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SUMMARY

Ocean salinity is a renewable energy source that has not been recognized and could
provide an opportunity to capture significant amount of clean energy when it mixes with
river water. One of the processes emerging as a sustainable method for capturing energy
from seawater is reverse electrodialysis (RED), which generates power via the transport
of the positive and negative ions in the water through selective ion exchange membranes
(IEMs). RED power generation is relatively close to commercialization, but its
application is often limited by system power efficiency in natural water conditions.
Although various types of salt ions exist in environmental saline water, most efforts have
been focused on sodium chloride as a single ionic source in the water and the effects of
other common multivalent ions (e.g., magnesium and sulfate) on power generation
remain unexplored. Moreover, the commercial feasibility of RED is highly challenged by
the absence of specialized RED membranes. Currently available IEMs are not optimized
for RED power conversion systems, but successful operation is highly dependent on the
membranes used. Major advances in manufacturing of proper IEMs will be a critical
pathway to accelerate large-scale energy conversion by RED.

Therefore, this study aimed at advancing our understanding of the RED power
system for efficient and stable salinity gradient energy generation. Specifically, it is
comprised of three parts. First, a mathematical model is developed for three different
monovalent and multivalent ion combinations to determine the effect of different ionic
compositions of the feed solution on the power density. Efforts are further made to

optimize the RED system with respect to improving power density by investigating the

XV



sensitivity of key response parameters such as flow rate ratios and intermembrane
distance ratios. Second, novel organic-inorganic nanocomposite cation exchange
membranes (CEMSs) are synthesized for RED application by introducing functionalized
inorganic materials into an organic polymer matrix. The effect of inorganic particle filler
loading within the organic polymer matrix on physico- and electrochemical performance
IS investigated. The results revealed that the increase of functionalized nanoparticle
loading controls the effective ion transport in the membrane structure and there exists an
optimum amount of nanoparticles (i.e., charged groups), which performs the best in
selectively exchanging counter-ions, while excluding co-ionic species. Third, the
membrane structure modification is demonstrated to enhance ion transport while
maintaining large surface-charged functional groups in the polymer matrix. We have
synthesized custom nanocomposite CEMs to tailor porous membrane structures of
various thicknesses, aging (evaporation) time, and inorganic nanoparticle loadings. We
have further tailored the membrane structure by incorporating different inorganic particle
filler sizes. These engineered design approaches are found to be highly effective in
obtaining desired physico- and electrochemical properties, which allowed higher ionic
current flow throughout the system. Furthermore, for the first time we showed the
successful application of tailor-made nanocomposite CEMs in a RED stack and achieved
superb power density, which exceeds the power output obtained with the commercially
available membranes.

In summary, this dissertation has advanced our understanding of salinity gradient
energy generation using RED technique. Specifically, computational modeling and

simulation study investigates the development and optimization approaches of the RED

XVi



process for practical application of RED using natural water conditions. Furthermore, the
RED membranes developed in this dissertation focuses on fabrication, characterization,
and optimization of cation exchange membranes. Overall, the results of this study are
anticipated to benefit the future optimization of energy-capturing mechanisms in RED

and provide the better pathway for the sustainable salinity gradient power generation.
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CHAPTER 1

INTRODUCTION

1.1. Background of salinity gradient power generation

The development of renewable and sustainable energy-conversion technology is
widely recognized as an important strategy for global energy security and is becoming
extremely important due to growing environmental concerns, such as pollution and global
warming 1. The ocean is a largely untapped renewable and clean energy resource. Mixing
ocean water with freshwater creates free energy. More specifically, the chemical potential
of sea and river water can be converted into electrical energy. The amount of available
energy due to the salinity gradient of seawater mixed with river water is equivalent to the
energy obtained from a waterfall that is ~270 m high % 3. Salinity gradient energy has
become recognized as a nonpolluting and sustainable energy source, and its viability is
further assured by the abundance of river and seawater. The worldwide availability of
salinity gradient power (SGP) makes it potentially the second-largest marine-based
energy source, with an estimated global power production potential of ~2.6 TW 145 A
remarkable aspect of this membrane-based process is that it can also be used as an
adequate treatment for excessive salt accumulation, such as that in agricultural irrigation
return water and reverse osmosis (RO) reject waters. Proper disposal or utilization of
these “leftover” salts has not yet received significant attention ®. Furthermore, drinking
water treatment and desalination processes generate highly concentrated saltwater (i.e.,
brine) as a by-product. Application of SGP has great potential to solve these salt

problems while producing clean and sustainable electrical energy. Salinity gradient



energy remains a large untapped resource, and greater development of an engineered and
optimized energy-capturing effort is needed. The two most promising approaches in
capturing salinity gradient energy are 1) pressured-retarded osmosis (PRO), a membrane
technology using semi-permeable membranes and 2) reverse electrodialysis (RED),
which uses ion exchange membranes (IEMs). Each of these technologies is used in
different salinity conditions. For example, mixing concentrated brines is suitable for PRO,
and mixing sea and river water is favorable for RED ’. Another possible salinity gradient
energy source is obtainable by incorporating wastewater effluent with brines discharged
from desalination plants; however, this technology needs more membrane and system

optimization.

1.2. Principle of reverse electrodialysis (RED)

One of the most promising methods to capture salinity gradient energy is reverse
electrodialysis (RED)®', which generates power via the transport of the positive and
negative ions in the water through selective ion exchange membranes (IEMs). RED is the
inverse process of electrodialysis (ED). Unlike ED desalination process where a voltage
is applied to produce freshwater through ion exchange process, RED utilizes salinity
gradient to produce voltage (Figure 1.1). Thus, the device for ED and RED are similar,
which typically consists of an alternating series of anion exchange membranes (AEMSs)
and cation exchange membranes (CEMSs), as shown in Figure 1.2. The principle of ED
was first demonstrated in 1890 by Maigrot and Sabates with the initial aim of
demineralizing sugar syrup . The principle of RED was first developed in 1954 by

Pattle, who proved that mixing river water with seawater can be used as a power source 3.



Weinstein et al. proved RED power generation feasible by using a simple mathematical
model that emphasized the importance of manufacturing RED IEMs and optimizing their
operating conditions to advance RED technology for large-scale energy conversion “. In
1980, Lacey !? concluded that membranes with low electrical resistance and high
selectivity are necessary to maximize the net output voltage from RED cells. Lacey also
stated that RED membranes should be durable, physically strong, and dimensionally
stable for the lowest possible cost 2. Jagur-Grodzinski et al. investigated the role of flow
control using spacer patterns to generate higher power 3. In 2007, Turek and Bandura 4
noted that the membrane size with shorter length, but wider width (i.e., shorter ionic flow
path) results in more effective energy production in the industrial unit.

Daniilidis et al. ** also emphasized that affordable membrane cost in combination
with power performance is the key to successful RED commercialization. The current
cost of IEMs is 2-3 times higher than reverse osmosis (RO) membranes used in
desalination processes 2 °. However, cost reduction is possible as global demand
increases. In the last decade, RO membranes have had a notable cost reduction owing to
significant development in membrane materials and fabrication methods, resulting in an
increased use of RO for water desalination application. Likewise, proper IEM
development for RED is necessary to promote stable power generation in an RED cell.

A typical RED device consists of an alternating series of anion exchange
membranes (AEMSs) and cation exchange membranes (CEMs), as shown in Figure 1.2.
Woven fabric spacers separate these membranes, forming thin compartments and fixing
the intermembrane distance. In a RED, a highly concentrated salt solution (e.g., seawater)

and a dilute salt solution (e.g., river water) are brought into contact through arrays of



polymeric AEMs and CEMSs; this contact directly generates an electrochemical potential
gradient. For the RED setting in Figure 1.2, the salinity difference between the two
adjacent compartments drives cations toward the cathode and generate a positive
potential on left side of the stack, where anions move in the opposite direction toward the
anode and also cause a positive potential on the left side of the stack. The salinity
gradient for seawater and river water results in a potential difference of 80-100 mV over
each membrane. Thus, the total electric potential difference between the outer
compartments of the RED cell is the sum of the potential differences over each
membrane. At the electrodes, the ionic potential accumulates and induce electronic
current via redox reactions " 18, In this study, a homogeneous KsFe(CN)s/KsFe(CN)s
redox couple was selected, because it causes no net chemical reactions and thus the
power losses are low. The ferricyanide ion reduces at the cathode and the ferrocyanide

ion reoxidizes at the anodes as follows:

Cathode: Fe(CN), +e" — Fe(CN)," 1)
Anode: Fe(CN); — Fe(CN)J +e” (2)
To facilitate electroneutrality, electrons transfer from anode to cathode through an

external electric circuit and generate power when an energy consumer (e.g., light bulb) is

connected to the circuit.
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1.3. Natural salinity environments

Although RED has been investigated for more than 60 years , some challenges are
associated with its application in natural water conditions. RED research has primarily
focused on maximizing the power density and power efficiency by varying physical
properties (e.g., membranes and spacers), structural or stack design, and operating
conditions (e.g., residence time and electrical load). In most of the reported RED studies,
sodium chloride was the only salt present in the saline water source used to create the
salinity gradient " ® 101725 However, various types of salt ions exist in environmental
saline water, including magnesium, calcium, sulfate, and bicarbonate (Table 1.1). There
has been only very limited studies reported on the effect of other salts than NaCl for the
RED power generation. Although a few studies have taken into account the presence of
multivalent ions, they have tested salts that are majorly present in brines or Dead Sea
water. For example, Lacey et al. investigated the behavior of multivalent ions such as
ferrous iron, manganese, borates, and silicates in RED system 2. He indicated that those
multivalent ions may block the movement of preferred charged-ions, which would result
negative impact on membrane permselectivity and resistance. Jagur-Grodzinski and
Kramer tested CEMs with simulated Dead Sea water containing high concentrated
magnesium solutions and observed significant increase of membrane resistance under
magnesium rich solution. Moreover, Audinos also noted that the RED performs better
with pure NaCl solutions than with multivalent ionic solutions such as zinc sulfates 2°.
Finally, Post et al. showed experimentally that the presence of magnesium and sulfate in
the feed solution has significant lowering effect on voltage generation due to higher

membrane resistances 2’. The study that suggests proper approach for improving such



detrimental effect due to common multivalent ions of natural seawater is still rare. Thus,
a process-based mathematical model that considers the key elements of RED system
(e.g., electromotive force, internal stack resistance, salt and water flux, and concentration
gradient) needs to be developed to evaluate the performance of multi-ionic salt solutions

(monovalent and divalent ions) in an RED system.



Table 1.1. The composition of average seawater and river water.

Element Seawater (mM) River water (mM)
Na 468.0 0.26

Mg 53.1 0.17

Ca 10.3 0.38

K 10.2 0.07

Sr 0.09 -

Cl 546.0 0.22

SO4* 28.2 0.11
HCO* 2.39 0.96

Br 0.84 -




1.4. Development of RED membranes

Another consideration for RED to become practical is the development of an RED-
specific membrane. Currently available IEMs are not optimized for RED, whereas
successful RED operation depends on the used IEMs. IEMs have attracted great interest
and much research across fields including the bioindustries (food, pharmaceuticals, and
biotechnology) 263, fuel cells 313, and desalination 3* *°. Each application normally
requires the membranes to have physical and electrochemical properties optimized to the
specific situation. As in many other membrane processes, the membrane characteristics
will primarily determine the performance in an RED system. In most reported RED
studies, various commercially available membranes were tested (Table 1.2) and evaluated
within an RED stack % 10212436 byt relatively little is known about the key membrane
properties that determine membrane performance in power generation via RED.
Recently, some efforts have been reported on designing RED IEMs showing the potential
of IEM development for viable energy production *-*°. The studies have focused on
investigating the core electrochemical and physical properties of IEMs that directly
influence RED performance. Recent efforts have made a valuable contribution in
providing some insights of the key performance-determining membrane properties in
RED stack. They have concluded that the development of RED-specific membranes with
low electrical resistance and high selectivity is necessary # 2 2% 4142 gych conclusion
aligns with its theoretical correlation of the power density with electrical resistance and
permselectivity based on Nernst equation. However, it remains challenging to tailor
membranes with such properties and dependency of the experimentally obtained power

output on those properties often is not as straightforward as predicted by the theoretical



equation > 44, Further physico- and electrochemical property analyses (e.g., ion exchange
capacity, permselectivity, and resistance) are still needed for greater variety of
membranes that are prepared with different methods and materials to be able to relate
these properties to real power density generation. Therefore, it is worthwhile to
investigate the key membrane properties necessary to maximize overall RED
performance both to advance our understanding and to take steps toward the development

of RED-specific membranes optimized for power generation.
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Table 1.2. Properties of commercially available IEMs.

. . Swellin
Membrane Product IEC 1 Pern;selectlvny RES'St‘;‘”ﬁe degree ’ Ref.
(meq g ary ) (%) (Q cm ) (%)
Cation lon Exchange Membranes
Homogeneous
Fumasep® FKD 1.14 89.5 2.14 29 8
Fumasep® FKS 1.54 94.2 15 13.5 42
Qiangiu CEM 1.21 82.0 1.97 33.0 42
Neosepta® CMX 1.62 99.0 2.91 18 2
Neosepta® CMX 1.5-1.8 97 1.8-3.8 25-30 ®
Selemion® CMV 2.0-2.4 95.0-98.8 2.3-2.9 20-25 25,45
0.7Wt% Fe,05-S04*
SPPO 1.40 87.7 0.97 26 87
SPEEK 40 1.23 95.3 2.05 23 42
SPEEK 65 1.76 89.1 1.22 35.6 42
JJC-82 99.6 3.1 13
Heterogeneous
Ralex® CMH-PES \ 2.34 94.7 11.33 31 %
Anion Exchange Membranes
Homogeneous
Fumasep® FAD 1.42 86.0 0.89 34 25. 42
Neosepta® ACS 1.4-2.0 - 2.0-25 20-30 46
Neosepta® AMV 1.78-1.9 87.3 3.15 17.0 45, 42
Neosepta® AMX 1.4-1.7 90.7 2.0-35 25-30 46, 47
Selemion® ASV 97 3.7 ¢
Fumasep® FAS 1.12 89.4 1.03 8.0 42
Qiangiu AEM 1.33 86.3 2.85 35.0 42
PECHA 131 90.3 2.05 32.2 38
PECH B-1 1.68 86.5 0.82 49 38
PECH B-2 1.68 87.2 0.94 49 38
PECH B-3 1.68 87.0 1.32 49.1 38
PECHC 1.88 79.2 1.14 535 38
Heterogeneous
JIA-72 99 3.0 13
Ralex® AMH-PES 1.97 89.3 7.66 56 2

a. Measured over the membrane between a 0.5 M and a 0.1 M solution
b. Measured in 0.5 M NaCl solution at 25°C
¢. Manufacturer’s specification
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1.4.1. Key properties for RED membranes

There are many properties of IEM that affect its performance and application in the
RED system. Essentially, all properties are the overall effect of the type and distribution
of bulk material and fixed ion groups within the membrane entity. The study of IEM
properties examines how they affect IEM performance under different circumstances ** 8,
The durability of membrane material and fine physicochemical characteristics are of
great importance in many applications. Thermal and chemical stabilities are good
indicators of the durability of membranes. Transport related properties, such as swelling
degree, permselectivity, ion exchange capacity (IEC), and ionic conductivity influence
the electrochemical characteristics. Most of these properties can be determined
experimentally. The rest of them can be calculated based on their relationship with other
available parameters. It should be noted that the requirement for IEMs in RED
applications is different from the requirement for other applications, especially ED
applications, because the aim of RED is to generate electrical energy instead of
separating substances as in ED #°. Thus, ionic resistance and permselectivity are the most

crucial properties while others that are not related to these two properties weigh less in

RED power generation.

Thermal stability. The thermal stability of IEM depends on the crosslinking degree,

thermal stability of inert polymers, and reinforcing fabric (e.g., poly(vinyl) chloride and
polyethylene). The size of the counter-ion also affects the thermal stability of the
membrane *°. In general, the requirements ensuring thermal stability of IEMs used in

RED are not high when compared to thermal stability requirements for more common
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devices such as fuel cells °. The common temperature used for RED systems is generally
around room temperature with a possible seasonal variation within 30 K.

