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Abstract

Water purification is essential for modern human life. Without it we could not produce
clean water, process wastewater or concentrate desired products. Unfortunately, standard water
purification techniques are energy intensive, especially for concentrated feeds. Forward osmosis
(FO) is a promising filtration method, with the ability to process concentrated feeds at lower

energy costs than conventional methods.

FO operates by placing a concentrated “draw solution” opposite the water to be filtered
(the feed), separated by a semipermeable membrane. The osmotic pressure (w) difference across
the membrane causes water to flow from the feed to the draw solution. After filtration is complete
the draw solute is removed, leaving behind clean water. While the initial filtration requires
minimal energy, removing the draw solute from the clean water after filtration can be energy
intensive due to the draw solutes’ high . The efficiency of FO hinges on the nature of the draw

solute.

An ideal draw solute must possess two seemingly contradictory properties: a high & state
for efficient filtration and a low = state for easy draw solute removal post-filtration. CO-
responsive materials are attractive draw solutes as they possess a high = under CO- (nco2) and a
low 7 under air (m.ir). The most successful draw solute reported to date, trimethylamine (TMA),

exerts a very high nco. but is also flammable, malodorous and can cross the membrane.

This work investigated new CO,-responsive materials which could be safe alternatives to
TMA. Diverse COy-responsive materials were considered, including polymers, hydrogels and
magnetic particles. In each case, materials were designed and synthesized, then their performance
as a draw solute was assessed by measuring their mco2 and i or their flux and recovery. Fluid
draw agents outperformed solid draw agents due to improved mass transfer, and are easier to

implement industrially.



Among all the draw solute studied, soluble poly(N,N-dimethylallylamine) (PDMAAmM)
showed the most promise due to its high ncoz and low 7. The use of PDMAAm’s dual CO»- and
thermo-responsive character was found to facilitate its separation from water after filtration.

Future work will study the performance of PDMAAmM on larger scales for industrial use.



Statement to the Public

Water filtration is essential for modern human life. To avoid catastrophic damage to the
environment and human health, water must be purified before it is used and before it is returned
to the environment. Water filtration is used to produce potable water, process wastewater, and
concentrate desired products in diverse industries (e.g., orange juice). However, conventional
water purification methods such as distillation can have prohibitively high energy costs,

especially if the solution to be filtered (the “feed”) is concentrated.

Forward osmaosis (FO) is a promising alterative water filtration technology which shows
potential for low-energy treatment of concentrated feeds. FO is centered around osmosis, the
natural movement of water from an area of low solute concentration through a semi-permeable
membrane to an area of high solute concentration (e.g., the movement of water from the surface
of skin into the body). In FO, water is extracted from the feed by osmosis; an extremely
concentrated solution (the “draw solution”) and the feed are separated by a semi-permeable
membrane. The draw solution contains a high concentration of a “draw solute”. Water flows from
the feed (low concentration) through the membrane to the draw solution (high concentration)
without the application of any energy, resulting in a concentrated feed and a diluted draw solution
(Figure 1). After osmosis, the draw solute is separated from the water that passed through the
membrane, resulting in a concentrated draw solution which can be recycled, and clean water. The
nature of the draw solute is consequently very important to FO. A successful draw solute must be
highly efficient at pulling water from the feed while remaining easily removed from water post-

filtration. Unfortunately, conventional materials usually only possess one of these assets.
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Figure 1. The FO process. Grey dots represent a dissolved material in the feed, while the green

dots represent the draw solute.

While most materials have one fixed set of properties, “stimuli-responsive” materials can
possess a different set of properties based on the application of a stimulus. Examples of stimuli-
responsive materials include the dyes on thermochromic mugs which change colour in response
to heat, and the compounds in plant stems which move flowers towards the sun in response to
sunlight. “COg-responsive” draw solutes are highly water loving (making them excellent at
filtration) in the presence of CO; but are less water loving (making them easily removed) under
air (Figure 2). CO; can be added to these materials in the same way soda is carbonated. The CO;
can be removed from these materials by applying mild heat. Consequently, COz-responsive
materials are promising draw solutes. The most promising CO,-responsive draw solute to date is
flammable and possesses a strong odour and therefore cannot be used if the final product will be

consumed by humans (e.g., drinking water or concentrated juice).
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Figure 2. The two states of CO-responsive draw solutes

This work investigated a new generation of CO2-respnsonive draw solutes which are less
flammable and have no odour. A variety of CO,-responsive materials were designed, synthesized,
and tested for their potential as draw solutes. Diverse structures were considered including CO»-
repsonsive materials in long chains (polymers), in 3D networks (gels) and bound to magnetic
particles. Several promising candidates were identified, which will be tested on larger scales in

the future.
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Chapter 1

Introduction

1.1 CO2-Responsive Materials

1.1.1 Stimuli-Responsive Materials

While the properties of most chemicals are fixed (or vary only slightly with temperature
and pressure), “stimuli-responsive” materials exhibit a wide variation of properties and
performance based on the application of a trigger. One material can perform multiple tasks or
exhibit different properties in different environments, potentially leading to lower energy
consumption and material usage. Stimuli-responsive materials have been explored for use in
diverse fields, including biomimetic materials, sensors, coatings and surfaces, pharmaceuticals,
and chemical separations [1-3]. For example, drug delivery systems have been designed to
release a drug from a stimuli-responsive polymer network based on the change in pH in a cell

[4,5]. Common triggers include heat, pH, magnetism, light, humidity and electricity [1].

CO, has become a popular pH trigger in recent years, as it is a relatively safe,
inexpensive, and abundant waste product which can be easily added to or removed from the
system of interest [3]. While CO; in water is a weak acid, and therefore cannot cause a large
change in pH like more conventional strong acids (e.g., hydrochloric acid), it has the unique
advantage of being easily and completely removed from the system without leaving salts behind,
which could build up over repeated switching cycles. CO-responsive materials can therefore be
used multiple times without deterioration of properties or performance. In addition, the materials
which respond to CO; are generally less expensive than those that respond to light, and less toxic
than those that respond to voltage. CO-responsive systems are not restricted by the need to be
conductive or transparent, like voltage- or light-triggered systems respectively. The use of CO; as

a trigger therefore presents many advantages.



1.1.2 The Chemistry of CO.-Responsivity

As a gas, CO; is relatively inert. Although CO; is non-polar, it exhibits significantly
higher solubility in water compared to other non-polar gases such as N2, CO or Ar [6]. This is due
to the fact that when introduced into water, CO- forms a cascade of other species which increases
its solubility in water [7]. The solubility of CO. in water is dependent on temperature and
pressure and can be calculated given the Henry’s law constant and the partial pressure (Ky =
0.342 M/MPa at 25 °C, 1 bar) [7,8]. The concentration of dissolved CO, increases with CO;

pressure and decreases with temperature.

Upon exposure to water, CO, forms hydrates and carbonic acid. Carbonic acid is unstable
at 25 °C (Knyar = 0.0017 (unitless) at 25 °C, 1 bar), so CO; in water is predominantly in the form
of hydrates [9]. Both hydrated CO- and carbonic acid are Brgnsted acids which can dissociate in
water to form bicarbonate; as it is difficult to separate the interactions of hydrated CO;, and
carbonic acid, a combined equilibrium constant is used (pK*a = 6.36 at 25 °C, 1 bar) [7]. Note
that this is significantly higher than that of carbonic acid, (pKa = 3.6), as hydrated CO; is a
weaker acid. Bicarbonate can in turn dissociate to form carbonate (pKa> = 10.3) (Figure 1.1). The
concentration of CO. dissolved in pure water is approximately 0.03 M (25°C, 1 bar),

corresponding to a pH of approximately 3.94 (22 °C, 1 bar of CO;) [10].
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Figure 1.1 Equilibrium, and abundance with pH, of carbonate species in water under 1 bar of
COs.. The dashed line represents the pH of water under 1 bar of CO- at 25 °C.

Acidic hydrated CO- and carbonic acid can undergo acid-base reactions with bases. If the
base is sufficiently weak, the reaction can be reversed by the removal of CO: (e.g., by applying
heat or purging with a non-acidic gas) thereby returning the base to its original state. This is the
basis for “CO;-responsive” or “COz-switchable” chemistry. Switchable bases include amines,
guanidines and amidines (Figure 1.2). Amines are generally preferred over guanidines and
amidines as they are cheaper and more stable in water. Upon reaction with water, amines can
form bicarbonate salts, carbamates, and carbamic acids. The nature and abundance of the product

formed depends on the temperature and the structure of the base.
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Figure 1.2 CO,-responsivity of different functional groups. Based on figure 1 from reference 11
with permission. pKan (pKa of protonated amine) values obtained from reference 12,13, for R =
alkyl.

Primary amines and sterically unhindered secondary amines form a mix of carbamates
and bicarbonates in carbonated water, with carbamates being the major product. Bicarbonates are
the major product when carbamate formation is disfavoured, in the case of tertiary amines or
sterically hindered secondary amines. Carbamates are more thermodynamically stable than
bicarbonates; they form more quickly but take more time and energy to revert to neutral amines
than bicarbonates [14]. The preference for a carbamate or bicarbonate product depends on the
application. Carbamates are used for applications requiring high thermal stability (e.g., carbon
dioxide scrubbers and traps) [14-16], while bicarbonates are chosen for applications requiring
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faster reversals (e.g., paints [17]). In addition, carbamates and bicarbonates have different effects
on the solution; upon carbonation of an aqueous solution of an amine, bicarbonate formation will
increase the number of species in solution while carbamate formation will not. Tertiary amines
are preferred for CO»-responsive applications due to their easy reversal back to their uncharged

state.

Tertiary amines in water can exhibit a dramatic swing in hydrophilicity and ionic strength
between their neutral and carbonated states. CO,-responsivity has been used to trigger changes in
miscibility, solubility, viscosity, colour, fluorescence, osmotic pressure, stability of emulsions,
and many more. It is generally desirable to have a large change of properties between air and CO;
atmospheres, which requires a large change in the degree of protonation under air and CO,. The
percent protonation in carbonated water must be high (ideally >95%) and the percent protonation
in uncarbonated water must be low (ideally <5%). The degree of protonation is dependent on the
concentration or solubility of the neutral form in water, the presence of other species in solution,
the partial pressure of CO, and temperature of the system as well as on the pKasn (pKa of the
protonated amine) and concentration of the amine. The percent protonation decreases with
concentration and increases with pKan (Figure 1.3). If the pKan of the amine is too high, the amine
will be protonated even by uncarbonated water in air which decreases the magnitude of the
property switch upon carbonation. As pKan increases, so does the energy required to decarbonate
the amine. In addition, above pH 9 significant amounts of carbonate will be formed (Figure 1.1).
If the pKay of the amine is too low (e.g., pyridines), the amine will not be protonated significantly
by carbonated water, and the difference between the state under air and under CO, will be
negligible. The preferred pKan values depend on the concentration; at high concentrations, the
percent protonation is lower so higher pKau values are desired; at lower concentrations, the

percent protonation is higher so lower pKan values are desired.
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Figure 1.3 The % protonation of organic bases with various pKan values vs. concentration in
water in the absence of at 25 °C. Reproduced with permission from reference 7.

1.1.3 CO2-Responsive Polymers

The development of CO,-switchable technology has led to research into a wide variety of
potential applications of both academic and industrial interest including paints [17], latexes
[18,19], Pickering emulsifiers [20,21], membranes [11,22], and drying agents [23]. Many of these

technologies use CO-switchable polymers.

The magnitude of the change in properties can be enhanced by using diamines, or even
polymeric amines. However, when using polymeric or polyamines, special consideration must be
given to the pKau of the amine. If the carbon chain between two basic nitrogen atoms is small
(less than 4 carbons) the pKay of an amine group will be reduced by the protonation of its
neighbour. If the pKan values are significantly different, it is possible that not all of the amine
groups in the molecule will be protonated by carbonated water [24]. While this effect is

insignificant when the chain between the nitrogen atoms is longer than six carbons, the first and



second pKan values of diamines will never be equal; the pKay values must differ by at least 0.6

units [24,25].

The complexity is further enhanced when considering polymers. Polymers exhibit a range
of pKan values rather than one specific value. The average pKax of a polymeric amine is generally

1 pH unit less than that of its corresponding monomer [26].

There are relatively few commercially available CO,-switchable polymers and
monomers; the structures of the most commonly used CO,-responsive polymers are shown in
Figure 1.4. CO-switchable polymers have been made in the form of homopolymers and
copolymers (e.g., statistical [27], block [28]), or various architectures (e.g., brush, star [29]), in
diverse macroscopic structures (e.g., emulsions [18], gels [30]), and grafted to various surfaces

(e.g., crystalline nanocellulose [21], metals [31], magnetite [32], silica [23]).
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Figure 1.4 Structures and abbreviations of common CO--responsive polymers. Reproduced with

permission from reference 26.

1.2 Osmotic Pressure

1.2.1 Osmotic Pressure and Polymer Solutions

Osmosis is the passive movement of water across a semipermeable membrane from a

region of low solute concentration to a region of high solute concentration. Osmosis occurs
7



because the water in the region of low solute concentration has a higher chemical potential than a
region of high solute concentration. Water flows until the chemical potentials on either side of the
membrane have equilibrated. Osmotic pressure (m) is the minimum pressure required to be
applied to a solution to prevent osmosis. Swelling pressure (discussed in section 1.3.4.4) is akin
to «t, but for hydrogels rather than solutions. The © of an ideal solution can be calculated from the

van’t Hoff formula:

n=RTC (1.2)
where R is the gas constant, T is the temperature and C is the total solute concentration. The van’t
Hoff equation assumes that m is directly proportional to the number of species in solution.
However, this does not consider how different molecules interact with a given solvent or
themselves in solution. For example, benzoic acid dimerizes in benzene, thereby reducing its
interactions with the solvent and reducing the apparent number of species in solution [33].
Although equimolar NaCl and KCI solutions contain the same number of ions, the NaCl solution
exerts a higher 7 than the KCI solution. This is because Na* has a higher charge density and has
stronger interactions with water than K* [34,35]. Many equations have been developed in

attempts to improve the van’t Hoff formula.

The m of concentrated solutions can be calculated more accurately using the Lewis

model:

71— Ysam? = —RT/Vo In(1-N) (1.2)
where o is the compressibility of the solvent, V, is the molar volume of the solvent, and N is the

mole fraction of solute [36].

Changing the solute from a small molecule to a polymer adds another level of
complexity. Concentrated polymer solutions are far from ideal. According to the van’t Hoff
equation, one polymer molecule would have the same 7 as one monomer molecule; however, this

is not seen experimentally. The 7 of a polymer solution is a function of the number of chains
8



present and the strength of the chain’s interaction with water and itself. The m of polymer

solutions can be calculated from the virial expansion:

c n \2 /c? n\2/c?
where My is the molecular weight of the monomeric unit, ¢ is the polymer concentration
(weight/volume), v is the volume of 1 mole of water, n is the number of monomer units in the
chain, d is the density of the polymer, and ys IS a term relating to the strength of the interactions

between the polymer and water [37]. However, given the number of terms in this equation and the

difficulty in obtaining accurate values of each parameter, it is often not of practical use.

At a critical concentration, the polymer chains begin to overlap in solution. Polar aprotic
polymers, such as those studied in this work, have more favourable polymer-water interactions
than polymer-polymer interactions in solution. As the chains overlap at higher concentrations,
they pull more water molecules to themselves to decrease the repulsion between chains.

Therefore, 7 increases substantially above the critical concentration.

CO,-responsive polymers are a further complication, as they are ionogens. Under air, the
7 of a COz-responsive polymer solution is also influenced by any hydroxide produced by reaction
of the amine with water. If the polymer has an appropriate pKa.4 value and the concentration is
high, the percent protonation under air will be minimal [7], and the contribution from hydroxide

can be neglected. The . is therefore expected to only be due to the neutral polymer chain:

Tlair = Tluncharged polymer (14)

Under CO,, the 7 is affected by the bicarbonates in solution and the charged polymer chain:

TCo2 = Thicarbonate t Tcharged polymer (15)
Both Tthicarbonate al’ld Tcharged polymer increase Wlth Concentration. The rate Of TUhicarbonate InCI'eaSE
with concentration is expected to slow with increasing concentration, due to the decreasing

percent protonation of the polymer. Tcharged polymer is €xpected to be greater than Tuncharged polymer dU€
9



to the polymer’s increased hydrophilicity and hydrodynamic radius. In contrast to Tbicarbonates
Teeharged polymer INCreases with concentration following a polynomial function (see equation 1.3) and

should increase substantially above the polymer’s critical concentration.

1.2.2 Measuring Osmotic Pressure

In the literature, osmotic pressure is commonly obtained by freezing point osmometry
(FPO), vapour pressure osmometry (VPO) and direct membrane osmometry (DMO), with FPO
being the most frequently used technique. FPO and VPO do not measure n directly. Rather, FPO
and VPO measure other colligative properties (freezing point and vapour pressure respectively)
which are in turn used to calculate m via osmolality. Both methods rely on thermodynamic
approximations which apply best to dilute, ideal solutions. Given that the solutions studied in this
work are neither ideal nor dilute (and are consequently more difficult to model), the results
obtained from these methods may be inaccurate [38]. In addition, these techniques may be
unsuitable for carbonated solutions, as the concentration of CO- in solution changes when water
is frozen or exposed to air. Furthermore, volatile amines can interact with the VPO sensor,
making it difficult to obtain a reliable measurement [39]. & has also been determined using
software [40], and from experimentally gathered fluxes [41,42]. These methods rely on their own
calculations and assumptions to reach 7, with varying degrees of accuracy, similar to FPO and
VPO. By contrast, DMO measures 7t directly by measuring the pressure build up between a
solution and a pure solvent, separated by a semipermeable membrane (Figure 1.5) [38,43]. DMO
does not rely on any thermodynamic approximations or calculations. A limitation of DMO is the
choice of membrane. Low molecular mass material (e.g., NaCl) can pass through the membrane
which reduces the detected pressure. DMO successfully measures molecules as small as glucose

[44].

DMO can measure very high pressures (ca. 120 bar), which is only limited by the

equipment and the membrane. FPO can only measure @ up to ca. 60 bar (4,000 mOsm/Kkg),

10



although newer models may increase this limit [45]. Lines of best fit have been used to predict ©

at higher concentrations, but this assumes that the linear trend is maintained at these

concentrations, which it often is not; this practice is consequently not recommended by many

FPO manufacturers [46,47]. Important strengths and weaknesses of VPO, FPO and DMO are

summarized in Table 1.1.

Table 1.1 Characteristics of VPO, FPO and DMO.

Property VPO FPO DMO
7 range/ bar 0-250 0-75 0-120*
Sample size/ mL 1-3 0.25 3-12

Variabl Variabl
Temperature range Fixed

e

Measurement time/ h 0.5-6 <0.1 0.5-8
Direct measurement of & No No Yes

*Limited by instrumental and membrane constrains.
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1.3 Forward Osmosis

1.3.1 Applications of Water Filtration

Water filtration technology is crucial to human life on earth. The demand for effective
and energy efficient water filtration technology is rising with every passing year, due to the
growing human population, climate change, resource depletion and increased industrialization.
Water filtration is needed to produce clean water (e.g., for drinking [49,50] or agriculture [51]),
concentrate desired products (e.g, food processing [52,53], recovering products prepared from
biomass, mineral extraction [54]) and process wastewater (e.g., geothermal, oil and gas, textiles,
mining) [55]. All these applications require the extraction of clean water from a feed solution,
producing a concentrated feed, which may be the desired product in the case of food and
beverage products, or may be a by-product in the case of water purification. While many different
types of water filtration techniques exist, conventional methods still suffer from high energy costs
or fail to deal with feeds with high = or fouling potential. To meet future demand and to facilitate
the processing of complex and concentrated waste products, new water filtration technologies are

required.

1.3.2 Conventional Methods

Chemical separations account for 10-15% of global energy use [56]. Examples of
processes which require chemical separations include concentration of food products, isolation of
desired products from a solution, processing of wastewater and desalination of ocean water.
Diverse separation technologies exist. The characteristics of the feed (e.g., nature and

concentration of solute) will determine which technology is best suited for its separation.

The simplest and most common separation techniques separate water from solutes by

applying heat, such as distillation. Distillation can effectively separate water from even highly

13



concentrated feeds. However, while advances have been made to distillation, including using
solar and waste heat, the energetic and financial costs are still high [57,58]. Thermal technigques
are inherently energetically costly as they require changing the phase and temperature of water
(Figure 1.6). These changes are not trivial, as water has a higher heat capacity and enthalpy of
vaporization than most liquids. Due to its high energy costs, distillation has been supplanted by

membrane processes for water demineralization.

Relative Energy Consumption

Figure 1.6 Relative energy consumption of common separation techniques. Reproduced from
reference 58; this figure is in the public domain.

Membrane techniques separate solutes using a semipermeable membrane. Membranes
separate primarily by size and polarity but can also select for other variables (e.g., charge).
Material can be transferred across the membrane by various forces, such as osmotic pressure
differentials, electric fields, temperature gradients, or pressure, the latter being the most common

for demineralization. Membrane separations do not require changing the temperature of the
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solution to be filtered (the “feed”), and as a result, they generally use substantially less energy
than thermal processes, and can be used to treat feeds containing temperature-sensitive materials

(e.g., proteins, enzymes).

Reverse osmosis (RO) is the most widely used membrane separation technique; 69% of
desalinated water produced globally was treated by RO [59]. As of 2019, there were 17,000 RO
plants across the world, producing a total of 107 million m® of water every day [60]. In RO, high
pressure is applied to the feed, overcoming its =, and forcing water through a semipermeable
membrane, resulting in clean water (permeate) and concentrated brine. RO thus forces water to
move in the energetically disfavored direction. The hydraulic pressure applied needs to be several
times higher than the & of the feed solution, in order to maintain a higher pressure than the © of
the final concentrated feed, to maintain a high flux of water (10-20 L/m?h) and to overcome the
resistance of the membrane. Typical RO water recovery ranges from 50-85%, (although this is
highly dependant on the nature of the feed) [58]. Although RO has only been around for 50 years,
research advances have made it energy efficient [58]. The efficiency of RO depends on the nature
of the feed, operating conditions, and the nature of the membrane. The selectivity of RO is highly

dependent on the membrane, which is an active area of research.

The high pressures used in RO lead to several limitations. Applying more pressure
increases the volume of valuable permeate and decreases the volume of undesired brine but
decreases the purity of the permeate and risks collapse or rupture of the membrane. High pressure
also leads to high levels of membrane fouling, necessitating more pre-treatment steps and
increasing the costs [61]. Furthermore, as there is an upper limit to the pressure than can be
applied, there is also an upper limit to the salinity of feeds that can be processed. The maximum
pressure that can be maintained in RO is ~120 bar, corresponding to a feed with total dissolved

solids (TDS) of ~130 g/L [62]. = and TDS of common feeds are summarized in Table 1.2.
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Table 1.2 Osmotic pressures of common water filtration feeds.”

Feed TDS/ g/L 7/ bar
Pure water 0 0
Seawater [63] ca. 35 26-28
Brackish water 0.5-35 0.4-26™
Brine >35 >27"
Geothermal wastewater [64] 314-160 120-240™
Textile wastewater >20 [65] 17-78
3-5 [66] -
1.5-12 [67] -
Raw municipal wastewater [68] - 0.2
Flue gas desulfurization wastewater [15] 53 30
Apple juice [69] 150 22
Milk, skim [70,71] 8.9 7
Whey [70] 5.1-5.5 3.5-6.1

“ Note that m and TDS values may vary significantly from the examples provided in this table

depending on the source and treatment of the feed.

“Calculated value using reference 72
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Membranes with slightly larger pores than RO membranes can be used; processes include
nanofiltration (NF), microfiltration (MF), and ultrafiltration (UF) (Table 1.3). These membranes
are used for chemical separations of larger molecular weight species, at lower energies and with
higher fluxes than RO. They are often used commercially as pre-treatment steps before a finer

filtration step such as RO [58,61,73].

Table 1.3 Pressure driven membrane separation technigues.

Technique Pore Size [74] Typically Used to Remove

RO - lons, organics

NF 1-5nm Large ions, organics, macromolecules
UF 5-20 nm Biological material

MF 0.05-1 um Large particulates, suspended solids

1.3.3 Forward Osmosis

Forward osmosis (FO) is a membrane separation method that utilizes 7 differences rather
than hydraulic pressure to force water through a membrane. In FO, a feed solution is separated by
a semipermeable membrane from a “draw solution”, which possesses a higher m than the feed.
The draw solution contains a “draw solute” or “draw agent”. Water flows spontaneously from the
side with lower ©t (feed) to the side with higher © (draw). Once filtration is terminated, the draw
solute can be recovered and recycled, producing clean water (Figure 1.7) [9]. The rate at which
water is filtered during FO is quantified by water flux (Jw), equal to the volume of water (V)

transferred over a specific surface area of membrane (A) over a given time (t):
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Jw=Vu/At (1.6)
and has units of L/m?h or LMH. Flux is primarily proportional to the n gradient, but is greatly
influenced by concentration polarization, solution viscosity, the mass transfer coefficient of the
draw solute, and the nature of the membrane [34,75,76]. These factors can reduce the flux by as

much as 80% [77], and will be addressed in subsequent sections.

