving force of this process
instead of pressure. In contrast, RO and other pressure driven processes need an applied

pressure to overcome the osmotic pressure of feed and the hydrodynamic resistance of the
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membrane. Thus, the forward osmosis process has great potential to reduce the energy cost for

water treatment.

Semipermeable Semipermeable

10-150 bar
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Figure 2.6 Illustration of the reverse osmosis and forward osmosis processes.

In the 1970s, RO membranes were used for the study of forward osmosis process. However,
the water flux is much lower than expected. Until the 1990s, Hydration Technologies Inc.
developed a commercial FO membrane made of cellulose triacetate (CTA). The desired FO
membrane would have these characteristics: [133-135] 1) a dense selective layer for high solute
rejection, 2) a thin support layer with minimum porosity for low internal concentration
polarization, 3) hydrophilicity for higher permeation and fewer fouling problem, and 4) high
mechanical strength and chemical stability. Except for the FO membrane, the draw solution is
the other vital component determining the performance of the process. Some key characteristics
of a good draw solution are: 1) high osmotic pressure to generate high water flux, 2) minimal
reverse draw solute, 3) low toxicity, 4) easy recovery of water and regeneration, and 5) low
cost. There are many different draw solutions studied, including salts, fertilizers, saccharide,
hydrogel, hydrophilic particles, polyelectrolyte, hydrogel etc. A proper draw solution not only
promotes the performance of FO process, but also reduces the cost of it.

The forward osmosis process has been studied for a series of applications in water purification,
pharmaceutical industry, food processing and power generation. With regards to waste water
treatment and water purification, it can be applied for concentration of dilute industrial
wastewater,[136, 137] landfill leachate and digested sludge liquids,[138] and designing
hydration bags.[139] Forward osmosis process is ideal for seawater desalination if proper draw
solution found.[140, 141] In food processing, FO is studied to concentrate beverages and liquid
foods. In the pharmaceutical industry, FO can not only be used to concentrate sensitive

products, but also for designing osmotic pumps for the controlled release of drugs.[142, 143]
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2.2 Stimuli Responsive Polymeric Materials

“Smart” or responsive polymer materials respond to their surrounding environment by
changing their physicochemical properties, such as regulating the transport of ions and
molecules, changing wettability and adhesion of different species on external stimuli, or
converting chemical and biochemical signals into optical, electrical, thermal and mechanical
signals, and vice versa (Figure 2.7).[144] In addition to the fundamental interest, responsive
materials are playing an increasingly important role in a variety of applications, such as drug
delivery, tissue engineering, biosensors and coatings, as well as emerging environmental
applications.[145] The introduction of responsive ability or “smartness” endows a material or
device with multiple synergistic and advanced functions, broadening its applications and

improving its performance.
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Figure 2.7 Definition of responsive polymeric materials.

2.2.1 Type of responsive polymers

Stimuli responsive materials have been made which respond to a range different stimuli
source have been developed, including temperature, pH, light, electricity, magnetic field,

ultrasound, and biological matters.

Thermo-responsive

These materials respond significantly to small temperature changes. Poly (N-isopropyl
acrylamide) (PNIPAM), as the most studied thermo-responsive polymer, decreases water
solubility as temperature increases, the temperature that changes the polymer solubility
dramatically called lower critical solution temperature (LCST).[146, 147] This type of swelling
behaviour is known as inverse (or negative) temperature-dependence. Figure 2.8 shows the

chemical structures of LCST polymers. Polymers with LCST are made of polymer chains that
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either possess moderately hydrophobic groups or contain a mixture of hydrophilic and
hydrophobic segments. For PNIPAM, at lower temperatures, hydrogen bonding between
hydrophilic segments (amide groups) of the polymer chain and water molecules dominate,
leading to enhanced dissolution in water.[148] As the temperature increases, hydrophobic
interactions among hydrophobic segments (isopropyl groups) become strengthened, while
hydrogen bonding becomes weaker, resulting in shrinkage of the polymer chains.

The LCST of polymers can be altered by incorporating hydrophilic or hydrophobic
segments.[149] For example, the LCST of PNIPAM decreases when copolymerized with
hydrophobic monomer, and increases with hydrophilic monomer. However, the introduction
of other monomers may affect the sensitivity of the thermo-responsive copolymer. By
controlling the polymer topology, the kinetics of the coil-to-globule transition can also be
controlled. NIPAM copolymers grafted with oligoNIPAM or PEG show a fast response to
temperature changes. The grafted short chain of oligopNIPAM in the former case contributes to
rapid dehydration while PEG provides the water channel for fast rehydration.[150, 151] There
are other polymers exhibit inverse-temperature dependence, most notable are poly (N-
vinylcaprolactam) (PVCL), poly (organophosphazene) (PPZ), PEG, poly (ethylene oxide)
(PEO), and poly (propylene oxide) (PPO).[146]
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Figure 2.8 Chemical structures of LCST polymers. [146]

In contrast, positive temperature polymers are defined by their upper critical solution
temperature (UCST). This kind of polymer swells at high temperature. At relatively lower
temperature, a complex structure with hydrogen bonds is formed, when temperature increases,
this structure dissociates due to the breaking of hydrogen bonds, thus the polymer swells
rapidly above UCST. The combination of acrylamide and acrylic acid is positively temperature
dependent.[152]
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pH-responsive

pH-responsive polymers undergo structural and property changes such as surface activity,
chain conformation, solubility and configuration in response to solution pH. The pH-sensitive
polymers contain pendant acidic or basic groups that either accept or release protons in
response to changes in environmental pH. In general, pH-responsive polymers made with basic
monomers act as cationic polymer in acidic condition, while those made with acidic monomers

act as anionic polymer in basic conditions.

The pH-responsive acidic polymers may have acidic group such as carboxylic groups,
sulfonic acid, phosphoric acid, boronic acid, or aminoacid.[153] Poly (acrylic acid) (PAA) and
poly (methacrylic acid) (PMAA) are the most widely reported pH-responsive polymers with
carboxylic groups. The most studied responsive polymers made with sulfonic acid are poly (2-
acrylamido-2-methylpropane sulfonic acid) (PAMPS) and poly (4-styrenesulfonic acid)
(PSSA).[154] The pH-responsive basic polymers contain tertiary amine groups, morpholino,
pyrrolidine, piperazine, pyridine, imidazole groups, or dendrimers. The most preferred basic
pH-responsive polymers are tertiary amine methacrylate based polymers, such as poly [(2-
dimethylamino) ethyl methacrylate] (PDMA), poly [(2-diethylamino) ethyl methacrylate]
(PDEA) and poly [(2-diisopropylamino) ethyl methacrylate] (PDPA).

The presence of ionizable groups on polymer chains results in swelling of the hydrogels much
beyond that can be achievable by non-electrolyte polymer hydrogels.[155] Since the swelling
of polyelectrolyte hydrogels is mainly due to the electrostatic repulsion among charges present
on the polymer chain, the extent of swelling is influenced by any condition that reduces the

electrostatic repulsion, such as pH, ionic strength, and type of counter ions.[156]
Photo-responsive

Light is an inexpensive and sustainable source of energy. It is straightforward and non-
invasive to use light to induce responsive behaviour. Photo-responsive polymers are
macromolecules that change their physiochemical properties in response to light irradiation of
appropriate wavelength and intensity.[157, 158] Their response leads to a light triggered self-
assembly, surface modification or patterning, swelling behaviour, shape change and
fluorescence emission of a material, opening a door for their use in reversible optical storage,
polymer viscosity control, photomechanical transduction/actuation, protein bioactivity
modulation, tissue engineering and drug delivery.[159] Typically, these changes are caused by
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the light-induced structural transformations of specific functional groups along the polymer
backbone or side chains. Chemical structures of photo-responsive moieties are shown in Figure

2.9. The most extensively studied photo-responsive polymers are azobenzene-based and

Spiropyran
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Figure 2.9 Chemical structures of moieties for synthesis of photo-responsive polymers.[160]
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Azobenzene is a chromophore with cis-to-trans isomerisation under irradiation, accompanied
by a fast and complete change in electronic structure, geometric shape and polarity. The more
stable trans-azobenzene is nonpolar, while the cis-form is polar.[158] By incorporating
azobenzene derivatives, functionalities such as switchable shape, polarity and self-assembly
can be introduced into the material.[161] Azo chromophores have been introduced into many
polymeric systems, such as epoxy based polymer, polypeptides, poly (N-hydroxypropyl
methacrylamide), PAA, PNIPAM etc. That endows the material photo-switchable
morphology,[162] surface properties[163] and polymeric aggregates[164] in solution. In
addition, azobenzene groups can also be used to control the assembly of supramolecular

polymers, generate a photomechanical effect and cause macroscopic motion.[165]

Spiropyran is a phytochrome that isomerized between spiropyran- (SP) and merocyanine-
(MC) forms under stimuli. Spiropyran is relatively nonpolar and has no charge, while
merocyanine is polar and zwitterionic. Spiropyran is isomerized to merocyanine under UV
light irradiation, and merocyanine changes to spiropyran upon visible light irradiation or
heat.[166] Spiropyran has been introduced to prepare photo-responsive polymers with
PAA,[167] PHPMA[168] and PNIPAM.[169]
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Other than photo-responsive behaviour based on light-induced isomerisation, another
mechanism can also be stimulated by polarity changes from cleavage of photo-labile esters that
give birth corresponding alcohol and acid components, such as pyrenylmethyl chromophores

and pyrenylmethyl esters.
Electro-responsive

Electro-responsive polymers change their size and shape by swelling or shrinking in response
to an applied electric field. Transforming the electric signal into a physical response by a
polymer generally relies on the collapse of a gel, electrochemical reactions, electrically
activated complex formation, ionic polymer-metal interactions, electrorheological effects, or
changes in electrophoretic mobility.[170] These polymers can be ionic or dielectric. The
responsive mechanism of ionic polymer is that the mobility of free ions driven by electric field
changes the local ion concentrations in a solution or within a material, resulting in gel
deformation. The deformation of dielectric material is induced by electrostatic forces between

two electrodes.

Polyelectrolyte hydrogels are ionic electro-responsive polymers. Under electric fields, the
mobile, charged ions migrate toward cathode or anode, resulting in anisotropic swelling or
deswelling of the gel. Natural polymers such as chitosan, chondroitin sulfate, hyaluronic acid
and alginate, and synthetic polymers based on vinylalcohol, allylamine sulfonic acid, aniline,
2-hydroxyethyl methacrylate, methacrylic acid, acrylic acid and vinyl sulfonic acid have been
employed as an electro-responsive polymer.[171] In addition, an interpenetrating polymer
network hydrogel and copolymer hydrogel combing natural and synthetic component has also
been developed.[172] The bending rate and angle of the responsive polymer hydrogel is
characterized for different ionic strengths of the medium and magnitude of applied voltage to
determine the responsive ability. lonic electro-responsive polymers require low actuation
voltages, but also exhibit low deformations and response rates, and they are usually performed
under wet conditions. lonic polymer-metal composites show large bending strains under low

actuation voltages, which is very promising for actuators and sensors developments.

Dielectric polymers exhibit fast response and high deformations with high actuation fields,
and they are operated in dry conditions.[173] Poly (vinylidene fluoride)-based, polyacrylates
based-, and silicone-based non-ionic polymers with the presence of additional charge carrier

or polar component have been employed as electro-responsive materials.[174]
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Magneto-responsive

Magneto-responsive polymers can be prepared by introducing magnetic components within a
crosslinked network by physically entrapping or covalently immobilizing these units. The
distortion of shape and size occurs reversibly in the presence of non-uniform magnetic field.
Potential applications of these materials are using as soft biomimetic actuators, sensors, cancer
therapy agents, artificial muscles, switches, separation media, membranes and drug delivery
systems. The physical combination of magnetic (nano) particles and polymers has been well
documented, [175-177] such as PNIPAM and Fe3Os. These magnetic particles can be Fe3O4
and ferromagnetic cobalt nanoparticles. Over last decade, organometallic polymers have
attracted great attention by combining the valuable properties of metals and organic polymers,
opening new avenues in multi-responsive or multi-functional. Some examples of
organometallic polymers are oxanorbornene-based cobalt-containing diblock copolymer,
norbornene-based triblock copolymer comprising cobalt, pyrene and PEG-folate as pendant
groups and poly (4-(phenylethynyl)styrene)-b-PEO-b-poly(4-(phenylethynyl)styrene) (PPES-
b-PEO-b-PPES)  triblock copolymers functionalized with Co2(CO)s.[178-180] The
development and exploration of all-organic magneto-responsive materials will pioneer a new

realm.
Ultrasound-responsive

Ultrasound is a high frequency sound waves that can be generated by mechanical oscillations
of a piezoelectric material, produced by applying an alternating current. Ultrasound has been
proven to be an effective stimuli that can be applied on demand and on site. The interaction
between ultrasound and a certain substance can induce thermal and cavitation effect. Thermal
effect is caused by the transfer of acoustic energy to the substance, resulting in temperature
rise. The cavitation effect generates gas bubbles in the substance as a result of the ultrasound
vibration. [181, 182] Transient bubble collapse generates local shock, which is considered the

main source for chemical and mechanical effects of ultrasonic energy.

Unlike polymers that can be triggered by other stimuli, ultrasound responsive polymers do
not have a specific or common characteristic. Generally, those materials which respond to
ultrasound are gels and other non-swollen macroscopic solids, polymeric micelles or layer-by-
layer coated microbubbles. The characterization of the ultrasound responsiveness of a polymer
is normally proceeded in an applications. The most studied application is ultrasound-induced

drug release. The drug release rate of copolymers from biodegradable polymeric materials,

37



Chapter 2 Literature Review

such as polyglycolides, polylactides, and poly [bis(p-carboxyphenoxy)alkane] anhydrides, and
sebacic acid and non-biodegradable ethylene-vinyl acetate, have been studied, and
demonstrated that the release kinetics enhanced significantly with increasing ultrasound
intensity.[183-185] This is due to the acceleration of the degradation of biodegradable
polymers by ultrasound. Ultrasound can also used to destabilize the supramolecular polymer

assemblies and coat stabilized microbubbles on a polymer.
Biologically responsive

The biologically responsive materials respond to biological small molecules or bio-
macromolecules. The responsiveness arises from the interaction between biological species
and the functional groups of responsive material, or the conjugation of synthetic polymer and
biological component.[171] Taking advantage of responding to natural systems, the
biologically responsive materials are promising for controlled drug delivery, bio-sensing /
diagnostics, smart films / matrices for tissue engineering, or in situ construction of structural
networks. The biological stimuli can be that they are glucose-, enzyme-, antigen- and redox /
thiol- responsiv.

Glucose-responsive polymers are of great importance in developing smart delivery systems
for insulin delivery which is triggered by a rise in blood glucose levels, aiming to treat diabetes
mellitus. The glucose-responsive materials are mainly based on the glucose oxidase (GOx)-
based reaction of glucose with oxygen. Glucose responsiveness is caused by the interaction of
the responsive polymer with the byproducts (gluconic acid and H>O2) from the enzymatic
oxidation of glucose. Thus, a pH responsive polymer is usually loaded or conjugated with GOx
to prepare a glucose-responsive polymer. pH-responsive polymers like poly(acrylic acid),[186]
poly (methacrylic acid),[187] and some polybase such as poly(2-hydeoxyethul methacrylate),
poly(N-isopropyl acrylamide) and their copolymer [188-190] have been integrated with GOx
to obtain glucose-responsive polymers. Poly (ethylene glycol) (PEG) and chitosan have also
been studied to increase the biocompatibility.[191, 192] The glucose responsiveness can also
be achieved by the binding of glucose with concanavalin A (ConA) [193] and the reversible
covalent bond of glucose and boronic acids.[194] In the glycopolymer-ConA complex, ConA
tends to crosslink or aggregate the glycopolymers, however, the binding of saccharide and
ConA can disrupt the aggregation, resulting in the release of insulin. Boronic acids can
reversibly complex with sugars, and are able to change their water solubility under different
pH or diol concentrations.
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Enzyme-responsive materials are usually applied for the in situ formation of hydrogels by an
enzyme triggered reaction, which shows potential in tissue engineering and drug delivery. They
can be fabricated by incorporating functional groups that react under enzymatic conditions.
[195] Proteases are widely employed as the enzyme in the reactions. Antigen-responsive
polymers swell and deswell upon the addition of antigen. This kind of materials are prepared
by incorporating antigen and antibody in a polymer, while the binding of antigen and antibody
crosslinks the polymers. When the antigen is added into the system, it binds with antibody of
the polymer, triggering swelling.[196] Redox / thiol-responsive polymers contain disulfide
linkages in the backbone or in the side chain. Disulphide bonds can be reversibly converted to
thiols upon various reducing agents, changing the solubility and swelling state of the polymer.
By taking advantage as the most abundant reducing agent in most cells, glutathione (GSH) has
been utilized to design redox / thiol-responsive drug delivery system to release therapeutics in
the cell.[197, 198]

2.2.2 Applications

The development of stimuli responsive materials is driven by a desire to mimic nature. To
date, this kind of material shows great potential and increasing importance in a diverse range
of applications (Figure 2.10), such as controlled drug delivery, diagnostics, tissue engineering,
sensors and biosensors, environmental remediation, chemo-mechanical actuators, as well as
microelectromechanical systems, textiles and coatings.[144, 145] Stimuli responsive materials
can not only applied itself as a functional material in a process, but can also be used to multi-
functionalize some other kinds of raw materials for advanced applications. The application of

stimuli responsive materials can be different due to different environmental stimuli.

Thermo-responsive polymers have been applied for the development of polymeric
temperature sensors, to control the proximity of side-chain functionalities, to control the
osmotic pressure of a polymer solution so that induce a reversible movement of water through
a semi-permeable membrane, for the collection of water from fogs and recovery, for passive
cooling building over water absorption and release upon different temperatures,[202] and for

the preparation of hydrogels for a specific use.[140]

Due to the pH variations along the gastrointestinal (GI) tract, pH-responsive polymers are
very promising for biology applications.[203] In the Gl tract, the pH value of stomach is around

2, and pH 7 within colon, then up to pH 8.2 in duodenum. Thus, one of the most favourable
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applications is drug delivery. Other applications also show great potential for practical usage,
such as non-viral gene carriers for incorporating naked DNA into the cells, and biosensors for

accurate dosing during drug delivery or else.
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Figure 2.10 Several applications of stimuli responsive material. (a) Charged gel walker, (b)
drug delivery, (c) sensor.[199-201]

The photo-responsive materials have been studied extensively for various applications due to
the intrinsic advantages of light over other kinds of stimuli, such as non-invasive, straight
forward, remote control, sustainable, accurate on site dosing etc.[204, 205] It has been used for
controlled drug delivery, fabricating functional micropatterns onto substrates by selective light
exposure, preparation of hydrogel that may further suitable for drug / gene delivery,
photography, paints / coatings, scaffolds, biosensors or actuators, and manufacture of
photodegradable materials, photo-switchable liquid crystalline elastomers (LCESs) for remote

actuation etc.

Electro-responsive polymers show expanding scientific and technological importance for
applications in biomechanics, robotics and artificial muscle actuation, sensing, energy
transduction, sound dampening, chemical separations, controlled drug delivery, optical

systems, and energy harvesting.

The study of magneto-responsive materials is mainly focus on the synthesis. The applied
external magnetic field can adaptively change the physical properties of magneto-responsive
materials, resulting in shape distortion. It attracts significant attention for use as soft biomimetic
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actuators, sensors, cancer therapy agents, artificial muscles, switches, separation media,

membranes and drug delivery.

The most favourable applications of biologically responsive materials are controlled drug
delivery, but are used in other applications like biosensing / diagnostics, cell support, injectable
scaffolds, and tissue engineering.

As a bridge connecting synthetic materials and devices and nature, most of the applications
of stimuli responsive materials are bio-related. The exploration of the fundamental science and
advanced applications of stimuli responsive material will lead to new, relevant processes in a

“smarter” new era.

2.3 Responsive Materials for Water Treatment

Recently, responsive materials have been introduced in the water treatment process,
responsive membrane, responsive forward osmosis draw agent and responsive adsorbent have
emerged, and gaining increasing concern in recent decades. The development of smart
membranes has been realized for the controllable separation process, and to produce anti-
fouling membrane and biomimetic membrane. Smart draw agents, which can recover water
with lower energy cost, lights the future of forward osmosis desalination process. The
responsive adsorbent that can be regenerated and recycled by stimuli, especially by physical
stimuli, is ideal for resource reclamation from contaminated water or water softening. Such
smart water treatment systems with self-cleaning, self-refreshing, energy-saving, or
controllable separation abilities will improve the efficiency of many technological processes,

and they have strong potential for future applications.

2.3.1 Responsive membrane

As the responsive material provides the membrane with responsiveness, it responds to
external stimuli, and thus the flux, solute selectivity and wettability become tunable via changes
in conformation of polymer chains. It is envisaged that combining various stimuli-induced
molecular level changes with versatility of membrane design would unlock the potential of
smart responsive membranes not only with better performance but also with unprecedented
functionalities for a wider range of applications. [206] For example, as has been learnt from
low-fouling surfaces in nature, the “self-cleaning” membrane could be fabricated with tunable
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or responsive properties, because the change in configuration between hydrophilic and

hydrophobic state can lead to desorption of absorbed solutes.

Stimuli-responsive membranes have a large number of previously established applications
and many more potential applications, where they are key components in complex technical
systems such as sensors, separation processes, and drug delivery devices. Increasing demand
has driven the development of responsive membranes. There are four essential elements of
smart membranes: [207] (1) responsivity of smart membranes changes in environmental
stimuli; (2) stability of the smart membrane processes; (3) reversibility of the response of smart
membranes to the environmental stimuli; (4) reproducibility of smart membrane materials and

processes.

Fabrication

According to the stimuli source, there are mainly seven types of responsive membranes,
including thermally responsive, pH-responsive, photo-responsive, electric field-responsive,
magnetic field-responsive, glucose-responsive and ionic strength-responsive membrane.
Responsive membranes responding to different stimuli often have similar fabrication methods.
[208] They can generally be fabricated by 1) processing the stimuli responsive materials
(polymers or copolymers) into membranes, or 2) modification of existing membranes by

physical / chemical methods to introduce stimuli responsive materials.

The membrane processing approach enables the stimuli responsive membranes with desired
mechanical properties, pore structure, barrier structure and layer thickness to be made. The
membrane processing methods for the preparation of membranes from stimuli responsive
materials include radiation induced in situ formation, solvent casting, interpenetrating networks
(IPNs) and phase inversion. In the radiation-based method, a mixture solution with monomers
and crosslinkers is coated on a porous film, followed by radiation to initiate the polymerization,
resulting in a film formed. In the solvent casting method, stimuli responsive polymers are
dissolved in solvent before casting on a flat glass plate, and allowing solvent evaporation. The
free-standing membranes obtained are dried and crosslinked. For preparation of
interpenetrating networks, a stimuli responsive monomer is polymerized within a crosslinked
network in the presence of crosslinker and initiator. The IPNs membrane shows good
mechanical strength due to the high levels of crosslinking. Phase inversion can also be applied
to prepare responsive membrane by immersing the casting solution of stimuli responsive

polymer in an appropriate non-solvent to enable the membrane formation.
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By surface modification, the useful properties of base membrane are preserved, and
responsive properties are introduced to the membrane. There are two modification approaches
employed for membrane functionalization, the “grafting to” and “grafting from”
technique.[209] Grafting is an important and widely used method to incorporate functional
moieties to the membrane. The “grafting to” technique incorporates terminal functionalized
small molecules or large marcomolecules onto the membrane surface. The “grafting to”
functionalization can be achieved by physical adsorption or chemical grafting. By physical
adsorption, a stimuli responsive polymer coating is formed on the membrane, which is done
by soaking a raw membrane in a polymer solution and allowing it to dry before annealing to
strengthen the attachment of coating to membrane. By chemical grafting, terminal
functionalized molecules / marcomolecules are activated by accelerator or catalyst to
immobilize the (marco) molecules on to the membrane surface. The “grafting from” technique
initiates the polymerization of stimuli responsive monomer and / or crosslinker on the
membrane surface, thus the polymer chains grow from initiator site on membrane surface. The
“grafting from” technique includes two steps: immobilization of initiator onto the membrane
surface, and activation of the initiator to trigger the polymerization of monomer. According to
different activation approach, this modification methods can be divided to photo-initiated (UV
and non-UV) grafting, redox-initiated grafting, plasma-initiated grafting, thermal grafting,
atom transfer radical polymerization (ATRP) and reversible addition-fragmentation chain

transfer (RAFT) polymerization.

Fundamental study

The current research of responsive membranes is mainly focussed on fundamental studies,
including the change of flux and solute selectivity, and the on-off state for different stimuli.
Stimuli responsive membranes can be classified as porous and non-porous membranes,

according to their morphology.