Chemical stability. The chemical stability depends on the durability of the

membrane in various acidic or alkaline solutions. In general, CEMs are more durable
than AEMs in terms of both thermal stability and chemical stability in strongly acidic and
strongly alkaline solutions because the quaternary ammonium groups in AEMs tend to
decompose at elevated temperature and in concentrated alkali solutions “ 52, Chemical
stability is important for ED processes because the electricity applied to the system would
inevitably dissociate water molecules and generate proton and hydroxyl ions *. In
specific ED application, such as acid and base manufacturing, the pH change in a solution
flow by IEMs is significant. The chemical stability of IEMs to withstand harsh pH
environments is important. In addition, the current density applied in most ED processes
will often approach the limiting current density or even reach the over-limit current
density range in order to achieve highest possible reaction rate. The high electrical field
in the membrane bulk exerts a relatively strong force onto fixed charges. It is thus crucial
to have a high stability of fixed charge groups in the membrane bulk °*. In the case of
RED application, the dissociation of water is limited to a negligible extent on the
electrodes, so that pH of the rinse solution is expected to be stable. Feeding solutions
(river and salt water) are close to neutral, and no significant process would alter or
interfere with the pH throughout the residence time of the solution in each compartment.
Consequently, the chemical stability of IEMs is not crucial in RED application 34,

Mechanical strength. Membrane mechanical strength is necessary to maintain good

durability under the flow of feed solutions creating hydraulic pressure over the membrane
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in addition to the osmotic pressure caused by concentration gradient. However, in typical
seawater/river water cases, the concentration difference is in the range of 0.01 M to 0.5 M
(a bit over an order range). Some ED processing may encounter a gradient of several
orders (e.g., deionization). The osmotic pressure exerted onto the membrane is quite
different. On the other hand, the mechanical strength of the membrane is not as crucial in
the RED system when compared with the PRO technique. In the latter case, membranes

have to withstand tremendous hydraulic pressure given a water flux of 20-50 L m2 h1 %®,

Swelling degree. The swelling degree of the membrane is usually expressed as
water content or water uptake of the membrane under a given condition. The swelling
degree is dependent on the nature of the membrane structure and material as well as the
outer solution condition % %, IEC represents the number of fixed charges on the
membrane in a unit of membrane dry weight. Most CEMs incorporate sulfonic acid (—
SO3%) or carboxylic acid groups (-COQ") in the membrane structure, while ammonium
groups (-NRs", —NH4*, -NH2, =NH, =N) are common in AEMs. The type and
distribution of these ion exchange groups classify different membranes. The IEC of IEMs
are usually determined experimentally according to the titration method using a strong
acid or base of HCI for CEMs and NaOH for AEMs, respectively.

Swelling is usually considered to be an adverse effect because it tends to decrease
the permselectivity of ion exchange membranes, but it also decreases the membrane
resistance in certain cases, especially for anion exchange membranes 2> " 58 For
applications such as RED, the loss of permselectivity may not be an adverse effect if a
much lower resistance is achieved. For example, Geise et al. > made AEMs based on

poly(phenylene oxide) and poly(sulfone) polymers. High swelling degrees led to
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increases in resistance of more than three orders of magnitude, while the permselectivity
decreased by only 6%. As will be discussed in the following section, the effect of the
decrease of permselectivity on power output would be negligible because power density
will increase significantly with a significantly lowered resistance.

lon exchange capacity (IEC). A high IEC indicates more ion exchange groups in the

membrane bulk, but swelling tends to dilute the concentration of these groups as distance
between these ion exchange groups increase when the membrane is immersed in a
solution. Therefore, the ratio of IEC and swelling degree, termed as the fixed charge
density (or fixed ion concentration), depicts the overall effect of the swelling degree on
IEC and provides a direct relationship between the two electrochemical properties of an
IEM 2°5° The fixed charge density (meq g o) is defined in equation (1) if the IEC and
water uptake of a membrane are known 2> 4248;

Fcp = [EC 1)
W

u

where FCD is the fixed charge density, and wy is the water uptake.

The advantage of using fixed charge density is easily seen when IEC and water
content do not change simultaneously. For example, increased IEC is reported to result in
higher permselectivity of IEMs °; however, the water content in the membrane phase
may vary under different solution concentrations due to osmosis deswelling and the
decrease of free volume in the membrane phase ®*. As a result, the final membrane may
exhibit lower permselectivity with the same IEC because its final fixed charge density is
lower. This deswelling effect on the membrane is more pronounced in AEMs than in

CEMS 25,57, 61, 62
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lonic resistance. Because the RED system is essentially a dialytic battery, the ionic

resistance (or ionic conductivity since ions are actually conducting electricity) of an RED
system is analogous to the internal resistance of a battery. As a major part of this internal
resistance, the ionic resistance of IEM in the RED system is usually measured
experimentally. Similar to the internal resistance of a battery, the ionic resistance
determines the energy loss in an operating stack, which affects the power output of the
system 2> 8, The determination of membrane resistance is not straightforward because
the measurement is usually taken while the membrane is in a solution as encountered in
power generation applications. The ionic resistance of membranes is commonly
measured using indirect methods (no direct contact of the electrodes and the membrane)
in RED research & 2 %385 The alternative current (AC) is preferable because it avoids
electro-chemical reactions that may occur during measurement and is more accurate in
differentiating the pure membrane resistance from common resistance, including the
diffusion boundary layer (DBL) and double-layer effects. Direct current (DC) is also
reported to be useful in the resistance measurement %% % 56 The membranes to be
measured are immersed in sodium chloride or potassium chloride solutions of
concentrations of 0.5 M or 1.0 M; however, the resistance may change with different
external solutions and under different temperatures “® %. In RED application, IEMs
divide salt solutions of different concentrations. As a result, the apparent membrane
resistance is significantly different from the measured value in a 0.5 M NaCl solution %*
%7 Therefore, a more comprehensive measurement of membrane resistance considering
the effect of the external solution concentration is critical in modeling the RED system.

Two techniques, namely chronopotentiometry and electrochemical impedance
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spectroscopy (EIS), have been used to solve the aforementioned difficulties during the
membrane resistance measurement.

Chronopotentiometry is widely used to investigate kinetic effects and adsorption
during the transport process in IEMs ®8 %, Through chronopotentiometry studies, the time
dependence of the concentration gradients and the thickness of DBL under different
current density can be determined. Also, the validity of the Nernst-Planck equation and
the Donnan theory are also confirmed under transient conditions ® 7°: however, for
measuring the double layer and quantifying its electrochemical effect on the membrane,
chronopotentiometry is not sufficient.

EIS is a technique used for studying and characterizing the electrical properties of
porous materials and can be used to characterize IEMs. EIS provides another perspective
in the study of the IEM system by equating the system to an electrical circuit with
capacitors and resistors 't ’2, The existence of three sub-layers of the IEM system,
including the membrane, the electrical double layers, and the DBLsS, has been studied
using the EIS technique, and the quantitative circuit model has been established "*. By
changing the frequency of the applied AC potential, the resistance of the solution and the
electrical double layer can be differentiated *> %. For example, when the applied AC
frequency is low or when DC is applied to the membrane system, the resulting electrical
equivalent circuit indicates the effect of the diffusion layer and the electrical double
layers as well as their contribution to the total electrical resistance of the system. Finally,
an analysis under a high frequency AC reveals the resistance attributed to the membrane

polymer itself 72,
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Permselectivity. Permselectivity describes the ability of a membrane to prevent co-

ions from passing through the membrane. It is measured by transport number and related
to the fixed charge concentration of the membrane and the external solution
concentration. Theoretically, a perfect IEM would have a permselectivity of one when the
complete exclusion of the co-ions from the membrane is achieved; however, according to
Donnan’s theory, a certain amount of co-ions could contribute to the transport current 2
74, Thus, the permselectivity would decrease below the ideal value of 1 as the solution
concentration increases 8.

In practice, the apparent permselectivity is of more concern in RED because it
determines the membrane potential (Em) achievable under the given circumstances

according to the following equation ™:

E —a gln(&) @)

Ay
where om is the apparent membrane permselectivity, R is the gas constant (J mol* K1), T
is the absolute temperature (K), F is the Faraday constant (C mol™), ac is the activity (mol
L) of the concentrated salt solution, and aq is the activity (mol L) of the diluted salt
solution.

The relationship between the permselectivity and the ionic resistance of the
membrane is complicated because of the interactive effects from fixed charged groups
and membrane swelling. Some researchers have concluded that it is not necessary to
achieve both high permselectivity and low ionic resistance because an RED system can
tolerate moderate permselectivity. After all, the main goal is to produce electricity and
not to separate solutions %. The requirement of membrane resistance is stricter for an

RED application than an ED application because the improvement of membrane
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conductivity is a step in the process of optimization; however, efficiency is the major
hurdle that a successful RED application must overcome. Thus, membrane resistance is
central to this hurdle because it is the key parameter that determines system efficiency.
On the other hand, the permselectivity is more important in the ED process, especially for
continuous deionization in which the purity of the products is of greater concern 6 77,
This allows the resistance to be sacrificed to some extent. In summary, the development
and synthesis of IEMs with well-balanced permselectivity and low resistance is desirable

to optimize the RED salinity gradient power generation process °’.

1.4.2. Preparation of ion exchange membranes

IEM determine the energy efficiency of a RED system, making membranes one of
the most important components. IEMs contain negatively or positively charged groups,
which are attached to the membrane backbone and discriminate between cations and
anions. CEMs allow cations and exclude anions, and AEMs allow anions and exclude
cations. In general, fewer steps are required to manufacture CEMs than AEMs 48 78 79,
For cation exchange materials, fixed ionic groups can be appended by acidic functional
groups to give cation character to the membrane. The most common acidic functional
groups are carboxylic and sulfonic groups, but phosphonic acid and phosphoric acid
groups are also being investigated. The carboxylation process often involves the radiation
grafting of either acrylic acid or methacrylic acids onto polymer films 8-82_ Carboxylic
groups can be introduced by radiation-induced grafting of epoxy acrylate monomers
followed by the subsequent conversion of an epoxy group to a carboxylic group by a ring

opening reaction . Sulfonation is another common chemical modification of base
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polymers for various membrane processes such as water filtration, diffusion dialysis,
electrodialysis, and water cleavage 8. The sulfonation process is an electrophilic
substitution that normally takes place on the aromatic ring to increase the desired charge
density and the hydrophilicity of the polymer matrix. By enhancing the ionic charge
transfer, this modification facilitates good electrical conductivity 8. Typical sulfonating
agents, such as sulfuric acid or chlorosulfonic acid, are often used for this treatment.

Of the existing polymeric materials for manufacturing CEMs, the perfluorinated or
partially fluorinated materials are most frequently used in commercial applications. For
example, Nafion® is the most commonly used perfluorosulfonic membrane in fuel cell
technology. Although the Nafion® membrane has a high water selectivity and ion
exchange capacity, it often presents poor conductivity. Moreover, adverse safety
concerns and its high cost prevent its widespread application. The high cost stems from
the fluorochemistry involved in the synthesis of perfluorosulfonic materials. Thus,
omitting the fluorinate species in the polymer matrix (i.e., non-fluorinated) can
significantly decrease the cost of manufacturing IEMs. Consequently, non-fluorinated
hydrocarbons are often considered to be an alternative material ®. Moreover, as for
membrane performance, fluorinated materials show good thermal and chemical stability
and mechanical properties; however, for the RED process, the thermal and chemical
stability and mechanical properties of IEMs are not very crucial. Thus, the use of non-
fluorinated hydrocarbon materials for the production of IEMs may be a promising option
to lower the cost of the membranes and to retain the high performance of the fluorinated
materials. As mentioned previously, the functionalization of non-fluorinated polymers

can be readily used for ion exchange in the RED system. For example, Guler et al. %
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investigated the bulk membrane properties of tailor-made membranes. For the synthesis
of tailor-made CEMs, a non-fluorinated thermoplastic polymer, sulfonated
polyetheretherketone (SPEEK), was used. Tailor-made CEMs under different sulfonation
degrees performed well in the RED stack, producing excellent electrochemical properties
and high power output.

A number of studies and various approaches have proposed methods for preparing
AEMs to combine with the desired cationic moieties. The cationic moieties in the
membrane can be introduced either prior to dissolving a polymer for casting the
membrane or after dissolving a polymer for casting the membrane. Typical chemical
modifications of polymer films for the preparation of AEMs usually consist of two steps:
a chloromethylation followed by quaternary amination. Prior to the quaternary
ammonium functionalization reaction, the polymer film can be modified by direct or
indirect grafting of vinyl monomers (e.g., sodium p-styrene sulfonate) to introduce ionic
characteristics. The commonly wused chloromethyl methyl ether during the
chloromethylation has some drawbacks; it is a highly toxic and carcinogenic reagent with
a potential risk to human health, and it is difficult to control the position and the quantity
of the methyl groups . Several studies have avoided the use of chloromethyl methyl
ether in preparing AEMs. The use of N-bromosuccinimide (NBS) as the halomethylation
agent for bromomethylation 8 or para-formaldehyde and the use of concentrated
hydrochloric acid as the chloromethylating agent for chloromethylation 8 were
considered for use with methyl-containing polymers (e.g., polyepichlorohydrin (PECH),
polysulfone, and polyphenylene) to be a safer and more controllable treatment. Direct

grafting copolymerization of pyridine or vinylbenzylchloride onto polymer films or
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copolymerization with other monomers could also serve as alternative routes to prepare
AEM with a subsequent quaternary amination reaction % %1,

The quaternary ammonium functionalization groups can be grafted as charge
carriers onto the polymer backbone by using either strongly basic (e.g., tertiary
ammonium) or weakly basic (e.g., primary, secondary or tertiary amine) groups. The cast
membranes are often immersed into an appropriate functionalizing agent for
quaternization; however, the quaternization of the dried (cast) membranes limits the
degree of desired functionality 8. Zhao et al. 8 used a more quantitative method of
quaternization to prepare the alkaline AEMs. Instead of quaternizing the membranes in
the solid state, the homogeneous amination method was used by adjusting the addition of
trimethylamine (TMA), which is an aminating agent. The homogeneous amination
method can achieve good results in a more controllable and selective fashion. This
quaternization method has been optimized to work faster and easier in controlling the
degree of functionalization, resulting in an improved selectivity and IEC of the
membrane.

In order to obtain the required mechanical and chemical stability of a functionalized
polymer, the crosslinking reaction is critical; however, the use of excess crosslinking
often decreases the ionic conductivity of the membranes °2. Increasing the degree of
crosslinking narrows the path of ion transport in the membrane, which can lead to poor
ionic conductivities. Thus, the addition of crosslinking should be optimized depending on
the polymers and applications. In addition, the application of tertiary diamines
biquaternization should also be considered. Komkova et al. 8 treated the AEM casting

solution with diamines to introduce positively charged groups into the polymer (i.e.,
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monoquaternization) and to carry out a crosslinking reaction (i.e., bi-quaternization);
however, it is important to note that the type and the amount of the quaternization agent
(or crosslinker) applied in the AEM preparation should be optimized to obtain desirable
electrochemical properties specific to RED application. In general, an excess of diamines
is preferable with a short chain length of alkyl groups to achieve high permselectivity and
low membrane resistance %, but an excess of diamines with a long aliphatic chain of the
alkyl groups has exhibited a decrease in IEC and permselectivity and an increase in
membrane resistance %. Thus, the quaternization and the crosslinking reaction in the case
of a long chain of alkyl groups (i.e., bonded to amine nitrogen) requires less diamines to
obtain AEMs with a low membrane resistance and a high permselectivity, which is more
favorable to the RED system. Note that in this dissertation, we have mainly focused on

the preparation and optimization of cation exchange membranes for RED application.

