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ABSTRACT
Study of Thermally Responsive Ionic Liquids for Novel Water Desalination
and Energy Conversion Applications
Yujiang Zhong

The rapidly expanding of the global population in the 21st-century forces people facing
two serious problems: water scarcity and energy shortage. Enormous continuous studies
focus on providing enough fresh water and energy in a sustainable way.
This thesis aims at exploring novel membrane processes based on thermally responsive
ionic liquids with the upper critical solution temperature (UCST ILs) for water desalination
and energy conversion from low-grade heat energy to electricity.
A UCST IL protonated betaine bis(trifluoromethylsulfonyl)imide ([Hbet][Tf 2N]) was first
experimentally studied as a novel draw solute in a thermal forward osmosis (FO). A 3.2 M
[Hbet][Tf2N] solution can be obtained via spontaneous phase separation from an IL and
water mixture at room temperature. By heating and maintaining the temperature above
56°C, this solution can draw water from high-salinity solution up to 3.0 M, 5 times salty
as the sea water. The IL draw solution can be easily regenerated by phase separation.
Conducting the FO process at higher temperatures can also increase the water flux.
According to the different choices of the freshwater polishing step, the electric energy
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consumption in this novel process was estimated as 26.3% to 64.2% of conventional onestep sea water reverse osmosis.
Two

UCST

ILs

with

better

performance,

[Hbet][Tf2N]

and

choline

bis(trifluoromethylsulfonyl)imide ([Choline][Tf2N]), were selected as the agents in a novel
closed-loop thermally responsive IL osmotic heat engine (TRIL-OHE) to convert low-grade
thermal energy to electricity. The specific energies of the [Hbet][Tf2N] system and the
[Choline][Tf2N] system are 2500 kJ/t and 3700 kJ/t, which are 2.7 and 4.0 times of the
seawater and river water system, respectively. The maximum power density measured
from a commercial FO membrane is 1.5 W/m2 for the [Hbet][Tf2N] system and 2.3 W/m2
for the [Choline][Tf2N] system, leaving a big room to improve if highly permeable
membranes are used. Another notable advantage of the TRIL-OHE is the heat released
from the cooling stage can be largely recovered. A rigorous energy balance showed with
a 70% heat recovery, the energy efficiency could be increased from around 20% to 70%
of the Carnot efficiency in both UCST ILs systems.
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Chapter 1
Introduction
1.1 Water Scarcity and Energy Shortage
Water scarcity is one of the most serious worldwide problems nowadays. Almost onefifth of the world's population lives in the areas of physical scarcity, and Water use has
been growing at more than twice the rate of population increase in the last century.1
The United Nations (UN) estimates that by 2025, 14% of the world’s population will
encounter water scarcity.2
A sufficient and secure energy supply is essential for modern technologies. And the
energy consumption increased rapidly, researchers estimated that the total global power
consumption would reach 25.5 TW in 2040, a 50% demand increase from the 2010 level
(17 TW).3 Current energy consumption resources significantly depend on traditional fuels
(about 86%).4 However, the harsh methods to extract them, and the toxic residual have
brought huge ecosystem problems. The exploration of the novel, renewable, safe and
clean power systems is crucial for the future development of the world.

1.2 The Water-Energy Nexus and Opportunities
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Water and energy systems are essentially interconnected, because the energy generation
processes require a large amount of water, while the energy is the basic power for the
water purification, processing, and distribution. The close link between water and energy
could provide better solutions to solve the challenges.
Seawater desalination and wastewater reuse are two feasible ways of increasing the
supply of fresh water. Reverse osmosis (RO) is a desalination method that uses
hydraulic pressure as the driving force for separation. Advances in membrane
manufacturing and process engineering have made RO a notable process in the global
water desalination market. However, high operating pressure is still a key feature of
seawater RO (SWRO). In contrast, forward osmosis (FO) is a natural osmotic process that
uses the osmotic pressure difference between the draw solution and the feed solution as
its driving force. The FO process involves zero energy input, and in certain conditions, it
can generate energy.5 Hence, FO is considered to be a technology competitive with RO in
water desalination.
The salinity gradient energy (SGE) is the energy created by the difference in solute
concentration between two fluids and utilizes the Gibbs free energy from mixing process.
It is estimated that, if the worldwide river discharge was taken into account, the
availability of SGE constitutes an enormous energy resource with a power potential of 2.6
TW.6 However, this huge SGE is wasted when a freshwater source naturally discharges
into the sea. Currently, there are three major technologies to harvest the SGE, pressure
retarded osmosis (PRO), reverse electrodialysis (RED), and capacitive mixing (CM).7
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Low-grade heat with a temperature below 120 °C is available in abundance not only from
various industrial processes but also from solar heating, geothermal energy, nuclear
power and so on. It is estimated that the waste heat arising from equipment and
operating inefficiencies accounts for about 20 to 50% of the total heat generated in
industry.8-10 It is usually rejected to the environment. If the waste heat could be utilized,
it would raise the total energy efficiency, and reduce operation cost and environmental
concerns.
A heat engine in thermodynamics is a system that converts thermal energy
into mechanical work. Similarly, an osmotic heat engine (OHE) is a closed loop process of
converting the osmotic energy stored in salinity gradient to useful energy such as
electrical or mechanical energy and regenerating the salinity gradient with low-grade heat
energy.
In the process of both FO and OHE, the draw solution is a key element. A great deal of
effort has been made on the exploration of suitable draw solutes.11-14 Several criteria are
proposed for an ideal draw solution, such as high osmotic pressure, easy separation from
water, easy regeneration, non-toxic and chemically compatible with membrane
materials, high diffusivity in liquid and low permeability through the membrane.
Thermally responsive ionic liquids (TRILs) is a group of ionic liquids (ILs) that their solubility
and physical properties will significantly change when the temperature changes in a
favorable range. TRILs can largely fulfill the criteria and thus are good candidates for draw
solutes.
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1.3 Significance and Objective of this Research Work
Nowadays, a huge number of continuous studies focus on the sustainable supply of fresh
water and safe energy. According to the significant change of solubility with temperature
in the range of low-grade heat energy, the TRILs have the potential to be used as novel
draw solutes in FO process, as well as the working fluid in PRO and RED. This thesis aims
at exploring novel processes with upper critical solution temperature (UCST) ILs for water
desalination and energy conversion from low-grade heat energy to electricity.
A UCST IL protonated betaine bis(trifluoromethylsulfonyl)imide ([Hbet][Tf 2N]) was first
experimentally studied as a novel draw solute in a thermal forward osmosis (FO). A 3.2 M
[Hbet][Tf2N] solution can be obtained via spontaneous phase separation from an IL and
water mixture at room temperature. By heating and maintaining the temperature above
56°C, this solution can draw water from high-salinity solution up to 3.0 M, 5 times salty
as the sea water. The IL draw solution can be easily regenerated by thermal-driven phase
separation. Conducting the FO process at higher temperatures can also increase the water
flux. According to the different choices of the freshwater polishing step, the electric
energy consumption in this novel process was estimated as 26.3% to 64.2% of
conventional one-step sea water reverse osmosis.
Two

UCST

ILs

with

better

performance,

[Hbet][Tf2N]

and

choline

bis(trifluoromethylsulfonyl)imide ([Choline][Tf2N]), were selected as the agents in a novel
closed-loop thermally responsive IL osmotic heat engine (TRIL-OHE) to convert low-grade
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thermal energy to electricity. The specific energies of the [Hbet][Tf2N] system and the
[Choline][Tf2N] system are 2500 kJ/t and 3700 kJ/t, which are 2.7 and 4.0 times of the
seawater and river water system, respectively. The maximum power density measured
from a commercial FO membrane is 1.5 W/m2 for the [Hbet][Tf2N] system and 2.3 W/m2
for the [Choline][Tf2N] system, leaving a big room to improve if highly permeable
membranes are used. Another notable advantage of the TRIL-OHE is the heat released
from the cooling stage can be largely recovered. A rigorous energy balance showed
without heat recovery the energy efficiency was about 2.4 % or 21 % of the Carnot
efficiency for the [Hbet][Tf2N] system, and about 2.6 % or 18 % of the Carnot efficiency
for the [Choline][Tf2N] system, while at 70 % heat recovery, the energy efficiency
increased to 7.9 % or 71 % of the Carnot efficiency and 10.5 % or 71 % of the Carnot
efficiency for the two ionic liquid systems, respectively.
All of these results clearly demonstrated the superior performance of the TRIL-OHE
system. In the application of water desalination, the UCST ILs are also very promising draw
solutes. Since the critical temperature (Tc) of the studied UCST ILs are less than 90°C, the
relatively low working temperature (Tk) will benefit the recovery of the low-grade heat
energy. Solar heating would be a good thermal resource for this process, therefore this
novel thermal change FO process has special potential benefit for the desert area such as
Saudi Arabia which possesses a huge potential for solar energy and has a limited supply
of freshwater.

1.4 Dissertation Outline
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The scope of this dissertation is to design novel membrane-based processes with UCST
ILs for FO water desalination and energy conversion from low-grade heat energy to
electric energy through PRO and RED, and experimentally demonstrate the feasibility and
advantages of these new processes.
This thesis can be divided into four major parts. The first part (Chapter 3) focuses on the
properties study of ILs and selection of suitable thermally responsive ILs as working
agents. The second part (Chapter 4) demonstrates the lab experimental study of using
UCST ILs for FO desalination process. The third part (Chapter 5) describes a novel design
of osmotic heat engine with UCST ILs as working fluids. The fourth part (Chapter 6) shows
the study of RED process and the experimental results of electric energy generated by
NaCl solution as well as UCST IL solution.
Chapter 2 gives a general introduction to numbers of concepts and properties, including:
(a) ILs and their thermally responsive solubility behaviors, (b) the salinity gradient energy,
(c) the principle and classification of osmotic processes, (d) the principle of RED, (e) the
basic physical properties of semipermeable membrane used in osmotic processes and the
ion exchange membranes used in RED process, and (f) the concentration polarization
phenomenon found in the FO, PRO processes and RED process. It also includes a review
of the current state of research progress on FO desalination and energy conversion by the
methods of PRO and RED, and highlights the limiting and bottleneck of these studies.
Chapter 3 studies the ionic liquids. In this Chapter, the general theory and properties of
ILs are studied. A series of ILs were studied through literature data analysis and lab
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experiments. And the detailed properties of some selected UCST ILs were investigated.
The experimental results of the high thermal and chemical stability, the suitable working
temperature and large solubility change with temperature, reveal the strong potential for
the use of UCST ILs in many application areas, including but not limited in FO desalination
process, PRO process and RED process.
Chapter 4 describes the lab experimental results of using UCST ILs for the FO desalination
process. Three selected UCST ILs were studied as draw solutes with two different
commercial semipermeable membranes in different temperature and with different
concentration NaCl feed solutions. The results showed that the ILs can draw water from
very high salty water, i.e 3.0 M NaCl solution which is about 5 times condense of the
seawater. By using cheap thermal energy, about 1/3 to 2/3 electric energy can be saved
compared to the conventional desalination process.
Chapter 5 deals with the novel osmotic thermal engine with USCT ILs as the working fluids
to convert low-grade thermal energy to electricity by PRO. Two UCST ILs that showed
better performance in the FO desalination experiments described in Chapter 4 were used
in this study. The experimental results clearly demonstrated the superior performance of
the TRIL-OHE system. Therefore, this novel process provided a very promising way to
recover waste heat and convert it to electric energy.
Chapter 6 is dedicated to the RED process study. It explores RED as another potential
energy conversion process besides PRO. Both NaCl solution system and IL solution system
are used as working medium. Theoretical calculation and experimental results showed
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the NaCl system used in RED is a feasible way to generate power, but due to the non-ideal
of the membrane, water will pass through the membrane due to osmotic pressure which
causes energy loss and thus reduces the efficiency. The amount of water passing through
the membrane depends on the concentration difference between the two solutions. For
the IL, due to the large molecular size, the transport rate through the ion exchange
membrane is low, which leads to a very low current. Therefore, ILs with large molecular
size are not suitable for the RED process.
Chapter 7 summarizes the main results gained in this Ph.D. study, evaluates the practical
potential of the newly designed technologies in this study, and assesses the encouraging
research directions for the future development.
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Chapter 2
Literature Review
2.1 Ionic Liquids (ILs)
Ionic liquids (ILs) are ionic materials comprised of usually large organic ions and have low
melting points below 100°C under the atmospheric pressure. 15-18 They are usually
transparent viscous liquids at room temperature. Similar to common salts, ILs are
composed of ions, but unlike most of the salts that are solid at room temperature, ILs are
liquid. The much lower melting point of ILs compared with classic inorganic salts can be
explained by the Gibbs free energy of fusion, solvation and lattice. 19 ILs are liquid under
standard ambient conditions because the liquid state is thermodynamically favorable due
to the large size, sterically hindered structure and conformational flexibility of the ions
involved, which leads to small lattice enthalpies and large entropy changes that favor
melting.
Compared with conventional room temperature liquids such as water and organic
solvents, the inner interaction force among components is very different. As a
polar molecule, the water molecule has a weak, partially negative charge at one region of
the molecule, the oxygen atom, and a partial positive charge, the hydrogen atoms. This
property forms the hydrogen bond, which are weak attractive interactions among water
molecules that form between a hydrogen with a partial positive charge and a more
electronegative atom oxygen. For conventional organic solvents, the Van der Waals
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interaction is the main attractive interaction among molecules. For ILs, the large size and
low electric charge density make the Coulomb interaction force as the main attractive
force.
The first study of ILs was published in 1914 by Walden.20 Analogous to the structure of
NaCl, a common IL is composed of a cation and an anion. With a different cation or anion,
the property of ILs can be quite different. The cation is usually an organic ion, including
but not limited to imidazolium-, pyridinium-, pyrrolidinium-, piperidinium-, ammonium-,
sulfonium-, and phosphonium-based ions. The anion can be organic and sometimes
inorganic ion, including but not limited to halogens, borates, phosphates, sulfonates,
sulfates,

imides,

acetates,

hexafluorophosphate,

trifluoromethanesulfonate,

tetrafluoroborate, and bis[(trifluoromethyl)sulfonyl]imide.21 By mixing different ILs, a
complex binary and ternary ions IL can be obtained.22-23 Consider the available anions and
cations grouping, as well as the binary and ternary mixtures, it was estimated that there
are approximately one trillion (1018) accessible room temperature ILs.24 Currently, more
than 1,000 ILs are described in the literature, and more than 300 are commercially
available,25 but the price is expensive. ILs are often conductive, highly viscous, thermally
stable and minimally combustible. With these special properties, most of the ILs research
focused on using them as organic solvents,26-28 catalysis,29-31 active pharmaceutical
Ingredients,32-33 and conductive media in batteries.34-35
The miscibility of different ILs with water or organic solvents are fairly different, some ILs
can be miscible with water or organic, some are not. Some ILs have partial miscibility that
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changes with temperature, whether raising or reducing the temperature, the ILs become
total miscible. These ILs are thermally responsive ILs. The thermally responsive solubility
is a special property of ILs, only a few ILs have this property that their solubility with water
or organic solvents changes significantly by turning the temperature. The thermallyresponsive ILs also exhibit a drastic change of their physical properties with temperature,
especially at the point of the critical temperature (𝑇𝐶 ).
Depending on whether the miscibility gap is found at high or low temperature, or their
solubility change direction with the change of temperature, the thermally responsive ILs
can be divided into two groups, the upper critical solution temperature (UCST) type, and
the lower critical solution temperature (LCST) type. A UCST IL is immiscible with water at
room temperature. Thus, when the IL is mixed with water at room temperature, a twoliquid-phase system will appear. One is the water-rich phase (named as the α phase for
short hereafter), and the other is the IL-rich phase (named as the β phase for short
hereafter). Upon heating above the Tc, the UCST IL becomes miscible with water, and the
two-liquid-phase system will change to a uniform IL solution. This thermal-driven phase
change is reversible, and it can be fast. The LCST ILs thermally responsible phase
separation phenomenon is similar but contrary to UCST ILs.

2.2 Osmotic Processes
2.2.1 Mechanism of osmotic processes
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Osmosis is a spontaneous process with a semipermeable membrane. In an osmosis
process, solvent molecule transports across a selectively permeable membrane from a
region of higher solvent chemical potential (usually the dilute side) to a region of lower
solvent chemical potential (usually the concentrate side), the membrane allows the
passage of the solvent molecule, but rejects most solute molecules or ions.
The driving force is the difference in chemical potential of solvent A across the membrane
(∆μ𝐴 ). Under the same other conditions, for a solution with a solvent molar fraction of
𝑥𝐴 , the value of 𝜇𝐴 is less than the 𝜇𝐴∗ in the pure solvent, and a spontaneous flow of
solvent will occur through the membrane from the pure solvent to the solution. Osmotic
pressure (π) is the pressure that would prevent transport of solvent across the membrane
from the pure solvent side if applied to the side of the solution with a solvent molar
fraction of 𝑥𝐴 . At equilibrium the chemical potential of the pure solvent (μ∗A ) is equal to
the chemical potential of the solvent in solution with an additional pressure of π (μA ): 36
𝜇𝐴∗ (𝑃) = 𝜇𝐴 (𝑥𝐴 , 𝑃 + 𝜋)

(2.1)

In which, xA is the mole fraction of the solvent, P is the pressure and π is the osmotic
pressure.
The osmotic processes are classified as Osmotic Equilibrium (OE); Forward Osmosis (FO,
ΔP = 0); Pressure Enhanced Osmosis (PEO, ΔP = P2 – P1 < 0); Pressure Retarded Osmosis
(PRO, ΔP = P2 - P1 < Δπ); Reverse Osmosis (RO, ΔP = P2 - P1 > Δπ).37 When the system
attains osmotic equilibrium (OE), there is no net flux across the membrane. Forward
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osmosis (FO) uses the osmotic pressure differential (∆π) across the membrane, rather
than hydraulic pressure differential (∆P) in reverse osmosis (RO), as the driving force for
transport of solvent through the membrane. The FO process results in the concentration
of a feed stream and the dilution of a highly concentrated stream (the draw solution).
Pressure-enhanced osmosis (PEO) applies pressure on the feed side of an FO system to
enhance the performance. Pressure-retarded osmosis (PRO) can be viewed as an
intermediate process between FO and RO, where hydraulic pressure is applied in the
opposite direction of the osmotic pressure gradient (similar to RO). However, the net
solvent flux is still in the direction of the concentrated draw solution (similar to FO), a
turbine is coupled to the pipe containing the increased pressure flow, and the hydraulic
pressure applied here is used to generate mechanical power. Power generated via PRO is
also referred to as ‘osmotic power’.
In water-based osmosis processes, water transports across a selectively permeable
membrane from a region of higher water chemical potential (dilute side) to a region of
lower water chemical potential (concentrated side), the membrane allows passage of
water but rejects most solute molecules or ions.
The clue of FO process can be widely found in nature, for example, a low energy and
natural process that the plants and trees take up water from the soil. Another good
example is the cell membranes in every living organism.38 The cell membranes are more
or less semipermeable membranes since the lipid layer is less permeable to charged
molecules such as ions and proteins. The cells bath in hypertonic (more concentrated)
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solutions lose water and shrink, while in hypotonic (less concentrated) solutions they take
up water and swell. The organism, therefore, endeavors by special regulatory
mechanisms to keep the osmotic pressure of the extracellular fluid as constant as
possible. Because of the good permeability of cell membranes to water, this mechanism
leads to a more or less constant osmotic pressure in the cell interior. However, it is only
relatively recently that the potential applications of the osmotic process in the industry
have begun to be recognized. It can be used on its own or combined with other processes
in wide application areas, for example, desalination, concentration, and renewable power
generation.
2.2.2 Semipermeable membrane
There are four main kinds of pressure driven and water permeable membranes:
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO).39
The MF membrane pore size is in the range of 0.1 to 10 µm, the typical operating pressure
is less than 1 bar; the UF membrane pore size is in the range of 0.01 to 0.1 µm (that is 10
to 100 nm), the typical operating pressure range is 1 to 10 bar; the NF membrane pore
size is in the range of 1 to 10 nm, the typical operating pressure range is 20 to 40 bar; the
RO membrane pore size is in the range of 0.1 to 1 nm, the typical operating pressure range
is 30 to 60 bar. Microporous membranes, such as MF and UF, remove particulate and
colloidal material and nanoporous membranes, such as NF and RO, remove soluble
organic and inorganic molecules.
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An ideal semipermeable membrane based on its definition should be a substance which
allows only solvent molecules to pass through but not solute molecules. RO membrane is
very close to an ideal semipermeable membrane. But in reality, even RO membrane
cannot reject all the solutes, very little salt could also pass through RO membrane. For
the nanoporous membranes, when the molecular weight of the solute is higher than 300,
the rejection of NF membrane can be higher than 90%, but when the molecular weight
reduces to about 120, the rejection of NF membrane is only 50%; for RO membrane, when
the solute molecular weight is higher than 50, the rejection is higher than 90%.40 For the
common used solute NaCl, whose molecular weight is 58.5, the common rejection of RO
membrane to NaCl is as high as 98%.
The development of polyamide (PA) thin-film composite (TFC) membranes was an
important milestone in membrane history.41 PA-TFC membranes were initially developed
for RO water desalination, however, their inherently fast water transport and outstanding
salt rejection make them promising in other semipermeable membrane needed
processes, such as FO and PRO. A typical PA-TFC membrane usually has an ultra-thin PA
selective layer (~ 100-200 nm), which was synthesized in situ on top of a mesoporous
support layer (~ 40 µm, normally polysulfone), backed by a structural support layer (~ 120
µm, normally nonwoven polyester).
In FO and PRO processes, solute diffusion could happen in both directions depending on
the composition of the draw solution and the feed solution. 42-43 The draw solutes may
diffuse to the feed solution and the feed solutes may diffuse to the draw solution. That
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could cause both the loss of the draw solutes and the feed solutes. The loss of draw
solutes may contaminate the feed stream and perhaps bring environmental issues.
Similarly, the loss of the feed solutes could contaminate the draw solution and may
reduce the performance of the draw solution.
The general equation describing the water transport in the osmotic membrane processes
is:44
𝐽𝑊 = 𝐴(𝜎∆𝜋 − ∆𝑃)

(2.2)

Where 𝐽𝑊 is the water flux, A is the water permeability constant of the membrane, σ is
the reflection coefficient, ∆𝜋 is the osmotic pressure difference and ∆P is the applied
pressure difference. In the ideal case, the reflection coefficient σ is equal to 1; but in real
situations, it will be affected by the concentration polarization.
The solute flux ( JS ) for each individual solute can be modeled by Fick’s Law:37
𝐽𝑆 = 𝐵∆𝐶

(2.3)

Where B is the solute permeability coefficient and ∆C is the difference of the transmembrane concentration for the solute. It is clear from this equation that a solute will
diffuse from an area of high concentration to an area of low concentration. The
fundamental driven force is still the difference of the chemical potential. This
phenomenon is well known in RO where solutes from the feed water diffuse to the
product water, however in the case of FO the situation can be far more complicated.
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2.2.3 Concentration polarization
Concentration polarization is a prevalent phenomenon in membrane-based separations.
This phenomenon and its impact is one of the most significant factors to the net driving
osmotic pressure in osmotically driven processes.
Briefly speaking, concentration polarization is the build-up of new concentration
gradients against the original solutions concentration gradient in both side of the
membrane active layer during operation and reduces the effective osmotic pressure
difference thus limits the attainable water flux.
In the separation processes with a TFC membrane, the concentration polarization
phenomenon can be generally divided into external concentration polarization (ECP) and
internal concentration polarization (ICP).45-47
ECP takes place on the membrane surface, and is brought by the osmotic process itself,
that when the water passes through the membrane, the feed water solution becomes
concentrated on one side of the membrane and the draw solution becomes diluted at the
other side, effectively reduces the differential osmotic pressure and therefore the solvent
flow. In details, the ECP is caused by water permeates the membrane surface and leaves
the solute behind in the boundary layer with a higher concentration. Therefore, this effect
can be reduced by stirring the solutions on both sides of the membrane to minimize the
thickness of the boundary layers. Convective water ﬂow drags solute from the bulk
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solution to the surface of the membrane. The driving force must overcome this increased
concentration in order to keep the water ﬂux as high as the expected value.
ICP takes place at the inner part of the membrane, and is caused by the structure of the
TFC membrane, the support layer inhibits the effects of turbulence.
There are two kinds of the TFC membrane orientation,37 as shown in Figure 2.1, one is the
active layer faces the feed side (AL-FS mode48), the other is the active layer faces the draw
side (AL-DS mode). The concentration polarization phenomenon is a little different based
on the orientation.
In the AL-FS mode, as shown in Figure 2.1 (A), ECP can be found at both outside surfaces
of the membrane: on the feed side, solutes are concentrated at the active layer surface,
as water permeates through the membrane, giving rise to a concentrative ECP; on the
draw side, solutes are diluted at the membrane support layer outside surface, as water
enters from the feed side, giving rise to a dilutive ECP. For the ICP, during the operation,
the water permeates through the porous support layer and dilutes the draw solutes inside
the support, giving rise to a dilutive ICP.
In the AL-DS mode, as shown in Figure 2.1 (B), ECP can also be found at both of the
membrane outside surface: on the feed side, solutes are concentrated at the membrane
support layer surface, as water permeates through the membrane, giving rise to a
concentrative ECP; on the draw side, solutes are diluted at the membrane active layer
surface, as water enters from the feed side, giving rise to a dilutive ECP. For the ICP, during
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the operation, solutes inside the support are concentrated when the water permeates
through the membrane, giving rise to a concentrative ICP.
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(A) The concentration polarization phenomenon in the AL-FS mode.
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(B) The concentration polarization phenomenon in the AL-DS mode.
Figure 2. 1 The concentration polarization phenomenon of TFC membrane.
To analyze the influence of ECP, we need to find the concentrations of salt at the
membrane-solution interface 𝐶𝑚 , which is different from the bulk solution concentration
𝐶𝑏 . This is caused by the flow of salt and water through the membrane in opposite
directions, reducing the salt concentration at the membrane interface of the concentrate
solution and increasing the salt concentration at the membrane interface of the dilute
solution.
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The osmotic pressure difference across the membrane ∆π𝑚 is then 𝜋𝑚,𝑑𝑟𝑎𝑤 - 𝜋𝑚,𝑓𝑒𝑒𝑑 ,
instead of the bulk solution osmotic pressure difference ∆π𝑏𝑢𝑙𝑘 , which is 𝜋𝑑𝑟𝑎𝑤 - 𝜋𝑓𝑒𝑒𝑑 .
This driving force is lower than the apparent value.
The solution concentration on the membrane surface is not an easily measurable quantity,
but because ECP happens in the boundary layer, it can be calculated following the
boundary layer ﬁlm theory.45
Fluid ﬂow velocity through the channel of a membrane module is non-uniform.49 Friction
at the ﬂuid–membrane surface reduces the ﬂuid velocity next to the membrane to
essentially zero, and the velocity increases as the distance from the membrane surface
increases. Thus, the ﬂuid ﬂow velocity in the middle of the channel is the highest, the ﬂow
there is often turbulent, and the ﬂuid is well mixed. The velocity in the boundary layer
next to the membrane is much lower, and essentially zero adjacent to the membrane, the
ﬂow is laminar, and mixing occurs by diffusion. In the ﬁlm model of concentration
polarization, concentration gradients formed due to transport through the membrane are
assumed to be conﬁned to the laminar boundary layer.
These concentration gradients generated by ECP can be expressed in mathematical form.
A concentrative ECP analysis adjacent to the membrane selective layer in an AL-FS mode
can be found in Figure 2.1 (A). The concentration of solute adjacent to the membrane
surface 𝐶𝑚 (which is 𝐶2 in the figure) is higher than the bulk solution concentration 𝐶𝑏
(which is 𝐶1 in the figure) because the membrane preferentially permeates water and
retain salt. Water and salt are brought toward the membrane surface by the ﬂow of
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solution through the membrane J𝑊 . Water permeates the membrane, but most of the
salt is rejected by the membrane and retained at the membrane surface. A salt flux J𝑆 is
coming from the draw solution side. Salt accumulates at the membrane surface until a
sufﬁcient gradient has formed to allow the salt to diffuse to the bulk solution. Steady state
is then reached.
Considering the flow of water J𝑊 in a unit membrane surface during a unit time, at steady
state, the net salt ﬂux to the membrane must be equal to the sum of salt reflux from the
draw solution in other side J𝑊 J𝑆 and the salt bring by the convective salt flux towards the
membrane surface from the feed bulk solution J𝑊 𝐶. In the boundary layer, this net salt
ﬂux is also equal to the salt diffusive ﬂux away from the membrane expressed by Fick’s
𝑑𝐶

law 𝐷 𝑑𝑦 . So, from a simple mass balance, transport of salt at any point within the
boundary layer can be described by equation 2.4:
𝑑𝐶