FEED DRAW
FO

o O

[e] 00 g — .!. °

-Clean Draw solute -Concentrated
water Reuse Feed

Draw Solute
Recovery

Figure 1.7 Water flux between solutions of different potential energies. The grey circles
represent a contaminating solute while the green circles represent a draw solute. Draw solute
recovery may be accomplished by diverse techniques (e.g., RO, decantation, magnetic

separation).

While FO does not require external energy to pull water across the membrane, FO is not
necessarily a low energy process [78]. While RO just separates the impurity from the water, FO
involves an additional step (e.g., NF, RO, magnetic separation, phase separation) to recover the
draw solution from the permeate. This step is energetically costly, as the draw solute has a higher
7 than the feed. It is therefore not possible for FO to consume less energy than RO if the draw

solute is regenerated. The energy required to recirculate the draw solute must also be considered
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[79]. However, if a stimuli-responsive draw solute is united with solar or waste heat to drive the
regeneration step, FO has the potential to consume less electricity than RO, which could make FO
a greener alternative [40,80,81]. In addition, waste heat (e.g., from a cement or power plant) is a

cheaper source of energy than electricity, which could greatly reduce the costs of FO [82].

One key benefit of FO is that it may be used to clean highly concentrated wastewater
streams that cannot be processed by RO, while consuming less energy than distillation. In
addition, FO is less susceptible to membrane fouling than hydraulic pressure-based methods (e.g.,
RO, NF) [83]. As a result, feeds treated by FO may require less costly pre-treatments than RO.
(Pretreatments can be responsible for up to 60% of the cost of treating oil and gas waste by RO
[84]). FO may also exhibit higher rejection rates than RO [85], making it attractive for
applications which require high purity products. With a high © draw solute, FO can extract more
water from a given feed than RO, making the process more efficient, and reducing the volume of
concentrated brine that needs to be disposed of after filtration. FO is being studied as an
alternative filtration treatment for diverse applications including sea water and brine desalination
[86], juice concentration [53], protein enrichment [87], and treatment of industrial process water
[15] and raw sewage [55], as well as a pre-treatment for subsequent filtration steps [88]. FO is
already a viable industrial technology; there are over two dozen companies which work on

membranes, draw solutes and/or application development [89].

While FO is being successfully used industrially, there are still barriers to its further
expansion, such as concentration polarization (section 1.3.3.1), membrane fouling (section
1.3.3.2), and reverse solute flux (section 1.3.3.3). These limitations can be resolved by further
research on the nature of the draw solute and the membrane [90]. Few FO membranes are
currently commercially available; there is currently much research being done to develop new

and improved FO membranes [89]. Draw solutes will be discussed in detail in section 1.3.4.
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1.3.3.1 Concentration Polarization

As flux occurs across the membrane, the feed solution is concentrated (raising its ) and
the draw solution is diluted (decreasing its m). This produces concentration gradients, a
phenomenon referred to as concentration polarization. Concentration polarization can occur
within the membrane (internal concentration polarization (ICP)) or in the solution immediately
next to the membrane (external concentration polarization (ECP)). Concentration polarization
causes the effective A across the membrane to decrease, which in turn decreases flux (Figure

1.8) [42,91].

ECP is accentuated by high viscosity solutions and poor mixing [92]. ECP can be greatly
reduced by improving mixing and increasing the turbulence around the membrane. ICP is caused
by poor draw solute mobility and mixing within the membrane, and consequently depends on the

nature of the draw solute and membrane [93].

Most modern FO membranes are asymmetric, consisting of a thick, porous support layer
which contributes to mechanical strength, and a thin, dense active layer which is responsible for
selectivity. ICP primarily occurs within the support layer. For solutes to diffuse out of the
membrane with greater ease, thinner support layers are desired, which are more porous and less
tortuous. This must be balanced with maintaining high mechanical strength, water flux and
selectivity [83]. The orientation of the membrane also has a significant influence on flux and ICP.
The membrane can be placed with the active layer facing the feed solution (FO mode) or the draw
solution (PRO (pressure retarded osmosis) mode). As the molecular weight of the draw solute
increases, its diffusivity through the membrane decreases, resulting in enhanced ICP [75]. As a
result, high molecular weight draw solutes will have significantly lower fluxes than a lower
molecular weight draw solute with the same 7. ICP is more difficult to counteract than ECP and

is therefore often the primary cause of flux decline.
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Figure 1.8 Illustrations of concentration polarization. a) external concentration polarization with
a symmetric membrane. b) active layer of asymmetric membrane facing the draw solution (PRO
mode) c) active layer of asymmetric membrane facing the feed solution (FO mode). The curve
lines illustrated the m change of the feed (F) and draw (D) solutions from the bulk (b) to the
membrane surface (m). m denotes the effective osmotic pressure of the feed or draw after
concentration polarization, and Ax is the effective difference in osmotic pressure. This figure was

reproduced with permission from reference 42.

1.3.3.2 Membrane Fouling

Membrane fouling refers to the accumulation of degradative material (foulants) on or in a
membrane during a membrane filtration process. Fouling can reduce the active surface area of the
membrane, decrease flux, decrease selectivity, and increase maintenance time and costs [83,94].
Clogged pores can cause pressure to build up and if left unchecked, membrane fouling can affect
the quality of the product [76]. Fouling can be caused by organic material (e.g., humics, sugars)
[95-97], inorganic scaling (e.g., silica, calcium sulfate) [98], and biological material (e.g., algae,

bacteria) [83,99].
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As the feed solution is concentrated during filtration, material that has low solubility or is
saturated in solution can precipitate, crystalize or polymerize to form very stable, low solubility
species (e.g., gypsum, silicates) [98,100]. This can result in scaling on the membrane surface and
clogged pores. Inorganic scaling can be avoided by using additives to prevent precipitation, and

pre-treatment to reduce sedimentation [101].

Biological material can grow on the membrane and form biofilms. Biofoulants can be
harder to avoid and combat than other foulants as they can proliferate very quickly [73,102]. The
diversity of biofoulants and the intricate factors that govern their growth make them altogether
more complex and consequently less well understood than crystallizations [83,103,104]. Biocides
(e.g., chlorine, bleach) are often added to kill bacteria [105]. While chlorine is an effective and
commonly used biocide, it can generate toxic halogenated by-products which remain in the water

[102,106,107].

The major cause of fouling depends on the feed. For instance, seawater contains low
levels of organics but higher levels of inorganics [63]. Fouling can also be synergistic; it has been
reported that bacterial growth rates are higher when gypsum scaling is present [108]; calcium can
crosslink alginate leading to accelerated fouling [109]. The draw solute can also effect fouling,

especially if it has high reverse solute flux (see section 1.3.3.3) [81].

The nature of the membrane [110,111], FO operating conditions (e.g., temperature
[112]), and cleaning procedures can reduce or reverse membrane fouling [83]. The design and
orientation of the membrane can also influence fouling. Spiral wound membranes have higher
fluxes due to higher surface areas, but likewise have higher fouling rates [113]. The support side
of asymmetric FO membranes are generally more susceptible to fouling than the active layer, as
they are more porous and have higher surface areas [114]. Designing membranes with reduced

fouling propensity is a key area of research for improving FO [83].
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Fouling in FO is distinctly different from that in pressure-based membrane processes. FO
processes are generally less prone to fouling than RO [83], and FO membranes are more easily
cleaned compared to RO membranes [115]. Some fouling can be reversed by physical methods
(e.g., reverse cross flow, back flow) or chemical methods. Chemical methods can be more
effective at eliminating fouling located within the membrane than physical methods, but generate
more waste [116]. When using chemical methods, it is important to consider the chemical

compatibility of the membrane.

1.3.3.3 Reverse Solute Flux

During FO, as in any membrane process, solute as well as water can pass through the
semipermeable membrane. While solutes from both the feed and the draw can pass through the
membrane, solute flux generally occurs predominantly in the energetically favoured direction,
which in FO is from the draw to the feed. The movement of draw solute across the membrane to
the feed is called reverse solute flux (RSF, J;). The degree of RSF depends on the size, polarity,
and charge of the draw solute, as well as the nature of the membrane. As the membrane is a
relatively non-polar environment, neutral molecules generally have higher permeability than ions
(e.g., Inns>Inact) [117]. RSF decreases as molecular weight increases due to size exclusion [118].

RSF increases with Jy and solute concentration [111,119].

When RSF occurs, the © of the draw side is lowered and the & of the feed side is raised,
which is detrimental to Jw. In addition, the draw solute may impart negative properties on the
feed, such as toxicity or odor. If the concentrated feed will be ingested by humans, the tolerance
for RSF is extremely low. Furthermore, RSF decreases the amount of draw solute that can be
recovered and reused. It has been suggested that residual amine draw solute in the product water

could be used to boost plant or algal growth [120].
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Solute flux from the feed to the draw can also have negative consequences. For instance,
if the draw solute is a CO.-responsive amine, acids from the feed can cause the amines to become
permanently charged, which will increase the energy cost of draw solute removal and decrease

the life span of the draw solute.

1.3.4 Draw Solutes

The success of FO hinges on the nature of the draw solute. The development of new draw
solutes is one of the key areas of research within the field of FO [40,77,121-123]. An ideal draw
solute will have all the following properties: high Ju, easy and energy-efficient recycling, low
viscosity, low RSF, and low membrane fouling. It should also be inexpensive, non-toxic, and
possess long-term stability. To have a high Jw, a draw solute should have high x, low viscosity,
and high diffusivity. Many of these variables are interrelated and can be difficult to separate from
each other. For example, high draw solute concentrations lead to higher fluxes, but also can also
lead to higher viscosities. Table 1.4 illustrates the diversity of draw solutes that have been

reported in the literature, along with their major advantages and disadvantages.
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Table 1.4 Properties of classes of forward osmosis draw solutes.

Classification Example Advantages Disadvantages
Inorganic salts NaCl [122,124] High solubility High RSF
Cheap 7 of recycled draw solution
High theoretical © limited by RO capacity
Consumables Glucose [93] No removal Cannot produce clean water

Gases

Polymers (non-

responsive)

Hydrogels

Magnetic particles

(NH2)2HPO4 [125]

Trimethylammonium bicarbonate [117]

Poly(sodium
aspartate) [126]

P(N-isopropylacrylamide)
(PNIPAM) [127]

Poly(ethylene glycol)diacid-coated magnetite

nanoparticles [128]

Creates useful by-product

Very high nt

Low RSF
Non-toxic

Low RSF
Non-toxic

Facilitated recovery
Low RSF

Biofouling

Toxicity

Bad odour
Flammability
RSF

Energy intensive recovery
High ICP
Limited ©

Viscosity

Rapid decline in Jw
Very poor mass transfer

Difficulties scaling up
Aggregation
Particle decomposition

Relatively expensive
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1.3.4.1 Small Molecule Non-Stimuli Responsive Draw Solutes

Inorganic salts (e.g., NaCl, MgCl,) were among the first draw solute candidates (Table
1.5) [34]. Advantages of these materials include their unmatched  (>1000 bar for MgCl,) [40],
low ICP and low costs. Disadvantages include high RSF and energy intensive recoveries. The use
of small organic molecules such as sugars [93,129,130] and carboxylate salts [124] as draw
solutes has been studied, but were found to have lower fluxes than inorganic salts. Impaired water
(a natural source of water that has been contaminated and no longer meets water quality
standards) has been used on a pilot scale to dilute seawater by FO before the saline water is
desalinated by RO [131,132]. (Here the impaired water acts as the feed and the seawater act as
the draw). This process decreases the energy required for desalination and leads to lower

membrane fouling than direct RO of impaired water.

Several draw solutes are intended to not be removed post-filtration, as the diluted draw
solution is used for another function. Nitrogenous salts (e.g., NH4H2PO4) have been used as draw
solutes, where the diluted draw solution is used as a fertilizer [125,133]. Sugars, such as glucose
and fructose, have been used as draw solutes for portable water purification systems, producing
potable water enriched with sugar [134,135]. This product has been commercialized by HTI and
FTSH20 as portable hydration packs for use in lifeboats and survival gear [136]. While these
draw solutes cannot be used to generate pure water, they have the potential to have extremely low
energy costs, as draw solute recovery is the most energy intensive part of the FO process.

However, the high levels of phosphorous and sugars may proliferate biofouling.
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Table 1.5 Properties of selected small molecule non-stimuli responsive FO draw solutes.?

Draw Solute nt/bar Separation RSF/ Flux¥/ L/m?h Draw solute in Notes
Method g/m2h product water/ mg/L

NaCl [34] 42 at50.8 RO 9.1 12.2 153.3 Precommercial by IDE

g/L technologies, Porifera
MgCl2 [34] 42 at47.6 RO 5.6 9.72 82.6

g/L
Sucrose [93] 27at1M NF Negligible 12.9 -
Sodium Acetate 42 at139 RO 3.55 10.4 185
[124] g/L
(NH4)2HPO,4 51.3at1 None 3.4 13.3 - Cannot produce pure water
[125] M Feed= synthetic

wastewater

Glucose [135] 56at2M None - - - Cannot produce pure water

Commercialized by FTSH20

"This table is designed to illustrate the range of draw solutes reported in the literature, and to make preliminary observations. Note that &
values may vary between reports depending on the method used to measure it (e.g., DMO, FPO, VPO). FO data may vary depending on

many variables including the membrane (type and orientation) and scale used.

*Unless otherwise specified, Feed solution = deionized water
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1.3.4.2 CO,-Responsive Draw Agents

The key to reducing the energy consumption of FO is designing a draw solute that can
generate a high Jw and yet can be easily removed from the permeate. The problem is that while
many, diverse FO draw solutes have been designed, synthesized and tested [41,123,126,137—
139], many fail to unite these two properties. Unfortunately, the properties that lead to high n
usually make the draw solute more difficult to remove from the permeate. One way to unite these
two apparently contradictory requirements is to use a stimuli-responsive draw solute that

possesses a reversibly switchable 7 [140].

Since 2010, several patent applications have been filed on CO,-switchable solutes that
could control the osmotic pressures of their aqueous solutions [141,142]. These CO,-responsive
draw solutes are bicarbonate salts of tertiary amines. As long as an atmosphere of CO; is
maintained, these solutions have high m and can therefore be used as draw agents for FO. Once
the FO step is complete, removal of the CO; by heat and/or a flushing gas such as air causes the
tertiary ammonium bicarbonate salt to decompose into a tertiary amine (equation 1.7, where “B”
represents a CO,-switchable material). The amine is then readily removed by evaporation for
gaseous amines, decantation for liquid amines, NF or RO for soluble solid amines or filtration for

insoluble solid amines.

Bag) + NCO2 (agy + NH20() = HnB™ ag) + NHCO3 (ag) (1.7)

Low n = Highn
Many of the most promising draw solutes reported in the literature to date are CO»-
responsive, including liquid amines (e.g., N,N-dimethylcyclohexylamine (DMCA) [120], 1-
cyclohexylpiperidine (CHP) [84], monoethanolamine (MEA) [15]), polymeric amines (e.g.,
PDEAEMA [141] and PDMAEMA [143]), and gaseous amines (e.g., trimethylamine (TMA)
[117]). The properties of CO,-responsive draw solutes reported in the literature are summarized

in Table 1.6. CO.-responsive polymers and gels are discussed in detail in subsequent sections.
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One of the most effective FO draw solutes tested to date is the bicarbonate salt of TMA.
The osmotic pressure under CO; (nco2) of TMA is high, over 200 bar at 69 wt.%, and is easily
removed after filtration by steam stripping. Compared to ammonia, which reports slightly higher
Jw, TMA requires less energy to remove from water, is less prone to RSF, is less harmful to the
membrane, and is easier to flare if there is a leak [117]. However, TMA it is not without
disadvantages. TMA possesses an extremely pungent odour which can be sensed as low as 0.5
ppb [144]. Therefore, as small amounts of TMA may be present in the feed and recovered water,
the applications of TMA as a draw solute are limited. In addition, although TMA is a naturally
occurring amine present in many foods, prolonged exposure to concentrated TMA has negative
health effects. TMA can cause severe damage to the skin, mucous membranes, eyes, liver, heart,
and lungs, and can degrade in the liver to create trimethylamine N-oxide, a possible pathogen
[144-146]. TMA is toxic to aquatic life in large quantities [145]. In addition, TMA is flammable
both as a vapour and in solution and is corrosive [144,145]. In the case of accidental gaseous
release, TMA can be flared, but combustion of TMA releases harmful carbon and nitrogen oxides

[145].

Switchable hydrophilicity solvents (SHS) are liquid amines that are immiscible in water
under air and miscible under CO.. They are traditionally used as solvents to facilitate the
separation of solutes and recycling of solvents [147,148]. SHSs have been used as draw solutes
and have the unique ability to reject organic contaminants from the draw solution. SHSs are
highly miscible with carbonated water, achieving high concentrations and mco2. The first reported
SHS draw solute, DMCA, efficiently draws water from high & feeds, concentrating them by more
than 90%, and shows energy requirements that are competitive with RO [120,149]. However,
DMCA exhibits near gquantitative RSF and shows limited membrane compatibility. In addition,
DMCA needs to be heated to 95 °C, well above its flash point (42.2 °C), to remove CO,. Once

CO; is removed the subsequent RO step requires little energy, but trace amounts of DMCA are
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present in the recovered water. A second SHS draw solute, CHP, shows similar performance to
DMCA, but exhibited a higher flash point and boiling point and improved membrane
compatibility. CHP also decarbonates faster than DMCA and at lower temperatures (80 °C for

CHP, 95 °C for DMCA) [84]. Despite these improvements, RSF is still a limitation of CHP.

MEA was proposed as a draw solute in a coupled FO-CO; capture process, with the goal
of simultaneously reducing the CO, emissions and purifying the wastewater generated from fossil
fuel based power plants [15]. A MEA aqueous solution is first used to scrub CO; from flue gas,
forming MEA-carbamate; the carbonated MEA is then used as a draw solute in FO, using
wastewater generated in the power plant as the feed; the draw solute and clean water are
recovered using microdistillation (MD) (at 60 °C); finally, MEA and CO; are separated in a
stripper (at 100-121 °C), regenerating the MEA. The high ncoz and concentration (5 M) of the
MEA-CO; draw solution resulted in high J, from saline solutions. The draw solution also
successfully concentrated real wastewater from a coal-fired power plant (x = 30 bar) by more
than 75%; however, the fluxes were low despite feed pre-treatment, highlighting the degradative
effects of concentration polarization and membrane fouling. MEA also exhibited substantial RSF,
although these were lower than those of 5.0 M DMCA or 1.25 M ammonia. Small amounts of
MEA was also transferred to the clean water during MD, which may be significant depending on
the application. Due to the high temperatures required to separate the CO, and MEA (due to
carbamate formation), this draw solute is likely too energy intensive for applications beyond

coupled FO/CO,-captured techniques.
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Table 1.6 Properties of selected CO,-responsive FO draw solutes. "

Class Draw solute TCo2 Separation Method RSF Flux}/ L/m?h Notes
Gels PDMAEMA - Purge with Nz; - 56 (after 2 min) Very rapid decline in flux
[150] centrifugation DS: 50 wt.%
FS: 2 wt.% NaCl
Soluble PDMAEMA, 36 bar at Inert gas+ heat ca.0.19 >2 No membrane fouling
Polymers 4 kDa [143] 40 wt.% (60 °C); decantation;  g/m?h DS: 60 wt.% Water recovery >95%
[151] UF FS: 0.6 M NaCl FO experiments done on
54.6 ppm DS in small scale apparatus
product water
Liquids DMCA 329 bar at Heat (80 °C); liquid-  1.8wt.% 11 Corrodes CTA* membrane
[120][84] 7.6 mol/kg liquid separation; RO  (solubility DS: 5 mol/kg Miscible up to 60.5 wt%
6 ppm DS in product  limit) FS: 0.5 mol/kg NaCl Capability to concentrate
water seawater by 90%
CHP [84] >500 bar at Heat (70 °C); liquid- 4 g/m?h 8.5 Improved membrane
11.2 mol/kg  liquid separation; RO DS: 5 mol/kg compatibility vs DMCA
FS: 0.5 mol/kg NaCl
MEA [15] - Heat (60 °C) to 10.3mg/L 14.8 (45 °C) Cheap, commercially
remove H,O, Heat DS: 5M available
(100 °C) to remove FS: 0.6 M NaCl High temperature
CO; regeneration
Gases TMA 48.8 bar at Steam stripping 0.1-0.2 334 Commercialized by
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[117,152] 1M (60 °C) mol/mh FS:1M Forward Water

200 bar at DS: DI water Technology
69 wt.%
Ammonia 40.1 bar at Steam stripping ca.0.3-0.7 35.6 Commercialized by Oasys
[117,153,154] 1M (60 °C) mol/m?h  FS:1M
253 bar at DS: DI water
6M 23
DS:6 M
FS: 0.5 M NaCl

This table is designed to illustrate the range of draw solutes reported in the literature, and to make preliminary observations. Note that ©
values may vary between reports depending on the method used to measure it (e.g., DMO, FPO, VPO). FO data may vary depending on

many variables including the membrane (type and orientation) and scale used.
1 DS = draw solution, FS = feed solution, DI = deionized
“Obtained by extrapolation from dilute solutions

* CTA = cellulose triacetate
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1.3.4.3 Polymers

Polymeric draw solutes have high molecular weights, which leads to a myriad of
beneficial properties. Higher molecular weights lead to higher boiling points, which decreases
flammability and odor. Polymers also have very low to no RSF, as they are too large to pass
through the membrane pores [123]. In addition, polymers with a molecular weight greater than
ca. 1000 Da cannot be absorbed through cellular membranes, leading to reduced toxicity
[155,156]. (However, if ionic polymers do enter cells, they can cause osmotic shock and cell
death.) Because of the negligible RSF, polymeric draw solutes have promising applications in
areas which require high purity feeds, such as food products and pharmaceuticals. High molecular

weights allow for the use of lower energy removal techniques, such as UF or NF.

However, possessing a high molecular weight can also lead to undesirable properties. In
solution, high molecular weight materials generally have higher viscosities and lower mobilities,
especially at higher concentrations, which increase concentration polarization and have an
extremely adverse effect on Jw [75]. Highly viscous solutions also require more energy and
pressure to push through piping and membrane modules [105]. High molecular weight leads to
lower solubility which limits the « that can be reached; small molecules generally achieve their

high & through very high concentrations (e.g., 69 wt.% for TMA-bicarbonate).

It is often reported that low molecular weight materials have higher © compared to high
molecular weight materials [40]. However, this does not account for ionic or ionogenic polymers,
which have high = as well as a high molecular weight. Despite this, no polymer can rival the high

© of small species such as TMA or MgCl..

High molecular weights lend specific benefits to CO.-responsive draw solutes. As RSF is
predominantly due to the passage of uncharged molecules through the membrane [120], CO,-

responsive polymers are expected to have low RSF due to the fact that the sheer number of units
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decreases the probability of there being a chain that is completely uncharged, (in addition to steric
factors). Moreover, as the draw solute is non-volatile, CO, can be removed by heat or even

vacuum without risk of removing the draw solute, unlike gaseous and most liquid amines.

Only one soluble CO,-responsive polymeric draw solute (PDMAEMA) has been reported
to date outside of the Jessop group (see Table 1.7) [143]. PDMAEMA is a dual CO2- and thermo-
responsive draw solute. In this work, PDMAEMA produced low fluxes against 0.6 M NaCl (~
2 LMH) although this may be partially attributed to the small sample size and poor mixing in the
FO apparatus. PDMAEMA was recovered by heating above its LCST (~43 °C), decarbonating
the solution and collapsing the polymer chains, followed by UF. CO,-responsive polymers are

discussed further in Chapter 2.

Numerous thermo-responsive polymers have been tested as draw solutes. Trevi Systems,
founded in 2010, uses a thermo-responsive copolymer of ethylene and propylene oxides (Mw
ca. 2 kDa, cloud point between 40-90 °C) as a draw solute, coupled with waste heat to assist
recovery [105,157]. Viscosity was reported to be a problem in preliminary tests, specifically
passing the viscous draw solution through the small fibers of the FO membrane module [105].
The Trevi polymer has been successfully tested on the pilot stage for a variety of feeds [157,158].
Many thermo-responsive draw solutes reported in the literature also possess a permanent charge,
including: poly(tetrabutylphosphonium styrenesulfonate) [159], poly(([2-(methacryloyloxy)
ethyl]trimethylammonium chloride) — (2-(2-methoxyethoxy)ethyl meth- acrylate)) [160], poly(4-
vinylbenzyltributylammonium hexanesulfonate) [161], and poly(sodiumstyrene-4-sulfonate)-(N-
isopropylacrylamide)) (SSS)-NIPAM) [162]. The properties of selected polymeric FO draw

solutes are summarized in Table 1.7.
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Table 1.7 Properties of selected polymeric FO draw solutes. "

Draw Solute T RSF Flux*/ L/m?h DS in product water ~ Separation
poly(sodium aspartate), 52 bar at ca. 4 31.8 - NF
1.3 kDa [126] 0.3 g/mL g/m?h DS: 0.3 g/mL

FS: DI water
PSA, ca. 44 bar at - 7 Not detected UF
1.2 kDa [163] 0.72 g/mL DS: 0.72 g/mL

FS: 3.5 wt.% NaCl
Cationic starch [119] 12 bar at ca. 11.5 2.20 (45°C) 670 to 1090 mg/L UF

30 wt.%, g/mh DS: 30 wt.%
40 °C FS: 2 g/L NaCl

PDMAEMA, 36 bar at ca. 60 >2 54.6 ppm Inert gas + 60 °C;
4 kDa [53, 72] 40 wt.% mg/L DS: 0.6 g/g decantation & UF

FS: 0.6 M NaCl
Branched-PEl, 35 bar at ca.0.012 Ca.6 0.6% transferred RO
pH=3, 0.8 Da [118] 25 wt.% g/m?h DS: 5 wt.%

FS: 2000 ppm NaCl
Branched-PEl, 19 bar at - 11 0.70 g/m?h NF
pH=7, 25 kDa [43] 20 wt.% DS: 20 wt.%

FS: DI water
P(tetrabutylphosphonium 43.5 bar at 0.14 g/m?h 6.12 0.49% transferred 60 °C;
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styrenesulfonate), 40 wt.% DS: 20 wt.% decantation

2.1 kDa [159] FS: 2000 ppm NaCl
P(SSS-NIPAM) [162] 29 bar at 2 g/m?h >3.5 negligible 50 °C; MD
33 wt.% DS: 33 wt.%
FS: 0.6 M NaCl

"This table is designed to illustrate the range of draw solutes reported in the literature, and to make preliminary observations. Note that «
values may vary between reports depending on the method used to measure it (e.g., DMO, FPO, VPO). FO data may vary depending on

many variables including the membrane (type and orientation) and scale used.