1.4.3. Membrane material: Poly (2,6-dimethyl-1,4-phenylene oxide)

In IEM applications, membrane characteristics are mainly dependent on the amount
of charged species groups and their distribution within the membranes “8. Different
properties of commercially available IEMs were investigated in order to evaluate their
potential performance under RED conditions by Dlugolecki et al. 2. In this study,
membranes were selected based on their low resistance and high selectivity. In general,
membranes used in electrochemical systems, such as RED, are characterized based on
their IEC, permselectivity, electrical resistance, charge density, and swelling degree 2> 42,
These electrochemical properties are directly affected by their structure (thickness and

porosity), the preparation procedure (phase inversion and functionalization), and the
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chemical composition of the membranes. An evaluation of the basic properties of the
membranes and their interconnectedness is necessary to optimize the performance of
IEMs for efficient power generation. At the same time, appropriate membrane materials
should also be used to lower the cost of membrane manufacturing. An ongoing challenge
in this field is to develop cost-competitive membranes with the desired properties for
RED applications. The cost of RED membrane materials is expected to be reduced as the
energy conversion system matures.

As previously mentioned, the ideal RED IEMs can be selected based on their
electrochemical properties, which are mainly determined by the concentration of mobile
ions in the membranes and the mobility of the ions in the membrane phase. Polymer-
based IEMs are expected to possess both chemical stability and excellent conductivity
when the polymers are incorporated into charged groups. Although, in theory, all IEMs
can be used for RED, current commercially available IEMs are not ideal for RED
application because they often lack the abilities to enhance power output. The desired
membranes should not only possess low resistance and high selectivity but should also be
easy to prepare and cost competitive. Therefore, the desired or competitive polymer
materials for RED IEM preparation must have several characteristics. First, the polymers
should be functionalized easily, making it possible to bind the main chain of the polymer
with charged groups. Second, the polymer preparation process should be simple and
manageable, meaning they can dissolve at room temperature and will not release toxic
substances during membrane preparation. Third, the polymeric materials should be
affordable based on the cost of RED membranes and systems in large scale applications

according to economies of scale. In this regard, one of the most frequently used low-cost
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IEM material (i.e., Poly (2,6-dimethyl-1,4-phenylene oxide)) is selected in this
dissertation.

Poly (2,6-dimethyl-1,4-phenylene oxide) (PPO) is a prospective RED membrane
material because of its low cost, high film-forming properties, good mechanical, thermal,
and chemical stability, low-moisture uptake, and high glass transition temperature . The
basic form of PPO consists of an aromatic ring, two methyl groups, and a phenol group
(Figure 1.3). The simple structure of PPO allows for various structural modifications. For
example, the benzene rings and the methyl groups of the PPO chains can be
functionalized through electrophilic or radical substitutions, capping, and coupling. These
functionalizations introduce desired charged groups into the PPO polymer matrix, which
makes the polymer more adequate for ion exchange. In the case of CEMs, sulfonated
PPO (sPPO) is often prepared by functionalizing the aromatic rings of the polymer chains
with charged groups, typically from sulfonic acid. sSPPOs have been widely used in
various industrial applications due to their excellent electrochemical characteristics 8% %,

In addition to pure PPO-based membranes, PPO-based organic-inorganic hybrid
IEMs have also been well-studied for enhanced thermal stability and mechanical strength.
It is reported that SiO, was blended into PPO through a sol-gel process of the polymer
precursors PPO-Si (OCHz3)3 using tetraethoxysilane (TEOS) as the Si source. Also, this
membrane was found to possess enhanced hydroxyl (OH™) conductivity, which is useful
for alkaline fuel cells. The membranes exhibited higher swelling-resistant properties, and
the hydroxyl ion (OH") conductivity values were comparable to previously reported
fluoropolymer-containing membranes (0.012-0.035 S cm™ in the temperature range 30—

90 °C). In addition, if these membranes were heat-treated at 120-140 °C for different
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times during its preparation, the physicochemical properties of the membranes, including
IEC, hydrophilicity, OH™ conductivity, and tensile strength, could be easily controlled by
adjusting the heating temperature and time .

In addition to inorganic particle-blended PPO membranes, PPO can also be blended
with organic materials. The sPPO and PVA were crosslinked by double crosslinking
agents, monophenyl triethoxysilane (EPh) and tetraethoxysilane (TEOS), through the sol-
gel process . Wu et al. ® prepared the cation exchange hybrid membranes for
application in a diffusion dialysis (DD) process. The sPPO membranes often perform
poorly in aqueous separation processes (e.g., DD process) and easily erode in organic
solvents. Thus, sPPO-based IEMs can be modified by mixing them with other polymers
that are potentially more stable in organic solvents with a high membrane forming ability
(e.g., PVA). This type of PPO-based membrane formation is reported to enhance IEC by
providing thermal and mechanical stability, resistivity to organic solvents, and ion

transport characteristics (from the use of silanes as crosslinkers) .
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Figure 1.3. Basic chemical structure of poly (2,6-dimethyl-1,4-phenylene oxide).
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1.4.4. Nanocomposite membranes for RED

The successful implementation of RED as a feasible sustainable technology for
power generation depends on optimizing membrane characteristics and minimizing cost.
Currently, commercially available IEMs are not ideal for RED because they lack
enhancement in certain membrane properties necessary for this application. Various
preparation methods and materials for RED membrane synthesis have been explored. The
synthesis of custom-made RED membranes in recent years has improved membrane
properties, leading to higher power density yields. A composite structure formed by
introducing inorganic nanomaterial into an organic polymer matrix can also be a potential
candidate for RED. Nanocomposite IEMs allow extra ion exchangeable functional groups
into the structure, which is advantageous in enhancing the electrochemical characteristics
of the membrane. Many membrane studies have focused on combining and deriving the
unique features of various inorganic nanoparticles with those of organic materials,
particularly in electrodialysis, fuel cell, and water treatment applications (Table 1.3).
Although the listed examples in Table 1.3 were not prepared for RED application, some
of the characteristics reported are beneficial in facilitating the ionic current in an RED
stack, which can be helpful for power generation. For example, the studies of Al.O3z/PVA
% and ZrOz/Nafion % nanocomposite membranes showed some beneficial features that
directly affect the power density, that is, a membrane area resistance of 0.2-0.4 Qcm?
(Al,03/PVA) and 0.13-0.15 Qcm? (ZrOz/Nafion). Moreover, the combination of multi-
walled carbon nanotube/PVA % and SiO./PVDF % also exhibited a high degree of IEC

with the controlled amount of nanomaterial used. Such studies support that both physico-
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and electrochemical properties (e.g., IEC, swelling degree, resistance) of resultant
membranes were highly dependent on the nanoparticle amount applied in the polymer

matrix.
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Table 1.3. Existing nanocomposite membranes of various applications.

Nano Organic Swelling IEC Conductivity / Applications Ref
material material degree (%) | (meg/g) Resistance PP '
ALO; PVA ) B 0.2-0.4 Qem? gk/zlilt:e(r:nlzed composite membrane for alkaline 08
CeO, Nafion 17-22 ) 0,018 S/cm Chemically durable proton exchange membrane 102

for fuel cell
Cu3(POy), PVC ) ) ) Electrochemical evaluation of two composite 103
Ni3(PO4)2 IEMs
. . B B High proton conductivity composite membrane 104
Fe,0s Nafion 22.9-40.7 for DMEC
FeoNiO4 PVC 17-23 15-16 | 9.1-12.8 Qem? | Performance evaluation of heterogeneous CEM 105
MWCNT PVA 38.2-2840 | 07-2.25 ) g;\c;lsl:sgnked nanocomposite membrane for 100
SiO, PPO 452-395.9 13-20 0.001-0.0085 | AEM for alkaline fuel cells: Effect of heat %
Slem treatment
SiO, PVA - 1.0-1.26 - Electrochemical characterization of AEM 106
SiO;, PPO 20-27 0.7-1.0 - Fuel cell application 107
Si0, PVA 30-54 06-1.2 0.004-0.014 Therr_nally_stal_)le CEM s for fuel cell and chlor- 108
Slem alkali application
Si0, PVA/PPO 100-475 05-1.35 ) Doubl_e organic phases for diffusion dialysis 97
(alkali recovery)
SiO, PVDF 10-26.2 1.25-2.0 O'OOZSi?T']OOM Electrochemical characterization of CEM 101
SiO;, Nafion 3-9 - - Proton conducting membrane for DMFC 109
. . ’ ) ) Investigation of composite membrane for 110
SiO, Nafion 20-35 PEMEC
Sio PES 9.7-14.3 0.74-1.1 0.00007- Electrodialysis IEM for desalination s
2 o ) ' 0.00024 S/cm
SiO;, PPEK 28-70 - - Proton exchange membrane for DMFC 32
SiO, PAES 26-37.5 - O'OS%?T']B Fuel cell application 8
. 0.00007- Performance evaluation: Proton and methanol 1
SIO; PS ) 0.48-13 | (0003 S/cm transport
SiH, PEO 127-203 0.4-0.99 ) Thermally stable negatively charged NF 12
membrane
Tio, PES ) ) ) UV-irradiated TiO, for modification of UF 13
membrane
Tio, PES ) ) ) Performance evaluation of PES composite 14
membrane
. . 0.0705-0.0947 | Solid superacid composite membrane for 115
TiO, Nafion 30-36.5 - s/em DMFC
TiO, Nafion - - - Electrochemical performance for DMFC 116
Tio, PVA 20-130 ) ) Pervaporation separation of water-isopropanol 17
mixture
TiO, PVDF - - - Anti-fouling performance and water treatment 18
TiO, PES/PVA 40-110 - - Flux and salt rejection of NF membrane 119
710, Nafion ) ) ) Asymmetric hybrid membrane for gas 120
permeability
Zr0, Nafion 21-27 0.9-1.13 - Conductive composite membrane for PEMFC 121
710, Nafion ) ) 0.13—0.215 Soll(_i po_Iymer electrolyte electrolyzer 0
Qcm application
Zr0, PVDF - - - Performance evaluation of UF membrane 122
I 0.84- Performance at high temperature/low humidity 123
ZrO, Nafion 20-30 0.92 - for PEMEC
710, Nafion ) ) ) Proton conductivity for high temperature 124

DMFC

PPO: Poly (2,6-dimethyl-1,4-phenylene oxide); PVA: Polyvinyl alcohol; PVDF: Polyvinylidene fluoride; PVC:
Polyvinyl chloride; PES: Polyethersulfone; PPEK: Poly (phthalazinone ether ketone); PAES: Poly(arylene ether

sulfone); PS: Polystyrene; PEO: Polyethylene oxide; MWNT: Multi-walled carbon nanotube; PEM: Polymer
electrolyte membrane; PEMFC: Proton exchange membrane fuel cell; DMFC: Direct methanol fuel cell; NF:
Nanofiltration; UF: Ultrafiltration.
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CHAPTER 2

RESEARCH OBJECTIVES

2.1. Research objectives

The overarching objective of my research is to optimize the RED system for
efficient and stable salinity gradient power generation. Reliable process-based models
must be first developed in order to make this technology feasible for large-scale
application. Furthermore, detailed studies on the performance of IEMs that are most
suitable for RED based power generation are necessary. This research aims to accomplish
these objectives by: 1) developing a new model that uses the key elements to evaluate the
performance of multi-ionic salt solutions (monovalent and divalent ions) in an RED
system; 2) preparing and synthesizing of novel organic-inorganic nanocomposite cation
exchange membranes; and 3) determining their potential for use in RED systems for
salinity gradient power generation through characterization studies on synthesized IEMs.
Considering these objectives, we consider the following hypotheses:

i. RED performance is greatly affected by the operational (e.g., flow rate) and
physical parameters (e.g., intermembrane distance) of an RED stack. Power
output can be improved by applying different conditions to each saline and
freshwater compartment under realistic salinity conditions (presence of both
mono- and multivalent ions) and it is feasible to model the process by computing

the stack voltage, cell resistance, and power density.
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ii.  Addition of functionalized (i.e., sulfonation) nanoparticles onto the organic
polymer will enhance the effective fixed-charge density of the RED ion exchange
membrane.

iii.  The optimum amount of functionalized nanoparticles within the polymer matrix
can improve ionic transport properties (IEC, permselectivity) of the membranes.

iv.  Structural alterations (membrane thickness, porosity, nanoparticle size) of
nanocomposite membranes can enhance electrochemical properties (e.g.,
membrane resistance) of the membrane and could be correlated with its RED

power generation.

2.2. Organization of this dissertation

Chapter 1 briefly introduced the background of salinity gradient power generation
focusing on RED process. The mechanisms of the RED technique and how it has been
developed were reviewed. | discussed the need of developing a predictive model
considering the coexistence of mono- and multivalent ions in natural water systems. Due
to the crucial role that IEMs play in the RED power generation, | specifically reviewed in
detail the key properties of potential RED membranes, preparation method for IEMs, and
selection of the polymeric material. | further discussed the available nanocomposite
membranes for various applications and its potential to be applied in RED application.
Chapter 2 outlined the research objective, organization of the dissertation, and important
contributions.

Chapter 3 investigated the effect of realistic salinity conditions of the natural water
environment on RED power generation. | developed a new process-based model to

quantify the power generation with coexisting monovalent and multivalent salt ions.
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Considering high resistivity with the presence of multivalent ions that retards high power
output, the model prediction suggested the optimized approach of module design and
operations.

Chapter 4 presented the preparation of a new type of organic-inorganic
nanocomposite cation exchange membranes and its performance characteristics. The
combination of functionalized iron (I11) oxide (Fe203-SO4>) with the sulfonated poly
(2,6-dimethyl-1,4-phenylene oxide) (sPPO) polymer matrix showed great potential of
nanocomposite membranes specifically for power generation by RED. Various inorganic
filler loadings were tested within the composite membranes to demonstrate the optimal
amount for the enhanced performance in RED.

Chapter 5 investigated the effect of structural modification of the nanocomposite
membranes on electrochemical performance and salinity gradient power generation.
Porous nanocomposite cation exchange membranes were prepared via a two-step phase
inversion technique. The structural variation (porosity) of the polymeric membranes was
controlled by phase inversion technique and membrane thickness under various inorganic
particle filler loadings.

Chapter 6 further investigated the effect of membrane structure with different sizes
of inorganic particle filler at various loading concentrations. The preparation of tailor-
made nanocomposite CEMs containing sulfonated PPO and sulfonated silica (SiO»-
SOsH) was presented. The effect of particle size variation on pore formation and
membrane structure was examined with a special focus on its polymer/filler interactions

and demonstrated its electrochemical characteristics and RED power performance.
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Chapter 7 summarized findings in the dissertation and recommended future
research direction to advance the development of RED system with regard to effective
membrane and stack design. In brief, future work to advance the RED power generation
may include the following crucial issues: (a) ldentify cost-competitive membrane
materials for RED application. (b) Investigation of appropriate RED-specific membrane
preparation methods. (c) Development of carefully optimized membrane design for
specific conditions (natural salinity environment) and solutions for the RED process. (d)
Investigation of the optimized stack configurations and operating conditions to minimize

the overall stack resistance for maximizing the power generation.