Porous membrane. Reber et al. prepared thermally responsive ion track membranes by
chemically grafting poly (N-isopropyl acrylamide) (PNIPAM) hydrogel onto the single/multi-
pore ion track membranes of poly (ethylene terephthalate) (PET).[210] It was found that the
incorporation of the hydrogel into the pores does not influence the phase transition temperature.
The bovin insulin permeation in the open state was 35 times above the level of the closed state.
In the open state, the transport rates of the solvent and the solute were identical implying that

the free space in the open pores was larger than the size of the permeating bovine albumin
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molecules (about 7.3 nm) and is not molecular selective. Choi et al. developed a temperature-
responsive membrane by grafting PNIPAM onto porous PP films for separations based on
solute hydrophobicity. [211] The water permeability of the membrane was temperature-
dependent, lower water flux at temperatures below LCST, and higher water fluxes at
temperature above LCST. Solutions containing hydrophobic and hydrophilic solutes were
supplied continuously to the feed side, while the membrane temperature was altered. It was
found that above LCST, only the hydrophobic solutes were adsorbed onto the membranes,
while the hydrophilic solutes permeated through the pores. By changing the temperature to
below LCST, the adsorbed hydrophobic solutes desorbed from the membranes. Thus, with
stepwise temperature change below and above LCST, specific solutes could be concentrated
and purified on the permeate side. Ito et al. designed nanopores, pH-responsive membranes by
self-assembly of ionizable polypeptide brushes on a gold-coated porous membrane.[212] At
low pH, poly (L-glutamic acid) (PLGA) chains are protonated and folded forming a-helical
structures that lie on the surface; at higher pH, they are deprotonated forming extended random
structures that extend into the solution. It was observed that the modified membranes were
dependent on pH, with high permeation at low pH and low permeation at near neutral pH.
Chung et al. grafted copolymerization of spiropyran-containing methacrylate (SPMMA) and
acrylamide (AM) on to the surface of a porous polytetrafluoroethylene (PTFE)
membranes.[213] It was found that the permeability of a water-methanol mixture through the
modified membranes was increased by UV irradiation, but decreased by visible light irradiation.
Chu et al. fabricated a temperature-responsive core-shell microcapsule with a porous outer
membrane and PNIPAM gates by using plasma-graft pore-filling polymerization.[214] As
shown in Figure 2.11, at low graft yields, the release rate was higher at temperatures above the
LCST than at temperatures below the LCST, due to pore opening controlled by the PNIPAM
gates. In contrast, at high graft yields, the release rate was lower at temperatures above the
LCST than at temperatures below the LCST, because the pores were fully blocked and a
PNIPAM layer covered the entire capsule surface.

Non-porous membrane. Yamakawa et al. Prepared temperature-responsive charged
membranes from the polymer mixture of poly (vinyl alcohol) (PVA), in situ polymer of N-
isopropyl acrylamide (NIPAM) and PVA, and a polyanion (poly (vinyl alcohol-co-2-
acrylamido-2-methylpropane sulfonic acid).[215] The permeation experiments in a dialysis

system consisting of the membrane and mixed KCI and CaCl; solutions show that the transport

44



Chapter 2 Literature Review

porous membrane of microcapsule
linear grafted poly(NIPAM)

f\

T>LCST

T<LCST ..-~ \J

r
T>LCST

T<LCST

Figure 2.11. A schematic representation of the thermo-responsive release principle of core-

shell microcapsules with a porous membrane and thermo-responsive PNIPAM gates. [214]

modes of Ca?* ions through the membrane are controlled by temperature changes in two ways:
downhill transport (from high to low concentration) occurred at temperatures below the LCST
of PNIPAM, and uphill transport (from low to high concentration) occurred at temperatures
above the LCST. Park et al. prepared an organic-inorganic composite IPN membrane using
tetraethylorthosilicate (TEOS) as inorganic network and chitosan as organic filling.[216]
Chitosan is positively charged and swells in an acidic medium and shrinks in a basic solution
because of the ionisation of its amino groups. According to the swelling behaviour, an increase
in pH from 2.5 to 7.5 yielded an increase in the rate of drug permeation because of the shrinking
of the incorporated chitosan in TEOS IPN, while a decrease in pH resulted in low permeation
rate. Anzai et al. reported a photo-responsive membrane made by dissolving poly (vinyl
chloride) (PVC) and azobezene-modified crown ethers (Bis (2, 3-benzo-1, 4, 7, 10, 13-
pentaoxa-2-cyclopentadecaen-15-ylmethyl) azobenzene-4, 4’-dicarboxylate) in solvent, and
casting onto a glass plate, following by evaporating the solvent.[217] The photo-controlled
permeation of alkali cations through the composite membrane was investigated. Before UV
irradiation, the permeation selectivity of the membrane for the cations were K* > Rb* > Na* >
Cs™; on UV irradiation, the permeation of the K™ was accelerated, while others were little
affected.
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Figure 2.12 The extended and contracted state of porous responsive membrane and their

permeation upon solutes.

To date, most of the studies on responsive membrane have focused on investigating the
change of permeation flux and pore size of the membrane under stimuli. Generally speaking,
as shown in Figure 2.12, for porous responsive membranes prepared by grafting method, there
are two distinct behaviours: at low graft yields, the permeation flux was higher in the contracted
state than the extended state due to pore opening; In contrast, at high graft yields, the
permeation flux was lower (or no flux) in the contracted state than the extended state, because
the pores were fully blocked and the responsive polymer covered the entire pore surface.
Researchers applied this responsive membrane in drug release because of this unique property.
Apart from the permeation flux and pore size, the change of hydrophilicity under stimuli has
also been studied. In the extended state, the membrane is hydrophilic; while in the contracted
state, it is hydrophobic. This property has been studied for concentrating and purifying the
hydrophilic and hydrophobic solutes. In addition, some of the responsive membranes also

possess ion-selectivity. These membranes may find use in self-regulating systems.

Applications

In the water treatment process, stimuli responsive membranes have been used for controllable

separation and addressing membrane fouling.

Controllable separation. Controllable oil water separation is the most studied controllable
separation process so far. Che et al. developed a CO; responsive PMMA-co-PDEAEMA
polymer nanofibre membrane.[218] This smart nanostructured electrospun polymer membrane

is capable of switching oil / water wettability by bubbling and removing CO.. After CO>
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bubbling, water penetrated the membrane while oil was retained. In contrast, upon exposure
and dried in N2, oil penetrated while water retained the membrane. The water flux was
estimated to be 9500 LMH, while oil flux was as high as 17000 LMH. Kwon et al. fabricated
a POSS + PDMS - based membrane for on demand electric field actuated separation of oil
water emulsion driven by gravity.[219] Before applying an electric field, both oil and water
were retained above the membrane, in the “off” state. However, when a voltage was applied to
the membrane, water permeated through the membrane and oil was retained. The separation
efficiency was > 99.9 % for oil water emulsions. Cheng et al. reported a pH controllable oil
water separating membrane, which was fabricated by assembling responsive thiol molecules
on the Cu(OH)2 nanorod structured copper mesh.[220] In non-alkaline solution, the membrane
exhibited superhydrophobicity, permeating oil. It became superhydrophilic in alkaline solution,
permeating water phase. Hu et al. prepared a photothermal-responsive ultrathin Au nanorods /
poly (N-isopropyl acrylamide —co — acrylamide) cohybrid single-walled carbon nanotube
(SWNT) nanoporous membrane.[221] The membrane exhibits hydrophilic and underwater
oleophobicity, with a maximum separation water flux of 36000 LMH, which it can be
modulated by light illumination during the process of separation. Zhang et al. developed a pH
responsive membrane obtained by grafting a block copolymer, comprising blocks of pH
responsive poly (2-vinylpyridine) and oleophilic/ hydrophobic polydimethylsiloxane (P2VP-
b-PDMS), on non-woven textiles.[222] As illustrated in Figure 2.13, oil penetrated the original
membrane after wetting with acidic solution (pH=2), water penetrated the membrane and oil
retained. Cao et al. fabricated a thermo- and pH- dual responsive membrane for controllable
oil water separation.[223] This membrane is synthesized by coating poly (dimethylamino ethyl
methacrylate) (PDMAEMA) on a copper mesh via photo initiated free radical polymerization.
Controllable separation can be achieved by adjusting the temperature or pH. Water permeated
through the membrane under 55 °C (pH 7) and pH less than 13 (T = 25 °C), while oil was
retained. When the temperature is above 55 °C or pH is larger than 13, oil permeated through

the mesh.

By introducing stimuli responsive ability, controllable oil water separation has been proven
in three different manners upon giving stimuli: 1) selective separation of oil or water from oil
water mixture / emulsion by changing membrane wettability and adhesion of different species,

2) “on” and “off” state management, 3) tuning the flux of separation by changing wettability.
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Figure 2.13 Controllable oil water separation using pH responsive membrane.[222]

Responsive membranes have also been used for selective separation of proteins and metal
ions. The membrane with controllable selectivity for protein separation was fabricated by
grafting polymerization of sulfobetaine (SB) monomer near the surface of a PVP coated PVDF
membrane.[224] After immersing in NaCl solution at 60°C, the protein mixture of BSA and
Lys could be separated efficiently. However, after the immersion of membrane in pure water,
both the flux and selectivity declined obviously. Le et al. prepared an electrochemical-pH-
switchable PAA film for the removal of metal ions from aqueous waste in a lab-made semi-
pilot system.[225] Metal ions were adsorbed by the PAA film via chelating. The adsorbed ions
can be released in an electrochemically switchable process, when water electrolysis provides
hydronium ions to regenerate the acidic form of PAA. A PNIPM functionalized PET track-
etched UF membrane is fabricated via surface-initiated atom transfer radical polymerization
by Frost et al.[226] The hydrodynamic pore diameter of this membrane could be switched from
21nm at 23 °C to 69 nm at 45 °C, while the rejection of monomodal 21 nm silica nanoparticles
could be switched from 99% at 23 °C to only 35% at 45 °C.

Addressing membrane fouling. Due to the complexity of water or wastewater, membrane
fouling often limits the membrane processes for water treatment. Membrane cleaning methods
such as backflushing, air sparging, pumping cleaning solutions or acid / base solutions have
been used in industry. However, these methods not only shorten the service life of the
membrane, but also increase the operating cost. It is estimated that the membrane cleaning
process takes 50 % of the total cost of membrane based process.[227, 228] It is of
environmental, practical and capital importance to overcome the membrane fouling issue. To

address the membrane fouling by introducing stimuli responsive materials, it is achieved by
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improving the hydrophilicity of membrane or the oscillation between swollen and collapsed

conformations of the responsive polymer, resulting in desorption of adsorbed fouling.

Han et al. fabricated a pH responsive membrane by blending pH responsive copolymers, poly
(methyl methacrylate-co-acrylic acid) (PMMA-AA) or poly (methyl methacrylate-co-4-vinyl
pyridine) (PMMA-4VPy), with polyethersulfone (PES), and forming via phase inversion.[229]
The protein (BSA) ultrafiltraion experiments showed that the membrane exhibited excellent
anti-fouling property, which is due to the increased hydrophilicity of membrane and the same
negatively charge of BSA and PAA in neutral solution. Cheng et al. prepared a pH sensitive
hollow fibre membrane by blending PES with an amphiphilic copolymer poly (styrene- acrylic
acid-N-vinylpyrrolidone) (PSt-AA-NVP).[230] The anti-fouling performance and flux
recovery ratios increased after blending with PSt-AA-NVP that was because pH induced phase
separation of the copolymer, resulting in the surface aggregation of AA and NVP chains,
preventing the protein adsorption onto the membrane surface. Yu et al. modified a thin film
composite reverse osmosis membrane by depositing thermo-responsive polymer, poly (N-
isopropyl acrylamide-co-acrylamide) (PNIPAM-co-AM), on membrane surface. This
membrane exhibited significantly enhanced antifouling properties and cleaning efficiency.[231]
The enhanced antifouling performance was because of the improved wettability of membrane
surface. The improved cleaning efficiency of the modified membrane was due to the phase
transition of the thermo-responsive polymer coating layer. Meng et al. modified the TFC-RO
membrane by redox initiated grafting of a zwitterionic polymer poly (4-(2-sulfoethyl)-1-(4-
vinylbenzyl) pyridinium betaine) (PSVBP) to obtain a salt-responsive membrane.[232] The
incorporation of PSVBP improved the antifouling property by increasing the hydrophilicity
and negatively charged density on the membrane surface. On the other hand, the improved
cleaning efficiency was attributed to the state transition of the salt-responsive polymer,
facilitating the removal of foulants on membrane surface. Zhou et al. designed a thermo-
responsive membrane by chemically grafting PNIPAM brushes onto the surface of zirconium
oxide (ZrOz) membranes.[233] Following the temperature change (35 °C /25 °C) cleaning
method (Figure 2.14), a flux recovery of about 80 % was achieved for PNIPAM-g-ZrO2
membrane, while that of ZrO, membrane was only about 14 % at 25 °C. The hydrophilicity
and rapid stretching of PNIPAM chains were responsible for the loosening and shaking off

adsorbed BSA on membrane surface.
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Figure 2.14 Alternative temperature change cleaning procedures of raw ZrO; and PNIPAM-
g-ZrO2 membrane.[233]

The incorporation of stimuli responsive ability to address the membrane fouling issue is
relatively new. However, this process shows great potential in practical application as the

research listed above.

Responsive membrane systems with switchable properties and highly adaptive surfaces have
been manufactured in recent decades, but most of it has been focused on how the different
responsive interactions within the membranes can be tuned and monitored in controlled
environments. The challenges of responsive membrane lie in: (1) how to achieve functionality
while maintaining membrane stability and mechanical integrity for the practical application;
(2) how to fabricate a membrane which can respond in more complex and less defined
situations and mimic the functionalities of living systems; (3) the development of piezoelectric
membranes that vibrate under an AC field. It is thought that responsive membranes will be
used in various niche applications in the next 5-10 years, and be more widely use in 10-20
years. It is a challenge, yet highly desirable, to explore the field of responsive membrane with
better properties and practical applications.
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Figure 2.15 Schematic illustration of forward osmosis desalination process.

Forward osmosis (FO) is a process in which a semi-permeable membrane is used as a
separation medium, and the differential of osmotic pressure of draw and feed acts as driving
force, as shown in Figure 2.15. Forward osmosis process has attracted rapidly-growing research
interest because it shows great potential in reducing energy costs in desalination and water
treatment. Semipermeable membrane and draw agents play a vital role in the FO process. When
selecting a draw agent, it should possess a sufficiently high osmotic pressure, relative to the
feed solution; it should be able to be easily recovered and regenerated at low energy cost; it
should allow for reuse in the FO process and retain its high performance in the long-term
operation; it should be low or no toxicity, chemical stability, and good compatibility with the
FO membrane. Smart draw agents have been considered as a low energy cost material in the
forward osmosis process, attracting increasing attention in recently years. To date, there are
mainly three types of such responsive draw agents reported, including functionalized magnetic

nanoparticles, responsive polyelectrolyte solutions, and stimuli-responsive polymer hydrogels.

Magnetic particles. Warne et al. and Adham et al. suggested using functionalized magnetic
nanoparticles as draw agents in the forward osmosis process.[234] Chung’s group fabricated a
series of highly hydrophilic magnetic nanoparticles (MNPSs) coated with different polymers to
balance the FO performance and the reusability. The MNPs modified with 2-pyrrolidine,
triethylene glycol and PAA vyield 2.4-7.5 LMH water permeation with DI water as feed,
however, the MNPs aggregated after recycling, and lower flux was obtained by recycled

particles.[235] After combining the MNPs with PNIPAM and triethylene glycol, excellent
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stability and recycle capacity were obtained, and the flux was maintained after 5 cycles,
although the FO flux is only 1.2 LMH when DI water used as feed.[236] In future work, they
modified MNPs with PAA or PAA/PNIPAM, which generated 2.6-5.5 LMH water flux when
DI water as feed, with constant fluxes after recycling.[237] Regardless of the low water flux,
the long-term stability and large-scale production of magnetic nanoparticles still needs to be

addressed.

Responsive polyelectrolytes. The pH sensitive polyelectrolyte (poly (sodium acrylate), PSA)
has been reported in the forward osmosis process by Chung’s group. The water flux generated
by the 0.6 g/ml PSA 1200 solution was ~5 LMH. However, the diluted PSA solution was
recovered by ultrafiltration process under 10 bar, it is an energy-consuming process.[238]
Linear poly (N-isopropyl acrylamide-co-sodium acrylate) (PNIPAM-SA) was also used as
draw agent. Even though thermo-responsive polyelectrolytes can be easily recovered by heat
ultrafiltration at 2 bar, the flux generated was only 0.35 LMH owing to the low proportion of
ionic groups in the polyelectrolyte network (4 wt. % SA).[148] Cai et al. reported a CO>
switchable dual responsive polymers as a forward osmosis draw solute.[239] After purging
with COy, the low molecular weight responsive polymer (poly [2-(dimethylamino) ethyl
methacrylate], PDMAEMA) became polyelectrolytes with high osmolality and used as draw
solutes for seawater desalination. When PDMAEMA with a molecular weight of 4000 g/mol
was used, the 0.6 g/g polymer solution generated > 2 LMH water flux against seawater as feed.
After removal of CO2 by purging inert gas, these polymer precipitated above their LCST,
realizing the water recovery and draw solute reuse. Recently, a thermo-responsive copolymer,
poly (sodium styrene-4-sulfonate-co-N-isopropylacrylamide) (PSSS-PNIPAM), was
employed as draw solute in forward osmosis for seawater desalination. A water flux of 4 LMH
has been obtained with simulated seawater as the feed solution; the draw solution was
regenerated with membrane distillation (MD) at a temperature above the lower critical solution
temperature. [240] A series of oligomeric poly (tetrabutylphosphonium styrenesulfonate)
(PSSP) were also evaluated as FO draw solutes.[241] When 20 wt. % polymer solution was
used as draw solute and 2000 ppm NaCl solution used as a feed, the water flux was about 6
LMH. More than 99.5% of PSSPs in diluted solutions can be recovered by only thermal
treatment and without any further significant decrease in the water permeation flux. More
recently, ionic liquids have also been explored as a responsive draw agent.[242] Although the

separation of polyelectrolytes from water has been investigated, little attention has been paid
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to the quality of the water product. The polyelectrolytes are likely to contaminate the product

water, especially the polymers with small molecular weight.

Responsive hydrogels. Cross-linked poly (N-isopropyl acrylamide) (PNIPAM) and its
copolymer have been applied as smart draw agents in forward osmosis water treatment. Cross-
linked poly (N-isopropyl acrylamide) (PNIPAM) is a classical thermo-sensitive hydrogel with
both hydrophilic groups and hydrophobic groups in the network, which switches between
hydrophilicity and hydrophobicity at temperatures lower and higher than its lower critical
solution temperature (LCST). In 2011, our group successfully demonstrated the feasibility by
using smart draw agents in FO desalination for the first time. In the first study, PAM
(polyacrylamide), PSA, PNIPAM, and PNIPAM-co-SA hydrogels were used for purifying
brackish water (2000 ppm NaCl solution). The result showed that the FO water flux increased
with increasing ionic group content in the network, and decreased with increasing time; the
water recovery increased with increasing amount of NIPAM and higher water content of the
hydrogels. The average water flux of PNIPAM-co-SA in the first hour was 0.55 LMH, the
swollen hydrogel with 66.7 % water content released 17 % water after 2 minutes dewatering at
50 °C.[234] To improving the FO performance, we fabricated a hydrogel and carbon particles
composite, the water flux of composite PSA-NIPAM-C in the first 0.5 hour was 0.77 LMH and
almost 100 % water was recovered after 1 h exposure to solar irradiation of 1 kWm2.[243] The
hydrogels were also composited with reduced graphene oxide (rGO) to improve the swelling
properties. When the water flux was tested using deionized water as the feed solution, the
incorporation of 1.2 wt. % rGO led to an increase in the water flux by 164 % and 325 % for
the PSA composite and PSA-NIPAM composite, respectively. Adding small amounts of rGO
also increased the water recovery by a factor of two in the solar dewatering process.[244] In
addition, in other work the hydrogel had magnetic nanoparticles incorporated. The result
indicated that the magnetic heating was an effective and rapid method for dewatering of
hydrogels. Significantly enhanced liquid water recovery (53 %) was achieved under magnetic
heating, as opposed to only around 7 % liquid water recovery obtained via convection
heating.[245] In addition to these factors, the effect of particle size on the performance of FO
process has been investigated. The result showed that reducing the hydrogel particle size
resulted in an increase in the rate of swelling, generating higher water flux.[246] The dual-
functionality hydrogels consist of a water-absorptive layer (PSA-NIPAM particles) and a
dewatering layer (PNIPAM particles) were applied to improve the dewatering rate. The

dewatering flux rose from 10 to 25 LMH when the solar concentrator increased the input energy
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from 0.5 to 2 kW / m?.[247] According to our previous study, the swelling pressure of hydrogel,
the effective contact area between FO membrane and draw agent, and the water transport
among the hydrogel are key factors affecting the FO water flux. Cai et al. reported thermally
responsive hydrogels with a semi-interpenetrating network (semi-IPN) structure as the FO
draw agent. The SI-0.2PSA generated 0.2 LMH water flux, which was higher than the
PNIPAM (0.13 LMH) for the first hour FO process. At 40 °C, the semi-IPN hydrogels rapidly
release nearly 100 % of the water absorbed during the FO drawing process carried out at room
temperature. They also designed a quasi-continuous FO desalination unit, as show in Figure
2.16.[248] Recently, functionalized thermo-responsive microgels have been employed as draw
agents in a laboratory scale FO desalination system. The microgel-based FO process showed a
high water flux up to 9 LMH and a high water recovery ability of 72.4 %.[249] Thermal
responsive polyionic liquid hydrogels, tetrabutylphosphonium p-styrenesulfonate (P4444 SS)
and tributylhexylphosphonium p-styrenesulfonate (P4446 SS), with a LCST of about 44 °C
were developed by Cai et al. for FO desalination. [250] The initial water flux of P4444 SS was
higher than 2 LMH, and decreased to about 0.5 LMH after 7 hours, when 2000 ppm NaCl
solution used as feed. The water and draw agent were recovered at 60 °C.
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Figure 2.16 Quasi-continuous FO desalination using a semi-IPN hydrogel as draw agent. [248]
Using responsive FO draw agent shows several advantages, such as easy recovery of product
water and draw agent, and low back diffusion. However, there are still some challenges upon

their applications: 1) relatively low water flux, 2) incomplete theoretical study, 3) reusability,

4) development of proper FO unit for continuous water production.
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2.3.3 Responsive adsorbent

Adsorption is one of the most widely applied water treatment technologies due to their simple
operation, relatively low cost, high efficiency, flexibility, and insensitivity to toxic substance.
Developing regenerable, low cost, and environmentally-friendly adsorbents are always desired
in view of practical water treatment applications. Stimuli responsive materials have been
incorporated into adsorption materials for regeneration, selective adsorption and high
adsorption capacity. To date, responsive hydrogel, magnetic composite and responsive material

modified particles are the main responsive adsorbent studied and applied.