DS = draw solution, FS = feed solution. Unless otherwise specified FO occurred, at room temperature.
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1.3.4.4 Hydrogels

Hydrogels gained attention as draw agents due to their ease of recovery compared to
small molecules. Tailored hydrogels can exhibit high swelling pressures, and due to their high
molecular weight they are generally non-toxic and exhibit no RSF [164]. Swelling pressure can
be defined analogously to osmotic pressure, as the minimum pressure required to be applied to a
gel to prevent water from passing into the gel by osmosis [165]. A gel’s maximum degree of
swelling will be affected by the nature of the crosslinker and degree of crosslinking and porosity,
in addition to factors which would affect a soluble polymer, such as interactions with the chains
and water [165,166]. A dry gel expands by first absorbing small amounts of water by capillary
action. Polar or charged groups inside the gel increase the Jy inside the gel. The expansion of the

gel is limited by the elastic constrains of the polymer network [167].

Hydrogels are often characterized by their swelling ratio (SR), which describes how
much water they can absorb, and the % water they can release (Figure 1.9). For a draw agent to
be successful, the flux and percentage and rate of water released must be high. An extremely high
SR (> ca. 100) is not necessary for a draw solute, as it is unlikely that in practical use the An
between the draw and the feed will be large enough to require the draw agent to absorb so much

water.
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Figure 1.9 lllustration of swelling ratio (SR) and water recovery (%R) used to describe draw

agents.

Many of the trends observed with small molecule draw agents apply to gels, such as that
incorporating ionic groups increases Jy due to increased hydrophilicity and increased number of
species in solution, but for the same reason decrease the amount of water recovered and increase
the energy for recovery (see Table 1.8). As with other draw agents, stimuli-responsive hydrogels
were considered as an alternative, specifically the thermo-responsive polymer poly(N-
isopropylacrylamide) (PNIPAM). PNIPAM contracts above a threshold temperature (LCST=
32-34 °C), thereby expelling water and facilitating the recycling of the draw agent [168].
However, pure PNIPAM does not have a high &, and therefore produces low fluxes. In addition,
as water is removed from a thermo-responsive hydrogel, a dry, dense layer forms on the gel’s
surface, making it difficult for liquid water to permeate out of the draw agent. Consequently, a
significant portion of the water recovered from thermo-responsive material may be in the vapour

rather than liquid phase [169].

In response, several researchers developed gels combining a highly absorptive,

hydrophilic monomer and an easily removed, thermo-responsive monomer. Examples of such

38



gels include: poly(NIPAM-SA) [87,168,170], poly(NIPAM-2-acrylamino-2-methylpropane
sulfonic acid) [171], poly(NIPAM-itaconic acid) [172] and poly(NIPAM-acrylic acid) [173].
Some polymers (e.g., poly(butylhexylphosphonium styrenesulfonate)) possess a permanent
charge and are thermo-responsive [137]. However, the hydrophilic component can limit the water
released, and the thermo-responsive component does not contribute significantly to the =.
Therefore, attempting to balance high flux and easy recovery using gels containing a thermo-
responsive and a hydrophilic component usually result in a compromise between the two

requirements rather than the material excelling at both.

Stimuli-responsive hydrogel draw agents have also been considered. Light-responsive
hydrogels have also been synthesized by grafting P(NIPAM-SA) gels to light active surfaces
(e.g., graphene) increased the water recovery, rate of water recovery and the flux compared to
plain P(NIPAM-SA) gels [174,175]. Hydrogels which respond to electricity have been studied:
hyaluronic  acid/polyvinyl alcohol (HA/PVA) [176], and 2-acrylamido-2-methyl-1-
propanesulfonic acid-DMAEMA gels [177], but both the fluxes and recoveries were low. Gels
have been formed around magnetic particles, which are discussed in more detail in section

1.3.4.4.

The first CO2-responsive hydrogel draw agents were reported in 2018; PDMAEMA and
PDEAEMA microgels were made using various crosslinkers, with diameters of 200-250 nm
under air [150]. High initial fluxes (56 LMH, 50% PDEAEMA slurry vs. 2 wt.% NaCl) were
reported which quickly plateaued close to zero. The SR of the microgels was ca. 15 RSF. Product
water purity was not reported. Intermediate water recoveries (50%) were obtained after purging
with nitrogen followed by centrifugation at 12,000 rpm for 15 min. While being effective
techniques, using nitrogen and centrifugation rather than heat decreases the energetic benefit of

using a CO»-responsive draw agent.
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Disadvantages of hydrogels include low mass transport within the gel and poor contact
with the membrane, resulting in low fluxes [164]. The inherent low mass transport in gels, even
well-engineered ones, result in severe ECP which cannot be combated by the simple techniques
used for liquid draw solutes. This may be a permanent limitation of hydrogel draw agents. In
addition, many hydrogels reported in the literature have not been subjected to multiple cycles, so

their ability to be reused is not known.

The size and structure of gels have been studied to improve their swelling and FO
performance. Microgels have larger surface area: volume ratios than bulk gels, and therefore have
higher response times and better contact with the membrane [170,178,179]. Incorporation of
microfibers through the gel network has been shown to increase the response rate (both swelling
and deswelling) by improving the mass transport of water [180]. However, both materials have

more complex syntheses that bulk gels.

Hydrogel sheets which are fixed to the FO membrane have been explored, often
consisting of a water drawing layer and a water releasing layer [181,182]. Such membranes are
designed to be used in a continuous process, and commonly use solar heat to trigger the release of
water. While such sheets are expected to have superior membrane coverage compared to
microgels, they produced low fluxes. Moreover, it is unknown how repeated cycles of expansion

and contraction will affect the physical properties of the gel and its contact with the membrane.
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Table 1.8 Properties of selected hydrogel FO draw agents.*

Draw Agent

Separation

Flux}/ L/m2h

Water recovery

SR”

PDEAEMA microgel [150]

PDMAEMA microgel [150]

PNIPAM microgel [173]

P(NIPAM-SA) bulk gel [127]

P(NIPAMs-AAs) microgel [173]

P(NIPAM-itaconic acid) microgel [178]

P(NIPAM-DEAEMA) microgel [183]

Purge with N, centrifugation

Purge with Ny, centrifugation

Centrifugation at 40 °C

3 MPa, 50 °C

Centrifugation at 40 °C

Centrifugation at 40 °C

Centrifugation at 40 °C

56,
DS: 50 wt.%
FS: 2 wt.% NaCl

41
DS: 50 wt.%
FS: 2 wt.% NaCl

2
DS: dry gel
FS: 2 wt.% NaCl

0.55
DS: dry gel
FS: 2 wt.% NaCl

23.8
DS: dry gel
FS: 2 wt.% NaCl

44.8
DS: dry gel
FS: 2 wt.% NaCl

45.6
DS: dry gel

50%

44%

72.4%

17%

52%

47.2%

44.8%

ca. 13.5

1.3

ca. 10
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FS: 2 wt.% NaCl

P(tributylhexylphosphonium p-styrenesulfonate) 60 °C 2 50% 3.8
bulk gel [137] DS: dry gel

FS: 2 wt.% NaCl
P(NIPAM-SA) bulk gels- carbon particle Simulated sunlight (1 kW/m?)  0.77 100% 138.6
composites [184] DS: dry gel

FS: 2 wt.% NaCl

Fes0s@P(NIPAM-SA) bulk gel [169] Magnetic field-induced 1-1.6 53% 200-250
heating (400.5 A) DS: dry gel
FS: 2 wt.% NaCl

Multi-layer sheets P(NIPAM-SA) [182] 60 °C 0.25-0.30 60-70% ca. 150
DS: 2 wt.%
FS: 2 wt.% NaCl

PNIPAM/(polyvinyl alcohol) semi- 40 °C 0.23-0.24 90-95% 60-70
interpenetrating network [168] DS: 58 wt.%
FS: 2 wt.% NaCl

"This table is designed to illustrate the range of draw solutes reported in the literature, and to make preliminary observations. Note that &
values may vary between reports depending on the method used to measure it (e.g., DMO, FPO, VPO). FO data may vary depending on

many variables including the membrane (type and orientation) and scale used.
DS = draw solution, FS = feed solution.

“Variable  definitions of SR occur in the literature. Here SR is defined as in Figure 1.9.
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1.3.4.5 Magnetic Particles

Many researchers have sought to facilitate the removal of draw agents post-filtration by
using magnetic draw agents (Table 1.9). Ideally, these draw agents could be removed by simply
applying a magnetic field and would have minimal RSF during the FO step due to their size.
Magnetic draw agents are based on magnetite (FesO4) or, less commonly, maghemite (y-Fe»Os)

nanoparticles.

Unfunctionalized magnetite nanoparticles (MNP) are a poor draw solute. Magnetite has
low & (2.4 bar, 45 wt.%) and dispersibility in water [185]. In addition, magnetite is brittle and is
susceptible to corrosion, and oxidation to non-magnetic iron oxides [186,187]. Chemical
degradation is enhanced by the high surface area of nanoparticles. Once magnetite loses its
magnetic susceptibility, the draw agent can no longer be removed by application of a magnetic
field, which removes its main benefit. Functionalizing the magnetite surface can help protect the

magnetite from degradation and increase flux.

Preliminary reports of magnetic draw agents attempted to increase Jw by grafting
hydrophilic materials on to the surface (e.g., citric acid, PEG, dextran, PSA) [128,188,189]. It has
been reported that polymer bound to magnetic nanoparticles exert © several fold higher than the
same amount of unbound, soluble polymer [35,188,190]. This phenomenon is ascribed to
differences in polymer orientation in the bound and unbound states; an unbound polymer exist as
a restrictive coil, while the bound polymer is forced to assume an extended, brush-like
configuration which is more accessible to hydration [191]. While grafting hydrophilic materials
on to the magnetite surface does improve Jy, it also decreases the amount of water that can be
recovered and decreases the speed of the magnetite recovery [188]. As with other classes of draw

agents, stimuli-responsive materials were considered to improve draw agents properties.

A stimuli-responsive coat on the magnetic particle will improve the amount of water

recovered and the ease of draw agent recovery. In addition, if the magnetic particle possesses a
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state which is relatively hydrophobic, it may be recovered using a weaker magnetic field, which
will reduce the chance of irreversible aggregation. Thermo-responsive PNIPAM-coated magnetite
particles showed improved recovery, but still showed a low Jy due to PNIPAM’s low
hydrophilicity [192]. To increase Jw, PNIPAM was coupled with polyelectrolytes (e.g., PSA)
[192]. While an improvement on previous attempts, these materials also failed to produce high

fluxes.

Preliminary magnetic draw agents had electrolyte coats that were simply chemisorbed to
the magnetite surface [110]. If the coating is not strongly bound to the magnetite surface, it can be
removed over successive cycles, leading to increased aggregation and decreased flux [193,194].

When the coating is covalently bound to the surface, the particles show improved stability [138].

Aggregation is a recurring problem with magnetic draw agents. Aggregation decreases
the draw agent’s surface area and 7, which leads to a decrease in Jw. Higher polymer loadings and
charged groups can reduce aggregation [190]. Coating the magnetite surface with SiO; prior to

further functionalization may impart further chemical resistance and reduce aggregation [195].

The size of the nanoparticle determines many of the draw agent’s properties. Particles
with smaller diameters and thicker coatings have higher 7w and respond to stimuli faster but are
more challenging to recover [138]. Due to their large size (compared to inorganic salts),
nanoparticles have low diffusivities which lead to higher ICP. However, magnetic draw agents
with high fluxes have been reported (up to 30 LMH vs DI water, see Table 1.9) [196,197]. Both
properties may be possible using a stimuli-responsive material. Nanoparticles also have unknown

or hazardous effects on the human body [198].

Magnetic nanoparticles can clog pores in a membrane, especially if they are coated with a
material which interacts strongly with the membrane (e.g., citric acid draw solutes and CTA

membranes) [194,197,199]. Na et al. (2014) applied a magnetic field on either side of the FO
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membrane (Figure 1.10) to localize the particles close to the membrane and prevent them from
embedding themselves in the support layer, which showed impressive improvements compared to
a traditional FO apparatus. Applying a magnetic field can also risk inducing aggregation in the
nanoparticles which would reduce surface area and 7 of the magnetic nanoparticles. However,
this work highlights the unique and simple way the movement and position of magnetic draw

agents can be manipulated.
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Figure 1.10 Schematic of the magnetic field control FO module designed by Na et al. 2014 to
maximize the m of the draw at the membrane surface and prevent magnetite draw agents from

fouling the FO membrane. Reproduced with permission from reference 110.
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Table 1.9 Properties of selected FO magnetic particle draw agents. "

Draw Agent

Mass organic T

coating/ wt.%*

Flux/L/m2h™

Recovery method

Fes04 nanoparticles

SiO.@MNP@PSA [138]

MNP@PSA [201]

MNP@PSA [190]

MNP@P(SA-NIPAM) [41]

MNP@PNIPAM-triethylene glycol [192]

MNP@P(SSS-NIPAM) [202]

0 2.4 bar at
45 wt.% [185]

290 ca. 18 bar at
0.4 g/mL
37 9 bar at 7 wt.%
60 11 bar at
0.078 wt.%
76 25 bar at
0.067 w/v%
38 -
52.3 41 bar at 33

46

0.1 [200]
DS: 2 wt.%

FS: 1 wt.% NacCl

3.8
DS: 7 wt.%
FS: DI water

5.32
DS: 0.13 wt.%
FS: DI water

11.66
DS: 0.067 w/v%
FS: DI water

ca. 1.6
DS:-
FS: DI water

14.9

Magpnetic field

Magnetic field

Magnetic field

Magnetic field

Magnetic field +

heat

Not discussed

Magnetic field +



MNP@P(NIPAM- sodium 2-acrylamido-2-
methylpropane sulfonate) nanogel [203]

MNP @Sodium citrate [110]

MNP@Citric acid [197]

MNP@PEG(COOH), [128]

MNP@Branched poly(deep eutectic solvent) *
[204]

9.1

36.57

23.6

83.2

wt.%

3.35 bar at
0.1 g/mL

51 bar at 300 g/L

74 bar at
0.065 M

69 bar at 3.5 g/L

47

DS: 33 wt%

FS: DI water

2.7

DS: 33 wt.%

FS: seawater

(1200 mOsm/kg NaCl)

0.65
DS: 0.1 g/mL
FS: DI water

17.3
DS: 20 mg/L
FS: DI water

28.6

DS: 300 g/L

FS: DI water

5

DS: 300 g/L

FS: 3.5 wt.% NaCl
13

DS:0.13M

FS: DI water

17.9
DS: 3.5 g/L

70 °C; UF

Magnetic field +
65 °C

Not discussed

Not discussed

Magnetic field
(110V, 1.7 A)

Magnetic field



MNP @ Dextran [189]

MNP @Pectin [200]

MNP@Gelatin [193]

MNP@SiO.@Sodium alginate sulfate
[205]

78

40

52

ca. 13

1.5 bar at 27 g/L

119 bar at
0.06 g/mL

FS: DI water
8.5

DS:35¢/L

FS: 0.3 M NaCl

ca. 3.6
DS:05M

FS: DI water

ca. 2.8
DS:05M

FS: 2 g/L MgSO,
0.2

DS: 2 wt.%

FS: 1 wt.% NaCl
1.54

DS: 27 g/L

FS: DI water
0.62

DS: 27 g/L

FS: 0.01 M NaCl

12.8

DS: 0.06 g/mL
FS: DI water
2.1

Magnetic field

Magnetic field

Magnetic field

Magnetic field
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DS: 0.06 g/mL
FS: 2 M NaCl

This table is designed to illustrate the range of draw solutes reported in the literature, and to make preliminary observations. Note that ©
values may vary between reports depending on the method used to measure it (e.g., DMO, FPO, VPO). FO data may vary depending on

many variables including the membrane (type and orientation) and scale used.

wt% = mass organic coating/mass magnetite x 100

“ Note that FPOs have been used to measure the © of magnetite nanoparticles although this is not recommended by many manufactures.
“*DS = draw solution, FS = feed solution, DI = deionized

*deep eutectic solvent = branched polyglycerol-choline chloride
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1.4 Objectives

The objective of this project was to develop COz-switchable draw solutes as an
alternative to TMA. These draw solutes were designed with the following properties in mind:
high water flux, easy removal from water, low viscosity, long term stability, low RSF, and low
toxicity. Draw solutes in the form of polymers, gels, and polymer grafted magnetite particles
were explored. The draw solutes were first synthesized and purified, then their fitness as a draw
solute was assessed. Preliminary tests including measuring osmotic pressure, viscosity and FO
performance were used to evaluate the diverse materials at the first stage of draw solute

development.
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Chapter 2

CO2-Responsive Polymers

2.1 Introduction

CO.-responsive materials are attractive FO draw solutes due to their ability to have a
different © depending on the presence of CO;. Although they have lower @ than small molecule
draw agents such as TMA, polymers are desirable draw solutes due to their greatly reduced RSF,
odour and flammability. Such materials have promise for applications which require high purity
products, such as the food and pharmaceutical industries [40]. The FO process with a CO,-
responsive polymer as a draw agent is illustrated in Figure 2.1. Ideally, solutions of these
materials would have a low 7. to allow for easy filtration by UF separation from purified water,

a high mco2 to ensure high water flux from contaminated water, and low viscosity.

+Dilute 5
° Feed
e
-Clean +CO, -Concentrated
water Feed

é‘iﬁ“g‘ﬁ <

Figure 2.1 The FO-UF process with CO»-switchable polymers. The red lines represent a CO,-

switchable polymer (=), the filled circles represent bicarbonate anions (®), and the hollow

circles (@) represent the contaminating solutes in the feed.
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The Jessop and Cunningham groups previously considered CO,-switchable polymeric
draw solutes that are insoluble in water their neutral form (e.g., PDEAEMA), in an effort to
facilitate the draw solute recycling; if the neutral polymer is insoluble in water, it can be removed
by decantation rather than the more intensive filtration step (e.g., UF) required for soluble
polymers. Although these insoluble polymers were more easily removed than soluble polymers,
they either took long to redissolve in carbonated water (in the case of hard polymers), or were too
difficult to handle (in the case of soft polymers). Future work focused on COj-switchable

polymeric draw agents that remain water-soluble in their neutral form.

Water soluble COs-responsive polymers that are commercially available, or have
commercially available monomers were tested (e.g., PDMAEMA, PDMAPMAmM). Unfortunately,
many of these polymers contain groups which hydrolyze over time. This produces small molecule
amines which cannot be recovered by NF, and polymers which are no longer CO,-responsive.
Although this hydrolysis is very slow, hydrolysis is intolerable for a material that is designed to
be reused multiple times. [206] In addition, all of these polymers had low mcoz, and have

relatively low solubilities in water which prevented high loadings.

The goal of this project was to synthesize CO,-switchable polymeric draw solutes with
high mco> while maintaining a low mair. It was hypothesized that the key to increasing the mco2
exerted by a polymeric draw solute was to increase the number of bicarbonate anions present by
increasing the number of protonatable nitrogen atoms per gram of polymer. The commercially
available polymers have low nitrogen contents (8 wt.% for PDMAEMA), which be responsible
for the low mco2. Increasing the nitrogen content was also expected to improve the polymer’s
solubility in water, which will further increase the number of bicarbonate anions present. This
work investigated three potential COj-switchable polymers with high N:C ratios as FO draw
solutes: linear poly(N-methylethyleneimine) (I-PMEI, 25 wt.% nitrogen), branched poly(N-

methylethyleneimine) (b-PMEI, 25. wt.% nitrogen) and poly(N,N-dimethylallylamine)
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(PDMAAmM, 16 wt.% nitrogen) (Figure 2.2). One polymeric primary amine, poly(allylamine)
(PAAmM), and one polymer containing primary and secondary amines, branched

poly(ethyleneimine) (b-PEI), were also evaluated for comparison.

In order to evaluate their potential as draw solutes, I-PMEI, b-PMEI and PDMAAM were
synthesizes and rigorously purified, and their osmotic pressures were measured at various

concentrations. The viscosity of the polymer solutions was also considered.

b-PMEI b-PEI

|
J/N\ NH
S ~ J/
N N NH> HN
. oD
~ NSy Naosy~aoN < H
T/\{\/ T hl'l\l \/l’n\rij ”2N/$/N\/\H/\\/N\/\!\/N\ﬁ\“”2
SN NS
T ri.l NSNS,
I-PMEI PDMAAmM PAAM

RO SR

Figure 2.2 Structures of soluble CO,-switchable polymers studied in this work

2.2 Materials and Methods

2.2.1 Materials

Chlorobenzene, 2-ethyl-2-oxazoline, methyltriflate, diisopropylamine, formaldehyde
solution (37 % in water), sodium methoxide solution (35 %), chloroform, tert-dodecylmercaptan

(trDDM), tetrahydrofuran, 4-methylmorpholine, lithium aluminum hydride powder, magnesium
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sulfate, and b-PEI were obtained from Millipore-Sigma and used as received. Poly(allylamine)
(PAAmM, 15 kDa) was obtained from PolyScience Inc. as a 15 wt. % solution. Poly(t-
butylaminoethyl methacrylate) (PtBAEMA) (40 kDa) was obtained from Scientific Polymer
Products, Inc. N,N-Dimethylacrylamide (DMA) was obtained from Millipore-Sigma, and was
passed through an inhibitor removal column before use. 2,2’-Azobis(2-methylpropionitrile)
(AIBN) was obtained from Millipore-Sigma and was recrystallized from ethanol before use.
Diethyl ether, hexanes and methanol were obtained from ACP. Acetone, ethyl acetate,
concentrated hydrochloric acid, and formic acid were obtained from Fisher Scientific. Sodium
hydroxide pellets were obtained from Acros. Dialysis tubing (1 kDa, 3.5 kDa, and 10 kDa
molecular weight cut off (MWCQ)) was obtained from Thermo Scientific. Deionized water with
a resistivity of 18.2 MQ-cm was obtained from a Millipore Synergy system. CO. (Supercritical

Chromatographic Grade, 99.998%, Praxair) was used as received.

2.2.2 Characterization

The polymers synthesized in this work were characterized by *H NMR spectroscopy, IR
spectroscopy and GPC. *H NMR spectra were recorded at 298 K with a Bruker Avance 301 MHz
NMR spectrometer. Fourier transform infrared (FTIR) spectra were collected on a Bruker Alpha

FTIR base spectrometer using an ATR accessory over 500-4000 cm™.

IR spectroscopy was also used to monitor samples during carbonation. A Mettler Toledo
ReactIR 15 IR spectrometer was used for these experiments over 600—2800 cm—1. Spectra were

acquired every 1 min.

The GPC analysis of PDMAAmM was performed using 0.3 wt. % LiBr and 0.3 M formic
acid in HPLC grade water as the eluent. Samples were prepared at 1 mg/mL and passed through a

0.2 um filter prior to injection. The samples were analysed on an Agilent triple detection GPC
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equipped with PSS NOVEMA Max Lux analytical and PSS NOVEMA Max Lux columns at 40
°C and 1 mL/min. The light scattering detector was calibrated using poly(2-vinylpyridine)
standards. The dn/dc value (0.151) was measured by refractometry analysis using a Wyatt Optilab

rEX refractive index detector.

The GPC analysis of poly(2-ethyl-2-oxazoline) (precursor to I-PMEI), was preformed
using THF as the eluent. Samples were prepared at 4 mg/mL and passed through a 0.2 um filter
prior to injection. The samples were analyzed on a Waters 2695 separation module equipped with
a Waters 410 differential refractometer and Waters Styragel HR (4.6 x 300 mm) 4, 3, 1 and 0.5
separation columns at 32 °C and 1 mL/min flow rate. The GPC was calibrated using PMMA

monodisperse standards. Reported results are PMMA-equivalent molecular weights.

The GPC analysis of PDMAEMA, PDEAEMA and PDMAPMAmM were preformed using
1mM LiBr in DMF as the eluent at 40 °C at 1 mL/min. A Viscotek GPCMax (4643) equipped
one PSS GRAM 100 A and two PSS GRAM 3000 A columns. Polymers were detected with a

Viscotek 302 differential refractive index detector. PMMA standards were used for calibration.