2.3. Originality and merit of research

The findings of this dissertation are original and aimed at achieving better
understandings of salinity gradient power generation and optimizing RED power system
for maximum electricity production. The most important message to deliver from this
study is to stress the significance of untapped energy resource of our nature that is often
wasted. Specifically, the knowledge gained from this dissertation is dedicated to the
development of salinity gradient energy research from the following four major aspects:
(1) Development of process-based predictive model for large scale application in natural
water system;
(2) Optimization of module scale design and operation;
(3) Development of RED-specific nanocomposite membranes;

(4) Optimization of target membrane properties (tailor-made) for RED.
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CHAPTER 3
EFFECT OF NATURAL SALINITY CONDITIONS ON THE

REVERSE ELECTRODIALYSIS POWER GENERATION

3.1. Abstract

Sodium chloride alone has been widely used to create power via salinity gradients
in lab-scale RED systems. In an effort to simulate realistic salinity conditions in the
natural water environment, in this study a new RED model was developed to quantify the
power generation with coexisting monovalent and multivalent salt ions. The effects of
different flow rate ratios (saline water flow, @s, over freshwater flow, @r) and
intermembrane distance ratios on power density (amount of power per unit membrane
area) were investigated. Our results indicated that magnesium sulfate, sodium sulfate, and
magnesium chloride in the feed solutions of the RED system led to a 15-43% lower
power density than when sodium chloride was the single ion source, largely because of
the higher internal stack resistance of the multivalent ions. Higher power densities could
be achieved with higher flow rates in the saline water compartment and shorter
intermembrane distances in the freshwater compartment. For example, the power density
increased by approximately 11% when the flow rate ratio was 5 compared with 1;
similarly, an intermembrane distance ratio of 8 yielded an approximately 74% increase in
power density compared with a ratio of 1. To the best of our knowledge, this work is the
first to develop a quantitative model for the power generation of RED system in the

presence of natural salinity compositions, which consist of mono- and multivalent ions.
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3.2. Introduction

Although RED has been investigated for more than 60 years , some challenges are
associated with its application in realistic water resource conditions. RED research has
primarily focused on maximizing the power density and power efficiency by varying
physical properties (e.g., membranes and spacers), structural or stack design, and
operating conditions (e.g., residence time and electrical load). In most of the reported
RED studies, sodium chloride was the only salt present in the saline water source used to
create the salinity gradient " ® 10 1724125 "However, various types of salt ions exist in
environmental saline water, including magnesium, calcium, sulfate, and bicarbonate.
Although a few studies have taken into account the presence of multivalent ions, they
have used ferrous iron, manganese, zinc sulfate, or highly concentrated magnesium in
ionic conditions that are present only in brines or Dead Sea water. The effects of other
common multivalent ions (e.g., magnesium and sulfate) on power generation remain
unexplored. Thus, it is important to comprehensively investigate the common multivalent
ions in realistic natural concentrations in RED research. Specifically, the chemical
potential of different compositions and concentrations of ions in feed solutions may vary
the power density significantly. Accordingly, optimization of response parameters (e.g.,
operational and physical parameters) is critical to maximizing the power generation.
These issues, however, have not been well addressed yet owing to our limited
understanding of the chemical influences and mechanisms of multivalent and monovalent
ions together in a RED system.

In this study, we developed a mathematical model that uses the key elements of

electromotive force, internal stack resistance, salt and water flux, and concentration
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gradient to evaluate the performance of multi-ionic salt solutions (monovalent and
divalent ions) in a RED system. RED performance was quantified by stack voltage, cell
resistance, and power density with the key parameters optimized for improving the RED
performance. This model is used to examine the effects on the stack open circuit voltage
(OCV) and power density generation of magnesium sulfate, sodium sulfate, and
magnesium chloride together with sodium chloride in feed solutions. Moreover, the
effects of various flow rate ratios and intermembrane distance ratios on the power density

were evaluated.

3.3. Model development
In this model, the applied salt ions presumably travel uniformly through their

¥ Thus, as salt ions from the saline water

respective membranes as plug flow
compartment traverse to freshwater compartments, a concentration gradient is created
that leads to a steady decrease in the saline water concentration. As the freshwater moves
in the direction opposite that of the saline water, the salt concentration in the freshwater
increases. To determine the effect of different ionic compositions of the feed solution on
the power density, we developed a model for three different monovalent and multivalent
ion compositions. In each combination, MgSQO4, Na>SO4, and MgCl, were added to a
standard NaCl solution at different concentrations based on typical average seawater and
river water compositions. These combinations of monovalent and multivalent ions, which
reflect realistic salinity conditions, were introduced in this model to predict electromotive

force, salt/water flux, and internal cell resistance and ultimately to estimate the power

generation.

37



First, we developed mathematical expressions for the electromotive force of the
mixture of monovalent and multivalent ions to estimate the voltage the system can
generate. Then the ion flux of salts and water and the changes in salt concentrations in the
saline waters and freshwaters were calculated. Finally, the internal cell resistance of
saline water and freshwater compartments was determined, which is a key factor in the
voltage and power density generation. Most parameters used in this modeling were
extracted from the reported literatures as shown in Table 3.1, but membrane parameters
such as permselectivity (o) and area resistance (R) were adopted from provided
manufacture specification. In this study, only co-current operation was considered even
though counter-current operation is often more efficient. This decision was based on
reports 1% 1° indicating that co-current operation leads to higher power density without the
higher risk of leakage owing to smaller local pressure differences between the saline
water and freshwater compartments.

The model assumes the following:

(a) The RED system has a single cell.
(b) Power density generation is under the maximal power condition of equal internal
and external resistance 1% 22,

(c) The system operates in co-current mode.

3.3.1. Electromotive force
Diffusion of cations (Na* and Mg?*) through the CEMs and anions (CI- and SO4>)
through the AEMs will create a potential difference owing to the charge accumulation on

both sides of the membrane stack, and the Nernst potential equation can be used to
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calculate the expected electromotive force of a modular cell unit (E). The total
electromotive force of the cell is the sum of the potential differences that are generated
over the stack. The contributions of the activities to the electromotive force for mixtures
of different salts can be expressed, according to the Nernst equation 3, as follows:

For the model of saline water and freshwater containing NaCl + MgSOs,

Eca (X):O%EMﬂ In ySNai(X)CSNai (9 +aAEMﬂ In M
Fd 7e ()CE™ (%) Fd 7 (NCE (X)

1
Mg? Mg?* 2 so4 S0z
RT ,n(ys (x)C (x)] o RT ,n[ (X)Cs (x)}

= %cem ﬁ Mg2* Mg?" ﬁ soz S0z
vew (X)C7 (X) (X)Ce™ (x)
- 1)
For the model of saline water and freshwater containing NaCl + Na,SQa,
RT| 1 N (X)C (x
Ecell(x):aCEM I (}/S,\la+( ) SNa+( )]
Fd 7e (X)Ce™ (X)
cI- cI- so4 S0z
TS [ '{—7 Z.(X)CZ.(X)}A' ( S (X)J @
Fd1 Zi (e (OCE (0)) Z T )CE (x)

For the model of saline water and freshwater containing NaCl + MgCly,
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where a is the permselectivity of the membrane, R is the gas constant, T is the absolute
temperature, Fd is the Faraday constant, and z is the valence. The subscript i refers to
individual ions, S and F refer to saline water and freshwater, and y and C represent the
activity coefficient and concentration of each ion, respectively.

The activity coefficients can be estimated by the Debye-Hiickel theory and its

extensions, expressed as follows 126

A Ju(x)
log y(x)_1+(aM/B) 4

where a is the effective ion size (pm); u the ionic strength of the solution (mol/L); and A

and B are constants, 0.509 and 328 (at 25°C), respectively. It should be noted that for the
case of high salinity condition (i.e., >3.5% salinity), the Pitzer theory is known to be

more appropriate to estimate the activity coefficient 127,

3.3.2. Salt and water flux

In the RED system, salt flux migrates from the saline water to the freshwater
compartment and water flux from the freshwater to the saline water compartment. Salt
transport primarily arises from the amount of electrical charge carried by the current (1),
expressed as I/Fd 28 In addition, co-ion transport through the membranes must be
considered a salt flux ?*. Co-ion transport occurs because the ion exchange membranes
are permeable to ions with the same charge. The membrane-phase co-ion transport can

simply be represented by the diffusion coefficient of ions (D) and the concentration
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gradient (AC) over the membrane thickness (om). The salt-ion fluxes (J) are thus defined

as.

3w () =%’+ D5 [ (0-Ck (0] ()

o (0=, 2 e eo-c (0] ©)
e (0= 2 [ (9-Cl (0] ™
3 (0=, 26 [t (et )] ©

m

where | is the current density (A/m?), D is the ionic diffusion coefficient (m?/s), and o is

the membrane thickness (m). The term | can be defined by Ohm’s law as follows *3

Ecen (X)
Rint (X) + Rext (X)

1(x) = 9)

where the total resistance is composed of an internal (Rin) and an external (Rext)
resistance. Theoretically, the maximal power can be achieved when the external
resistance is equal to the internal resistance 2.

The water flux (Jn.0) moves from the freshwater compartment to the saline water
compartment through the membrane owing to osmosis. The water flux is doubled,
because water can permeate through two membrane pathways, and the negative sign (-)
indicates the flow direction, which is opposite to the salt flux. The water flux for the
mixture of NaCl/MgSQs (eq. 10), NaCl/Na2SOs4 (eq. 11),and NaCl/MgCl: (eq. 12) can be

expressed by Fick’s law as follows:
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As the salt ions migrate along both water compartments and permeate through the
ion exchange membranes, the saline water concentration decreases and the freshwater
concentration increases across the membrane. The changes in saline water and freshwater
concentrations depend on the salt (J) and water (Jn.0) fluxes (toward the membrane
surface) as the solution moves along the solution compartment according to the mass
balance. The concentration of saline water and freshwater changes during the transport of
ions and are determined by the mass balance equations as follows:

For the case of saline and freshwater containing NaCl+MgSQOs,
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For the case of saline and freshwater containing NaCl+Na>SOg,
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For the case of saline and freshwater containing NaCl+MgCl.,
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where b is the width of a cell, @s and @r are the flow rates of saline and freshwater and
Vh20 is the molar volume of water. Note that Na* and CI- equations (13, 14: saline and 17,

18: fresh) also applies for the cases of NaCl+Na>SO4 and NaCl+MgCl..

3.3.3. Internal cell resistance
The total cell resistance (Rin) of an ideal stack consists of four components 8

Rine (X) = R (X) + Re (X) + Rpgy + Reew (29)

where Rs and Rr are the compartment resistances of the saline and freshwater
compartments, and Raem and Rcem are the membrane area resistances for the AEM and
CEM, respectively.

The cell resistance of an aqueous solution can be expressed as a function of
conductivity (k) and water compartment thickness (). The conductivity (k) is equal to
the product of the molar conductivity of the solution (4m) and Cave ?°. The cell resistance
can be expressed as follows 53:

For the case of saline and freshwater containing NaCl+MgSQOs,

1)
Ry(x) = f — — (30)
S [ 20 (€, +CEL) 2 |+ A0 (Cls, +C%) 2]
0,
R: (x) = 1 — — (31)
F 2 €+ CE ) 2]+ Ane (s, +C%) 12
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For the case of saline and freshwater containing NaCl+NaSOg,

53
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For the case of saline and freshwater containing NaCl+MgCl,
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where Csave and Crave represent the average ion concentrations of saline and freshwater,
respectively and f is the obstruction factor. The obstruction factor, f was introduced to
describe the negative shielding effects of the spacer that cause the electrical resistance to
increase °. The spacers used in the experiment occupy 46% of the area in a plane
projection, leading an obstruction factor of 1/(1 — 0.46) = 1.9 %,

Finally, the power density can be calculated as follows:
1.
By () =5 P OOR. (x) (36)

The power density is halved because of the two ion exchange membranes in a cell. The

maximum Pq is then expressed as:

1 EM )
Pd (X) - 2 £2Ren(x)] Rext(x) (37)
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Table 3.1. Model input parameters used in the RED power generation model.

Input parameter Symbol Value Unit
Permselectivity of CEM Olcem 0.99 dimensionless
Permselectivity of AEM Olaem 0.96 dimensionless
Gas constant R 8.3143 Jmol 1K1
Temperature T 298 K
Faraday number Fd 96,485 C mol*
Effective Na* size ana+ 358 130 pm
Effective CI- size acr 332 1% pm
Effective Mg?* size amge+ 428 130 pm
Effective SO, size asos” 379 1%0 pm
fr]a:gﬂseaégd fresh water compartment 8, oF 500 um
Molar conductivity of NaCl in saline water AmgN 0.0107 3 m? ohm* mol*
Molar conductivity of MgSQy in saline water Am,sMISO4 0.0093 31 m? ohm* mol*
Molar conductivity of Na,SOy in saline water A gN22S04 0.009 3¢ m? ohm* mol*
Molar conductivity of MgCl, in saline water AmsMIc 0.0097 31 m? ohm* mol*
Molar conductivity of NaCl in fresh water Am N 0.0124 31 m? ohm* mol*
Molar conductivity of MgSQy in fresh water A gMoS04 0.0125 31 m? ohm* mol*
Molar conductivity of Na SOy in fresh water A 22504 0.0126 31 m? ohm* mol*
Molar conductivity of MgCl, in fresh water Am gMIcR 0.0126 3 m? ohm* mol*
CEM area resistance Reem 5.0x10* ohm m?
AEM area resistance Raem 2.5x10* ohm m?
Diffusion coefficient of Na* Dna* 1.33x10913%2 m? st
Diffusion coefficient of CI Decr 2.03x109132 m? st
Diffusion coefficient of Mg?* Dwmg?* 7.06x1010132 m? st
Diffusion coefficient of SO, Dsos? 1.06x109132 m? st
Diffusion coefficient of water Dh2o 1.0x10°132 m? st
Width of a cell b 0.04 m
Length of a cell L 0.09 m
Membrane thickness Om 30 pm
Molar volume of water V20 1.8x10° m3 mol!
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3.4. Experimental
3.4.1. Stack configuration

The RED stack used in this study consists of 10 cell pairs, each containing an FKB
cation exchange membrane and an FAB anion exchange membrane (Fumatech,
Germany). Each membrane has an effective area of 4 cm x 9 cm. A CEM was placed at
each end of the stack as a shielding membrane. Titanium mesh end electrodes coated with
iridium plasma were used as the anode and cathode. Woven fabric spacers (wire diameter
250 pm, porosity 60%) with a thickness of 250 pm were inserted between each
membrane to create water compartments for saline water and freshwater solutions to pass

through.

3.4.2. Synthetic saline water and freshwater

In this experiment, the synthetic saline water had a concentration of 0.5 M for each
Na* and CI ions and 0.05 M for each Mg?* and SO+ ions. The synthetic freshwater had a
concentration of 0.012 M for each Na* and CI- ions and 0.0002 M for each Mg?" and
S04 ions. These concentrations were selected on the basis of the natural composition of
typical seawater and river water. During each experiment, one of three combinations of
salts was tested: (1) NaCl with MgSOs, (2) NaCl with NaxSOs, or (3) NaCl with MgClo.
For the electrode rinse solution, we used a pure NaCl solution with a concentration of
0.003 M, which is the mean salt concentration of the saline water and freshwater used
here. The feed solutions for both waters were pumped through the RED stack at various

flow rates to investigate the effect on stack OCV.
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3.5. Results and discussion

The simple forward Euler algorithm was used in Matlab 2010a to numerically
simulate the RED model described above, including the effects of (1) multivalent ions
(MgSQO4, MgCl2, and Na>SO4) on stack OCV, (2) multivalent ions on power density
generation, (3) various saline water to freshwater flow rate ratios on RED power output,
and (4) various saline water to freshwater compartment intermembrane distance ratios

with three different salt combinations.

3.5.1. Stack open circuit voltage (OCV)

At zero current, the stack OCV can be obtained from the inflow concentration of
feed solutions. The stack OCV is a measure of the maximum voltage that can be achieved
by the RED system. The theoretical OCV value is the sum of the potential difference
across each membrane and can be predicted from equations (1-3). Measured and
calculated OCV are plotted as a function of the feed solution flow rates in Figure 3.1. The
experimentally measured RED stack OCV is normally 92-98% of the theoretical values
derived from the Nernst equation at high flow rates 24 13,

The solution flow rate had a noticeable effect on stack OCV. For instance, at low
flow rates, the OCV can decrease significantly, probably due to the concentration
polarization that occurs at the membrane-solution interface, and can cause higher internal
resistance and a lower concentration gradient for salt and water flux 8 The resulting
phenomenon will eventually lead to a lower OCV. However, the concentration
polarization and the internal cell resistance become weaker at higher flow rates, which

results in a higher OCV 3. The concentration gradient equations also describe this result,

48



as with lower concentration gradients a flow rate decrease will result in considerably
smaller OCVs in equations (1-3) and vice versa for higher flow rates. Note that the
measurement in low flow rate region (0-1.0 cm/sec) was not implemented due to

mechanical control limit of in-flow.
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Figure 3.1. OCV at different solution flow rates for three different combinations of salts.
The measured data are indicated by open symbols and the calculated values by solid
lines.
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3.5.2. Power density with different ionic compositions

Figure 3.2a shows the calculated power density using (a) NaCl and MgSOs, (b)
NaCl and MgClz, and (c) NaCl and Na>SOs. Clearly, pure NaCl generated a greater
power density than any of the multivalent ion combinations. Post et al. 2’ showed
experimental data and some modeling results using different grades of membranes to
support multivalent ions lowering power density. Even though the presented model did
not consider the implications of the specific membrane selectivity on multivalent ion
passage, the result resembles previous studies, indicating that the presence of multivalent
ions will likely decrease the magnitude of the power density 2’. The results indicated a
43% decrease with MgSQOs, 15% with MgCl., and 20% with Na,SO4 compared with the
maximum power density with NaCl.