Responsive hydrogel. Shirsath et al. synthesize a poly (acrylic acid)-bentonite-FeCo (PAA-B-
FeCo) hydrogel nanocomposite as a responsive adsorbent for removal of organic pollutant from
water.[251] Temperature and pH affect the adsorption performance of PAA-B-FeCo that the
optimum condition was operated at 35 °C and pH 11. Aburto et al. synthesized a stimuli
responsive chitosan hydrogel (IHpsts) by crosslinking of chitosan with glutaraldehyde in the
presence of dibenzothiophene sulfone (DBTS) as template.[252] This hydrogel is temperature
responsive, with a LCST of 50 °C. IHpsrs selectively adsorbed DBTS due to the
conformational memory at the temperature of LCST. Yamashita et al. prepared an
interpenetrating network (IPN) gel of PNIPAM and PSA for heavy metal ions removal.[253]
The IPN gel adsorbed Cu?* ion below LCST but not above. However, at elevated temperature,
water was released from hydrogel but Cu?* ions still trapped inside. Desorption of heavy metal
ions can be triggered by acidic treatment. Lu et al. prepared sodium alginate beads by post
crosslinking sodium alginate with glutaraldehyde in the presence of acetic acid and
hydrochloric acid in acetone.[254] The sodium alginate beads could adsorb cationic dye and
heavy metal ions, with and adsorption capacity of Cu?*, Ag*, Fe®* and methylene blue were 55,
83, 136, 573 mg/g, respectively. These adsorption performances were affected by the solution
pH. The adsorption capacity of sodium alginate beads in the neutral state was twice as high as
that in the acidic state, because the high pH dissociated carboxylic ions to provide high charge
density and it interrupted the hydrogen bonding interaction. Nanostructured zwitterionic (ZI)
hybrid hydrogel was prepared with monomer N, N-dimethyl-N-methacryloyloxyethyl-N-(3-
sulfopropyl) ammonium (DMMSA) for protein separation of Lys and BSA.[255] This pH
responsive hydrogel showed a minimum adsorption of Lys at pH 10.7, and that of BSA was
observed at pH 4.8, indicating the feasibility of protein separation. Adsorption and desorption

carried out in pH 6.0 buffer solution revealed nice cycle performance.
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Magnetic composite particles. The magnetic composite particles have an advantage of easy
collection / separation from solution by giving magnetic field. However, it is not responsible
for the regeneration of adsorbent. Iron oxide has been incorporated into activated carbon to
introduce the magnetic ability for easy collection. The study of Oliveira et al. showed that the
composite exhibited same high adsorption capacities for phenol, chloroform, chlorobenzene
and drimaren red dye in aqueous solution. Iron oxide has also been introduced to clay (bentonite)
to obtain a magnetic composite for removing divalent metal ions in water, with adsorption
capacities in a range of 40-75 mmol/g for Ni?*, Cu?*, Cd?* and Zn?*.[256] Xie et al. introduced
a facile method to prepare Fe3Os @ polydopamine (PDA)-Ag core-shell microspheres for fast
adsorption of Methylene blue (MB).[257] The as-prepared Fes0s @ PDA-Ag exhibited good
acid stability, high cyclic stability, magnetic separation, fast regeneration ability by using
NaBHj, as the desorption agent. Magnetic FesO4 @ carbon nanofibres with hierarchical porous
fabricated by using electrospun polyacrylonitrile / polybenzoxazing nanofibres as a composite
carbon source exhibited efficient adsorption for organic dyes.[258] The FesOs @ CNFs showed
fast dyes adsorption kinetics and magnetic separation from water in a minute. Magnetic Fe3O4
@ graphene composite (FGC) was also evaluated as adsorbent for methylene blue and Congo
red removal.[259] The maximum adsorption capacities of MB and CR on FGC were 45 and 34
mg/g, respectively. Iron oxide / carbon nanotubes magnetic composites were also fabricated
for heavy metal removal, such as chromium, europium, Ni?* and Sr?*.[260] What’s more,
natural polymer such as alginate and chitosan has already been composited with iron oxide,

and applied for metal ions adsorption.[261, 262]

Surface modified particles. A pH- and temperature- responsive magnetic composite (poly (N-
isopropyl acrylamide) grafted chitosan/FesO4 composite particles, CN-MCP) was fabricated
by Yang et al. as a high selective adsorbent for nonylphenol in water.[263] CN-MCP showed
high adsorption capacity for removing nonylphenol: 1) 123 mg/g at pH 9 and 20 °C due to the
charge attraction and binding between CN-MCP and nonylphenol; 2) 116 mg/g at pH 5 and
40 °C, because of their hydrophobic interaction. CN-MCP exhibited fast and highly efficient
antibiotics adsorption, high stability, reusability and easy separation Liu et al. manufactured a
pH- responsive and magnetic composite composed of graphene oxide (GO)/nanoscale zero-
valent iron (nZV1) was used for antibiotics adsorption and oxidation degradation.[264]. After
removal of antibiotics, the GO/nZVI composite was put into alkaline solution (pH>9) for
adsorbent regeneration and antibiotics degradation by ozonization. Ammonium-functionalized

hollow polymer particles (HPP-NHz") developed by Qin et al. ware studied as a pH-responsive
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adsorbent for selective removal of acid dye in water.[265] With the solution pH decreased from
9 to 2, the adsorption capacity of HPP- NHs" increased significantly from 59 to 406 mg/g,
demonstrating the feasibility of easy regeneration under mild condition (pH 10 weak alkaline
solution). The dye removal efficiency can be still as high as above 98 % after 5 adsorption —
desorption cycles. Xu et al. fabricated a thermal responsive magnetic molecularly imprinted
polymers (TMMIPS) by coating magnetic nanoparticle cores with thermo-responsive polymer
and applied it for selective removal of sulfamethazine (SMZ) in aquatic environments.[266]
TMMIPs could be collected by magnetic field and regenerated by changing the temperature of
aqueous solution at 45 °C. A thermo-responsive composite synthesized by grafting poly
(oligoethylene glycol) methacrylate (POEGMA) on cationic agarose adsorbent was used for
size selective protein adsorption.[267] The adsorption capacity of POEGMA-g-Q increased
with increasing temperature and reached maximum value around their LCST. This adsorbent
has also been demonstrated for size selective adsorption upon temperature changes. In Dong’s
study, thermosensitive polymer composed of 4-vinylpyridine and NIPAM was imprinted on
hollow porous polystyrene particles for selective recognition, controlled adsorption and release
of bisphenol A (BPA).[268] The adsorption capacity of T-MIPs was temperature related,
higher under 33 °C, and decreased rapidly at 50 °C. These composite particles were employed

for removal of BPA from seawater and yogurt samples.

In addition, MOF-based adsorbents have been studied for water treatment such as removal of
metal ions, toxic anions and dye. They showed remarkable adsorption capacity and superior
adsorption Kinetics, owing to their high surface area and accessibility of adsorption sites.
Recently, photo-responsive metal organic frameworks have been fabricated for on command
cargo release in water, indicating that responsive MOF-based possesses great potential for

efficient and environmental friendly water treatment.[269]

Responsive adsorbents have been intensively studied in the past several decades, primarily
magnetic responsive adsorbent for easy collection and separation from aqueous solution. Other
responsive materials introduced are mainly used to tune the wettability and adhesion of
different species for the selective adsorption purpose. The regeneration of adsorbent by stimuli
responsiveness can significantly reduce the cost of adsorption process. The development of
stimuli-responsive regenerable adsorbents with high adsorption and proper reusability are
highly desirable.
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2.4 Summary

Increasing population and improper industrialization practices have led to detrimental surface
and underground water contamination at an unprecedented rate, endangering human health.
Conventional water treatment systems can address many of these problems, but they are always
chemically, operationally and energetically intensive, and require considerable infusion of
capital and time, which precludes their use in much of the world, especially where water is
really needed. There is a pressing need to develop a more effective, lower-cost, robust methods
for water treatment and purification, without further stressing the environment by the treatment
itself,

Advanced water treatment technologies have been developed to deal with this situation, they
are mainly advanced oxidation process, biological treatment, adsorption / ion exchange process
and membrane separation process. These advanced water treatment technologies deal with a
range of contaminants that conventional water treatment system cannot address, such as
persistence organic substances, toxic / heavy metals and radioactive metals, or deal with it in a
more efficient way. The previous investigations have demonstrated the feasibility of these
technologies and promoted their industry applications. However, further developments are
needed to overcome the problems encountered, such as developing robust materials, stabilizing
the treatment performance for real applications, maintaining the reusability, building practical

and reliable systems and so on.

Stimuli responsive materials that change their physical and / or chemical properties in
response to environmental stimuli, have been recently incorporated into the water treatment
materials and include responsive membranes, responsive forward osmosis draw agents and
responsive adsorbents. These responsive water treatment materials show great potential to
overcome many problems found on the advanced water treatment technologies, such as
membrane fouling and the energetic and chemical regeneration. The main use of
responsiveness in membranes are controlling separation and addressing fouling. By the
oscillation of chain conformation and wettability, selective permeation, tunable permeation
flux and on-off state management can be achieved, as well as the releasing of adsorbed foulants.
Responsive draw agents that release water and achieve regeneration by giving environmental
stimuli, are very promising for reducing energy consumption of the forward osmosis process.
Responsive adsorbents show great potential in practical application because of easy collection,

easy regeneration and accessibility of raw adsorbent modification. However, the development
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of these three kinds of responsive materials are still in an initial stage, with further development
for advanced functionalities and applications desired for achieving a smart water treatment

system with highly improved treatment efficiency and / or biomimetic nature.

In the following chapters, thermo-responsive oil water separation membrane (Chapter 3),
responsive microfibres-hydrogel composite draw agent (Chapter 4 & 5), and thermo-
responsive MOF-based adsorbent (Chapter 6) are fabricated and evaluated for water processing.
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Chapter 3 Robust thermo-responsive polymer composite
membranes with switchable superhydrophilicity and
superhydrophobicity for efficient oil-water separation

Overview

To address the worldwide issue of increasing oily wastewater and oil spill accidents, stimuli-
responsive surfaces with switchable superwettability have attracted growing interest for the
required controlled oil-water separation. However, the fabrication of such smart membranes
with good mechanical properties, excellent recycling properties, and the ability to separate oil-
water emulsions in a productive and inexpensive way remains desirable yet challenging. In this
chapter, a robust, thermo-responsive polymer membrane is produced by the combination of a
thermoplastic polyurethane (TPU) microfibre web and poly (N-isopropylacrylamide)
(PNIPAM). PNIPAM hydrogel is evenly coated on the surface of TPU microfibres, and thus
the wettability of TPU-PNIPAM membrane is amplified by taking advantage of the
hierarchical structure and increased surface roughness. The TPU-PNIPAM membrane
possesses switchable superhydrophilicity and superhydrophobicity as the temperature of
membrane changes from 25 to 45 °C (Figure 3.1). The composite membrane is shown
successfully able to separate a 1 wt. % oil-in-water emulsion and 1 wt. % water-in-oil emulsion
at 25 and 45 °C, respectively, with a high separation efficiency of > 99.26 %. Furthermore the
composite membranes show excellent mechanical properties, and they are highly flexible and

mechanically tough.

This chapter has been published as a journal article: Ranwen Ou, Jing Wei, Lei Jiang,
George P. Simon, and Huanting Wang, Environ. Sci. Technol. 2016, 50, 906-914
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Figure 3.1 Schematic illustration of robust thermo-responsive composite membrane.
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3.1 Introduction

The ability to separate oil-water mixtures has recently attracted worldwide attention because
of increasing amounts of oil-polluted wastewater, frequent oil spill accidents and the ongoing
development of petroleum industry.[1, 2] In general, immiscible oil-water mixtures are
separated using conventional separation techniques, such as gravity separation and oil-
absorbing materials. In the case of the separation of oil-water emulsions, the conventional
separation processes (air flotation, coagulation and flocculation) are costly, energy intensive
and are not effective.[3-5] Pressure-driven membranes, especially ultrafiltration (UF)
membranes, have been successfully used for the separation of oil-water emulsions. However,
the size-sieving mechanism of UF membrane limits the practicality of this process, due to the
resultant high energy consumption, low flux and rapid decrease in permeability with usage.[6-
10] Recently, a series of superwetting membranes have been produced for efficient oil-water
separation, including polymer-coated copper meshes, hydrogel-coated copper meshes, surface-
modified copper meshes and polymer networks,[11-16] all taking advantage of surface
chemistry and roughness.[17] It has been shown that a superhydrophilic / superoleophobic
membrane is suitable for separating oil-in-water emulsions, while a superhydrophobic /
superoleophilic membrane separates water-in-oil emulsions.[16, 18] The oil-water separation
process with a superwetting membrane has been proven to be energy-efficient and cost-
effective, as the membrane separates the oil-water mixture or oil-water emulsion according to
the different interfacial effects of oil and water on the superwetting surface. For example, the
superwetting membrane prepared by Kota et al. allowed for the removal of dispersed-phase
droplets that were considerably smaller than the membrane pore size.[12] It is important to be
able to prepare a responsive membrane with switchable superwettability, not only for
controllable oil-water separation, but also for fabricating intelligent materials. Stimuli-
responsive surfaces have been used to prepare smart membrane for some years, but to date
there are only a few works that have been reported on responsive membranes with switchable
underwater superoleophilicity and superoleophobicity, and fewer membranes with switchable
superhydrophilicity and superhydrophobicity, for oil-water separation. The membranes
reported to date with such switchable underwater superoleophilicity and superoleophobicity
are pH-sensitive.[19-23] For those with switchable superhydrophilicity and
superhydrophobicity, they are photo-induced or pH-responsive. Recently, an aligned ZnO
nanorod arrays-coated mesh film was fabricated by Tian et al., which was shown able to be

switchable between superhydrophilicity and superhydrophobicity, occurring by photo-
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stimulation.[24] The other membranes with switchable superhydrophilicity and
superhydrophobicity for oil-water separation are pH-responsive and can be controlled using
solutions with different pH values. [25, 26] Some responsive membranes exhibit stimuli-
responsive ability, but they are not capable of switching between superwettabilities. For
example, a PDMAEMA hydrogel-coated copper mesh has been reported which was both
thermo- and pH-responsive; however, it is solely superoleophobic under water without
switchable superwettability.[27] A PVCL-co-PSF copolymer membrane shows thermo-
responsive, but it is hydrophilic with a contact angle of 49.5 °C at room temperature.[28] Table
3.1 shows some attractive superwetting membranes published in recent years. For example,
single-walled carbon nanotube network films and ammonia-modified PVDF membrane were
found to be able to separate 99 % oil-water emulsion, and a PAA-g-PVDF membrane was able
to efficiently separate a 1 % oil-water emulsion;[2, 16] what’s more, a superamphiphilic PVDF
membrane could separate oil-in-water and water-in-oil emulsions.[29] However, the
responsive membranes with switchable superwettability were applied to separate > 10 % oil-

water mixtures and not emulsions.

Apart from oil-water separation properties, the mechanical properties and durability of
membranes are other key factors important for practical application.[2] For instance, polymeric
UF membranes are mainly prepared via phase inversion; however, the porous structure formed
in the phase inversion process greatly weakens the mechanical properties of the membranes,
and thus restricts their applicability. To meet the mechanical requirements for practical
ultrafiltration, support materials (glass, metal, polymer, non-woven fabrics) have been applied

to improve their mechanical property, although it may decrease the permeation flux.[s, 10, 30, 31]

Here, for the first time, a robust, thermo-responsive poly (N-isopropylacrylamide) (PNIPAM)
hydrogel-coated thermoplastic polyurethane (TPU) microfibre membrane is fabricated for
efficient oil-water emulsion separation. The membrane is superhydrophilic at room
temperature (25 °C) and becomes superhydrophobic at a temperature above the lower critical
solution temperature of PNIPAM (LCST, 32°C). TPU was selected for its high elongation,
tensile strength, toughness, wear resistance and good flexibility over a wide temperature range.
PNIPAM is a thermally responsive polymer that switches between hydrophilicity and
hydrophobicity at temperatures lower and higher than its LCST. The force-spinning method
was used to produce a non-woven TPU microfibre mesh or web, and is a rapid and productive

technique to produce a micro- or nanoscale fibre mats in less than a minute. It works by
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producing a jet of polymer in solution due to a high-speed, rotating nozzle and produces the
fibre mesh without the need for a high-voltage power source and the limitation of solution

conductivity, as is required, for example, by electrospinning.[32-35]

Table 3.1 Superwetting membranes and relevant properties for oil-water separation published
in recent years.

Year Materials Pore wettability Oil-water Separatio Remarks (flux, Ref.
Size mixture n intrusion pressure
concentration efficiency/ (IP) or mechanical
% or properties)
residual
oil/ ppm
2011 Hydrogel- 50 pm Superhydrophilic 30 v/v % hexane 99.8% 2.0 kPa (IP) [15]
coated mesh water mixture
2012 Aligned ZnO 25- Photo-responsive, 30 v/v % oil- > 95% -- [24]
nanorod array- 270 superhydrophilicity water mixture
coated mesh pm and
superhydrophobicity
2012 Fluorodecyl 30.5- Superhydrophilic 10 v/v % water- >99% - [12]
POSS+X- 138 and in-hexadecane
PEGDA coated pm superoleophobic emulsion
mesh/ fabric
2012  P2VP-b-PDMS- - pH responsive, - - - [23]
grafted textile underwater
superoleophilicity
and
superoleophobicity
2013 Single-walled 10- Superoleophilic 99.13 Viv % Qil purity 3100 Im2htpar? [13]
carbon 200 toluene-water 99.97%
nanotube nm emulsion
network films
2013 Ammonia - Superhydrophobic 99.01 viv % Oil purity 900 LMH, tensile [2]
modified PVDF isooctane-water 99.98% strength 2.0 MPa,
membrane elongation 29.2 %
2013  Zeolite-coated 5-42 Underwater 50 v/v % diesel- 2.5 ppm 25 Lm2s?, 729 Pa [36]
mesh pm superoleophobic water mixtue (1P)
2013 Cu(OH), 1-75 Superhydrophilic 10 viv % 25 ppm 150000 LMH [18]
nanowire-haired pm hexane-water
membrane emulsion
2013 Chromic acid- Hundr superhydrophobic Crude oil-water 98 % -- [37]
treated PU eds mixture
foam with FAS micro
modification n
2014 - superamphiphilic 3.2% and - Water flux 9860 [29]
PVDF 99.13 % LMH, Oil flux 1820
membrane toluene-water LMH with 0.09 MPa
emulsion
2014 Dual-scaled 450 Underwater 46.7 vIv % 99.92 % 679 Pa (IP) [38]
porous nm superoleophobic gasoline-water
nitrocellulose mixture
membranes
2014 PDMAEMA 40 pm Thermo- & pH- 30 viv% 99.97 % Water and oil [27]
hydrogel coated responsive, gasoline-water permeate through
mesh underwater mixture the mesh orderly
superoleophobic
2014 PAA-g-PVDF - Superhydrophilic 1% 40 ppm 130 LMH [16]
membrane hexadecane-
water emulsion
2015 PNIPAM-coated 3-27 Thermo-responsive, 1 wt. % silicone 99.45 % Toughness 7536 This
TPU microfibre pm switchable oil-water (55 ppm) kJ/m?3, elongation pap
membrane superhydrophilicity emulsion and 99 at RT, 288 %. RT: 3646 er
and wt.% silicone oil- 99.95 % LMH (water flux),
superhydrophobicity water emulsion (4.8 ppm) 1.37kPa(IP); 45 °C:
at 45 °C 503 LMH (oil flux),

0.89 kPa (IP)
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The TPU-PNIPAM composite membrane has excellent mechanical strength, elasticity and
switchable superhydrophilicity and superhydrophobicity, and shows a high efficiency in
separating SDS-stabilized oil-in-water and water-in-oil micro-emulsions, but not mixtures, at

room temperature and at an elevated temperature, respectively.

3.2 Experimental
3.2.1 Materials

The following chemicals were used as supplied: thermoplastic polyurethane (TPU,
TETON*206) particles were kindly provided by Urethane Compounds Pty. Ltd.
Tetrahydrofuran (THF) was purchased from Merck (Kenilworth, NJ, USA). N-isopropyl
acrylamide (NIPAM), N, N-methylene bis (acrylamide) (MBA), and ammonium persulfate
(APS) were purchased from Sigma-Aldrich (St Louis, MO, USA). Distilled deionized (DDI)

water was used in all experiments.
3.2.2 Experimental procedures

Fabrication of TPU-PNIPAM membrane: Thermoplastic polyurethane particles (12 g) were
dissolved in tetrahydrofuran (THF, 88 g) under stirring to obtain a 12 wt. % polymer solution.
N-isopropylacrylamide (NIPAM, 2g, monomer), N, N’-methylenebisacrylamide (MBA, 0.04
g, crosslinker) and ammonium persulfate (APS, 0.02 g, initiator) were dissolved in DDI water
to form a 16.67 wt. % NIPAM reaction solution. As shown in Figure 3.2, the polymer solution
was spun into TPU microfiore mat by a force spinner (Cyclone L-1000M, FibeRio®
Technology Corporation, USA), with an operating condition of 5000 rpm and 30 seconds. Five
microfibre mats were obtained and stacked up to form a TPU microfibre membrane. The as-
prepared TPU microfibre membrane was then cut into a certain shape before wetting with
NIPAM reaction solution. Free-radical polymerization of the NIPAM monomer solution was
applied to coat the PNIPAM hydrogel on the TPU microfibres’ surface. After 2 hours reaction
at 70 °C, TPU-PNIPAM membranes were obtained. The PNIPAM hydrogel loading of TPU-
PNIPAM membranes was controlled by changing the amount of NIPAM reaction solution
added to the TPU microfibre membranes. The TPU-PNIPAM membranes were washed with
25 °C water and 45 °C water more than 10 times to rinse the excess monomer before use.
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Force spinner

Figure 3.2 The preparation process of TPU microfibre mat by a force spinner.

Instruments and Characterization: Scanning electron microscopy was undertaken with a Nova
NanoSEM 450 FESEM, FEI, USA. Optical microscopy images were taken on an Olympus
SZX16 Stereo Microscope. The contact angle of the membranes was determined using a
contact angle goniometer (Dataphysics OCAL5, Dataphysics, Germany). The average value
was obtained from more than 5 measurements per sample. The mechanical properties of the
membranes were measured using Mini-Instron (Micro Tester 5848, 100 N load cell, Instron
Calibration Laboratory, U.K.). The swelling properties of PNIPAM of composite membrane
were tested and calculated according to [39, 40]. The swelling ratio was calculated based on

the PNIPAM hydrogel amount of the composite membrane, but not the composite membrane.

Preparation of oil-water emulsions: 1 wt. % silicone oil-water emulsion was prepared by
mixing silicone oil and water in a ratio of 1:99 w/w with 1 mg/mL sodium dedecyl sulfate
(SDS) under strong magnetic stirring and shaken to obtain a milky solution. 99 wt. % silicone
oil-water emulsion was prepared by mixing silicone oil and water in a ratio of 99:1 w/w with
1 mg/mL SDS under strong stirring and shaking. Oil-water emulsions with different oils
(hexadecane, paraffin, olive oil and fish oil) were prepared in a similar fashion. The SDS-

stabilized oil water emulsions were stable more than a month.[16]

Oil-water separation Experiment: The as-prepared membrane was fixed between two glass
tubes with an inner diameter of 12.86 mm. At room temperature, the 1 wt. % silicone oil-water
emulsion was poured into the upper tube, and the separation was achieved by gravity only. At
45 °C, the swollen membrane was immersed in the 45 °C water to deswell and the excess water
on the membrane surface was removed using tissue paper. The 99 wt. % silicone oil-water
emulsion was heated to 45 °C and was poured into the separation setup in an oven set to 45 °C

to achieve separation.

The oil concentration in collected water and the water concentration in the collected oil after

separation were determined using a UV-Vis spectrophotometer (UV mini 1240) by testing the
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light scattering data. The standard oil-water emulsion and the collected samples were sonicated
for 0.5 hour to obtain a homogeneous solution before test. The separation efficiency was
calculated by the following equation (1):

Co—-Cu

0

S:

x100% (1)

where Co (10000 mg/L) is the original oil concentration or water concentration in the feed. Cy

is the oil or water concentration in permeate after filtration.

3.3 Results and Discussion
3.3.1 Preparation and morphology

NIPAM e
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—————)

Polymerization — axeeneese
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Figure 3.3 (a) The preparation process of a TPU-PNIPAM composite membrane. The TPU
microfibre membrane immersed with NIPAM reaction solution (16.7 wt. %) is polymerized at

70 °C for 2 hours. Photographs are shown of twisting test of (b) TPU microfibre membrane
and (c) TPU-PNIPAM membrane with 3.6 wt. % PNIPAM loading (TPU-PNIPAM-3.6). (d)

Stress-strain curves of TPU microfibre membrane and swollen TPU-PNIPAM-3.6 membrane.

The TPU microfibre membranes were prepared using force spinning, as shown in Figure 3.2.
The PNIPAM-coated TPU microfibre (TPU-PNIPAM) membranes were made using a single
step free-radical polymerization (Figure 3.3a). The TPU microfibre can be easily wetted by

NIPAM monomer solution, as shown in Figure 3.4. The schematic diagram of formation of
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TPU-PNIPAM composite is shown in Figure 3.5. As shown in Figure 3.3b-c, the TPU-
PNIPAM membrane shows excellent mechanical properties, and can be readily stretched and
twisted without failure, showing significant recovery on removal of deformation. The
composite membrane has significantly enhanced stretchability, as compared with the TPU
membrane. In this study, TPU-PNIPAM membranes with different amounts of PNIPAM (1.4,
3.6, 7.6, 13.4, and 25.3 wt. %) were prepared. As an example of the nomenclature used, a
membrane contains 1.4 wt. % PNIPAM hydrogel is denoted as TPU-PNIPAM-1.4. The TPU
microfibres’ diameter is 1-30 um, and 92 % of them distributes in 1-15 pum (Figure 3.6).
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Figure 3.4 Contact angle-time curves of TPU film with DDI water and NIPAM solution (16.67

wt. %) as testing medium.
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Figure 3.5 Schematic diagram of formation of TPU-PNIPAM composite. (a) Free radical
polymerization of PNIPAM hydrogel, (b) basic chemistry of TPU, (c) polymerization of
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PNIPAM hydrogel on the TPU microfibre’s surface. The hydrogen bonds form between the
urethane and acrylamide groups in two polymers.
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Figure 3.6 (a) SEM image and (b) diameter distribution of TPU microfibre membrane. The
diameter distribution was measured using Nano Measurer 1.2.

Figure 3.7 SEM images of TPU microfibre membrane and TPU-PNIPAM composite
membranes (3.6 and 13.4 wt. %). Membrane surfaces of (a) TPU microfibre membrane (558x),
(b) TPU-PNIPAM-3.6 (811x) and (c) TPU-PNIPAM-13.4 membrane (683x); microfibre
surfaces of (d) TPU microfibres (71202x), (e) TPU-PNIPAM-3.6 (67286%) and (f) TPU-
PNIPAM-13.4 (35187x); microfibre cross-sections of (g) TPU microfibres (38448x), (h) TPU-
PNIPAM-3.6 (43471x) and (i) TPU-PNIPAM-13.4 (2885x).
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Figure 3.8 (a) SEM image and (b) pore size distribution of composite membrane with 3.6 wt. %
PNIPAM (TPU-PNIPAM-3.6), and (c) SEM image and (d) pore size distribution of TPU-
PNIPAM-13.4 membrane.