Kinematic viscosity was measured using a Cannon-Fenske type viscometer (tube size
200) at 25 °C. The pKa values of the polymers synthesized in this work were determined by
titration. Polymer solutions were prepared at concentrations of 5-10 mg/mL and acidified to pH 3
with HCI. The solutions were stirred and titrated with 0.1 M NaOH solution to pH 12. The pH

values were gathered using a Vernier pH sensor coupled to Logger Pro software.

The osmotic pressures of polymer solutions were measured at room temperature (23 *
1 °C) using a DMO designed by Alessandro Grattoni [38], with Dow BW30 membranes. Detailed
instructions for measuring = by DMO are provided in Appendix A. All reported © are gauge
pressures. BW30 membranes are polyamide-thin film composites, with NaCl rejection of 99.5%,

MWCO of ~100 Da and a pH range 2-11 (at 25 °C), suitable for brackish water [207]. The
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average error was 2% based on replicates. The polymers were rigorously lyophilized (using a
Labconco FreeZone 6 Plus lyophilizer, 0.01 mbar, -60 °C) before taking the measurements to
ensure that they were completely dry. Polymer solutions were carbonated at 1 atm by bubbling

CO; through the solutions via a needle for a minimum of 5 h at room temperature.

2.2.3 Synthesis of CO2-responsive polymers
2.2.3.1 I-PMEI

I-PMEI was synthesized in three steps: polymerization of 2-ethyl-2-oxazoline to form
poly(2-ethyl-2-oxazoline), followed by hydrolysis of the amide bond to product I-PEI, followed
by methylation of the secondary amine to produce I-PMEI (Figure 2.3). The procedure for the

polymerization of 2-ethyl-2-oxazoline was based on reference 34.

H,CO,H,

j\ MeOTf \6/\ >/ HCI _HCO v >/
N O chlorobenzene N/n HZO 100 °C N n 100 °C N/n
\/ |

130 °C ' %ﬁ
0

Figure 2.3 Synthetic pathway for I-PMEI.

To a flame dried 250 mL Schlenk flask was added chlorobenzene (120 mL) and 2-ethyl-
2-oxazoline (30 mL). The solution was heated to 130 °C, and methy!l triflate (80 uL) was added to
the flask. The solution slowly turned from colourless to clear, dark orange. After 18 h,
diisopropylamine (3 mL) was added, and the solution was stirred for an additional 4 h. The

solution was cooled to room temperature, followed by dropwise precipitation in diethyl ether
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(cooled in an ice-water bath), yielding a yellow solid. The resulting poly(2-ethyl-2-oxazoline)

was dried under vacuum.

Poly(2-ethyl-2-oxazoline) (25 g) was dissolved in concentrated hydrochloric acid (70
mL) in a 250 mL round-bottom flask. The resulting solution was refluxed for 18 h. The solution

was dried under vacuum to dryness, producing linear poly(ethylenimine) as an orange solid.

The procedure for the methylation of I-PEI is based on reference 23. Linear
poly(ethylenimine) (23 g) was added to a 500 mL round-bottomed flask equipped with a stir bar.
The polymer was dissolved in formic acid (170 mL) and 37 % aqueous formaldehyde solution
(160 mL). The solution was refluxed for 48 h. The volatiles were completely removed under
vacuum followed by the addition of one equivalent of concentrated hydrochloric acid. The
solution was stirred for 30 min, then all volatiles were completely removed under vacuum. The
solid was dissolved in 20 wt. % sodium hydroxide solution (100 mL). The water was then
removed under vacuum. The resulting poly(N-methylethylenimine) crude product was dissolved
in chloroform (100 mL) and vacuum filtered to remove the salt by-product. The solvent was

removed from the filtrate under vacuum.

The final linear poly(N-methylethenimine) product was purified by dialysis (3.5 kDa
MWCO tubing) against MilliQ water. The polymer was dissolved in a minimal volume of water,
placed in sealed dialysis tubing and immersed in 3.5 L of water. The water was exchanged ten
times, after a minimum residence time of 4 h per exchange. The *H NMR spectrum matched the
spectrum reported in reference 35 and is included in Appendix B. 'H NMR (300 MHz, D,0,
d ppm): 3.31 (4.0H, CH2NCH,), 2.49 (3.0H, CH3N). GPC (THF): My = 25 kDa, M,= 8.9 kDa, b

=28.pKs=7.4+0.2.
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2.2.3.2 b-PMEI

b-PMEI was produced by methylating and dialysing commercial branched-PEI using the

same procedure described above for linear-PEI (Figure 2.4).

INHZ I
NH, HN N7 “N
— =~ N N N -~
T L BT RV oY
HZN/\/N\/\NH2 \'\‘l/\/N\/\N/

Figure 2.4 Synthetic pathway for b-PMEI.

The *H NMR spectrum matched the spectrum reported in reference [210] is included in
Appendix B. 'H NMR (300 MHz, CDCls, & ppm): board multiplets: 3.4-2.9, 2.8-2.4, 2.4-2.0.
Molecular weight (estimate based on data reported by manufacturer): My = 33 kDa, M, = 13 kDa,

D =25, pKai=7.6 £0.2.

2.2.3.3 PDMAAmM
PDMAAmM was synthesized in two steps: polymerizing DMAA to PDMAA, followed by

the reduction of the amide to produce PDMAAmM (Figure 2.5).

\ AIBN LiAIH,4 _
—_—
THF, 80°C n 4-methylmorpholine, 65 °C n

- ~ -

Figure 2.5 Synthetic pathway for the synthesis of PDMAAmM.
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DMA (20 ml), AIBN (0.428 g, 0.029 mol/l, 2.14 % per weight of monomer) and trDDM
(1 wt. % relative to monomer) were dissolved in toluene (70 mL) and added to a 250 mL flame
dried Schlenk flask. The mixture was purged with argon and heated to 70 °C, with stirring at 500
rpm. After 6 h, the flask was cooled to room temperature. The resulting polymer was purified
from residual monomers by triple precipitation into hexanes and dried in a vacuum oven at 50 °C

for 24 h.

A flame dried 500 mL three neck round-bottom flask was equipped with a stir bar. The
three necks of the flask were connected to a condenser, a Schlenk line and a septum. The flask
was evacuated and refilled with argon three times. Lithium aluminum hydride (pellets, 3.85 @)
were added to the flask and dispersed in 4-methylmorpholine (80 mL). The mixture was heated to
65 °C. PDMA (10 g) was dissolved in 4-methylmorpholine (100 mL) in a 250 mL round-bottom
flask. The PDMA solution was added dropwise to the LiAlH, solution by syringe via the septum,
with strong stirring (>700 rpm). After 20 h, THF (35 mL) was added dropwise by syringe via the
septum. After another 20 h, the flask was cooled in an ice bath and deionized water (4 mL) was
added dropwise, followed by 15 wt. % sodium hydroxide solution (5 mL) and then more water
(10 mL). The flask was warmed to room temperature and stirred until the precipitated polymer
dissolved. Anhydrous magnesium sulfate was added until it clumped at the bottom of the flask.
The solid phase was removed by gravity filtration and extracted twice with ethyl acetate. The
solvent was removed from the filtrate under vacuum. The polymer was then re-dissolved in ethyl
acetate, the solution centrifuged, and the supernatant transferred to a new flask and evaporated to
dryness. The resulting poly(N,N-dimethylallylamine) was dissolved in water and purified by
dialysis (3.5 kDa MWCO tubing). The 'H NMR and IR spectra are included in Appendix B. 'H
NMR (300 MHz, D;0O, & ppm): 2.20 (8.0H, CH2N(CHs)z), 1.75-0.80 (3.0H, CH.CH). GPC
(water, 0.3 wt.% LiBr + 0.3 M formic acid): My =12.4 kDa, M, = 10.7 kDa, b = 1.2. pKan = 7.72

+ 0.06.
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2.2.3.4 PDMAEMA
PDMAEMA was synthesized by free radical polymerization of DMAEMA. DMAEMA

was passed through a column of basic alumina. A Schlenk flask was purged with argon three
times. DMAEMA and THF (x3 volume of monomer) were added to the flask, which was heated
to 65 °C with magnetic stirring (500 rpm). AIBN (1 mol% to monomer) was added to the flask,
and the solution was stirred overnight. The solution was cooled to room temperature, then
precipitated dropwise into ice-cold hexanes. The solid polymer was removed and dried under
vacuum at 60 °C overnight. The 'H NMR spectrum matched the spectrum reported in reference
211. *H NMR (300 MHz, CDCls, 5 ppm): 4.05 (2.0H, CH,CO,), 2.55 (2.1H, CH:N), 2.25 (6.0H,

(CHs):N); 2.0-0.75 (5.0H, CH,CCHs). GPC (1 mM LiBr in DMF): M, = 23 kDa, D = 1.5.

2.2.3.5 PDEAEMA
PDEAEMA was synthesized in the same way as PDMAEMA, with the substitution of

DEAEMA for DMAEMA. The H NMR spectrum matched the spectrum reported in reference
212. 'H NMR (300 MHz, CDCls, & ppm): 3.7 (1.7H, CH,CO,), 2.0-2.4 (6.6H, CH:N), 1.2-1.6
(1.6H, CH,CCHs); 0.75-0.25 (9.0H, CH2CCHs, CH2(CHa),). GPC (1 mM LiBr in DMF): M, =

348 kDa, b = 1.8.

2.2.3.6 PDMAPMAM
PDMAPMAmM was synthesized by free radical polymerization of DMAPMAM.

DMAPMAmM was passed through a column of basic alumina A Schlenk flask was purged with
argon three times. DMAPMAmM and toluene (x3 volume of monomer) were added to the flask,

which was heated to 65 °C with magnetic stirring (500 rpm). AIBN (3 mol% to monomer) was
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added to the flask, and the solution was stirred overnight. The solution was cooled to room
temperature, then precipitated dropwise into ice-cold hexanes. The solid polymer was removed
and dried under vacuum at 60 °C overnight. The *H NMR spectrum matched the spectrum
reported in reference 21. 'H NMR (300 MHz, CDCls,  ppm): 7.50 (0.8H OCNH), 3.45 (2.0H,
CH.CON), 2.4 (2.0H, CH:N(CHs);), 2.25 (6.0H, N(CHs),, 1.8-0.75 (6.8H, CH>CCHs,

CONCH:CH:CH2-N). GPC (1 mM LiBr in DMF): My, = 20 kDa, b = 4.0.

2.3 Osmotic Pressure of CO2-Responsive Polymers

Before testing the osmotic pressures of carbonated solutions, carbonated water was
placed in the osmometer to ensure that it did not contribute significantly to the osmotic pressure.
No osmotic pressure was detected. This may be because the amount of CO; in carbonated water

is relatively low (0.03 M (25 °C, 1 bar) [10]) or the CO; can pass through the membrane.

2.3.1 Osmotic Pressures of Tertiary vs Primary and Secondary Amines

The CO; switchable polymers studied in this work were designed to have a high ncoz. In
order to maximize the mair. Tcoz, this work focused on tertiary amines. Primary and unhindered
secondary amines form carbamates in carbonated water in addition to bicarbonate salts [213]. It
was expected that carbamate formation would not cause a large increase in osmotic pressure as it
does not change the number of species in solution (Figure 2.6). This theory was confirmed by
measuring the mcoz Of the primary and secondary amine precursors of the polymers studied in this
work: (PAAmM) for PDMAAmM and b-PEI for b-PMEI (Table 2.1). It was revealed that the tertiary
amine polymers have higher mco2 than their primary and secondary counterparts. PAAm contains
just primary amines while b-PEI contains 1:2:1 primary: secondary:tertiary amines. A higher

proportion of the amines are expected to be protonated in b-PEI compared to PAAmM. All the
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amines studied in this work were methylated to form tertiary amines, which will not form

carbamates.
R1 R? R R? a
SN __C02 HO_ \H/ +
| B l— | C] ©
R3 R3 @) H
Number of species: 1 = 2
)
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Figure 2.6 The effect of carbamate vs bicarbonate formation on the number of species in

solution.

Table 2.1 Osmotic pressures under CO, of tertiary vs. primary/secondary amines polymers at

20 wt% loading in water.

Amine Degree Polymer nico2 /bar
Primary PAAM 3.6
Secondary b-PEI 11.0
1:2:1 Primary: Secondary: Tertiary b-PMEI 15.0
Tertiary PDMAAmM 195

* Gauge pressure
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2.3.2 Effect of Oligomers on Osmaotic Pressure

Dialysis was performed on each polymer sample to remove residual small molecules such
as salts, monomers and oligomers. This was necessary as these species could artificially increase
Tair. LOW molecular weight chains amount to a small percentage of the total polymer content by
mass but may represent a significant amount by number. Removing them can significantly reduce

the mair. This was highlighted by the difference in s 0f samples dialyzed with MWCO tubing.

Samples of PDMAAmM were dialyzed with 1, 3.5, and 10 kDa MWCO dialysis tubing,
and their i values were measured at 20 wt. % (Table 2.2). The m.ir decreases with larger MWCO
due to the greater removal of low molecular weight chains. Using a higher MWCO dialysis
tubing for shorter periods of time was found to be more effective at reducing m.ir than using
smaller MWCO tubing for longer periods of time, but the solutions made with samples dialyzed
with larger MWCO were noticeably more viscous. Based on these results, it is clear that the
pressure, and therefore energy, required to remove a polymeric draw solute may be reduced by

removing low My, chains.

Table 2.2 Effect of dialysis tubing MWCO on osmotic pressure of PDMAAmM.*

MWCO/ kDa Tair, 20 wt% 1 bar
1 2.5
3.5 1.8
10 0.8

TAIl measurements were taken at 20 wt. % in deionized water. The dialysis time was the same for

all three samples.

“Gauge pressure
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2.3.3 Osmotic Pressures of CO,-Responsive Polymeric Draw Solutions

2.3.3.1 I-PMEI

The relationship between osmotic pressure and I-PMEI concentration is presented in
Figure 2.7.a. Note that the wt.% or weight fraction of polymer refers to the concentration of
polymer in the uncarbonated state. The trend of - VS concentration of PMEI resembles that of
PEI and PEG, reported previously [36,214]. The highest mco, measured in this work was 67 bar at
30 wt. %, which is high enough to be promising for desalination, being 2.5 times higher than the
osmotic pressure of the common benchmark seawater (27 bar). Unfortunately, I-PMEI also
exhibits high m.ir (26 bar at 30 wt. %), making it likely too energy intensive to remove from clean
water by UF. On average, the mcoz IS 2.5 times higher than the i at high loadings, an insufficient

ratio for industrial applications.
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Figure 2.7 Osmotic pressures (gauge) in air (blue) and CO; (red) for each of the tertiary amine polymer solutions in deionized water
tested: (a) I-PMEI, (b) b-PMEI and (c) PDMAAmM. The concentration (g/g) refers to the concentration of solutions prior to carbonation.

The dotted trendlines are fitted 3™ order polynomial curves.
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2.3.3.2 b-PMEI

The relationship between osmotic pressure and b-PMEI concentration is presented in
Figure 2.7.b. Branching was expected to reduce both the mr and reduce the viscosity. In fact,
branched-PMETI exhibited lower m,ir and mcoz than I-PMEI. On the other hand, the mtcoz : mair for b-
PMEI is 3.5, which is significantly higher than that of I-PMEI. The m.ir remains high enough to be

prohibitive for FO.

The difference in m.ir and ncoz between I- and b-PMEI could potentially be attributed to
their different molecular weights, percent protonations, or structures. However, while the
branched and linear PMEI had different molecular weights (My = 33 and 25 kDa respectively),
both polymers also had large dispersities, making the difference less significant. Furthermore,
previous work has shown that the effect of molecular weight on osmotic pressure becomes less
significant with higher molecular weights. Given that |- and b-PMEI have similar pKa values,
the difference in osmotic pressure is not due to different degrees of protonation. Rather, the
difference in mair and mco, May be attributed to differences in the polymer structures. Branching
results in smaller hydrodynamic radii compared to their linear counterparts of the same molecular

weight, resulting in lower 7co2 and mair [36,215].

It is worth noting that the mcoz values of b-PMEI reported in this work are 20-30 % lower
than the osmotic pressure of protonated b-PEI reported in previous work [7,214]. A lower degree
of protonation would result from using a weaker acid (hydrated CO;) as opposed to the HCI used
in previous work [7]. Unlike HCI, CO. can be used to switch the polymer between the protonated
and neutral states without accumulating salts but has the disadvantage of achieving a lower

degree of protonation of the polymeric amine.
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2.3.3.3 PDMAAmM

The relationship between osmotic pressure and PDMAAmM concentration is presented in
Figure 2.7.c. In contrast to the previous polymers, PDMAAmM has an exceptionally low mir, and
high 7mcoz:mair Of 10 between 30-35 wt. % loading in water. The 7coz:mair increases with polymer
loading. At 35 wt.%, PDMAAm exhibited a ncoz of 59.7 bar and a m.ir 0f 6.0 bar. Preliminary FO
tests with PDMAAmM were performed and are discussed in Chapter 3. Briefly, a 30 wt.%
PDMAAmM draw solution produced an initial flux of 30 L/m?h from a 1.75 wt.% NaCl feed
solution (Appendix C, Figure C6), indicating that PDMAAM can produces high fluxes from
concentrated feeds. Additionally, uncharged PDMAAmM is thermo-responsive, which can facilitate
the removal of the polymer from purified water [143]. The thermo-responsive behavior of

PDMAAmMm is discussed further in Chapter 3.

The lower m,r exhibited by PDMAAmM compared to I-PMEI may be caused by the
polymer’s percent protonation by water under air, its structure and/or its hydrophilicity. Although
PDMAAmM has fewer nitrogen atoms per gram of polymer compared to I-PMEI, the amines it
contains are more basic, and consequently have a higher degree of protonation. However, the
pKan values for PDMAAmM, I-PMEI and b-PMEI are all relatively low (<8) and their
concentrations are relatively high. The percent protonation of all polymers under air is calculated

to be less than 1% at the concentrations studied in this work.

Differences in polymer structure may also be relevant; the nitrogen in PDMAAmM is more
accessible to protonation (being a pendant off the backbone) than the nitrogens in both I- and b-
PMEI, which are hindered by the polymer backbone. Additionally, PDMAAmM has a lower N:C
ratio than PMEI (1:5 vs. 1:3 respectively) and is consequently less hydrophilic than PMEI. This
decrease in hydrophilicity can be noted by the polymer’s higher log P values (Table 2.3). This

decreased hydrophilicity could lower the Tuncharged polymer, @and therefore the m.r of PDMAAmM

67



compared to PMEI. This illustrates the balance that must be achieved in the N:C ratio; too low a

ratio may give a low mcoz, but too high a ratio risks an excessively high mair.

Table 2.3 Calculated log P values' of studied polymers in their neutral form.

Polymer} Log P Monomer LogP
PEG -0.11 EG 0.59
PMEI 2.01 MEI 1.18
PDMAAmM 5.89 DMAAmM 2.03

 LogP values were calculated using ALOPGS 2.1 software [215].

LogP values calculated for a decamer with methyl end groups.

One remaining limitation of PDMAAmM as a draw solute is viscosity, which increases
substantially above 25 wt. % (Figure 2.8 Dependence of kinematic viscosity on the concentration
of aqueous solutions of PDMAAmM under air or CO; at 25 °C.Figure 2.8). Low viscosity is an
essential property of a draw solution [40]. High viscosities can reduce flux, increase
concentration polarization, and increase the energy required to pump the draw solution through
the FO apparatus. The viscosity of PDMAAmM could be reduced by introducing a degree of
branching [216] and/or reducing its molecular weight (currently 12.4 kDa). Reducing molecular
weight leads to low viscosity but increased m and RSF. At this stage, no attempt was made to
optimize the molecular weight of any of the polymers. The ethylene oxide-propylene oxide
copolymer draw agent used by Trevi Systems has a molecular weight of ca. 2 kDa [217],

indicating that there is significant room to reduce the molecular weight of PDMAAmM. While
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reducing the molecular weight of PDMAAM will increase its mair, itS thermo-responsive

properties can facilitate its removal (Responsivity 3.3.2).

In order to facilitate the study of PDMAAM on a larger scale a safer synthetic pathway is
required. The PDMAAmM described in this chapter was synthesized using lithium aluminum
hydride, which is extremely pyrophoric, and would be difficult and hazardous to use on a large
scale. The alternative pathway proposed in Figure 2.9 eliminates the use of flammable organic
solvents or pyrophoric reagents. Full details of the synthesis can be found in Appendix B, and

reference 52.
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Figure 2.8 Dependence of kinematic viscosity on the concentration of aqueous solutions of
PDMAAmM under air or CO; at 25 °C.
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Figure 2.9 a) Current and b) alternative synthetic pathway for PDMAAmM.

In addition to optimizing its molecular weight, the tco, of PDMAAmM could be increased
by applying a modest pressure of CO,. The effect of CO; pressure on the percent protonation of
PDMAAmMm is presented in Figure 2.10 (obtained using equations described in reference 7); at
20 wt.%, the precent protonation of PDMAAmM increases by ca. 26% when the pressure is
increased from 1 bar to 5 bar. Increasing percent protonation is expected to lead to an increase in
nco2. The benefits of a higher mco2 must be balanced with increased costs of a high-pressure FO

apparatus.
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Figure 2.10 Effect of CO; pressure on the % protonation of PDMAAm as a function of

concentration.

2.3.3.4 Contribution of the Polymer Chain to the Total Osmotic Pressure

In order for a draw solute to be practical and effective, a high mco is essential. It is worth
noting that as the concentration of the polymer increases (and consequently the pH of the
solution), the percent protonation of the polymer will decrease. This phenomenon is illustrated in
Figure 2.11 where the measured osmotic pressures of I-PMEI and PDMAAmM are plotted
alongside the bicarbonate concentration. It is clear that the osmotic pressure is not increasing
proportionally with the bicarbonate concentration and must be therefore dominated by the

protonated polymer chain.
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Figure 2.11 Measured mcoz (gauge pressure, red) and the concentration of bicarbonate (blue), for
I-PMEI (solid lines) and PDMAAm (dashed lines).

A rudimentary estimate of 7icahonae Can be calculated from the concentration of
bicarbonate present [7], and the Lewis equation (equation 1.2) [36]. At all concentrations, the
measured 7mco? is less than the calculated Twicarbonate. INtriguingly, the observed pH values of the
solutions were close or equal to the predicted pH values (see Appendix B, Table B1). This
indicates that, while the number of bicarbonates predicted from theory are indeed being formed,
those bicarbonate anions are not producing as high a nco as expected. One possible explanation
for this is that the bicarbonates may be engaged in intermolecular interactions, which would
reduce the mco.. Examples of these interactions include strong ionic bonding between the
bicarbonate and the cationic amine, bicarbonate hydrogen bonding with unprotonated amines, and
bicarbonate dimerization. The latter is akin to the decreased osmotic pressure of benzoic acid in
solution due to the dimerization of carboxylic acids units [33]. Dimerization and strong ionic

attraction may be similarly enhanced within the relatively non-polar environment of the polymer
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coil. It is expected that this effect is enhanced with polymeric amines, as the amines are fixed

close together by the polymer backbone.

2.4 Basicity and Osmotic Pressure

The polymers discussed so far have relatively low pKay values, the highest being
PDMAAmM at 7.72 + 0.06. The percent protonation of an amine can be calculated using equations
derived from the simultaneous acid-base equilibria, as outlined in reference 7. Using these
equations, it was discovered that the percent protonation of b-PMEI, I-PMEI, and PDMAAmM at
the higher concentrations studied in this work (30-40 wt.%) are all relatively low (less than or
equal to 50%). Higher degrees of protonation, and therefore osmotic pressures, could be reached
if the polymers were more basic. However, a balance must be maintained in order to ensure the

percent protonation under air remains low (Figure 2.12).
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Figure 2.12 Effect of pKan on the % protonation of an amine as a function of concentration.
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It was hypothesized that secondary amines, being more basic than tertiary amines, would
have a higher degree of protonation, and therefore have a higher osmotic pressure. Bulky
secondary amines will form bicarbonates rather than carbamates due to steric hinderance
[16,147]. The osmotic pressure of PtBAEMA, a commercially available bulky secondary
polymeric amine, was tested. Although the pKa+ of PtBBAEMA has not been measured to date, the
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pKan of its monomer tBAEMA is known to be 9.12 [218]. The pKa of PtBAEMA is therefore
expected no lower than one unit less that of tBAEMA. The nco2 of PtBAEMA at 20 wt.% is
significantly lower than its tertiary amine isomer, PDEAEMA (Table 2.4). The difference
between these two polymers may be due to the presence of the N-H bond in PtBAEMA, which

can hydrogen bond more strongly with bicarbonates and decrease the ncoz.

Table 2.4 Comparison of nco.” of PtBAEMA and PDEAEMA.

Polymer PKaH Tcoz, 20wt/ Dar Tcoz, 30wto/ bar
PtBAEMA est. 8.1 6.5 11.1
PDEAEMA 6.9-7.5 [26] 14.8 -

* Gauge pressure

2.5 Osmotic Pressure under CO- of Polymeric Draw Solutes at Reduced
Temperatures

In order for the draw solutes described in this chapter to be used industrially, their
performance must be stable with temperature. It is known that the solubility of CO, in water
decreases with increasing temperature, which would be undesirable for the FO process. The effect
of lower temperatures is less clear; while the solubility of CO; in water and the pKay of the amine
increases, the pKa:™ of CO; decreases and pKy increases. To explore the effect of temperature, the
ncoz Of various CO.-switchable polymer solutions were measured at 20 °C and 4 °C. The
measurements at 4 °C were conducted in a cold room maintained at 4 °C. The solutions were
carbonated in an ice-water bath, and the osmometer was cooled to 4 °C before the solution was
injected into it. The mco. Of the COz-switchable polymer solutions at 4 °C were found to be

comparable to those measured at room temperature (Table 2.5). This demonstrates the robustness
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of the COz-switchable polymer draw solute system. Being able to operate at lower temperatures
may be advantageous when processing feeds which are prone to spoilage (e.g., juices). The effect

of temperature on .- for thermo-responsive polymers will be discussed in section 3.3.3.