The location where the maximum power density levels were achieved shifted
slightly to the outlet of the ion flow. This is closely related to the changes in internal
stack resistance along the ion flow path, as shown in Figure 3.2b. A sharp decrease of the
resistance over up to approximately 5 mm of ion flow path caused the power to increase
initially but then turn downward as the amount of resistance slowly levels out. The
resistance of the pure NaCl solution was remarkably lower than those of the multi-ionic
solutions. However, the internal stack resistances of all multi-ionic solutions were
comparable, although a mixture of MgSOs exhibited a slightly higher resistance along the
membrane. In fact, the electrical resistance of the freshwater compartment is considered
the main cause of the internal stack resistance °. The difference of internal stack
resistance observed between the monovalent and multivalent ions is caused by the

different ionic transport against the activity gradient that limits the electrical current and
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power when multivalent ions are present, with higher resistance observed mainly in the
freshwater compartment 27. Therefore, considering the power density generation results in
Figure 3.2a, these expected resistance curves are reasonably fitted.

In addition, the power density generated in RED system is influenced by operating
residence time. As shown in Figure 3.3, the power density is higher at shorter residence
time (i.e. higher flow rates). Though, larger hydrodynamic power losses occur at higher
flow rates, the internal stack resistance generated by the concentration polarization will
be less significant and thus the power density can be increased. However, as the residence
time becomes longer (i.e. lower flow rates), the resistance increases due to the occurrence
of severe concentration polarization, which will lead the power density reduced.
Therefore, the effect of residence time on power density generation is mostly likely due

to its internal stack resistance.
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Figure 1.2. Effect of multivalent ions on power density generation (a) and internal stack
resistance (b) compared with those of a monovalent ion (pure NaCl) according to
modeling predictions.
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Figure 3.3. Effect of multivalent ions on power density generation (average) as a
function of the residence time.
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3.5.3. Effects of different flow rate ratios

To study the theoretical limits of RED performance and to quantify the contribution
of the flow rates, we tested various saline water to freshwater flow rate ratios using the
model. Figure 3.4 shows the maximum and average power densities at various saline
water to freshwater flow rate ratios (ds/@r). The maximum power density was the point
where the internal resistance is equal to the external resistance along the ionic path over
the membrane length, whereas the average power was defined as the total developed
power over by the membrane area. All of the multivalent ions generated similar patterns
of curves at slightly different levels.

Both the maximum and the average power density decreased with higher freshwater
flow rates (@s < @) and slightly increased with higher saline water flow rates (Js> @r),
though the average power density decreased more drastically at lower flow rate ratios. In
this case the higher flow rate of saline water reduces the concentration polarization and
electrical resistance, which allows higher power output. At high saline water flow rates,
higher power generation is reasonable because the concentration gradient at the
membrane-solution interface is almost unaffected by the rapid transport of salts through
the membrane, which permits the system to maintain a high electromotive force (V)
across the membrane according to the model equations (1-3). Moreover, the electrical
cell resistance is generally determined by the freshwater compartment when both
compartments use the same spacers > 2, Thus, optimal performance can be achieved
with higher flow rates in the saline water compartment. However, the maximum
allowable increase in saline water flow rate should be further investigated considering its

negative impact on the total energy recovery even though greater power density is
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achieved. Furthermore, at high flow rates, hydrodynamic resistance leads to higher
pressure losses. Consequently, the power density increased slowly as flow rate ratio
increased owing to the larger hydraulic loss at the higher saline flow rate. However, at a
lower flow rate ratio (Js/@r < 1), the power density drops as the total electrical resistance
of the saline water compartment becomes greater than that of the freshwater

compartment.

3.5.4. Effect of different intermembrane distance ratios

Several studies have investigated the effect of different intermembrane distances
(spacer thicknesses) on power density generation ® & 24 However, such experiments
were aimed at adjusting both intermembrane distances to be the same optimal thickness.
Studies examining the influence of different intermembrane distance ratios for each
saline water and freshwater compartment in a RED system are still rare. Considering the
thickness of spacers in our experiment (i.e., 250 um), intermembrane distance ratio
(0s/0F) was varied with fixing either one of the compartment at 250 um as maximum
distance. Thus, it was either by adjusting the distance of fresh water compartment with
fixed saline water compartment thickness for increases in ratio or vice versa for decreases
in ratio. Figure 3.5 shows the simulated maximum and average power densities of
multivalent ion solutions at different intermembrane distance ratios. All three multi-ionic
solutions showed similar trends with minor power density differences. Both maximum
and average power densities were observed to increase with a longer saline water than
freshwater compartment intermembrane distance (6s > dr). The longer intermembrane

distance in the saline water compartment seemed to affect the maximum power density
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predictions more than the averages. Better performance is expected with a longer saline
water intermembrane distance because the hydrodynamic resistance of the saline water
compartment becomes much lower than that of the freshwater compartment. A higher
ratio (ds/6r > 1) also leads to lower electrical resistance in the freshwater compartment,
which plays a dominant role with respect to power density generation, leading to greater
power density, as shown in Figure 3.5. Increases in both maximum and average power
density with longer intermembrane distances of the freshwater compartment (6s < dr)
were also observed. The power density increase resulting from lower ratios can be
attributed to hydrodynamic resistance, which should be reduced with a longer freshwater
intermembrane distance. However, electrical resistance also occurs in the freshwater
compartment according to model equations (31, 33, and 35) that results insignificant

power increase at lower ratios.
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3.6. Conclusions

This work is the first attempt to develop a mathematical model of a RED system
using multivalent ions for power density generation. The new model illustrates a process-
based approach to RED operation with the purpose of simulating more practical feed
solutions by incorporating three common multivalent ions (MgSOas, Na2SO4 and MgCly).
In this work, the model shows that the power density of a RED system responds to the
multi-ionic composition of the aqueous solutions. The model simulation quantified the
power output in terms of stack OCV and power density as well as the system’s internal
cell resistance. The importance of specific parameters such as flow rate ratio and
intermembrane distance ratio in the optimal performance of the RED system were
illustrated.

The model predictions for stack OCV agreed well with those obtained
experimentally. As expected, the stack OCV of the RED system was sensitive to flow
rate variation in the presence of multivalent ions. Furthermore, the power density
obtained with multivalent ions was fairly lower (15-43%) than that when using a
monovalent ion (i.e., NaCl) due to higher internal cell resistance. Higher power density
was gained by applying higher flow rates in the saline water compartment than in the
freshwater compartment. Moreover, RED performance was significantly improved by
using a saline water compartment thicker than the freshwater compartment. The applied
conditions provide a better understanding of the RED process, especially the internal cell
resistance. Further modeling to optimize the power density generation should be
accompanied by a net energy efficiency investigation, especially for realistic

environmental salinity conditions. Also, for the large-scale application of real seawater
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and river water in RED, the effect of fouling on the membrane, hydrostatic and viscous
pressure on feed water transport need to be further investigated and incorporated into the

model developed here.
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CHAPTER 4
SYNTHESIS OF NOVEL NANOCOMPOSITE

REVERSE ELECTRODIALYSIS ION EXCHANGE MEMBRANES

4.1. Abstract

Despite the important role of ion exchange membranes (IEMs) in RED systems, the
current absence of proper ion-exchange membranes delays the sustainable development
of the RED process for salinity gradient power generation. This chapter presents the
preparation of a new type of organic-inorganic nanocomposite cation exchange
membranes and its performance characteristics. The combination of functionalized iron
(111) oxide (Fe203-SO4%) as an inorganic filler with the sulfonated poly (2,6-dimethyl-
1,4-phenylene oxide) (sPPO) polymer matrix proved to have great potential for power
generation by RED. The results showed that an optimal amount of Fe,03-SO4> (0.5-0.7
wt%) enhanced the key electrochemical properties of the ion-exchange membranes
including a permselectivity up to 87.65 % and an area resistance of 0.87 Q cm? The
nanocomposite membrane containing 0.7 wt% Fe,03-SO4> achieved a maximum power
density (amount of power per unit membrane area) of 1.3 W m2, which is relatively
higher than that of the commercially available CSO (Selemion™, Japan) membranes.
The goal of this work is to maximize the salinity gradient power generation by
developing RED-specific nanocomposite IEMs. The results show the potential of new

design of the nanocomposite IEMs for viable energy generation by RED.

61



4.2. Introduction

The important membrane properties for power generation particularly that by
electrochemical processes such as RED, are IEC, swelling degree (SD), membrane
resistance, and permselectivity. Composite membranes created by introducing inorganic
materials into an organic polymer matrix are viable candidates for RED, as it allows
carrying extra ion-exchangeable functional groups by modulating the membrane
structure. Also, organic-inorganic composites combine the unique features of inorganic
materials with those of organic materials and have received increasing attention for more
than a decade owing to their remarkable synergized properties.’®* Here we focus on the
development of organic-inorganic nanocomposite IEMs based on sulfonated poly (2,6-
dimethyl-1,4-phenylene oxide) (sPPO) and sulfonated iron oxide (Fe20s-SO4%) created
via the blending method. PPO is a commonly used polymer in membranes for gas
separation, RO, ultrafiltration, and ion exchange 8 % 13 136 pecause of its excellent
membrane-forming properties; good chemical, thermal, and hydrolytic stability; high
glass transition temperature (ty = 210°C); and low cost.'*13 However, the
hydrophobicity of PPO often hinders its dissolution in conventional dipolar solvents. To
make the polymer more ion-exchangeable, a conventional electrophilic substitution is
often applied to introduce charged groups (i.e., anionic or cationic moieties), typically
from a sulfonic acid. Introduction of sulfonate groups (-SOs’) to the polymer chain of
PPO via a sulfonating agent such as chlorosulfonic acid causes PPO to become highly
hydrophilic.t*®

Recently, several studies have incorporated sulfonated mesoporous iron (111) oxide

(Fe203-S04%) into proton conductive membranes (PCMs) for fuel cell applications.1%4 140
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141 The studies revealed that sulfonated Fe,Os facilitates not only conductivity but also
strong hydrophilicity and large specific surface area. Sulfonated Fe>Oz is expected to be a
good filler material because of its high versatilities such as: 1) high specific surface area
(decreases crystallites size when functionalized), 2) widely used and cost-effective (easy
to produce), 3) high ability to adsorb various inorganic and organic materials, 4) easy to
be coated on various surfaces, and 5) high hydrophilicity 14 142146 Moreover, embedding
such functionalized inorganic filler in the structure can be considered as a homogeneous
ion-exchange resin up to certain level of loading.® It is important to have a homogeneous
ion exchange resin, because the fixed charge groups are more evenly distributed over the
entire membrane matrix in homogeneous membranes, while heterogeneous membranes
have distinct region of uncharged polymer of ion exchange resin in the membrane matrix.
Therefore, charge density in heterogeneous IEMs is relatively low compared to
homogeneous membranes and resistance is higher owing to its membrane structure where
uncharged domain exists in the polymer matrix 2°. Therefore, the sulfonated Fe,Os
particles are primarily introduced to increase ion-exchangeable functional groups in the
membrane, which results in enhanced ion-exchange capacity, hydrophilicity and ion
conductivity. Note that the introduction of negatively charged groups (thus, increase in
charge density) increase proton conductivity as well as sodium conductivity, but increase
in sodium conductivity may not necessarily be the same as that of proton conductivity.
However, until now, no research exploring the use of Fe;03-SO4% in the PPO polymer
matrix has been reported in any fields. In this chapter, we introduce our design strategy

for the development of a new type of composite RED membranes: incorporation of
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Fe203-S04% and sPPO polymer. The effect of Fe.03-S04? loading is also investigated to

optimize the membrane performance in RED.

4.3. Materials and methods
4.3.1. Materials

Poly (2,6-dimethyl-1,4-phenylene oxide) (PPO) (Aldrich, analytical standard), was
used as received. Chloroform (Aldrich, anhydrous, 99%) was used as a solvent.
Chlorosulfonic acid (Aldrich, 99%) and sulfuric acid (Aldrich, 98%) were used without
purification. Dimethylsulfoxide (DMSO) (ACS grade, 99.9%) was obtained from VWR.

Iron (I11) oxides (Aldrich, <50nm) was used as received for sulfonation.

4.3.2. Sulfonation of PPO (sPPO)

PPO was sulfonated with chlorosulfonic acid as the sulfonating agent and
chloroform as the solvent. PPO of 6 wt% was dissolved in chloroform by mechanical
mixing at room temperature for 30 min. 8 wt% solution of chlorosulfonic acid in 50 ml of
chloroform was slowly added to the PPO solution over the period of 30 min while stirring
the solution vigorously at 25-30 °C until the sulfonated PPO is precipitated. The
sulfonated precipitate was washed multiple times with DI water until pH became
approximately 5-6. The polymer was then filtered and dissolved in methanol. The
solution was poured into a Pyrex glass tray forming a thin film of about 1-2 mm
thickness, and allowed to dry in air for 24 h at room temperature. The dried polymer
sheet was shredded into small particles and washed with DI water. The sPPO was then

filtered and dried in room temperature.

4.3.3. Sulfonation of Fe,O3 (Fe203-S04%)

64



The powder of Fe-.Osz nanoparticles was sulfonated by concentrated H2SO4 (98%).
The required amount of Fe>Os was dissolved in 0.25 M concentrated H2SO4 at room
temperature for 24 h. The concentrated H2SO4 treated Fe2O3 was then filtered and dried at
80 °C in a vacuum oven. Finally, the powder was calcined at 500 °C for 3 h to obtain the

red sulfonated Fe2Os powder.

4.3.4. Membrane preparation

IEMs were prepared by the solvent evaporation technique. Sulfonated PPO polymer
was dissolved in Dimethylsulfoxide (DMSO) to obtain 19 wt% solutions. Then 0-2 wt%
of sulfonated Fe,O3 was mixed with the polymer solution at 40 °C for 24 h while stirring.
The solution was vibrated in an ultrasonic bath for 10 min to obtain an optimal dispersion
of the particle in the solution. The resulting mixture was cast on a glass substrates using
doctor blade method to obtain the desired thickness of the membrane (100 pm). The
obtained solid composite membrane was then dried in a vacuum oven at 60 °C for 24 h
and at 80 °C for another 24 h to remove residual solvents. The prepared membrane was
treated in warm water (40-50 °C) and then in 1 M HCI for 24 h. Finally, the membranes

were rinsed with DI water and stored in 0.5 M NaCl solution.

4.3.5. Membrane characterization

FTIR spectroscopy. The chemical structures of composite membranes were investigated

using Fourier Transform Infrared (FTIR) Spectra. FTIR spectra of SPPO membranes were
acquired with FTIR Spectrometer (Digilab FTS7000) equipped with a microscope
(Digilab UMAG600), collecting 32 scans per sample at a 4 cm™ resolution and a spectral

range of 4000-700 cm™. The spectrum of ambient air was used as background.
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Membrane morphology. Scanning electron microscopy (SEM, Zeiss Ultra60 FE-SEM)

was used to observe the morphology and structure of the prepared membranes. For the
cross-sectional surface, the samples were prepared in liquid nitrogen and cut manually to
obtain sharp cross-section. Membrane samples were then dried overnight to preserve their

structure.