Figure 3.7 shows the SEM images of TPU microfibre membrane, TPU-PNIPAM-3.6 and
TPU-PNINPAM-13.4 membrane, which were taken after 10 times of cyclic heating. The SEM
images of microfibre surface and cross-section (Figure 3.7d-i) indicate that PNIPAM was
evenly coated on the TPU microfibres, and its surface roughness increased with greater
PNIPAM loading. These membranes showed similar morphologies before the cyclic heating,
as shown in Figure 3.8. In addition, within the TPU microfibre membrane, the microfibres were
loosely packed whilst in the TPU-PNIPAM membrane the microfibres were bound by the
PNIPAM hydrogel phase. In the latter instance, the pore size of the TPU-PNIPAM membranes
was greatly decreased, as shown in Figure 3.7a-c, with the pore size was found to decrease with
increasing PNIPAM loading (Figure 3.8). The pore size distributions of dry TPU-PNIPAM-
3.6 and TPU-PNIPAM-13.4 membrane were 3-27 um, and 2-15 pum, respectively. Figure 3.9
shows the thickness of the composite membranes and their PNIPAM hydrogel coating
thickness. The PNIPAM coating thickness of TPU-PNIPAM with a hydrogel loading of 1.4,
3.6, 7.6, 13.4, and 25.3 wt. % were 106, 160, 227, 3061, and 10124 nm, respectively. With the
hydrogel loading increased, the PNIPAM coating thickness increased. The membrane
thickness of TPU-PNIPAM with a hydrogel loading of 1.4, 3.6, 7.6, 13.4, and 25.3 wt. % were
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1.47,0.64, 0.63, 0.54, and 1.13 mm, respectively. It decreased with increasing hydrogel loading
when the loading amount was lower than 13.4 wt. %. The results of SEM images, PNIPAM
coating thickness, and membrane thickness indicated that TPU microfibres were bound by the
PNIPAM hydrogel, and increasing space between microfibres was filled by the hydrogel with
greater hydrogel loading. However, there was not sufficient PNIPAM hydrogel in the TPU-
PNIPAM-1.4 to bind the TPU microfibres, resulting in a thick membrane with large pores.
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Figure 3.9 Membrane thickness and PNIPAM coating thickness of composite membranes (1.4,
3.6, 7.6, 13.4, and 25.3 wt. %).

3.3.2 Mechanical properties

The mechanical properties of swollen TPU-PNIPAM membranes increased with increasing
hydrogel loading initially, however when the hydrogel loading was greater than 3.6 wt. %, it
decreased (Figure 3.10). The elongation and toughness of the dry composite membranes
follow a similar trend, and TPU-PNIPAM-3.6 reaches the maximum as well. However, the
tensile strength and Young’s modulus of the dry composite membranes show different trends:
TPU-PNIPAM-7.6 exhibits the largest tensile strength, and the Young’s modulus of the
composite membranes with the 7.6, 13.4 and 25.3 wt. % hydrogel loading are 10 times higher
than those of others. For TPU-PNIPAM-1.4 and TPU-PNIPAM-3.6, the microfibres are coated
with the hydrogel uniformly; as the hydrogel loading become greater, the hydrogel coating
surface becomes rougher, and thicker hydrogel starts to fill up the space between TPU
microfibres (Figure 3.71). The dry TPU-PNIPAM-3.6 is flexible and stretchable; whereas the
dry TPU-PNIPAM-7.6 becomes hard. Since the dry PNIPAM hydrogel is itself hard and brittle,
the dry composite membrane with a hydrogel loading higher than 3.6 wt. % also
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Figure 3.10 (a) elongation, (b) tensile strength, (c) Young’s modulus, and (d) toughness of
TPU microfibre membrane (0 wt. %) and TPU-PNIPAM membranes (1.4, 3.6, 7.6, 13.4, and
25.3 wt. %).

becomes harder and more brittle with increasing hydrogel loading, resulting in the decreased
tensile strength and elongation, and high Young’s modulus and low toughness observed. The
swollen TPU-PNIPAM-3.6 membrane is flexible and tough and reaches the optimal values of
mechanical properties among the composite membranes. The stress-strain curves of TPU
microfibre membrane and swollen TPU-PNIPAM-3.6 membrane (Figure 3.3d) indicate that
the mechanical properties of TPU-PNIPAM-3.6 membrane were significantly enhanced. The
elongation, tensile strength, Young’s modulus and toughness of TPU-PNIPAM-3.6 are 2.04,
2.88, 1.71 and 5.70 times of those of the TPU microfibre membrane alone (uncoated). The
elongation and tensile strength of TPU-PNIPAM-3.6 are as high as 288 % and 3.90 MPa, which
are much better than those of the other reported oil water separation membranes.[2, 39, 40] For
example, the ammonia modified PVDF oil water separation membrane prepared by Zhang et
al. exhibited an elongation of 29.2% and a tensile strength of 2.0 MPa, which showed good
flexibility and mechanical stability in the oil water separation process.[2] The toughness of dry
TPU microfibre membrane is 1321 kJ/m?; however, the toughness of swollen TPU-PNIPAM-
3.6 is 7536 kJ/m®, which is comparable with natural rubber (10000 kJ/m®). The images in
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Figure 3.3b-c show the twisting test of TPU microfibre membrane and TPU-PNIPAM-3.6
membrane. Both two membranes had good flexibility that could not only withstand bending,

but also complex twisting, while TPU-PNIPAM-3.6 showed greater elasticity and recovery.

3.3.3 Wettability

TPU film TPU microfiber membrane

Figure 3.11 Water contact angle images of (a) TPU film and (b) TPU microfibre membrane.
The water contact angle of TPU film was 82.0 °, and that of TPU microfibre membrane was
148.3 °,

The water contact angle of TPU thin film was 82.0°, after spinning the TPU into microfibres,
the water contact angle of TPU microfibre membrane increased to 148.3° (Figure 3.11) because
of the resultant surface roughness of TPU. Figure 3.12 shows the wettability of PNIPAM
hydrogel and TPU-PNIPAM membranes. As shown in Figure 3.12a, compared to swollen
PNIPAM, the water contact angles of swollen TPU-PNIPAM membranes were lower at room
temperature and increased at 45°C, demonstrating that the TPU-PNIPAM-3.6 membrane
exhibited switchable superwettability. At room temperature, with increasing hydrogel loading,
the contact angles of composite membranes increase; meanwhile the hydrogel fills the space
between TPU microfibres instead of coating on the surface alone (Figure 3.13), and the
membrane roughness decreased, resulting in a similar wettability to the PNIPAM hydrogel. At
45 °C, the contact angles of composite membrane initially increase and then decrease with
increasing hydrogel loading, while TPU-PNIPAM-3.6 shows the highest value. The thermo-
responsive properties of PNIPAM can be explained by the reversible formation of
intermolecular hydrogen bonding between amide groups of PNIPAM chains and water
molecules, and intramolecular hydrogen bonding between amide groups of PNIPAM chains
below and above the LCST.[17, 41, 42] At temperatures below LCST, the stretching PNIPAM
chains are wrapped by the water molecules, showing hydrophilicity; while at temperatures
above LCST, the collapsed PNIPAM chains are wrapped by isopropyl groups, showing
hydrophobicity (Figure 3.12b). Nevertheless, the synergism of integrating TPU microfibres
and PNIPAM amplifies these properties to superhydrophilicity and superhydrophobicity.
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Figure 3.12c-f show that TPU-PNIPAM-3.6 membrane was superhydrophilic, with a water
drop spreading in a timeframe of less than 0.094 s, and underwater demonstrated oleophobic
behaviour (141.3°) at room temperature; but became superhydrophobic (150.2°) and
underwater superoleophilic, with an oil drop spreading time of 70 s at 45 °C. TPU-PNIPAM-
3.6 submerged under water at room temperature, and floated on the surface of water without a

water droplet on the membrane surface at 45 °C (Figure 3.14).
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Figure 3.12 (a) Water contact angles of swollen TPU-PNIPAM membranes (1.4, 3.6, 7.6, 13.4,
and 25.3 wt. %) and the swollen PNIPAM hydrogel (100 wt. %) at room temperature (RT) and
45°C. (b) Schematic diagram of switching wettability of TPU-PNIPAM membrane at different
temperatures. (c) A water droplet (1uL) spreading on a swollen TPU-PNIPAM-3.6 membrane
within 0.094 s at room temperature. (d) Water contact angle (150.2°) of swollen TPU-
PNIPAM-3.6 membrane at 45 °C. (e) Underwater oil contact angle (141.3°) of swollen TPU-
PNIPAM-3.6 membrane at room temperature. (f) Underwater oil contact angle of swollen
TPU-PNIPAM-3.6 membrane at 45°C. Hexadecane was used for testing the underwater oil

contact angle.
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Figure 3.13 SEM images of composite membranes and the relevant water contact angle. (a)
TPU-PNIPAM-1.4, (b) TPU-PNIPAM-3.6, (c) TPU-PNIPAM-7.6, (d) TPU-PNIPAM-13.4,
(e) TPU-PNIPAM-25.3. (f) Water contact angle of composite membranes and PNIPAM
hydrogel at room temperature and 45 °C.

Figure 3.14 Photographs of TPU-PNIPAM-3.6 immersed into DDI water at different
temperatures: (a) room temperature, (b) 45 °C. (al) and (b1) show the top view of the process,
while (a2) and (b2) show the front view.
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3.3.4 Swelling behaviour
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Figure 3.15 Swelling properties of the PNIPAM of TPU-PNIPAM-3.6 membrane. (a) Swelling
curve of dry TPU-PNIPAM-3.6 membrane. (b) Swelling ratio of TPU-PNIPAM-3.6 membrane
at different temperatures. (c) Deswelling curve of TPU-PNIPAM-3.6 membrane tested at 45 °C
DDI water. (d) Reswelling curve of TPU-PNIPAM-3.6 membrane tested at 25°C DDI water.

Apart from the wettability, the degree of swelling also plays an important role in the potential
use of the hydrogel. It has been recognized that PNIPAM hydrogels would possess low
reswelling and deswelling rates at temperatures below or over its LCST, which is responsible
for the formation of a dense, hydrophobic layer at the surface of the hydrogels due to the
occurrence of volume-phase transition (VPT) that retards the collective diffusion of water
molecules in the swelled and/or deswelled hydrogels.[39, 40, 43, 44] Figure 3.15 shows the
swelling properties of the PNIPAM phase of the TPU-PNIPAM-3.6 membrane. It took 400
minutes for dry TPU-PNIPAM-3.6 membrane to achieve a swelling equilibrium in DDI water
(Figure 3.15a). Even though the swelling ratio of the PNIPAM was 5.36 g/g, the appearance of
the membrane changed little because of the small amount of hydrogel loading. The LCST of
TPU-PNIPAM-3.6 membrane is the same as PNIPAM hydrogel, some 32-33 °C (Figure 3.15b).
Importantly, the deswelling and reswelling equilibrium of TPU-PNIPAM-3.6 membrane could
be achieved in less than 3 minutes by immersing it into 45 °C and 25 °C DDI water, respectively,
as shown in Figure 3.15c-d. The rapid deswelling and reswelling properties could be a result

of the morphology of hydrogel nanoparticles on the microfibres surface and the consequent

95



Chapter 3 Robust thermo-responsive composite membrane for switchable oil water separation

large surface area. The excellent mechanical properties, suitable pore sizes, switchable
superhydrophilicity and superhydrophobicity, rapid deswelling and reswelling property make
clear the appropriate application of these TPU-PNIPAM membranes for separating oil-in-water
emulsion and water-in-oil emulsion at room temperature (25 °C) and 45 °C, respectively.

3.3.5 Oil water separation capacity

To study the oil-water separation ability of TPU-PNIPAM membranes, oil intrusion pressure
and water intrusion pressure, the relevant water flux and oil flux were all tested, and the results
shown in Figure 3.16a-b. The intrusion pressure indicates the maximum height of oil / water
that the TPU-PNIPAM membrane can support at room temperature / 45 °C, which is calculated
by the following equation (2):

P = pgh max 2
where p is the density of the oil / water, g is gravitational acceleration, and hmax is the maximum
height of oil / water the membranes can support. The fluxes were calculated by measuring the
volume of liquid permeated through the membranes over a period of time due to gravity only.
Both intrusion pressure and flux were tested more than 5 times to obtain the average value. At
room temperature, TPU-PNIPAM membranes are hydrophilic, the oil intrusion pressures of
TPU-PNIPAM-1.4, TPU-PNIPAM-3.6, TPU-PNIPAM-7.6, and TPU-PNIPAM-13.4
membrane are 0.35, 1.37, 1.53, and 3.26 kPa, respectively, and the relevant water fluxes are
3288, 3646, 1657, and 41 LMH. With increasing hydrogel loading, the pore size of the
composite membranes becomes smaller, which is responsible for the increasing oil intrusion
pressure and decreasing water flux. At 45 °C, the TPU-PNIPAM membranes are hydrophobic,
the water intrusion pressure firstly increased and then decreased, while the oil flux decreased
with increasing hydrogel loading of the composite membranes. Only TPU-PNIPAM-3.6
exhibited proper water intrusion pressure at 45 °C (0.89 kPa), which was slightly higher than
that of TPU microfibre membrane alone (0.80 kPa). TPU-PNIPAM-1.4 showed low water
intrusion pressure, because the microfibres were loosely piled, with huge gaps among the
membrane (Figure 3.13a), Converselt, coating with PNIPAM decreased the water contact angle
of TPU microfibre membrane from 148.3 ° to 105 °. Coating with PNIPAM hydrogel provides
the TPU microfibres with switchable hydrophilicity and hydrophobicity, but only TPU-
PNIPAM-3.6 possesses switchable superhydrophilicity and superhydrophobicity (Figure
3.12a). The increasing hydrogel loading decreased the pore size, as well as the surface

roughness, resulting in decreasing contact angle and water intrusion pressure. The oil fluxes of
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Figure 3.16 (a) Oil intrusion pressure and water flux of TPU-PNIPAM membranes (1.4, 3.6,
7.6, 13.4, and 25.3 wt. %) at room temperature. (b) Water intrusion pressure and oil flux of
TPU microfibre membrane and TPU-PNIPAM membranes at 45 °C. Hexadecane was used as
the test oil. (c) Separation efficiency of TPU-PNIPAM-3.6 membrane for reversibly oil-water
separation at room temperature and 45 °C. The inset shows the 1 wt. % SDS-stabilized silicone
oil-water emulsion and the collected water before and after separation at room temperature
(left), and the 99 wt. % SDS-stabilized silicone oil-water emulsion and the collected oil before
and after separation at 45 °C (right). (d) Separation efficiencies of TPU-PNIPAM-3.6

membrane for separating different 1 wt. % oil-water emulsions at room temperature.

TPU microfibre membrane and TPU-PNIPAM-3.6 membrane were 4659 and 503 LMH,
respectively. The loosened structure of TPU microfibre membrane reduced the water intrusion
pressure but enhanced the oil flux. Combining the results of room temperature oil intrusion
pressures and 45 °C water intrusion pressures of the membranes, TPU-PNIPAM-3.6 is the
membrane that can best be applied to controllable separation of oil-in-water emulsion and
water-in-oil emulsion at different temperatures, which is consistent with the contact angle data
in Figure 3.12. The illustration of controllable separation of oil-water mixture with TPU-
PNIPAM-3.6 membrane is shown in Figure 3.17. Water selectively permeated through the
membrane and oil (hexadecane, red) was retained above the membrane at room temperature.

Likewise oil permeated through the membrane, but the permeation of oil was blocked when
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the membrane surface was covered by water at 45 °C, thus both oil and water were retained.
Figure 3.18 shows the variation of flux during 24 hours separation of SDS-stabilized
hexadecane-water emulsions. The diameter distribution of oil drops in 1 wt. % hexadecane-

water emulsion is 2-15 pm, and that of water drops in 99 wt. % hexadecane-water emulsion is

3-30 pum (Figure 3.19).

temperature, the initial flux was 3700 LMH. It dropped to about 2400 LMH after 1 hour and
was remained in the following 23 hours. The flux of separating 99 wt. % hexadecane-water
emulsion at 45 °C showed a similar trend. After 2 hours, the flux dropped from 670 to 480

LMH, and it remained constant for the subsequent 22 hours. No external force was employed

during the separation process.

Figure 3.17 Controllable oil-water separation using TPU-PNIPAM-3.6 membrane at (a) room

temperature and (b) 45 °C respectively (hexadecane: red, water: transparent). Oil-water

separation at 45 °C was conducted in a 45 °C oven.
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Figure 3.18 (a) The variation of flux as a function of time for 24 h separation of 1 wt. % SDS
—stabilized hexadecane-water emulsion. (b) The variation of flux as a function of time for 24

h separation of 99 wt. % SDS-stabilized hexadecane-water emulsion. TPU-PNIPAM-3.6 was
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Silicone oil, with a density approaching that of water, was used to prepare the emulsion with
water for testing the oil-water emulsion separation capability of TPU-PNIPAM-3.6 membrane.
1 wt. % silicone oil-water emulsion contains 1 wt. % silicone oil, 99 wt. % DDI water and 1
mg/mL sodium dedecyl sulfate (SDS), it is oil-in-water emulsion. Similarly, 99 wt. % silicone
oil-water emulsion contains 99 wt. % silicone oil, 1 wt. % DDI water and 1 mg/mL SDS, and
thus is a water-in-oil emulsion. The silicone oil-water emulsions were much more stable than
the hexadecane-water emulsions. The diameter of silicone oil drops in water is 2-25 um, and
that of water drops in silicone oil is 5-30 pum (Figure 3.19). The TPU-PNIPAM-3.6 membrane
was able to demonstrate excellent ability to separate oil-water emulsions. At room temperature,
1 wt. % silicone oil-water emulsion was separated, and the separation efficiency was higher
than 99.26 %; at 45 °C, 99 wt. % silicone oil-water emulsion was separated, and the separation
efficiency was 99.85 %. TPU-PNIPAM-3.6 showed switchable superhydrophilicity and
superhydrophobicity, it separated oil-in-water and water-in-oil emulsions at temperatures
below and above LCST respectively. However, the TPU microfibre membrane showed
hydrophobicity, it separated a water-in-oil emulsion only. The TPU microfibre membrane was
applied to separate 99 wt. % silicone oil-water emulsion, and the separation efficiency was
99.78 %. For separating water-in-oil emulsion, even though TPU-PNIPAM-3.6 was swollen in
45 °C water, it showed similar separation efficiency with the dry TPU microfibre membrane.
The separation efficiencies of TPU-PNIPAM-3.6 membrane for reversely separating 1 wt. %
and 99 wt. % silicone oil-water emulsions at room temperature and 45 °C individually are
shown in Figure 3.16c. It was found that the separation efficiencies were stable both at room
temperature and 45 °C, demonstrating that the TPU-PNIPAM-3.6 membrane is stable and
shows excellent separation ability under switching temperatures. The inset of Figure 3.16¢
shows photographs of oil-water emulsions and the collected liquids, before and after separation,
which also indicates that the TPU-PNIPAM-3.6 membrane separated emulsions successfully.
Other than for silicone oil-water emulsions, the TPU-PNIPAM-3.6 membrane was able to
separate other oil-water emulsions with high separation efficiency (Figure 3.16d). The optical
microscopy images of emulsions before and after filtration are shown in Figure 3.20 and Figure
3.21.

In conclusion, the TPU microfibre-PNIPAM hydrogel composite membrane (e.g., TPU-
PNIPAM-3.63) exhibit excellent oil-water emulsion separation performance: (1) it separates
water-in-oil and oil-in-water emulsions effectively and efficiently under switching

temperatures, with an separation efficiency of > 99.26 %, while the TPU microfibre membrane
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without hydrogel coating separates water-in-oil emulsion only; (2) the swollen TPU-PNIPAM-
3.6 (45 °C) shows a similar separation efficiency with the dry TPU microfibre membrane; and
(3) other oil-water emulsions can also be separated by TPU-PNIPAM, and excellent separation
efficiencies were achieved.
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Figure 3.19 Optical microscopy images and diameter distribution of oil droplets in 1 wt. %
oil-water emulsion and water droplets in 99 wt. % oil-water emulsion. (a) Oil droplets in 1
wt. % SDS-stabilized hexadecane-water emulsion; (b) diameter distribution of oil droplets in
1 wt. % SDS-stabilized hexadecane-water emulsion; (c) water drops in 99 wt. % SDS-stabilized
hexadecane-water emulsion; (d) diameter distribution of water droplets in 99 wt. % SDS-
stabilized hexadecane-water emulsion. (e) Oil droplets in 1 wt. % SDS-stabilized silicone oil-
water emulsion; (f) diameter distribution of oil droplets in 1 wt. % SDS-stabilized silicone oil-
water emulsion; (g) water droplets in 99 wt. % SDS-stabilized silicone oil-water emulsion; (h)
diameter distribution of water droplets in 99 wt. % SDS-stabilized silicone oil-water emulsion.
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Figure 3.20 Optical microscopy images SDS-stabilized 1 wt. % oil-water emulsions before
(al-el) and after (a2-e2) filtration. (a) 1 wt. % silicone oil-water emulsion, (b) 1 wt. %
hexadecane-water emulsion, (c) 1 wt. % paraffin-water emulsion, (d) 1 wt. % olive oil-water

emulsion, (e) 1 wt. % fish oil-water emulsion.
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Figure 3.21 Optical microscopy images SDS-stabilized 99 wt. % oil-water emulsions before
(al-bl) and after (a2-b2) filtration. (a) 99 wt. % hexadecane-water emulsion, (b) 99 wt. %

silicone oil-water emulsion

3.4 Summary

In conclusion, a robust thermo-responsive polymer membrane with switchable
superhydrophilicity and superhydrophobicity was successfully fabricated by combining a
thermoplastic polyurethane (TPU) microfibres and poly (N-isopropylacrylamide) (PNIPAM)
nanoparticles. Among the polymer composite membranes prepared, the TPU-PNIPAM-3.6
material performed best, exhibiting excellent mechanical properties with an elongation of
288 % and a toughness of 7536 kJ/m®, comparable with natural rubber (10000 kJ/ m®). The
water contact angles of TPU-PNIPAM-3.6 membrane switched between 0° (room temperature)
and 150.2 ° (45 °C), and the PNIPAM hydrogel of the composite membrane reached deswelling
and reswelling equilibrium in 3 minutes. Driven by gravity only, the TPU-PNIPAM-3.6
membrane could separate 1 wt. % silicone oil-water emulsion at room temperature with a
separation efficiency of > 99.26 %, and separate 99 wt. % silicone oil-water emulsions at 45 °C
with a separation efficiency of > 99.85 %. This membrane is thus a good candidate for not only
oil-water emulsion separation, but also for fabricating smart materials for rapidly responsive
drug delivery systems and sensors. In addition, other polymeric micro- or nanofibres
membranes could be used as the substrates for fabricating superwetting materials, which
broadens the methods of preparation of such materials.
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Chapter 4 Microfibres-polymer hydrogel monolith as forward

osmosis draw agent

Overview

The swelling pressure of hydrogel and the contact of membrane—hydrogel are key parameters
for achieving high water flux. In this work, the forward osmosis performance of hydrogels can
be significantly improved by producing composite hydrogel monoliths containing
thermoplastic polyurethane (TPU) microfibres. The use of monolithic hydrogels and the
addition of microfibres enhance water diffusion through the draw agent and sustain high
swelling pressure, resulting in improved FO performance. As observed in the sigmoidal
swelling curves, the swelling kinetics of microfibre-hydrogel composite (TPU microfibre-poly
(NIPAM-co-SA), TPU-PN5S5) is more rapid than that of pure hydrogel (PN5S5), and the time
required for the composite to reach swelling equilibrium decreases significantly; the diffusion
exponent of TPU-PN5S5 composite increases from 0.73 to 0.81, indicating that addition of
microfibres increases the water diffusion rate. Further studies show that water transports more
quickly through the microchannels around TPU microfibres due to their hydrophilicity and
capillary forces, as illustrated in Figure 4.1. The composite monolith was tested as forward
osmosis draw agent, and it was found that the 1st hour FO water flux and dewatering flux of

TPU-PSA are 1.81 and 3.51 L-m™-h, respectively, twice of those for PSA particles alone.

This chapter has been published as a journal article: Ranwen Ou, Huacheng Zhang, George P.
Simon, Huanting Wang, J. Membr. Sci. 2016, 510, 426-436
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Figure 4.1 Schematic illustration of water transport in TPU-hydrogel composite.
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4.1 Introduction

Polymer hydrogels are three-dimensional networks of hydrophilic polymers, which can
become highly swollen in water or biological fluids. [1, 2] The unique properties of polymer
hydrogels, such as absorption, swelling and de-swelling behavior, hydrophilicity, and
biocompatibility, [3, 4] have been applied in many areas such as hygiene, pharmaceutical, drug
delivery, bio-sensors, artificial skin and muscles, the oil industry, agriculture, water treatment,
and textile manufacture. [5-8] Recently, our group have successfully demonstrated the
feasibility of using stimuli responsive polymer hydrogels as draw agent in the forward osmosis
(FO) desalination for the first time.[9] The FO process shows low membrane fouling propensity

and has potential to reduce water desalination and treatment costs.[10]

In the FO process, a draw agent is used to withdraw pure water from feed solution, while a
semipermeable membrane blocks the solute from the feed. Dry particles of cross-linked poly
(N-isopropyl acrylamide) (PNIPAM), poly (sodium acrylate) (PSA), and their copolymer have
been used for purifying brackish water. However, the properties of hydrogel draw agents need
to be improved to increase water flux for practical application. Thus, much effort has been
poured into investigating the relationship of water flux and hydrogel properties, and improving
the water flux. Research has shown that the swelling pressure of hydrogel, the contact of FO
membrane-hydrogel, and water transport through the draw agent are key factors affecting water
flux.[11-14] The contact of FO membrane-hydrogel indicates the percentage of contact area

between hydrogel and FO membrane to the FO membrane area.