Table 2.5 nco,” of CO,-responsive polymers at 20 wt.% with varying temperature.

Polymer PKan Tair, 25 °C TCo2, 25 °C TCO2, 4°C
PDMAPMAmM 8.8 [219] 25 13.6 135
PDMAEMA 7.4 [219] 1.2 11.5 11.4

* Gauge pressure

2.6 Conclusions

Polymeric draw solutes with high N:C ratios were synthesized, and their osmotic
pressures were measured to evaluate their promise as FO draw solutes. We have shown that
increasing the nitrogen content in CO-switchable polymers can produce mcoz values exceeding
60 bar. The mir can be reduced by removing short chains and other low molecular weight
impurities. Preliminary results indicate that it is vital to balance the hydrophobicity of the
polymer with a high number of protonatable amines, to maintain a high ratio of mco2: Tair.
PDMAAm exhibits high mco, while maintaining low mair. This polymer may prove to be an
effective forward osmosis draw solute for feed streams which have medium to low osmotic

pressures and require high purity products.
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Chapter 3

CO2- and Thermo-Responsive Gels

3.1 Introduction

Hydrogels have attracted attention as draw agents for forward osmosis due to their low
toxicity, low reverse salt flux (draw solute crossing the membrane into the feed) and high
capacity to absorb water. A diverse range of hydrogel draw agents have been reported in the
literature (Table 1.8). However, hydrogel draw agents are limited by concentration polarization
and trading off the apparently contradictory requirements of high flux during osmosis and facile

water recovery during regeneration.

Hydrogels made from hydrophilic materials (e.g., PSA) produce high fluxes due to their
high &, but consequently also require energy intensive methods to recover water from the draw
agent post-filtration (e.g., mechanical or gas pressure) [127,170]. To facilitate their recovery,
hydrophilic materials have been combined in a gel with more hydrophobic materials (e.g.,
PNIPAM) [41,87,220,221]. However, incorporation of the hydrophobic component resulted in a
decrease in water flux. Rather than achieving both a high flux and easy recovery, combining a
high n and low © material results in a compromise between the two competing requirements. In
response, stimuli-responsive hydrogel draw agents have been designed which, upon application
of a trigger (e.g., heat, pH, electricity, light), can switch between a hydrophilic state having a high
n, and a hydrophobic state which is easily separated from water due to being hydrophobic or

having a low .

Thermo-responsive materials that absorb water below a specific temperature and release
water above that temperature have been developed, and showed improved water recovery [168].
This temperature is referred to as the lower critical solution temperature (LCST) for soluble
polymers, and volume phase transition temperature (VPTT) for gels. Common thermo-responsive
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draw agents (e.g., PNIPAM) do not produce sufficiently high fluxes alone due to their inadequate

hydrophilicity [127,173].

COs-responsive draw solutes have been designed to produce a high ncoz and a low Tair.
COs-responsive PDMAEMA microgel draw agents produced high initial fluxes against saline
feeds, but water was recovered from the microgels only by purging with nitrogen gas and
centrifugation, both of which are costly on an industrial scale [150]. Superabsorbent CO.-
responsive hydrogels based on PMEMA have been synthesized, with a focus on producing very
high swelling ratios (up to 800) [222]. However, the % of water release upon decarbonation was
only 70%, and high swelling ratios do not guarantee high flux. Indeed, PMEMA is a very weak
base (pKan = 4.9 [223]) and has a low mcoz (1.2 bar at 20 wt.%, see Table C1, Appendix C); its

ability to pull water across the membrane is expected to be low.

Combining CO,-responsiveness with thermo-responsiveness in a single draw agent may
enhance the difference between the water-absorbing and water-releasing states of the draw agent.
Dual CO-- and thermo-responsive PDMAEMA was used by Cai et al. as a dissolved draw agent,
where the thermo-responsive property was used to facilitate the removal of the polymer [143]. In
Chapter 2 PDMAAmM was identified as a promising dual CO,- and thermo-responsive dissolved
draw agent, as it possesses a high mco» while maintaining a low mar, €ven at high
concentrations [52,224]. This chapter further explores the thermo-responsive properties of

PDMAAmM, and the performance of a PDMAAM hydrogel draw solute.

3.2 Materials and Methods

3.2.1 Materials

Poly(allylamine) (PAAm) (15 kDa, 15 wt.% aqueous solution) was obtained from
PolySci Inc. Formaldehyde (37% aqueous solution), poly(diallyldimethylammonium chloride)
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(PDADMAC) (typical molecular weight 400-500 kDa, 20 % solution), PNIPAM (M., = ~40 kDa)
and methanol (HPLC grade, >99.8) were obtained from Sigma-Aldrich and used as received.
Formic acid (99%) was obtained from Alpha Aesar, hydrochloric acid (36.5-38.0% aqueous
solution) was obtained from Fisher, and sodium hydroxide flakes (98%) were obtained from
Acros Organics. All the water used in this study was deionized by a Synergy MilliQ system and
had a resistivity of 18.2 MQ/cm before exposure to air. Carbon dioxide (grade 3.0) and argon
(grade 5.0) were obtained from Praxair. Dialysis tubing with a 3.5 kDa molecular weight cut off

was obtained from VWR.

3.2.2 Methods

3.2.2.1 Characterization

IR spectra were obtained with an Agilent Technologies Cary 630 TRIR IR spectrometer
with an ATR attachment from 600-4000 cm™. *C{*H} NMR spectra were acquired using a
600.17 MHz Bruker Avance spectrometer in the solid state and using a 700.40 MHz Bruker
spectrometer in solution. Gel fractions were obtained by Soxhlet extraction. Samples of gel
(0.5-1 g) were extracted with methanol in glass fiber thimbles over one week. After extraction,

the samples were dried under vacuum at 50 °C for 24 h.

The water content of the swollen gels was determined by TGA (TA Instruments, Q-500).
Samples of gel were heated on platinum pans under a flow of argon (10 mL/min) from 25 °C to
120 °C at 10 °C/min followed by a 20 min isothermal step to completely remove water and

carbon dioxide.

The thermal behaviour of soluble PDMAAmM polymer was analysed by DSC (TA

Instruments, Q-100). Solutions (3-8 mg) were hermetically sealed in aluminum pans, which were
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heated from 20 °C to 50 °C at 2 °C/min. The cloud point was taken from the onset temperature of

the heating curve.

Osmotic pressures were measured using a DMO [38] with Dow BW30 RO membranes
(purchased from Sterlitech). All reported 7 are gauge pressures. The final © was recorded after the
pressure remained unchanged for 30 min. Measurements above 20 °C were obtained by placing
the DMO in a temperature-controlled water bath (Canon Instrument Company CT-500 series II).
Measurements below room temperature were obtained by placing the DMO in a refrigerator.

Detailed instructions for measuring 7 by DMO are provided in Appendix A.

3.2.2.2 Synthesis of PDMAAM Gel

An agueous solution of poly(allylamine) (PAAm, 15 wt.%) was stirred in a round bottom
flask. Formic acid (2.0 equivalents) was added, immediately followed by formaldehyde (3.0
equivalents, 37 wt.% aqueous solution). The solution was heated at 100 °C for 1 day. Afterwards,
the solution was cooled to room temperature, and dried under reduced pressure. The solid was
dissolved in hydrochloric acid (1.1 equivalent, 0.1 M) solution, which was stirred for 10 min and
then dried under reduced pressure. The resulting product was dispersed in water and then NaOH
(10 wt.%) in water was added dropwise until the pH was 13. The solid gel was then washed with
deionized water over a vacuum filter until the pH of the permeate was neutral. Residual salts and
soluble polymer were separated from the gel by dialysis (3.5 kDa molecular weight cut off). The
resulting gel was dried at 60 °C overnight then ground into a powder with a mortar and pestle.
ATR IR (vcm?): 2716-2950 (C-H stretch); 1453 (H-CH, bend); 1035, 1263 (C-N bend). 2*C

{*H} NMR (600 MHz, solid state, & ppm): 66 ((CH3)2-N); 44 (CH2-N), 29-37 (CH,-CH).

Uncrosslinked PDMAAmM (My = 16 kDa, B = 1.2) was prepared as described in

reference 224.
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3.2.2.3 Procedure for FO

FTS H20 cellulose triacetate FO flat sheet membranes were obtained from Sterlitech.
The membranes were cut into circular disks (2.5 cm diameter, 4.9 cm? surface area) and soaked in
the feed solution for a minimum of 1 h prior to use. The draw agent was prepared by carbonating
a gel containing a known amount of water (1 g total mass of swollen gel) overnight. FO tests
were carried out using a glass u-tube apparatus (Appendix B, Figure B1). The draw side was kept
under an atmosphere of CO.. In this apparatus, the membrane is horizontal with the draw agent
place on top of the membrane and the feed solution below, with the active side of the membrane
facing the feed. The feed solution (50 mL) was continuously stirred at 700 rpm, and the top of the
feed solution was kept approximately level with the membrane. The concentration of the feed
solution was monitored using a conductivity probe that had been previously calibrated with NaCl
standard solutions (Thermo Scientific Orion 013005MD). The volume lost by the feed was
calculated from the change in concentration of the feed over time. Flux (equation 1.6) is defined
as the volume of water (V, in L) transferred across a given area of membrane (A, in m?) over a
given amount of time (t, in h). Initial fluxes are reported after 2 min. Due to the small size of the
apparatus the reported fluxes are not considered to be numerically representative of what will

occur on a large scale, but rather are reported to indicate trends in time or between samples.

3.2.2.4 Procedure for Swelling Ratio

Swelling ratio (SR, equation 3.1) quantifies how much water a gel absorbed in one

specific state (e.g., under air at 20 °C), and is defined as:

SR = (Mswollen - Mdry)/M 31
dry
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where Mswolten 1S the mass of the swollen gel and Mgy is the mass of the dry gel. The change in
swelling ratios (QSR, equation 3.2) compares the swelling ratios between two different states

(e.g., under air at 20 °C vs under air at 60 °C):

_SR
QSR = state 1/SR 3.2

state 2

To measure the SR, the masses of the swollen and dried gels were measured. Gels were
swollen in excess water, and deswollen in air. To swell the gel, a known mass of deswollen
PDMAAmM gel (1-5 mg) was placed in a vial containing 20 mL deionized water under an
atmosphere of either air or CO; and left to equilibrate for 4 h. For samples that were carbonated,
the carbonation was achieved by bubbling CO; through the water via a needle for a minimum of 4
h. When the SR was measured at elevated temperatures, the vial containing the gel was first
equilibrated at room temperature, then heated to the desired temperature and left to equilibrate
again for 4 h. After equilibration was complete, the gel was removed from the excess water by
gravity filtration and immediately weighed. Excess surface water was removed prior to weighing

by lightly shaking the gel, and rolling it across dry filter paper.

To deswell the gel, the swollen gel was transferred to a glass fritted filter in air, which
was placed in a glass jar (to limit evaporation). Depending on the method of deswelling, the jar
was placed in an oven at 60 °C or simply left at room temperature. As the gel contracted, the
released water passed through the frit and collected in the bottom of the jar. After the gel had
fully contracted, the gel was recovered from the top of the frit and weighed, and the released
water was recovered from the jar. The percent of water released (equation 3.3) is defined as the

weight of water released (Wr) divided by the weight of water in the swollen gel (Wwe):

% Water Released = WR/WWG x 100 33
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3.3 Results and Discussion

3.3.1 Gel Synthesis and Characterization

The PDMAAmM gel (g-PDMAAmM) was synthesized via a one-pot methylation and
crosslinking of PAAmM (Figure 3.1). The methylation was achieved with an Eschweiler-Clarke
reaction with formaldehyde and formic acid. Formaldehyde also serves as a crosslinking agent
between primary amines, creating aminal linkages [225]. The successful completion of the
methylation was verified by comparing the IR and *C{*H} NMR spectra of g-PDMAAmM to

PAAm and soluble PDMAAmM (Appendix C, Figure C2).

After the methylation, the broad N-H stretching peak at 3300 cm™ in the IR spectrum
disappeared, and all peaks sharpened due to the elimination of strong hydrogen bonding within
the polymer (Appendix C, Figure C2.a). The IR spectra of g-PDMAAmM and soluble PDMAAM
show the same characteristic peaks, at the same intensities, notably the sharp C-N stretching
peaks between 1260-1020 cm™. The BC{*H} NMR spectra of the soluble polymer and gel
PDMAAmM show the same main peaks, including the appearance of the broad methyl peak at 66

ppm, indicative of methylation (Appendix C, Figure C2.b).
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Figure 3.1 Synthetic pathway for the crosslinking of g-PDMAAmM.

No attempt was made to control the degree of crosslinking in g-PDMAAmM. In the simple
procedure used in this work, the order and speed the reagents were added are key to producing a
gel with a high swelling ratio rather than a soluble polymer. In future work, to achieve a desired
degree of crosslinking, a targeted number of amines in PAAm could be protected by protonation
with a stoichiometric amount formic acid. Upon addition of formaldehyde the unprotonated units
would rapidly crosslink. This material could then be immediately methylated via the Eschweiler-
Clarke reaction. Alternatively, PAAmM gels could be produced by crosslinking during the
polymerization of allylammonium chloride, followed by methylation to produce g-PDMAAmM.

This method would allow for higher control of the degree of crosslinking.

The soluble polymer fraction was extracted from the gel to ensure only crosslinked
chains remained. The gel fraction was determined to be 98 wt.% via Soxhlet extraction, which
demonstrates that the crosslinking was successful. The crosslink density could not be determined

however, as this requires knowledge of the Flory polymer-solvent interaction parameter, which is
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not available in the published literature for this polymer with either water or carbonated water.
Due to its low concentration the aminal linkage could not be detected by traditional
characterization methods such as NMR or IR spectroscopy or elemental analysis. However, due
to g-PDMAAm’s large swelling capacity, it can be assumed that the degree of crosslinking is
neither high enough to impede its performance as a draw agent, nor low enough to be detrimental

to its physical and chemical stability, which is all that is required for its current purpose.

As the draw agent must be able to be reused many times, the gel must remain intact over
multiple uses. Some aminals are not stable in acidic media [226]. Although the pH inside the gel
will likely never be below 7, the gel will be exposed to carbonated water. The stability of
g-PDMAAmM in acid was investigated by soaking the gels in carbonated water for one week at
room temperature. The water was evaporated and the gel fraction of the solid was found to be
99 wt.%, indicating that the crosslinks are resistant to degradation under the conditions the gel

will be exposed to during the FO process.

3.3.2 Responsivity

3.3.2.1 Thermo-Response

The thermal behaviour of soluble PDMAAmM in uncarbonated water was investigated by
DSC (Appendix C, Figure C3). Above a specific temperature, the interactions between
PDMAAmM chains become more favourable than the interactions between PDMAAmM and water.
For a soluble polymer, this temperature is referred to as a cloud point and above it the polymer’s
solubility in water will decrease. For a gel, this temperature is referred to as a VPTT and above it
the gel will contract. The cloud point is dependent many variables, such as the polymer
concentration, molecular weight, salt concentration and pH. Although the LCST could not be

determined (due to the high solution viscosity above 50 wt.%), the lowest cloud point detected
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was 23.9 °C at 50 wt.%. This is lower than the LCST of PNIPAM (31-33 °C) and PDMAEMA
(32-53 °C) [211,227]. Carbonated PDMAAmM, like other COj-responsive polymers (e.g.,

PDMAEMA [143]), does not exhibit thermo-responsive behaviour.

To study the thermo-responsive behaviour of g-PDMAAm isolated from its CO--
responsive properties, g-PDMAAmM was swollen in water at 20 °C and deswollen on a glass frit
by heating to 60 °C, all under an atmosphere of air. In non-carbonated water at 20 °C, g-
PDMAAmM exhibits a SR of 74+7. Under these conditions, the amines have a low degree of
protonation but the polymer retains a degree of hydrophilicity due to the polar amine groups.
When the gel is warmed to 60 °C in water under an atmosphere of air, g-PDMAAmMm is above its
VPTT, and rapidly adopts a contracted configuration with greatly reduced interactions with water.
The SR in this state is consequently greatly reduced (SR = 0.04+0.01). Deswelling can be
achieved even when the gel is heated in water rather than in air (SR = 2+1). Due to the dramatic
degree of deswelling, there is a large change between the swollen and deswollen states produced
using just heat as a trigger (QSR = 1850). However, as PDMAAm has a low m it will likely be
unable to produce a high flux if used as a draw agent under air. It is therefore advisable to also

take advantage of the CO2-responsiveness [224].

The effect of temperature on the SR of g-PDMAAmM under air was investigated further
(lower line in Figure 3.2). The SR does not change significantly between 20-40 °C, then

decreases from 50-60 °C until nearly all the water was expelled and the SR approaches 0.

3.3.2.2 CO,-Response
To study the CO--responsive behaviour of g-PDMAAm unaffected by the thermo-

responsive characteristics, g-PDMAAmM was swollen in water under an atmosphere of CO. and

deswollen on a glass frit by exposure to an atmosphere of air, at a constant temperature (20 °C).
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In carbonated water at 20 °C, g-PDMAAm exhibits a SR of 198.5+0.5. Under these conditions,
the amines in the gel are protonated by the carbonated water and the gel is consequently highly
hydrophilic and the = within the gel has increased. The SR under CO- is not significantly affected
by temperature (upper line in Figure 3.2). The protonated form of PDMAAm (both soluble
polymer and gel) is not thermo-responsive. When deswollen on a glass frit under an atmosphere
of air at 20 °C, the swelling ratio is reduced (SR = 65£8), but is still high as the polymer is still
relatively hydrophilic in its neutral form. Consequently, when using just CO; as a trigger, the
carbonated gel was able to absorb a large volume of water but the gel only releases two thirds of
the water simply by removing the CO,, resulting in a low QSR of 3. The deswollen gel still

retains so much water that if it were recarbonated and reused as a draw agent, it would likely have

a low mcoz and consequently low flux.
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Figure 3.2 Effect of temperature and atmosphere on the SR of g-PDMAAmM. Gels were swollen

in water under various atmospheres (air or CO; at 1 bar of absolute pressure) and temperatures
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(20-60 °C). To guide the eye, the CO; points are connected by a linear trendline while the air

points are connected by a 3™ order polynominal curve.

3.3.2.3 Combined CO;- and Thermo-Response

To study the combined effect of CO, and heat as triggers, g-PDMAAmM was swollen in
water under an atmosphere of CO; at 20 °C and deswollen on a glass frit under an atmosphere of
air at 60 °C. When both CO; and heat are used as a trigger g-PDMAAmM can both absorb and
release large volumes of water (Figure 3.3). Using both stimuli unites the high water absortivity
of a CO,-responsive material and the easy recovery of a thermo-responsive material, resulting in
an exceptionally high QSR of 4960. The charged, carbonated polymer is hydrophilic and exerts a
high nco2, While the contracted polymer over its VPTT has reduced interactions with water and is

able to release 99.9% of the water it as absorbed.

The rate of draw agent regeneration is an important metric of draw agent success. The
rate of release of water from g-PDMAAmM was explored by monitoring the amount of water
released from carbonated g-PDMAAmM over time. After 20 minutes of submersion in 60 °C water,

the SR of g-PDMAAM carbonated at room temperature decreased by 68%.

Many gels reported in the literature combine a permanently hydrophilic monomer and a
themo-responsive monomer to balance a high © and high water release [41,172,183]. However,
the hydrophilic component can limit the water released, and the thermo-responsive component is
often hydrophobic and does not greatly contribute to the m [228]. Using a dual responsive
polymer such as PDMAAm ensures that the whole gel is contributing to both a high nco2 and an

easy recovery.
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Figure 3.3 Swelling ratios of g-PDMAAmM obtained in water (under an atmosphere of air or

water) or air (at 20 or 60 °C).

The temperature required for the thermal trigger (ca. 60 °C) can be obtained as waste heat
from industrial processes, thereby reducing the energy costs of the FO process. Furthermore, heat
has already been proposed as a method to remove CO, from COz-responsive draw solutions post-
filtration [84,120,224]. Therefore, no additional energy or steps needs to be added to regenerate

the g-PDMAAmM compared to other CO-responsive agents.

3.3.3 Exploring the Relationship Between CO,- and Thermo-responsiveness in Hydrogels

Temperature can influence a dual CO,- and thermo-responsive system not only via the
cloud point/VVPTT, but by influencing the degree of protonation of the amine under both air and

CO,. The differences in the properties of a CO,-responsive material under air and CO- are due to
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the difference in the percent protonation in each state. A COj-responsive amine will be
protonated to some degree in water, depending on its concentration, pKau, as well as the
temperature and pressure. Increasing temperature affects the percent protonation of any amine
under air by decreasing pKw and pKai. When CO; is present, increasing temperature also
decreases the solubility of CO, in water, and (to a lesser extent) decreases the effective pK, of

hydrated CO, which decreases the degree of protonation [7].

Temperature will further alter the percent protonation of a thermo-responsive amine by
altering its concentration. Above its cloud point/VVPTT, a hydrated thermo-responsive polymer
contracts. As a CO.-responsive polymer contracts, the amine becomes more concentrated within
the polymer coil or gel network. When the amine becomes more concentrated, its percent
protonation decreases, and with it the polymer’s hydrophilicity. Thermo-responsivity can have a
positive effect on CO.-responsivity by increasing the difference in percent protonation, and

thereby properties, between the two states.

For example, increasing temperature generally decreases the acceptable pKan range of a
COo-responsive amine due to increased protonation under air [7]. Using a thermo-responsive
material can allow for more basic (higher pKa4) amines to be used at higher temperatures. In
addition, at low concentrations, the percent protonation of a traditional amine may be high under
air as well as CO», as was the case in reference 222. However, the percent protonation under air

could be decreased by using a thermo-responsive amine at an elevated temperature.

Varying the temperature is expected to have a significant effect on the © of thermo-
responsive materials, in addition to changes in the % protonation of the amine. To investigate this
further, the mar Of thermo-responsive (soluble PDMAAm and PNIPAM) and non-thermo-
responsive (PDADMAC) polymer solutions were measured with varying temperature (Figure
3.4). While soluble polymers rather than hydrogels were used (as the DMO can only measure

liquid samples), the fundamental principles discussed here can be applied to both soluble and
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crosslinked polymers. The m.r of PDADMAC increases very slightly with temperature, as
expected from the van’t Hoff equation. Intriguingly, the m.r of PDMAAmM decreases with
temperature. Commonly used thermo-responsive material PNIPAM exhibited similar behaviour
(Appendix C, Figure C4). For conventional materials, solute-water interactions (and therefore )
usually increase with temperature. The decrease in mair With temperature observed with thermo-
responsive PDMAAmM and PNIPAM is likely due to decreased polymer-water interactions. mco2
of CO,-responsive polymers is not significantly affected by temperature (Appendix C, Table C1).
A negative relationship between 7 and temperature has been previously noted for dextran, which

is not considered to be thermo-responsive [229,230].

Decreasing m,ir With increasing temperature has special significance for draw agents. The
removal of the draw agent can be facilitated even by heating the draw agent below its cloud point,
by the reduction in 7. In some cases this may be more desirable than heating the draw solution
above its cloud point, as the resulting solid polymer may have undesirable physical properties or
take a long time to redisperse. While 17 wt.% PDMAAmM at 25 °C exhibits a low mir and is
therefore already easily removed from water, the increase in mair from 25 °C to 4 °C is significant
(45%). This phenomenon may become more important at higher concentrations. It may also have
more significance for other thermo-responsive draw agents which have higher m.r and LCSTs

than PDMAAM (e.g., PDMAEMA, LCST = 32-53 °C) [211].

The temperature dependence of © should be considered when extrapolating the results of
freezing point osmometry (FPO) to room temperature. As the temperature of the solution is by
necessity changed during the FPO measurement, in some cases the osmotic pressure at the
freezing point may differ from the results at room temperature. This may be especially
problematic with new materials whose thermo-responsive properties have not been investigated.
In addition, some materials, such as dextran, also have negative relationship between m and

temperature, although they are not considered to be thermo-responsive [229,230]. Osmometry
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methods which take place at room temperature, such as DMO and vapour pressure osmometry,

have an advantage over FPO in this regard.
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Figure 3.4 m.i (gauge) of soluble polymer solutions in water under air as a function of
temperature for non-thermo-responsive PDADMAC (20 wt.%) and thermo-responsive soluble

PDMAAM (17 Wt.%, T, = ~28 °C) and PNIPAM (20 wt.%, LCST = 31-33 °C [227]) .

3.3.4 Performance of g-PDMAAmM as a FO Draw Agent

The performance of g-PDMAAmM as a draw agent was studied using a u-tube apparatus.
Due to the small sample size used, the initial rates (after 2 min) are reported. As highlighted by
Orme et al., making conclusions from the initial rates can be problematic [111]. It is therefore
important to emphasize that although these experiments are an important starting point in the

characterization of the performance of g-PDMAAmMm, they do not necessarily reflect how the gel
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will perform on a larger scale and on an apparatus specifically designed and optimized for

hydrogel draw agents.