Swelling degree. The swelling not only determines mechanical properties and

dimensional stability of the membrane, it also influences its ability of ion selectivity and
electrical resistance. The SD simply refers to the amount of water content in the
membrane per unit weight of dry membrane. To determine the SD of a membrane, a
sample was equilibrated in DI water for at least 24 h. The membrane was then taken out
and surface water was removed from the sample with blotting paper. The wet weight of
the swollen membrane was measured. The membrane was then dried at 50 °C in a
vacuum oven until a constant dry weight was obtained. The SD of a membrane was

calculated in weight percent by:
w . -W
SD=—2_ 9% ,100% (1)
dry

where Wwet (g) and Wary (g) are the weight of the wet and the dry membrane, respectively.

lon exchange capacity. The ion-exchange capacity, which is the number of fixed charges

per unit weight of the membrane, was measured using a titration method 3. Firstly, the
cation exchange membrane was equilibrated in 1 M HCI for at least 15 h, and then rinsed
free from chloride with DI water. After that, the membrane was immersed into 1 M NaCl

solution for another 6 h. The displaced hydrogen ions from the membrane were then
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titrated with 0.01 M NaOH solution using phenolphthalein as an indicator. The IEC of
membranes were then calculated by using equation (2):

IEC :M 2

dry
where Cnaon is the concentration of NaOH solution (mol L), Vnaon is the volume of

NaOH solution (L) used and Wary is the dry weight (g) of the membrane.

Fixed-charge density. Fixed-charged groups are attached to the polymer backbone in ion-

exchange membranes. The counter ion transport and ion permselectivity through the
membrane are determined by the fixed charge density in the membrane. The fixed charge
density, expressed in milliequivalent of fixed groups per volume of water in the
membrane (meg. L) can be determined by the IEC over the SD of the membrane.

IEC
= 3
fix SD ( )

Electrical resistance. The electrical resistance of the membrane was measured in a two-

compartment cell using 0.5 M NaCl aqueous solutions. Titanium electrodes, coated with
Ru-Ir mixed metal oxides were used (Jing Run Beijing Science and Technology Research
Institute Company, China). The resistance of membranes was measured at room
temperature by impedance spectroscopy (IS) using Autolab PGSTAT302N, Metrohm in a
frequency range from 10-10° Hz with an oscillating voltage of 0.1 V amplitude. *°® The
resistance was measured based on the intercept of x-axis (Z’, the real part of the transfer
function) in the Nyquist plot. Then the membrane resistance (Rmem) Was determined by

subtraction of the resistance measured in the blank test (Rso) from the resistance
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measured with the membrane under investigation (Rcen), based on the total cell resistance

composition (i.e., Reei=Rsoi+Rmem).

Permselectivity. The apparent permselectivity of an ion-exchange membrane was

determined using a static membrane potential measurement. The experimental set up
consists of a two-compartment cell separated by the testing membrane with an effective
area of 4.8 cm?. Two aqueous solutions of 0.1 M and 0.5 M NaCl were placed in each
cell along the sides of the test membrane. The potential difference over the membrane
was measured at room temperature with two AgQ/AgCI reference electrodes (Hanna
Instruments, USA) using a multimeter (Tektronix, USA). The permselectivity can be
calculated from the ratio of the measured membrane potential (AVmeasured) OVEr the

theoretical membrane potential (AVitneoretica) @S Shown in equation (4):

a (%) :Avmeﬂxlgo (4)

theoretical

where o is the membrane permselectivity (%), AVmeasured 1S the measured membrane
potential (V) and AVineoreticat IS the theoretical membrane potential. Note that the
theoretical membrane potential is the membrane potential for an ideal 100%
permselective membrane, which was estimated to be 0.0379 V from the Nernst

equation.®
4.3.6. RED membrane performance

The RED performance of the synthesized membranes was tested in a RED stack

described in previous study.**” The RED stack used in this study initially consists of three
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cell pairs, each containing a cation exchange membrane (CSO) and an anion exchange
membrane (ASV) (Selemion, Japan) and the CSO membranes were replaced later with
the synthesized membranes for a comparison. Each membrane has an effective area of 4
cm x 9 cm. A CEM was placed at each end of the stack as a shielding membrane.
Titanium mesh end electrodes coated with iridium plasma were used as the anode and
cathode. For the electrode rinse solution, we used a solution of NaCl (0.25 M) with
K4Fe(CN)s (0.05 M) and KasFe(CN)e (0.05 M). The intermembrane distance was
determined by woven fabric spacers (porosity 60%) at a thickness of 250 um, which was
placed between each membrane to form water compartments for the synthetic seawater
and river water solutions to pass through. The synthetic feed water had a concentration of
0.5 M NaCl for seawater and 0.017 M NaCl for river water. The feed solutions for both
waters were delivered using Masterflex peristaltic pumps (Cole-Parmer, USA) through
the RED stack at various flow rates.

A four electrodes configuration allows performance evaluation of the RED stack
using an Autolab potentiostats (Metrohm, The Netherlands) in the galvanostatic mode. At
each flow rate, the voltage (E) as function of the electrical current (I) was measured.
From the measured E-I curves, the gross power generation was calculated. The corrected
gross power was determined by subtraction of the power generated in a blank run, which

was tested with only one commercial CEM in the stack.
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Figure 4.1. Scheme of the RED stack used in performance test. Note that the number of
cell pairs used in the performance test is different to what is presented in this illustration.
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4.4. Results and discussion
4.4.1. FTIR spectra study

FTIR spectra were obtained from nanocomposite membrane film samples. All the
spectra show C-H stretch of CH2 and CHs throughout 2868 and 2970 cm™ and C-O-C
stretch at 942 cm, which represent the original PPO polymer. As shown in Figure 4.2,
the characteristic absorption band for the presence of the —SOsH substitute to PPO
aromatic rings was appeared by the FTIR peak at 1060 cm™ that is formed from the
sulfonation reaction. Also a broadband associated with hydrogen reaction between —OH
groups and —SOsH were visible throughout 3300 and 3500 cm™ for all the sPPO
membranes. IR vibration bands for the characteristics of S=O stretching for the sulfate
(SO4%) groups attached to the iron oxide were observed at 1400 cm™ (Figure 4.2 b-f).
Overall, these confirm the successful sulfonation of the PPO polymer and iron oxide
nanoparticles and the presence of ion exchangeable groups in these organic and inorganic

components.

4.4.2. Morphology of the nanocomposite IEMs

The sulfonated iron oxide (Fe203-SO4%) was prepared based on previously reported
procedure.'® The nanoparticles were treated in sulfuric acid before it was mixed with the
prepared polymer solution, sPPO. The image of sulfonated Fe>Os particles was observed
on a scanning electron microscopy (Figure 4.3), which indicates the particle sizes of 10-
50 nm. Nanocomposite membranes were formed by mixing the sulfonated iron oxide
(Fe203-S04%) nanoparticles and the sPPO polymer matrix via blending method and
solvent evaporation. SEM was used to observe the morphology of the synthesized Fe,Os-

PPO cation exchange membranes. Figure 4.4 shows the cross-sectional surface
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morphologies of the obtained nanocomposite membranes. It is clearly recognized that the
cross-sections were all dense structure without apparent large porosities. Note that

settling of the particle in the membrane was not observed.
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Figure 4.2. FTIR spectra of nanocomposite membranes: (A) Pristine, (B) 0.2 wt% Fe,Os-
S04%, (C) 0.5 wt% Fe;03-SO4%, (D) 0.7 wt% Fe203-SO4%, (E) 1.0 wt% Fe203-S04%, (F)
2.0 Wt% Fe203-S04%, (G) Fe203-S042".
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Figure 4.3. SEM micrographs of (a) sulfonated iron oxide particles, Fe203-SO42 and (b)
composite membrane with Fe203-SO42".
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SEM Micrographs of Cross Section Surfaces

Figure 4.4. SEM micrographs of cross section surfaces: (a) pristine SPPO membrane, (b)
composite sPPO-0.2 wt% Fe,03-SO4%, (c) composite SPPO-0.5 wt% Fe;03-S04>, (d)
composite SPPO-0.7 wit% Fe;03-S04, (€) composite SPPO-1.0 wt% Fe203-S04>", and (f)
composite SPPO-2.0 wt% Fe203-SO4%.
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4.4.3. Effect of nanoparticle loading on electrochemical properties

sPPO membranes were hybridized with Fe,03-SO4> at various concentrations
between 0.2 and 2.0 wt%. Table 4.1 lists characteristics of the IEMs that are key to
investigating their potential performance in a RED system. Prepared nanocomposite
membranes were evaluated for permselectivity, area resistance, IEC, SD, and charge
density. Each electrochemical property test was performed three times to ensure reliable
data, and the values are listed in Table 4.1. The errors are less than 5% and omitted in
the table to avoid confusion. In addition, a ratio, PR (also referred to as the
performance potential ratio), which derives simply from permselectivity (P?) over area
resistance (R), is also presented. IEMs are often selected on the basis of their high
permselectivity and low resistance; thus, we assume that P?/R is a useful indicator of the
best-performing membranes for power generation. Considering that which membrane
property dominates RED system performance is not yet fully known and the
relationships between these properties are not clearly understood, P¥R can be an
indication only of power generation potential associated with permselectivity and
resistance. The properties of the commercial CEM, CSO (Selemion, Japan), were also
evaluated for comparison.

The IEC and SD of charged membranes are the key parameters that affect the
degree of charge density. The IEC and SD of the membranes increased as the Fe.Os-
S04 concentration increased within the range of 0-0.7 wt% (Figure 4.5). The increase
in SD was expected with the increase of inorganic filler loadings. However, further
increase of Fe,03-SO4% concentration (> 0.7 wt%) did not continue to increase the

swelling degree. This may be attributed to the interaction among the particles that lead
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particle aggregation, and thus interrupt the functional groups of the polymer matrix. An
increasing trend of IEC with nanoparticle loading can be explained by the increase of
negatively charged functional groups in the polymer matrix; attracting more cationic
species while repelling anionic species. The increased IEC leads to enhanced ion-
conducting character of the nanocomposite. The greater number of fixed charges
(negative charges in case of CEM) in the membrane gives rise to enhanced transport
properties, which increase the hydrophilic nature of the membrane. Thus, the membrane
swells more.X* In general, the greater swelling can lead to lower mechanical strength
and stability; however, several studies have reported that organic-inorganic
nanocomposites enhance the mechanical properties of the material. ' 10419 Moreover,
the 1EC did not continue to increase as more Fe,03-SO4% (>0.7 Wt%) is incorporated.
This phenomenon may stem from the tendency of inorganic nanoparticles to aggregate
and thus to disrupt the functional groups of the polymer matrix when excess inorganic
nanoparticles are present. Specifically, when inorganic fillers form large cluster, surface
of functional groups reduce thus, started to interfere with the charged functional groups
of the polymer matrix. Moreover, the ion-exchangeable functional groups contributed
from sPPO could also be reduced, as more inorganic nanoparticles agglomerate
(>0.7wWt% Fe,03-S04%) in the composite. Consequently, the IEC as well as other charge
transport properties could be affected by excess nanoparticle loading to decrease the

overall membrane performance. 4% 150
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Table 4.1. Characteristics of the prepared membranes compared with a commercial
membrane, CSO for RED performance.

Permselectivity ~ Resistance _, IECH SDEI CcD™
W
embrenes ] @ent] PR meq.gdyt [l [meg g o]
0 Fe203-SO4* 79.13 2.05 3054.4 0.96 21 4.6
0.2 Fe;03-SO4* 84.41 1.09 6536.7 1.00 20 5.0
0.5 Fe;03-SO4* 87.21 0.87 8742.1 1.12 22 5.1
0.7 Fe;03-SO4* 87.65 0.97 7920.1 1.40 26 5.4
1.0 Fe;03-SO4* 87.04 1.18 6420.3 1.03 20 5.2
2.0 Fe;03-SO4* 68.58 1.58 2976.7 0.87 25 3.4
CSO 92.32 2.26 3771.2 1.04 16 6.4

[1] Performance potential ratio presented by permselectivity (P) over area resistance (R). [2] lon-exchange
capacity. [3] Swelling degree. [4] Charge density.
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Figure 4.5. lon-exchange capacity and swelling degree of SPPO membranes as a function
of Fe,03-S04%* Wt%.
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The charge density of the membrane has a great effect on its ion permselectivity
and area resistance.®® The number of charged functional groups per water molecule
absorbed in the membrane determines the degree of charge density. At a high charge
density, more effective ion discrimination is possible (co-ion exclusion). In our
experiment, we observed a decrease of area resistance with increasing charge density
(Table 4.1). However, we often observe other random behavior that the resistance
increases with increasing fixed charge density 2> %2, This phenomenon may be attributed
to a high degree of cross-linking, which improves the mechanical strength of the
membranes and thus increases in its resistance. Moreover, the pore formation and
surface roughness of the composite have also been reported to affect the transport of
ions, permselectivity and conductivity 1. Thus, such membrane surface properties may
contribute to this random tendency. However, the effect of these properties will be
further investigated in future studies.

Referring to the result that the IEC increased with the increase of Fe;03-SO4>
concentrations to certain point (0.7 wt %), the fixed charge density also was increased in
similar manner (Table 4.1). As more ionic groups are present (fixed charges), the more
swelling occurs, so low area resistances are normally expected with a high swelling
degree. However, it is not always the case with a high 1EC that results low resistance.*2
0.7 wt% Fe203-SO4% with the highest IEC and SD showed higher resistance than that of
0.5 wt% Fe;03-SO4% (by 11%). The pristine (0 wt%) and 0.2 wt% membranes have
reasonable IEC and SD, but with a high area resistance; this can be explained by the

relatively low charge density of these membranes. Similarly for the commercial CSO
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membrane, having high IEC did not result in low area resistance, which again implies
that the relationship of IEC and resistance is not always inversely correlated 2> 42,

The ion permselectivity and area resistance of a membrane are often considered as
the most important parameters for the selection of effective IEMs in RED power
generation. Although the charge density has great impact on membrane permselectivity
and resistance, charge density’s relationship with each of these parameters is not always
linear, but rather varies according to material 2°. The permselectivity of the composite
membranes tended to increase up to 0.7 wt% Fe,03-SO4>, as expected based on the
increasing charge density (Figure 4.6). The stronger co-ion exclusion with a high charge
density increases the membrane permselectivity. Conversely, membranes with a lower
charge density have weaker co-ion exclusion and thus lower permselectivity. The
membranes with the highest permselectivity were those containing 0.5, 0.7, and 1 wt%
Fe,03-SO4>. Even though 1 wt% Fe,03-SO4% had a comparable permselectivity, the
highest area resistance was resulted with a low IEC level among these three membranes.
In Figure 4.7, P?R is illustrated using the relationship of permselectivity and area
resistance. On one hand, the membranes with the highest performance potential were
those containing 0.5 and 0.7 wt% Fe,03-S04%, which have the lowest area resistance as
well as high permselectivity. On the other hand, the pristine and 2.0 wt% Fe,03-SO4*
membranes were rated as the least effective owing to their high area resistance. Note that
this parameter (P?/R) may only be used as a reference indicator for power generation and

cannot fully demonstrate the overall power generation with such a limited information.

80



100 10

(Yol
o
oo

o
§ % __--{B""g‘ ---- _m\\ P l g
— ’ e 3= ermse eCtiVi

F ~ 5, ty 8
:E 80 m’ ‘ss\ 6 8
© . 2
k- g
: R
e " S~ 4 ‘'»
b vt 8
> 4]
- o
' <

at “"\ Arearesistance 1 7

" S ilis LT T
50 ;

0 02 04 06 08 1 12 14 16 18 2
Fe203'SO42- (Wt%)

Figure 4.6. Membrane permselectivity and area resistance of sSPPO membranes as a
function of Fe;03-SO4> wt%.

14000 = 6.0
& 12000 i = ~
E i : - 5.0 E
-2 10000 | M ors ppemms posiog -
© —_— 1 40 &
— 5
= 7920.1 c
= 8000 | 3
g 6420.3 30 ©
o 6000 | g
3 a
= 20 4
£ 4000 gn
-
° -
‘= 1.0 =
o 2000 1.15 3 Z1.1 Sede -
o, y/%%

0 Z—0! 0.0

M Pristine M0.2wt% BO.5wt% MO, 7wt?% & 1.0wt% m2.0wt% mCSO
% Pristine Z 0.2wt% z 0.5wt% = 0.7wt%  1.0wt% # 2.0 wt% % CSO

Figure 4.7. Performance potential ratio (P?/R) (solid bars) vs. maximum gross power
density (shaded bars) of nanocomposite membranes.