A number of strategies, such as reducing the particle size of hydrogels and compressing
hydrogel particles into a monolith, have been demonstrated to improve the contact of FO
membrane-hydrogel and the water transport of draw agent. [12, 13, 15-18] In particular, the
addition of graphene into hydrogels greatly increased the softness of the composite hydrogels,
decreased the retractive force of polymer chains, and improved the inter-particle and particle-

membrane contacts, leading to significantly improved FO water fluxes.[13]

To maintain water flux in the FO process, the swelling pressure and water transport (or
swelling rate) of hydrogel draw agent need to be sustained. It is well known that the swelling
pressure of polymer hydrogels originates from polymer-water mixing, elastic reaction force of
the network, and osmotic pressure of ionizable groups.[14, 19] One effective methodology to
increase the swelling pressure of hydrogels is to increase the amount of ionic group in hydrogel,
which increases the osmotic pressure. For instance, the water flux of the copolymer hydrogel
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of NIPAM and SA increases with increasing the amount of ionic SA. [9, 20] On the other hand,
significant efforts have been made to improve the polymer-water mixing rate and thus the
swelling and deswelling properties of hydrogels. By introducing porosity in hydrogel, the
interfacial contact between hydrogel and water is enhanced, giving rise to increased swelling
and deswelling rates. [21-23] Introduction of structural inhomogeneity in hydrogels is another
effective way to improve water diffusion. [24-26] In such hydrogels, the hydrophilic
component acts as a tunnel across the dense and hydrophobic layer at the surface of hydrogels,
accelerating water diffusion; the improvement of response rate of PNIPAM hydrogel can be
achieved by forming comb-type grafted networks to enhance mobility of grafted chains. [27,
28] These strategies are potentially useful for designing high-performance draw agents for FO

applications.

In this work, a new and effective method to sustain the swelling pressure is developed and
demonstrated by incorporating hydrophilic microfibres into a polymer hydrogel monolithic
draw agent. The incorporated microfibres provide a hydrophilic microfibre surface and
microchannel around the hydrogel phase, to advantageously directly transport water to the
inner part of hydrogel monolith, increasing the water diffusion, easing the restriction that
polymer chain relaxation causes, and maintaining the low swelling ratio of hydrogel contacted
with membrane. The microfibre-polymer monolith can be readily prepared by dispersion of
hydrophilic microfibres in aqueous monomer solution, and subsequent polymerization of
monomers, and this preparation process allows for tuning of compositions of hydrogels
(content of ionic monomer) and loading of microfibres. In this study, thermoplastic
polyurethane (TPU) was chosen as microfibre material for its good elasticity, high wear
resistance, good oil and grease resistance and low cost. The TPU microfibres used in this
experiment were prepared by force spinning, which is a fast and efficient technique to produce
micro- and nano-scale fibres. [29, 30] The swelling behavior and mechanisms of pure
hydrogels and composite hydrogels are studied. The composite hydrogel is applied as a draw
agent in FO process to quantify the improvement in the swelling pressure and water flux.
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4.2 Experimental
4.2.1 Materials

N-isopropyl acrylamide (NIPAM, 97 %), Sodium acrylate (SA, 97 %), N, N-methylenebis
(acrylamide) (MBA, 99 %), ammonium persulfate (APS, > 98 %), and N, N, N’, N’-tetramethy!l
ethylenediamine (TEMED, 99 %) were purchased from Sigma-Aldrich Australia.
Thermoplastic polyurethane (TPU, TETON*206) was kindly provided by Urethane
Compounds Pty. Ltd Australia. Tetrahydrofuran (THF) was purchased from Merck. Pure water
was used in all experiments. All the chemicals mentioned above were used without further

purification.

4.2.2 Experimental procedures

Preparation of pure hydrogel: A 16.67 wt. % monomer solution was prepared by dissolving
monomer (NIPAM, SA), cross-linker (MBA), and initiator (APS) in deionized water. The
weight ratio of monomer, cross-linker, and initiator was fixed at 50:1:0.5. The composition of
NIPAM and SA is shown in Table 4.1. A drop of TEMED was added into the monomer solution
under mild shaking to accelerate the initiation of the polymerization reaction. The hydrogels
were formed within a few minutes, followed by rinsing with deionized water and drying in a
60 °C oven. The dry hydrogel was ground into particles for use as a draw agent. The average
particle sizes of PNIPAM, PN7S3, PN5S5, PN3S7, and PSA were 20.9, 23.5, 12.8, 21.7, and
39.8 um, respectively.

Table 4.1 Composition of pure hydrogels and composite hydrogels.

N-isopropyl  Sodium ) TPU N-isopropyl Sodium
Pure _ Composite L .

acrylamide  acrylate microfibre  acrylamide acrylate
hydrogels hydrogels

(wt. %) (wt. %) (wt. %) (wt. %) (wt. %)
PNIPAM 100 0 TPU-PNIPAM 50 50 0
PN7S3 70 30 TPU-PN7S3 50 35 15
PN5S5 50 50 TPU-PN5S5 50 25 25
PN3S7 30 70 TPU-PN3S7 50 15 35

Preparation of TPU microfibre-hydrogel composite: TPU was dissolved in THF to form a 12
wt. % polymer solution. The solution was spun into a TPU microfibre mat by a force spinner
(Cyclone L-1000M, FibeRio® Technology Corporation, USA). At a rotational speed of 5000
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rpm, 1 g of microfibre was formed in less than 30 seconds. The diameter distribution of TPU

microfibre used in this study is 0.5-50 pum.
Focell
“.k, l TPU microfiber

? —
t=== FO membrane TEMED

Monomer solution

[ J¢ [ |

Figure 4.2 The preparation process of TPU-hydrogel composites.

To make the composite, a drop of TEMED was added to the monomer solution. After mild
shaking, the TPU microfibre was immersed into the solution and a few minutes later, the
composite monolith was formed. The composite hydrogel was washed with pure water before
use. For the composites used as draw agent, in order to get better contact of composite - FO
membrane, the composite monolith was prepared on the membrane in the FO cell. The
preparation process of TPU microfibre-hydrogel composite draw agent is shown in Figure 4.2.
The FO performances of PN5S5 particles and TPU-PN5S5 composites with 0, 30, 50, and 70
wt. % TPU microfibre loading were tested (Figure 4.3), the results suggest that those with 50
wt. % TPU microfibre loading performed the best. Thus the TPU-hydrogel with 50 wt. % TPU

loading, as shown in Table 4.1, was used in the following study as comparison with hydrogel

particles.
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Figure 4.3 Water flux of PN5S5 hydrogel particle and PN5S5 composite hydrogels with
different TPU loadings.
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Characterization: The morphology of pure hydrogel particles and TPU microfibre-hydrogel
composites was observed by a scanning electron microscope (Nova NanoSEM 450 FESEM,
FEI, USA). The diameters of TPU microfibres were determined by the Nano Measurer 1.2. A
contact angle goniometer (Dataphysics OCA15, Dataphysics, Germany) was used to determine
the wettability of TPU microfibre mat and hydrogels. An industrial incandescent lamp (IR 250
C, 230V, 250 W, Philips) was used as the light source for dewatering the hydrogel draw agents,
as part of the FO process, and a radiometer (FZ-A) was used to determine the light intensity.

The swelling ratio and FO water flux were measured and calculated as in our previous study.
[13, 17] The swelling ratio Q (g/g) was determined by weighing the dry hydrogels and swollen
hydrogels over a period of time; the swollen hydrogels were kept in deionized water for 3 days

and the water was replaced with fresh deionized water every day.

Forward osmosis tests were carried out in a homemade FO cell, as shown in Figure 4.2. The
active surface of the FO membrane (CTA membrane, Hydration Technologies Inc., Albany,
OR) was faced to feed solution. 0.5 g of dry pure hydrogel particle was used in the test. 1 g of
TPU-hydrogel composite composed of 0.5 g of TPU microfibres and 0.5 g of hydrogel, with
different initial water contents was used as draw agent in the test. 2000 ppm NaCl solution was
used as feed water in the measurements. The FO water flux, F (L-m2-h?, or LMH), was
determined by the weight change of the FO cell over a period of time. The effective area of the

FO membrane was 4.91 cm?.

In the dewatering process, the FO cell with swollen hydrogel was put under an incandescent
lamp. The light intensity on the hydrogel surface was fixed at 1 kW-m and the weight loss as
a function of time recorded. The averaging dewatering flux (Fqs, LMH) was calculated by
equation:

_ V
Axt (1)

where V (L) is the volume loss of hydrogel in the dewatering process over a period of time t

Fad

(h). The FO cell was moved to dewater directly, so the effective area A (m?) is 4.91 cm?.
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4.3 Results and discussion
4.3.1 Morphology of composite hydrogels

The morphology of TPU microfibres and composite hydrogels was observed using scanning
electron microscopy, with the results shown in Figure 4.4. Figure 4.4a demonstrates that the
diameter of TPU microfibre is unevenly distributed, their diameter ranging from 0.5 to 50 pm.
Figure 4.4b-f show the cross-section of TPU-hydrogel composites. In such dry composites, the
TPU microfibres are dispersed within the hydrogel, and a gap can be seen between the

microfibre and hydrogel.

Figure 4.4 SEM images of TPU microfibres and cross-section of composite hydrogels. (a) TPU
microfibres, (b) TPU-PNIPAM composite, (¢) TPU-PN7S3 composite, (d) TPU-PN5S5
composite, (e) TPU-PN3S7 composite, and (f) TPU-PSA composite. The gaps between the

microfibre and the hydrogel are indicated by arrows.

4.3.2 Swelling properties of hydrogels

The swelling ratio of the composite hydrogels is half of that of corresponding pure hydrogels,
as shown in Figure 4.5. Since the composite hydrogels contain 50 wt. % TPU microfibre and

50 wt. % hydrogel, and TPU microfibre does not swell in water to the same degree as a hydrogel,

113



Chapter 4 Microfibers-polymer hydrogel monolith as forward osmosis draw agent

blending with TPU microfibre decreases the swelling ratio of the composites in a proportionate

manner.
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Figure 4.5 Swelling ratios of pure hydrogel and composite hydrogels.

Swelling is a continuous process of solvent transition from an unsolvated glassy or partially
rubbery state, to a fully relaxed rubbery region. [19] The swelling of hydrogel includes the
diffusion of water and the relaxation of polymer chains with the incoming water makes them
more mobile. A comprehensive, but simple equation can be used to describe the diffusion

mechanism in hydrogels, the so-called power law: [31, 32]

M pen
M- @

where M; and M.. are the amount of water absorbed at time t and infinite time, respectively. k
is the characteristic constant of the water-polymer system, while n is the diffusional exponent,
indicating the mechanism of diffusion. For slab samples (monoliths in this study), if the
polymer chain relaxation rate is much faster than the water diffusion rate, it is Fickian diffusion
or Case | diffusion (n = 0.5). Fickian diffusion is a diffusion-controlled swelling process, [33]
whilst if the water diffusion rate is very rapid compared to the relaxation rate of increasingly-
solvated polymer chains, it is non-Fickian diffusion or Case Il diffusion (n = 1), and is a
relaxation-controlled swelling process. Anomalous diffusion dominates when the diffusion
and relaxation rate are comparable or 0.5 < n < 1. These three models describe the relationship
between solvent diffusion rate and polymer chain relaxation rate, as well as the kinetics of
hydrogel swelling. Depending on different applications, the polymeric hydrogels can be
designed with suitable swelling behavior and swelling kinetics. For the hydrogel used as a draw
agent, faster swelling is desired. Theoretically, an improvement of the solvent diffusion rate of
more Fickian diffusion or increasing the polymer chain relaxation rate of more non-Fickian

diffusion enhances the swelling kinetics of hydrogel.
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Figure 4.6 (a) Swelling behavior and (b) swelling kinetics of pure hydrogel (PN5S5) and
composite hydrogel (TPU-PN5S5). SR in (a) is short for swelling ratio. Two circular slabs
(PN5S5 and TPU-PN5S5) with the same amount of PN5S5 hydrogel and similar thickness (4

mm) were used in this study. The insets are the images of samples used.

After TPU microfibres were incorporated, the swelling rate of composite hydrogel was clearly
enhanced (Figure 4.6). In the swelling process, the water diffuses into the polymer, which
changes the polymer chains from a glassy to rubbery state, with increasing mobility of the
macromolecules and volume expansion. [31] The effect of the TPU microfibre on the swelling
kinetics of hydrogels was then investigated. Pure hydrogel, PN5S5, and composite hydrogel,

TPU-PN5S5 circular slabs were swollen in water from glassy state (dry sample).

The time-dependence of the degree of swelling hydrogels can be seen as sigmoidal curves
(Figure 4.6a). [34] The curves can be divided into three parts: [35] firstly, the swelling is
restricted by the rigid and glassy inner core in the direction normal to the front surface; secondly,
the rigid core changes from the glassy to rubbery state after the fronts meet, permitting swelling
in all directions, and thus accelerating the swelling kinetics; [36] thirdly, once the hydrogels
approach their equilibrium swelling ratios, they show slower rates of swelling. Since the
thickness of PN5S5 and TPU-PN5S5 are both 4 mm, the initial parts of the swelling curves are
very similar, as shown in Figure 4.6a. However, the acceleration of swelling kinetics of TPU-
PN5S5 occurs earlier than those of PN5S5, which means it takes a shorter time for TPU-PN5S5
to transition from the glassy to rubbery state. The diffusion exponent, n, of TPU-PN5S5
increased from 0.73 (PN5S5) to 0.81 after blending with TPU microfibre, as shown in Figure
4.6b, indicating the solvent diffusion rate of the composite was higher. Thus, the polymer
molecular relaxation rate of PN5S5 is greater than the solvent diffusion rate, [37, 38] so the
increase of water diffusion rate in TPU-PN5S5 leads to an earlier occurrence of the acceleration
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swelling process. Due to the benefit of the increased rate of water diffusion, the composite

reached equilibrium swelling after 11 h, while the pure hydrogel equilibrium took 17 h.

4.3.3 Water diffusion in composite hydrogels

In the following section, the mechanism of the water diffusion improvement by incorporating
TPU microfibres will be discussed. Figure 4.7 shows the wettability of TPU microfibre and the
water absorbing ability of hydrogels, which indicates the enhanced absorbing ability of
composite hydrogels is related to the wettability of TPU microfibres. The dry TPU microfibres
are hydrophobic, as shown in Figure 4.7a, the water contact angle of dry TPU microfibre
changing only slightly after 5 minutes test. However, when the microfibres become totally wet,
the water droplet spread on the microfibres in less than 0.1 second, demonstrating that the wet
TPU microfibre is hydrophilic.
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Figure 4.7 Wettability of TPU microfibres and water absorption ability of hydrogels. (a) Plot
of contact angle versus time of dry TPU microfibre and wet TPU microfibre. (b) Time needed
for absorbing a 3 L water droplet by dry pure hydrogels, wet pure hydrogel and wet composite
hydrogels. The wet hydrogels contained 50 wt. % water. Contact angle goniometer was used

to control the volume of water droplets and observe the absorbing process.

To test the water absorbing ability of hydrogels, a 3 pL water droplet was dropped on the
surface of pure hydrogels and composite hydrogels (slabs), and the time required for the water
droplet to be absorbed recorded. The results in Figure 4.7b show that: 1) the absorption time
decreases with increasing the SA content of hydrogels; 2) the water absorption ability of wet
composite hydrogel is much better than that of dry pure hydrogels or pure hydrogels containing

50 wt. % water. The water absorption ability of composite hydrogels is much greater than that
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of the neat hydrogels. This may be caused by the hydrophilicity of the wet TPU microfibres,
or the capillary effect generated by the channels around microfibres.

To better observe the effect of TPU microfibres, a rhodamine B aqueous solution was used to
track water transport in the pure hydrogel and composite, and the relevant images are shown
in Figure 4.8. Figure 4.8a indicates that water can transport faster in the composite than pure
hydrogel. In Figure 4.8b, before the dye solution was dropped on the hydrogel, the TPU
microfibres could not be seen clearly by an optical microscope. After 50 seconds, the pink
microfibres became more visible inside the hydrogel, whilst the color of hydrogel became
lighter. This indicates that the RhB solution was more easily transported into the inner part of
composite hydrogel through the microchannels around TPU the microfibres.

RhB solution
)

Figure 4.8 (a) The swelling of pure hydrogel (left) and composite hydrogel (right) in aqueous
rhodamine B (RhB) solution. (b) The water absorption process of composite hydrogel (50 wt. %
water content) tracked by rhodamine B aqueous solution. These images were taken with an
optical microscope.

4.3.4 Forward osmosis performance of hydrogels

To investigate the effect of the water diffusion improvement of composite hydrogel on the
swelling pressure, the composite hydrogels were tested as draw agents in FO, and compared
with the relevant hydrogel particles shown in our previous study. Figure 4.3 demonstrates that
TPU-PN5S5 with 50 wt. % TPU loading performed better than PN5S5 monolith, while PN5S5
monolith performed better than PN5S5 particles. In order to compare the forward osmosis
performance of composite hydrogel monolith and pure hydrogel particles, the first hour FO
water flux of dry pure hydrogel particle and composite monolith with different water content
(0, 33.3, 50, 60, and 66.7 wt. %) were measured, as shown in Figure 4.9. Generally, the water
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flux of both pure and composite hydrogel increased with increasing amount of sodium acrylate
in the hydrogels, and this is consistent with their water absorption ability. There is an ionic —
COONa group in sodium acrylate, so the copolymer PNIPAM-SA with greater amount of
sodium acrylate possesses higher osmotic pressure, generating higher water flux.
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Figure 4.9 One hour forward osmosis water flux of pure hydrogel particle and composite
hydrogels. (a) Dry pure hydrogel particle, and composite hydrogels with an initial water content
of (b) 0, (c) 33.3, (d) 50, (e) 60, and (f) 66.7 wt.%. 2000 ppm NaCl solution was used as feed.
0.5 g dry pure hydrogel particle and 1 g composite hydrogel (composed of 0.5 g hydrogel and
0.5 g TPU microfibre) were used in the test.

However, PN5S5 and TPU-PN5S5 performed better than PN3S7 and TPU-PN3S7,
respectively. The study of Hartanto et al. showed that the addition of higher amount of acrylic
acid in PNIPAM-AA hydrogel resulted in higher water flux, but the addition of excess acrylic

118



Chapter 4 Microfibers-polymer hydrogel monolith as forward osmosis draw agent

acid from 50 % to 70 % appears to have limited impact on the water flux. [15] Note that the
FO water flux depends on not only the osmotic pressure of hydrogel, but also on the contact of
membrane-hydrogel. Figure 4.10 shows that the particle size of PN5S5 is smaller than that of
PN3S7, thus, the PN5S5 particle generated higher flux due to better contact. The average
particle size of PNIPAM, PN7S3, PN5S5, PN3S7, and PSA were 20.9, 23.5, 12.8, 21.7, and
39.8 um, respectively, determined by Nano Measurer 1.2. Importantly, the TPU-hydrogel
composite was monolithic. Higher water fluxes of TPU-PN5S5 may be caused by better contact
of the membrane and composite than that of TPU-PN3S7.

Figure 4.10 SEM images of pure hydrogel particles. (a) PNIPAM, (b) PN7S3, (c) PN5S5, (d)
PN3S7, and (e) PSA.

Compared to dry pure hydrogel particles, composite hydrogels performed better in the FO
process. In the first 10 minutes of the FO test, the water flux of PNIPAM, PN7S3, PN5S5,
PN3S7, and PSA particle were 0.64, 0.81, 0.94, 0.83, and 1.17 LMH, respectively; while those
of relevant dry composite hydrogels were 0.46, 0.54, 1.52, 1.23, and 1.89 LMH, individually.
Among the hydrogels, TPU-PSA exhibited greatly enhanced water flux compared to other
composites and PSA particles. With the increased initial water content, the first 10 minutes
water flux of TPU-PSA increased from 1.89 LMH to 2.88 LMH (33.3 and 50 wt. % water

119



Chapter 4 Microfibers-polymer hydrogel monolith as forward osmosis draw agent

content), and then gradually decreased to 1.71 LMH (66.7 wt. % water content). Other
composite hydrogels with 0-60 wt. % water content generated similar water flux, however,
when it was increased to 66.7 wt. %, the water flux decreased obviously to lower than 0.6 LMH.
Theoretically, the composite hydrogel with a smaller amount of water should generate higher
water flux because ionization of charged groups results in a higher osmotic pressure and thus
higher swelling pressure. However, with regards to the water flux of the composite hydrogel,
there is a balance between swelling pressure and membrane—hydrogel contact. Higher swelling
pressure generates higher water fluxes; on the other hand, better contact with the membrane
also produces higher water flux. The composite hydrogels with greater water content were
softer and flatter, while those with less water content was harder and curved (not flat), which
indicates that better contact between FO membrane and composite hydrogel can be obtained
by increasing its water content. As a result, the water flux of composite hydrogel with a larger
amount of water changed slightly or even became higher. When 2000 ppm NaCl solution was
used as feed, TPU-PSA with an initial water content of 50 wt. % generated 2.88 LMH water
flux in the first 10 minutes, and 1.77 LMH after 1 hour. In contrast, those of the PSA particles
were 1.16 and 0.87 LMH, respectively.

5 | [T 2271 2000 ppm NaCl as feed
[ 12771 Pure water as feed /I -
T 4-
=
=
% - /T{
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©
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PSA PSA TPU-PSA TPU-PSA

Figure 4.11 The first 10 min FO water fluxes of PSA particle and wet TPU-PSA composite,
with 2000 ppm NaCl solution or pure water as feed.

When pure water was used as feed, the FO water flux of PSA and TPU-PSA were also tested,
as shown in Figure 4.11. The first 10 minute water fluxes of dry PSA particles were 1.17 and
1.63 LMH when 2000 ppm NacCl solution and pure water were used as feed, respectively. By
blending with 50 wt. % TPU microfibres, the water flux of wet TPU-PSA (50 wt. % water
content) increased to 2.88 and 4.83 LMH, respectively.
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Figure 4.12a-b shows the 24 hours FO performance of hydrogels. For pure hydrogel particle,
PSA showed highest water flux. It generated 1.17 LMH water flux in the first 10 minutes, 0.53
LMH after 5 hours, and 0.27 LMH after 24 hours. In the test, TPU-PSA monolith showed the
highest FO water flux among 10 hydrogels. It generated a water flux of 2.77 LMH, 1.28 LMH
and 0.80 LMH in the first 10 minutes, after 5 hours, and after 24 hours, respectively. These
values are about twice as large as those of PSA hydrogel particles. In previous study, the water
flux of hydrogel particles dropt very fast to below 1 LMH in less than 5 hours. For example,
as shown in Table 4.2, it takes 1, 3, 5, and 4 hours for PSA, [9] PSA-C, [17], PSA-rGO [13]
hydrogel particles, and MCG-NP50-AA50 microgels [15] to drop down to less than 1 LMH,
respectively. However, TPU-PSA maintained a water flux of > 1 LMH in the first 12 hours,

which benefits from the good water transport system.

Table 4.2. The water flux of hydrogel draw agent in recent publications.

Water flux (LMH)

Draw agent Ref.
1% hour 51 hour

PSA particles 0.96 0.58 [9]
PSA-Carbon paticles 1.05 0.80 [17]
PSA-rGO 3.1 0.95 [13]
PNIPAM-SA-iron oxide 1.48 0.70 [18]
PNIPAM-SA microgels 4 -- [15]
PNIPAM-SI-0.5 PVA 0.24 0.08 [16]
This

TPU-PSA 2.17 1.28

work

After the FO process, all the water absorbed by the hydrogels was dewatered using an
industrial incandescent lamp (1 kW-m sunlight), and the average dewatering flux is shown in
Figure 4.12c-d. In a practical application, the dewatering could be achieved by combining the
solar energy and industrial waste heat. As shown in Figure 4.12c-d, the average dewatering
flux of composite hydrogels is slightly higher than those of pure hydrogel particle. Surprisingly,
PSA showed the highest dewatering flux among the pure hydrogel particles, but not for
PNIPAM. PNIPAM is a temperature-responsive hydrogel, swollen PNIPAM hydrogel particle
dewaters most of the water absorbed easily by heat it over its lower critical solution temperature
(LCST); however, itis difficult to dewater all the water from it. When PNIPAM is heated above
the LCST, a hydrophobic layer will be formed at the surface of hydrogel that limits the outward
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diffusion of water molecules. TPU-PNIPAM showed the best dewatering performance among

the hydrogels.
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Figure 4.12 24 hours forward osmosis water flux of (a) pure hydrogel particle and (b)
composite hydrogels with 50 wt. % initial water content; average dewatering flux of (c) pure
hydrogel particle and (d) composite hydrogels as a function of SA content. 2000 ppm NaCl
solution was used as feed as feed in the FO process. 0.5 g dry pure hydrogel particle and 1 g
composite hydrogel (composed of 0.5 g hydrogel and 0.5 g TPU microfibre) were used as the
initial draw agent in the test.