Pre-wetted g-PDMAAmM was used a draw agent against NaCl feed solutions (1.75 or
3.5 wt.%) (see Figure 3.5.a). Samples of g-PDMAAmM were swollen with a given amount of water
(30 or 50 wt.% gel), then carbonated by exposure to 1 atm of CO; overnight. Swollen gels were
springy and retained their shape. It was therefore challenging to ensure that the whole membrane
was covered with gel, and the contact between them was firm. g-PDMAAmM showed high initial
fluxes, even against the more concentrated feed. Because the more concentrated feed (3.5 wt.%
NacCl) had an initial  of ca. 27 bar, the pre-wetted g-PDMAAmM must have a significantly greater
ncoz. The performance of g-PDMAAmM compared to CO2- and thermo-responsive gels reported in
the literature is show in Table 3.1. g-PDMAAmM is able to draw water from more concentrated
feeds than mono-responsive gels in the literature and exhibits a significantly improved water
recovery. Note that the flux of g-PDMAAm and its contact with the membrane could be

improved by making microgels rather than a bulk gel [183].

The flux declines rapidly with time, as is common for small loadings of hydrogel in
similar apparatuses (Figure 3.5.b, S9) [164]. This phenomenon is partially because the draw agent
was not recirculated like liquid draw agents and because of the small samples used. As they are a
solid material, the mass transfer of water within the gels is poor; within the first few minutes, the
portion of the gel that is in contact with the membrane is quickly soaked with water, equilibrating
its © with the feed resulting in a decrease in flux. The transport of water through the gel away
from the membrane is slow, causing a concentration gradient to form within the gel, which limits

the amount of gel that can participate in FO.

To further investigate the mass transfer within the gel draw agent, after an FO experiment
of 1.75% NaCl vs 30 wt.% g-PDMAAm, a section of gel which was in contact with the

membrane (no further than 2 mm away) was immediately removed and analyzed by TGA to
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determine the water content. The polymer composition close to the surface of the membrane was
found to have decreased from 30 wt.% to ca. 14 wt.% (Appendix C, Figure C6), while the
polymer composition of the gel sample used in the FO experiment as a whole decreased to just 25
wt.% (Figure 3.5.b). This indicates that gel further away from the membrane does not play an
active role in the FO process during the period of high flux. While the © of a gel cannot be
obtained by traditional methods (e.g., DMO or freezing point osmometry) which are designed for
liquids, a rough estimate of the osmotic pressure inside the gel can be obtained by comparison to
the m of the corresponding soluble polymer [150]. The nco2 of 14 wt.% soluble PDMAAM (My =
16 kDa) and the 1.75 wt.% feed solution are very close (ca. 11 bar and 13 bar respectively) [224].
This suggests that the flux declined because the nco, Of the draw agent at the membrane surface
becomes equilibrated with the m of the feed solution. Indeed, the same mass of soluble PDMAAm
outperforms g-PDMAAmM in terms of initial flux and the equilibrium volume of water the draw
can extract from the feed, partially due to its superior contact with the membrane and superior

mass transfer within the draw. (Appendix C, Figure C7).
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Figure 3.5 FO performance of g-PDMAAmM in PRO mode: a) initial flux with varying feed and
draw solution concentrations; b) representative curve of flux and draw agent concentration vs

time (30 wt.% g-PDMAAmM draw vs. 3.5 % NaCl feed, red solid diamonds). The net
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concentration of the draw agent (blue filled circles), as well as the final concentration of the draw

agent at the membrane surface (blue hollow circles) are shown.

Table 3.1 Comparison of selected CO.- and thermo-responsive hydrogel draw agents from the

literature.

FO Performance
Material Trigger Feed Draw Fluxt/ Water Released/

LMH %

P(DEAEMA-PEGDA)® CO; 0.2 % NaCl 0.1ggel, 56 54-58
microgel [150] 50% water
P(DEAEMA-NIPAM) Heat 0.2 % NaCl 0.1gdry 456  44.8
microgel [183] gel
P(NIPAMgs-AAMs)© Heat 0.2 % NaCl 0.1gdry 24.7  78.7
microgel [228] gel
PDMAAmM bulk gel CO. + 1.75% NaCl 19 gel, 44 944
This work heat 50% water

24PRO mode, using apparatuses with not circulation on the draw side.
b DEAEMA = 2-(diethylamino) ethyl methacrylate, PEGDA = Poly(ethylene glycol diacrylate)
¢ AAm = acrylamide

4 the wt% water released here is less than that in section 3.2.3 because the Wwg here was lower.

Consistent performance with multiple cycles is a key property of any draw agent.
g-PDMAAmM was subjected to various cycles of swelling and deswelling to explore its reusability
(Figure 3.6). While the SR decreased after a few cycles from the initial value, this did not affect

the performance of the gel as a draw agent. Neither the initial flux nor water recovery changed
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significantly over 10 cycles. If feeds with high & are used, the gel will likely never be swollen to
its maximum extent (due to the lower Am), so a slight decrease in the swelling ratio can be
tolerated. It should be noted that to measure the SR the gels were deswelled to their maximum
extent (almost to dryness), while as a draw agent the gels would only be deswelled back to their
initial concentration. It is possible that drying the gels repeatedly decreases their swelling ability,

or increases the time needed to return to the equilibrium value.
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Figure 3.6 Performance of g-PDMAAmM draw agents in PRO mode over several cycles: a)
swelling ratio and b) initial flux (hollow bar) and water recovery (solid bar) over several cycles
(30 wt.% g-PDMAAmM vs 1.75 wt.% NaCl). The line in a) was added to guide the eye.

3.4 Conclusions

A dual responsive PDMAAmM gel was synthesized by a one pot synthesis, and its
performance as a draw agent was analyzed. The synergistic combination of CO»- and thermo-
responsiveness lead to an impressive QSR of 4960 when swelled in carbonated water, and the
release up to 99.9 wt.% of absorbed water when exposed to mild heat. Thermo-responsivity can
enhance properties of a COj-responsive draw agents by reducing the percent protonation,

hydrophilicity and mair. This leads to enhanced water recovery while maintaining a high flux. The
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PDMAAmM gel exhibited high initial fluxes from concentrated NaCl feeds and can be reused

multiple times.
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Chapter 4

CO2-Responsive Magnetic Particles

4.1 Introduction

A successful draw agent must induce a high flux from concentrated feeds while
remaining easily removed from water. However, the high = required to produce a high flux can
make the draw agent difficult to remove. In response, many researchers have explored the use of
magnetic nanoparticles as draw agents (generally using magnetite), which can be recovered by

application of an external magnetic field.

In addition to their facilitated removal, magnetic particle draw agents have other
advantages. Due to their size, magnetic particles generally have low RSF. By using a magnetic
field, magnetic draw agents can be localized and concentrated at the membrane surface [110].
Polymer grafted magnetic particles reportedly exhibit higher m than the same free polymer,
possibly due to the more extended orientation of the grafted polymer (which is more accessible to

hydration), as opposed to a more constrictive coil adopted by a free polymer [190].

Magnetic particle draw agents are also accompanied by several severe drawbacks. Pure
magnetite particles are prone to oxidation [231], suffer from aggregation [232], and have low
dispersibility in water. The surfaces of magnetite particles are often modified to increase chemical
resistance, reduce aggregation, and increase flux. However, the synthesis of functionalized
magnetic particles is currently more expensive than traditional draw solutes (e.g., free polymers),
which makes them less attractive and practical as draw solutes. The size of the particles may also
present difficulties; while smaller particles have higher osmolalities, they are also more difficult
to recover [233]. Magnetite particles can also foul the FO membrane (depending on their size and
surface functionalization) by embedding themselves into membrane pores [110,194,197].

Depending on the size and functionalization of the magnetic particles, they may recover very
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slowly by application of a magnetic field alone, and require additional separation steps (e.g., UF)

[140].

As pure magnetite nanoparticles exert a low m [185,200], magnetite has been
functionalized with hydrophilic materials (e.g., PSA [138,190,201], citric acid [197], PEG [128],
dextran [189], sodium alginate sulfate [205]) to improve flux. It is noteworthy that despite this,
many magnetic particles fail to achieve significant fluxes against saline feeds (Table 1.9). Some
magnetic nanoparticles functionalized with hydrophilic materials may be recovered from
dispersions by application of a magnetic field [189,205]. However, when the hydrophilic particles
are swollen with water after FO they often become increasingly difficult to completely recover

with an external magnetic field [138].

Stimuli-responsive materials have been grafted to the surface of magnetite in an effort to
achieve both high flux and easy draw agent removal. The stimuli-responsive coatings possess two
states: one which excels at pulling water across the FO membrane and one which facilitates draw
solute removal. In the former state the coating is generally hydrophilic, while in the latter state the
coating is more hydrophobic, which triggers the release of water from the particles or cause the
particles to aggregate. After osmosis, the magnetic particles are switched to the more
hydrophobic state, which facilitates the particle removal via magnetic separation. One of the most

common triggers for stimuli-responsive magnetic draw agents is heat.

Thermo-responsive materials with a LCST exhibit a sharp decline in the solubility above
their cloud point. Thermo-responsive moieties (e.g., PNIPAM, LCST = 31-33 °C [227]) and
hydrophilic moieties (e.g., PSA [41], triethylene glycol [192]) have been grafted to magnetic
nanoparticles. Heating these particles above their cloud points triggers the release of absorbed
water from the thermo-responsive coating and particle aggregation, which greatly facilitates the

draw solute’s removal. However, combining a hydrophilic and thermo-responsive material in a
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draw solute often results in a compromise between high flux and ease of removal, as discussed in

detail in Chapter 3.

Although CO»-responsive magnetite particles have been synthesized in the past [32,234—
236], they have never been tested as FO draw agents. Incorporating CO2-responsivity may lend
similar benefits to magnetic draw agents as they have to polymers (Chapter 2) and hydrogels
(Chapter 3). This chapter presents the first exploration of a CO,-responsive magnetic FO draw
agent. Two different structures were considered: PDMAEMA microgels containing dispersed

magnetite nanoparticles (MNP) (Figure 4.1.a) and PDMAEMA-coated MNP (Figure 4.1.b).

b)

Crosslinks

MNP

PDMAEMA

< > C——
~20 ym ~50 nm

Figure 4.1 lllustrations of the CO--responsive magnetic particles explored in this chapter: a)
PDMAEMA microgels with embedded MNP and b) PDMAEMA functionalized MNP.

Ilustrations are not to scale.

4.2 Materials and Methods

4.2.1 Materials
Ethylenediamine (>99%), ethylenediamine dihydrochloride (98%), methanol (=99.8%),
methacrylic anhydride (94%, contains 2,000 ppm topanol A), 2-propanol (>99.5%), iron(II)
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chloride tetrahydrate (>99.0%), ammonia (> 25% in water), 3-(aminopropyl)triethoxysilane
(APTS, 99%), glutaraldehyde (grade Il, 25% in water), Tween® 80, Span® 80, Triton® X-100,
chloroform (>99.8%, contains ethanol as stabilizer), THF (>99.0%, contains 250 ppm BHT as
inhibitor), copper(ll) bromide (99%), 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA,
97%), tin(ll) 2-ethylhexanoate (Sn(EH)., 92.5-100.0%), ethylene glycol (anhydrous, 99.8%),
phosphorus(V) oxychloride (99%) and a-bromoisobutyryl bromide (BIBB, 98%) were obtained

from Sigma-Aldrich and used as received.

AIBN (>98%) was obtained from Sigma-Aldrich, and was recrystallized from methanol
before use. DMAEMA (98%, containing 700-1000 ppm monomethyl ether hydroquinone as
inhibitor) was obtained from Sigma-Aldrich. The inhibitor was removed by passing DMAEMA
through a column of basic alumina before use. Dowex® 1x4 chloride form (200-400 mesh) ion-
exchange resin was obtained from Sigma-Aldrich. The resin was converted to the hydroxide form
by stirring in ca. 5 volume excess of 5 wt.% NaOH solution for 3 h, then washing with water until

the pH of the permeate was neutral.

Sodium dodecyl sulfate (SDS, 95%) was obtained from T.J.Baker and was used as
received. Iron(l11) chloride hexahydrate (97-102%, as reported on the label) was obtained from
Alfa Aesar and used as received. THF (anhydrous) was obtained from Millipore and used as
received. Mazola brand canola oil was obtained from a grocery store and used as received.
Concentrated hydrochloric acid (36.5-38.0%), DMF (99.9%) and DMSO (99.9%) were obtained

from Fisher and used as received.

Dialysis tubing (3.5 kDa MWCO) was obtained from Thermo-Fisher. FTS H20 FO
membranes (4.7 cm diameter disks) were obtained from Sterlitech. All water was obtained from a
Synergy Millipore system (with a resistivity of 18.2 MQ before contact with air). CO, (grade 3.0)

and argon (grade 5.0) were obtained from Praxair.
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During the draw agent synthesis, a RZR 50 Caframo overhead stirrer equipped with a 2-
pronged (4.5 cm blade length) stir shaft was used to stir magnetic particles. Particles were
dispersed using an ultrasonic bath (Fisher Scientific, FS30) and ultrasonic probe (Fisher
Scientific, sonic dismembrator, Model 500). A 4x4x2 cm neodymium alloy magnet from
DYIMAG (purchased from Amazon) was used to separate magnetic particles. Polymer solutions

were dried using a Labconco FreeZone 6 Plus lyophilizer (0.01 mbar, -60 °C).

4.2.2 Characterization

4.2.2.1 Polymers

The polymers synthesized in this work were characterized by *H NMR spectroscopy, IR
spectroscopy and GPC. *H NMR spectra were recorded at 298 K with a Bruker Avance 398 MHz
NMR spectrometer. Fourier transform infrared (FTIR) spectra were collected on an Agilent
Technologies Cary 630 FTIR base spectrometer using an ATR accessory over 400-4000 cm™! for
magnetite, and 600-4000 cm™! for all other materials. The GPC analysis was performed on an
Agilent GPC equipped with PSS NOVEMA Max Lux and PSS NOVEMA Max Lux analytical
columns, and a light scattering detector (calibrated with poly(2-vinylpyridine) standards,
1,000,000-1,000 g/mol). Samples (2 mg/mL) were filtered with 0.2 pum syringe filters.
Measurements were obtained at 40 °C with a flow rate of 1 mL/min using an acidic aqueous

eluent (0.3 wt. % LiBr, 0.3 M formic acid in HPLC grade water).

4.2.2.2 Magnetite Nanoparticles

The crystal structure of the magnetite nanoparticles was confirmed by powder XRD using
a Bruker AXS D8 Venture Duo diffractometer operating with Cu Ka radiation from 15-70°. The
size of the particles was determined by TEM (Thermo Scientific Talos F200i) at an accelerating
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voltage of 200 kV. Particles were dispersed in water then cast on to Carbon type B coated 200
mesh Cu grids. Grids were dried under air at room temperature. A second grid was place on top
of the sample loaded grid prior to insertion in the TEM. Particle size was measured manually

using Micron 2.0 software, from a minimum of 50 particles.

4.2.2.3 PDMAEMA-Magnetite Particles

The compositions of all particles (microgel and nanoparticle) were determined by FTIR
(as previously described) and TGA. TGA was conducted using a Texas Instrument Q500. The
particles were analyzed using the following procedure: heating from room temperature to 120 °C

at 20 °C/min; isothermal for 10 min; 120 °C to 900 °C at 20 °C/min; isothermal for 10 min.

The size of the microgels were measured by an optical microscopy using a Fisher
Scientific Micromaster optical microscope. Particle sizes were measured manually using Micron
2.0 software, from an average of ca. 100 particles. TEM images were obtained as described in

section 4.2.2.2.

4.2.2.4 Flux Characterization

The flux of the magnetic draw agents was determined using a glass U-tube apparatus
(Appendix C, Figure C1). Feed solutions are placed below the membrane and draw solutions are
placed above the membrane. Circular FTS H20 FO membranes (2.5 cm diameter) were soaked in
the feed solution for 1 h prior to use, then placed in the U-tube apparatus, with the active side
facing the feed. Flux (liters of water transferred from the feed to the draw per m? of membrane
per hour, equation 1.6) was measured using the change in concentrated of the feed over time. The

feed concentration was monitored over time using a conductivity probe (Thermo Scientific Orion
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013005MD). NaCl concentrations were calculated from the observed conductivities using a

calibration curve of the conductivity of NaCl standard solutions.

Draw agents were carbonated under 1 atm of CO; prior to use. Liquid draw solutions
were carbonated by bubbling CO; through the solution for 4 h, while solid draw agents were
exposed to 1 atm of CO- overnight. During the FO experiment, the draw side of the U-tube was

kept under an atmosphere of CO,. The duration of the FO experiments was 1 h.

4.2.3 Synthesis of Magnetite Nanoparticles
MNPs were synthesized via previously reported methods [237,238]. FeCl,-4H,0 (12 @)

and FeCls-6H,0 (24.3 g) were added to a round bottomed flask. The salts were dissolved in water
(50 mL) under argon with magnetic stirring. The solution was heated to 70 °C, and ammonium
hydroxide (25% aqueous solution, 40 mL) was added to the solution dropwise. The solution was
stirred for 30 min, then cooled to room temperature. The black precipitate was recovered by
applying a magnetic field and decanting the supernatant. The product was washed with water (3 x
50 mL) and stored as a wet slurry. Dry magnetite was obtained by removing the water in a
vacuum oven at 60 °C overnight, then grinding the product into a fine powder with a mortar and
pestle. The magnetic nanoparticles are used in the synthesis of the PDMAEMA-MNP microgels

and the PDMAEMA-functionalized MNP.

4.2.4 Synthesis of PDMAEMA-MNP Microgels

4.2.4.1 Synthesis of 2-Aminoethylmethacrylate Hydrochloride
The synthesis of 2-aminoethylmethacrylate (AEMA) hydrochloride was based on

previously reported methods [239,240]. Ethylenediamine (16 mL) and ethylenediammounium

hydrochloride (30 g) were dissolved in water (100 mL), and magnetically stirred at room
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temperature for 1 h. Methanol (100 mL) was added, and the solution was cooled in an ice-water
bath. Once the temperature had equilibrated, methacrylic anhydride (68 mL) in methanol (50 mL)
was added dropwise to the solution over 30 min. The solution was stirred in the ice-water bath for
1 h, then warmed to room temperature and stirred for 30 min. Concentrated hydrochloric acid
(40 mL) was added to the solution dropwise. The solution was stirred for another 1 h. The solvent
was removed by rotary evaporation, and the crude product was washed with acetone. The
precipitate was recrystallized from 2-propanol at 4 °C, and dried under vacuum at 45 °C. The
'H NMR spectrum matched literature reports (Appendix D, Figure D5.iii) [240]. *H NMR (400
MHz, DO, ppm): 5.69 (0.97H, HCH=C), 5.42 (1.0 H, HCH=C), 3.59 (2.0H, OCNCH,), 3.10

(2.0H, H,.CNH,), 1.85 (3.0H, CHs).

4.2.4.2 Synthesis of P(DMAEMA-AEMA)
A Schlenk flask was flame dried and purged with argon three times. Dry DMSO (27 mL)

was added to the flask, followed by AEMA-HCI (1.5 g). The solution was mixed with a magnetic
stir bar. After the AEMA-HCI was completely dissolved, DMAEMA (9 mL) was added to the
flask. The solution was heated to 65 °C. Once the temperature had equilibrated, AIBN (52 mg)
was added to the solution. The solution was stirred at 65 °C over night. The crude reaction
mixture was dialyzed with 3.5 kDa MWCO tubing in 4 L of deionized water. The water was
exchanged 5 times, with a minimum residence time of 4 h between exchanges. The polymer
solution was passed through a column of hydroxide ion-exchange resin, then the solvent was
removed by lyophilization, yielding pure polymer. *H NMR (400 MHz, DO, ppm): 4.07 (2.0H,
H.CCON), 3.58 (0.2H, CH2CH2NHsCI), 3.14 (0.2H, CH2NH1CI), 2.65 (2.4H, CH2N(CHa),), 2.23
(6.0H, (CHs)2N), 1.83 (1.8H, CCHC), 0.92 (3.3H, CHsC). GPC (water, 0.3 wt. % LiBr, 0.3 M

formic acid): My =41kDa, b =5.8.
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4.2.4.3 Synthesis of APTS functionalized magnetite

APTS was grafted onto the magnetite nanoparticle surface following a procedure based
on reference 241. Magnetite powder (0.5 g) was added to a 1:1 v:v solution of ethanol in water
(100 mL total) and sonicated in an ultrasonic bath for 20 min. The solution was then mixed using
an overhead stir shaft at 1000 rpm and APTS (2 mL) was added dropwise to the solution. The
solution was then heated to 70 °C for 3 h. The solution was cooled to room temperature, and the
particles were collected by applying a magnetic field and decanting the supernatant. The particles
were washed with water (2 x 20 mL) followed by ethanol (2 x 20 mL). The particles were dried in
a vacuum oven at 45 °C for 4 h, and ground into a fine powder with a mortar and pestle prior to

use.

4.2.4.4 Synthesis of PDMAEMA-MNP Microgels

PDMAEMA-MNP microgels were synthesized via a method based on references
237,242, and 243. P(DMAEMA-AEMA) (1 g), SDS (1 mg) and PVP (3 mg) were dissolved in
water (5.5 mL). APTS-functionalized magnetite (50 mg) was added to the solution. The
dispersion was sonicated using an ultrasonic probe (55% max amplitude) for 20 min to ensure the
magnetite was well dispersed. Span® 80 (2.4 mL), Tween® 80 (0.6 mL) and Triton X-100 (0.6
mL) were mixed into canola oil (60 mL). An emulsion was formed by mixing the organic phase
and aqueous phase with an overhead stir shaft at 2000 rpm for 20 min. The speed was decreased
to 450 rpm and glutaraldehyde (25 wt.% aqueous solution, 100 pL) was added dropwise to the
emulsion. Stirring was continued for 2 min. The particles were sedimented by centrifugation
(Thermo Scientific, IEC Medilite microcentrifuge) for 2 min, followed by washes with toluene (2
X 60 mL), ethanol (3 x 60 mL) and water (3 x 60 mL). After the final wash, the particles were
redispersed in water by mixing for 20 min at 2000 rpm with an overhead stir shaft. The particles

were stored as a slurry.
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4.2.5 Synthesis of PDMAEMA-Functionalized MNP

4.2.5.1 Synthesis of ATRP Initiator

The ATRP initiator 2-(phosphonooxy)ethyl 2-bromo-2-methylpropanoate (PEBMP) was
synthesized by the procedure described in reference 244. Anhydrous ethylene glycol (20 mL) was
added to a Schlenk flask under argon. The flask was cooled in an ice-water bath, and the ethylene
glycol was magnetically stirred at 500 rpm. BIBB (2 mL) was added dropwise to the ethylene
glycol, then the solution was left to stir for 3 h. Water (10 mL) was added to the flask, and the
product was extracted with chloroform (3 x 20 mL). The organic layer was dried with magnesium
sulfate, which was subsequently removed by gravity filtration. The solvent was removed by
rotary evaporation to yield 2-hydroxyethyl 2-bromo-2-methylpropanoate. The *H NMR spectrum
matched literature reports [244]. *H NMR (400 MHz, CHCls, § ppm): 4.25 (1.9H, CH,0C), 3.81

(2.0H, CH;0H), 3.05 (1.0H, OH), 1.91 (6.0H, (CHa),).

Anhydrous THF (60 mL) and 2-hydroxyethyl 2-bromo-2-methylpropanoate (3.7 mL)
were added to a Schlenk flask under argon. The flask was cooled in an ice-water bath, and the
solution was magnetically stirred at 500 rpm. Phosphorus(V) oxychloride (2.5 mL) was added
dropwise to the solution. After 1 h, the ice-water bath was removed, and the solution was left at
room temperature for 3 h. Water (45 mL) was added to the flask, and the solution was extracted
with chloroform (3 x 70 mL). The organic layer was dried with magnesium sulfate, which was
subsequently removed by gravity filtration. The solvent was removed by rotary evaporation to
yield PEBMP. The *H NMR and IR spectra (Figure 4.8.a) matched literature reports [244]. H

NMR (400 MHz, CHCls, 8 ppm): 4.29 (2.5H, CH,OC), 3.87 (2.0H, CH,OP), 1.94 (6.0H, (CHs),).
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4.2.5.2 Grafting ATRP Initiator to Magnetite Nanoparticles
Anhydrous THF (10 mL), dry magnetite nanoparticles (0.2 g) and PEBMP (0.4 mL) were

added to a 4 dram glass vial and sonicated in an ultrasonic bath for 45 min. The vial was shaken
on a shaker plate overnight at 400 rpm. The particles were recovered by magnetic separation and

washed with THF (3 x 20 mL). The particles were dried at room temperature under vacuum.