81



4.4.4. RED performance of nanocomposite IEMs

All the CEMs under investigation were employed in a RED stack containing an
ASV membrane as the AEM. We tested the performance of nanocomposite membranes
in RED and compared with the commercial CSO membrane. As mentioned earlier,
several researchers stressed the importance of resistance and permselectivity and a direct
correlation of area resistance to RED power density 2°. The RED power generation
performance was reasonably consistent with the electrochemical properties discussed
above. Membrane performance in RED is illustrated using gross power density (W m?)
versus flow velocity (cms?) in Figure 4.8. The membranes containing 0.5 and 0.7 wt%
Fe,03-SO4> exhibited the best performance at various flow rates. A maximum gross
power density value of 1.3 W m is achieved with 0.7 wt% Fe,03-SO4%, which exceeded
the level of power density acquired with the commercial CSO membrane. This result
aligns well with the electrochemical properties; the high permselectivity of 87.65% and
relatively low area resistance of 0.97 Q cm? may play a crucial role in determining the
power output. The pristine membrane (0 wt% Fe;03-S04%), however, performed the
worst owing to its high resistance (2.05 Q cm?) and low permselectivity (79.13%). In
addition, the amount of Fe,03-SO4% incorporated influences the polymer matrix and its
intrinsic membrane properties (IEC, SD, and charge density), and as such may also be a
key factor in achieving such a power density. Although, the trend of these properties
agreed well in determining the level of RED power density, which factor is most
important and the mutual relationship of electrochemical (IEC, SD, charge density,
permselectivity and area resistance) and physical properties (porosity, surface roughness)

for RED power generation are still unclear. A further investigation on various membrane
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materials is necessary to provide a persuasive conclusion on this matter. Nevertheless, the
current practice of designing IEMs is a great step toward more practical viability of the

RED system to fill the growing energy needs of the world.
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4.5. Conclusions

This work emphasizes the importance of membrane role and its characteristics
toward the performance of RED system. A new type of organic-inorganic nanocomposite
cation exchange membranes was designed and evaluated for electrochemical properties
and further tested in a RED stack to investigate its power density generation. We
incorporated small amount of sulfonated Fe,O3 in SPPO polymer to improve the
properties of ion-exchange membranes. In addition, the effect of Fe,O3-SO4> loading was
investigated to optimize the membrane performance in RED. The ion-exchange capacity,
swelling degree, area resistance and permselectivity of the membranes were determined
for various Fe,03-SO4% loadings and were best performed at the range of 0.5-0.7 wt%.
By controlling the inorganic filler amount, the nanocomposite membrane was found to be
optimized at 0.7 wt% Fe,03-SO4> for RED performance, which enables us to generate
higher power output than the commercially available CSO membrane. This newly-
developed nanocomposite membrane shows the potential to be a feasible candidate for
use as ion-exchange membranes in RED power generation. Further investigation to better
understand the effect of inorganic fillers on organic polymer as well as the correlation
among key membrane properties even in other compositions should be followed in future

studies.

85



CHAPTER 5
EVALUATION OF ELECTROCHEMICAL PROPERTIES AND
REVERSE ELECTRODIALYSIS PERFORMANCE FOR
POROUS CATION EXCHANGE MEMBRANES WITH

SULFATE-FUNCTIONALIZED IRON OXIDE

5.1. Abstract

As IEMs are a key element in a RED system, enhancing their electrochemical
characteristics is critical to maximizing system power performance. This chapter presents
the preparation of porous nanocomposite cation exchange membranes via a two-step
phase inversion technique. The phase inversion process controlled the structural variation
(porosity) of the polymeric membranes in the presence of functionalized iron (I11) oxide
(Fe203-S04%), which subsequently led to significantly improved electrochemical
performance. A porous nanocomposite membrane containing an optimal amount of
Fe,03-SO4* (0.7 wt%) at a thickness of 30 pm performed best, as it had an area
resistance of 0.82 Q cm? and a permselectivity of 85.6%. Application of this membrane in
a RED system achieved gross power density of up to 1.4 W m, which exceeds the power
density obtained with the commercially available CSO (Selemion™, Japan) membranes.
Thus, effective design of ion exchange membranes through structure optimization

increases the feasibility of salinity gradient power generation by RED.

5.2. Introduction
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Ideal IEMs for optimum RED performance would have high fixed charge density,
high ion permselectivity, and low electrical resistance. The fixed charge density is the
amount of ion exchange functional groups attached to the membrane per volume of
water, and it affects the transport of counter ions through the membranes. The ability to
discriminate between ions of opposite charges is required to create chemical potentials
and is closely related to the performance of IEMs. Organic-inorganic composite IEMs
can adequately provide such properties for RED 7. However, nanocomposite membranes
have gained increasing attention for their remarkable synergized properties as they are
expected to have enhanced IEC, conductivity, and permselectivity owing to their
homogeneity up to certain level of filler loadings . Although formation of
nanocomposites has been well studied, they have not been applied to RED energy
generation.

Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) is a viable candidate for IEMs
because it possesses excellent membrane-forming properties, good mechanical and
chemical properties, high thermal stability, and low moisture uptake at low cost 1215, To
enhance the hydrophilicity and IEC of the PPO, a sulfonation reaction was carried out
that functionalized the aromatic rings of the polymer chains with charged groups,
typically from sulfonic acid. Mixing Nafion® with a variety of inorganic fillers, such as
silica, titanium, zirconium phosphates, and ceria, has been widely used for creation of
composite membranes, mostly for fuel cell applications 1% 140141 Recently, sulfonated
iron (I11) oxides (designated as Fe»03-SO+% in the following and is not implying 1:1
molar ratio of Fe,Os to SO+*) have received increasing attention as inorganic filler

materials owing to their versatile characteristics. Sulfonated Fe>Os is strongly hydrophilic
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and has large specific surface area owing to the SO4> group on the Fe2Os surface, which
makes it easier to incorporate the compound into the polymer membrane matrix **°. In the
previous chapter, we used the solvent evaporation technique to prepare a series of new
organic-inorganic composite IEMs using Fe203-SO4* nanoparticles in the sSPPO polymer
matrix. The resulting highly dense structured membranes had fine electrochemical
characteristics *’. Structural modification of a membrane often influences its ionic
transport capability and electrochemical performance *8. In this chapter, we present pore-
induced nanocomposite membranes using sulfonated PPO and iron oxide via two-step
phase inversion. Highly viscous polymer solutions were used to tailor porous membrane
structures of various thicknesses, inorganic nanoparticle loadings, and aging
(evaporation) time. We focus on the range of inorganic nanoparticle loadings at 0 ~ 0.7
wt% based on the results of our previous work. The membranes containing 0.7 wt%
Fe,03-S04> was best performed in RED stack with enhanced electrochemical properties,
but the membrane performance did not continue to improve as more filler loading was
incorporated. This phenomenon was found to be the effect of particle aggregation, which
disrupted the functional group of the polymer matrix. In addition, two evaporation time
was selected to tailor the porosity, expectedly to observe the differences in the degree of
pore formation at two distinct aging time, thus better comparison of different pore
structure should be expected. The effect of such structural modifications of the
nanocomposite membranes on ionic transport characteristics and electrochemical

properties was investigated and its impact on RED power generation tested.

5.3. Materials and methods
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5.3.1. Preparation of the material

PPO sulfonation was carried out, based on the procedure described elsewhere 37 1%,
in a chloroform solvent using chlorosulfonic acid as the sulfonating agent (Figure 5.1).
The fine Fe,O3 nanoparticle powder (Aldrich, <50 nm) was sulfonated by concentrated
sulfuric acid (98%). The required amount of Fe>Os was placed in 0.25 M concentrated
H2>SO4 (98%) at room temperature for 24 h. The sulfonated Fe>Os was then filtered at
bottle-top filter unit using a diaphragm pump (2032, Welch) and dried at 80°C in a
vacuum oven for 1 h. The dried product was then calcined at 500°C for 3 h and ground in

an agate mortar to obtain a fine red powder.
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5.3.2. Preparation of Fe;03-S04%/sPPO nanocomposite membranes

Fe,03-S04%/sPPO nanocomposite membranes were prepared using a two-step
phase inversion method. First, 25 wt% sPPO polymer solutions were prepared using
dimethylsulfoxide (DMSO) as the solvent. The sPPO polymer solution was then mixed
with various amounts of Fe,03-SO4> (0-0.7 wt%) at 40°C for 24 h. The solution was
sonicated for 10 min to obtain an optimal dispersion of the particles before it was cast on
glass substrates. The doctor blade method was used to obtain the desired thickness of the
membrane (30-150 pm). The cast film was then dried in a vacuum oven at 80°C with an
aging time of either 10 or 40 min before precipitation in a 60—70°C deionized (DI) water
bath. After a few minutes, the film was peeled off the glass substrate. The obtained
composite membrane was treated in warm water for 2 h to remove residual solvents and
then immersed in 1 M HCI for 24 h. Finally, the membranes were rinsed with DI water
and stored in 0.5 M NaCl solution. CEMs with different weight ratios of Fe,03-SO4? and
thicknesses were prepared and named according to the wt% of Fe>Os added into the
polymer matrix and casting film thickness, respectively. The evaporation time was
indicated only when it was limited to 10 min (otherwise 40 min). For example, in Table
5.1, sSPPO composite membranes containing 0.7 wt% of Fe;03-SOs* and having a

thickness of 50 um with 10 min evaporation time were abbreviated as 0.7-50T(10).

5.3.3. Membrane characterization
The physical and electrochemical properties of prepared nanocomposite IEMs were
investigated by using procedures described in previous studies to determine their

morphology, IEC, SD, charge density, electrical resistance, and permselectivity 3438, The
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morphology and structure of the prepared membranes were observed by scanning
electron microscopy (SEM, Zeiss Ultra60 FE-SEM).

The IEC was measured using a titration method 3. Each CEM was immersed in a
total of 40 mL of a 1 M HCI for at least 12 h at room temperature and then rinsed with DI
water. Note that all the membranes used for this test were at a specific and constant mass.
After that, the membrane was immersed in 2 M NaCl solution for 3 h. Subsequently, the
hydrogen ions displaced from the membrane were titrated with 0.1 M NaOH solution
using phenolphthalein as an indicator. Then the SD was measured by equilibrating the
membrane in DI water for at least 24 h before it was wiped with a tissue to remove
surface water. The wet weight of the swollen membrane was measured. The membrane
was then dried at 50°C in a vacuum oven until a constant dry weight was obtained. The
IEC and SD of each membrane were then calculated using equations (1) and (2),
respectively. The fixed charge density of the membrane determines co-ion exclusion and
counter ion transport (i.e., high ion permselectivity) through the membrane. The fixed
charge density, expressed in milliequivalents of fixed groups per gram of water in the
membrane (meq. g wo?), can be determined by dividing the IEC by the SD of the

membrane, as shown in equation (3):

|EC — CNaOH ><VNaOH (1)
dry
Wwet _Wd
SD =" 100% )
dry
IEC
Cfix = E (3)
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where Cnaon IS the concentration of NaOH solution (M) and Vnaon is the volume of
NaOH solution. Wgry and Wwet are the weight of the dry and the wet membrane,
respectively.

A two-compartment cell was used for the electrical resistance of the membrane. The
resistance of each membrane was measured at room temperature by impedance
spectroscopy (IS) using a Vertex Potentiostat/Galvanostat (lvium Technologies, The
Netherlands) in a frequency range of 10-10° Hz with an oscillating voltage of 0.1 V
amplitude . Then the membrane resistance was calculated by subtraction of the
resistance measured without a membrane from the resistance measured with the
membrane under investigation.

The permselectivity of each CEM was determined by a static membrane potential
measurement using a two-compartment cell in which the compartments were separated
by the membrane under investigation, which had an effective area of 4.8 cm?. Aqueous
solutions of 0.1 M and 0.5 M NaCl were placed in each of the two cell compartments
next to the membrane. The potential difference across the membrane was monitored at
room temperature using a multimeter (Tektronix, USA) with two Ag/AgCI reference
electrodes. The permselectivity of each membrane (o) was calculated from the ratio of
the measured potential (AVmeasured) t0 the theoretical potential (AVineoreticar) fOr an ideal
100% permselective membrane, which was estimated to be 37.91 mV from the Nernst

equation:

o (%) =Mxlgo (4)

theoretical
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5.3.4. RED stack

The prepared nanocomposite CEMs of various thicknesses were evaluated in a RED
stack. The RED stack used in this study contained titanium mesh end electrodes coated
with iridium plasma. The RED stack consists of three cell pairs of AEMs (ASV) and
CEMs (CSO) (Selemion™, Japan) and later CEMs were replaced with the prepared
nanocomposite CEMs. Each CEM and AEM has an effective area of 4 cm x 9 cm, and an
additional CEM was placed at end of the stack as a shielding membrane. An electrode
rinse containing 0.05 M KsFe(CN)s and 0.05 M KsFe(CN)e in 0.25 M NaCl was pumped
through the cathode and anode compartments at a flow rate of 300 ml min?. The
intermembrane distance was maintained at 250 um by woven fabric spacers (porosity
60%). The artificial seawater (0.5 M NaCl) and river water (0.017 M NaCl) used as feed
solutions were prepared by dissolving NaCl in DI water. The two feed solutions were
delivered through the RED stack at flow rates of 38, 115, 191, and 268 ml min™ using
Masterflex peristaltic pumps (Cole-Parmer, USA). A four-electrode arrangement with an
external Vertex Potentiostat/Galvanostat (lvium Technologies, The Netherlands) in
galvanostatic mode allowed performance evaluation of the RED stack. The voltage (E) as
a function of the electrical current (1) was measured at each flow rate. The gross power
generation was calculated from the measured maximum values of E and I. The gross
power output was then corrected by subtraction of the power generated in a blank run

with only one CEM in the stack.

5.4. Results and discussion

5.4.1. Membrane morphology
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SEM was used to observe the morphology of the synthesized Fe;O3-SO4%/sPPO
CEMs. The top surface (A1-D1) and cross-sectional surface (A2-D2) of the obtained
nanocomposite membranes were shown to be porous (Figure 5.2). In general, membrane
structures are highly dependent on the preparation method and properties of the casting
polymer solution, especially when prepared by phase inversion *® 7, Figure 5.2 shows
that as membranes contain more inorganic nanoparticles, they exhibit bigger pore sizes
and higher porosity. In addition, the membrane prepared with a 10-min evaporation time
(Figure 5.2 D1-2) prior to immersion precipitation has significantly larger pore sizes than
membranes prepared under the 40-min evaporation condition. The porosity of the
prepared membranes (equation 5) also suggests a higher pore volume or free volume
fraction in nanocomposite membranes with a higher filler loading amount and shorter
evaporation time °® 19 The morphology clearly shows the influence on the membrane
structure of the inorganic nanoparticles and the two-step phase inversion technique. The
effect of membrane structure and thickness on electrochemical properties and thus
optimal design is further discussed in the following section.

-W

w
Porosity = —= 9% ®)

Adp,
where Wuwet and Wary are the weight of the wet and dry membranes, respectively; A is the

membrane area; ¢ is the thickness of the membrane; and pw is the density of water.
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Figure 5.2. SEM micrographs of (Al and A2) pristine SPPO membrane, (B1 and B2)
composite SPPO-0.3 wt% Fe,03-S04%, (C1 and C2) composite SPPO-0.7 wit% Fe,Os-
S04%, and (D1 and D2) composite SPPO-0.7 wt% Fe203-SO4? with 10 min evaporation
time. Note that membranes in (A), (B), and (C) are prepared with 40 min evaporation
time.
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5.4.2. Electrochemical behavior of the porous nanocomposite IEMs

Nanocomposite sPPO membranes were synthesized with different Fe,03-SO4%
loadings (0-0.7 wt%) and with various thicknesses (30-150 um) and their intrinsic
electrochemical properties characterized (Table 5.1). As discussed in the previous
section, pores formed on the membrane surface during the combined phase inversion
processes (i.e., solvent evaporation (dry) and precipitation immersion (wet)), and such
pores can affect membrane selectivity and ionic conductivity. Membrane thickness plays
an important role in void formation and has a notable impact on electrochemical
properties, especially on area resistance °8. In the previous chapter, nanocomposite
membranes loaded with a small amount (0—2 wt%) of functionalized iron oxide (Fe2Os-
S04%) in their sSPPO polymer matrix were synthesized only by solvent evaporation. The
100-um sPPO membrane with 0.7 wt% Fe,03-SO4> nanoparticles exhibited excellent
electrochemical characteristics and performed the best in a RED power measurement test.
Thus, in this study membranes containing 0.7 wt% Fe;03-SO4> were prepared in various
thicknesses (i.e., 30, 50, 75, 100, 125, 150 um) for detailed investigation, whereas
membranes containing other concentrations of nanoparticles were prepared in only three
different thicknesses (i.e., 30, 75, 100 um). The permselectivity, area resistance, IEC, SD,
and charge density of nanocomposite membranes were studied. Also, the properties of the
commercial CEM, CSO (Selemion, Japan), were evaluated for comparison.