𝐽𝑊 𝐶 + J𝑊 J𝑆 = D 𝑑𝑦

(2.4)

Where D is the diffusion coefﬁcient of solute, y is the coordinate perpendicular to the
membrane surface, C is the concentration of the solute, and J𝑊 is the volume ﬂux in the
boundary layer generated by permeate ﬂow through the membrane.
The mass balance equation 2.4 can be integrated over the thickness of the boundary layer
to get:
𝐶𝑚 +𝐽𝑆
𝐶𝑏 +𝐽𝑆

J ×𝛿

= exp( 𝑊

𝐷

)

(2.5)
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Of the four factors that affect concentration polarization, the easiest one can be changed
is the boundary layer thickness δ. As δ decreases, Equation 2.5 shows that the
concentration

polarization

becomes

exponentially

smaller.

Thus,

the

most

straightforward way of minimizing concentration polarization is to reduce the boundary
layer thickness by increasing turbulent mixing at the membrane surface. The simplest way
to promote mixing is to increase the ﬂuid ﬂow velocity past the membrane surface.
Membrane spacers are also widely used to promote turbulence by disrupting ﬂuid ﬂow in
the module channels.
A similar analysis can be extended to dilutive ECP, in this case, the concentration relation
can be expressed as:
𝐶𝑚 −𝐽𝑆
𝐶𝑏 −𝐽𝑆

= exp(−

J𝑊 ×𝛿
𝐷

)

(2.6)

In real operation, the effect of ECP reduces the osmotic pressure difference across the
membrane from ∆π𝑏𝑢𝑙𝑘 to ∆π𝑚 , and the effect of ICP further reduces the osmotic
pressure difference across the membrane to ∆π𝑒𝑓𝑓 , as shown in Figure 2.1.
ICP refers to concentration polarization within the membrane porous support. Based on
the relation in ECP, we can get the solute concentration on both the membrane outside
surfaces. However, the solute concentration in the connection of the active layer and
support layer is unknown. Similarly, we can get it by solute pass analysis within active
layer and support layer.46
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Considering the case of AL-FS in Figure 2.1 (A), the solute flux across the active layer J𝑆
can be written as
𝐽𝑆 = 𝐵(𝐶3 − 𝐶2 )

(2.7)

Where B is the solute permeation coefficient.
In the support layer, the solutes flow in two opposite directions: a diffusive part due to
diffusion down the concentration gradient, and a convective part due to the bulk flow of
water through the membrane. The flux of solute across the support layer can thus be
written
𝑑𝐶

𝐽𝑆 = Dԑ 𝑑𝑦 − 𝐽𝑊 𝐶

(2.8)

Where ԑ is the porosity of the support layer and is assumed equal to the volume fraction
occupied by the capillary water in the support layer. D is the diffusion coefficient of solute.
The distance y is measured from the membrane-solution interface on the support layer
side.
Combine equation 2.7 and 2.8, can yield:
𝑑𝐶

𝐵(𝐶3 − 𝐶2 ) = Dԑ 𝑑𝑦 − 𝐽𝑊 𝐶

(2.9)

The boundary condition of equation 2.9 is that, when y = 0, 𝐶 = 𝐶4 ; when y = τ t, 𝐶= 𝐶3 .
Where t is the thickness and τ is the tortuosity of the porous substrate. Then equation 2.9
can be integrated as
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𝐶2
𝐶3

=

𝐶
𝐵[exp(𝐽𝑊 𝐾)−1]+𝐽𝑊 4 exp(𝐽𝑊 𝐾)
𝐶3

(2.10)

𝐵[exp(𝐽𝑊 𝐾)−1]+𝐽𝑊

Where K =τ t/(Dԑ), which is a measurement of the resistance to the solute transport in
the support layer.
A similar analysis can be conducted in the case of AL-DS in Figure 2.1 (B), and we can get
the relation as

𝐶3
𝐶2

=

𝐶
𝐵[exp(𝐽𝑊 𝐾)−1]+𝐽𝑊 4 exp(𝐽𝑊 𝐾)
𝐶2

𝐵[exp(𝐽𝑊 𝐾)−1]+𝐽𝑊

(2.11)

2.3 Salinity Gradient Energy
The salinity gradient energy (SGE) is the energy created by the difference in solute
concentration between two fluids and utilizes the Gibbs free energy from the mixing
process. This energy source was first published in 1954.50 This energy source relies on the
energy that dissipates when two solutions with different salinities mix.51
It is sometimes also called Blue Energy because the natural salinity gradients can be found
is commonly coastal salinity gradients, generated by the river freshwater and the
seawater. The difference in concentration of the river water and the sea water is the
driving force of the SGE which has the potential to supply electricity wherever a river
discharges into the ocean. It is estimated that, if the worldwide river discharge was taken
into account, the availability of SGE constitutes an enormous energy resource with a
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power potential of 2.6 TW.6 However, this huge SGE is wasted when a freshwater source
naturally discharges into the sea.
This renewable energy source is directly coupled with the Earth's natural water cycle.52 In
this cycle, water evaporates from salty bodies of water, such as sea and ocean, mainly
due to solar heating. Then this evaporated water transports in the form of clouds and
eventually precipitates in the forms of rain or snow to the ground once more as
freshwater. This freshwater runs off to the rivers, then flows toward the sea and ends the
natural cycle. The SGE mentioned above is in the last step of the natural water cycle.
The most studied agent for SGE is NaCl. The process can be simplified as a concentrate
solution NaCl c and a diluted NaCl solution d, mix them together to get the mixed NaCl
solution m. As a well-studied chemical solution, the Gibbs free energy of mixing two NaCl
solution with different concentration and amount can be theoretically calculated.
In a given temperature T and pressure P, the chemical potential of the solvent water 𝜇𝑤
is defined as:
∗
𝜇𝑤 = 𝜇𝑤
+ 𝑅𝑇𝑙𝑛𝑎𝑤

(2.12)

∗
Where 𝜇𝑤
is the chemical potential of the pure water, 𝑎𝑤 is the activity of water in that

solution.
And the chemical potential of the solute NaCl 𝜇𝑠 is defined as:
𝜇𝑠 = 𝜇𝑠ѳ + 𝑅𝑇𝑙𝑛𝑎𝑠

(2.13)
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Where 𝜇𝑠ѳ is the chemical potential of NaCl at infinite dilution, 𝑎𝑠 is the activity of NaCl in
that solution.
For a NaCl solution which only contains water and NaCl, the Gibbs free energy is defined
as:
G = ∑𝑖 𝜇𝑖 𝑛𝑖 = 𝜇𝑤 𝑛𝑤 + 𝜇𝑠 𝑛𝑠

(2.14)

When mixing a concentrated NaCl solution c and a dilute NaCl solution d to a mixed
brackish solution m in a given temperature T and pressure P, the Gibbs free energy change
of mixing can be calculated as:
∆𝐺𝑚𝑖𝑥 = 𝐺𝑚 − (𝐺𝑑 + 𝐺𝑐 )

(2.15)

Consider equation 2.14, equation 2.15 can be written as:
∆𝐺𝑚𝑖𝑥 = (𝜇𝑤𝑚 𝑛𝑤𝑚 + 𝜇𝑠𝑚 𝑛𝑠𝑚 ) − [(𝜇𝑤𝑑 𝑛𝑤𝑑 + 𝜇𝑠𝑑 𝑛𝑠𝑑 ) + (𝜇𝑤𝑐 𝑛𝑤𝑐 + 𝜇𝑠𝑐 𝑛𝑠𝑐 )]

(2.16)

According to material conservation and species conservation:
𝑛𝑖𝑚 = 𝑛𝑖𝑑 + 𝑛𝑖𝑐

(2.17)

Where n is the number of moles, i represents each component in the solution, c
represents the concentrate solution, d represents the dilute solution and m represents
the mixed solution.
Bring in equation 2.12, 2.13 and 2.17 to equation 2.16, after rearranging, we can get:
∆𝐺𝑚𝑖𝑥 = RT(𝑛𝑠𝑚 ln𝑎𝑠𝑚 − 𝑛𝑠𝑑 ln𝑎𝑠𝑑 − 𝑛𝑠𝑐 ln𝑎𝑠𝑐 )

(2.18)
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For simplification, set ∅ as the ratio of the total moles in the dilute solution to the total
moles in the system,53 that is

∅=

𝑛𝑑
𝑛𝑚

=

𝑛𝑤𝑑+𝑛𝑠𝑑

(2.19)

𝑛𝑤𝑚 +𝑛𝑠𝑚

In the application, the specific Gibbs free energy change of mixing per unit volume of the
mixing solution ∆𝐺𝑚𝑖𝑥,𝑉𝑚 is more convenient to use:

∆𝐺𝑚𝑖𝑥,𝑉𝑚 =

∆𝐺𝑚𝑖𝑥
𝑉𝑚

= RT (

𝑛𝑚 𝑥𝑚
𝑉𝑚

ln𝑎𝑠𝑚 −

𝑛𝑑 𝑥𝑑
𝑉𝑚

ln𝑎𝑠𝑑 −

𝑛𝑐 𝑥𝑐
𝑉𝑚

ln𝑎𝑠𝑐 )

(2.20)

For NaCl solutions, even for the saturated solution, the weight percentage is 26%, the
molar fraction is 0.0975. Therefore, we can assume that in the NaCl solutions the
volumetric and mole contribution of salt to the solution is negligible compared to water.
Then the solution volume and the total number of moles in solution are approximately
the volume of water and the moles of water, respectively. By further assuming that the
volume of the system does not change in the mixing process (V𝑐 +V𝑑 = V𝑚 ), i.e., the
solutions exhibit ideal behavior, 53 then, the volumetric fraction can be approximated to
the molar fraction:

∅=

𝑛𝑑
𝑛𝑚

≈

V𝑑
V𝑚

(2.21)

With this approximation, equation 2.20 can be rewritten as:
∆𝐺𝑚𝑖𝑥,𝑉𝑚 = RT[𝐶𝑚 ln𝑎𝑠𝑚 − ∅𝐶𝑑 ln𝑎𝑠𝑑 − (1 − ∅)𝐶𝑐 ln𝑎𝑠𝑐 ]

(2.22)
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As a strong electrolyte, when dissolving in water, NaCl will totally ionize as cation 𝑁𝑎+
and anion 𝐶𝑙 − :
NaCl(𝑎𝑁𝑎𝐶𝑙 ) → 𝑁𝑎+ (𝑎𝑁𝑎+ ) + 𝐶𝑙 − (𝑎𝐶𝑙− )

(2.23)

Before the ionization,
ѳ
(𝑇) + 𝑅𝑇𝑙𝑛𝑎𝑁𝑎𝐶𝑙
𝜇𝑁𝑎𝐶𝑙 = 𝜇𝑁𝑎𝐶𝑙

(2.24)

After the ionization, it becomes two parts:
ѳ
𝜇𝑁𝑎+ = 𝜇𝑁𝑎
+ (𝑇) + 𝑅𝑇𝑙𝑛𝑎𝑁𝑎+

(2.25)

And
ѳ
− (𝑇) + 𝑅𝑇𝑙𝑛𝑎𝐶𝑙 −
𝜇𝐶𝑙− = 𝜇𝐶𝑙

(2.26)

Because
𝜇𝑁𝑎𝐶𝑙 = 𝜇𝑁𝑎+ + 𝜇𝐶𝑙−

(2.27)

And
ѳ
ѳ
ѳ
(𝑇) = 𝜇𝑁𝑎
𝜇𝑁𝑎𝐶𝑙
+ (𝑇) + 𝜇𝐶𝑙 − (𝑇)

(2.28)

Then when dissolved in water, the total chemical potential of the NaCl can be got by
combining equation 2.24, 2.25 and 2.28 to equation 2.27:
ѳ
ѳ
𝜇𝑁𝑎𝐶𝑙 = 𝜇𝑁𝑎+ + 𝜇𝐶𝑙− = (𝜇𝑁𝑎
+ (𝑇) + 𝜇𝐶𝑙 − (𝑇)) + RTln(𝑎𝑁𝑎+ 𝑎𝐶𝑙 − )
ѳ
(𝑇) + RTln(𝑎𝑁𝑎+ 𝑎𝐶𝑙− )
= 𝜇𝑁𝑎𝐶𝑙

(2.29)

48
Therefore, in the solution the total activity of the solute NaCl 𝑎𝑁𝑎𝐶𝑙 is:
±
𝑎𝑁𝑎𝐶𝑙 = 𝑎𝑁𝑎+ 𝑎𝐶𝑙− = (𝛾𝑁𝑎+ 𝑥𝑁𝑎+ )(𝛾𝐶𝑙− 𝑥𝐶𝑙− ) = (𝛾𝑁𝑎𝐶𝑙
𝑥𝑁𝑎𝐶𝑙 )2

(2.30)

Where 𝛾 ± is the mean activity factor of ions, and defined as
𝛾 ± = √𝛾 + 𝛾 −

(2.31)

Combine with equation 2.30, equation 2.22 can be written as:
±
±
± )]
∆𝐺𝑚𝑖𝑥,𝑉𝑚 = νRT[𝐶𝑚 ln(𝛾𝑠𝑚
𝑥𝑚 ) − ∅𝐶𝑑 ln(𝛾𝑠𝑑
𝑥𝑑 ) − (1 − ∅)𝐶𝑐 ln(𝛾𝑠𝑐
𝑥𝑐

(2.32)

Where ν = ν+ + ν− , which is the total number of ions that a molecular solute dissociates
into when it dissolves in water, ν+ is the number of cations and ν− is the number of
anions. For NaCl, ν+ = ν− = 1, therefore, ν = 2.
Currently, there are three major technologies to harvest SGE, pressure retarded osmosis
(PRO), reverse electrodialysis (RED), and capacitive mixing (CM).7 PRO employs a
semipermeable membrane as a separator and to let the solvent, usually freshwater, pass
through from a dilute solution side to a concentrate solution side. The added solvent
volume increases the pressure on the concentrate side, which can be depressurized by a
hydro turbine to produce power, which is also mentioned as the term of ‘osmotic
power’.54 RED utilizes the transport of ions through ion perm-selective membranes to
generate electric power. A RED system consists of a stack of alternating cation and anion
exchanging membranes, and the compartments between the membranes are alternately
filled with high concentration solution and low concentration solution. The salinity
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gradient difference is the driving force in transporting ions that results in an electric
potential, which is then converted to electricity.55 CM is a technology that directly extracts
the SGE through the movements of ions in high- and low-concentration solutions. It bases
its roots on the ability to store a very large amount of electric charge in the form of cation
and anion separately inside supercapacitors or battery electrodes that dipped in a saline
solution. The energy harvest by capturing and releasing the cation and anion by the
supercapacitors or electrodes in the cycle.56
Among these three technologies, PRO and RED are membrane-based processes.57 The
study of this dissertation work focuses on these two membrane-based processes: PRO
and RED.

2.4 Water Desalination by FO
Desalination is a general process of removing salt from salty water (e.g. the seawater) to
produce freshwater. The most common membrane desalination process in the world is
RO. In RO process, a pressure difference is applied across a semi-permeable membrane,
which has a high permeability of water but not for dissolved solids (i.e. salts), meanwhile,
freshwater is forced to permeate through the membrane. The common range of SWRO
operating pressures is between 55 and 68 bar.58 There are three major drawbacks in RO
desalination systems:59 intensive energy input due to high hydraulic pressure as driven
force, high pretreatment requirement in order to maintain a long-term operation, and
membrane fouling which would cause poor plant performance.
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Along with the development of RO, FO has also been proposed for removing salts from
saline water since the 1970s.60 The most attractive feature of FO is that almost no external
hydraulic pressure is required to run the FO process. Potential FO applications are a
function of the respective feed and draw solutions selected, and the water quality
objectives. In FO process, water is extracted from a lower osmotic pressure feed solution
into a higher osmotic pressure draw solution. The process is driven by the osmotic
pressure difference between the two aqueous solutions on the opposite sides of the semipermeable membrane and results in the concentration of the feed solution and the
dilution of the draw solution. With a second process, including but not limited by a
membrane separation, a thermal method, an adsorption separation or a combination of
these processes, freshwater can be got from the diluted draw solution. Therefore, FO is
considered to be a technology competitive with RO in water desalination.
There are two key components in FO: the semi-permeable membrane and the draw
solution. FO was proposed for removing salts from saline water in 1964, 61 but only
recently have commercial FO membranes become available and have studies on this area
been revitalized.60 The other main hindrance to the development of FO is the selection
and regeneration of the draw solution. Many compounds have been proposed as draw
solutes, including but not limited to inorganic and organic salts, organic acids, sucrose,
water-soluble gases, magnetic nanoparticles, stimuli-responsive polymer hydrogels,
hydrophilic nanoparticles, fertilizers, polyelectrolytes and polyglycol copolymers.13 These
draw solutes can be regenerated by various approaches, and they have certain
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advantages; however, they also involve significant drawbacks. The development of a good
and novel draw solute is highly desirable. Among the famous draw solutes, ammoniacarbon dioxide has a high osmotic efficiency (up to 6 M) and thus a high draw ability 62-63
because of the high solubility and relatively low molecular weight (MW). However, the
solution is corrosive; the regeneration process requires an intensive energy input, and the
produced water has a high ammonia residue, which results in limited usage. Magnetic
nanoparticles are easily regenerated, and there is no solute crossover as a result of the
large size of the nanoparticles, but their draw ability is low also because of their large MW
leading to a low molar concentration. In addition, magnetic nanoparticles lack long-term
stability because they tend to agglomerate after several runs of the cycle. 64-66 Stimuliresponsive polymer hydrogels can entrap a large volume of water due to the high
concentration of hydrophilic groups, and water can be released by a reversible volume
change or solution–gel phase transitions in response to heating and pressure67-69.
However, the draw ability is low, and the water extraction and release procedure is slow.
Thermo-responsive copolymers and oligomers with a lower critical solution temperature
(LCST) were also proposed as novel draw solutes for FO processes.70-72 The high MW of
the copolymers allows the draw solutes to be easily recovered by microfiltration (MF),
but it limits the draw ability. The oligomers can draw water from a feed solution of a 0.60
M NaCl solution (equivalent to seawater) at most. Very recently, Cai et al. used LCST-type
ILs as draw solutes in FO.73 Their results showed that water can be drawn from feed
solutions up to a 1.6 M salt concentration.
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2.5 Pressure Retarded Osmosis (PRO) for Energy Conversion
2.5.1 Principle of energy conversion by PRO
In a PRO process,74 a semipermeable membrane separates a low concentration (LC) salt
solution and a high concentration (HC) salt solution. Because of the concentration
difference in salt across the membrane, an osmotic pressure difference Δπ is developed,
and it drives water permeation from the LC solution side to the more concentrated HC
solution side. The volume of water ∆V that transfers through the membrane and adds to
the HC solution, pressurizes the HC solution so that it can surmount the constant hydraulic
pressure ΔP added from a hydro turbine, and then powers the hydro turbine to produce
useful work W= ΔP∆V. The energy harvest during a PRO process is the SGE mentioned
before. However, a PRO process with a constant hydraulic pressure ΔP, which is more
reliable in a real operation, can only extract part of the Gibbs free energy change of
mixing, which is the theoretical max energy included in the two solutions.53 During the
water draw process, once Δπ reduced to ΔP, the volume of water passed through the
membrane attained ∆V, the process will stop, left a part of the unutilized energy. When
Δπ is higher than ΔP, theoretically it could overcome a higher hydraulic pressure ∆𝑃𝑟 = Δπ
∆𝑉

> ΔP, the work lost in this section is ∫0 (∆𝑃𝑟 − ΔP)dV.
Besides, because of the imperfection of the membrane, some salts will also reflux through
the membrane from the HC to the LC, further reduces the extractable energy. The most
common circumstance that may be imagined to exploit the SGE by PRO is to use the
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differential osmotic pressure between a low brackish river flowing into the sea, or brine
and seawater.
The semipermeable membrane used in PRO should be robust enough to withstand the
applied pressure difference ∆𝑃. Except for the membrane modules, PRO still requires
high-pressure set-ups, pressure exchangers, and turbines. With the pressure added to the
draw solution side, the process driven force is reduced from ∆𝜋 to ∆𝜋 − ∆𝑃, the potential
of draw solution is reduced.
One branch of PRO is the osmotic heat engine (OHE), which is a promising technology for
converting low-grade heat to electricity. The concept of using OHE to recover low-grade
heat was first proposed by Loeb in 1974 based on a pressure-retarded osmosis (PRO)
process that uses a semipermeable membrane to harvest the salinity gradient energy
(SGE) and then uses low-grade heat to regenerate the salinity gradient.75
2.5.2 Research progress in energy conversion by PRO
In 1954, Pattle proposed that there was an unused natural energy resource, i.e., the loss
of a large osmotic pressure when a river mixes with the sea.50 However, until 1974, similar
practical methods of exploiting it using selectively permeable membranes was outlined
independently by Norman76 and Jellinek77. That was the prototype of PRO. The concept
of current PRO, which was more advanced than the previous two methods, was created
by Loeb78 in 1976.
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The development of PRO has been hindered by the lack of an appropriate membrane for
many years.46, 79-80 The combination of increased interest in renewable and sustainable
sources of energy and the progress in membrane fabrication technology have resurged a
significant amount of research and development work in PRO has been undertaken in the
last decade.81-82
The main challenge for implementing PRO for the economical production of energy get
from the natural water source is the development of low-cost and robust membranes
that have minimal ICP and fouling and could withstand the applied hydraulic pressure
added from the hydro turbine.
As the most well developed osmotic technology, RO has been commercially used for many
years. Because FO and PRO can be seen as the inverse process of RO, the initially tried
membrane used in FO and PRO was the asymmetric RO membrane, which has a very thin
salt-rejecting “skin” on one side of the membrane, and the remainder of the membrane
is a finely porous matrix that serves as a support for the skin. However, the bulky support
layer of the asymmetric RO membrane would cause ICP, which could reduce the
permeate water flux and therefore power density.83-84 New cellulose acetate membranes
were specifically designed for FO, and could substantially reduce ICP effects.82 New thinfilm composite polyamide membranes designed for PRO may achieve higher power
density because of their higher intrinsic water permeability and lower ICP.85
In November 2009, more than 30 years after the first PRO concept was proposed by
Loeb,78 a Norwegian state energy company Statkraft opened the first prototype PRO
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installation in Norway.79 Spiral-wound membrane modules supplied by Hydranautics
were used with a projected power density of 5 W/m2 at around a 12.5 bar hydraulic
pressure difference across the membrane,59 generating a gross output between 2 – 4 kW.