4.2.5.3 SI-Polymerization of DMAEMA from Magnetite Nanoparticles

Initiator-grafted magnetic particles (50 mg) were ground into a fine powder with a mortar
and pestle and added to the 3-neck round bottom flask followed by DMAEMA (5 mL) and a
solution of CuBr, (5 mg) and HMTETA (8.5 uL) in methanol (0.5 mL). The dispersion was
sonicated using an ultrasonic bath for 5 min then the 3-neck flask was then equipped with an
overhead stir shaft and an argon inlet. The third neck was used to add reagents and was sealed
with a septum. The solution was then heated to 40 °C and stirred at 2000 rpm under a flow of
argon. Once the solution reached the desired temperature, Sn(EH). (500 uL) was added to the
dispersion via syringe injection through the septum in the third neck. After 16 h, the reaction
mixture was cooled to room temperature, and the dispersion was precipitated into cold hexanes (2
x 50 mL), followed by washing and magnetic separation with THF (2 x 20 mL) and water (2 x 20

mL). The particles were stored as a slurry in water.

4.3 Results and Discussion

4.3.1 Microgel Characterization

PDMAEMA microgels with embedded magnetite were synthesized using a method based

on previous reports [237,242,243], by crosslinking water-in-oil emulsion droplets containing
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PDMAEMA and MNP (Figure 4.2 and Appendix D, Figure D1). First, MNP and PDMAEMA
were modified to contain primary amines which can react rapidly with glutaraldehyde
crosslinkers at room temperature. Specifically, DMAEMA was copolymerized with a small
fraction of AEMA, and MNP were functionalized with APTS. Amino-functionalized MNP were
dispersed in an aqueous solution of P(DMAEMA-AEMA), which was then mixed with oil and
surfactant to form a water-in-oil emulsion. Glutaraldehyde was added to the emulsion which
crosslinked the primary amines in the polymer chains, and the magnetite surface, to form
microgels of PDMAEMA with embedded MNP. Qil, surfactant and uncrosslinked polymer were

removed by successive washes with toluene, ethanol and water.
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Figure 4.2 Synthetic procedure for PDMAEMA-MNP microgels: a) grafting of APTS to MNP,
b) synthesis of P(DMAEMA-AEMA), c¢) crosslinking reaction, d) illustration of microgel

formation.

The successful synthesis of magnetite was confirmed by powder XRD (Appendix D,
Figure D3) [245,246]. The IR spectrum of the MNP showed the characteristic peak at 562 cm™®

indicative of Fe-O vibrations (Figure 4.3.a) [246,247]. The diameter of the individual MNP was
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determined to be 5-15nm by TEM (Appendix D, Figure D4.a), in agreement with previous

reports [248,249].

Successful grafting of APTS to the MNP was confirmed by IR spectroscopy, through the
appearance of C-H stretches (2860-2925 cm™), N-H stretches (3000-3500 cmt), and overlapping
C-N and Si-O stretches (1006-1207 cm™) (Figure 4.3.a) [246,250]. After grafting the MNP with
APTS an additional 8 wt.% decline is observed between 200-700 °C by TGA, which is indicative

of the decomposition of organics from the magnetite surface (Figure 4.3.b).

The successful purification of the DMAEMA-AEMA copolymer was confirmed by
H NMR spectroscopy, through the observation of the disappearance of the alkene monomer and
DMSO peaks (5-6 ppm and 2.7 ppm respectively) (Appendix D, Figure D5). After
polymerization, the peaks of the polymer were broad due to the increased molecular weight. The
proportion of AEMA in the final polymer was determined by integration of the *H NMR CH;NH;
peak originating from AEMA to the CO,CH> peak originating from DMAEMA (Appendix D,
Figure D6). The molar ratio of AEMA to DMAEMA in the final polymer was determined to be
9:91 (slightly lower than the theoretical ratio of 15:85). The presence of AEMA in the copolymer
can also be seen in the IR spectra, through the shifted carbonyl stretching peak at 1650 cm™

(Appendix D, Figure D7).

Mixing the aqueous phase containing P(DMAEMA-AEMA) and dispersed APTS-
functionalized MNP into the oil phase produced an emulsion, with droplets ranging from 5-30 um
in diameter (Appendix D, Figure D8). The polymer in the emulsion was crosslinked into a
microgel upon addition of glutaraldehyde. The dialdehyde rapidly reacts with primary amines to
form a Schiff base. This reaction can occur between AEMA units in P(DMAEMA-AEMA) which
crosslinks the polymer into a microgel, and between AEMA and ATPS-functionalized MNP

which covalently anchors the MNP into the microgel.
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After crosslinking, the IR spectrum of the isolated magnetic microgels matches that of
P(DMAEMA-AEMA) (Figure 4.3.a). The composition of the particles was determined to be
9.8 wt.% magnetite by TGA (Figure 4.3.b). The size of the particles in neutral water at 20 °C was

determined to be 9+4 um by optical microscopy.
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Figure 4.3 Characterization of PDMAEMA-MNP microgels and their precursors: a) IR spectrum

and b) TGA thermogram.
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It was essential to covalently bind the MNP within the polymer network so they would
not migrate out of CO.-responsive hydrogel when it was swollen under CO,. To determine if
APTS functionalization successfully anchored the MNP within the microgel, PDMAEMA-MNP
microgels were exposed to an acidic solution (HCI, pH 1) for 16 h. (NB, the particles used in
this study contained 5 wt.% magnetite. These particles were made following the same
procedure as described in section 4.2.4.4, but with half the mass of magnetite). The
particles were subsequently treated with base then washed three times with water. Microgels
made with APTS-functionalized magnetite showed a slight (3.6 wt.%) increase in MNP content
(Figure 4.4). If MNP were migrating out of the gel in acidic conditions, the wt.% after heating to
900 °C would decrease after treatment with HCI. The increase in MNP content in the microgel
may be due to the migration of uncrosslinked P(DMAEMA-AEMA) out of the microgel. Note
that degree of hydrolysis of the ester groups in PDMAEMA is expected to be negligible at pH 1
after 16 h [251]. This test also demonstrated that the APTS and polymer coating increases the

chemical resistance of the magnetite, as bare magnetite oxidizes rapidly at pH 1.
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Figure 4.4 TGA thermograph of COg-responsive microgel particles before and after acid

treatment.

4.3.2 Microgel Stimuli-Responsivity
In water, PDMAEMA is both CO2- and thermo-responsive (LCST = 32-53 °C [211]).

The effects of both triggers were explored separately. The CO-responsivity of the PDMAEMA-
MNP microgels was explored by exposing dilute aqueous dispersions of the particles to different
atmospheres (CO. and air) at a constant temperature of 20 °C. Under air at 20 °C, the
PDMAEMA-MNP microgels have a diameter of 18+8 um and exist in small aggregates. Upon
exposure to CO; (at 20 °C) the diameter of the microgels increases to 50+10 pm, which
corresponds to a 17-fold increase in volume (Figure 4.5.a,b). The gels expand upon exposure to
CO; due to the increased hydrophilicity and = inside the gel caused by the generation of

bicarbonate salts.

The thermo-responsivity of the PDMAEMA-MNP microgels was explored by exposing
dilute aqueous dispersion of microgels to various temperatures (20 and 60 °C) under a constant

atmosphere of air. As temperature increased from 20 °C to 60 °C, the microgels contract and
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form large aggregates (Figure 4.5.b,c). Above their VPTT, intramolecular polymer interactions
become more favourable than polymer-water interactions, resulting in a decrease in particle size.
The formation of aggregates is reversed upon application of CO; or lowering the temperature and

rapidly mixing the dispersion.
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Figure 4.5 Optical microscope images of PDMAEMA-MNP microgels in water a) under CO; at 20 °C, b) under air at 20°C and c) under air after
exposure to 60 °C.
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To explore the performance of the microgels with repeated use, the microgels were
subject to 5 cycles of carbonation (under an atmosphere of CO, at 20 °C) followed by
decarbonation (under an atmosphere of air at 60 °C). After the 2" cycle, some sediment was

observed. However, the overall size distribution remained relatively unchanged (Figure 4.6).
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Figure 4.6 Size distribution of microgel particles in agueous dispersions observed by optical
microscopy, under CO, at 20 °C, after successive cycles (0-5) of carbonation (under an

atmosphere of CO; at 20 °C) and decarbonation (under an atmosphere of air at 60 °C).

4.3.3 Nanoparticle Characterization

PDMAEMA-functionalized MNP were synthesized by polymerizing DMAEMA from the
MNP surface via surface initiated-Activator ReGenerated by Electron Transfer (SI-ARGET) atom
transfer radical polymerization (ATRP) (Figure 4.7). ARGET was used as it is more tolerant to

air than traditional ATRP, which facilitates scale up and the use of mechanical stirring.
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Figure 4.7 Synthesis of PDMAEMA-Fe30, nanoparticles

PEBMP was selected as the ATRP initiator as it results in increased grafting density
compared to more common alternatives such as BIBB [244]. The grafting of PEBMP on the MNP
surface was confirmed by the appearance of the aliphatic C-H (2917-3077 c¢cm™), C=0 (1732
cm?), P=0 (1274 cm?) and P-O (1021 cm™) stretches in the IR spectrum (Figure 4.8.a). The
amount of initiator on the surface was determined to be 13 wt.% by TGA (Figure 4.8.b). The high

amount of grafted initiator is consistent with previous reports [244,252].

After polymerization, the IR spectrum of PDMAEMA-functionalized MNP matches that
of PDMAEMA (Figure 4.8). The loading of polymer was determined to be 34 wt.% by TGA. As
magnetite is significantly denser than PDMAEMA (5.175 g/mL [186] vs 1.32 g/mL [253]) the
volumetric ratio of PDMAEMA in the nanoparticle (0.4 MNP: 1 PDMAEMA) is significantly
higher than the weight ratio (1 MNP: 1.6 PDMAEMA). The volume of the PDMAEMA coating
will be further increased in solution, when the PDMAEMA is swollen with water. The
PDMAEMA coating can be visualized by TEM (Appendix D, Figure D4.b). The PDMAEMA
layer can be seen to expand upon protonation with glycolic acid (Appendix D, Figure D4.c). The

stimuli-responsivity of the nanoparticles could not be measured due to instrumental limitations.
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Figure 4.8 Characterization of PDMAEMA modified nanoparticles and their precursors: a) IR

spectrum and b) TGA thermograms.

4.3.4 FO Performance

The FO performance of the magnetic microgels and nanoparticles were assessed using
the U-tube apparatus that had been employed to measure fluxes in Chapter 3 (Appendix C, Figure
C1). Various concentrations of draw agent and feed solution were used. Microgels were used in
concentrations of 1, 3, 30 and 50 wt.% prior to carbonation. Nanoparticles were used in
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concentrations of 1 and 8 wt.% prior to carbonation. Feed solutions of 3.5, 1.75, 0.2, and 0.1

wt.% NaCl were used.

None of the draw agents tested were able to pull a detectable amount of water across the
FO membrane in 1 h, even against dilute feeds. Higher concentrations of draw agents were
initially employed (30-50 wt.% of the microgels, and 8 wt.% for the nanoparticles), as « increases
with concentration. None of these draw agents produced a significant flux, even against dilute
feeds. It was hypothesized that the poor results may be due to poor physical properties arising
from the high concentration of draw agent. At high concentrations, the microgels were a solid,
and it was consequently difficult to achieve complete and intimate coverage of the membrane.
The solid nature of the draw solute could also lead to decreased mass transfer and therefore
decreased carbonation within the microgel. While the nanoparticle dispersions were a fluid at all
concentrations explored, the dispersions become viscous at high concentrations, which could also
lead to decreased rates of carbonation. In addition, the aggregation of magnetic nanoparticles is
expected to be severe at high concentrations, which could decrease the surface area and therefore

lower the 7 of the draw agent. Lower draw agent concentrations were therefore considered.

Draw agents of lower concentrations (1, 3 wt.% for microgels, 1 wt.% for nanoparticles)
were used in FO experiments against dilute feeds (0.2, 0.1 wt.% NaCl). Note that although these
concentrations are low, magnetic draw agents with similar concentrations have been reported to
exert fluxes from dilute feeds (Table 1.9). At low concentrations, the microgels had a consistency
of a wet paste, and the nanoparticle dispersions were less viscous. The improved consistency
facilitated the loading of the microgels on to the membrane and improved the contact between the
draw agent and the membrane. However, none of the dilute draw agents produced a significant
positive flux against any feed, even 0.1 wt.% NaCl, which has a predicted 7 of just ca. 0.7 bar.

The poor FO performance may be due to the dilute draw agents’ low mco2. Further optimization
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of the draw concentration and balancing physical properties and mco, maybe be required to

produce positive flux results.

While the magnetic particles discussed in this chapter did not prove to be successful draw
agents, they may have more success in other applications. The microgels have the added
advantage of being easily removed under CO; as well as air, which may prove useful for in other

fields. Alternative applications of the PDMAEMA-MNP microgels are discussed in Appendix E.

4.3.5 Critique of Insoluble Draw Agents

Insoluble draw agents, such as gels and particles, attracted attention due to their ease of
removal and low RSF. Dozens of papers have been published on the subject, with varying
degrees of success. However, insoluble materials possess several inherent properties which limit

their potential as draw agents.

Due to their larger size (and often higher density), solid draw agents cannot achieve high
loadings in water. Increasing the concentration will either decrease the fluidity of the dispersion
(in the case of some microgels) or result in sedimentation (in the case of dense particles).

Significant loadings of draw solute are essential to produce a high .

As the particle size of the solid draw agent increases, other problems arise. Even if a high
concentration of draw agent can be achieved, as the particle size grows, so does the maximum
interparticle distance (Figure 4.9). For example, as the particle radius (r) increases from 0.5 um to
100 um, the maximum interparticle distance (approximately equal to 0.15 X r) increases from
0.07 um to 15 um. As the draw agent can only affect the chemical potential of water within a
certain distance of its surface, at a critical particle radius there will be water between the particles

which is unaffected by the particles and will have the same chemical potential as bulk water. As

121



the particle radius grows further (e.g., bulk gels), ECP and contact with the membrane must also

be addressed, as discussed in Chapter 3.

Figure 4.9 Radius of solid draw agents and osmotic pressure. Particles in closed packed
configuration are illustrated by black lines. The regions of water affected by the particle surface
are illustrated by dotted red lines. a) When particle size is small, the interparticle distance is
small; all the bulk water is affected by the particles. b) When particles size increases, the volume
of water between the particles increases; particles can no longer affect all the bulk water. Water

unaffected by the particles is highlighted in yellow.

The use of insoluble draw agents also presents mechanical challenges. Conventional
osmometers are designed to measure the m of solutions, which makes characterizing insoluble
draw agents difficult. In addition, conventional FO apparatuses are designed for fluids, not solids.
The use of insoluble draw agents would involve a significant redesigned of the traditional FO
apparatus. For example, the draw agent must either be stationary, or a method must be developed

to cycle solid material away from the membrane. These changes are not trivial.

122



Barring future improvements, as it currently stands the benefits provided by solid draw
agents are outweighed by their limitations. Furthermore, the benefits offered by solid draw agents
can all be provided for by modern soluble draw agents, which can be more easily incorporated

into industrial FO apparatuses.

4.4 Conclusion

The use of thermo-and CO,-responsive magnetic particles as FO draw solutes was
explored. Two types of particles were synthesized: PDMAEMA-functionalized MNP, and
PDMAEMA microgels with embedded MNP. Both the magnetic microgels and nanoparticles
failed to produce significant fluxes, even against dilute feeds. Their poor FO performance, in
combination with other problems common to insoluble draw agents, make them unlikely
successors to TMA as a high-performance draw agent. The ease of recovery of the magnetic

microgel particles may lead to their successful use in other fields.
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Chapter 5

Conclusions and Recommendations

5.1 Conclusions

This thesis presented an in-depth study of CO,-responsive forward osmosis draw solutes.
Forward osmosis has the potential to revolutionize the field of water purification by reducing the
energy required to filter concentrated feeds and facilitating the filtration of feeds with high
fouling propensity. Prior to this work, the only viable CO.-responsive draw solute was TMA,
which has excellent FO performance but is limited by its odour and safety hazards. This work
sought to find safe alternatives to TMA, while maintaining excellent FO performance. Several
different CO-responsive materials were studied in this thesis: soluble polymers, magnetic

particles, and hydrogels.

CO;- and thermo-responsive PDMAAM hydrogels were synthesized via a simple one
pot-synthesis. PDMAAmM hydrogels displayed high swelling ratios, were able to expel >99% of
absorbed water and exhibited high initial fluxes on a small scale. However, the gels were severely
limited by poor mass transfer and ECP which could restrict their use as a draw agent. FO
performance may be improved by using a new FO apparatus which circulates the gel while
maintaining firm contact between the gel and membrane. However, this requires a large

investment of time and capital which is unappealing as superior draw solutes exist.

Two COg-responsive magnetic draw agents were considered: PDMAEMA microgels
with embedded magnetite nanoparticles and PDMAEMA grafted magnetic nanoparticles. Neither
draw agent produced significant fluxes, even against dilute feeds. The advantages of using a
magnetic draw agent were outweighed by their numerous disadvantages, including reduced

chemical compatibility, more complex and costly synthesis, and decreased loading in water.
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Although these materials were not proven to be successful in this preliminary study, future work

and optimization may result in more success.

While the hydrogels and magnetic particles did not show great promise as draw agents in
this work, it was essential to explore the potential of these less conventional draw agents, if only
to eliminate them from contention. Exploring frontiers is important, even if they do not prove to

be successful.

Among all the draw solutes studied in this work, soluble polymers are the most promising
candidates to replace TMA. These polymers are relatively inexpensive to synthesize and would
be easy to substitute from TMA as they can be used in traditional apparatuses and use
conventional methods of recovery (e.g., UF). Among the polymers studied, PDMAAmM displayed
the best properties; concentrated PDMAAmM solutions produced high nco, While maintaining a
low . PDMAAmM was discovered to have thermo-responsive behaviour in water which could
further facilitate the draw solution’s regeneration. Preliminary FO results demonstrated that
concentrated PDMAAmM solutions can produce high fluxes from concentrated feed solutions. An
alternative synthetic route for PDMAAmM was developed to facilitate its production on a large
scale by avoiding the use of pyrophoric reagents and minimizing the use of flammable organic

solvents.

Further work has been done in the Jessop group to increase the mco, of PDMAAM and
decrease its viscosity [216]. The FO performance of PDMAAmM on a large scale is being
investigated by Forward Water Technologies. The introduction of PDMAAmM as a draw solute
could expand the range of feeds that can currently be processed by CO--responsive FO to include
feeds with high purify requirements, which currently cannot be done with TMA. It is hoped that
the technology first explored in this work will continue to be developed, and will one day lead to
more wastewater being properly disposed of, resulting in less damage to the environment and

human health.
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5.2 Recommendations for Future Areas of Study

5.2.1 Soluble polymers

While this work identified a promising draw solute candidate in PDMAAmM, much more
work remains to be done before it can be used industrially. Initially, further exploration of the role
of the structure of PDMAAm is required. This includes optimization of the molecular weight and
dispersity while considering their effect on viscosity, mir and RSF. The use (and viability) of
controlled radical polymerization should be considered when optimizing the dispersity. The
synthesis of PDMAAmM should also be examined in depth, to decrease its environmental impact

and cost.

Although the mair, mco2, and small-scale FO results of concentrated PDMAAmM solutions
are positive and mark an important first step in assessing draw solute ability, many other key
draw solute metrics have not yet been explored. The performance of PDMAAmM on a large-scale
FO apparatus must be assessed. The flux versus a range of feeds, RSF, optimal temperature and
membrane compatibility must be studied. The use of slight CO; pressures (<5 bar) to increase the
percent protonation of the amines should also be investigated; the benefits of the additional mtco2
must be balanced with increased equipment and operation costs. The recycling of PDMAAmM
must also be studied, including the dewater flux by NF, rate and percentage of decarbonation, rate
of recarbonation, as well as the purity of the product water. The use of solar or waste heat for
draw solute decarbonation and separation must be studied; this is essential to reduce the electric
power consumption of FO, and to make it competitive with traditional methods. In addition, the
use of the thermo-responsive properties of PDMAAmM during draw solute separation should be
investigated. The effect of using ionized water (e.g., municipal tap water) (as opposed to
deionized water) as the draw solution solvent on the LCST must also be considered. Finally, the

energy consumed by the whole FO process using PDMAAmM as a draw solute must be quantified
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and compared to other draw solutes and conventional water filtration techniques to determine

whether PDMAAm’s performance is competitive.

The anti-bacterial properties of PDMAAmM should be investigated. The anti-bacterial
properties of cationic amines have been extensively studied, including PEI [254] and
PDMAEMA [255,256]. PDMAAmM may exhibit the same properties when protonated. Bacterial
fouling can cause membranes to fail with catastrophic results, such as when they are used to
produce potable water for rural communities with limited water supplies [107,257]. While using
an anti-bacterial draw likely could not inhibit fouling on the feed side, it has the potential to
increase the lifespan of the membrane. The pH of the uncarbonated draw solution is likely high
enough to prevent bacterial growth.

Although PDMAAm is an excellent draw solute candidate, it was discovered from a
relatively small pool of contestants. Screening of more polymers could lead to a draw solute with
improved properties. Further work could include investigating the placement of the nitrogen
within the polymer- for example, poly(N-methylbutylenimine), which is an isomer of PDMAAm.
In addition, finding a polymer with an optimal pKax could also increase the mco?.

Finally, the polymers examined in this work could be substituted for small molecule
amines used in other CO-responsive applications, such as switchable water [258,259]. Polymeric
amines may be an improvement over small molecules due to their larger change in ionic strength
and reduced flammability. Using CO.- and thermo-responsive polymers, such as PDMAAmM, may
lead to enhanced amine separation and improved phase separation (as discussed in Chapter 3).
CO,- and thermo-responsive small molecules (e.g., morpholine derivatives [260]) have not yet

been unexplored in depth and therefore also merit further study.

127



5.2.2 Gels

Insoluble materials such as gels are a newer class of draw agent and have been
investigated less than liquid or soluble draw agents. Using insoluble draw agents consequently
requires more research, and proof of concept experiments. Before investing further time studying
hydrogel draw agents, the feasibility of using any gel draw agent on a large scale should be
investigated in depth. Considerations must include ensuring that there is good contact between the
gel and the membrane, that high fluxes can be maintained for extended periods of time, and that

the gels may be incorporated into a continuous process.

If gels draw solutes are deemed to be industrially practical, many more FO parameters
remain to be investigated, as with the soluble draw agents. Future experiments should include
further review of the reuse performance and mechanical properties, as well as the rates of
carbonation, decarbonation, and water release. The form of the PDMAAmM gel (bulk versus
microgel) should also be explored. If the CO,- and thermo-responsive gels do not prove to be
successful as draw solutes, there are a variety of other applications which could benefit from a
material which has a high capacity to absorb water and release it at accessible temperatures (e.g.,

drying agents, pet litter, personal hygiene products, gels with slow water release for agriculture).

5.2.3 Magnetic Particles

While the magnetic particle draw agents explored in this work did not produce high
fluxes, other magnetic draw agents have proved to be effective in the literature. Therefore, it is
likely that further optimization of the system is required, including the nature of the CO»-

responsive polymer, the carbonation process, and the concentration of the draw agent.

One area where magnetic particles have a unique advantage over other draw agents is the

use of induction heating. By using induction heating as opposed to conduction heating, the
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magnetic particles may be heated directly (and rapidly), rather than heating the solution around it.
Induction heating has been used in the past to dewater magnetic particles with thermo-responsive
coatings, and could be used to accelerate the removal of CO, from carbonated draw agents
[169,261]. This may be particularly useful if amines with higher enthalpies of protonation were

used.

The particles used in this work may also have use in applications aside from FO.
Potential examples include as scavengers for water contaminants (e.g., metals [29,262], dyes
[263]), Pickering emulsifiers [264] or catalysts (which may also benefit from localized heating
via induction) [20]). Incorporation of magnetic particles may also have use in other CO,-
responsive systems. In many cases, the CO,-responsive materials need to be removed after use
(e.g., SHS, switchable water). These materials rely on the properties of the uncarbonated state
facilitating their separation. However, the change in properties under air and CO; is often not
sufficient (e.g., PMEI as discussed in Chapter 2). Using magnetic nanoparticles could ease the
removal of such CO; responsive materials. In addition, the use of induction heating may facilitate

the decarbonation of carbamates, which requires high temperatures.
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Appendix A

Instructions for Performing a DMO Measurement

In DMO, a solution and a pure solvent are placed in opposite sides of a membrane
(Figure Al). Driven by the m gradient, water molecules try to enter the solution through the
membrane but only a very small number can, as the solution chamber is completely filled with
liquid and is sealed. This action causes pressure to build up in the solution chamber, which under
ideal conditions is equal to @. Full details on the DMO, can be found in the paper “Fast membrane
osmometer as alternative to freezing point and vapor pressure osmometry” (A. Grattoni, et al.,
Anal. Chem. 80 (2008) 2617-2622). Detailed instructions for the procedure on how to set up a
DMO experiment are provided below, as well as conditions which cause the measured pressure to
deviate from n. A discussion of the reported upper pressure limit of the RO membranes used in

DMO is also included.
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Figure Al. Labelled image of the DMO used in this work.
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Performing an osmotic pressure measurement using a Grattoni DMO:

1. Thoroughly clean the osmometer before use.
e Always wear new and clean gloves when handling the interior components of the
DMO.
e Rinse all parts of the DMO that will be in contact with the solvent or the solution
thoroughly with deionized water obtained from a MilliQ purification system with
a resistivity of 18.2 MQ. These components include: the solvent and solution
cells, O-rings, support disk, static pressure cap.
o Carefully rinse the inside of the pressure transducer and shake out excess water.
Be extremely careful to not touch the diaphragm (interior bottom) of the
transducer. It is extremely sensitive. Puncturing or denting it will result in
irreversible damage.
2. Plug in the transducer to the computer and open the Digital Transducer Application
Software (available free from the Omega website).
3. Dry all components of the DMO that will be in contact with the solution. Use a wipe that
will not leave a residue (e.g., Kimwipes).
4. Carefully fill a 12 mL syringe (4” G19 needle) with ca. 12 mL of the solution to be
tested.
e Draw the solution up slowly to avoid forming bubbles or decarbonating the
solution. Take special care when pulling up viscous solutions.
5. Cover the screw of the transducer (or adaptor connected to the transducer) with Teflon
tape.
6. Carefully fill the inside of the transducer with the solution to be tested. Insert the needle
just inside the transducer and inject the solution along the sides to fill to avoid forming
bubbles
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o Dispense the solution slowly to avoid dispensing bubbles or building up pressure
within the syringe. Take especial care when handling viscous solutions.