This is caused for two reasons: 1) only a very small amount of water was absorbed by TPU-
PNIPAM in the FO process; 2) the initial water content of TPU-PNIPAM was 50 wt. %, so it
was easy for TPU-PNIPAM to release a small amount of water before the formation of
hydrophobic layer. Figure 4.13 shows the weight of water absorbed in the 24 hours FO process
and desorbed in the dewatering process by hydrogels. Except for TPU-PNIPAM, the weight of
water absorbed by the composite hydrogels is about 3 times as much as those of relevant pure
hydrogel particle. 1 g of TPU-PSA (0.5 g of TPU microfibre and 0.5 g of hydrogel) absorbed
9.4 g of water in 24 hours test, while 0.5 g of dry PSA only absorbed 3.2 g of water. TPU-
PNIPAM only absorbed a small amount of water in the 24 hours FO test, because the swelling

122



Chapter 4 Microfibers-polymer hydrogel monolith as forward osmosis draw agent

pressure generated by wet TPU-PNIPAM is small. The initial water content of composite
hydrogels used in the test was 50 wt. %, and the relevant swelling ratio was 1 g/g, while the
equilibrium swelling ratio of TPU-PNIPAM is 3.9 g/g. It takes a few days for the TPU-
PNIPAM to reach swelling equilibrium by immersing it in water. Thus, it is difficult for wet
TPU-PNIPAM to generate high FO fluxes. After the FO test, all the water absorbed in the FO
process was desorbed in the dewatering process. The percentage of liquid water recovery is

shown in Figure 4.14, after combining the TPU microfibre and hydrogel, it is slightly increased.
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Figure 4.13 Forward osmosis and solar dewatering performance of pure hydrogel particle
and composite hydrogels. 2000 ppm NaCl solution was used as feed in the FO process. The
dewatering process was tested under 1 kW-m incandescent lamp. (a) Weight of water
absorbed or desorbed by the pure hydrogel particles in the FO and dewatering process. 0.5 g
dry pure hydrogel particle was used in the test. (b) Weight of water absorbed or desorbed by
the composite hydrogels in the FO and dewatering process. 1 g composite hydrogel
(composed of 0.5 g hydrogel and 0.5 g TPU microfibre) with 50 wt. % initial water content

was used in the test.

The temperature change of hydrogels in one hour dewatering process was measured, as shown
in Figure 4.15. 2.5 g of water was added to 0.5 g of hydrogel particle or 1 g of composite
hydrogel to obtain a swollen hydrogel before this test. The water content of hydrogel particle
and hydrogel of the composite were the same. The test was conducted under 1 kW-m=
incandescent lamp. After 6 minutes, the composite hydrogels reached their highest temperature.
Thereafter, the temperature of composite hydrogel decreased with time, likely due to the
decreasing water content of hydrogels. However, the temperature of swollen pure hydrogel
particles increased in the first 20 minutes, and then remained constant. The highest
temperatures of composite hydrogels were greater than those of relevant pure hydrogel
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particles. The temperature increase and decrease of TPU-hydrogel composite were both faster
than those of pure hydrogel particles, which indicated that heat transfer is more efficient in the

composite hydrogel. This is consistent with the data of average dewatering flux.
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Figure 4.14 Liquid and vapour water recovery of hydrogels in the dewatering process.
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Figure 4.15 Temperature changes of (a) pure hydrogel particle and (b) composite hydrogels
under a 1 kW-m2 incandescent heat dewatering process. The hydrogel particles used in this
test contained 0.5 g dry pure hydrogel particle and 2.5 g water. The composite hydrogels used
in this test contained 1 g composite hydrogels (composed of 0.5 g hydrogel and 0.5 g TPU
microfibre) and 2.5 g water.
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Figure 4.16 Reusability of (a) PSA particles and (b) TPU-PSA. 5 cycles of forward osmosis
and dewatering performance were tested. In the FO test, 5 hours water flux was measured in
each cycle. 2000 ppm NaCl solution was used as feed. Average dewatering flux of (c) PSA
particles and (d) TPU-PSA were measured under 1 kW-m incandescent lamp. 0.5 g of dry

pure hydrogels and 1 g of composite hydrogels with 50 wt. % water content were used in the
tests.

Figure 4.16 shows the reusability of PSA and TPU-PSA. Both PSA and TPU-PSA showed
good reusable performance after 5 cycles, but TPU-PSA generated much higher FO water flux,
as well as average dewatering flux. The water flux of PSA decreased from 0.97 (1% hour) to
0.28 LMH (5" hour) in the first cycle, while these decreased from 0.67 to 0.30 LMH in the
fifth cycle. In contrast, the relevant water fluxes of TPU-PSA were 1.81 (1% hour) and 1.03
LMH (5" hour) in the first cycle, and they were 1.65 and 0.97 LMH in the fifth cycle. The FO
water flux of TPU-PSA decreased slightly in 5 cycles. The swelling pressure, which is the
driving force of the FO process, was estimated (Figure 4.17). The result shows that the osmotic
pressure of PSA hydrogel (SR=5) is 6.3 MPa, while that of TPU-PSA (SR=5) is 8.2 MPa.
These are both larger than that of seawater (2.34 MPa at 298 K), and TPU-PSA is greater.
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Regarding dewatering performance, the average dewatering flux didn’t change significantly
in 5 cycles. The average dewatering flux of PSA particle was 1.83 LMH, while that of TPU-
PSA composite was 3.51 LMH. Both the FO water flux and dewatering flux of TPU-PSA are
twice as high as that of PSA. When the hydrogel is dehydrated by temperature stimuli in air,
the water content of hydrogel surface reduces rapidly as a glassy rigid skin is formed at the
surface as the water content keeps decreasing; this can significantly limit further water release
due to “case hardening”. [39, 40] This increase of dewatering flux of TPU-PSA, compared to
PSA particles, may be due to the ease with which “case hardening” can occur due to the

transport of water out through TPU microfibres and the micro-channels.
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Figure 4.17 The swelling ratio of PSA and TPU-PSA under different osmotic pressure
(different concentration of NaCl solution). The data was measured according to [13].
Hydrogel (Swelling ratio = 5) was placed on the active side of a FO membrane, while NaCl
solutions with different concentrations were used as feed on the other side of membrane. The
NaCl concentrations used in the experiment are 2, 20, 50, 100, and 200 g/L. The

measurement lasts 24 hours at room temperature.
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4.3.5 Swelling mechanism of hydrogels
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Figure 4.18 The proposed swelling mechanisms of (a) pure hydrogel particle and (b) TPU-

hydrogel composite.

Figure 4.18 shows the proposed swelling mechanism of pure hydrogel particles and TPU-
hydrogel composite. For pure hydrogel particles, the first particle layer next to FO membrane
absorbs water from the feed; followed by the second layer of particles absorbing water from
the swollen hydrogels. There are two problems in this process: 1) it is not easy for the second
layer hydrogel particles to absorb water from the swollen particles, because the water absorbed
is mostly bound to hydrogel during the early stage of swelling, and the contact between them
may not be good. 2) The swelling pressure generated by swollen hydrogel particles (first layer)
is lower than when they are dry, resulting in a rapid decrease of water flux in the FO process.
In this study, wet composite hydrogels (50 wt. % water content) are used as draw agents, which
mean that the TPU microfibre is wet and hydrophilic. Thus, water would spread rapidly on the
TPU microfibre. As shown in Figure 4.18b, the proposed swelling process of the composite
hydrogel is that the hydrogel on the membrane surface absorbs water from the feed solution,
then, water transports through microchannel around TPU microfibre to the inner part of the

composite until it is absorbed by the hydrogel near the microfibre. Better water transport helps
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to increase initial water flux, and maintain the high water flux in the FO process. On the other
hand, the TPU microfibre also helps to transport the water or water vapor outward during the
dewatering process. In summary, better water transport of the composite hydrogel improves
the FO water flux when being swollen and also increases the dewatering flux, by simply

constructing a hydrophilic fibre-hydrogel composite system.

4.4 Summary

In conclusion, the swelling pressure of polymer hydrogels was enhanced by incorporating
TPU microfibres, and thus improving water transport into the inner part of the composite
monolith. The hydrophilicity of wet TPU microfibres and the capillary effect generated by
microchannels around them resulted in greatly enhanced water absorption ability and water
diffusion rate, and sustained swelling pressure of the polymer hydrogels. The composite
hydrogel therefore induced significantly higher forward osmosis water flux and dewatering
flux compared to pure hydrogel particles. TPU-PSA generated a water flux of 2.77, 1.28 and
0.80 LMH in the first 10 minutes, 5 hours, and 24 hours, respectively, which are about twice
of those of PSA hydrogel particle (1.17, 0.53, and 0.27 LMH). In terms of the dewatering
performance, the dewatering flux of TPU-PSA was 3.51 LMH, which is almost two times of
that of PSA particles (1.83 LMH). This study provides a simple and effective strategy for
improving water transport through the hydrogel structure and sustaining swelling pressure of
stimuli-responsive polymer hydrogels, which is very promising for designing high-

performance draw agents for forward osmosis application.
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Chapter 5 Improvement of the swelling properties of ionic
hydrogels by the incorporation of hydrophobic, elastic
microfibres for forward osmosis applications

Overview

In this chapter, the swelling property of hydrogels are improved by the introduction of
structural inhomogeneity and compressive forces in an ionic hydrogel for the purpose of
increasing forward osmosis water flux. This is achieved by incorporating a hydrophobic, elastic
polyester (PET) hollow microfibre into an ionic hydrogel under a compressive force during the
preparation of the composite hydrogel monolith, as shown in Figure 5.1, the swelling pressure
was improved. The forward osmosis water flux of the composite hydrogels increased with
increasing microfibre loading and compression pressures. The water flux of the composites
was twice as high as that of the pure hydrogel. The composite hydrogels were also better at
maintaining high water fluxes for a long period. The water flux of PSA-PET-0.5/0.5-18
decreased from 3.5 to 1.4 LMH after 24 h forward osmosis test. The combination of hydrophilic
ionic hydrogel and hydrophobic PET microfibre resulted in an extended, porous structure
within the hydrogel because of their different wettabilities, whilst an additional relaxation force
was preserved in the composites because of the compression pressure applied during the
preparation. Both of these worked together to enhance the FO water flux and maintain it for an

extended long period.

This chapter has been published as a journal article: Ranwen Ou, Huacheng Zhang, George
P. Simon, Huanting Wang, Ind. Eng. Chem. Res., 2017, 56 (2), pp 505-512
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Figure 5.1 lllustration of the swelling pressure improvement of PET-hydrogel composite.

132



Chapter 5 Improvement of the swelling properties of ionic hydrogel for forward osmosis applications

5.1 Introduction

One of the most pervasive problems afflicting the world is water scarcity; by 2025, nearly
two-thirds of the world’s population are projected to face water shortage [1]. Tremendous
efforts have been made to search for environmental and cost friendly solutions to this problem.
Among many other technologies, forward osmosis (FO) desalination is gaining growing
attention. Such a process shows great potential to lower the costs of production of fresh water
from saline water because solar energy and other low-grade heat can be directly used [2, 3]. In
the FO process, a semi-permeable membrane is used as the separation medium, and the osmotic
pressure difference on two sides of membrane acts as the driving force. The draw agent
possesses a higher osmotic pressure than the feed solution which determines the performance
of the FO process apart from the FO membrane. A number of materials have been investigated
as draw agents, including salts, polar solvents, saccharide solutions, hydrophilic nanoparticles,
polyelectrolytes and hydrogels [4]. Of the materials studied to date, the stimuli responsive
hydrogel draw agent which was originally reported by our group [2, 3, 5-10], shows great
potential in the forward osmosis application because of the easy recovery of water and easy

regeneration.

The swelling property of hydrogels and the effective contact between FO membrane and
hydrogel are key parameters for achieving high water flux [3, 7, 9]. The degree of contact
between the membrane and hydrogel can be enhanced by decreasing the hydrogel particle size
[9], increasing the softness of hydrogel [3], or in situ preparation of hydrogel monolith on the
FO membrane itself [7]. The swelling properties of hydrogels include the swelling kinetics and
pressure. The swelling kinetics determine the swelling pattern of solvent diffusion and polymer
chain relaxation, while the swelling pressure reveals the driving force of the hydrogel in the
FO process. A simple and useful empirical equation is used to describe the swelling kinetics,

the so called power law [11, 12]:

Mt
= kt" 1
Moo ( )

where M; and M.. are the amount of water absorbed at time t and equilibrium, respectively. k
is the characteristic constant of the water-polymer system, and n is the characteristic exponent
of the transport mode. The characteristic exponent n reveals whether the swelling process is a
solvent diffusion controlled or polymer chain relaxation controlled process. The swelling

pressure of polymer hydrogel originates from polymer-water mixing, elastic reaction force of
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the network, and the osmotic pressure of ionizable groups. The swelling pressure (IT) of an

ionic gel can be expressed as the sum of three contributions from each component [12-14]:
H = 1_[mix +He| +Hion (2)

where ITmix, [Tel, and ITion are the mixing, elastic, and ionic contributions, respectively.

The swelling behavior of the hydrogel is strongly dependent on the crosslinking density, and
the interactions between the solvent molecules and the polymeric chain segments [12]. Note
that the swelling property of hydrogel can be modified by changing the crosslinking density
[15], introduction of ionic groups [8] and structural inhomogeneity [16-18]. Firstly, the
crosslinking density plays a major role in determining the absorption properties of hydrogel.
The water molecules cannot be held in a polymer network with a low crosslinking density,
while a highly crosslinked polymer network does not allow the entrance of water. Secondly,
the introduction of ionic groups is good for polymer-water mixing and the mixing of ions with
solvent, and thus the configurational change of gel structure. Consequently, the solvent
diffusion rate and the polymer chain relaxation rate are enhanced accordingly. Thirdly,
introducing structural inhomogeneity such as hydrophilic tunnels or porosity accelerates the
water diffusion in the hydrogel, which improves the polymer-water mixing, and thus enhances
the solvent diffusion rate. In addition, a capillary force can be harnessed if microscale,
connected pores can be generated in the hydrogel, and can act as an additional driving force to

accelerate the solvent diffusion.

In this paper, the swelling properties of hydrogels are modified by the introduction of
structural inhomogeneity and compressive forces in the hydrogel. The structural
inhomogeneity is introduced by addition of a hydrophobic microfibre (made of polyester) into
an ionic hydrogel. The combination of hydrophobic, elastic polyester (PET) microfibre and
hydrophilic hydrogel generates a porous structure, which is expected to be favorable for water
transport. In this study, N-isopropyl acrylamide (NIPAM) and sodium acrylate (SA) were
selected for preparing the hydrophilic hydrogel, while NIPAM offers the hydrogel thermal
responsive ability, and SA endows the hydrogel higher ionic strength. In the preparation
process, the mixture of PET microfibre and monomer solution is compressed during
polymerization, so that part of the compression force due to the deformed fibres can be stored
in the composite. We hypothesize that the addition of PET microfibres in hydrogel changes the
swelling pattern from polymer chain relaxation controlled process to solvent diffusion

controlled process, allowing it to attain a swelling equilibrium much more rapidly. In addition,
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because of elasticity of PET microfibre, the compressive force is released during the hydrogel
swelling, enhancing polymer chain relaxation. The actual effects of the addition of PET
microfibres and the introduction of compressive forces on the swelling pressure of the polymer
hydrogel and the forward osmosis water flux are studied in detail.

5.2 Experimental
5.2.1 Materials

N-isopropyl acrylamide (NIPAM, 97 %)%), Sodium acrylate (SA, 97 %), N, N-methylenebis
(acrylamide) (MBA, 99 %), ammonium persulfate (APS, = 98 %), and N, N, N’ , N’ -
tetramethyl ethylenediamine (TEMED, 99 %) were purchased from Sigma-Aldrich Australia,
and used without further treatment. The polyester (PET) microfibre was the filler of Biozone
Polyester Pillow (High & Firm, Biozone). The PET microfibre was washed with ethanol
(99.7 %, Merck) and pure water for 3 times, followed by drying in a 45 °C oven before use.
The average diameter of the PET microfibre was about 34 pum, which was determined by

analyzing the SEM images using Nano Measurer 1.2. Pure water was used in all experiments.

5.2.2 Experimental Procedures

Preparation of pure ionic hydrogel: Monomer (NIPAM, SA), crosslinker (MBA), and initiator
(APS) were dissolved in pure water to form a 16.67 wt. % monomer solution. The weight ratio
of NIPAM, SA, MBA, and APS was fixed at 25:25:1:0.5. The ionic hydrogel contained 50 wt. %
NIPAM and 50 wt. % SA (PN5S5). In order to get better contact between hydrogel and
membrane, a monolithic sample was used in this study [7]. 3 g of monomer solution containing
0.5 g of monomer was transferred into a FO cell after deaeration via flowing N2 gas through
the solution for 10 min, and a drop of TEMED was then added into the solution under mild
shaking to accelerate the polymerization. The monolithic hydrogel was formed on the FO
membrane (CTA membrane, Hydration Technologies Inc., Albany, OR) in a few minutes,

followed by rinsing with pure water 3 times.

Preparation of composite hydrogels: 3 g of monomer solution after deaeration was added into
a FO cell, and a drop of TEMED was added as above. Then, a given amount of PET microfibre
was added to the solution, followed by pressing the fibre and solution with weight, as shown

in Figure 5.2. The amount of the PET microfibre and the compression pressure applied in the
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polymerization process are shown in Table 5.1. A polydopamine-coated PET (D-PET)
microfibre was also prepared [19]. The hydrogel-D-PET composite was compared with
hydrophobic microfibre — hydrogel composite in terms of their microstructure and FO
performance. The hydrogel-D-PET composite was prepared using the same procedure

described above.

S
\____// z =
PET microfiber
FO cell _ =

TEMED

Compressed

L___/ composite

Figure 5.2 The preparation process of hydrogel-PET microfibre composite.

Table 5.1 Composition of pure hydrogel and composite hydrogels.

Hydrogel NIPAM+SA /g PET microfibre /g Compression pressure /kPa
PN5S5 0.5 0 0

PN5S5-PET-0.5/0.15 0.5 0.15 18

PN5S5-PET-0.5/0.5 0.5 0.5 0,8, 18
PN5S5-PET-0.5/1.0 0.5 1.0 18

Characterization: The morphology of the pure hydrogel and hydrogel- PET composites was
probed using a scanning electron microscope (Nova NanoSEM 450 FESEM, FEI, USA). The
wettability of PET microfibre and hydrogels was determined by a contact angle goniometer
(Dataphysics OCAL5, Dataphysics, Germany). An industrial incandescent lamp (IR 250C, 230
V, 250 W, Philips) was used as light / heat source for dewatering the swollen hydrogel draw
agent, and a radiometer (FZ-A) was applied to determine the light intensity. A true-rms digital
multimeter (38 XR-A, Amprobe, USA) measured the temperature change of hydrogel during

the dewatering.

A gravimetric method was utilized to investigate the swelling behaviors of hydrogels with

different PET microfibre loading and compression pressure. A dry monolith hydrogel was put
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into 2 L of pure water. The weight of swollen hydrogels was weighed until it reaches an

equilibrium. The swelling ratio (Q) of hydrogels as a function of time was calculated as follows:

Wt — Wd (3)

QM) =

Wid
where w; () is the weight of swollen hydrogel at time t and wq (g) is the weight of dry hydrogel

before the test.

The forward osmosis water flux was determined in a home-made FO cell (Figure 5.2). In the
FO mode, the active surface of the FO membrane faced the feed solution, while the hydrogel
monolith was prepared on the bottom surface. The monolith contained 0.5 g of hydrogel with
different amounts of water, while the composites had different amounts of PET microfibre. The
initial swelling ratio of the hydrogel was calculated based on the 0.5 g hydrogel in each
monolith. 2000 ppm NaCl solution was used as the feed solution for all measurements. FO
water flux, F (L-m2-h’, or LMH) were determined by the weight change of FO cell with

hydrogel over a period of time, as follows:

\Y/
F= 4
Axt )

where V (L) is the volume change of hydrogel over a period of time t (h). The effective area
A (m?) of the FO membrane is 4.91 cm?.

The swelling pressure was estimated according to the method described elsewhere [3]. The
hydrogel (swelling ratio = 5) was placed on the active side of a FO membrane in the FO cell,
and NaCl solution (2, 20, 50, 100, and 200 g/L) was put on the other side of the membrane.
The hydrogel was allowed to absorb water for 24 h at room temperature to reach equilibrium.
The initial swelling ratio of the hydrogel is 5 because it is relatively soft and shows good contact
with the FO membrane. The final swelling ratio of the hydrogel under a specific NaCl
concentration is irrelevant to the initial swelling ratio, the hydrogel may absorb or desorb water

after the measurement.

In the dewatering process, the swollen hydrogel monolith was put under an incandescent lamp
with a light intensity of 1 kW-m2, the weight loss of the hydrogel as a function of time was
recorded. The average dewatering flux was calculated according to Equation (4). In order to
recover the liquid water released during the solar dewatering, a setup in Figure 5.3 was used.
The swollen hydrogel was put on a microfiltration membrane (Sterlitech, 100 nm pore size) above
the funnel. The microfiltration membrane was used to separate the hydrogel from water

recovered. When liquid water was observed on the membrane during the dewatering process,
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it was collected by turning on a vacuum pump (140 mL piston syringe pump, Monoject TM)

for a few seconds. The liquid water recovery (Ri, %) was calculated as follows:

Ri=Y 100 (5)
w

where w; (g) is the weight of liquid water recovered, and w (g) is the total water recovered,

including vapor and liquid.

/' r’"" 1 3
/' Microfiltration
membrane

Figure 5.3 The solar dewatering setup for measuring the liquid water recovery. A
microfiltration membrane (Sterlitech, 100 nm pore size) is applied to block the hydrogel from
water recovered. Vacuum is applied few times when liquid water can be found on membrane
during the dewatering process. A 140 mL piston syringe (Monoject ™) is used to produce a

vacuum inside the filtering flask in order to drive the liquid water into this receptacle.

5.3 Results and Discussion
5.3.1 Morphology of PET-hydrogel composites

The SEM image of PN5S5 hydrogel (Figure 5.4a) shows that the dry monolith hydrogel has
a dense and continuous polymer network structure. Figure 5.4b demonstrates that the PET
microfibre is hollow. The surface and cross-sectional morphology of composite hydrogels are
shown in Figure 5.5. The addition of PET microfibres into NIPAM-SA hydrogel endows the

composite with pores, the composite roughly become more porous with increasing amount of
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PET microfibre, as observed in Figure 5.5d-f. The formation of the porous structure can be
explained by the distinct wettability of ionic hydrogel and PET microfibres. The hydrophobic
PET microfibres are partially wetted by the monomer solution initially, and then the pores
result produced after the polymerization.

Figure 5.4 SEM images of (a) PN5S5 hydrogel and (b) PET microfibres. The inset in (b) shows
the hollow structure of PET fibres.

Figure 5.5 (a-c) Surface and (d-f) cross-sectional SEM images of composite hydrogels. (a, d)
PN5S5-PET-0.5/0.15, (b, €) PN5S5-PET-0.5/0.5, (c, f) PN5S5-PET-0.5/1.0. The compressive
pressure applied is 18 kPa.
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5.3.2 Swelling behaviour of hydrogels

The effect of the PET microfibre loading and compression pressure on the swelling properties
of hydrogel was studied. In general, a swelling process involves the diffusion of a solvent into
a polymer, with the polymer chains changing their conformation to form a rubbery (swollen)
polymer material. The equilibrium swelling ratio of PN5S5 and PN5S5-PET-0.5/0.5-18 are 64
and 37 g/g, respectively. The equilibrium swelling ratio of PN5S5-PET-0.5/0.5-18 is about half
of PN5S5, because it contains 50 wt. % of PET microfibre which cannot swell in water. As
shown in Figure 5.6a, the sigmodal swelling curves implied three distinct stages of swelling:
the movement of swelling front until meeting at the rigid core, the acceleration of swelling
kinetics, and reaching of equilibrium swelling [9, 20]. In the first stage, when a hydrogel in its
initial state is in contact with solvent, the latter attacks the hydrogel surface and penetrates into
the polymeric network. Thus, the unsolvated glassy phase is separated from the rubbery
hydrogel region with a moving boundary. The unsolvated glassy core in the middle of the
hydrogel is the “rigid core”. The initial parts of the sigmodal curves of PN5S5 and its composite
were distinctly different, owing to the difference of microstructure. Pure PN5S5 hydrogel was
dense and continuous, while the hydrogel-PET composite showed porous structure. The porous
structure caused a rapid water uptake, causing the composites to reach a much higher swelling
ratio compared to PN5S5, in first 0.5 h. At 0.5 h, PN5S5-PET-0.5/0.5-18 showed higher
swelling ratio than PN5S5-PET-0.5/1.0-18, possibly due to the fact that the higher
concentrations of hydrophobic PET microfibres may hinder water transport. On the other hand,
water was able to reach the core of PN5S5 hydrogel by diffusion in the polymer network and
through the pores. The hydrophobic microfibre and pores led to the formation of a disconnected
polymer hydrogel network, and decreased hydrogel size. Thus, the advancing swollen front in
the composite hydrogel reached the rigid core much more rapidly than the large pure hydrogel
monolith, being in the second stage of swelling; the network relaxation rate becoming greater
than the rate of solvent diffusion. The acceleration of swelling kinetics of composite hydrogel
occurred earlier at 1% h, while that of PN5S5 hydrogel alone occurred after 2.5 h of swelling.
PN5S5, PN5S5-PET-0.5/0.5-18, and PN5S5-PET-0.5/1.0-18 took 24, 6.5, and 11 h to reach

equilibrium, respectively.
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Figure 5.6 (a) Swelling ratio and (b) swelling kinetics of hydrogels with different loadings of
PET microfibres, and (c) forward osmosis water flux induced by the hydrogel and its
composites. The unit of t on the x-axis of (a) and (b) is hour. The initial swelling ratio of
hydrogels was 4 for the FO water flux test. The composites used in this measurement were

prepared under 18 kPa pressure.