2.6 Reverse Electrodialysis (RED) for Energy Conversion
2.6.1 Principle of energy conversion by RED
Electrodialysis (ED) is a process used to desalt, demineralize, and recover ions. In an ED
system, a number of cation and anion exchange membranes (AEM, CEM) are stacked
repeatedly in an alternating pattern between a cathode and an anode, and each AEM and
CEM is separated by thin spacers to provide the flow chambers in the stack. Voltage is
applied on the electrodes across the conductive membrane module to drive the cations
and anions in the two feeds: one concentrate and one dilute, towards opposite direction,
so that to fulfill the purpose of desalting or recovering ions. Ion transport is enabled and
can be accelerated by the applied voltage potential across the ED module. The transport
of dissolved salts in the dilute channel pass through an oppositely charged ion exchange
membrane to the concentrate channel, so that facilitates the production of desalinated
water.
A reverse electrodialysis (RED) stack is just the same as an ED stack, a number of cation
and anion exchange membranes are stacked repeatedly in an alternating pattern
between a cathode and an anode, the compartments between the membranes are
alternately filled with a concentrated salt solution and a diluted salt solution, and thin
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spacers are provided between each pair of AEM and CEM to form the flow chambers in
the stack. The salinity gradient results in a potential difference over each membrane, the
so-called membrane potential. The electric potential difference between the outer
compartments of the membrane stack is the sum of the potential differences over each
membrane. Electrical wires are attached to each electrode terminal, facilitating the
transfer of electrical current to an external resistance source. When the number of cells
is high enough, the sum of cell-pair voltages exceeds the electrode reaction potentials
and useful power may be obtained from the electrodes to the external electric load.86
Although the system components of an ED or a RED system are almost the same, the
processes of ED and RED are different, even on the contrary side. In an ED process, electric
energy is input into the system to dilute the salty water to freshwater. Alternatively, in a
RED process, the salinity gradients are established at first, then the electrical power is
extracted by mixing the saline and the dilute solutions in a controlled way.
Almost in the same time of PRO model establishment, another method of extracting the
SGE released from the mixing of freshwater with seawater was also developed in 1976.8788

An electrochemical concentration cell, the dialytic battery, was proposed. This is the

RED prototype that can be seen as an electric circuit consisted of the membrane stack,
electrodes and the load resistance RL.
The theoretical value of the potential over an ion exchange membrane for an aqueous
solution can be calculated using the Nernst equation:89
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∆𝐸 = 𝑁

𝛼𝑅𝑇
𝑧𝐹

𝑎

ln(𝑎 𝑐 )

(2.33)

𝑑

Where α is the permselectivity of the membranes; N is the number of permselective
membranes that separate the concentrated and the diluted streams; 𝑎𝑐 and𝑎𝑑 are the
activities of the concentrated and the diluted solutions, respectively; z is the
electrochemical valence; R is the gas constant, 8.314 J/(mol∙K); T is the absolute
temperature; and F is the Faraday constant, 96485 C/mol.
The resistance of a RED stack is the summation of resistances of all components in a series,
including electrodes, electrolytes, non-conductive spacers, diffusion boundary layers at
the membrane surface, and membranes. Simplified models neglect the resistance of
diffusion boundary layers or combine its contribution with membrane resistance.
Consequently, the overall resistance (Ω) of the RED stack can be expressed as follows:
1

𝑑

𝑑

𝑑

𝑅𝑠𝑡𝑎𝑐𝑘 = 𝐴 (𝑅𝐴𝑀 𝑁𝐴𝑀 + 𝑅𝐶𝑀 𝑁𝐶𝑀 + 𝑓𝑠 𝜅𝑐 𝑁𝑐 + 𝑓𝑠 𝜅𝑑 𝑁𝑑 + 𝜅𝑟 𝑁𝑟 ) + 𝑅𝑒𝑙
𝑐

𝑑

𝑟

(2.34)

Where A is the effective membrane area (cm2), 𝑅𝐴𝑀 is the resistance (Ω cm2) of anion
exchange membrane, 𝑅𝐶𝑀 is the resistance (Ω cm2) of cation exchange membrane, 𝑅𝑒𝑙 is
the resistance (Ω) of electrodes, 𝑑𝑐 is the thickness (cm) of the concentrate solution
chamber, 𝑑𝑑 is the thickness of dilute solution chamber, 𝑑𝑟 is the thickness of rinse
solution chamber, 𝜅𝑐 is the specific conductivity (mS/cm) of the concentrate solution, 𝜅𝑑
is the specific conductivity (mS/cm) of the dilute solution, 𝜅𝑟 is the specific conductivity
(mS/cm) of the rinse solution, 𝑓𝑠 is the shadow factor90 that is a geometric constant which
accounts for the increase of electrical resistance due to the presence of a non-conductive
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spacer inside the concentrated and dilute solution chambers, 𝑁𝐴𝑀 is the number of anion
exchange membranes in the stack, 𝑁𝐶𝑀 is the number of cation exchange membranes in
the stack, 𝑁𝑐 is the number of concentrate solution chambers in the stack, 𝑁𝑑 is the
number of dilute solution chambers in the stack, and 𝑁𝑟 is the number of rinse solution
chambers in the stack.
According to Kirchhoff's law, the power output W (W) of the RED stacks can be calculated
as91

𝑊 = 𝐼 2 𝑅𝐿 = (𝑅

2
𝑉𝑠𝑡𝑎𝑐𝑘
𝑅𝐿
𝑠𝑡𝑎𝑐𝑘 +𝑅𝐿

𝑉2

)2

𝑉2

𝑅

≤ (2√𝑅𝑠𝑡𝑎𝑐𝑘 ∙𝑅𝐿
𝑠𝑡𝑎𝑐𝑘

𝐿

)2

= 4𝑅𝑠𝑡𝑎𝑐𝑘

𝑠𝑡𝑎𝑐𝑘

(2.35)

The power output is a function of overall stack resistance 𝑅𝑠𝑡𝑎𝑐𝑘 (Ω) and external load
resistance 𝑅𝐿 (Ω), so the output power W is maximized when 𝑅𝑠𝑡𝑎𝑐𝑘 and 𝑅𝐿 are equal,
written as91
𝑉2

𝑊𝑚𝑎𝑥 = 4𝑅𝑠𝑡𝑎𝑐𝑘

𝑠𝑡𝑎𝑐𝑘

(2.36)

The open-circuit potential of the stack with N membranes 𝑉𝑠𝑡𝑎𝑐𝑘 (V) can be calculated as
𝑉𝑠𝑡𝑎𝑐𝑘 = ∆𝐸 − ∆𝑈𝑒

(2.37)

In which, ∆𝐸 is the total electric potential generated by the membrane stack in equation
(2.33), ∆𝑈𝑒 is the electrode potential generated by both sides of the electrode reactions,
it could be different when different material electrodes and electrode rinse solutions
were used.
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A method to detect the power output is to measure the electric current I (A) and the
potential difference over the applied external load U (V). The power output W (W) can be
expressed as:
𝑊 = 𝑈𝐼

(2.38)

Compared with PRO, in which the mechanical energy is first generated from SGE, then
the mechanical energy is used to generate electric power, RED is a direct method to
generate electric power from SGE.
2.6.2 Ion exchange membrane
In order to have a better understanding of the RED process, firstly, we need to pay
attention to the ion exchange membrane, which is a key element in RED. Briefly, an ion
exchange membrane only allows one kind of ions, either cations or anions, to permeate.
It acts as a selective barrier to fulfill the purpose of separation.
There are two types of ion exchange membranes: cation exchange membrane (CEM) and
anion exchange membrane (AEM). In CEM, negatively charged groups attach to the
polymer backbone, let the cations pass through but reject most of the anions. Similarly,
in AEM, positively charged groups attach to the polymer backbone, allow anions pass but
reject most of the cations.
For convenient expression, the ions have the same charge as the fixed charged groups in
the membrane are called co‐ions, while the ions have the opposite charge to the fixed
charged groups in the membrane are called counter ions. Theoretically, only counter ions
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can pass through the membrane, while co‐ions will be rejected by the membrane due to
the static rejection by the fixed charged groups. An ion exchange membrane with a
permselectivity value of 100% is an ideal ion exchange membrane, which means that all
co‐ions can be rejected by this membrane. While a lower permselectivity value less than
100% indicates that some of the ions permeate this membrane are co-ions although most
of the ions permeate the membrane are still the counter ions.
The permselectivity and the electric resistance are two chief characteristics of the ion
exchange membranes, they have significant influences on the overall performance of the
RED system.
The ion exchange membrane contains a high concentration of fixed charged groups
attached to the polymer backbone. When putting the membrane in an electrolyte
solution, these fixed charged groups will attract counter ions from the salt solution due
to the electrostatic adsorption, these counter ions will distribute over the membrane
surface and form the electrical double layer. The interfacial ionic charge transfer from the
solution phase through the electrical double layer to the membrane yields the electrical
double layer resistance. The thickness of this layer is typically in the order of nanometers
(Debye length).52
When a current passes through the solution chambers and the ion exchange membranes,
the majority of the ions pass through the membranes are counter ions. In the bulk
solution, the current is carried by both cations and anions. The difference in ion transport
number between the bulk solution and the membrane results in the building up of
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diffusion boundary layer at the ion exchange membrane surface. This is the concentration
polarization phenomenon in the ion exchange membrane-related processes and will
influence the overall performance of the process. Typically, the diffusion boundary layer
described here have a thickness in the micrometer range.
Electrochemical impedance spectroscopy (EIS) is an effective method to study the
electrical properties. EIS could differentiate these layers because the different layers
respond differently to the applied signal at different frequencies.92
At the high-frequency range (about 1000 Hz) where no phase shift exists between the
voltage and the current, the Ohmic relation can be used directly. An ion exchange
membrane can be represented by a resistor in the equivalent electrical circuit. In this case,
the response of the EIS measurement is the combined resistance of the membrane and
the solution. The membrane resistance can be easily gotten by subtracting the solution
resistance determined from a blank measurement with the solution only.
When reducing the frequency, the phase shift generated by ions migrating through the
interfacial double layers is visible. The equivalent circuit model can be represented as a
resistor and capacitor in parallel.
With a very low-frequency signal (including the direct current), besides the response of
the membrane and the electrical double layer, the response of the concentration
gradients caused by concentration polarization in the diffusion boundary layers also
become part of the measured result. And the response of the electrical double layer and
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the diffusion boundary layer has a certain delay to the applied signal. In this case, the
equivalent circuit model can be represented by a resistor and a non‐ideal capacitor with
a specific phase angle at each frequency in parallel.
2.6.3 Research progress in energy conversion by RED
Electrodialysis was first tried in 1890 by Maigrot and Sabates as a method of combining
electrolysis and dialysis to demineralize sugar syrup.93 After the huge potential of SGE
when a river mixes with the sea was mentioned in 1954 by Pattle,50 in 1976 Weinstein
and Leitz proposed a method to harvest the electric power from salinity difference, they
called it the dialytic battery,87 this is the prototype of RED. A scheme of the dialytic battery,
which was called RED stack later, was shown, and the mathematical model to calculate
the membrane potential, the system resistance and the power that could be delivered to
the load was provided by expressions. In the same year, Clampitt and Kiviat proposed an
electrochemical concentration cell to extract the energy released from the mixing of fresh
water with seawater.88 They also provide the scheme and calculation methods even gave
some results. The biggest difference is that the cell only contains one membrane, the
battery contains a series of alternating AEM and CEM. In 1980, Lacey94 concluded that
membranes with high selectivity and low electrical resistance are required to maximize
the net output power from the RED stack. Lacey also stated that RED membranes should
be durable, physically strong, and dimensionally stable for the lowest possible cost. In
1986, Jagur-Grodzinski and Kramer investigated the role of ﬂow control using spacer
patterns to generate higher power.89
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Recently, in the 2000s, the research in RED area becomes popular once again. Substantial
efforts have been made to increase RED power density and energy efficiency by
optimizing the membrane module, spacing, and architecture.95-98 As the most important
components in RED, several different kinds of commercial ion exchange membranes
provided by different companies from different countries have been tried to evaluate the
performance of RED process,99-100 however, the power density of the RED process with
those commercial membranes are much lower than the target power density of RED
economical application. In order to improve the RED performance, the fabrication of new
kinds of ion exchange membrane also attracts a lot of efforts,101-104 these studies focus on
investigating and improving the core electrochemical and physical properties of ion
exchange membranes that directly inﬂuence RED performance, such as permselectivity,
membrane resistance, membrane thickness and membrane surface structure. The
achieved gross power density of these newly designed and fabricated ion exchange
membranes in a RED system exceed the power density obtained by the commercial
membranes.
The electrode system is also a key component in a RED system. The electrode systems can
be classified into two groups: with or without opposite electrode reactions.105 Within the
electrode systems employing opposite electrode reactions with a recirculating electrode
rinse, there is no net chemical reaction in these electrode systems, therefore there is no
loss of chemicals (except for transport through the outer membranes), if the electrodes
themselves do not participate the electrode reaction, the electrode systems can be
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continuously used for a long time. Additionally, these electrode systems have a zero
equilibrium voltage so that there is no energy consumption for the electrode chemical
reaction. In the electrode systems without opposite electrode reactions, there is a gap of
potential and energy between the two electrodes, this kind of electrode systems can be
selectively used in microbial fuel cells.106 By comparing the electrode systems described
in literature,105, 107 and considering the safety, health and environment issue as well as
the technical feasibility and economics, the redox reaction of 𝐹𝑒 2+ /𝐹𝑒 3+ couple in a
NaCl–HCl rinse electrolyte solution with bidirectional Ru/Ir covered titanium electrodes
was found to have the highest ranking.
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Chapter 3
Selection and Property Study of Thermally Responsive ILs
3.1 Selection of Thermally Responsive ILs
Ionic liquids (ILs) are large organic ions compounds with low melting points below 100°C
under the atmospheric pressure.15-18 The first study of ILs was published more than 100
years ago in 1914 by Walden.20 Currently, more than 1,000 ILs have been investigated in
the literature, and more than 300 ILs are commercially available.25 However, most of the
ILs research focused on using them as organic solvents,26-28 catalysis,29-31 active
pharmaceutical Ingredients,32-33 and conductive media in batteries.34-35 The study on the
thermally responsive solubility of ILs with water is very limited. This is also partially
because of that only a few of ILs were found to have the thermal responsive solubility.
There are two types of thermally responsive ILs: the ILs with an upper critical solution
temperature (UCST) and the ILs with a lower critical solution temperature (LCST). The
study on this thesis focuses on the UCST ILs.
To study the UCST ILs with the water system, the proper operation temperature range
should be between 0 °C and 100 °C. According to the significant change solubility with
temperature in the range of low-grade heat energy, the UCST ILs have the potential to be
used as novel draw solutes in FO process for water desalination, as well as the working
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fluid in PRO and RED processes for energy conversion from low-grade heat energy to
electric energy.
To be a good draw solute in the FO process for water desalination, the UCST IL should
have a high draw ability, which requires a high concentrated  phase and a low molecular
weight (MW). To be a good working fluid in a PRO process loop, the concentration
difference of the  phase and the  phase needs to be large. To be a good agent in RED
process loop, the concentration ratio of the  phase to the  phase needs to be high.
Hence, when used in the three processes, the UCST ILs all need to have a high
concentration in the  phase and a low concentration in the  phase. Additionally, in the
FO water desalination process, a low concentration  phase also means a small IL loss in
phase separation in each cycle and an easy post-treatment for freshwater polishing. In
the suitable Tc range, that is from 0 °C to 100 °C, a higher Tc will bring a higher water flux,
but also needs a higher heat energy input.
The crucial parameters of the literature reported ILs that have the UCST phase behavior
with water and meet the criteria of 0 °C < Tc < 100 °C were summarized in Table 3.1.

67
Table 3. 1 Properties of the literature reported UCST ILs with Tc < 100 °C.

IL

Tc (°C)

Density (g/ml)

MW (g/mol)

𝑪𝜶 (20 ~ 25°C)

𝑪𝜷 (20 ~ 25 °C)

[C4mim][BF4]108

5

1.21

226.02

\

\

[C8mim][BF4]109

80

1.12

282.13

\

88 wt%, 3.4 M

[Hbet][Tf2N]110

55.5

1.531

398.33

16 wt%

88 wt%

[P4444][fumarate]111

62.2

\

374.50

20 wt%, 0.53 M

\

[HbetmMor][Tf2N]112

52

\

440.01

11 wt%, 0.25M

83 wt%

[Hbetmim][Tf2N]112

64

\

421.32

\

\

[HbetPy][Tf2N]112

55

\

418.31

\

\

[Choline][Tf2N]113

72.1

1.501

384.31

11 wt%

90 wt%

[N112hcm][Tf2N]114

47

1.549

426.05

12 wt%, 0.31 M

88 wt%, 3.0 M

[N122hcm][Tf2N]114

73

1.506

511.03

14 wt%, 0.30 M

91 wt%, 2.6 M

[N222hcm][Tf2N]114

95

1.488

454.08

7 wt%, 0.16 M

92 wt%, 2.9 M

[HHIM][NO3]115

84.1

1.023

298.70

6 wt%, 0.20 M

76 wt%, 2.6 M

When used in hot water process, the properties of the UCST ILs such as toxicity and
chemical stability should also be fully characterized to evaluate. As the well-studied ILs,
the thermal and chemical decompositions of the anion hexafluorophosphate ([PF6]) and
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tetrafluoroborate ([BF4]) based ILs in aqueous solutions have been evaluated. In
moderate experimental conditions, the [PF6] based ILs were observed to be chemically
and thermally stable, but under acidic conditions (pH 3) or high temperatures (343 and
373 K), they decomposed significantly. For the [BF4] based ILs, hydrolysis was observed
under all experimental studied conditions, even at room temperature.116 These results
noticeably indicate that the [PF6] based ILs water solutions can be used only at moderate
temperature and nonacidic condition, while acidic conditions promote the anion
hydrolysis even at low temperature. And the [BF4] based ILs are not suitable in the water
system, because in an aqueous solution they are very easy to hydrolyze even at room
temperature, and the extent of hydrolysis remarkably depends on the temperature.
Based on the above-discussed property requirements, some promising ILs are selected
from the literature reported UCST ILs listed in Table 3.1 first. The critical temperatures of
[C4mim][BF4] and [N222hcm][Tf2N] are out of the temperature range for the aqueous
system. The  phase molar concentration of [C8mim][BF4] is comparable with
[Choline][Tf2N], but its Tc is 11 °C higher. Besides, the aqua solution of [BF4] based ILs are
not stable, so they are not suitable for our study. The  phase molar concentration of
[P4444][fumarate] is the highest, although the Tc is not high. [HbetmMor][Tf2N],
[Hbetmim][Tf2N], and [HbetPy][Tf2N] are developed based on [Hbet][Tf2N] by replacing
the methyl groups attached to the positively charged nitrogen atom in [Hbet] to other
structures, the Tc of them are close to that of [Hbet][Tf2N]. Only the solubility data of
[HbetmMor][Tf2N] is available, the  phase concentration is lower than the ILs studied
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here. The  phase and  phase molar concentration of [N112hcm][Tf2N] are comparable
with [Hbet][Tf2N], and the Tc is about 10 °C lower, it may have similar performance of
desalination but with a lower energy input. The  phase molar concentration of
[N122hcm][Tf2N] and [HHIM][NO3] are lower than all the UCST ILs listed here, the  phase
molar concentration and Tc of [N122hcm][Tf2N] is close to [Choline][Tf2N]. Based on the
preliminary analysis and comparison with reported data, among the mentioned UCST ILs,
[Hbet][Tf2N] and [Choline][Tf2N] were selected as our candidates.
IL protonated betaine bis(trifluoromethylsulfonyl)imide ([Hbet][Tf 2N]) was first tried by
experiments. Its chemical structure can be found in Figure 3.1. The thermal phase
separation phenomenon is clearly observed. The detected Tc is 55.6 °C, which is close to
the reported data. The room temperature  phase weight percentage is 88.2%, and for
the  phase is 13.7%, which is lower than the reported data.

Figure 3. 1 The chemical structure of IL protonated betaine
bis(trifluoromethylsulfonyl) imide ([Hbet][Tf2N]).
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However, the  phase saturation concentration of [Hbet][Tf2N] at room temperature is
about 0.36 mol/L, which is about 60% of the sea water molar concentration and is still
comparatively high, may cause a significant loss of IL during each cycle of the FO process.
If the saturation concentration in the  phase can be lower, it would improve the
performance of the UCST ILs in the procedures studied in this thesis, and eventually make
the novel technologies more promising. The purpose to further reduce the saturation
concentration in the  phase is possibly achieved by optimizing the structure of the IL.
Normally, an IL constitutes of a cation and an anion, the properties of the IL depend on
both of the cation and the anion. In order to have the property of phase separation with
water at room temperature, the IL should be hydrophobic, and the more hydrophobic,
the lower solubility in water, therefore the lower the  phase concentration. Among the
well-studied typical IL anions, the solubility parameter increases in the following order:117
[Cl]– < [Tf2N]– < [CF3SO3]– < [OcSO4]– < [PF6]– < [BF4]– < [TOS]– < [SCN]– < [MDEGSO4]– <
[TFA]–. The hydrophobicity of the cations increases with the length of the alkyl chain.118
The imidazolium ionic liquids are also a group of well-studied ILs.119-121 Imidazole was
targeted for its ability to form cationic compounds, and this kind of ionic liquids offer
several beneficial characteristics including fixed charge, potential as green solvents, and
relatively high thermal stability.122
With the intention of reducing the IL concentration in the  phase, we mainly focus on
the hydrophobic and stable cations and anions. Considering the research results from the
literature, we put our focus on the ILs that have imidazolium-based cations, and for the
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anions we focus on [Tf2N] and halogen. We studied several ILs by experiments, some of
the ILs have much lower room temperature  phase concentration than the reported
ones, which is around 300 mM.
For example, the IL 1-butyl-3-methylimidazolium bis(trifluormethylsulfonyl)imide
([C4mim][Tf2N]), whose chemical structure is shown in Figure 3.2. It is liquid at room
temperature. When it is mixed with DI water, a clear phase separation to a two-liquidphase system was observed. The saturated  phase concentration of [C4mim][Tf2N] in
room temperature is 15.98 mM. However, the miscible state of this IL with water was not
found, even heating the mixture in a water bath to about 100 °C.

Figure 3. 2 The chemical structure of IL 1-butyl-3-methylimidazolium
bis(trifluormethylsulfonyl)imide ([C4mim][Tf2N]).
The IL 1-hexyl-3-methylimidazolium bis(trifluormethylsulfonyl)imide ([C6mim][Tf2N]),
whose chemical structure is shown in Figure 3.3. It is liquid at room temperature, and
when it is mixed with DI water, a clear phase separation to a two-liquid-phase system was
observed. The saturated  phase concentration of [C6mim][Tf2N] in room temperature is
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4.09 mM. The miscible state of this IL with water was not found, even heat the mixture in
a water bath to about 100 °C.

Figure 3. 3 The chemical structure of IL 1-hexyl-3-methylimidazolium
bis(trifluormethylsulfonyl)imide ([C6mim][Tf2N]).
The IL 1-decyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([C10mim][Tf2N]),
whose chemical structure is shown in Figure 3.4. It is liquid at room temperature, and
when it is mixed with DI water, a clear phase separation to a two-liquid-phase system was
observed. The saturated  phase concentration of [C10mim][Tf2N] in room temperature
is even lower, 0.36 mM, which is about one-thousandth of the reported data, and is the
lowest value within the study of this thesis work. But even heating the mixture in a water
bath to about 100 °C, the miscible state of this IL with water was still not found.
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Figure 3. 4 The chemical structure of IL 1-decyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([C10mim][Tf2N]).
The IL with another anion which has a similar structure to [Tf2N] was also tried. The IL 1octyl-3-methylimidazolium bis(2,2,2-trifluoroacetyl)imide ([C8mim][C4F6O2N]), whose
chemical structure is shown in Figure 3.5, compare with [Tf2N], the two sulfur atoms in
anion are replaced by two carbon atoms, and the two sulfur-oxygen double bonds change
to a single carbon-oxygen double bond. This IL is liquid at room temperature, and when
it is mixed with DI water, a clear phase separation to a two-liquid-phase system was
observed. The saturated  phase concentration of [C8mim][C4F6O2N] in room
temperature is 1.39 mM. The miscible state of this IL with water was still not found, even
heat the mixture in a water bath to about 100 °C.
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Figure 3. 5 The chemical structure of IL 1-octyl-3-methylimidazolium bis(2,2,2trifluoroacetyl)imide ([C8mim][C4F6O2N]).
A more complex structure IL was tried, that is the IL 1-(2-Hydroxyethyl)-3methylimidazolium

bis(trifluoromethylsulfonyl)imide

([C2OHmim][Tf2N]),

whose

chemical structure is shown in Figure 3.6. It is liquid at room temperature, and when it is
mixed with DI water, a clear phase separation to a two-liquid-phase system was observed.
The saturated  phase concentration of [C2OHmim][Tf2N] in room temperature is 180 mM,
which is still high but lower than most of the reported ones. And a miscible state of this
IL with water was found when water bath heat the mixture to above 83.9 °C. This UCST IL
has not reported in other literature.

Figure 3. 6 The chemical structure of IL 1-(2-Hydroxyethyl)-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([C2OHmim][Tf2N]).
When mixed with water at room temperature, the state of the 6 ILs mentioned above can
be seen in Figure 3.7. The sample bottles were marked with the IL cations. From left to
right, they are: [Hbet][Tf2N], [C4mim][Tf2N], [C6mim][Tf2N], [C8mim][C4F6O2N],
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[C10mim][Tf2N] and [C2OHmim][Tf2N], successively. A clear phase boundary in each
sample can be easily found in the middle part. Due to the higher ILs density, which is
about 1.4 to 1.5 g/ml, the IL phase (that is the mentioned β phase) is on the bottom, and
the water phase (that is the mentioned α phase) is on the top.