7. Screw the transducer into the solution cell of the osmometer and tighten it carefully with
a wrench. Place it on a table.

8. Place the O-rings in each cell (2 in the solution cell, 1 in the solvent cell).

9. Put the needle of the syringe holding the solution through the top of the solution cell until
the needle is firmly in place in the base of the solution cell.

o Be extremely careful to not insert the needle into the transducer.

o Ensure the point of the needle is pointing towards the solution cell, away from
where the membrane will be. This will help avoid damaging the membrane when
the syringe is removed.

10. The membrane should be soaked in water for at least 1 h prior to the experiment. Gently
pat the active side of the membrane dry with a kimwipe. Place the membrane on top of
the O-rings in the solution cell, with the active side facing the solution.

e The active side of the membrane is shiny and the support side is matte.

e Membranes are obtained in sheets from Sterlitech, and disks the size of the
support disk are cut out of it using clean scissors.

e Before using a membrane, inspect it for imperfections or holes, and discard it if
there are any concerns.

11. Place the support disk on the membrane, with the more porous side facing away from the
solution cell.

e Ensure there is good contact between the support disk and the membrane, and
there are no air bubbles trapped between them.

e The support disk should be soaked in water prior to use, to ensure it does not

contain any air bubbles.
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12.

13.

14.

15.

16.

17.

18.

19.

20.

Place the solvent cell on top of the solution cell, aligning the tops together.
Using both hands, flip the two cells around, ensuring the interior components remain in
place. The exterior of the solution cell should now be on top.
Insert the 6 compression screws in the osmometer. Tighten the screws in a star pattern,
tightening them in gradually with an Allen key.
Insert the legs on the osmometer and tighten the screw finger tight.
Start gathering data on the transducer software. Leave the instrument still for a few
seconds to gather background readings.

e Ensure the box for the transducer in use is selected on the plotting and logging

tabs. Click “start” on each of these tabs to start gathering data.

With the osmometer standing up, fill the solution side of the osmometer to the brim with
the syringe. Remove the syringe.

o Dispense the solution slowly to ensure no bubbles are dispensed.

o If necessary, tap the sides of the osmometer to dislodge any bubbles.

¢ When removing the needle, be very careful not to touch or scratch the membrane.
Rapidly seal the solution side with the static pressure cap with an Allen key.

e The pressure should begin to increase.
Using a new, clean 12 mL syringe, fill the solvent side with the solvent. Insert the solvent
chamber cap with tubing attached. Using a long, flexible needle, fill the tubing with the
solvent.

e The purpose of this tubing is to monitor the water level during the experiment.
Leave the osmometer until the pressure has equilibrated (see Figure A2).

o If the pressure equilibrates relatively quickly, let it equilibrate for 30 min.

e If the pressure took a long time to equilibrate (> ca. 8 h) or there is a risk of

solute flux, leave the solution for 45-60 min to equilibrate.
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21.

22.

23.

24.

Notes:

After the pressure has equilibrated, stop the data acquisition on the software, and save the
data as both an image and an excel file.

Remove the solution cap and extract the solution with a syringe.

The DMO apparatus can be disassembled in the reverse order it was assembled.

Immediately clean the interior of the transducer.

Ensure that the measured pressure does not exceed the upper pressure limit of the
transducer. Digital transducers with a range of upper pressure limits can be obtained from
Omega.

After opening the solution cell of the DMO, note if there are bubbles present. This can
affect the accuracy of the measurement.

If the measurement did not proceed as expected, inspect the membrane for imperfections
or holes.

The static pressure cap can measure up to 200 bar. For fast measurements, the dynamic
pressure cap can be used as described in reference: Grattoni, et al. Anal. Chem. (2008).
https://doi.org/10.1021/ac7023987..

Solute flux: Small solutes may pass through the membrane into the solvent side. This
decreases the m of the solution and contaminates the solvent. If a significant amount of
solute flux occurs over the course of the measurement, the pressure will decrease with
time or not reach the true ©. Solute flux can be detected after the experiment by analyzing
the composition of the liquid on the solvent and solution cells (e.g., NMR, conductivity)
or by removing the solvent and weighing the residue (if there is significant solute flux).

Solute flux may also be detected by the measured pressure decreasing over time. Solute
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flux is not a concern with pure polymer solutions which have been dialyzed to remove
low molecular weight material.

Membrane compatibility: ensure that the solution to be measured and the desired solvent
are compatible with the membrane (e.g., within the pH range specified by the
manufacturer). RO membranes are typically used due to their high rejection rates and
pressure resistance. Many different RO membranes are available, with a range of
different chemical and physical properties.

Stirring: To avoid concentration gradients, the solution can be stirred. As the DMO is left
for as long as necessary until the pressure has equilibrated, concentration gradients are
only of concern with highly viscous solutions. To stir the solution, a small (1 cm)
magnetic stir bar can be added into the solution cell before the static pressure cap is
inserted. The DMO can then be placed horizontally on a stir plate, and the desired stir
rate can be set. The DMO can be orientated with the stir bar on the membrane or the back
of the solution cell. The former configuration will more directly disperse concentration

gradients, but also risks damaging the membrane.
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Figure A2. Sample of pressure-time curve obtained using DMO. Sample: b-PMEI, 20 wt.% under air.
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Note on the Upper Membrane Pressure Limit:

As the pressure within the solution cell of the DMO increases, the membrane is
compressed. At extreme pressures, the pores of the membrane may be so compressed that water
can no longer pass across the membrane, causing the pressure within the DMO to plateau before
n is reached. The steady pressure reading may cause a user to mistakenly believe that this
pressure is the true . The membranes used in this work (Dow BW30, obtained from Sterlitech)
are used in RO modules with an upper pressure limit of 41 bar [265]. It was important to
determine if the pressures measured by DMO in this work (<75 bar) were sufficient to damage

the membrane and cause the measured pressure to differ from =.

The upper pressure limit of the module reported by the manufacturer is affected by
several factors. First, it is important to emphasize that this value is the upper pressure limit of the
RO module, not the membrane itself, and may be limited by the module’s external casing, seals,
or other internal components. Other factors which are considered when determining the upper
pressure limit include maximizing the life span of the membrane and maintaining a high flux
during RO. These factors are of lesser importance when the membrane is used in a DMO, as the
membrane is only used once and the DMO measurements are left for as long as necessary until
the pressure has equilibrated. In summary, the reported upper pressure limit is often not related to

the membrane, or the point when water flux across the membrane has stopped.

To ensure that the pressures measured in this work (some of which were higher than the
recommended upper pressure limit) were not compromising the membrane, solutions were run in
the DMO with and without additional application of pressure on the solution side. If pressure-
induced membrane compression is limiting water diffusion, application of higher pressures
should cause the final pressure measured by DMO to differ from the pressure measured without

an overpressure.
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DMO experiments without an overpressure were obtained with the static pressure cap (as
described previously in Appendix A). When using the static pressure cap, the solution cell of the
DMO is sealed and the pressure within the solution cell increases from the initial 0 bar of gauge
pressure as a small amount of water diffuses through the membrane from the solvent to the
solution cell by osmosis. The pressure increases then plateaus to a steady final value (Figure
A3.a, red curve). That steady pressure is assumed to be the equilibrium = but if the membrane
pores have closed then it may instead be lower than the true =. DMO experiments with an
overpressure were obtained with the dynamic pressure cap as described in the paper “Fast
membrane osmometer as alternative to freezing point and vapor pressure osmometry” (A.
Grattoni, et al., Anal. Chem. 80 (2008) 2617-2622). When using the dynamic pressure cap, the
pressure within the solution cell of the DMO is manually increased to a pressure greater than the
anticipated m. A small amount of water diffuses through the membrane from the solution cell to

the solvent cell, decreasing the internal pressure until 7 is reached (Figure A3.a, blue curve).

Comparing the pressures measured by DMO of the same solution using the static and
dynamic pressure caps will indicate whether pressure-induced membrane compaction is changing
the equilibrium pressure. If the pores in the membrane remain open despite the overpressure,
water diffusion will be maintained, and the final pressure measured will be the same if the
dynamic or the static pressure cap are used (assuming only a modest overpressure is applied (10-
20 bar)) (Figure A3.a). This pressure can therefore be assumed to be equal to n. If degradative
pressure-induced membrane compaction is occurring, water will no longer be able to cross the
membrane to equilibrate the pressure between the solution and solvent sides of the DMO. If the
final pressure observed with the static pressure cap was caused by membrane pore closure rather
than the attainment of equilibrium, then the true = should be higher than the observed pressure.
Thus starting the experiment with a pressure greater than the purported osmotic pressure would

give a different final value (Figure A3.b).
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Figure A3. Idealized illustrations of the pressure versus time curves obtained by DMO using the
dynamic and static pressure caps a) without pressure-induced membrane compaction (final
pressure = 1) and b) with pressure-induced membrane compaction (final pressure # 7). Note that
pressure-induced membrane compaction may produce several different pressure vs time curves;

for simplicity, only one situation is shown.

Solutions of sodium poly(acrylate) (PSA) (Mw = 1,200 g/mol, obtained from Sigma-
Aldrich as a 45 wt.% aqueous solution) were used in the solution cell. The final measured & for
various PSA solutions with and without overpressures are presented in Table S1. Modest
overpressures did not greatly alter the measured n. This indicates that pressure-induced
membrane compaction is not limiting water diffusion at the pressures measured in this work.
Based on these successful results, it is recommended that a comparison between the pressures
obtained with the dynamic and static pressure caps be used to determine if degradative membrane
compaction is occurring in DMO in the future. This method may be used when measuring
pressures above the nominal pressure ratings of new membranes, or with Dow BW30 membranes

at pressures greater than 75 bar.
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Table S1. Effect of application of overpressure on final pressure of DMO measurements.”

Dynamic Pressure Cap Static Pressure Cap
[PSA]/ wt.% Applied pressure/ bar Final pressure/ bar Final pressure/ bar
27 68 52.0 52.3
30 80 70.7 69.4

“ All pressures are gauge pressures
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Appendix B

Soluble Polymer Supplementary Information
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Figure B1. *H NMR spectrum of poly(2-methyl-2-oxazoline) in CDCls.
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Figure B5. *H-NMR spectrum of b-PEI in DMSO-ds.
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Figure B7. *H-NMR spectrum of poly(N,N-dimethylacrylamide) in D0.
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Figure B8. *H-NMR spectrum of poly(N,N-dimethylallylamine) in D20.
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Figure B9. FT-IR spectra of poly(N,N-dimethylacrylamide) (red line) and poly(N,N-
dimethylallyamine) (blue line).
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Figure B10. Size-exclusion chromatograms (R1 detector response and LS 90° detector

response vs. molecular weight) of poly(N,N-dimethylallylamine) polymer.
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Figure B1l. IR spectra of 25 wt./vol.% PDMAAmM solution over the course of
carbonation.
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Table B1. Comparison of measured and calculated pHs of PDMAAm solutions

Concentration, wt.% pH Under air pH Under CO;
Measured Calculated Measured Calculated

20 11.0 11.0 7.6 7.8

30 11.3 11.1 7.8 7.9

Procedure for alternative synthesis of PDMAAmM:

The following is an excerpt from “Forming a Treated Switchable Polymer and Use

Thereof in a Forward Osmosis System” US patent 62/722,275. For full details, see the patent.

60 g of Allylamine was transferred to a 150 mL addition funnel that is connected to a 250
mL round bottom flask, which contains 86 mL of 12 M HCI. The round bottom flask was placed
in a liquid nitrogen bath and with stirring the allylamine was added drop-wise to produce
allylammonium chloride. The resulting allylammonium chloride solution was transferred to a 3-
neck 250 ml round bottom flask equipped with a condenser and an addition funnel that contains
3.56 g of initiator VA-044 ((E)-1,2-bis(2-(4,5-dihydro-1H-imidazol-2-yl)propan-2-yl)diazene)
dissolved in 10 mL of de-ionized water. Both the monomer solution (round bottom flask) and the
initiator solution (addition funnel) were purged with nitrogen for 1 hr, using a 16G needle with an
outer diameter of 1.651 mm and an inner diameter of 1.194 mm. After purging, the round bottom
reaction flask temperature was set to 55 °C and the initiator (6.7 mL of the solution) was
transferred to the monomer solution dropwise over 1h. After 22 h, a 5 mL sample was withdrawn
from the reaction mixture using a syringe with a needle. This sample was analyzed by proton
NMR to assess reaction conversion. The conversion was determined by integrating the signal
from -CHa- (C’) at 3.45 ppm from the monomer and the signal from -CH,- (¢) at 3.00 ppm from

the polymer. After this the remaining 3.3 mL of the initiator solution was added to the reaction

184



mixture and heating at 55 °C was continued. After 94 h the reaction was stopped by placing the 3-

neck 250 ml round bottom flask into an ice bath.

Poly(N,N-dimethylallylamine) was synthesized using standard conditions for an
Eschweiler-Clarke methylation with formaldehyde and formic acid [209]. Poly(allylamine) (15
wt.% in water, 20 g) was dissolved in formic acid (55 mL), and 37 % formaldehyde solution (110
mL). Resulting solution was refluxed for 48 h. Solvent was removed under vacuum, followed
addition of concentrated hydrochloric acid (150 mL). Resulting solution was stirred for 30 min,
then the solvent (water) was removed under vacuum. Resulting solid was dissolved in 30 wt. %
sodium methoxide solution (100 mL). Salt was filtered off, and solvent (methanol) was removed
under vacuum. The final product was purified by dialysis (3.5 kDa MWCO tubing), affording a

polymer with a molecular weight of 24 kDa.
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Appendix C
Hydrogel Supplementary Information

Draw Side

Feed Side

Figure C1. The glass U-tube used to measure the flux of g-PDMAAmM.
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Figure C2. The cloud point of PDMAAmM in water as a function of concentration.
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Figure C3. Osmotic pressure under air as a function of temperature for thermo-responsive
(PDMAAmM (17 wt.%) and PNIPAM (20 wt.%)) and non-thermo-responsive (PDADMAC

(20 wt.%)) soluble polymers, including a blank of pure water.
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Table C1. Osmotic Pressure of PMEMA under CO,, at 20 wt.% and 25 °C"

Polymer TLair TCo2

PMEMA™ 0.2 1.2

“ All pressures are gauge pressure.

“ Cloud point = 50 °C, Kotsuchibashi, Y.; Ebara, M.; Aoyagi, T.; Narain, R. Recent Advances in
Dual Temperature Responsive Block Copolymers and Their Potential as Biomedical

Applications. Polymers. MDPI AG October 27, 2016. https://doi.org/10.3390/polym8110380.

Synthesis of PMEMA:

Materials: N-Morpholino-2-ethyl methacrylate (MEMA) was obtained from Sigma-
Alrdich. Monomer was passed through a column of basic alumina to remove inhibitors. 2,2'-
Azobis(2-methyl- propionitrile) (AIBN) was obtained from Millipore-Sigma and was
recrystallized from ethanol. Anhydrous DMSO was obtained from EMD. All solvents were used
as received. Water was deionized by a Synergy MilliQ system and had a resistivity of 18.2
MQ/cm before exposure to air. Dialysis tubing (3.5 kDa molecular weight cut off) was obtained

from Thermo Scientific.

Synthesis of PMEMA: A Schlenk flask was purged with argon three times. MEMA and
DMSO (x3 volume of monomer) were added to the flask, which was heated to 65 °C with
magnetic stirring (500 rpm). AIBN (1 mol% to monomer) was added to the flask, and the solution
was stirred overnight. The solution was cooled to room temperature, then diluted with water, and
the DMSO was removed from the polymer by dialysis (5 exchanges with 20-40x excess volume
of water, minimum residence time of 4 h). After dialysis, water was removed by rotary

evaporation. 'H NMR (300 MHz, D20, & ppm): 4.10 (1.9H, CH,CO,), 3.68 (4.0H, (CH2).0),
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2.65-2.5 (6.2H, (CH2)2NCH;); 2.0-0.75 (5.0H, CH,CCHs). GPC (1 mM LiBr + 0.1 M formic acid

in water): My= 153 kDa, Mn=41 kDa, =3.7.

Characterization: Synthesis was confirmed by *H NMR spectroscopy, using a Bruker
Avance 300.13 MHz NMR spectrometer. Molecular weight of PMEMA was determined by gel
permeation chromatograph (GPC) with 0.3 wt.% LiBr and 0.3 M formic acid in HPLC grade
water as eluent at 40 °C at 1 mL/min. A Agilent triple detection GPC equipped PSS NOVEMA
Max Lux analytical and PSS NOVEMA Max Lux columns. The light scattering detector was

calibrated using poly(2-vinyl-pyridine) standards.
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Figure C4. TGA thermogram of g-PDMAAm swollen in carbonated water at 20 °C, and g-

PDMAAmM deswollen under air at 60 °C.
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Figure C5. TGA thermogram of 30 wt.% g-PDMAAm before and after FO. The sample of
g-PDMAAmMm after FO was taken from the membrane surface. Note that the wt.% of PDMAAmM is
slightly lower than 30 wt.% due to the addition of CO.. The exact amount of CO; cannot be

accurately determined by TGA as CO; desorbs from the gel during sample preparation.
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Figure C6. Comparison of the FO performance of soluble PDMAAmM with g-PDMAAmM
(30 wt.%) vs 1.75 wt.% NaCl feed solution. AV n (blue bars) refers to the volume of water

transferred from the feed to the draw in a 24 h period per gram of dry polymer.
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Figure C7. The swelling of g-PDMAAmM under a) air at 20 °C, b) CO; at 20 °C, and c) air at
60 °C. g-PDMAAm is swollen by neutral water (a). When CO; is introduced the gel swells even
more water, and fills the vial (a, note the yellow tinge). When the water is heated (60 °C) the gel

shrinks and releases the water it has absorbed, which can be decanted (c).
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draw vs. 3.5 % NaCl feed).
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Appendix D

Magnetic Particle Supplementary Information
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Figure D1. Simplified schematic of PDMAEMA-Fe304 microgel synthesis
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Figure D2. Synthetic pathway for ATRP initiator 2-(phosphonooxy)ethyl 2-bromo-2-
methylpropanoate.
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Figure D3. XRD spectrum of FesO4 nanoparticles.
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Figure D4. TEM images of a) magnetite nanoparticles, b) PDMAEMA-Fez04
nanoparticles, c) PDMAEMA-glycolic acid-FesO4 nanoparticles.
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Figure D5. 'H NMR spectra of i) P(DMAEMA-AEMA) (in D20), ii) PDMAEMA (in
CDCls), and iii) AEMA-HCI (in D20).

196



|
a !lll
iii)

| [ b
f ." \ NHLCI
N ’

390 380 370 3.60 3.50 340 3.30 3.20 3.10 3.00 290 280 270 260

Chemical shift (ppm)

Figure D6. Expansion of the 'H NMR spectra of i) P(DMAEMA-AEMA) (in D;0), ii)
PDMAEMA (in CDCIs), and iii) AEMA-HCI (in D20), showing the presence of AEMA
peaks in P(DMAEMA-AEMA).
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Figure D7. IR spectra of AEMA-HCI, PDMAEMA and P(DMAEMA-AEMA)
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Figure D8. Optical microscope image of PDMAEMA/MNP water-in-oil emulsion prior

to crosslinking.
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Figure D9. Alternative synthesis of PDMAEMA microgels with embedded MNP via
surfactant free emulsion polymerization. (DVB= divinylbenzene crosslinker). (Che et al.

2015 Polym. Chem. DOI: 10.1039/c4py01800a.)
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Figure D10. Alternative synthesis of PDMAEMA functionalized MNP via free radical

polymerization.
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Figure D11. Images of CO2-responsive-Fe3O4 microgels separated by application of heat
(65 °C, time), magnetic field (time) and both heat and magnetic field. Note that the
magnet used in these images had a low strength.
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Appendix E

Alternative Applications of CO.-Responsive Magnetic Microgels

Introduction

Incorporation of magnetic nanoparticles can facilitate the removal of COz-responsive
materials. This can have advantages for many applications beyond forward osmosis draw agents.
A potential alternative use includes reusable sorbents for toxic materials in water, such as heavy

metals or parabens.

Amines’ ability to bind to metals has led to their use as metal scavengers. The
incorporation of CO,-responsivity can provide an easy and benign pathway for their regeneration
(Figure E1). Amines can readily draw metals out of contaminated water under air. The amines
can then be removed and placed in a small volume of water. Upon bubbling of CO. the amine
preferentially forms bicarbonate bonds over chelating to the metal, thereby releasing the metal
into a more controlled and concentrated solution [29,262]. The amine can be decarbonated and

then reused.

CO,, H,0
NR; + M === MNR, === M + NR;H* + HCO5’

A

CO,

Figure E1. Reversible adsorption of metals (M) in water by a CO,-responsive tertiary amine

Amines may also be used as reversible sorbents for specific weak acids (Figure E2).

Amines can form salts with acidic contaminants in water. The acid loaded amine can then be
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removed and placed in small volume of water. If the acid is sufficiently weak (e.g., phenols), it
can be protonated by CO; and returned to solution. The amine can be decarbonated as reused.
Only acids with the appropriate pKa. could be used for this process. One such example is

parabens, which are increasingly common in wastewater [266].

CO,, H,0
NR; + HA === NR,H* + A~ === NR,H* + HCO, + HA

A |

CO,

Figure E2. Reversible adsorption of weak acids (HA) in water by a CO,-responsive tertiary

amine.

A preliminary set of experiments were conducted to explore the performance of the CO»-
responsive magnetic particles synthesized in Chapter 4 as reversible sorbents for metals and
parabens. The PDMAEMA-MNP microgels were selected over the PDMAEMA-functionalized

magnetic nanoparticles, as they can be removed by magnetic separation under CO- as well as air.

Materials

Copper(Il) nitrate trihydrate (=99.0%), Pb(Il) nitrate (>99.0%), and methyl paraben
(>99.0%) were obtained from Sigma-Aldrich. PDMAEMA-Fe;0, microgels were synthesized as
described in section 4.2.4. Water (deionized) was obtained from a Synergy MilliQ system and
had a resistivity of 18.2 MQ/cm prior to exposure to air. Carbon dioxide (grade 3.0) was obtained

from Praxair.
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Methods

PDMAEMA magnetic particles (0.42 g of 8.3 wt.% slurry) were added to stock solution
of copper, lead or methylparaben (1 mM, 20 mL) in 4 dram vials and shaken on a shaker plate for
2 h. The particles were isolated using a magnetic field. The supernatant was reserved for analysis.
The particles were washed with water (3 x 10 mL), then redispersed in water (20 mL) and
bubbled with CO; overnight. The particles were removed by magnetic separation followed by

gravity filtration. The supernatant was reserved for analysis.

The concentration of metals in the water was determined by ICP-OES (Thermo
Scientific, iCAP 7400), performed by Queen’s Analytical Services Unit. The concentration of

methylparaben was determined by UV-vis spectroscopy (Agilent 8453 spectrometer).

Results & Discussion

The amounts of methylparaben, Cu?* and Pb?* absorbed and released by the CO»-
responsive microgels are presented in Table E1. A ten-fold molar excess of amine to analyte was
used. Despite this large excess, the microgels did not absorb large amounts of methylparaben but
were able to reject nearly all they absorbed upon carbonation. Conversely, the microgels were
able to absorb large amounts of the metals but were less efficient at releasing them upon exposure

to CO:..

The microgels were able to absorb ca. 25 mg of metal per gram of microgel, which is an
order of magnitude lower than PDMAEMA-based alternatives reported in the literature [29,262].
Possible explanations for the poor performance include poor diffusion within the gels (especially

when in the uncarbonated state) and pH. Previous reports conducted their experiments are pH 4.5-
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6.0 (where PDMAEMA would be >95% protonated). As measuring the pH within a microgel is

challenging, the pH was not altered in this work. This may be an area for future improvements.

Table E1. Reversible CO--triggerd absorption and release of analytes by CO.-responsive

magnetic microgel

Absorbed Released
Substrate Analyte Moles analyte/ Analyte Moles analyte/
Absorbed/% moles nitrogen Released/% moles nitrogen
Methylparaben 1645 0.016 85+15 0.014
Cu?* 7442 0.074 12+1 0.009
Pb?* 75+1 0.075 2+1 0.001

Conclusions

Preliminary results demonstrate that the microgels have limited use for reversible
absorption of analytes from water. However, further optimization may improve these results. The
strong binding of metals demonstrated here may have other benefits as recyclable ligands in

catalysis.

204