The relation between solvent diffusion rate and polymer chain relaxation rate distinguishes
the swelling pattern of the hydrogel. The simplest equation describing the swelling of a polymer
is the power law (Equation (1)), where n is the characteristic exponent of the transport mode.
For a slab sample, n=0.5 indicates Fickian diffusion, n=1.0 indicates Case Il transport, while
0.5<n<1.0 implies anomalous transport [9, 11]. Fickian diffusion is a solvent diffusion-

controlled process, whilst Case Il transport is a polymer chain relaxation controlled process.
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However, when the water penetration rate is much smaller than the polymer chain relaxation
rate, it is possible to achieve n values less than 0.5, which is still regarded as Fickian diffusion,
but known as “Less Fickian” behavior [21]. As shown in Figure 5.6b, n=0.87 means that the
swelling of PN5S5 in water is mainly controlled by the polymer chain relaxation. After
blending with PET microfibre, the values of n for PN5S5-PET-0.5/0.5-18 and PN5S5-PET-
0.5/1.0-18 decrease to 0.45 and 0.35, respectively. These n values are lower than 0.5, which
means that the swelling of composite hydrogels exhibit Less Fickian diffusion, and that the
polymer chain relaxation rate is much faster than the solvent diffusion rate. This is caused by
the porous structure of composite and the decreased hydrogel size, and thus the acceleration of
swelling kinetics. Figure 5.6¢c shows the forward osmosis water flux of hydrogels, the
composite hydrogel showed higher water flux than the pure one, while PN5S5-PET-0.5/0.5-18
performed best, which was about twice as high as that of PN5S5. The FO water flux of

hydrogels is well consistent with the swelling kinetics.

As shown in Figure 5.7, the strips of PN5S5 and PN5S5-PET-0.5/0.5 were put vertically on
rhodamine B aqueous solution to observe the swelling process. After 2 min, the height of RhB
solution in the composite was 6.5 times as high as that of PN5S5. This confirms that the porous
structure generated by addition of PET microfibre provides an extra driving force for the water

absorption.

Figure 5.7 The optical images of pure PN5S5 hydrogel and PN5S5-PET-0.5/0.5 composite
hydrogel (a) before and (b) after swelling in aqueous rhodamine B (RhB) solution. The image

(b) was taken after 2 mins of absorption.
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Figure 5.8 (a) Swelling ratio and (b) swelling kinetics of PN5S5-PET-0.5/0.5 hydrogels
prepared with different compression pressure, and (c) forward osmosis water flux induced by
the hydrogel draw agent. The unit of t on the x-axis of (a) and (b) is hour. The initial swelling

ratio of hydrogels was 4 for the FO water flux test.

Figure 5.8 shows the effect of compression pressure on the swelling kinetics and FO water
flux. In this study, 0, 8, and 18 kPa were applied during the preparation of PN5S5-PET-0.5/0.5.
The values of n in the composites prepared at 0, 8, and 18 kPa were 0.45, 0.39, and 0.35,
respectively, which decreases with greater compression pressure applied. The composites
prepared under different compression pressure all exhibit Less Fickian diffusion. With greater
compression pressure, the composites become more compact and denser, thus the relaxation
force generated by the compressed microfibre is higher, which drives the composite swelling

faster. The FO water flux generated by the composites prepared at 8 and 18 kPa is higher than
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that of with no pressure applied, which is consistent with the swelling kinetics. PSA hydrogel
and the PSA-PET composite were also prepared and tested as draw agents; the FO water flux
of PSA composite decreased with decreasing PET microfibre loading, and increased with
increasing compression pressure. This result is similar to the PN5S5 one, as shown in Figure
5.9. The highest water flux of PSA-PET-0.5/1.0-18 reached 5.0 LMH in the first 10 min,
decreasing slowly to 4.3 LMH after 1 h of testing.
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Figure 5.9 The 60 mins forward osmosis water flux of PSA composite with (a) different PET

fibres loading, and (b) different compressed pressure loading.
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Figure 5.10 Plot of swelling ratio of PN5S5 and PN5S5-PET-0.5/0.5-18 as a function of
osmotic pressure of NaCl solution at equilibrium.

Figure 5.10 shows the swelling ratio of pure hydrogel PN5S5 and the composite hydrogel
PN5S5-PET-0.5/0.5-18 at different osmotic pressures. When the swelling ratio is 5, the
addition of 50 wt. % PET microfibre and the 18 kPa compression pressure increased the
osmotic pressure from 4.6 MPa (PN5S5) to 10.1 MPa. The swelling ratio of the composite

hydrogel is always higher than the pure hydrogel under different osmotic pressures. The
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increase might be due to three effects: (1) part of the compression pressure existing in the
composite hydrogel acted as a driving force; (2) the microscale, porous structure endowed the
composite with capillary forces, which also becomes part of the swelling pressure. (3) The
difficulty of dewatering composite hydrogel. During the measurement, the hydrogel may
absorb water from the NaCl solution or dewater, unsuccessful dewatering may result in higher
water contain in the hydrogels. The decreasing trend of swelling ratio — osmotic pressure curve
of PN5S5-PET is different from that of PN5S5, with the former decreasing slower and showing
relatively high swelling ratio in NaCl solution with a higher osmotic pressure. This indicated
that the compression pressure and capillary forces that existed in the composite hydrogel were
gradually reduced with the swelling of hydrogel, which helped sustain the high water flux for
a longer period of time.

5.3.3 Forward osmosis and dewatering performance
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Figure 5.11 (a) 24 hours FO water flux, and (b) dewatering performance of hydrogels. PN5S5-
PET-0.5/0.5-18 and PSA-PET-0.5/0.5-18 were used in this test. The initial swelling ratio of the
hydrogels is 2 based on the amount of hydrogel.

The 24 h water flux of PN5S5, PSA, and their PET microfibre composite was also measured.
As shown in Figure 5.11a, generally, the composite hydrogel showed a higher water flux than
the pure hydrogels, whilst PSA-PET-0.5/0.5-18 performed better than PN5S5-PET-0.5/0.5-18.
The water flux of PN5S5-PET-0.5/0.5-18 was 2.4 LMH for the initial 0.5 h, and then decreased
t0 0.94 LMH after 24 h. In contrast, the water flux of PN5S5 was 2.1 and 0.70 LMH at 0.5 and
24 h, respectively. The water flux of PSA-PET-0.5/0.5-18 decreased from 3.5 to 1.4 LMH in
24 h measurement, which demonstrated that this hydrogel — hydrophobic microfibre composite
was able to maintain a relatively high flux over a long period. Figure 5.11b shows the
dewatering performance of hydrogels. The composite hydrogels exhibited lower average
dewatering fluxes than hydrogel alone. The dewatering flux of PN5S5-PET-0.5/0.5-18 and
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PSA-PET-0.5/0.5-18 were about half of that of PN5S5 and PSA, respectively. In addition, the
low thermal conductivity of PET (0.2 W m™* K?) likely reduced the rate of heat transfer. Figure
5.12 demonstrated that the temperature of PN5S5-PET-0.5/0.5-18 and PSA-PET-0.5/0.5-18

increased more slowly than the relevant pure hydrogel. However, the liquid water recovery

from composite hydrogels is twice as much as those of the corresponding pure hydrogel. That

may be caused by the lower temperature of hydrogel during dewatering, which decreased the
evaporation rate of recovered liquid water. What’s more, the PET composite hydrogel showed
good cycle performance as a draw agent in the FO process, as shown in Figure 5.13. For the 3
cycles, the water flux decreased from 2.1 —2.2to 1.4 — 1.5 LMH in 3 hours.
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Figure 5.12 The temperature change of pure hydrogel and composite hydrogel during 60 mins
solar dewatering under 1 kW/m? incandescent lamp: (a) PN5S5 and PN5S5-PET, (b) PSA and
PSA-PET. PN5S5-PET-0.5/0.5-18 and PSA-PET-0.5/0.5-18 were used in this test.
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Figure 5.13 The cycle performance of PN5S5-PET-0.5/0.5-18 composite. Three hours water
flux was measured in each cycle. 2000 ppm NaCl solution was used as feed.
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5.3.4 Effect of hydrophilic or hydrophobic fibres on FO performance of hydrogels

{

10

Figure 5.14 SEM images of (a) PET microfibre an (b) polydopamhe coated PET

o
y

microfibre.

e i

Figure 5.15 Wettability of PET microfibre, polydopamine coated PET microfibre and their
composite hydrogels. Water contact angle of (a) PET microfibre and (b) PN5S5-PET-0.5/0.5-
18, (c) D-PET microfibre and (d) PN5S5-D-PET-0.5/0.5-18.

In the previous study, the addition of a hydrophilic thermoplastic polyurethane (TPU)
microfibre introduced channels around the fibres into composite hydrogels, which facilitated
water transport [7]. In this study, to further investigate how the surface wettability of the
microfibre affects the properties and performance of composite hydrogel, PET microfibres
were coated with polydopamine to modify their surface properties. Polydopamine is selected
because it can be easily deposited on virtually all types of inorganic and organic substrates, and
can form a hydrophilic coating firmly adhering to the bulk materials under mild polymerization
conditions. The resulting polydopamine-coated PET microfibres are denoted as D-PET.
Hydrogel composites incorporated with the same amounts of D-PET were prepared and
compared with those hydrogel composites prepared with unmodified PET microfibres. Figure
5.14 shows the SEM images of surface of PET and D-PET microfibres. The fibre surface
became rougher after being coated with polydopamine, while the contact angle decreases from
151.2° to 127.5°, as shown in Figure 5.15a&c. Even though the D-PET microfibre is still
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hydrophobic, NIPAM solution can spread into the microfibres in 3 s (Figure 5.16b), while the
contact angle of PET microfibres containing NIPAM solution is 132.3°. After incorporating
these microfibres into composite hydrogels, the water droplets are instantly absorbed by
PN5S5-PET; however in the case of PN5S5-D-PET, they initially spread on the surface, and
are subsequently absorbed by the composite, as shown in Figure 5.15 and Figure 5.17. For the
PN5S5-PET composite, the hydrophobic PET microfibre penetrates throughout the hydrogel
monolith, leading to a porous structure. The D-PET microfibre was more compatible with the
hydrogel, and the resulting D-PET/polymer hydrogel monolith showed a similar microstructure
observed in the TPU-hydrogel monolith in previous study [7]. It was reported that a hydrogel
with many micron to millimetre scale pores could absorb a considerable amount of water in a

very short period to fill the whole space [22].

a b

Figure 5.16 Contact angle of PET (a, c) and D-PET (b, d) microfibres with NIPAM solution

(a, b) and SA solution (c, d) as testing medium.

The forward osmosis and dewatering performance of PN5S5-PET-0.5/0.5-18 and PN5S5-D-
PET-0.5/0.5-18 were studied, and the result is shown in Figure 5.18. When the swelling ratio
of composite was 4, the water flux of PN5S5-PET-0.5/0.5-18 decreased from 3.0 to 2.4 LMH
in 60 mins of testing, while that of PN5S5-D-PET-0.5/0.5-18 decreased from 3.5 to 2.0 LMH.
When the swelling ratio of composites decreased to 0, the water flux result showed a similar
trend. This demonstrated that the compact structure (PN5S5-D-PET) is good for higher initial
water flux; whereas the porous structure (PN5S5-PET) is beneficial to maintaining a higher
flux level for a longer period. This can be observed in the swelling ratio — osmotic pressure

curves in Figure 5.10.
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Figure 5.17 Optical images of (a, b) PN5S5-PET and (c, d) PN5S5-D-PET hydrogel before

and after dropping a drop of 100 ppm RhB solution.

With regards the dewatering performance, the average dewatering flux of PN5S5-D-PET-
0.5/0.5-18 was twice as high as that of PN5S5-PET-0.5/0.5-18, and the liquid water recovery
of PN5S5-D-PET-0.5/0.5-18 was 3 times greater compared with PN5S5-PET-0.5/0.5-18. An
explanation for this is that the channels around polydopamine-modified microfibres more
favorably transported water out of the monolith during the dewatering, which increased the
dewatering flux and the liquid water recovery [7].
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Figure 5.18 (a) Forward osmosis water flux and (b) dewatering performance of PN5S5-PET-
0.5/0.5-18 and PN5S5-D-PET-0.5/0.5-18.
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5.4 Summary

The swelling properties of an ionic hydrogel-polyester microfibre composite prepared whilst
compressing the fibre web during synthesis has been studied in an effort to provide an
additional mechanism to improve the properties of hydrogels as a forward osmosis draw agent.
The combination of a hydrophilic ionic hydrogel and a hydrophobic PET microfibre mesh
imparted to the composite hydrogel porosity, due to the different wettabilities, whilst at the
same time providing an additional relaxation force during swelling because of the compression
pressure applied to the web during the preparation. The characteristic exponent n of the
composites decreased with increasing PET microfibre loading and increasing amount of
compression. The hydrogel-PET composites exhibited Less Fickian diffusion, indicating that
the polymer chain relaxation rate is much faster than the solvent diffusion rate. On the other
hand, the porous structure and the PET microfibre decreased the sizes of hydrogel domains,
increasing solvent diffusion; the swelling equilibrium of PN5S5-PET-0.5/0.5-18 and PN5S5-
PET-0.5/1.0-18 being reached after 6.5, and 11 h, which is much faster than that of PN5S5 (24
hours). Further, when the equilibrium swelling ratio is 5, the osmotic pressure of PN5S5-PET-
0.5/0.5-18 was increased significantly from 4.6 MPa (PN5S5) to 10.1 MPa. With regards the
forward osmosis application, the water flux of hydrogels is consistent with the swelling kinetics
result, i.e., it increased with increasing PET microfibre loading and increasing compression
pressure. The highest water flux of PN5S5-PET-0.5/0.5-18 was reached 3.0 LMH in the first
10 min, while that of PSA-PET-0.5/0.5-18 was 5.0 LMH. Compared to the composite prepared
with a polydopamine-modified microfibre (PN5S5-D-PET), PN5S5-PET was better at
maintaining higher water flux in a long period test. The water flux of PSA-PET-0.5/0.5-18

decreased from 3.5t0 1.4 LMH in a 24 h measurement.

The dewatering flux of PN5S5-PET-0.5/0.5-18 was not as rapid as PN5S5, because of the low
thermal conductivity of PET (0.2 W m™ K™) (since the hydrogel is made hydrophobic by
application of heat, and thus the rate of its transmission is important). However, the liquid water
recovery of composite was twice that of the pure hydrogel. This work demonstrates that the
performance of forward osmosis hydrogel draw agent is closely related to the swelling
properties of hydrogel, and the draw agent performance can be effectively improved by

tailoring its swelling properties.

150



Chapter 5 Improvement of the swelling properties of ionic hydrogel for forward osmosis applications

5.5 References

[1] M. Elimelech, W.A. Phillip, The future of seawater desalination: energy, technology, and
the environment, science, 333 (2011) 712-717.

[2] A. Razmjou, M.R. Barati, G.P. Simon, K. Suzuki, H. Wang, Fast deswelling of
nanocomposite polymer hydrogels via magnetic field-induced heating for emerging FO
desalination, Environmental science & technology, 47 (2013) 6297-6305.

[3] Y. Zeng, L. Qiu, K. Wang, J. Yao, D. Li, G.P. Simon, R. Wang, H. Wang, Significantly
enhanced water flux in forward osmosis desalination with polymer-graphene composite
hydrogels as a draw agent, Rsc Advances, 3 (2013) 887-894.

[4] R. Ou, Y. Wang, H. Wang, T. Xu, Thermo-sensitive polyelectrolytes as draw solutions in
forward osmosis process, Desalination, 318 (2013) 48-55.

[5] D. Li, X. Zhang, J. Yao, G.P. Simon, H. Wang, Stimuli-responsive polymer hydrogels as
a new class of draw agent for forward osmosis desalination, Chemical Communications, 47
(2011) 1710-1712.

[6] D. Li, X. Zhang, J. Yao, Y. Zeng, G.P. Simon, H. Wang, Composite polymer hydrogels as
draw agents in forward osmosis and solar dewatering, Soft Matter, 7 (2011) 10048-10056.
[7] R. Ou, H. Zhang, G.P. Simon, H. Wang, Microfiber-polymer hydrogel monolith as
forward osmosis draw agent, Journal of Membrane Science, 510 (2016) 426-436.

[8] A. Razmjou, Q. Liu, G.P. Simon, H. Wang, Bifunctional polymer hydrogel layers as
forward osmosis draw agents for continuous production of fresh water using solar energy,
Environmental science & technology, 47 (2013) 13160-13166.

[9] A. Razmjou, G.P. Simon, H. Wang, Effect of particle size on the performance of forward
osmosis desalination by stimuli-responsive polymer hydrogels as a draw agent, Chemical
engineering journal, 215 (2013) 913-920.

[10] J. Wei, Z.-X. Low, R. Ou, G.P. Simon, H. Wang, Hydrogel-polyurethane
interpenetrating network material as an advanced draw agent for forward osmosis process,
Water Research, 96 (2016) 292-298.

[11] F. Ganji, S. Vasheghani-Farahani, E. Vasheghani-Farahani, Theoretical description of
hydrogel swelling: a review, Iran Polym J, 19 (2010) 375-398.

[12] M. Grassi, G. Grassi, Mathematical modelling and controlled drug delivery: matrix
systems, Current drug delivery, 2 (2005) 97-116.

[13] E. Vasheghani-Farahani, J.H. Vera, D.G. Cooper, M.E. Weber, Swelling of ionic gels in
electrolyte solutions, Industrial & engineering chemistry research, 29 (1990) 554-560.

151



Chapter 5 Improvement of the swelling properties of ionic hydrogel for forward osmosis applications

[14] H. Wang, J. Wei, G.P. Simon, Response to osmotic pressure versus swelling pressure:
comment on “bifunctional polymer hydrogel layers as forward osmosis draw agents for
continuous production of fresh water using solar energy”, Environmental science &
technology, 48 (2014) 4214-4215.

[15] W.A. Laftah, S. Hashim, A.N. lbrahim, Polymer hydrogels: A review, Polymer-Plastics
Technology and Engineering, 50 (2011) 1475-1486.

[16] H. Cong, L. Li, S. Zheng, Poly (N-isopropylacrylamide)-block-poly (vinyl pyrrolidone)
block copolymer networks: Synthesis and rapid thermoresponse of hydrogels, Polymer, 54
(2013) 1370-1380.

[17] L.-W. Xia, R. Xie, X.-J. Ju, W. Wang, Q. Chen, L.-Y. Chu, Nano-structured smart
hydrogels with rapid response and high elasticity, Nature communications, 4 (2013).

[18] X.-Z. Zhang, Y.-Y. Yang, T.-S. Chung, K.-X. Ma, Preparation and characterization of
fast response macroporous poly (N-isopropylacrylamide) hydrogels, Langmuir, 17 (2001)
6094-6099.

[19] H. Lee, S.M. Dellatore, W.M. Miller, P.B. Messersmith, Mussel-inspired surface
chemistry for multifunctional coatings, science, 318 (2007) 426-430.

[20] G. Gerlach, K.-F. Arndt, Hydrogel sensors and actuators: engineering and technology,
Springer Science & Business Media, 2009.

[21] J. Wang, W. Wu, Z. Lin, Kinetics and thermodynamics of the water sorption of 2 -
hydroxyethyl methacrylate/styrene copolymer hydrogels, Journal of applied polymer science,
109 (2008) 3018-3023.

[22] H. Omidian, J.G. Rocca, K. Park, Elastic, superporous hydrogel hybrids of

polyacrylamide and sodium alginate, Macromolecular bioscience, 6 (2006) 703-710.

152



Chapter 6 Functionalized MOF with thermoreversible ion sorption property for efficient water desalination

Chapter 6 Functionalized Metal Organic Framework with
thermoreversible ion sorption property for efficient water

desalination

Overview

In this chapter, a new strategy is developed for functionalization of a metal organic framework
(MOF) by integrating weak acid groups with weak base groups together to achieve thermally
reversible ion sorption property, as illustrated in Figure 6.1. A water-stable MIL-121with free
-COOH groups was used as an example to demonstrate this strategy by introducing a tertiary
amine monomer, N, N’- dimethylvinyl-benzylamine, into the nanopores. The amphoteric
functionalized MIL-121 exhibits excellent adsorption ability for a wide range of ions, and
particularly a NaCl adsorption capacity as high as 0.92 meg/g. Importantly it can effectively
release the adsorbed ions under thermal stimulus such as in hot water, with excellent
adsorption-desorption cycling performance. This study provides a novel, effective strategy for
synthesizing amphoteric MOFs for efficient adsorption of both monovalent and multivalent
ions, easy recovery of adsorbed salts and chemical-free regeneration for efficient water

desalination and purification, and other environmental applications.

This chapter will be submitted as a journal article: Ranwen Ou, Huacheng Zhang, Jing Wei,
Li Wan, Yaoxin Hu, George P. Simon, and Huanting Wang, Functionalized Metal Organic

Framework with Thermoreversible lon Sorption Property for Efficient Water Desalination.

Figure 6.1 Illustration of reversible ion sorption with functionalized MOF.
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6.1 Introduction

Metal organic frameworks (MOFs) are a class of porous materials built from organic linkers
and inorganic metal nodes or metal-based clusters through coordination bonds, and are well
known for high surface area, uniform pore size, controllable structures, and readily tailorable
functions.[1-5] Among a large variety of MOFs, stimuli-responsive MOFs have attracted
increasing attention because of their attractive structures and properties that can change to adapt
surrounding environment.[6-9] The introduction of responsive ability endows MOFs with
unique functionalities and properties for many potential applications such as controllable
adsorption and separation, energy storage and clean energy, sensing and catalysis. [6, 10-13]
Therefore, developing stimuli-responsive MOFs and leveraging their properties for novel
applications are of great significance.

lon adsorption has been widely used in many areas such as water desalination and purification,
catalysis, food processing, and pharmaceutical industries.[14-16] To date, porous solid
materials such as activated carbons, metal oxides, zeolites, clays, and metal organic
frameworks have been used as adsorbents for ion removal in various processes.[17] In
particular, highly porous and flexible MOFs have been traditionally focused on gas adsorption
and storage; only until recently, they been explored for adsorbing cations and anions in liquid
phase, which is very promising for separation of molecules and ions.[18-22] Importantly, their
diverse framework structure and high surface area show potential advantages in achieving
superior ion adsorption Kinetics and capacity.[23-28] Until now, the MOFs have been shown
to have good properties for adsorbing metal pollutants in oxo-hydroxo anion forms such as
perchlorate, chromate, selenite and arsenate in water treatment and purification processes; but
they are not effective in adsorbing monovalent metal salts such as NaCl, which are commonly
contained in seawater and other saline waters. Furthermore, the regeneration of spent MOFs
usually requires the use of chemicals via ion exchange process, which is costly and
environmentally unfriendly. Therefore, it is highly desirable to synthesize MOF adsorbents that
can efficiently adsorb various ions including monovalent ions and can be regenerated without
involving chemicals; it is anticipated that such new adsorbents would represent a major
technological advance in the development of functional MOFs for a green and low-energy
process for water desalination and purification to address worldwide shortage of fresh drinking
water.[29, 30]
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Figure 6.2 Schematic illustration of the synthesis of amphoteric-functionalized MIL-121
(PDMVBA-p-MIL-121) and its thermoreversible adsorption process.

Here, for the first time, an amphoteric functionalized MOF is applied for highly efficient
thermoreversible ion sorption. In particular, the functionalized MOF shows high adsorption
capacity of monovalent cations and anions (or their salts), and releases adsorbed ions in hot
water. Such thermo-responsiveness enables the chemical-free regeneration of MOF-based ion
adsorbents, which is of fundamental, practical, and environmental significance for developing
novel stimuli-responsive MOF-based ion adsorbents for water processing. Their thermal
regeneration ability can effectively reduce the operating cost of ion adsorption process by using
solar heating and industrial waste heat, and is thus also environmentally friendly. The strategy
for forming an amphoteric MOF ion adsorbent is to integrate weak acid and base groups inside
the MOF unit. Specifically, to make such an adsorbent thermally responsive, a weak-acid
polymer or a weak-base polymer is incorporated into the MOF to provide either acid groups or
base groups. This concept has been successfully demonstrated by the introduction of amine
groups in a water-stable MOF, MIL-121, with free carboxylic groups. Amphoteric
functionalization is realized by introducing a tertiary amine monomer (N, N’- dimethylvinyl-
benzylamine, or DMVBA) into the pores of MIL-121 and subsequent polymerization, as

schematically illustrated in Figure 6.2.
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Both ion adsorption and thermoreversible properties are achieved by the synergic effect of
carboxylic acid groups (cation sites) and tertiary amine groups (anion sites), as further
explained in the Results and Discussions. MIL-121 is selected for its excellent stability in
water, and its free —COOH groups inside the nanochannels,[31] and poly (N, N’-
dimethylvinyl-benzylamine) (PDMVBA\) is selected for the weaker basicity of tertiary amine
group than the primary and secondary amine for easy thermal desorption.[32] The resulting
PDMVBA post-synthesis-functionalized MIL-121 is denoted PDMVBA-p-MIL-121.

6.2 Experimental
6.2.1 Materials

Aluminium nitrate nonahydrate (AlI(NOz)3-9H20), pyromellitic acid (HsBTEC), N, N’-
dimethylvinylbenzylamine (DMVBA), and a, o’-azoisobutyronitrile (AIBN) were purchased
from Sigma-Aldrich. Lithium chloride (LiCl), copper (11) chloride (CuClz), and zinc chloride
(ZnCl2) were also supplied by Sigma-Aldrich. Sodium chloride (NaCl), potassium chloride
(KCI), calcium chloride (CaCl,), magnesium chloride (MgCl.), and ethanol were purchased

from Merck.