Figure 3. 7 The photo of the mixture of ILs with water in room temperature.
When heated to 60 °C, the state of the six ILs and water mixture were shown in Figure 3.8.
It was very clear that the IL [Hbet][Tf2N] and water mixture became a homogeneous water
solution, which was the leftmost one. Other five are still in the two-phase state. A clearer
photo of the five IL samples can be found in Figure 3.9, the order of the 5 samples was
the same as in Figure 3.7, except the IL [Hbet][Tf2N], which was removed because it had
already attained its Tc and became miscible with water.
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Figure 3. 8 The photo of the mixture of ILs with water in 60 °C, the IL [Hbet][Tf2N] and
water mixture (the leftmost one) becomes a homogeneous water solution.

Figure 3. 9 When heating to 60 °C, the state of immiscible ILs with water.
The left five ILs with water mixture were heating continually. When heated to 85 °C, the
state of the ILs can be seen in Figure 3.10. The IL [C2OHmim][Tf2N] and water mixture
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became a homogeneous water solution, which was the rightmost one. Other four ILs and
water mixture samples still in the phase separation state.

Figure 3. 10 When heating to 85 °C, the state of the ILs with water mixture.
After removing the [C2OHmim][Tf2N] sample and continually heating the left four to even
96 °C, which can be seen in Figure 3.11, the four ILs samples were still on the state of
immiscible with water. Because it was already very close to the boiling point of the water,
further heating will cause more and larger bubbles, which will influence the observation.
Hence, further exploration beyond 96 °C was not conducted.
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Figure 3. 11 When heating to 96 °C, the immiscible state of the ILs with water mixture.
The ILs composed of imidazolium-based cations with a long alkyl chain and a halogen
anion chloride were also tried. The chemical 1-tetradecyl-3-methylimidazolium chloride
([C14mim][Cl]), whose chemical structure is shown in Figure 3.12. This chemical is solid at
room temperature, and when it is mixed with DI water, they form a homogeneous water
solution with a lot of bubbles, and no phase separation was found in room temperature,
even adding 20 wt% of the solid chemical to the solution.

Figure 3. 12 The chemical structure of IL 1-tetradecyl-3-methylimidazolium chloride
([C14mim][Cl]).
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A very similar compound with a two carbon atoms longer chain was also tried, that is the
chemical 1-hexadecyl-3-methylimidazolium chloride ([C16mim][Cl]), whose chemical
structure is shown in Figure 3.13. This chemical is solid at room temperature, and when
it is mixed with DI water, they also form a homogeneous water solution with a lot of
bubbles, and no phase separation was found in room temperature, even adding 20 wt%
of the solid chemical to the solution.

Figure 3. 13 The chemical structure of IL 1-hexadecyl-3-methylimidazolium chloride
([C16mim][Cl]).
The water solutions of 20 wt% [C14mim][Cl] (the right one) and 20 wt% [C16mim][Cl] (the
left one) at room temperature were shown in Figure 3.14. The molar concentration of
both solutions are close to the sea water, which is 0.6 M, but there is still no phase
separation observed. And due to the properties of surfactant, they generated a lot of
bubbles. Therefore, these two chemicals are not suitable for this study.
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Figure 3. 14 The state of 20 wt% [C14mim][Cl] water solution (the right one) and
[C16mim][Cl] water solution (the left one) in room temperature. No phase separation
and generated a lot of bubbles.
The phase separation phenomenon and the low saturation α phase concentration of the
ILs [C4mim][Tf2N], [C6mim][Tf2N] and [C10mim][Tf2N] attract us to further explore ILs with
similar structures. When increasing the carbon chain length in the cation, the studied ILs
tend to have a smaller saturation α phase concentration, their hydrophobicity also
increase. However, we can’t find their Tc in water solution below 100 °C, which means
they are still hydrophobic when heated to close 100 °C. With the hope to find an IL that
has a low saturation α phase concentration in room temperature and has a Tc < 100 °C,
we tried the shortest carbon chain length IL in this series: the IL 1,3-dimethylimidazolium
bis(trifluoromethylsulfonyl)imide ([C1mim][Tf2N]), the chemical structure of which can be
found in Figure 3.15. A clear phase separation with water was observed at room
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temperature, and the saturation α phase concentration of IL [C1mim][Tf2N] in room
temperature is 227.2 mM, which is about one third of the sea water molar concentration,
and is even higher than that of the IL [C2OHmim][Tf2N]. However, even heated to 96 °C,
it is still in the immiscible state with water, as shown in Figure 3.16, the up transparent
solution is the water phase, and the light yellow liquid that is beneath the water phase
and gathering at the bottom of the bottle is the IL phase. Unfortunately, this IL is not
suitable to be used in this study either.

Figure 3. 15 The chemical structure of IL 1,3-dimethylimidazolium
bis(trifluoromethylsulfonyl)imide ([C1mim][Tf2N]).
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Figure 3. 16 When heating to 96 °C, the immiscible state of the IL [C1mim][Tf2N] with
water mixture.
The parameters related to the UCST properties in the water system of the ILs studied here
but haven’t reported in the literature were summarized in Table 3.2. For convenience,
except the Tc, other properties list here are detected at room temperature. Among this
eight candidates, only the IL [C2OHmim][Tf2N] has the UCST IL properties and can be used
in this study. The saturation α phase concentration of IL [C2OHmim][Tf2N] is half of the IL
[Hbet][Tf2N]. That means if used in water desalination by FO, the IL loss in each cycle is
reduced to half, and the further treatment to get the fresh water is easier. But the higher
Tc requests more heat energy input during the FO process.
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Table 3. 2 Summary of the new studied chemicals properties.

Phase

State

[C1mim][Tf2N]

Liquid

Yes

377.28

227.20

> 100

[C4mim][Tf2N]

Liquid

Yes

419.36

15.98

> 100

[C6mim][Tf2N]

Liquid

Yes

447.42

4.09

> 100

[C10mim][Tf2N]

Liquid

Yes

503.52

0.36

> 100

[C8mim][C4F6O2N]

Liquid

Yes

403.36

1.39

> 100

[C2OHmim][Tf2N]

Liquid

Yes

407.31

180

83.9

[C14mim][Cl]

Solid powder

No

314.94

> 583

\

[C16mim][Cl]

Solid powder

No

342.99

> 631

\

separation

MW

 phase

Chemical

concentration (mM)

Tc (°C)

According to the experimental results, we can find that the combination of hydrophobic
cation and anion, for example, the cation series with imidazole ring structure and the
anion of [Tf2N], results in a very low solubility in water, but the Tc of them are all higher
than 100 °C, makes them not suitable to be used in this study. And the longer the carbon
chain in the cation, the more hydrophobic is the IL, agrees well with the literature
conclusion.118 The combination of imidazole ring with long alkyl chain cations and the
anion of Cl, resulted to solid powder products at room temperature, and the properties
of the chemicals are closer to a surfactant that form homogeneous water solution and
generate a lot of bubbles.
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Based on the literature survey and preliminary experimental study, three UCST ILs were
selected to be used in this study for the FO water desalination process, and the PRO and
RED processes for energy conversion. They are [Hbet] [Tf2N], [Choline][Tf2N] and
[C2OHmim][Tf2N].

The

chemical

structure

of

the

UCST

IL

choline

bis(trifluoromethylsulfonyl)imide ([Choline][Tf2N], WM: 384.34) can be found in Figure
3.17, which is very close to the IL [Hbet] [Tf2N], only with a change of the carboxyl group
in the cation to a hydroxyl group, but the IL properties change a lot. The detailed thermal
responsive solubility, Tc and other chemical properties of the three selected UCST ILs will
be described later.

Figure 3. 17 The chemical structure of UCST IL choline
bis(trifluoromethylsulfonyl)imide ([Choline][Tf2N]).

3.2 Properties Study of the Selected ILs
3.2.1 Materials
Protonated betaine bis(trifluoromethylsulfonyl)imide ([Hbet][Tf 2N], > 99%) and choline
bis(trifluoromethylsulfonyl)imide ([Choline][Tf2N]), > 99%) were purchased from
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Shanghai

Chengjie

Chemical

Co.,

Ltd.

[C2OHmim][Tf2N]

(99%)

and

1,3-

dimethylimidazolium bis(trifluoromethylsulfonyl)imide ([C1mim][Tf2N], 99%) were
purchased from IoLiTec Ionic Liquids Technologies GmbH. 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([C4mim][Tf2N], > 98%), 1-hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([C6mim][Tf2N], > 98%), 1-decyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([C10mim][Tf2N], > 98%), 1-octyl-3-methylimidazolium
bis(2,2,2-trifluoroacetyl)imide

([C8mim][C4F6O2N],

>

98%),

1-tetradecyl-3-

methylimidazolium chloride ([C14mim][Cl], > 98%), and 1-hexadecyl-3-methylimidazolium
chloride ([C16mim][Cl], > 98%) were purchased from Shanghai Sungyoung Chemical Co.,
Ltd. Sodium chloride (> 99.5%) was purchased from Sigma-Aldrich. All chemicals were
used as received without further purification. Water purified by a Milli-Q (Milli Pore)
system, that is the deionized (DI) water, was used as fresh water in all of the experiments
in this study.
3.2.2 Measurement methods
The water content in the  phase was measured by a Karl Fischer Titrator (Mettler Toledo,
C30X). The IL concentration in the  phase was determined by UV-VIS Spectrometers
(Cary 5000) and conductivity (Thermo Scientific™ Orion™ 5 STAR and Orion™ 013005MD
Conductivity Cell). The solution density was determined from weight and volume
measurements. The NaCl concentration was calculated according to the chloride ion
concentration analyzed by an Aquakem 250. The thermal stability of IL was detected using
a Thermogravimetric Analyzer (Netzsch, TG 209 F1 with ASC).

86
3.2.3 Thermal stability
All the experiments of the novel processes related to the UCST ILs in this study were
designed to operate in a hot water bath (60 to 90 °C), thus, the thermal stability of the
three UCST ILs need to be considered first.
The Thermogravimetric Analyzer (TGA) result for [Hbet][Tf2N] is shown in Figure 3.18. The
sample after evaporating at 60°C in vacuo was detected by TGA. The temperature range
was set from 50°C to 600°C. There were three stages of mass change in this sample: the
first started at 64.6°C and ended at 167.1°C with a -2.83% change in mass, the second
started at 302.1°C and ended at 404.6°C with a -18.08% change in mass, the third started
at 404.6°C and ended at 512.1°C with a -73.65% change in mass. The weight loss of the
first stage fits well with the water content results detected by Karl Fischer Titration (2.87
± 0.08 wt%), indicates that the first mass change is due to the loss of water contained in
the concentrated IL solution. The second stage started at 302.1°C, indicates the IL starts
to decompose at this point of temperature. Thus, the IL should be stable in the
temperature range below 300°C.
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Figure 3. 18 Thermogravimetric analyzer result of [Hbet][Tf2N].

The TGA result of [Choline][Tf2N] is shown in Figure 3.19. The sample was the commercial
product received without further treatment. It has three stages of mass change during
heating from room temperature to 1000 °C. The first stage starts at 62.5 °C and ends at
152.0 °C with a mass change of -1.07%, which is very close to the water content results
detected by Karl Fischer Titration (KF): 1.11 wt%, this part of the mass change is thus due
to the water content in the sample. The second mass change stage starts at 327.0 °C and
ends at 498.0 °C with a mass change of -93.16%. The third mass change stage starts at
527.0 °C and ends at 750.0 °C with a mass change of -3.86%. The second mass change
stage starts at around 327°C that is the start of organic molecular decomposition, thus
the IL should be stable in the temperature range below 327°C.
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Figure 3. 19 Thermogravimetric analyzer result of [Choline][Tf2N].
The TGA result of [C2OHmim][Tf2N] is shown in Figure 3.20. The sample was the
commercial product received without further treatment. It has three stages of mass
change during heating from room temperature to 1000 °C. The first stage starts at room
temperature and ends at 71.0°C with a mass change of -0.13%, which is very close to the
water content results detected by KF: 0.11 wt%, this part of the mass change is thus due
to the water content in the sample. The second mass change stage starts at 325.0 °C and
ends at 502.0 °C with a mass change of -86.40%. The third mass change stage starts at
573.0 °C and ends at 1000.0 °C with a mass change of -7.69%. The second mass change
stage of IL [C2OHmim][Tf2N] starts at 325°C that is the start of organic molecular
decomposition, thus the ILs should be stable in the temperature range below 325°C.
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Figure 3. 20 Thermogravimetric analyzer result of [C2OHmim][Tf2N].
3.2.4 UV-Visible absorption property
With the intention of further study the UCST ILs properties, to find out the concentration
of the ILs in both of the α phase and the β phase is very important. As a feature of a
chemical, visible and ultraviolet spectroscopy is a good method for detecting the
concentration, especially when it is in a mixture.
The UV-Visible Absorption Spectra of a very dilute [Hbet][Tf2N] water solution is shown in
Figure 3.21. The maximum absorption wavelength (λ𝑀𝑎𝑥 ) was 187 nm (Figure 3.21 A), and
the absorbance in λ𝑀𝑎𝑥 with different concentrations fits very well with a linear relation
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(Figure 3.21 B). With this relation, the [Hbet][Tf2N] concentration could be detected
quickly and accurately by a UV-VIS Spectrometer.
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(A) The absorption peak range of different [Hbet][Tf2N] concentration water solution.
The maximum absorption wavelength (𝛌𝑴𝒂𝒙 ) was found at 187 nm.
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Figure 3. 21 UV-Visible absorption spectra of the dilute [Hbet][Tf2N] water solution.
(A) The absorption peak range of different concentrations of the [Hbet][Tf2N] water
solution, (B) absorbance of different concentrations in 𝛌𝑴𝒂𝒙 , which is 187 nm in (A).
There is no UV-Visible Absorption of [Choline][Tf2N] in the wavelength range of 185nm to
800 nm.
The UV-Visible Absorption Spectra of the very dilute [C2OHmim][Tf2N] water solution is
shown in Figure 3.22. The maximum absorption wavelength (λ𝑀𝑎𝑥 ) was found as 212 nm
(Figure 3.22 A), and the absorbance in λ𝑀𝑎𝑥 with different concentrations fit very well
with a linear relation (Figure 3.22 B). With this relation, the [C2OHmim][Tf2N]
concentration could be selectively detected by a UV-VIS Spectrometer.
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(A) The absorption curve of different concentrations [C2OHmim][Tf2N] water solution.
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(B) The absorbance of different concentrations in 𝛌𝑴𝒂𝒙 (212 nm).
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Figure 3. 22 UV-Visible absorption spectra of [C2OHmim][Tf2N] water solution. (A) The
absorption curve of different concentrations [C2OHmim][Tf2N] water solution, (B)
absorbance of different concentrations in 𝛌𝑴𝒂𝒙 , which is 212 nm in (A).
Most of the UV-Vis sensitive chemicals are molecules with conjugated double bonds
structures. With larger conjugated systems, the absorption peak wavelengths tend to be
shifted toward the long wavelength region and the peak intensity tend to be stronger.
The selected three UCST ILs have the same anion [Tf2N], although this anion has 4 sulfuroxygen double bonds, but this kind of double bond cannot be detected in the wavelength
range of 185~800 nm. Hence, [Choline][Tf2N] has no absorption, because its cation has
no double bond structure. The imidazole ring in [C2OHmim][Tf2N] cation makes it
detectable with UV-Vis spectra, the λ𝑀𝑎𝑥 and absorption strength are similar like
[C4mim][Tf2N] (Figure 3.23, λ𝑀𝑎𝑥 : 211nm) and [C6mim][Tf2N] (Figure 3.24, λ𝑀𝑎𝑥 : 211nm),
which also have the imidazole ring structure in cation. The carbon-oxygen double bond of
carboxyl in [Hbet][Tf2N] cation makes it detectable by UV-Vis spectra, however, compare
with other ILs which have conjugated double bonds, such as [C2OHmim][Tf2N],
[C4mim][Tf2N] and [C6mim][Tf2N], the absorption of [Hbet][Tf2N] is weaker, the λ𝑀𝑎𝑥 is
shorter (187nm) and the absorption strength is only about 40% of ILs with imidazole ring
structure at the same molar concentration.
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Figure 3. 23 UV-Vis spectra of 0.20 mM [C4mim][Tf2N] water solution, 𝛌𝑴𝒂𝒙 : 211nm.
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Figure 3. 24 UV-Vis spectra of 0.20 mM [C6mim][Tf2N] water solution, 𝛌𝑴𝒂𝒙 : 211nm.
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3.2.5 Concentration and conductivity relation
The ILs [Hbet][Tf2N] and [C2OHmim][Tf2N] have feature UV-Vis spectra, but [Choline][Tf2N]
does not. We need to find other method to detect the concentration of [Choline][Tf2N].
By utilizing the relation of conductivity and solute concentration, the solution
concentration can be calculated with the detected conductivity of the solution. This is a
quick and accurate method, and it can be used to detect all ILs studied here. Figure 3.25
shows the conductivity and concentration relation of [Hbet][Tf 2N], [Choline][Tf2N] and
[C2OHmim][Tf2N] in very dilute water solution. When the concentration is sufficiently low,
the non-ideality effect can be neglected, three series of experimental data appear good
linear relation. With this relation, we can detect the IL concentration of a solution which
only contains one kind of IL and water by four steps: dilute the solution to the linear
responsive region; detect the conductivity of the diluted solution; find the concentration
of the diluted solution from the conductivity and concentration relation; and finally get
the original solution concentration by multiplying the dilution time to the diluted solution
concentration.
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Figure 3. 25 Conductivity and concentration relation of [Hbet][Tf2N], [Choline][Tf2N]

and [C2OHmim][Tf2N] in water solution.
With this method, we can also detect the IL concentration of a mixture solution that
contains both of IL and NaCl. We can dilute the sample to a low conductivity range, and
detect the total conductivity. In this range, because the solution is diluted enough, the
influence of the ions could be ignored, and the total conductivity could be considered as
the sum of each component. The concentration of NaCl could be detected by Aquakem
250. Then the conductivity contributed by IL can be got by reducing the conductivity of
NaCl from the total conductivity. And finally get the IL concentration in that solution. The
conductivity and concentration relation of NaCl water solution from zero to saturated
concentration at room temperature can be found in Figure 3.26. In the high concentration
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region, the curve becomes bent, but in the low concentration region that the molar
concentration is less than 0.8 M, the curve fits well with the linear relation.
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Figure 3. 26 The conductivity and concentration relation of NaCl water solution, from
zero to saturate.
3.2.6 Thermally-responsive solubility
To clearly demonstrate the reversible temperature-driven phase change of the UCST ILs,
a mixture of [Hbet][Tf2N] in water was tinted with a methyl red dye, as shown in Figure
3.27. In the original mixture of [Hbet][Tf2N] and water, both the α phase and the β phase
are colorless and transparent. A methyl red dye was used for the better visualization of
the phase boundary. The photo at left shows that at room temperature, the IL is
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immiscible with water, forming a two-liquid-phase system where the β phase is at the
bottom due to its higher density. The picture at right shows that when the solution is
heated to 60°C, which is above the Tc (approximately 56°C), the system becomes a
uniform IL solution. And this temperature-driven phase change process of [Hbet][Tf2N] is
reversible. The situation for the ILs [Choline][Tf2N] and [C2OHmim][Tf2N] are very close
but with a different Tc.

60 oC
23 oC

Figure 3. 27 The reversible temperature-driven phase change of the
[Hbet][Tf2N]/water system. Methyl red was used to stain IL for better visualization of
the phase boundary. Phase separation of the α phase and the β phase at room
temperature (left), IL miscible with water after being heated to 60°C (right).
The thermally responsive solubility of the UCST ILs [Hbet][Tf2N], [Choline][Tf2N] and
[C2OHmim][Tf2N] are shown in Figure 3.28 with the unit of weight percentage. The UCST
thermally-responsive solubility of [Hbet][Tf2N]110 and [Choline][Tf2N]113 have already
studied before with the unit of weight percentage. Our experimental results are a little
different from the reference data, for example, the  phase concentration of [Hbet][Tf2N]
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in room temperature is 13.7 wt%, the reference data is about 16 wt%, and the Tc of
[Choline][Tf2N] is detected as 68.8 °C, a little lower than the reported 72.1 °C. This small
difference may be caused by different synthesis methods and different impurity content.
The UCST thermally-responsive solubility of [C2OHmim][Tf2N] is first studied here. As
shown in Figure 3.28, the structure of the three ILs solubility curves are similar, and the
higher Tc the larger concentration difference between the  phase and  phase at a
certain temperature.
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Figure 3. 28 The thermally responsive solubility of [Hbet][Tf2N], [Choline][Tf2N] and
[C2OHmim][Tf2N] expressed with weight percentage.
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There are three steps to make the thermally responsive solubility curve. The commercial
product ILs were assumed only contain IL and water. Firstly, the little water contained in
the commercial IL product was detected by the method of Karl Fischer titration. Then the
original IL weight percentage concentration can be got by reducing the water content
from 100%. Secondly, with the known IL original concentration, a series solution with
known IL concentration can be prepared with DI water. And a standard line can be made
by detecting the series solution with known IL concentration. Thirdly, prepare an IL and
water mixture in a 25ml glass sample bottle (the plastic sample bottle will be out of shape
when put in a hot water), which will phase separate below the Tc of the IL. Put the sample
bottle with IL and water mixture in a temperature accurately controlled water bath (the
error is within ± 0.1 °C) for at least five minutes and shake it several times, to guarantee
all the sample inside attained the set temperature. After it is stable, use two syringes to
take samples from the water phase and IL phase respectively, then dilute both of the
samples with DI water to the range within the standard line and detect their conductivity.
Then the diluted solution concentration can be found from the concentration conductivity
relation, and by multiplying the dilute time, the saturated IL concentration in both of the
α phase and the β phase at a certain temperature can be got.
With this thermally responsive solubility diagram of the UCST ILs expressed with weight
percentage, the thermally responsive solubility diagram of the UCST ILs expressed with
molar fraction can be easily got, as shown in Figure 3.29. Due to the high MW of the ILs,
with the same molar concentration, the weight percentage of the NaCl solution is much
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lower than the IL solution, for example, the 3.0 M NaCl solution is about 15.9%, but for IL
solution it is close to 90%. And for a room temperature saturated NaCl solution, the
weight percentage of NaCl is 26%, the molar concentration is 5.32 M and the molar
fraction of NaCl is 0.0975. The IL molar fraction in the β phase at room temperature is
much higher. Therefore, the IL solution got by heating the room temperature β phase is
highly non-ideal.
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Figure 3. 29 The thermally responsive solubility of [Hbet][Tf2N], [Choline][Tf2N] and
[C2OHmim][Tf2N] expressed with molar fraction.
The most useful concentration in FO desalination is molar concentration. In order to get
the molar concentration of the ILs water solution, besides the weight percentage data,
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the density data is also needed. Because each point in the diagram is in different
composition and different temperature, and their density is different. It is a complex
process to detect the density of each point in the diagram. Basically, the density was
detected by measuring the weight and the volume of a certain solution. For each point in
the diagram, prepare the solution to the aimed concentration, then put it in an oven that
set to the aimed temperature for several minutes. Meanwhile, a clean 10 ml measuring
cylinder (use the smallest measuring cylinder to reduce the volume reading error) is also
put in the oven for preheating. Finally, pour about 3 ml to 5 ml the solution with aimed
concentration and aimed temperature to the preheated clean measuring cylinder to read
the volume and weigh the sample weight.
The measured densities of the three UCST ILs were compared with the calculated value
based on the ideal mixing rule in Figure 3.30. The density calculation method based on
the ideal mixing rule is following: 𝜌𝐼𝐿𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 𝜌𝑃𝑢𝑟𝑒𝐼𝐿 × 𝑊𝐼𝐿 + 𝜌𝐻2𝑂 × (1 − 𝑊𝐼𝐿 ) ,
where 𝑤𝐼𝐿 is the IL weight percentage, 𝜌𝐻2𝑂 = 1000𝑘𝑔/𝑚3 , 𝜌𝑃𝑢𝑟𝑒𝐼𝐿 = 1535𝑘𝑔/𝑚3
for [Hbet][Tf2N], 𝜌𝑃𝑢𝑟𝑒𝐼𝐿 = 1505𝑘𝑔/𝑚3 for [Choline][Tf2N], and 𝜌𝑃𝑢𝑟𝑒𝐼𝐿 = 1570𝑘𝑔/
𝑚3 for [C2OHmim][Tf2N]. For the three ILs, the experimental results are very close to the
calculated value. However, three experimental data series are all down convex compared
to the calculated series. That is partial because the experiments were conducted at
different temperature according to the phase diagram, for the solutions in the middle
range of the weight percentage, the operating temperature is comparatively high, results
to a larger volume, but the weight doesn’t change with the temperature, therefore, the
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density becomes lower. And the higher Tc, the larger difference between the
experimental data and the calculated data. The influence of temperature change was not
considered in the calculated value.
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Figure 3. 30 Density of IL solutions at different concentration. (A) [Hbet][Tf2N], and (b)
[Choline][Tf2N], and (C) [C2OHmim][Tf2N].
With the density data and the thermally responsive solubility expressed with weight
percentage. We can get the thermally responsive solubility of the three ILs expressed with
molar concentration, as shown in Figure 3.31.
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Figure 3. 31 The thermally responsive solubility of [Hbet][Tf2N], [Choline][Tf2N] and
[C2OHmim][Tf2N] expressed with molar concentration.
For convenience, the room temperature equilibrium pairs, that is the α phase and the β
phase of the ILs at 23 °C, were select as the start point in each procedure study in this
thesis work. So that additional heating or cooling is not necessary. As the important data
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that would be frequently used in the later studies, the detailed key parameters of the
three ILs are listed in Table 3.3.
Table 3. 3 The key parameters of [Hbet][Tf2N], [Choline][Tf2N] and [C2OHmim][Tf2N]
in room temperature.

ILs

[Hbet][Tf2N]

[Choline][Tf2N]

[C2OHmim][Tf2N]

Phase













IL weight percentage (wt%)

13.71

88.29

11.19

90.68

7.41

92.72

IL molar fraction

0.007

0.254

0.006

0.313

0.004

0.360

Density (g/ml)

1.05

1.45

1.04

1.47

1.04

1.55

IL Concentration (mol/L)

0.36

3.20

0.30

3.45

0.18

3.52

pH

1.24

0.77

6.31

5.04

6.36

6.08

Tc (°C)

55.6

68.8

83.9

MW (g/mol)

398.33

384.34

407.31

3.3 Prospect for new and better UCST ILs
In order to have the UCST type thermally responsive solubility, the IL should be
hydrophobic at room temperature, so that it can immiscible with water. But when the IL
is miscible with water at a higher temperature, it becomes hydrophilic. Thus, the expected
UCST IL should be a combination of the hydrophobic part and the hydrophilic part.
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The three UCST ILs selected are all combination of the hydrophobic part and the
hydrophilic part. Their common anion is hydrophobic, but there are hydrophilic functional
groups in the cations. There is a carboxyl in the cation of [Hbet][Tf2N] (the chemical
structure can be found in Figure 3.1), a hydroxyl in the cation of [Choline][Tf2N] (the
chemical structure can be found in Figure 3.17). And for the cation of [C2OHmim][Tf2N]
(the chemical structure can be found in Figure 3.6), it’s a hydrophilic function group
hydroxyl integrates with a hydrophobic imidazolium-based cation. Other reported UCST
ILs with a Tc < 100 °C listed in Table 3.1 are also the combination of a hydrophobic cation
and a hydrophilic anion or vice versa.
Consequently, we can expect that to find or develop new UCST IL with a low α phase
concentration and a high β phase concentration at room temperature, and has a Tc <
100 °C, making a fine adjustment on the hydrophilic function groups with hydrophobic
cations or anions would be a very promising way.
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Chapter 4
UCST ILs Used as Draw Solutes in FO for Desalination
4.1 Introduction
Forward osmosis (FO) is a natural osmotic process, in which a draw solution (high
concentration) and a feed solution (low concentration) are separated by a semipermeable
membrane, and the osmotic pressure difference between the draw solution and the feed
solution drives the solvent from the feed solution to pass through the membrane to the
draw solution. FO can be used as a desalination technology. The current prevailing
membrane desalination technology is reverse osmosis (RO), a process opposite to the
natural osmotic process, uses a hydrostatic pressure greater than the osmotic pressure
subject on the feed solution and push the solvent passing through a semipermeable
membrane to the permeate side. RO features with high operation pressure, while the FO
process can involve zero energy input, therefore, FO is considered to be a technology
competitive with RO in water desalination.
As an indirect desalination process, FO usually involves two steps: osmotic dilution of the
draw solution and fresh water generation from the diluted draw solution. The first
osmotic dilution process can involve zero energy input. However, in order to draw water
from the feed solution, the concentration of the draw solution should always no lower
than the feed side. Therefore, the concentration of the diluted draw solution which needs
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to be regenerated is still higher than the concentrated feed. To desalt the same feed
solution, compare to the direct desalination process RO, the osmotic dilution step
increases the theoretical and actual energy requirements for draw regeneration. As a
consequence, to compete with RO, the regeneration process of FO must be significantly
more efficient.123
Since the start of FO process research, a great deal of effort has been made on the
exploration of suitable draw solutes.11-14 An ideal draw solute should be able to generate
a high osmotic pressure and easy to be regenerated. The known draw solutes can be
roughly divided into two group:73 the non-responsive draw solutes, which have the
problem mentioned above that generate higher osmotic pressure diluted draw and
become harder to regenerate compare with the feed solution, and stimuli-responsive (socalled “smart”) draw solutes which will change properties in response to external stimuli,
give the possibility to significantly change the diluted draw solution concentration with
an external stimuli so that make it much easier to be treated than the original feed
solution.
The thermally responsive ILs can be used as one kind of the “smart” draw solutes with
will respond to external temperature stimuli. There are two types of thermally responsive
ILs: the ILs with an upper critical solution temperature (UCST) and the ILs with a lower
critical solution temperature (LCST). The LCST ILs [P4444][DMBS], [P4444][TMBS], and
[P4448][Br] were studied as the draw solutes in FO,73 70 wt% [P4444][DMBS] can draw water
from feed solutions of up to 1.6 M NaCl, which is 2.7 times higher than seawater.
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The osmotic dilute process with UCST ILs conducts at high temperature, while the osmotic
dilute process with LCST ILs conducts at low temperature. With the same other conditions,
higher operating temperature could significantly increase the water flux in FO.124-125
Besides, after phase separation, the α phase needs to be further treated to get fresh
water. For UCST ILs, at room temperature, the IL concentration in α phase is saturated in
low value and constant, and further reduce the water content will cause phase separation.
The constant low concentration of IL is in favor of further treatment. For LCST ILs, in room
temperature the IL concentration in α phase is unsaturated, and reduce the water content
will cause IL concentration increase, or if conducted the further treatment in higher
temperature, the saturated concentration of LCST ILs will also be low and constant.
In this study, we focus our effort on studying the performance of UCST ILs as draw solutes
in FO desalination process.

4.2 Methodology of Water Desalination by Thermally responsive ILs
Here, we describe a novel process of using a UCST-type IL as a draw solute in FO. As a
representative of the UCST IL, protonated betaine bis(trifluoromethylsulfonyl)imide
([Hbet][Tf2N]110) was experimentally demonstrated. The chemical structure of
[Hbet][Tf2N] is shown in Figure 3.1. Contrary to the LCST-type IL, the UCST-type IL is
immiscible with water at room temperature. Thus, when the IL is mixed with water at
room temperature, a two-liquid-phase system will appear. One is the water-rich phase
(the α phase), and the other is the IL-rich phase (the β phase). Upon heating the UCST IL
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and water mixture to the temperature that above the critical temperature (Tc), the twoliquid-phase system will become a uniform IL solution. This thermal-driven phase change
is reversible, and it can be fast.
Based on this thermally responsive solubility, we can design a process to obtain dilute
water from salty water. We assume that the draw ability of the room temperature
concentrated IL solution would increase when the temperature raised above the Tc.
According to the phase equilibrium diagram in Figure 3.28, when the temperature below
the Tc, which is about 55.6 °C, the mixture of water and [Hbet][Tf2N] will phase separate
to an  phase and a β phase, the chemical potential of [Hbet][Tf2N] and water in β phase
are equal to the chemical potential of [Hbet][Tf2N] and water in  phase, respectively.
Consequently, both phases have the same draw ability. At room temperature, which is
23°C in the lab, although the saturated concentration of [Hbet][Tf2N] in β phase is about
3.20 mol/L (the density is measured as 1.456 g/cm3), in its counterpart  phase, the
saturated concentration of [Hbet][Tf2N] is only about 0.36 mol/L (the density is measured
as 1.048 g/cm3). In another word, the effective concentration of β phase in room
temperature is only 0.36 mol/L, which is about one-tenth of its real concentration. When
heating the room temperature saturated β phase to the temperature above the Tc, the IL
becomes miscible with water, the effective molar concentration increases from 0.36
mol/L to 3.20 mol/L, and its water draw ability would substantially increase, can draw
water from a much higher salinity solution.
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The scheme of the thermal FO process was shown in Figure 4.1. First, a highly
concentrated IL solution, that is the IL β phase in room temperature, is heated to the
degree above the Tc (approximately 56°C) to become miscible with water. Then, it is used
as a draw solution to draw water from seawater or other high-salinity water solutions
through the FO process. Afterward, the IL solution is cooled to room temperature, and it
spontaneously phase separates to an  phase and a  phase. The  phase contains a low
concentration of IL, which can be further purified by a nanofiltration (NF) 126 or a RO
process. The β phase contains little water and can be reused directly in the next cycle of
the FO process. In our study, [Hbet][Tf2N] was able to extract water from a feed up to 3.0
M NaCl solution through the FO process. The higher operating temperature is beneficial
for achieving a higher water flux than being operated at room temperature.

Figure 4. 1 The scheme of a novel FO process based on a UCST-IL as the draw solution

4.3 Experiments
4.3.1 Materials and measurement methods

113
Materials. Betaine hydrochloride (>98%) and lithium bis(trifluoromethanesulfonyl)imide
(>98%)

were

purchased

from

SungYoung

Chemical

Limited.

Choline

bis(trifluoromethylsulfonyl)imide ([Choline][Tf2N]), > 99%) was purchased from Shanghai
Chengjie

Chemical

Co.,

Ltd.

1-(2-Hydroxyethyl)-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide ([C2OHmim][Tf2N], 99%) was purchased from IoLiTec
Ionic Liquids Technologies GmbH. Sodium chloride (>99.5%) was purchased from SigmaAldrich. All chemicals were used as received without further purification. The DI water
purified by a Milli-Q (Milli Pore) system was used as fresh water in all of the experiments.
The most used FO setup for water desalination is a Borosilicate Osmosis Cell purchased
from Adams & Chittenden Scientific Glass, the diameter of its effective membrane area is
26 mm. A stainless steel lab scale cross-flow filtration unit for FO provide by Sterlitech
Corporation, The Sterlitech CF042 Membrane Cell (CF042SS-FO), is also used in the
continuous cross-flow FO experiments.
Theoretically, any semi-permeable membrane that selectively allows water to pass
through at a much higher rate than other components could be used in a FO process, but
the performance, such as water flux, salt rejection, and stability will be different. There
are three groups of commercial semi-permeable membranes for water treatment:
seawater reverse osmosis (SWRO) membranes, brackish water reverse osmosis (BWRO)
membranes, and FO membranes. The SWRO membranes have higher NaCl rejection but
lower water flux compared to the BWRO membranes. The commercial FO membranes
such as the HTI CA membranes can provide higher water flux than the BWRO membranes,
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but lower salt rejection. Four different commercial semi-permeable membranes were
tried in our study, their performance under standard test conditions are as follows:
Toray UTC-73AC. Under the testing conditions suggested by the supplier, i.e., a feed
concentration of 2000 ppm, a pH of 6.5, and a pressure of 225 psi, room temperature
(25℃), the typical water flux was 52.2 LMH and the salt rejection rate was 99.8%. It is
usually used as a brackish water reverse osmosis (BWRO) membrane. This membrane was
purchased from Sterlitech Corporation (produced by Toray Inc.).
HTI OsMem™ TFC-ES. Typical FO performance in the test condition: rejection layer
contacting feed, room temperature (25℃), feed: tap water (1 gpm), draw: 1M NaCl (20
gph), membrane area: 0.02 m2. Water permeation: 18.0 LMH. Salt rejection: 99.4%, which
is calculated as 1 – [(mol NaCl transferred to feed)/(L water removed)/(1 M)]. This
membrane was purchased from the company Hydration Technology Innovations (HTI).
HTI OsMem™ CTA-ES. Typical FO performance in the test condition: rejection layer
contacting feed, room temperature (25℃), feed: tap water (1 gpm), draw: 1M NaCl (7
gph), membrane area: 0.02 m2. Water permeation: 9.0 LMH. Salt rejection: 99.0%, which
is calculated as 1 – [(mol NaCl transferred to feed)/(L water removed)/(1 M)]. This
membrane was purchased from the company Hydration Technology Innovations (HTI).
HTI OsMem™ CTA-NW. Typical FO performance in the test condition: rejection layer
contacting feed, room temperature (25℃), feed: tap water (1 gpm), draw: 1M NaCl (7
gph), membrane area: 0.02 m2. Water permeation: 6.6 LMH. Salt rejection: 99.0%, which
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is calculated as 1 – [(mol NaCl transferred to feed)/(L water removed)/(1 M)]. This
membrane was purchased from the company Hydration Technology Innovations (HTI).
During all the FO experiments, the active layer of the commercial semi-permeable
membranes were all faced to the feed solution.
Analytical Methods. In the FO experiments, the water flux, salt concentration, IL
concentration, mass of the feed solution and draw solution are all need to be detected.
The water flux was measured by weighing the mass of the  phase obtained after phase
separation at room temperature. The water flux during the experiment was also
monitored by recording the volume change in both of the feed side and the draw side of
the marked osmosis cell. The water content in the  phase was determined by a Karl
Fischer Titrator (Mettler Toledo, model C30X). The density was detected by measuring
the weight of the solution of a certain volume. The IL content in the  phase was
determined by conductivity (Thermo Scientific™ Orion™ 5 STAR and Orion™ 013005MD
Conductivity Cell) and UV-VIS Spectrometers (Cary 5000). The NaCl concentration was
calculated according to the chloride ion concentration analyzed by the Aquakem 250
photometric analyzer (Thermo Scientific). The 1H NMR spectra (400 MHz) and the

13C

NMR spectra (100 MHz) were measured in DMSO by a Bruker Advance 400 spectrometer.
Synthesis of Protonated Betaine Bis(trifluoromethylsulfonyl)imide. A solution of betaine
hydrochloride (MW: 153.61) in 250 mL of water was added under stirring to 500 mL of an
aqueous solution of lithium bis(trifluoromethylsulfonyl)imide (MW: 287.08). The mixture
was stirred for 1 hour at room temperature, and then the aqueous phase was separated
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from the ionic liquid. The ionic liquid phase was washed three times with small amounts
of water until no chloride impurities could be detected by the silver nitrate test. 110 The
ionic liquid phase contained approximately 88 wt% [Hbet][Tf2N] (MW: 398.33) and 12 wt%
water. It can be used directly as a draw solution in FO. A part of the ionic liquid phase
sample was evaporated at 60°C in vacuo on a rotary evaporator for 5 hours to reduce the
water content to about 3 wt%. Then, the sample was further dried at 90°C in vacuo on a
rotary evaporator for 2 hours, and white crystals were obtained thereafter, as shown in
Figure 4.2, the water content in this crystal was detected as 0.08 wt% by TGA. The melting
point of the pure solid [Hbet][Tf2N] is 57°C, but the compound with a small content of
water higher than about 2 wt% can be supercooled to the liquid state at room
temperature. [Hbet][Tf2N] shows a tendency to crystallize rather than to form a glass.110
The NMR results of the crystal are as follows: 1H NMR (400 MHz, d6-DMSO, TMS): δ =
4.276 (s, 2H), 3.204 (s, 3 × CH3). 13C NMR (100 MHz, d6-DMSO, TMS): δ = 166.909 (COO),
124.797, 121.600, 118.402, 115.205 (2 × CF3), 63.239 (N-CH2), 53.435 (3 × CH3). The NMR
data confirmed the formation of the [Hbet][Tf2N] structure.
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Figure 4. 2 The white crystal of pure [Hbet][Tf2N] at room temperature.
4.3.2 Deionized (DI) water as feed solution
To test the draw ability of the three UCST ILs, DI water was first selected as the feed
solution. All the IL draw solutions used in this study are the saturated β phase of each IL
at room temperature (23°C), and the key parameters can be found in Table 3.3. To be
exact, the [Hbet][Tf2N] draw solution is the 3.20 mol/L [Hbet][Tf2N] water solution, the
[Choline][Tf2N] draw solution is the 3.45 mol/L [Choline][Tf2N] water solution, and the
[C2OHmim][Tf2N] draw solution is the 3.52 mol/L [C2OHmim][Tf2N] water solution. Each
of these solutions can be got directly by phase separation of the IL and water mixture with
a separating funnel at room temperature.
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According to the thermal responsive solubility, in order to make the draw solution most
effective, the working temperature (Tk) of the FO process should be higher than the Tc of
each UCST IL (listed in Table 3.3). We set the Tk close but about 5 °C higher than the Tc of
each IL, to guarantee it is in the stable miscible state with water during the FO process.
The Tk for [Hbet][Tf2N] is set as 60 °C, for [Choline][Tf2N] is 74 °C and for [C2OHmim][Tf2N]
is 88 °C.
Toray UTC-73AC Membrane was first selected as the semi-permeable membrane in the
FO process because of its high salt and IL rejection, however, the water flux is low.
To demonstrate the concept of using UCST IL in FO process for the water desalination, the
IL [Hbet][Tf2N] was first tried. The water flux in a typical FO process was tested with DI
water as the feed and concentrated IL [Hbet][Tf2N] (3.20 M) as the draw solution. Both IL
and DI water were first warmed to the target temperature before being poured to the
feed and draw side of the FO instrument, respectively, and then the entire instrument
was placed in a hot water bath to maintain the target temperature. The amount of water
passing through the membrane during the FO process could be monitored directly from
the volume marks on the glass cell. Figure 4.3 shows the amount of water drawn from the
feed side to the IL side at different times and temperatures. At each temperature, the
amount of water increased linearly with time, indicating that the FO process was close to
a steady state. Increasing the operation temperature had a positive influence on the
water flux across the membrane. The improvement in water passing was approximately
5 ml per 10 hours per 10 °C temperature increase. The concentration of [Hbet][Tf2N] in
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the feed side was also detected after each experiment. The crossover rate of the IL was
found to be 7.06, 14.63 and 19.12 mmol/m2/h at 60 °C, 70 °C and 80 °C, respectively.
Although the crossover rate of the IL increased with temperature, however, because the
very little amount of the detected IL concentration in the feed side after the experiment
(all less than 1mmol/L), all three sets of experiment maintained high rejection of IL, which
were 99.989 %, 99.976 %, and 99.971 %, respectively.
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Figure 4. 3 The amount of water passes with time when the [Hbet][Tf2N] IL solution
was used as the draw solution and DI water was used as the feed solution at different
temperatures.
With the purpose of comparing the draw ability of the three UCST ILs, the test of using DI
water as feed solution with different IL draw solutions were conducted under the same
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Tk. In each experiment, both IL solution and DI water were pre-warmed separately to the
target temperature before the experiments, and during the process, a hot water bath was
used to maintain the target temperature. The solution volume was recorded every 2
hours during the FO process, and this solution volume change indicates the amount of
water passing through the membrane.
Figure 4.4 (A) shows the amount of water drawn from the feed side to the IL side at the
Tk of 74 °C, the [Hbet][Tf2N] draw solution and the [Choline][Tf2N] draw solution were
compared when DI water was used as feed solution. In the same temperature and
operation time, the [Choline][Tf2N] draw solution can draw more water than the
[Hbet][Tf2N] draw solution. Figure 4.4 (B) compares the draw ability of the three IL draw
solutions at the Tk of 88 °C, it shows that the draw ability of the three IL draw solutions is
in the order: [Choline][Tf2N] > [Hbet][Tf2N] > [C2OHmim][Tf2N]. This result is quite
different from our expectation because the molar concentration of the three IL draw
solutions shown in Table 3.3 is in another order. In each experiment, the amount of water
pass through the membrane increased approximately linear with time, indicated that the
FO process was close to a steady state. In fact, in this process the concentration of the
draw solution is continuously reducing, but because of the low water flux, in the early
stage of 10 hours operation, only a little amount of water pass through the membrane,
the reduction of the draw solution concentration is less than 15 %, the draw ability didn’t
change obviously. If conduct a much longer time operation, the water flux will reduce
later.
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(B) Operation temperature: 88 °C
Figure 4. 4 Draw ability comparison of different IL draw solutions with DI water as
feed solution (UTC-73AC).
To detect the reflux of IL as well as the membrane rejection of IL, after each experiment
the concentration of IL in the feed side was measured. The detailed results were listed in
Table 4.1. It can be found that, for a certain IL draw solution, the IL crossover rate
increases with temperature, and the membrane rejection of IL is in the order:
[C2OHmim][Tf2N] > [Choline][Tf2N] > [Hbet][Tf2N]. All the IL concentrations detected in
the feed solution after experiments are less than 1 mmol/L, and the IL rejections are
higher than 99.97%.
Table 4. 1 IL draw solution performance when DI water was used as feed solution
(UTC-73AC).

Tk (°C)

74

88

Draw solution

[Hbet][Tf2N]

[Choline][Tf2N]

[Hbet][Tf2N]

[Choline][Tf2N]

[C2OHmim][Tf2N]

Water flux (LMH)

3.58

4.24

4.68

5.87

4.29

IL in left feed (mM)

0.78

0.12

0.96

0.48

0.15

Rejection of IL (%)

99.976

99.997

99.970

99.986

99.996

With the intention of increasing the water flux, other commercial FO membranes were
tested in our experiments, such as HTI OsMem™ CTA-ES Membrane and HTI OsMem™
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CTA-NW Membrane, but the effective layer of these two CTA membranes dissolved in hot
[Hbet][Tf2N] solution. HTI OsMem™ TFC-ES Membrane was also tried, this membrane was
stable in both IL draw solutions at the Tk. Besides, and the TFC-ES membrane has the best
performance (i.e. water flux and salt rejection) among the three commercial FO
membranes in almost the same operating conditions. Based on the experimental results
of the Toray UTC-73AC membrane, in the same other operating conditions, the IL
[C2OHmim][Tf2N] has the lowest draw ability but requires the highest operating
temperature. So in the study with the HTI TFC-ES membrane, we only focus on the IL
[Hbet][Tf2N] and [Choline][Tf2N].
The study with the HTI TFC-ES membrane when DI water was used as the feed solution
was shown in Figure 4.5, the draw ability of the [Hbet][Tf2N] draw solution and the
[Choline][Tf2N] draw solution at each of their Tk were compared. Table 4.2 listed the
detailed results. In the same other operation conditions, the water flux of the TFC-ES
membrane are 2.8 and 4.0 times of the results got with the UTC-73AC membrane of the
two IL draw solution respectively. Meanwhile, the IL reflux is about 35 and 32 times of the
two IL draw solution respectively, however, due to the low IL reflux, the IL rejection are
still higher than 99.6%.
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Figure 4. 5 Draw ability comparison of different IL draw solutions with DI water as
feed solution (TFC-ES).
Table 4. 2 IL draw solution performance when DI water was used as feed solution
(TFC-ES).

Tk (°C)

60

74

Draw solution

[Hbet][Tf2N]

[Choline][Tf2N]

Water flux (LMH)

6.32

16.92

IL in the left feed (mmol/L)

12.05

3.79

Rejection of IL (%)

99.63

99.89

4.3.3 Different salty solution as feed solution
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The FO experiments with different NaCl solutions as the feed ranging from 0 (i.e., DI
water) to 3.0 M were also conducted to study the draw ability of the ILs solutions. The
semi-permeable membrane used in this study was also first tested with the Toray UTC73AC membrane, then the HTI TFC-ES membrane.
The IL [Hbet][Tf2N] draw solution (3.20 M) was first tried with different NaCl solutions as
the feed solutions at its Tk (60 °C). The experimental procedure was similar to the case
that DI water used as the feed solution. When the experiments stopped after 10 hours,
the draw solution was poured into a separation funnel and kept still at room temperature
for 2 hours to cool the solution and complete the phase separation. The obtained  and
 phases were analyzed to obtain the mass and the concentration of both NaCl and IL,
and the results are listed in Table 4.3. And Figure 4.6 shows the water flux at different
feed concentrations. In comparison, Figure 4.6 also shows the water flux when a 3.2 M
NaCl solution was used as the draw solution at room temperature (23°C) and at 60°C.
The [Hbet][Tf2N] draw solution can draw water not only from the seawater level (0.6 M)
but also from high-salinity water up to 3.0 M in a measurable amount. When the
concentration of the feed solution increased from 0 to 0.17 M (1 wt%), the water flux
decreased sharply, but further increasing the feed concentration the reduced water flux
more slowly. The 3.2 M NaCl solution showed similar trends to the concentrated IL. The
water flux of the concentrated IL at 60°C was higher than that of the 3.2 M NaCl solution
at room temperature but lower than the 3.2 NaCl solution at 60°C. The NaCl concentration
detected in the produced water, i.e., the  phase, increased when the concentration of
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the feed solution increased. The IL concentration detected in the  phase was kept
constant approximately 0.36 M, which is close to its saturation concentration. The β phase
in this study was reused as the draw solution directly. As shown in Table 4.3, the  phase
after FO contains little amounts of NaCl. If the salt accumulated in the β phase, it could
be easily washed away by DI water as described in the previous synthesis section.
Table 4. 3 The composition data of the FO experiments with different concentrations
of feed solution.