6.2.2 Experimental Procedures

Synthesis of MIL-121. The MIL-121 powder was hydrothermally synthesized according to Ref
[31]. 1.2 g of AI(NOz3)3-9H20, 0.4 g HsBTEC, and 5 mL pure water were put into a Teflon-
lined autoclave. The autoclave was heated in an oven for 48 h at 180 °C. The pH values before
and after the reaction are 1.41 and 0.26, respectively. The resulting white powder was washed
with pure water until the pH value stable (pH=4), and dried in a 60 °C oven. The MIL-121
powder was treated by a heating process at 180 — 380 °C in air for 5 h to empty pores. The free
aperture size of MIL-121 is 8.7 x 5.7 A.

Synthesis of PDMVBA-p-MIL-121. 0.1 g of MIL-121 was dispersed in 2 mL ethanol, following
by adding 0.1 g of DMVBA (monomer) and 0.040 g of AIBN (initiator). The solution was
stirred for 1 to 14 days with the cap on. Ethanol was then evaporated at room temperature in
the fume cupboard until the sample was visibly dry. The mixture was heated at 80 °C for 3

days. The product was washed with ethanol 3 times, and then washed with water until the
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conductivity of supernatant was less than 5 uS/cm. The resultant PDMVBA-p-MIL-121 was

dried, ground and used for characterization.

Characterization. The X-ray diffraction (XRD) patterns were determined by a Rigaku Miniflex
600 X-ray diffractometer at 40 kV and 25 mA at a scanning rate of 2 °/min and 260 range of 5
— 40 °. Scanning electron microscopy was undertaken with a Nova NanoSEM 450 and a
Magellan 400 microscope (FEG SEM, FEI, USA). Fourier transform infrared spectroscopy
was performed using a FT-IR spectrometer (Spectrum 100, PerkinElmer). The conductivity of
salt solutions were measured by a laboratory conductivity meter (Cond 730, inoLab). The
thermogravimetric data was collected by a Thermal Gravimetric Infra-Red hypehenated system
(TGIR, PerkinElmer) performed at a temperature range of 50 — 800 °C, temperature scanning

rate of 40 °C/min, in a 20 mL/min N2 gas flow.

Adsorption Capacity Measurement. 0.1 g of PDMVBA-p-MIL-121 and 20.00 mL salt solution
were placed in a 50 mL centrifuge tube, stirred overnight. The conductivity of salt solution
before and after adsorption were measured. The adsorption capacity can be calculated as
follows:

_ nCV

Adsorption  Capacity (meq/g)
Muw-w

where C (g/L) is the concentration difference of salt solution before and after salt adsorption,
V (L) is the volume of salt solution, My is the molecular weight of salt, and w is the weight of
PDMVBA-p-MIL-121 used. For LiCl, NaCl, and KCI, n equals 1; for CaCl,, MgCl, CuCly,
and ZnClz, n is 2.

Desorption of PDMVBA-p-MIL-121-NaCl. The sample was distributed in 20 mL 500 ppm
NaCl solution in a 50 mL centrifuge tube. This centrifuge tube was heated up to 80 °C for 16
hin an oven, followed by washing and centrifuging with pure water for three times. The sample

obtained was then dried in an oven and reused.
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6.3 Results and Discussion

6.3.1 Modification of amphoteric MOFs
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Figure 6.3 The SEM images of MIL-121 crystals calcined at different temperatures: (a)
original - 80°C, (b) 180°C, (¢) 380 °C, and (d) 530 °C. The scale bar of the images is 5 um.

The integration of tertiary amine groups in the nanopores of MIL-121 with free carboxylic
groups is key to successful amphoteric functionalization for ion adsorption. In this study, MIL-
121 is hydrothermally synthesized, and contains free water and pyromellitic acid molecules in
the channels.[31, 33, 34] Thus, the as-synthesized MIL-121 is calcined to empty the pores for
accommodation of DMVBA. The sorption properties of PDMVBA-p-MIL-121 are optimized
by investigating the effect of calcination temperature and the DMVBA impregnation time
before polymerization. SEM images, FTIR spectra and XRD patterns of the samples are shown
in Figure 6.3,6.4, and 6.5, respectively, demonstrating how the calcination temperature affects
the morphology, chemical and crystal structure of the MIL-121 particles. The morphology and
crystal structure of the MIL-121 calcined at 380 °C or below are similar to those of the as-
prepared MIL-121. As shown in Figure 6.4, the peak at 1701 cm™ is assigned to the free —
COOH groups in the MIL-121 calcined at 180-350 °C, which will later pair with tertiary amine
groups for ion adsorption. Figure 6.6 and 6.7 show the effects of calcination temperature and
impregnation time on the NaCl adsorption capacity of PDMVBA-p-MIL-121. The results
reveal that the MIL-121 calcined at 300 °C and with incorporated DMVBA for 3 days prior to
polymerization has the highest adsorption capacity. This experimental condition was used to
prepare PDMVBA-p-MIL-121 for further characterization. Importantly, the MIL-121 calcined
at 300 °C (denoted MIL-121-300 °C) was highly water stable. After MIL-121-300 °C was
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stirred in water for one month, TEM images (Figure 6.8) show that there were no mesopores

formed.

IL-121-80°C

IL-121-180°C

MIL-121-200°C

MIL-121-250°C
MIL-121-300°C
[MIL-121-300°C
MIL:121:350C

MIL-121-380°C

Transmittance (%)

MIL-121-530°C

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)
Figure 6.4 FTIR spectra of MIL-121 powder calcined at different temperatures.

—— MIL-121 ——— MIL-121-300°C

——— MIL-121-180°C ——— MIL-121-350°C
——— MIL-121-200°C —— MIL-121-380°C
——— MIL-121-250°C —— MIL-121-530°C

Intensity

26 (°)
Figure 6.5 XRD patterns of MIL-121 powders calcined at different temperatures.
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Figure 6.6 The adsorption capacity (1000 ppm NaCl solution) of PDMVBA-p-MIL-121
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Figure 6.8 TEM images of (a) as-prepared MIL-121-300 °C and (b) after kept in water udner

stirring for one month.
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6.3.2 Morphology salt adsorption of MOFs

As shown in Figure 6.9, MIL-121 crystals demonstrate a smooth surface and clear, distinct
edges. However, after the polymerization of DMVBA inside and on the crystals, MIL-121 is
covered by the polymer, and the crystal edge becomes smooth and blurred. PDMVBA-p-MIL-
121 was also studied for adsorbing ions from 1000 ppm NaCl and MgCl. solutions in
comparison with pure PDMVBA, MIL-121-300°C, and the result is shown in Figure 6.9c and
Figure 6.10. After overnight adsorption, the adsorption capacities of PDMVBA-p-MIL-121
were 0.39 and 0.07 meqg/g for NaCl and MgCly, respectively. By contrast, those of pure
PDMVBA and MIL-121-300°C powders did not adsorb monovalent and divalent ions at all.
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Figure 6.9 Characterization of MIL-121 and PDMVBA-p-MIL-121. SEM images of (a) MIL-
121-300 °C and (b) PDMVBA-p-MIL-121. (c) NaCl adsorption capacity of PDMVBA, MIL-
121-300°C and PDMVBA-p-MIL-121. (d) XRD patterns of as-prepared MIL-121, MIL-121-
300 °C, and PDMVBA-p-MIL-121 before and after NaCl adsorption. The red arrows on the
peaks show the peak shift of pattern MIL-121-300 °C compared with the XRD pattern of MIL-
121. (e) FTIR spectra of MIL-121-300 °C, and PDMVBA-p-MIL-121 before and after NaCl
adsorption.
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Figure 6.10 The MgCl. adsorption capacity of PDMVBA, MIL-121-300°C and PDMVBA-p-
MIL-121.

6.3.3 Adsorption and thermal desorption mechanisms

X-ray diffraction technique (XRD) and Fourier transform infrared spectroscopy (FTIR) were
used to study the crystal and chemical structure change of MIL-121 after calcination,
incorporation of PDMVBA, and NaCl adsorption.[35, 36] The MIL-n family combines
octahedral metal clusters with organic carboxylates to form a range of porous structures, some
of which exhibit a remarkable breathing effect upon introduction of guest molecules. MIL-53
(M) has been proven to exhibit breathing behavior.[37-39] The framework structure of MIL-
121 is the same as MIL-53, except that MIL-121 has two non-coordinated carboxylic acid
groups in the channel of the unit cell. [40] Thus, it is likely that MIL-121 shows the same
breathing behavior as MIL-53. Figure 6.9d shows the XRD patterns of as-prepared MIL-121,
MIL-121-300°C, and PDMVBA-p-MIL-121 before and after salt adsorption. Compared to the
XRD pattern of as-prepared MIL-121, most of peaks of MIL-121-300°C shift to lower 20
angles after calcination. On the contrary, after the impregnation of PDMVBA, the peaks mainly
shift to higher 26 angles compared to MIL-121-300°C; whereas the adsorption of NaCl shifted
the peaks to even greater 20 angles, indicating that the adsorbed NaCl is located inside the
framework. According to the Bragg’s Law (2d-Sin6=n)), the peaks shifting to higher 26 angles
means a decreased interplanar distance d, and structure contraction after the introduction of
PDMVBA (Figure 6.2). By contrast, emptying the pores leads to expansion of the MIL-121
framework. This breathing behavior of MIL-121 (Al) is exactly same as that of MIL-53
(Al).[41, 42] In the FTIR spectra (Figure 6.9¢), the peaks at 1107 and 1168 cm™ are the

characteristic peak of tertiary amine, demonstrating the existence of PDMVBA. After
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adsorbing NacCl, these two peaks weakened because most of the tertiary amine groups became

tertiary amine hydrochloride that do not have these two characteristic peaks.
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Figure 6.11 Thermogravimetric analysis curves and the relevant derivative of (a) MIL-121, (b)
MIL-121-300°C, (c) PDMVBA-p-MIL-121-300°C, and (d) PDMVBA-p-MIL-121-300°C-
NaCl. The TGA was conducted under N2 gas flow.

The thermal behavior of MIL-121-300 °C, PDMVBA-p-MIL-121, and PDMVBA-p-MIL-
121-NaCl were characterized to further understand their structure, as shown in Figure 6.11.
TGA results indicate that the pyrolysis of PDMVBA-p-MIL-121 involves the pyrolysis of
PDMVBA at 350 — 440 °C, and the decomposition of MIL-121 in the temperature range of 440
— 690 °C that is similar to the decomposition of pure MIL-121 (420 — 690 °C). After the
adsorption of NaCl, as shown in Figure 6.11d, the pyrolysis of the composite mainly involves
two stages, 333 — 500 °C and 500 — 600 °C, which is distinctly different from that of PDMVBA
and MIL-121, demonstrating that the adsorption of NaCl changes the chemical composition of
MIL-121 framework and PDMVBA. This is because the non-coordinating —COOH becomes —
COONga, while the RsN becomes RsNHCI.
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In the aqueous solution, the carboxylic acid and protonated tertiary amine exhibit the
following equilibrium: 4

_[RCOO]-[H*]
~ [RCOOH]

RCOOH «»RCOO™ +H*  Ka 1)

_ [RsN]-[H30+]
2 [RsNH+]'[H20]

()

R,NH " +H,0 <> R;N + H,O"

At 30 °C or above, the pKa value of carboxylic acid increases with increasing temperature,[43,
44] while the pKa value of protonated tertiary amine decreases.[45, 46] At lower temperatures,
the dissociation of RCOOH and protonation of R3N facilitate mutually, which may strengthen
the acidity of carboxylic acid group and the basicity of tertiary amine group, giving rise to the
ability to adsorb monovalent ions; however, at elevated temperature, the protonation of RCOO"
and the deprotonation of RsNH™ promote mutually, resulting in the release of adsorbed salts,
as shown in Figure 6.2. As a result, the adsorption and thermal regeneration mechanism can be
described as follows:

RCOOH + R;N + NaCl «» RCOONa+ R;NHCI (3)

6.3.4 NaCl adsorption capacity of amphoteric MOFs

The amphoteric PDMVBA-p-MIL-121 exhibits high NaCl adsorption capacity. The loading
of PDMVBA in the PDMVBA-p-MIL-121 is determined to be 19.3 £ 2.3 wt. % based on the
change of sample weight, which is consistent with 17.9 wt. % obtained from the TG analysis.
The ratio of the polymer (PDMVBA) penetrated and coated on surface was calculated to be
79:21 on the basis of the thickness of polymer coating, confirming that the majority of the
polymer was incorporated into the porous channels of MIL-121. The theoretical maximum
adsorption capacity of PDMVBA-p-MIL-121 is calculated to be 1.20 meg/g on the basis of
19.3 wt. % of PDMVBA loading. The adsorption experiments show that the ion adsorption
capacity of PDMVBA-p-MIL-121 is dependent on the ion concentration. As shown in Figure
6.12, upon the increase of NaCl concentration, the adsorption capacity of PDMVBA-p-MIL-
121 increases and reaches equilibrium at 10000 ppm NaCl aqueous solution after overnight
adsorption. The equilibrium NaCl adsorption capacity is 0.92 meq/g, accounting for 77 % of
the theoretical maximum value; this indicates most of the ion adsorption sites accessible to
ions. When NaCl concentration decreases to 500 ppm, the adsorption capacity drops to 0.13

meq/g. Given < 600 ppm of total dissolved solids in good quality drinking water according to
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the Australian drinking water guidelines,[47] PDMVBA-p-MIL-121 can be potentially used to
desalinate water in water treatment process.
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Figure 6.12 The adsorption capacity of PDMVBA-p-MIL-121 at different NaCl
concentrations.

6.3.5 Cycling performance of amphoteric MOFs
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Figure 6.13 a) The cycling performance of PDMVBA-p-MIL-121 for thermoreversible
sorption of 10000 ppm NaCl solution. The PDMVBA-p-MIL-121 was thermally regenerated
at 80 °C in 500 ppm NacCl solution. b) FTIR spectra of PDMVBA-p-MIL-121 before and

after NaCl adsorption, and after thermal desorption.

Furthermore, PDMVBA-p-MIL-121 exhibits excellent cycling performance, as shown in
Figure 6.13. Desorption of the PDMVBA-p-MIL-121-NaCl was achieved by heating it at 80
°C in 500 ppm NaCl solution for 16 hours. In three cycles, the adsorption capacity of
PDMVBA-p-MIL-121 decreased gradually from 100 % to 96 %, and then 95 %, demonstrating
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the successful thermal regeneration of PDMVBA-p-MIL-121 and the excellent cycling
performance. As mentioned above on the FTIR spectra (Figure 6.13 and Figure 6.14), the
characteristic peaks of tertiary amine are located at 1107 and 1168 cm™, these two peaks
weakened after adsorbing NaCl, while they strengthened after thermal desorption, further

demonstrating the reversible adsorption mechanism.
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Figure 6.14 The FTIR spectra of PDMVBA-p-MIL-121 before and after the adsorption of

NaCl, and after thermal regeneration.

6.3.6 Adsorption of other ions
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Figure 6.15. The adsorption capacity of PDMVBA-p-MIL-121 for adsorption of different

monovalent and divalent cations.
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In addition to NaCl, PDMVBA-p-MIL-121 is capable of adsorbing other monovalent cations
and divalent cations (Figure 6.15). In Figure 6.15a, when salt concentration was 1000 ppm, the
adsorption capacities of PDMVBA-p-MIL-121 for LiCl, NaCl, and KCI were 0.20, 0.39, and
0.33 meq/qg, respectively. If the salt concentration increased to 10000 ppm, they became 0.56,
0.88, and 0.70 meq/g, respectively. The amount of NaCl adsorbed by PDMVBA-p-MIL-121 is
the largest, followed by KCI, and then LiCIl. The ionic radius of Li*, Na*, and K* gradually
increase, but their hydrated radius gradually decrease, and the absolute values of their Gibbs
Free energy of hydration progressively decrease, as shown in Table 6.1.[48-50] Thus,
compared to Na" and K*, hydrated Li* has the most difficulty entering the channel of MIL-121,
and it takes greatest energy to overcome the hydrated form before combining with —-COOH
group inside the channel in the aqueous solution. In addition, PDMVBA-p-MIL-121 was
applied to adsorb divalent cations, including Ca®*, Mg?*, Cu?*, and Zn?* in 10000 ppm CaCly,
MgCl,, CuCly, and ZnCl; aqueous solution. The adsorption capacities for Ca%*, Mg?*, Cu?",
and Zn?* are 0.78, 0.50, 1.63, and 1.02 meq/g, respectively. The different adsorbed amounts of
these divalent salts are closely related to the solubility of their benzoic acid salt (Table 6.1),
while the benzoic acid copper salt and zinc salt are insoluble in water. The PDMVBA-p-MIL-
121 adsorbed 1.63 and 1.02 meqg/g CuCl> and ZnCly, which are equivalent to 0.82 and 0.51
mmol/g, respectively. As a result, the amphoteric PDMVBA-p-MIL-121 shows great potential

for adsorbing a range of ions such as in desalination treatments.

Table 6.1 The radius, hydration energy, and solubility of relevant benzoic acid salt of cations.

lonic Enthalpy of Solubility of relevant
Hydrated  Water , Gibbs Free energy of
lon radius dius (A) ool hydration 4 benzoic acid salt
radius molecules ) ' .
A) (kJ-mol 1) hydration (kJ-mol ) (g/100 mL) at 30 °C
i 060 3.82 5.2 531 475 53.8
Na 095 3.58 35 416 365 62.9
K+ 1.33 3.31 2.6 -334 -295 76.7
cas 099 4.2 7.2 11602 1505 272
Mg 0.65 4.4 10.0 -1949 -1830 5 (40 °C)
ol 072 4.2 9.9 2123 2010 .
2 074 43 9.6 2070 11955 .
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6.4 Summary

The feasibility of using an amphoteric MOF as high-performance ion adsorbent for reversibly
adsorbing a wide range of ions have been successfully demonstrated. The amphoteric-
functionalized MIL-121 (PDMVBA-p-MIL-121) exhibited a high adsorption capacity of NaCl
of 0.92 meq/g. PDMVBA-p-MIL-121 was able to adsorb a wide range of other salts including
monovalent metal salts (LiCl and KCI) and divalent metal salts (CaCl,, MgCl, CuCly, and
ZnCly). Importantly, PDMVBA-p-MIL-121 could be thermally regenerated such as at 80 °C in
500 ppm NaCl solution to release the adsorbed salts, and exhibited excellent cycling
performance. This study has extended the functional diversity of MOFs to highly efficient ion
adsorption and thermal desorption. In particular, the chemical-free regeneration ability
provides a unique functionality for developing high-performance MOF-based ion adsorbents
to potentially lower operating costs of water desalination and purification and minimize the

environmental impact.
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7.1 Conclusion

In this thesis, thermo-responsive ability is successfully introduced to the materials for water
treatment, including responsive membrane, responsive draw agent, and responsive ion
adsorbent. Through the exploration in this thesis, it can be concluded that: 1) introduction of
thermally responsive polymer endows the responsive membrane with controllable separation
ability and high separation efficiency due to the switchable wettability and the hierarchical
structure that enlarged them to superhydrophilicity and superhydrophobicity for improved
treatment performance. 2) The swelling behavior / kinetic study efficiently reveals the swelling
pressure and FO performance of thermally responsive hydrogel draw agent, advancing the
development of desired draw agent. 3) Thermally reversible ion sorption is achieved inside the
metal organic framework by amphoteric functionalization, showing high adsorption capacity,
accessibility of ion adsorption sites, and excellent cycling performance.

In chapter 3, a robust thermo-responsive polymer membrane with switchable superhy-
drophilicity and superhydrophobicity was successfully fabricated by evenly coating poly (N-
isopropylacrylamide) (PNIPAM) on a thermoplastic polyurethane (TPU) microfibres mat. In
addition, other polymeric micro- or nanofibres membranes could be used as the substrates for
fabricating superwetting materials, which broadens the methods of preparation of such
materials. Among the polymer composite membranes prepared in this study, the TPU-
PNIPAM-3.6 material performed best, exhibiting excellent mechanical properties, switchable
superwettability, fast swelling — deswelling behaviour, and best oil water emulsion separation
capacity. Driven by gravity only, the TPU-PNIPAM-3.6 membrane could separate 1 wt. %
silicone oil-water emulsion at room temperature with a separation efficiency of > 99.26 %, and
separate 99 wt. % silicone oil-water emulsions at 45 °C with a separation efficiency of >
99.85 %. This membrane is a good candidate for not only oil-water emulsion separation, but

also for fabricating smart materials for rapidly responsive drug delivery systems and sensors.

In chapter 4, the swelling pressure of polymer hydrogels was enhanced by incorporating TPU
microfibres, and thus improving the forward osmosis performance of hydrogel composites.
This study is based on our group’s previous study, by modifying the pure responsive hydrogel,
and applied in the process as a monolith. TPU-hydrogel composite monolith generated a water

flux that are about twice of those of pure hydrogel particle. In terms of the dewatering
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performance, the dewatering flux of TPU-hydrogel composite almost two times of that of pure
hydrogel particles as well. Further study indicated that the hydrophilicity of wet TPU
microfibres and the capillary effect generated by microchannels around them resulted in greatly
enhanced water absorption ability and water diffusion rate, and sustained swelling pressure of
the polymer hydrogels. The composite hydrogel therefore induced significantly higher forward
osmosis water flux and dewatering flux compared to pure hydrogel particles. This study
provides a simple and effective strategy for improving water transport through hydrogel
structure and sustaining swelling pressure of stimuli-responsive polymer hydrogel, which is

very promising for designing high-performance draw agent for forward osmosis application.

In chapter 5, a hydrogel-PET microfibre composite is prepared by compressing the PET
microfibres added during polymerization of hydrogel, and studied as a forward osmosis draw
agent. The combination of a hydrophilic ionic hydrogel and a hydrophobic PET microfibre
imparted to the composite hydrogel porosity, due to different wettabilities, whilst at the same
time providing an additional relaxation force during swelling because of the compression
pressure applied during the preparation. As observed in the experiment, the porous structure
and the PET microfibre decreased the sizes of hydrogel domains, increasing solvent diffusion.
On the other hand, the characteristic exponent n of the composites decreased with increasing
PET microfibre loading and increasing amount of compression. The hydrogel-PET composites
exhibited Less Fickian diffusion, indicating that the polymer chain relaxation rate is much
faster than the solvent diffusion rate. With regards the forward osmosis application, the water
flux of hydrogels is consistent with the swelling Kinetics result, i.e., it increased with increasing

PET microfibre loading and increasing compression pressure.

In order to study the effect of hydrophilic or hydrophobic microfibres on the composite draw
agent, a relatively hydrophilic polydopamine-modified microfibre (hydrogel-D-PET) was
prepared and fabricated with hydrogel to obtain a composite. The composite with hydrophobic
microfibre was better at maintaining higher water flux in a long period test, but the dewatering
performance reduced. While the addition of hydrophilic microfibre improved both FO water

flux and dewatering flux.

This work demonstrates that the performance of forward osmosis hydrogel draw agent is
closely related to the swelling properties of hydrogel, and the draw agent performance can be

effectively improved by tailoring its swelling properties.
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In chapter 6, an amphoteric MOF is fabricated by integrating weak acid groups with weak
base groups together in a porous metal organic framework (MOF) to achieve thermally
reversible ion sorption property. The feasibility for reversibly adsorbing a wide range of ions
has been successfully demonstrated. PDMVBA-p-MIL-121 could adsorb a wide range of other
salts including monovalent metal salts (LiCl and KCI) and divalent metal salts (CaCl,, MgCly,
CuCly, and ZnCl;). The amphoteric-functionalized MIL-121 (PDMVBA-p-MIL-121)
exhibited a high NaCl adsorption capacity of 0.92 meq/g. Importantly, PDMVBA-p-MIL-121
could be thermally regenerated such as at 80 °C in 500 ppm NaCl solution to release the
adsorbed salts, and exhibited excellent cycling performance. This study has extended the
functional diversity of MOFs to highly efficient ion adsorption and thermal desorption. In
particular, the chemical-free regeneration ability provides a unique functionality for developing
high-performance MOF-based ion adsorbents to potentially lower operating costs of water

desalination and purification and minimize the environmental impact.
7.2 Further Directions

The introduction of responsive ability endows the raw materials with new functionalities,
broadens their application, and enhances the relevant water treatment performance, as
illustrated in this study. However, the development of stimuli responsive water treatment
system with self-cleaning, self-refreshing, energy-saving, or controllable separation abilities is
still in an early stage, further development is challenge but highly desired.

Smart membrane. 1) The controllable separation process responds rapidly for selective
separation, tunable permeation and / or on-off state management, to achieve biomimetic
membrane ultimately. 2) Membrane fouling problems can be relieved by improving wettability
and the oscillation of responsive component to release attachments. The final objective is self-

cleaning membrane and anti-fouling membrane.

Smart forward osmosis draw agent. Ideal performance includes: 1) high osmotic pressure for
high water flux, 2) low back diffusion, 3) minimal toxicity and low cost, 4) easy and energy-
efficient regeneration, 5) good reusability. Importantly, the development of relevant theory or

mechanism, and a proper FO unit for continuous water production are particularly crucial.

Smart adsorbent. Rapid adsorption, high adsorption capacity, rapid regeneration, easy

collection, and good reusability constitute a desired adsorbent.
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