NaCl in

Total

Mass

Feed

mass

of α

(mol/L)

(g)

(g)

(LMH)

(mol/L)

L)

0.00

169.28

12.03

2.27

\

0.356

157.25

\

0.17

173.43

4.53

0.85

0.020

0.336

168.90

0.60

165.71

2.64

0.50

0.079

0.348

1.00

162.50

2.34

0.44

0.180

2.00

158.60

1.35

0.25

3.00

153.63

0.75

0.14

Water
flux

NaCl in
α

H2O in

IL in α
(mol/

Mass

NaCl in β

β

of β (g) (mmol/L) (wt%)

NaCl

Salt flux

rejection (g/m2/
(%)

h)

12.675

\

\

1.515

14.608

88.41

0.98

163.07

5.431

13.603

86.79

2.31

0.370

160.16

10.568

12.808

81.98

4.65

0.259

0.366

157.25

10.256

14.524

87.03

3.86

0.266

0.371

152.88

7.157

13.943

91.14

2.17
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Figure 4. 6 Comparison of water flux at different feed concentrations when the 3.2 M
IL solution and 3.2 M NaCl solution were used as the draw solution. The series of IL as
the draw solution was tested at 60°C, while the series of 3.2 M NaCl as the draw
solution was tested at 23°C and 60°C.
The produced water in this process is the α phase got after phase separation, it contains
0.36 M [Hbet][Tf2N] and a NaCl concentration less than 18% of the feed. The high
molecular weight (MW, 398.33) lets the 0.36 M [Hbet][Tf2N] can be easily removed by a
less energy required process, for instance, nanofiltration (NF).126 Take the seawater
desalination case as an example, the produced α phase contains 0.46% NaCl and 0.36 M
[Hbet][Tf2N], if treated by a NF to remove the IL, the NaCl content could be less, and it
can be treated by a low-pressure brackish water RO. Thus, the electric energy
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consumption in this process could be less than the direct seawater RO. According to the
different choices of the freshwater polishing step, the electric energy consumption in this
novel process was estimated as 26.3% to 64.2% of conventional one-step sea water
reverse osmosis.125 However, thermal energy was needed to be input in the process of
the osmotic dilute. Owing to the low operating temperature, the low-grade heat with a
temperature less than 100 °C could be good heat source in this process.
This experimental results clearly demonstrated that the IL [Hbet][Tf2N] is a very promising
draw solution in FO process. However, the disadvantage of [Hbet][Tf2N] is its relatively
high saturation concentration in the  phase at room temperature. Hence, there is a
significant loss of IL from the β phase to the  phase in each cycle. Obviously, the lower
the saturation concentration in the  phase, the lower the IL loss in the phase separation
and the easier its further treatment process. Therefore, reducing the saturation
concentration in the  phase would be the key research direction for further improving
the performance.
ILs [Choline][Tf2N] and [C2OHmim][Tf2N] both have a lower  phase concentration
compare with [Hbet][Tf2N], were also tested to compare the draw ability in the salty
water. A 0.6 M NaCl water solution (3.5 wt%, conductivity: 56.2 ms/cm, equivalent to
seawater) and a 3.0 M NaCl water solution (15.8 wt%, conductivity: 190.0 ms/cm) were
used as the feed solution.
When conducted in each Tk, the draw ability of the three IL draw solution to seawater was
compared in Figure 4.7. Even the Tk is 14 °C lower, the water flux of the [Choline][Tf 2N]
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draw solution was still higher than the [C2OHmim][Tf2N] draw solution. The low water flux
made the concentration of the feed and draw solution almost kept the same so that the
process was close to stable and water amount pass through the membrane increased
linearly with time.
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Figure 4. 7 Draw ability comparison of different IL draw solution with seawater as
feed solution (UTC-73AC).
After each experiment, the obtained produced water (the  phase) and the reused IL
draw solution (the  phase) were analyzed to get the concentration of both NaCl and IL,
and the results were listed in Table 4.4. Although the produced water contains the
saturated IL concentration at room temperature, the NaCl concentration reduced to
about 10% of the original feed, make them easier to be further treated. The NaCl rejection
was around 90%. Very little amount of NaCl was detected in the  phase after the
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experiment, the  phase can be directly used as the draw solution directly without further
treatment.
Table 4. 4 IL draw solution performance when seawater was used as feed solution
(UTC-73AC).

Tk (°C)

60

74

88

Draw solution

[Hbet][Tf2N]

[Choline][Tf2N]

[C2OHmim][Tf2N]

Water flux (LMH)

0.50

1.26

0.83

NaCl in produced water (mol/L)

0.079

0.054

0.071

IL in produced water (mol/L)

0.36

0.30

0.18

NaCl in IL draw solution (mmol/L)

5.43

2.63

3.15

Rejection of NaCl (%)

86.79

91.62

89.21

A similar study of 3.0 M NaCl water solution as draw solution was conducted. Because the
water flux was much smaller, the volume change was not obvious during the process, the
produced water was collected and weighed after phase separation. The detailed
performance data can be found in Table 4.5. The NaCl concentration in the produced
water was around 10% of the original feed, and the NaCl rejection was around 90%.
Although the NaCl concentration increased a lot in the  phase compare with the
seawater experimental group, the amount of NaCl detected in the  phase was close.
When NaCl passed through the membrane to the miscible state of IL water solution, after
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phase separation, most of the NaCl concentrated in the  phase. These results fit well
with our other similar experiments.
Table 4. 5 IL draw solution performance when 3.0 M NaCl was used as feed solution
(UTC-73AC).

Tk (°C)

60

74

88

Draw solution

[Hbet][Tf2N]

[Choline][Tf2N]

[C2OHmim][Tf2N]

Water flux (LMH)

0.14

0.25

0.17

NaCl in produced water (mol/L)

0.27

0.24

0.32

IL in produced water (mol/L)

0.36

0.30

0.18

NaCl in reused IL draw solution (mmol/L)

7.16

2.87

3.95

Rejection of NaCl (%)

91.14

91.04

88.37

Above experimental results were got when Toray UTC-73AC Membrane (usually used as
a brackish water RO membrane) was used. The results show that the [Choline][Tf2N] draw
solution has the highest draw ability. The draw ability of [C2OHmim][Tf2N], which requires
the highest Tk, is the lowest although the molar concentration of this draw solution is the
highest. In the later study that using the HTI TFC-ES membrane as the semi-permeable
membrane, we will focus on the [Hbet][Tf2N] draw solution, which requires the lowest Tk;
and the [Choline][Tf2N] draw solution, which has the highest draw ability.
The draw ability comparison of the two IL with seawater as feed solution was shown in
Figure 4.8, and detailed results were listed in Table 4.6. In the same other operation
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conditions, only change the membrane from UTC-73AC to TFC-ES, the water flux reached
2.2 and 3.0 times respectively of the two IL draw solution, but the NaCl content in the
produced water also reached 1.9 and 3.9 times respectively.
The experiments results of 3.0 M NaCl feed solution were also listed in Table 4.6, the
water flux reached 2.1 and 2.4 times, but the NaCl content in the produced water also
reached 2.7 and 4.0 times respectively, when changing the membrane from UTC-73AC to
TFC-ES. In the tests using the UTC-73AC membrane to treat salty water, the NaCl
concentration of produced water reduced to about 1/10 of the original feed solution;
while using the TFC-ES membrane, the NaCl concentration of the produced water only
reduced to about 1/3 of the original feed solution.
20
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Figure 4. 8 Draw ability comparison of different IL draw solutions with seawater as
feed solution (TFC-ES).
Table 4. 6 IL draw solution performance when 0.6 M and 3.0 M NaCl were used as
feed solution (TFC-ES).

Tk (°C)

60

74

Draw solution

[Hbet][Tf2N]

[Choline][Tf2N]

Feed NaCl solution concentration

0.6 M

3.0 M

0.6 M

3.0 M

Water flux (LMH)

1.09

0.28

3.81

0.62

NaCl in produced water (mol/L)

0.15

0.73

0.21

0.96

IL in produced water (mol/L)

0.36

0.36

0.30

0.30

NaCl in IL draw solution (mmol/L)

3.35

9.83

2.57

7.75

Rejection of NaCl (%)

76.18

75.67

68.12

64.33

4.4 Conclusion
As a proof of the concept, we successfully demonstrated the feasibility of using UCST ILs
as novel draw solutes in FO process for water desalination. With the experiments study
of the UCST ILs [Hbet][Tf2N], [Choline][Tf2N] and [C2OHmim][Tf2N], our results showed
that they were able to draw water from a high salinity solution, and the IL draw solution
can be easily regenerated by a thermal-driven phase separation. Conducting the FO
process at higher temperatures can help increase the water flux. And the Tc of the three
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ILs are in the range of 55 °C to 85 °C, which is relatively low and would be beneficial for
recovering the low-grade heat energy. Solar energy would be a good thermal resource for
this process, and this novel thermal change FO process has special potential benefit for
the desert area such as Saudi Arabia which possesses a huge potential for solar energy
and has a limited supply of fresh water. With the assistance of the low-grade heat energy,
the electric energy consumption in this novel process was estimated as about 1/3 to 2/3
of conventional one-step seawater reverse osmosis based on the different choose of the
freshwater polishing step, so that considerable quantity of expensive electric energy can
be replaced by cheap even free low-grade heat energy.
According to our experimental results, as a good UCST IL draw solute, it should have: a
high draw ability, which requires a high concentrated  phase and a low MW; a low
concentration in  phase, so that a low IL loss caused by phase separation in each cycle,
and the further polishing process to produce the fresh water could be easy; and a Tc <
100 °C, in the suitable Tc range, a higher Tc will bring a higher water flux, but also need a
higher heat energy input.
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Chapter 5
Novel Energy Conversion in PRO by UCST ILs
5.1 Introduction
The low-grade heat with a temperature below 120 °C is available in abundance not only
from various industrial processes but also from solar heating, geothermal energy, nuclear
power and so on. It is estimated that more than 50% of the energy in industry eventually
ends up as low-grade heat due to process inefficiency.9, 127 The concept of using osmotic
heat engine (OHE) to recover low-grade heat was first proposed by Loeb in 1975 based
on a pressure-retarded osmosis (PRO) process that uses a semipermeable membrane to
harvest the salinity gradient energy (SGE) and then uses low-grade heat to regenerate the
salinity gradient.75 Compared with other technologies, such as the Rankine cycle, Sterling
engines, solid-state devices based on the Seebeck effect, and so on, OHE is easy
scalability, requires no addition of chemicals, and produces zero discharge.9, 128
The osmotic agent is the working medium of OHE. The first proposed osmotic agent is
simply a sodium chloride solution. Due to a small change in the boiling point of NaCl
solution with concentration, and the high latent heat of the solvent water, this approach
is limited by its low efficiency.129 Hence, most OHE studies have focused on thermolytic
salt systems for which solubility changes dramatically with temperature.130 The most
famous example is probably the NH3-CO2 system developed by Elimelech et al. By using a
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conventional steam stripping system to regenerate the solution, the overall efficiency was
improved to around 1%.131 Ammonia has a low molecular weight, which on the one hand
offers the advantage of high solubility and therefore a high power density, whereas on
the other hand it causes a high membrane cross-over rate which reduces the efficiency.
Furthermore, its toxicity and unpleasant odor make it difficult to handle. Hence,
developing a good osmotic agent is still a large challenge in OHE development.
Herein, we propose a novel idea of using thermally responsive ionic liquids (TRILs) as the
osmotic agent. Ionic liquids (ILs) are electrolytes with a melting point typically lower than
room temperature.132 They are often considered as green solvents and have found broad
applications in catalysis, separation, food and pharmaceutical processes, and so on.132-133
Thermally responsive ionic liquids have phase diagrams with either an upper critical
solution temperature (UCST) or a lower critical solution temperature (LCST). Experimental
results demonstrated that both UCST- and LCST-types of ILs can be used as novel draw
solutions in the forward osmosis processes for water desalination.134-135 As an osmotic
agent, TRILs have a number of advantages. ILs are electrolytes that can dissociate into
ions and generate higher osmotic pressure. ILs are typically large molecules, which
minimize the crossover issue. ILs are liquids, therefore the phase separation is much
faster and easier than other thermally responsive agents such as polymers, and it will not
cause membrane fouling or flow blocking.136 ILs have high boiling points and low vapor
pressures, reducing the potential material loss during heating/cooling cycles. Hence, TRILs
are expected to be a very promising type of osmotic agent.
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The specific energy (SE) and power density (PD) are two figure-of-merit parameters for
an OHE. The specific energy is determined by the Gibbs energy of mixing, which is
determined by the maximum osmotic pressure difference. Power density is a property
primarily related to membrane performance, but it is also related to the maximum
osmotic pressure difference because from process design studies it was found that the
maximum power density occurs typically at the condition when the retarded pressure is
equal to half of the maximum osmotic pressure difference.137 Hence, the maximum
osmotic pressure difference is a critical value. Herein, we use two UCST-type ILs,
protonated betaine bis(trifluoromethylsulfonyl)imide ([Hbet][Tf2N]) and choline
bis(trifluoromethylsulfonyl)imide ([Choline][Tf2N]), to illustrate the OHE concept and to
demonstrate the potential performance from osmotic pressure measurements.

5.2 Methodology of the TRIL-OHE
Figure 5.1 shows the phase diagrams of the two UCST ILs. Both phase diagrams exhibit a
critical temperature Tc, above which the IL is completely miscible with water but under
which the mixture separates spontaneously into a water-rich  phase and an IL-rich 
phase, they are an equilibrium coexist pair.
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Figure 5. 1 Phase diagrams of [Hbet][Tf2N] and [Choline][Tf2N] aqueous solutions.
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Figure 5. 2 Illustration of a TRIL-OHE loop on the phase diagram.
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Based on the UCST phase behavior, a novel closed-loop TRIL-OHE was designed as
illustrated in Figure 5.2 and Figure 5.3. The most studied pressure-retarded osmosis (PRO)
process was used to demonstrate the energy conversion process in Figure 5.3. All of these
processes have 100% ideal efficiency if conducted reversibly128, 138-139. The TRIL-OHE loop
includes three stages. The first stage starts from a temperature T 0 (for example, room
temperature 23oC) which should be lower than the critical temperature Tc. The
equilibrium pair of  and  solutions obtained at T0 are heated separately to a working
temperature TK that should be above the critical temperature and then placed in the two
sides of a semipermeable membrane which allows the transport of water only. The
second stage is the PRO process that is conducted reversibly at TK by applying a pressure
equal to the osmotic pressure difference between the two solutions to the β phase. Water
is drawn from the α phase to the β phase by osmotic pressure and increases the volume
of the β phase, generates mechanical work and then transforms to electric energy
through a turbine. Because TK is above the critical temperature, a single phase will
eventually form after mixing. The mixture is then cooled in the third stage to the initial
temperature T0, regenerating the original two phases. Table 5.1 lists all the operation
parameters of the TRIL-OHE loop assuming to generate 1000 kg mixture after the PRO
process.
Table 5. 1 Operation conditions of the TRIL-OHE loop for the two IL systems

IL

Tc

Wc
(wt%)

µ

T0

Wα

Wβ

mα

mβ

(wt%)

(wt%)

(kg)

(kg)

TK
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(C)

(Pas)

(C)

(C)

[Hbet][Tf2N]

55.6

50.1

0.030

23.0

13.7

88.3

512.06

487.94

60.0

[Choline][Tf2N]

68.9

50.2

0.024

23.0

11.2

90.7

509.43

490.57

74.0

TC, critical temperature; WC, critical concentration; µ, the viscosity measured at TK; T0,
initial temperature; Wα, the concentration of α phase at T0; Wβ, the concentration of β
phase at T0; mα, amount of α phase; mβ, amount of β phase; TK, working temperature.

5.3 Experiment
5.3.1 Materials and methods
Materials. [Hbet][Tf2N] (> 99%) and [Choline][Tf2N] (> 99%) were purchased from
Shanghai Chengjie Chemical Co., Ltd. Sodium chloride (>99.5%) was purchased from
Sigma-Aldrich. All chemicals were used as received without further purification. DI water
purified by a Milli-Q (Milli Pore) system was used as fresh water in all experiments.
Measurements. The primary method to measure the concentration of IL and NaCl
solutions is through conductivity (Thermo Scientific™ Orion™ 5 STAR and Orion™
013005MD Conductivity Cell). The solution needs to be diluted to low down the
concentration to the linear response region. For mixtures containing both IL and NaCl, the
conductivity measurement gives the total ionic concentration. In this case, the
concentration of NaCl is determined through measurement of chloride by an Aquakem
250 photometric analyzer (Thermo Scientific). The concentration of IL was also verified by
two methods: (1) UV-vis spectra (Cary 5000) if it is UV sensitive, and (2) for the  phase
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(IL-rich phase), the water content was measured by a standard Karl Fischer Titrator
(Mettler Toledo, C30X). The heat capacity of IL solution was detected by a differential
scanning calorimetry (Mettler Toledo DSC 1). The heat of mixing was measured by a C80
calorimeter (Setaram). The solution density was determined by weight and volume
measurements.
The osmotic pressure was measured by a custom-designed forward osmosis setup as
shown in Figure 5.4, the setup contains two glass chambers with a fine neck. The chamber
used here is selected by the fine neck that could help to make a more precise reading of
the water level, which is very important for our osmotic pressure determination. During
the measurement process, one glass chamber in the setup was filled with IL solution and
the other one was filled with NaCl solution. A polyamide reverse osmosis membrane
(Toray, UTC-73AC), which has a good salt rejection rate, was placed in the middle of the
two chambers. Because the crossflow of NaCl to the IL solution will influence the IL
solution properties, here the high salt rejection membrane is preferred, although the
water flux is small compared to other membranes. The whole setup was maintained at
the working temperature TK by immersion in a water bath. An equivalent NaCl solution
having the same osmotic pressure as the IL solution was found by adjusting the
concentration of the NaCl solution until water transport through the membrane in both
ways was observed. The concentrations of NaCl and IL in both solutions were measured
after the experiment to further verify the water amount that passed through the
membrane, and the results also ensured that the leakage rate across the membrane was

143
negligible. Because the experiments were conducted in hot water, and the low water flux
results to a long operation time, additional two fine glass tubes were added on the top of
the chambers to make sure the water evaporated were kept inside the system, so that to
avoid the experimental errors caused by the water loss through evaporation.

Figure 5. 4 A custom-designed apparatus for osmotic pressure measurement.
5.3.2 Experimental results and analysis
The maximum energy that can be extracted out of SGE is the Gibbs mixing energy, which
in principle can be calculated from thermodynamic models.140-142 Most of these models,
however, contain empirical parameters which are not available due to the limit of
experimental data. For the NaCl solution systems, the parameters are well studied, but
for the IL solution systems, most of the necessary data are missing. Therefore, for the
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UCST ILs in our study, the Gibbs mixing energy was obtained through experimental
measurement of the osmotic pressure based on the following equation:
𝑉

Δ𝐺𝑚𝑖𝑥 = − ∫0 Δ𝜋𝑑𝑉

(5.1)

Where  is the osmotic pressure difference between the  and  phases, and V is the
total amount of water drawn from the  to  phase during the PRO process.
Unfortunately, the osmotic pressure of TRILs cannot be measured by commercial
osmometers because they typically utilize colligative properties such as the decrease in
melting point. Therefore, a custom-designed forward osmosis (FO) setup was built as
shown in Figure 5.4.
The mechanism of measurement was to use the sodium chloride solution as a reference
to find the equivalent osmotic pressure of the ionic liquid solution by observing the
transport of water in a trial-and-error fashion. If the osmotic pressures of the two
solutions are equal, then no water should pass through the membrane. Otherwise, water
will be extracted from the solution with a lower osmotic pressure to the solution with the
higher one. During the experiment, one container was filled with sodium chloride solution
with a known concentration while the other was filled with an ionic liquid solution with a
known concentration. The whole setup was immersed into a circulation bath to maintain
the temperature at the working temperature TK, which was selected as approximately 5
°C above the critical temperature (Tc) of each UCST IL (the data can be found in Table 3.3).
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Figure 5.5 shows the osmotic coefficient data of NaCl water solution with different
molarity and at our aimed working temperature range obtained from reference.143
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Figure 5. 5 Osmotic pressure coefficient of NaCl solution at different molarity and
different temperature.
With these data of NaCl water solution osmotic pressure coefficient, the osmotic pressure
of the NaCl water solution with different molarity and at different temperature can be
calculated by the following equation:
𝜋𝑁𝑎𝐶𝑙 = 2𝜙𝐶𝑅𝑇

(5.2)

In which,  is the osmotic coefficient of NaCl at the temperature T, C the NaCl molar
concentration, R the ideal gas constant, and T the operation temperature.

146
The osmotic pressure of NaCl solution calculated based on equation 5.2 is shown in Figure
5.6. Although the relation of osmotic pressure coefficient and NaCl molality at a certain
temperature is complex as shown in Figure 5.5, the relation of osmotic pressure and NaCl
molality fits well with a quadratic polynomial fitting relation in each temperature as
shown in Figure 5.6.
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Figure 5. 6 Osmotic pressure of NaCl aqueous solution at different molality and
temperature.
Although the osmotic pressure of IL solution can’t be calculated theoretically, because of
the missing of the key parameters. However, it is still can be got by an indirect method
that calculated from the equivalent NaCl solution by the following equation:

147
𝜋𝐼𝐿 = 𝜋𝑁𝑎𝐶𝑙

(5.3)

Let’s take an example that how to find a NaCl water solution that has the equivalent
osmotic pressure to a known concentration IL water solution at the same temperature.
Table 5.2 shows the process of how the equivalent osmotic pressure of a 1.14 M (40 wt%)
[Hbet][Tf2N] solution was determined at TK = 60 °C. A 1.035 M NaCl solution was first
tested. After 22 hours, it was found that 0.792 g of water was extracted from the ionic
liquid to the NaCl solution, indicating that the equivalent osmotic pressure of the ionic
liquid solution should be lower. Hence, the concentration of the NaCl solution was
lowered to 1.0 M, then to 0.937 M, and finally, to 0.92 M. The amount of water extracted
from the ionic liquid side to the NaCl side became lower and lower until a reverse
transport of water was observed at the last measurement. The average value of the last
two measurements was used as the final result. The error of measurement of this
approach is estimated to be less than 1%.
Table 5.2 also showed the total conductivity (κ) of the solutions before and after each
trial, and the conductivity in parenthesis showed the contribution from the minor
component, i.e. NaCl in IL solution or IL in NaCl solution. As the data shown, the changes
in total conductivities before and after each trial matched very well with the direction of
water transport, verifying the accuracy of our measurements. For example, when water
was extracted from IL solution to NaCl solution, the conductivity of IL solution increased
while that of NaCl solution decreased, or vice versa. The minor component is due to the
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solute transport during the experiment. Their conductivities were less than 0.5% of the
total conductivity, indicating that the crossflow rates of both the solutes were very small.
Table 5. 2 Osmotic pressure detection for a 1.14 M (40 wt%) [Hbet][Tf2N] water
solution at 60 °C.

IL

Trial Conc. Conc.
(M)

Water Water IL side (dilute 5 times) NaCl side (dilute100 times)

NaCl
Time
(h)

(M)

Pass
(h)

Flux

κ_before

κ_after

κ_before

κ_after

(LMH) (ms/cm)

(ms/cm)

(μs/cm)

(μs/cm)

1

1.14 1.035

22

0.792 0.068

19.57

20.27 (0.047)

1322

1307

(1.10)

2

1.14 1.000

22

0.509 0.044

20.27

20.94 (0.046)

1196

1182

(1.19)

3

1.14 0.937

21

0.057 0.006

20.03

20.12 (0.043)

1013

1005

(1.14)

4

1.14 0.920

20

-0.055 -0.006

20.06

19.98 (0.042)

965

974

(1.15)

Based on the experimental results in Table 5.2, we got one data that is the NaCl
concentration that has equivalent osmotic pressure with a 40 wt% [Hbet][Tf 2N] water
solution at 60 °C. With a series similar measurements, we can the osmotic pressure of the
two ILs water solution with different concentration at each of their Tk.
The equivalent osmotic pressure NaCl water solution concentration and the osmotic
pressure of the [Hbet][Tf2N] water solution with different concentration at 60 °C were
shown in Table 5.3.
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Table 5. 3 Equivalent osmotic pressure of the IL [Hbet][Tf2N] water solutions with
different molarity at 60 °C.

[Hbet][Tf2N]

NaCl

Osmotic Pressure

wt%

mol/L

mol/L

KPa

78

2.70

2.25

12647

70

2.29

1.95

10752

60

1.88

1.65

8922

50

1.50

1.26

6666

40

1.14

1.03

5369

26

0.72

0.66

3362

And the equivalent osmotic pressure NaCl water solution concentration and the osmotic
pressure of the [Choline][Tf2N] water solution with different concentration at 74 °C were
shown in Table 5.4.
Table 5. 4 Equivalent osmotic pressure of the IL [Choline][Tf2N] water solutions with
different molarity at 74 °C.

[Choline][Tf2N]

NaCl

Osmotic Pressure

wt%

mol/L

mol/L

KPa

76

2.61

2.56

15261

70

2.35

2.21

12902

60

1.92

1.73

9807

150
50

1.55

1.43

7956

40

1.19

1.08

5875

30

0.85

0.77

4105

26

0.74

0.72

3826

With the series of FO measurements and the data of the NaCl water solution, the osmotic
pressure of the two ILs water solution with different IL concentrations and at each of their
Tk can be got, and are shown in Figure 5.7.
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Figure 5. 7 Osmotic pressures of the two IL water solutions at different weight
percentage measured at each TK.
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The Gibbs mixing energy can then be calculated as the follows. Assuming f(x) is the
function of the osmotic pressure of the IL water solution at weight percentage x, it can be
data fitted from Figure 5.7, and V is the amount of water extracted from the α phase to
the β phase, then the osmotic pressure difference of the two phases  can be calculated
from the following equation:

Δ𝜋 = 𝑓 (

𝑚𝛽 𝑊𝛽

𝑚𝛽 +𝜌𝑉

𝑚𝛼 𝑊𝛼

)−𝑓(

𝑚𝛼 −𝜌𝑉

)

(5.4)

In which, m, W, m, and W are the mass and the weight percentage of the  phase and
the  phase, respectively, and  is the density of pure water. We assumed that only water
will pass through the membrane, and ignored the influence of the very small amount of
the solute crossflow. The total amount of ionic liquid m+m was fixed at 1000 kg. The
concentrations of the  phase and the  phase were determined by the initial
temperature T0. It was further assumed that after mixing the mixture had the same
concentration as the critical concentration. Then the m and the m in Equation 5.4 can
be calculated accordingly.
Figure 5.8 shows the relation of  vs. V of the two ionic liquid systems when the initial
temperature was fixed at room temperature (23 °C). The areas under the curves are the
maximum Gibbs mixing energy per 1000 kg of the total mixed ionic liquid solutions, or the
specific energy (SE) of the system, when the operation started from room temperature,
which is about 23 °C.
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Figure 5. 8 Osmotic pressure difference at different amount of water drawn across the
membrane from the  phase to the  phase at each of the working temperature TK.
With different initial temperatures, the specific energies of the system are different.
Figure 5.9 shows the specific energies at different initial temperatures. Obviously, the
lower the initial temperature, the higher the concentration difference between the 
phase and the  phase, and thus the higher the specific energy.
At the initial temperature of 23 °C, the specific energy was approximately 2500 kJ/t for
the [Hbet][Tf2N] system and 3700 kJ/t for the [Choline][Tf2N] system. It is worthy to note
that the specific energy between regular seawater and river water at room temperature
was approximately 912 kJ/t.144 Thus, the specific energy of the two IL systems are
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approximately 1.74 and 3.06 times higher than the regular seawater and river water
system at room temperature.
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Figure 5. 9 The specific energy at different initial temperature T0.
The specific energy can be further optimized in terms of the mass ratio of the two phases.
Figure 5.10 shows the specific energy at different ratios of m/(m+m). The optimal ratio
was found to be 1.157 for the [Hbet][Tf2N] system and 1.075 for the [Choline][Tf2N]
system. Interestingly, these ratios were exactly the same values after mixing when the
concentration of the mixture was equal to the critical concentration.
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Figure 5. 10 The specific energy at different m/(m+m) ratios from the room
temperature / pair.
Power density (PD) is a measurement of the energy generated per unit time and unit
membrane area. It is an important performance index of the PRO process. The gross
power density can be calculated as the product of water flux 𝐽𝑤 and the hydraulic
pressure difference Δ𝑃.
𝑃𝐷 = 𝐽𝑤 ∆𝑃

(5.5)

In the ideal case, which ignores the effects of external concentration polarization (ECP),
internal concentration polarization (ICP) and reverse salt flux, the PD can be estimated as:
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𝑃𝐷 = 𝐴(∆𝜋 − ∆𝑃)∆𝑃

(5.6)

In which, A is the water permeability coefficient, which is a membrane intrinsic property.
The PD reaches the maximum when Δ𝑃 = 𝜋𝑚𝑎𝑥 /2137 and thus,
1

2
PD𝑚𝑎𝑥 = 4 𝐴Δ𝜋𝑚𝑎𝑥

(5.7)

The maximum osmotic pressure difference max in Equation 5.7 can be read directly from
Figure 5.8. The water permeability coefficient A can be measured directly with
experiments.
From the osmotic pressure measurements, we found that the commercial CTA HTI
membranes, the HTI OsMem™ CTA-ES membrane and the HTI OsMem™ CTA-NW
membrane, which are made from cellulose acetate and often used for FO or PRO
processes, was not stable in the ionic liquid. Their active layers dissolved in the hot IL
[Hbet][Tf2N] concentrate water solution.
Hence, during the osmotic pressure measurement, a commercial polyamide membrane
(Toray, UTC-73AC) that is typically used for reverse osmosis was used as the
semipermeable membrane. The membrane was found to be very stable even after
hundreds of hours of testing. It has a good salt rejection rate, which is beneficial for our
fundamental studies to obtain the maximum Gibbs mixing energy. However, the
disadvantage of this membrane is its low water flux which will lead to low power density.
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Another commercial FO membrane HTI OsMem™ TFC-ES Membrane was found stable in
our hot IL water solution systems and gave relatively higher water flux. The measured
water flux between the  and  phases were 1.71 LMH for the [Hbet][Tf2N] system at 60
°C and 1.95 LMH for the [Choline][Tf2N] system at 74 °C, and the resulted A values were
0.014 LMH/bar for the [Hbet][Tf2N] system and 0.011 LMH/bar for the [Choline][Tf2N]
system. Correspondingly, the maximum power density calculated from Equation 5.7 gives
1.5 W/m2 for the [Hbet][Tf2N] system and 2.3 W/m2 for the [Choline][Tf2N] system. These
values are comparable to many reports for the seawater-river water system.145-146
The estimation of A value here is very rough, just consider the ideal case, and the A value
got here should be the apparent A value. However, complicated by the effects of internal
concentration polarization, external concentration polarization and reverse salt flux in
reality,84 the effective ∆𝜋 will reduce and the real A value could be much higher.147
Recently, a number of high-flux polyamide type of TFC membranes have been successfully
developed for the PRO process with A value reached up to 1 LMH/bar. 148 Hence, there
should be a big room for further improvement of the power density for the TRIL-OHE
system in order to meet the economic requirements.149
The relation of temperature and entropy in the TRIL-OHE cycle is shown in Figure 5.11.
There are three states in the cycle, marked as the blue ‘1’, ‘2’ and ‘3’ in the diagram. In
the first stage that is from state ‘1’ to ‘2’, the system requires 𝑄𝛼 + 𝑄𝛽 amount of heat to
increase the temperature of both the α phase and the β phase separately from T0 to TK.
The entropy of the system will increase with temperature roughly by the amount of
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𝛽

𝑇

(𝐶𝑃𝛼 + 𝐶𝑃 ) ln 𝑇𝐾. In the second stage that is from state ‘2’ to ‘3’, the PRO process operates
0

isothermally, thus temperature will keep constant, but since it is a spontaneous mixing
process, so the entropy will increase by the amount of Δ𝑆𝑚𝑖𝑥 . The system in this stage
may need to absorb or release heat depending on the heat of mixing Δ𝐻𝑚𝑖𝑥 . In the third
step that is from state ‘3’ to ‘1’, the mixture is cooled down from TK to T0, and after phase
separation, the system recovers back to the original state. The heat released from the
third stage, Qm, should be able to be recovered by a heat exchanger coupling with the
heating process in the first stage.

T
2 Gmix = Hmix - TK Smix

TK

3

Q + Q
Qm
T0

1

S
Figure 5. 11 Temperature-Entropy diagram of a TRIL-OHE cycle.
Based on the T-S diagram shown in Figure 5.11, the energy absorbed or released in each
step and the overall energy efficiency can be calculated as below. The heat required for
stage one is calculated by,
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𝑇

𝑇

0

0

𝛽

𝑄𝛼 + 𝑄𝛽 = 𝑚𝛼 ∫𝑇 𝐾 𝐶𝑝𝛼 𝑑𝑇 + 𝑚𝛽 ∫𝑇 𝐾 𝐶𝑝 𝑑𝑇

(5.8)

And the heat released in stage three is calculated by,
𝑇

𝑄𝑚 = (𝑚𝛼 + 𝑚𝛽 ) ∫𝑇 𝐾 𝐶𝑝𝑚 𝑑𝑇

(5.9)

0

In equation 5.8 and 5.9, Cpα, Cpβ, and Cpm are the heat capacities of the α phase, the β
phase and the final mixture, respectively. Their values at different temperatures are
shown in Figure 5.12 for the [Hbet][Tf2N] system cover the range from room temperature
to the Tk of 60 °C, and Figure 5.13 for the [Choline][Tf2N] system cover the range from
room temperature to the Tk of 74 °C. It is noted that the mixture will undergo phase
separation during cooling. Hence, Cpm is the overall value of the two phases.
4.0

Cp (J/g/K)

3.5

[Hbet][Tf2N] -

3.0

[Hbet][Tf2N] - m

2.5
2.0

[Hbet][Tf2N] - 

1.5
1.0
0.5
0.0
20

25

30

35

40

Temperature

45

50

55

60

(oC)

Figure 5. 12 Heat capacity of [Hbet][Tf2N] in the process temperature range.
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Figure 5. 13 Heat capacity of [Choline][Tf2N] in the process temperature range.
With these Cp data, the energies involved in each step of the TRIL-OHE loop can be
calculated, and are listed in Table 5.5.
Table 5. 5 Energy at each step of the TRIL-OHE loop. All calculations are based on 1000
kg of the mixture and the operating conditions listed in Table 5.1.

IL

Gmix (kJ)

Hmix (kJ)

Qα+Qβ (kJ)

Qm (kJ)

[Hbet][Tf2N]

-2.52103

44

1.072105

1.075105

[Choline][Tf2N]

-3.73103

-190

1.412105

1.507105

It is interesting to find from the experimental results data, that (𝑚𝛼 + 𝑚𝛽 )𝐶𝑃𝑚 ≈
𝛽

𝑚𝛼 𝐶𝑃𝛼 + 𝑚𝛽 𝐶𝑃 , which means 𝑄𝑚 ≈ 𝑄𝛼 + 𝑄𝛽 . It implies the heat released from the third
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stage has large potential to be recovered through a heat exchanger coupling with the
heating process in the first stage. Assuming the recovery rate is , then the overall energy
efficiency can be calculated as
 = −Δ𝐺𝑚𝑖𝑥 ⁄(𝑄𝛼 + 𝑄𝛽 − 𝜂𝑄2 + Δ𝐻𝑚𝑖𝑥 )

(5.11)

The Carnot efficiency is calculated by
𝐶 = (𝑇𝐾 − 𝑇0 )⁄𝑇𝐾

(5.12)

Set the room temperature, which is 23 oC in our lab, as the initial temperature, the
calculated Carnot efficiency for [Hbet][Tf2N] system is around 11.1 % and for
[Choline][Tf2N] system around 14.7 %.
The efficiency of a heat exchanger can be calculated by equation 5.13:
𝐻𝑋 = (𝑇ℎ′ − 𝑇𝑐 )/(𝑇ℎ − 𝑇𝑐 )

(5.13)

Where: the hot stream enters the heat exchanger at 𝑇ℎ , the cold stream enters the heat
exchanger at 𝑇𝑐 and leaves at 𝑇ℎ′ . The efficiency of a heat exchanger is greater when the
two streams are arranged in counter rather than parallel flow. The study of heat recover
by a heat exchanger with liquid fluids showed the up limit of a tube heat exchanger can
attain 88%, and a plate heat exchanger can attain 94%.150
Figure 5.14 shows the energy efficiency at different heat recovery rate. If assuming the
average temperature difference of the heat exchanger is about 10 oC, it is estimated that
about 70 % heat of the [Hbet][Tf2N] system and about 80 % heat of the [Choline][Tf2N]
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system can be recovered. As can be seen in Figure 5.14, without heat recovery the energy
efficiency is about 2.4 % for the [Hbet][Tf2N] system and about 2.6 % for the
[Choline][Tf2N] system, or 21 % and 18 % of their Carnot efficiency, respectively. While at
70 % heat recovery, the efficiencies can reach as high as 7.9 % and 10.5 %, or 71 % and 71
% of the Carnot efficiency for the two UCST ILs systems, respectively.
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Figure 5. 14 The energy efficiency at different heat recovery rate.

5.4 Conclusion
Based on the unique phase diagrams of two UCST ILs, [Hbet][Tf2N] and [Choline][Tf2N], a
novel closed-loop TRIL-OHE was designed to convert low-grade thermal energy to
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electricity. The osmotic pressures of the two ILs system were measured using a customdesigned FO setup with NaCl water solution as a reference. From the osmotic pressure
data, the specific energy and the power density, two performance metric parameters of
OHE, were estimated. The specific energy increases when the initial temperature
decreases.
When the initial temperature is set at room temperature (23 °C), the specific energy of
the [Hbet][Tf2N] system and the [Choline][Tf2N] system were around 2500 kJ/t and 3700
kJ/t, which were 2.7 and 4.0 times of the seawater and river water system, respectively.
The maximum power densities measured from a commercial FO membrane were about
1.5 W/m2 for the [Hbet][Tf2N] system and 2.3 W/m2 for the [Choline][Tf2N] system. These
power density data were obtained from a relatively low permeable membrane. There
should be still a big room to improve the power density if highly permeable membranes
were used. During the experiments, it was found that the cellulose acetate membranes
were not stable in acid ILs hot solutions, but this was not an issue for polyamide type of
membranes.
The temperature-entropy diagram of the TRIL-OHE loop was also analyzed. A notable
advantage of the TRIL-OHE was revealed from the energy balance, that is, the heat
released from the cooling stage can be largely recovered to be used in the heating stage.
A rigorous energy balance showed without heat recovery the energy efficiency was about
2.4 % or 21 % of the Carnot efficiency for the [Hbet][Tf2N] system, and about 2.6 % or 18
% of the Carnot efficiency for the [Choline][Tf2N] system. While at 70 % heat recovery,
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the energy efficiency increased to 7.9 % or 71 % of the Carnot efficiency and 10.5 % or 71
% of the Carnot efficiency for the two IL systems, respectively.
All of these results clearly demonstrated the superior performance of the TRIL-OHE
system. Therefore, this novel process provides a very promising way to generate electric
power with a high efficiency, meanwhile make a good use of the low-grade energy, most
of which is usually wasted or even has a negative influence to the industry and the
environment.
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Chapter 6
Novel Energy Conversion in RED by NaCl and UCST ILs
6.1 Introduction
To meet the current and the future continuously increasing energy demands, the
exploration and development of new nonpolluting and sustainable energy source are
required. The salinity-gradient energy (SGE) is the Gibbs free energy of mixing when two
solutions of different concentrations are combined, this released energy can be
harnessed for useful work. The SGE is not a new source in nature, on the contrary, the
natural water cycle in the Earth provides an abundant source of SGE.
Reverse electrodialysis (RED) is another emerging technology that can harvest the energy
from salinity gradients. RED is the power generation process just opposite the
electrodialysis (ED) separation process. Energy is consumed in ED to take out the ions of
a solution to fulfill the separation purpose. Whereas, RED utilizes the permeation of
counter ions across ion exchange membranes to generate a Nernst potential between
two solutions with different concentration. Then a redox couple at the end electrodes
converts the ion flux into an electric current to the circuit loop, thus to realize producing
energy through the controlled mixing of the solutions to the external load. Essentially,
RED works as a concentrated battery, which directly discharging stored chemical potential
energy from concentration difference to electricity.
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To advance the technology towards actual implementation, a lot of efforts from global
researchers have been made for a better understanding of the RED process performance
in a system level, and for higher energy efficiency and membrane power density. Most of
these investigations are restricted to the NaCl water solution system. The advantage of
the NaCl water solution system is that as a well-studied solution, the necessary
parameters are available, this is very helpful for the research work. The disadvantage is
that the mixing process of the NaCl water solutions with different concentration is
irreversible, and the regeneration of NaCl concentration gradient is different. Besides the
usually used river water equivalent concentration dilute solution has a relatively high
resistance, and this is harmful to the RED performance.
When in the miscible state with water, the ILs act as salts that compose with dissolved
cations and anions. Therefore they have the potential to be used in the RED process. In
the RED process, the cations and anions will pass through the cation exchange membrane
and anion exchange membrane respectively in opposite directions to generate the
current. Compare with common salts, the MW of the ILs are much larger, may influence
the movements of the cation and anion to pass through the membranes. Based on the
literature study of some other ILs that have similar MW of the ILs used in this study, the
possibility of their cations and anions to pass through the ion exchange membranes had
been demonstrated by experiments.151-153
An obvious benefit of this thermally responsive ionic liquid (TRIL) RED system is that the
regeneration of the concentration gradient is very easy. And with a good operation, the
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system can run for a long time, no need to add or remove any materials, the only needed
input is the low-grade heat energy.

6.2 Methodology of the TRIL-RED
Based on the thermal-responsive solubility of the UCST-type IL, we can design a process
to convert the thermal energy to electric energy. We assume a pair of different
concentration IL solutions forms a concentration cell, and with series connection, we
could make a battery, the electric potential of which is the sum of the potential generated
over each membrane. When the number of cells is high enough, the sum of cell-pair
voltages exceeds the electrode reaction potentials and useful power could be obtained
by the external load.
The TRIL-RED process was shown in Figure 6.1. This is a three-pair cell system, C denotes
the cation exchange membrane, A denotes the anion exchange membrane, Ec is the
positive electrode, Ea is the negative electrode. Firstly, room temperature saturated 
phase and  phase are heated to the degree above the Tc to the Tk separately. Then the
warmed  phase is injected to the low concentration (LC) channels, and the warmed 
phase is injected to the high concentration (HC) channels of the RED stack. Due to the
concentration difference, an electric potential is established, and the ions will transport
through the ion exchange membranes to form the current and the electric power is
generated.
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After the process become equilibrium, the concentration of IL in the LC channel and the
HC channel become equal, and no more ions will transport. Then all the IL solutions are
injected into a pot and cooled to room temperature, it will automatically separate into 
phase and  phase. The  phase and the  phase need no further treatment and can be
used directly in the next cycle of power generation. The power generation process is
conducted in the temperature above the Tc of the IL, the high operating temperature is
beneficial for achieving a higher total electric potential generated by the membrane stack
based on the Nernst equation (equation 2.33). With this process, we can generate electric
power by solar energy or waste heat.
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Figure 6. 1 A novel energy conversion RED process with a UCST-IL [Hbet][Tf2N] as the
working fluid.
In order to have a better understanding of the RED process, NaCl is also used as the
working fluid. Based on our previous study, the NaCl solutions used here have the
equivalent osmotic pressure with the IL solution. Because the Tc of the IL [Hbet][Tf2N] is
55.6 °C, and the Tk we set is 60 °C, which is the highest temperature to keep the thermal
stability of the ion exchange membranes. So [Hbet][Tf2N] is used as the TRIL-RED working
fluid.
Three pairs of NaCl solution at room temperature were studied first. The first pair have
the equivalent osmotic pressure with the α phase, and the β phase of IL [Hbet][Tf2N] in
room temperature, that is the 0.3 M NaCl (close to the α phase) and 3.0 M NaCl (close to
the β phase). The dilute solution in the second pair was set a little higher than the sea
water as 0.66 M NaCl, and the concentrate solution used is 2.25 M. The concentrate
solution used in the third pair is the sea water lever as 0.60 M, and the dilute one is 0.03
M NaCl solution which is very dilute but has a low resistance. Because the osmotic water
pass in the first pair is serious, and influence the performance. The IL solution is set to
follow the second pair, that is the 2.70 M [Hbet][Tf2N] as the concentrate solution, and
0.72 M [Hbet][Tf2N] as the dilute solution.
For convenience, the calculation needed parameters of the NaCl water solution system
were listed in Table 6.1. The density and activity coefficient data were calculated by linear
interpolation of the data got from literature.154
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Table 6. 1 Parameters of the studied NaCl water solution system

Molar

Molar

Weight

Activity

Density

concentration (M)

fraction

percentage (wt%)

coefficient

(g/ml)

3.0

0.054

15.8

0.706

1.114

2.25

0.041

12.0

0.680

1.085

0.880

0.015

5.0

0.661

1.034

0.66

0.012

3.7

0.671

1.023

0.60

0.011

3.5

0.675

1.020

0.3

0.0054

1.75

0.708

1.010

0.225

0.0040

1.2

0.720

1.007

0.088

0.0015

0.5

0.784

1.003

0.066

0.0012

0.37

0.791

1.002

0.03

0.00054

0.19

0.805

1.001

6.3 Experiment
6.3.1 Materials and methods
Materials. [Hbet][Tf2N] (> 99 %) was purchased from Shanghai Chengjie Chemical Co., Ltd.
Sodium chloride (> 99.5 %), ferrous sulfate heptahydrate (≥ 99 %), and Iron(III) sulfate
hydrate (> 97 %) were purchased from Sigma-Aldrich. All chemicals were used as received
without further purification. DI water purified by a Milli-Q (Milli Pore) system was used as
fresh water in all experiments.
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A commercial Electrodialysis Cell Unit PCCell ED 64004 purchased from PCCell GmbH was
used in the experiments of RED energy conversion process with NaCl water solution and
IL water solution as working fluid. It contains 20 pairs of cells, including 21 cation
exchange membranes and 20 anion exchange membranes. The PCCell ED 64004 parts for
assembling are shown in Figure 6.2. And both electrodes are Pt/Ir MMO coated.

Figure 6. 2 PC Cell ED 64004 parts for assembling. 1, 2: anode chamber, 3: Spacers, 4:
screws, 5: anion exchange membrane, 6: cation exchange membrane, 7: sealing, 8:
stainless steel frame.
And the cell size parameters got from the instrument provider can be found in Table 6.2.
The ion exchange membranes used in this study are standard series PC SA and PC SK, they
are usually used in standard desalination process, and the detailed parameters of these
membranes got from the instrument provider are shown in Table 6.3. During the RED
experiments, the electric resistance, impedance, voltage, and current generated in the
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process were detected by the ElectroChemical Workstation (CH Instrument Inc., Model
600D).
Table 6. 2 The cell size parameters.

Stack Type

ED 64

Characteristic

ED/EDBM
64

cm2

11 × 11

cm

0.45

mm

Processing Length

8

cm

Nominal Flow through / Cell

8

l/h

Membranes per Unit (max)

60

pcs

0.38

m2

Effective Membrane Area
Membrane Size
Spacer Height

Effective Membrane Area / Unit (max)

During all the measurements, on the ElectroChemical Workstation side, the reference
electrode (the white one) was connected with the counter electrode (the red one), and
these two were connected together to the negative electrode (the black one) of the RED
cell. The working electrode (the green one) of the ElectroChemical Workstation was
connected to the positive electrode (the red one) of the RED cell.
Table 6. 3 Ion exchange membrane parameters

PC SA

PC SK
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Membrane Type

Strongly alkaline anion

Strongly acidic cation

membrane

membrane

Functional Group

Ammonium

Sulfonic acid

Reinforcement

Polyester

Polyester

Water Content (wt%)

14

9

≥ 0.93

≥ 0.95

Thickness (μm)

180 - 220

160 - 200

Burst Strength (bar)

4-5

4-5

Thermal Stability (°C)

60

60

Exchange Capacity (meq/gm)

1.1

1.2

Chemical Stability (pH range)

0-9

0-9

Resistance (Ω c𝐦𝟐 )

1.8

2.5

Ionic form as shipped

𝐶l−

Na+

Transference Number
(KCl 0.1 / 0.5 m)

The instrument of the RED stack with NaCl water solution system was shown in Figure 6.3.
The experiments were conducted at room temperature. The basic EDBM system provided
by PC Cell: ED 64002 with 20 cell pairs and 2 L double jacketed thermo-stable glass
cylinders was used directly to run the tests.
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Figure 6. 3 The instrument of the RED stack with NaCl water solution system.
The instrument of the RED stack with [Hbet][Tf2N] water solution system was shown in
Figure 6.4. The experiments were conducted at 60 °C. The RED stack provide by PCCell of
ED 64002 with 20 cell pairs was used as the RED stack, two custom designed glass bottles
were used as the HC chamber and LC chamber, and a water bath was used to keep the
target Tk. Two additional liquid pumps (KNF LIQUIPORT) were used to run the HC and LC.
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Figure 6. 4 The instrument of the RED stack with [Hbet][Tf2N] water solution system.
The rinse solution used in this study was 0.05 M FeSO4, 0.025 M Fe2(SO4)3, and 0.70 M
NaCl water solution. In order to prevent the fouling of Fe(OH)3 precipitation in the inner
part of the system, 1.0 M HCl water solution was used to adjust the pH of the rinse
solution to 2.0.
The electrode reactions for the Fe2+/Fe3+ redox couple were:
Cathode: Fe3+ (aq) + e- → Fe2+ (aq)

(𝐸 𝜃 = 0.77 V)

(6.1)

Anode: Fe2+ (aq)

(𝐸 𝜃 = - 0.77 V)

(6.2)

Net:

nil

→ Fe3+ (aq) + e-
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It should be noted that in the water solution, a half-cell reaction relates to water will also
happen at the cathode, and depending on the pH value, the reaction is different as follows:
O2 (aq/g) + 2H2O (l) + 4e– → 4OH– (aq) (𝐸 𝜃 = 0.44V, in alkali)

(6.3)

or O2 (aq/g) + 4H+ (aq) + 4e– → 2H2O (l) (𝐸 𝜃 = 1.23V, in acid)

(6.4)

When the solution is neutral or alkali, the cathode reaction will happen as equation 6.3,
and when the solution is acid, the cathode reaction will happen as equation 6.4. In the
iron-based electrolytes like the rinse solution used here, when the solution is neutral or
alkali, because of the lower reduction potential, the cathode reaction of equation 6.3
takes precedence, with the production of OH–, Fe(OH)3 precipitation will form. In our
experiments with neutral solution fouling of Fe(OH)3 precipitation was found in the inner
part of the system. When the solution is acid, because of the lower reduction potential
the cathode reaction of equation 6.1 takes precedence. In our experiments after adjusting
the pH to 2.0, no precipitation fouling was found, and the net electrode reaction is nil, on
electrode potential is involved in the RED stack potential.
6.3.2 Stack open circuit voltage (OCV)
The stack OCV is an important parameter for power generation in the RED system as it
gives the maximum voltage obtainable from the system. The theoretical value of the stack
OCV can be calculated from the Nernst equation (equation 2.33).
The real stack OCV can be detected by the ElectroChemical Workstation. The OCV should
be detected at the early stage of each experiment because when the experiment was
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running, the HC and the LC will be continuously mixing, whether by the water pass caused
by osmotic draw or ions pass caused by the concentration difference, and the OCV will
continuously decrease.
The RED system with HC 2.25 M NaCl water solution and LC 0.66 M NaCl water solution
was first studied, and the OCV was shown in Figure 6.3. The value was 0.906 V.
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Figure 6.5 The OCV of the RED system with HC 2.25 M NaCl water solution and LC 0.66
M NaCl water solution.
Another pair with the same molar concentration ratio but both of the HC and LC were
diluted 10 times, that is the HC is 0.225 M NaCl water solution and the LC is 0.066 M NaCl
water solution. The OCV of this pair was shown in Figure 6.6. This test was running at the
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start point of the experiment when the NaCl water solutions are not equilibrium with the
membranes, therefore, in the first about 10 seconds the OCV raised. After the OCV
attained the maximum value, which is 0.973 V, it continuously decreasing, because during
this period, due to the non-ideal of the ion exchange membranes, water will be drawn
from the LC to the HC because of the osmotic difference. The OCV decrease rate was small,
within 1 to 2 minute, the OCV change can be ignored, that’s why we choose to detect the
OCV after the system running for 1 to 2 minutes to let the solutions and membranes
equilibrium. The OCV in this test is 0.973 V, close to the OCV value of the pair with 10
times concentration: 0.906 V.
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Figure 6. 6 The OCV of the RED system with HC 0.225 M NaCl water solution and LC
0.066 M NaCl water solution.
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After the system was cleaned with water, the membrane will become equilibrium with
water, the fixed function group of AEM get equilibrium with OH-, and the fixed function
group of CEM get equilibrium with H+. When the system was running with NaCl water
solution system, Na+ will gradually replace H+, and Cl- will gradually replace OH-. Based on
the experimental results, this process will last for about one to two minutes, and during
the process, the system resistance will decrease and the OCV will increase, the change is
obvious. After the membranes and solutions get equilibrium, the change of the resistance
and OCV will become very slow. The OCV change before and after the membrane solution
equilibrium can also be found in Figure 6.6, the change before the equilibrium took about
10 seconds, after the equilibrium point, the decrease of the same change took about 400
seconds.
The OCV of the RED system with HC 3.0 M NaCl water solution and LC 0.3 M NaCl water
solution was shown in Figure 6.7. It was detected when the system was just running for 1
to 2 minutes to let the NaCl water solution and the cleaned ion exchange membranes
became equilibrium. The OCV detected was 1.52 V.
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Figure 6. 7 The OCV of the RED system with HC 3.0 M NaCl water solution and LC 0.3 M
NaCl water solution.
The molar concentration ratio of above pair is 10, another pair with the molar
concentration ratio of 10 was also tried, the HC is 0.88 M NaCl water solution and the LC
is 0.088 M NaCl water solution. The OCV of this pair was shown in Figure 6.8, the value is
1.743 V.
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Figure 6. 8 The OCV of the RED system with HC 0.88 M NaCl water solution and LC
0.088 M NaCl water solution.
Another pair with the molar concentration ratio of 20 was also tried, the HC is 0.6 M NaCl
water solution and the LC is 0.03 M NaCl water solution. The OCV of this pair was shown
in Figure 6.9, and the value is 1.895 V.
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Figure 6. 9 The OCV of the RED system with HC 0.6 M NaCl water solution and LC 0.03
M NaCl water solution.
The detected OCVs were different from the calculated value. The calculation value of the
above five pairs NaCl solution based on Nernst equation and the detected value were
summarized in Table 6.4, in which, η is the ratio of the detected one to the calculated one,
and t is the transport number of counter-ion in the membrane phase. The NaCl water
solution pairs were numbered for convenience comparison in the later study, No. 1, 3,
and 5 will be studied for other parameters and use the same serial number.
Consider the transport number in the membrane phase, for the NaCl water solution
system, the Nernst equation of a single cation exchange membrane can be written as155
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∆E =

𝑅𝑇
𝐹

(𝑡+𝑐𝑚 − 𝑡−𝑐𝑚 )𝑙𝑛

𝑎𝑐
𝑎𝑑

= (2𝑡+𝑐𝑚 − 1)

𝑅𝑇
𝐹

𝑙𝑛

𝑎𝑐

(6.5)

𝑎𝑑

Where 𝑡+𝑐𝑚 is the transport number of the cation and 𝑡−𝑐𝑚 is the transport number of the
anion in the cation exchange membrane phase, and the sum of them is 1.
Similarly, for a single anion exchange membrane, the Nernst equation can be written as:

∆E = (2𝑡−𝑎𝑚 − 1)

𝑅𝑇
𝐹

𝑙𝑛

𝑎𝑐

(6.6)

𝑎𝑑

Where 𝑡−𝑎𝑚 is the transport number of the anion (the counter-ion) in the anion exchange
membrane phase.
In our study, the RED stack was studied as an entirety including all the AEM and CEM,
therefore the transport number got here is the average transport number of counter-ion
in the membrane phase of the AEM and the CEM. It’s easy to get

𝑡=

𝑐𝑚 +𝑡𝑎𝑚
𝑡+
−

2

=

𝜂+1
2

(6.7)

Table 6. 4 Comparison of calculated and detected stack potential.

No.

NaCl Solution Pair

Nernst potential (V)

OCV (V)

η

t

1

3.0 M & 0.3 M

2.348

1.520

0.6475

0.8237

2

0.880 M & 0.088 M

2.176

1.743

0.8009

0.9005

3

2.25 M & 0.66 M

1.266

0.906

0.7159

0.8579

4

0.225 M & 0.066 M

1.156

0.973

0.8417

0.9209
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5

0.60 M & 0.03 M

2.878

1.895

0.6584

0.8292

Based on the product instruction, when tested in a KCl solution pair of 0.1 M and 0.5 M,
the transference number of the anion membrane is ≥ 0.93, and for the cation membrane
is ≥ 0.95. When tested in NaCl solution pair of 0.1 M and 0.5 M, the transference number
of the anion membrane PCCell PC-SA was reported as about 0.949, and the transference
number of the cation membrane PCCell PC-SK was reported as about 0.82.156 Our results
were close to the reported data.
The OCV of an IL solution pair with HC 2.70 M [Hbet][Tf2N] water solution, and LC 0.72 M
[Hbet][Tf2N] water solution at 60 °C was also detected and shown in Figure 6.10. The OCV
detected was about 0.118 V, which was much lower than the equivalent osmotic pressure
NaCl water solution pair at room temperature as 0.906 V.
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Figure 6. 10 The OCV of the RED system with HC 2.7 M [Hbet][Tf2N] water solution and
LC 0.72 M [Hbet][Tf2N] water solution at the Tk.
6.3.3 Stack resistance characterization
Stack resistance is a very important parameter of the RED performance because it is
directly related to the maximum power output. Three methods were used in this study to
investigate the total stack resistance. The first method was the theoretic calculation
based on equation 2.34, in which the resistance of the electrodes was assumed to be
negligible compared to the membrane resistance because a large number of membrane
cell pairs (20 pairs) was used in the stack.157-158 The second method was using the EIS at
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the high-frequency range (about 1000 Hz) to get the total impedance of the RED stack.
The third method was to obtain the stack resistance by potential-current (V-I) curve.159
Table 6.5 shows the calculation results of the stack resistance of the NaCl water solution
system, the series No. of the NaCl water solution pairs in Table 6.5 were the same in Table
6.4. The detailed calculation method was descript in Chapter 2, employed the equation
2.34. Only when the LC was very dilute, such as the 0.03 M, the solution resistance
overborne the membrane resistance, in other cases the membrane resistance dominated
the RED stack resistance. Especially when the LC was higher than the seawater lever (0.6
M), the RED stack resistance changed little from start to the end.
Table 6. 5 Stack resistance by theoretic calculation

No.

Start

Conductivity

Solution

Membrane

Total

(mS/cm)

resistance (Ω)

resistance (Ω)

resistance (Ω)

1.223

2.766

3.989

0.588

2.766

3.353

0.735

2.766

3.501

LC

28.49

HC

190.8

Rinse

70.3

LC

111.9

HC

116.4

Rinse

66.0

LC

59.2

HC

164.3

Rinse

70.3

1

End

3

Start
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End

Start

LC

101.0

HC

101.9

Rinse

70.1

LC

3.89

HC

56.2

Rinse

70.3

LC

29.6

HC

33.3

Rinse

68.5

0.644

2.766

3.409

7.819

2.766

10.585

1.886

2.766

4.652

5

End

The Impedance-Time method is the second method used in this study to detect the RED
system resistance. The EIS was at the high-frequency range (1000 Hz) so that there was
no phase shift between voltage and current, the Ohmic relation can be directly used to
get the total impedance of the RED stack.
The Impedance-Time of the NaCl water solution pair No. 1, that is the HC 3.0 M and LC
0.3 M, at the start was shown in Figure 6.11, the total impedance was detected in the
range of 7.3 Ω to 8.0 Ω, which is about 2 times of the calculation results. When the
experiment run to the end, the conductivity of the final HC and LC can be found in Table
6.5, and the Impedance-Time relation of the system at the end was shown in Figure 6.12,
the total impedance was detected as about 3.2 Ω, which was very close to the calculated
result.
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Figure 6. 11 Impendence-Time study for the RED resistance with HC 3.0 M NaCl water
solution and LC 0.3 M NaCl water solution at the start.
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Figure 6. 12 Impendence-Time study for the RED resistance with HC 3.0 M NaCl water
solution and LC 0.3 M NaCl water solution at the end.
The third method was to obtain the stack resistance is using potential-current (V-I) curve.
Multi-voltage was applied to the stake as Figure 6.13 (A) shown, the applied voltage was
set according to the OCV detected, and with opposite direction of the OCV. In each
applied voltage, the current was recorded. The current got was negative because of the
opposite applied voltage. During small timescale the current is stable. Then the applied
voltages with the gained currents were plotted as shown in Figure 6.13 (B), the absolute
value of the slope is the RED stack resistance, that was 7.84 Ω, almost the same as the
value detected with the Impedance-Time method. More information besides of the
resistance can also be got from this chart, the zero-current potential, that is the intercept,
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should be the OCV, and the zero-voltage current, should be the limiting current, which is
the obtainable maximum current. Based on Figure 6.13 (B), the OCV was 1.508 V, and the
obtainable maximum current was 0.192 A.
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(A) The current recorded with multi-voltage.
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Figure 6. 13 Multistage voltage methods for resistance study of the RED resistance
with HC 3.0 M NaCl water solution and LC 0.3 M NaCl water solution at the start.
A similar study was conducted to the other two NaCl water solution pairs. The ImpedanceTime method results of the pair No. 3, which is HC 2.25 M NaCl water solution and LC 0.66
M NaCl water solution, were shown in Figure 6.14 for the test at the start and Figure 6.15
for the test at the end. For this pair, the resistances at the beginning and at the end were
almost the same, as 4.58 Ω and 4.35 Ω, respectively. These results were 1 Ω higher than
the theoretical calculation.
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Figure 6. 14 Impendence-Time study for the RED resistance with HC 2.25 M NaCl water
solution and LC 0.66 M NaCl water solution at the start.
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Figure 6. 15 Impendence-Time study for the RED resistance with HC 2.25 M NaCl water
solution and LC 0.66 M NaCl water solution at the end.
Multi-voltage potential-current (V-I) curve method results were shown in Figure 6.16. The
trend of the responding current in each applied voltage was similar, therefore, only show
the relation of the applied voltage with the gained current. The current got was negative
because of the opposite applied voltage. The absolute value of the slope is the RED stack
resistance, that was 5 Ω, 0.5 Ω higher than the value detected with the Impedance-Time
method. Based on Figure 6.16, the OCV was 0.922 V, and the obtainable maximum current
was 0.185 A.
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Figure 6. 16 Multistage voltage methods for resistance study of the RED resistance
with HC 2.25 M NaCl water solution and LC 0.66 M NaCl water solution at the start.
The Impedance-Time method results of the pair No. 5, which is HC 0.60 M NaCl water
solution and LC 0.03 M NaCl water solution, were shown in Figure 6.17 for the test at the
start and Figure 6.18 for the test at the end. For this pair the resistance at the beginning,
the detected resistance was in the range of 10.4 Ω to 12.0 Ω, and at the end, it was
detected as 5.73 Ω. Both results were close to the theoretical calculation.
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Figure 6. 17 Impendence-Time study for the RED resistance with HC 0.60 M NaCl water
solution and LC 0.03 M NaCl water solution at the start.
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Figure 6. 18 Impendence-Time study for the RED resistance with HC 0.60 M NaCl water
solution and LC 0.03 M NaCl water solution at the end.
Based on the experimental results, among the three methods for stack resistance, the
theoretical calculation has the largest error, but it could provide a quick answer to the
resistance range. The Impedance-Time method is a recommended method for the
resistance study of the RED stack, which was detailed described in Chapter 2. The multivoltage potential-current (V-I) curve method was also a good method to study the
performance of a RED stack, it can provide not only resistance but also the maximum
voltage and current, but the results got here were a little different than the direct
detection method. However, the results got from this method provide a very good
reference to the direct detection method results. Therefore, the recommended methods
for the parameter detection were the direct detection method, such as OCV, ImpedanceTime, and Current-Time.
The Impedance-Time method was also used to study the RED stack resistance of the IL
solution pair of HC 2.70 M [Hbet][Tf2N] water solution and LC 0.72 M [Hbet][Tf2N] water
solution at the Tk 60°C. The resistance at the start was shown in Figure 6.19, the resistance
was detected around 39 Ω. And the resistance at the end was shown in Figure 6.20, the
value was about 60 Ω. These values were much higher than the data got from the NaCl
water solution system, but close to the reported resistance study data of IL system. 152
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Figure 6. 19 Impendence-Time study for the RED stack resistance at the start with HC
2.7 M [Hbet][Tf2N] water solution and LC 0.72 M [Hbet][Tf2N] water solution at the Tk.
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Figure 6. 20 Impendence-Time study for the RED stack resistance at the end with HC
2.7 M [Hbet][Tf2N] water solution and LC 0.72 M [Hbet][Tf2N] water solution at the Tk.
6.3.4 Stack power generated
The most important parameter of a RED stack is the power it could generate. The
theoretical calculation based on Gibbs free energy of mixing was described in Chapter 2.
Here, the power generated by the RED stack was studied by experimental methods.
The power generated during the RED process is calculated by the following equations:
𝑃 = 𝐼2𝑅

(6.8)

𝑊 = 𝐼 2 𝑅𝑡

(6.9)
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In order to get the power generated, a Current-Time curve was detected first, then with
this data, the Current2 –Time curve can be got, then integrate the area, and multiply the
resistance value to get the total power it could generate.
The Current-Time curve of the NaCl solution pair No.1, that is HC 3.0 M and LC 0.3 M was
shown in Figure 6.21. The maximum current was 0.201 A, close to the result got by the
Multi-voltage potential-current (V-I) curve method (0.192 A).
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Figure 6. 21 Current-Time study for the RED stack with HC 3.0 M NaCl water solution
and LC 0.3 M NaCl water solution.
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The curve of the squared current and time was shown in Figure 6.22. Integrated it with
the time, then multiple the average resistance, we can get the total power generated as
1243.31 J.
0.045
0.040

Current-squir (A2)

0.035
0.030
0.025
0.020
0.015
0.010
0.005
0.000
0

3600

7200

10800

Time (S)
Figure 6. 22 The curve of the squared current and time of the RED stack with HC 3.0 M
NaCl water solution and LC 0.3 M NaCl water solution.
The curve of the squared current and time of the NaCl water solution pair No. 3, that is
HC 2.25 M and LC 0.66 M, was shown in Figure 6.23. Integrated it with the time, then
multiple the resistance, we can get the total power generated as 199.83 J.
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Figure 6. 23 The curve of the squared current and time of the RED stack with HC 2.25
M NaCl water solution and LC 0.66 M NaCl water solution.
The curve of the squared current and time of the NaCl water solution pair No. 5, that is
HC 0.60 M and LC 0.03 M, was shown in Figure 6.24. Integrated it with the time, then
multiple the average resistance, we can get the total power generated as 621.34 J.
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Figure 6. 24 The curve of the squared current and time of the RED stack with HC 0.60
M NaCl water solution and LC 0.03 M NaCl water solution.
The curve of the squared current and time of the RED stack with the IL solution pair of HC
2.70 M [Hbet][Tf2N] water solution and LC 0.72 M [Hbet][Tf2N] water solution at the Tk
60 °C, was shown in Figure 6.25. The maximum current was found as 0.0021 A. And the
curve of the squared current and time of the IL water solution pair was shown in Figure
6.26. Integrated it with the time, then multiple the average resistance, we can get the
total power generated as 0.382 J.
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Figure 6. 25 Current-Time study of the RED stack with HC 2.70 M [Hbet][Tf2N] water
solution and LC 0.72 M [Hbet][Tf2N] water solution at the Tk.
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Figure 6. 26 The curve of the squared current and time of the RED stack with HC 2.7 M
[Hbet][Tf2N] water solution and LC 0.72 M [Hbet][Tf2N] water solution at the Tk.
6.3.5 Stack power efficiency and performance comparison
The power efficiency was calculated by the power generated in experiment dividing the
calculated Gibbs mixing energy which is the theoretic maximum energy we can get during
the mixing process. The detailed calculation method of the theoretical Gibbs mixing
energy was described in Chapter 2.
The RED stack power efficiency, as well as other key performance parameters of the NaCl
water solution system at room temperature (23 °C), were summarized in Table 6.6. The
series No. of the NaCl water solution pairs in Table 6.6 was the same in Table 6.4. Due to
the non-ideal of the membrane, there was water passed from the LC to the HC caused by
osmotic draw, the amount of water pass was measured by weighing the weight change
of both the solution, the mass change by ions pass was comparatively small, therefore,
not consider here. The water pass amount in each experiment was listed in the last
column, they were highly depending on the concentration difference between the NaCl
solution pair, which was listed in the second column. And the more water passes the
lower the RED system efficiency. Based on the comparison of the RED process
performance with NaCl water solution system, we can get the conclusion that to get
better performance, we should reduce the concentration difference but increase the
concentration ratio of the HC and LC. And in the NaCl water solution pair No. 3 and the IL
water solution pair, the limiting current as the platform were found in the current-time
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curve, because of the small potential but a large amount of ions needed to pass. In the
NaCl water solution pair No.1, although the number of ions needed to pass was also large,
the potential that was the driven force in this process was high, therefore the platform of
current did not appear.
Table 6. 6 Performance comparison of NaCl water solution system.

No.

∆C
(M)

CH/CL

Max_U

Max_I

ΔGmix

W

η

Water

(V)

(A)

(J)

(J)

%

pass (g)

1

2.70

10

1.520

0.201

-3882.5

1243.31

32.02

198.9

3

1.59

3.4

0.906

0.099

-374.11

175.85

47.01

74.6

5

0.57

20

1.895

0.155

-805.76

621.34

77.11

31.4

To study the influence of water pass, we investigate the pair No. 3, because the stack
resistance was almost the same during the RED process, detected as 4.4 ± 0.2 Ω. The
theoretical free Gibbs mixing energy was calculated as an ideal case, here we also
consider an ideal case that without the platform of current and without water pass.
Because the current detected in the experiment was generated by the pass of the ions,
based on this relation, the concentration of both HC and LC during the experiment can be
calculated. In this ideal case calculation, the influence of water pass was excluded.
The voltage-time curve can be got by the current-time curve multiply the average
resistance as equation 6.10. And the electricity pass during the process can be calculated
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by equation 6.11, in which ∆n was the molar number of passed NaCl. Then with the initial
concentration of HC as 𝐶𝐻0 , and the initial concentration of LC as 𝐶𝐿0 , the concentration
of HC and LC during the process can be got by equation 6.12 and equation 6.13,
respectively. Then the electromotive force (Emf) can be calculated by equation 6.14. Then
the ideal current Iideal can be calculated by equation 6.15.
𝑉 = 𝐼𝑅

(6.10)

𝑡

𝑄 = ∫0 𝐼 𝑑𝑡 = ∆𝑛𝐹

(6.11)

𝐶𝐻 = 𝐶𝐻0 − ∆𝑛/𝑉𝐻

(6.12)

𝐶𝐿 = 𝐶𝐿0 + ∆𝑛/𝑉𝐿

(6.13)

𝐸𝑚𝑓 =

𝐼𝑖𝑑𝑒𝑎𝑙 =

2𝑁𝑅𝑇
𝑍𝐹

𝐸𝑚𝑓
𝑅

𝐶 𝛾

ln ( 𝐶𝐻𝛾𝐻 )
𝐿 𝐿

(6.14)

(6.15)

The comparison of the Emf calculated by equation 6.14 and the voltage calculated by
equation 6.10 were compared in Figure 6.27. The Emf was 0.85 V close to the detected
OCV as 0.906 V. Because of the existence of the current platform, the apparent voltage
was only 0.43 V.
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Figure 6. 27 Comparison of Emf and Emf of NaCl water solution pair No. 3.
The maximum ideal current in this system calculated was 0.194 A, which was about two
times of the detected value. And the curve of the squared ideal current and time was
shown in Figure 6.28. With the same calculation method mentioned above the power
generated in the ideal case calculated here was 322.92 J, and the efficiency was 86.32 %.
The result indicated that without the water pass in the process, the power generated in
the RED process could be doubled. Besides, we should exclude the appearance of the
current platform, which was caused by low potential and a large amount of ions that
needed to pass through the membrane. The current platform could also have negative
influence on the RED stack performance.
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Figure 6. 28 The curve of the squared ideal current and time for the RED stack with HC
2.25 M NaCl water solution and LC 0.66 M NaCl water solution.
In order to compare the performance of RED with NaCl water solution system and the
UCST IL [Hbet][Tf2N] water solution system, based on our previous study, a NaCl water
solution pair that the HC and LC have equivalent osmotic pressure respectively to the IL
HC and LC was studied. The NaCl water solution pair compared with the IL system was the
pair No. 3 mentioned above. The NaCl system was run at 23 °C, and the IL system was run
at 60 °C. And due to the high price of the IL, in the IL system, the HC and LC used were
both 200 g, while in the NaCl system were 500 g. The comparison of the key parameters
of RED performance with two system was summarized in Table 6.7. Although the molar
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concentration ratio of the HC and LC were close, the much lower maximum voltage of the
IL system may cause by the large difference of the activity coefficient of the IL α phase
and β phase. For the NaCl system, the activity coefficient of both the HC and LC can be
found in Table 6.1, they are very close. And the much lower maximum current detected
in IL system may due to its large molecule, the MW is about 10 times of the NaCl. As a
result, the power generated by the IL system was close to zero. Therefore the IL with large
molecule is not suitable to be used in the RED process.
Table 6. 7 Comparison the RED performance between NaCl water solution system and
[Hbet][Tf2N] water solution system with equivalent osmotic pressure.

System

∆C (M)

CH/CL

Max_U (V)

Max_I (A)

Avg_R (Ω)

W (J)

NaCl

1.59

3.4

0.906

0.0998

4.4

175.85

[Hbet][Tf2N]

1.98

3.75

0.118

0.0021

50

0.382

6.4 Conclusion
The experimental results showed that the NaCl system used in RED is a feasible way to
generate power, but due to the non-ideal of the membrane, water pass by osmotic draw
exist in the process and will reduce the efficiency, and the amount of water leak is highly
depended on the concentration difference of the two solution. And the NaCl water
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solution pair that has low OCV but a large amount of ions needed to pass the membrane
will appear a current platform, which also has negative influence on the RED process.
Based on the experimental results of the RED process performance with NaCl water
solution system, in order to get good performance, the NaCl water solution pair used
should have low concentration difference, but high concentration ratio.
For the IL, due to the large ion, it could but hard to pass the ion exchange membrane, and
results to a very low current. Besides the possible large difference of the activity
coefficient of the α phase and the β phase may also largely reduce the OCV of the system.
Therefore, the ILs with large molecules are not suitable for the RED process.
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Chapter 7
Conclusions and future outlook
The research presented in this dissertation work explored advance emerging membranebased technologies with the aim of alleviating two worldwide critical challenges of
nowadays: water scarcity and energy shortage.
The thesis centered on three novel membrane processes: forward osmosis (FO), pressure
retarded osmosis (PRO), and reverse electrodialysis (RED) with thermally responsive ionic
liquids (TRILs). The concepts of using UCST ILs as draw solutes in FO process to do the
desalination are successfully demonstrated and a novel closed-loop thermally responsive
IL osmotic heat engine (TRIL-OHE) was designed to convert low-grade thermal energy to
electricity. However, ILs with large molecules are not suitable to be used as the working
fluid in the RED process.
Three UCST ILs water solution were studied experimentally to be the draw solution in the
FO process. When works in each Tk, all the three IL draw solutions can draw water from
high-salinity solution up to 3.0 M, which is 5 times salty as the sea water. The IL draw
solution can be easily regenerated by thermal driven phase separation. Conducting the
FO process at higher temperatures can also increase the water flux. With different choices
from the freshwater polishing step, the electric energy consumption in this novel process
was estimated as 1/3 to 2/3 of the conventional one-step sea water reverse osmosis.
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Two UCST ILs with better performance, [Hbet][Tf2N] and [Choline][Tf2N], were selected
as the agents in a novel closed-loop TRIL-OHE to convert low-grade thermal energy to
electricity. The specific energy of the [Hbet][Tf2N] system and the [Choline][Tf2N] system
are 2500 kJ/t and 3700 kJ/t, which are 2.7 and 4.0 times of the seawater and river water
system, respectively. The maximum power density measured from a commercial FO
membrane is 1.5 W/m2 for the [Hbet][Tf2N] system and 2.3 W/m2 for the [Choline][Tf2N]
system, leaving a big room to improve if highly permeable membranes are used. Another
notable advantage of the TRIL-OHE is the heat released from the cooling stage can be
largely recovered. A rigorous energy balance showed with a 70% heat recovery, the
energy efficiency could be increased from around 20% to 70% of the Carnot efficiency in
both UCST ILs systems.
The experimental results showed that the NaCl system used in RED is a feasible way to
generate power. And in order to get good performance, the NaCl water solution pair used
in the RED system should have low concentration difference, but high concentration ratio.
In the future development, to get better performance of FO desalination with UCST ILs,
one promising method is to finely adjust the hydrophilic function groups with
hydrophobic cations or anions to develop new UCST IL with a lower α phase concentration,
to reduce the IL loss in each cycle and reduce the burden of fresh water polishing; and a
higher β phase concentration to enhance the water draw ability.
The novel closed-loop TRIL-OHE established here has high potential to generate electric
power, however, due to the low water flux of current commercial membrane, the power
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density is only 1 to 3 W/m2. The semipermeable membrane is one of the key components
in PRO. In the novel closed-loop TRIL-OHE, there is no loss of the IL in each cycle, and
based on our comparison of two commercial semipermeable membranes, with a higher
water flux membrane, the salt rejection reduced a lot but the IL rejection only reduced a
little. Therefore, in the TRIL-OHE system, a stable semipermeable membrane with a high
water flux and a little high salt pass may also be helpful to increase the generated power
density.
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