IEC and SD are crucial membrane properties that are closely correlated with fixed
charge density. A greater quantity of counter ionic groups (fixed charges) present in the
membrane leads to higher IEC and enhanced ionic transport properties. As expected, we

found that the membranes with higher loadings of Fe,03-SO4> exhibited significantly
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higher IEC values, whereas the SD values of the membranes varied only slightly at
different nanoparticle loadings (Figure 5.3). The membrane thickness did not affect the
IEC and SD significantly under different nanoparticle loading conditions. This is because
the amount and species of ion exchange groups per unit weight (i.e., capacity) do not
depend on membrane thickness. Considering that the SD is determined by the amount of
ion exchangeable groups present in the membrane, the similar SDs at different
thicknesses is expected. In addition, the IEC and SD of 0.7 wt% Fe,03-SO4> membrane
with 10 min evaporation time were compared with those of membranes prepared with 40
min evaporation time. As Figure 5.3 shows, the membrane with shorter evaporation time
exhibited markedly lower IEC and higher SD. This phenomenon is attributed to the
higher porosity of IEMs with shorter evaporation time because high porosity weakens the
ability to effectively exclude co-ionic species **8. Thus, the selectivity of the membrane
diminishes and the membrane swells more, which result in lower charge density.
However, highly porous membranes often have excellent conductivity (i.e., low area

resistance) even as they suffer from low ionic selectivity °8.
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The structural variation of IEMs affects their permselectivity and area resistance
directly. Prepared nanocomposite membranes of different thicknesses exhibited similar
permselectivities, in part because of their similar IECs and SDs, as discussed earlier
(Figure 5.4A). This similar permselectivity may also arise because the membranes have
the same chemical composition. For instance, membranes with nanoparticle loadings of
0.3, and 0.7 wt% have different membrane thicknesses but comparable permselectivities
of approximately 83%, and 85%, respectively (Table 5.1). Additionally, the 0.7 wt%(10)
membrane exhibited significantly lower permselectivity than did membranes with longer
evaporation time because of its relatively high porosity. The study also supports the
hypothesis that membranes with larger pores or higher porosity are generally less
selective because the Donnan exclusion of ionic species becomes less valid %8 1%8,

However, IEM thickness plays a crucial role in the membrane’s ion transport
characteristics. Thinner membranes allow faster ion transfer through a conductive
medium, and thus low area resistance is expected and is desirable in a RED system 2,
This trend was present in the nanocomposite membranes prepared in this study (Figure
5.4B). Moreover, pore formation within the membrane due to the two-step phase
inversion process and functionalized nanoparticles provides more free space in the
membrane. These spaces promote the migration of ionic species and thus lower the area
resistance of the membrane 0. As expected, the 0.7 wt% Fe;03-SO4> membrane
(thickness of 30 pum) exhibited the lowest area resistance and the highest charge density
(4.5 meq. g m0). The largest area resistance was exhibited by the 0 wt% Fe;03-SO4>
membrane with a thickness of 100 um. The area resistance of 0.7 wt% (10) was similar at

thicknesses of 30 and 50 pm to those of the membranes with longer evaporation time
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(i.e., 40 min). In general, membranes with large pores are more conductive, which leads
to a decrease in membrane resistance °8. However, the low charge density of these
membranes (Table 5.1) increases the area resistance even with larger pore formation in
the membrane. In addition, the commercial CSO membrane had fine ion transport
properties (e.g., IEC and permselectivity), but showed relatively higher area resistance

than those of prepared membranes.
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Table 5.1. Characteristics of the prepared membranes relevant for RED performance.

Membranes IEC SD CD Permselectivity  Resistance el
[meq. gay™]  [%] [meq. g Hao ] [%] [Q cm?]

0-30T 1.01 29 34 77.3 1.87 0.35
0-75T 1.05 30 3.5 78.0 191 0.41
0-100T 0.98 32 3.1 77.1 2.01 0.47
0.3-30T 1.25 33 3.7 83.6 0.94 0.42
0.3-75T 1.18 34 3.7 83.4 0.98 0.45
0.3-100T 1.19 34 3.5 82.8 1.03 0.52
0.7-30T 1.42 32 4.5 85.6 0.82 0.47
0.7-30T(10)2 1.19 58 2.0 78.5 0.83 1.09
0.7-50T 141 33 4.3 85.2 0.86 0.50
0.7-50T(10)2 1.16 56 2.1 78.8 0.85 1.02
0.7-75T 1.39 34 4.1 85.9 0.89 0.53
0.7-100T 1.35 34 3.9 84.4 0.95 0.56
0.7-125T 1.36 34 4.0 84.8 1.26 0.60
0.7-150T 1.36 35 3.9 85.0 1.49 0.62
CSO 1.04 16 6.4 92.3 2.26 N/A

IEC: ion exchange capacity; SD: swelling degree; CD: charge density.
2Membranes prepared with 10 min. solvent evaporation time.
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At higher charge density, co-ionic species are effectively excluded and membranes
are more selective. The larger quantity of ion exchange functionalities leads to higher
permselectivity and lower area resistance 3% %8, We found such interconnected behavior of
these properties in the prepared porous nanocomposite CEMs.

In this experiment, we observed a correlation between charge density and
permselectivity and area resistance (Figure 5.5): permselectivity increased and area
resistance decreased as fixed charge density increased. As shown in Figure 5.5, this direct
correlation of intrinsic membrane properties does not depend on membrane thickness.
This correlation was expected in the case of the Fe,03-S04>/sPPO composite membranes
because they have the same chemistry as well as a comparable degree of IEC, SD, and
permselectivity. In other words, when membranes form with different chemistries and
degrees of cross-linking, such straightforward relationship may no longer be valid.
Moreover, lack of uniformity in charge distribution can also interfere with the transport

of counter ions, resulting in independent behavior of the membrane 42 1°9,
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Figure 5.5. Membrane permselectivity (A) and area resistance (B) of nanocomposite
membranes as a function of charge density.
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5.4.3. RED performance

IEMs are often evaluated on the basis of their permselectivity (high desired) and
area resistance (low desired). According to the Nernst equation, the permselectivity (o)
and area resistance (R) of the membrane influence the theoretical power density
generation (i.e., 0/R) and thus are often used to determine the power output in a RED
system 37 42, Figure 5.6 shows the effect of these characteristics of nanocomposite
membranes on maximum gross power density generation. The gross power density of the
membrane has a more scattered distribution as a function of permselectivity and a more
linear relationship versus area resistance (Figure 5.6). This directly reflects the effect of
thickness on these characteristics. For example, 0.7-150T, which is located in an outlying
region in Figure 5.6A, has high permselectivity but low power density owing to its high
area resistance. In the previous section, we observed similar permselectivities for
membranes with the same chemical composition (i.e., 0.3, and 0.7 wt% Fe,03-S04>) at
different thicknesses. However, we also found a trend of increasing area resistance with
increasing membrane thickness and decreasing area resistance with increasing inorganic
nanoparticle loading. Therefore, in this work the area resistance plays a more dominant
role in power performance and thus has a greater correlation with gross power density
(Figure 5.6B).

The membrane performance in RED is presented using gross power density versus
flow velocity in Figure 5.7. As expected, the gross power density increased as flow
velocity increased because of reduced boundary layer resistance at the membrane surface
39, 42, 160 gpecifically, enhanced mixing at higher flow velocity facilitates more ion

transport, and thus lowers internal resistance, which results higher gross power density.
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The membrane with a blend ratio of 0.7 wt% Fe203-SOs* with a thickness of 30 pm
yielded the highest power density of 1.4 W m2, which is significantly higher than that of
the commercially available CSO membrane. This membrane has excellent
electrochemical properties (Table 5.1), which were directly reflected in its high power
output, high permselectivity of 85.6%, and relatively low area resistance of 0.82 Q cm?.
However, the gross power density was reduced by 45% as the membrane thickness
increased to 150 pum. In addition to the effect of inorganic nanoparticles on the polymer
matrix and physicochemical properties, structural variation was found to be a key driver

of the RED power performance.
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5.5. Conclusion

This study demonstrates the importance of tailoring membrane structure and bulk
properties for RED power generation. A two-step phase inversion membrane preparation
process yielded the desired membrane structure and porosity in the presence of inorganic
nanoparticles. Porous nanocomposite membranes were prepared with various thicknesses
and evaporation times, and then their electrochemical properties and RED performance
were evaluated. The IEC, SD, and permselectivity of the membranes were comparable
for various film thicknesses; 0.7 wt% Fe.03-SOs* had the most favorable
electrochemical properties. Short evaporation time (10 min) led to a structure with
markedly large pores but clearly weakened ion transport and selectivity. The membrane’s
thickness directly affected the area resistance and thus its performance in a RED stack.
Relatively lower area resistance was achieved with thinner porous membranes, which had
the highest gross power density (1.4 W m™) in a RED stack. Tailoring key structural
properties of the membrane play a significant role in ionic transport, resulting in higher
RED power performance. Therefore, structural optimization of the membrane in
combination with use of functionalized nanoparticles shows great potential and provides
valuable insights as a feasible pathway to IEM development for a RED power generation

process.
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CHAPTER 6
EFFECT OF INORGANIC FILLER SIZE ON
ELECTROCHEMICAL PERFORMANCE OF NANOCOMPOSITE
CATION EXCHANGE MEMBRANES FOR

SALINITY GRADIENT POWER GENERATION

6.1. Abstract

In this chapter, we present the preparation of organic-inorganic nanocomposite
CEMs containing sulfonated polymer, poly (2,6-dimethyl-1,4-phenylene oxide), and
sulfonated silica (SiO.-SO3H). The effect of silica filler size at various loading
concentrations on membrane structures, electrochemical properties, and the RED power
performance is investigated. The membranes containing larger fillers (70 nm) at 0.5 wt%
Si02-SO3H exhibited a relatively favorable electrochemical characteristic for power
performance: an area resistance of 0.85 Q cm?, which is around 9.3% lower than the
resistance of the membranes with smaller particle fillers (15 nm). The power performance
of this nanocomposite CEM in a RED stack showed the highest gross power density of
1.3 W m% 10% higher power output compared with the membranes containing small
particle size and 21% higher than that of commercially available FKS membrane. The
goal of the present work is to develop an effective design for tailor-made CEMs for RED
applications. Thus, a further optimized combination of material properties and membrane
structure appears to be a viable option for the development of nanocomposite ion

exchange materials that could provide greater power production by RED.
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6.2. Introduction

The concept of combining organic polymer and inorganic nanoparticles to form
composite membranes have gained much interest in the development of IEMs owing to
the ability to retain RED-desired properties (e.g., low resistance) from both components.
The aim of incorporating inorganic filler materials in polymer-based materials is often to
enhance mechanical, chemical, and thermal stability of polymer matrix. However, their
synergy can also provide extra ion exchange functional groups to the membrane, which
helps more ion migration, and thus allows improved conductivity as a single molecular
composite 37 181 In fact, the structural properties of the membrane often influences its
ionic mobility and electrochemical performance 2. Organic-inorganic composite IEMs
with controlled porosity exhibited significant improvement in IEC, water uptake,
conductivity, and permselectivity, while maintaining adequate thermal and mechanical
properties of the polymer matrix *°2. The presence of inorganic particle fillers increase the
porosity and the pore size of the membrane ** 10, because a higher particle loading
results apparent particle agglomeration, creating larger pores and voids. Such pore
formation in the membrane, with the help of additional functional groups (i.e.,
functionalized nanoparticles) and phase inversion, provides more space with shorter ion
channel, which will facilitate enhanced ion migration. Although large pores may weakens
the selectivity of the membrane as they can disrupt the functional groups of the polymer
matrix, the area resistance of the membrane can be decreased, which is often considered
as more critically important in RED % %2, Considering the role of inorganic nanoparticles

in forming such free pores when combined with a polymer matrix °8, it is crucial to
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understand the effect of particle filler size on the membrane structure and performance in
RED applications. The size of inorganic fillers may alter the condition of the membrane
structure and pore formation, especially at the polymer-particle interfacial zone %3, In our
previous work, we have developed a series of new nanocomposite IEMs based on
sulfonated poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) . PPO carries high film-
forming properties, good mechanical, thermal, and chemical stability, and low-moisture
uptake %1% For ion exchangeable inorganic materials, silica (SiO2) has been widely
used for the synthesis of composite membranes, mostly for fuel cell and desalination
applications 3132 9 Through suitable surface modification, such inorganic filler material
also plays a role as a charge carrier in the composite membrane. The surface of SiO:
nanoparticle can be modified with —SOzH group via a sulfonation reaction, which makes
the material more hydrophilic and more functional in transporting ionic charges. The
studies reported that its versatility due to wide porosities and functionalities allows
improved conductivity, water uptake, and mechanical stability of the membranes 161164,
In this chapter, we investigate the effect of inorganic particle filler size on the structure
and electrochemical performance of silica nanocomposite CEMs for RED power
generation. Structural properties of the membranes were tailored by varying nanoparticle
loadings and inorganic particle size. The effect of such transformation of interfacial
properties in the nanocomposites on physical and electrochemical properties was

evaluated and further tested in an RED stack for power production.

6.3. Materials and methods

6.3.1. Materials
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Poly (2,6-dimethyl-1,4-phenylene oxide) (PPO) (Aldrich, analytical standard), was
used for the polymer membrane. The solvent for PPO was chloroform (Aldrich,
anhydrous, 99%). Chlorosulfonic acid (Aldrich, 99%) and sulfuric acid (Aldrich, 98%)
were used in sulfonation of the polymer material and the inorganic particle fillers,
respectively. Dimethylsulfoxide (DMSOQO) (ACS grade, 99.9%) was obtained from VWR.
Silicon dioxide (SiO., silica) nanopowder in two different sizes was used as the inorganic
particle fillers: 15 nm SiO. (US Research Nanomaterials, 99.5%) and 70 nm (US

Research Nanomaterials, 98%). All materials were used as received.

6.3.2. Material preparation

First, the appropriate amount of PPO was added to the chloroform solvent and
stirred vigorously to yield a 6 wt% solution at room temperature. Once dissolved, the
PPO was sulfonated with an 8 wt% chlorosulfonic acid and chloroform solution. The
chlorosulfonic acid-chloroform solution was added dropwise to the PPO-chloroform
solution over a time period of 30 minutes with vigorous stirring. During this time, the
sulfonated PPO (sPPO) was kept at room temperature as it started to precipitate out of
solution. After the sPPO was fully precipitated, it was washed with deionized (DI) water
numerous times until the pH was between 5 and 6. The sPPO was then dissolved in
methanol over light heating (50 °C) for about an hour. The milky solution was poured
into a Pyrex glass tray to form a thin film of about 1 mm thickness. This thin film was
allowed to air-dry overnight at room temperature. After 24 hours, the dry sPPO was

washed with DI water, left to dry overnight, and then cut into small pieces.
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The silica nanopowder was sulfonated with concentrated sulfuric acid (98%). The
appropriate amount of SiO> was dissolved in 0.25 M H>SO;4 solution and left soaking for
24 hours. The sulfonated SiO> was subsequently filtered and dried at 80 °C in a vacuum
oven. Last, to ensure the particles were completely dried, they were calcinated at 500 °C

for 3 h to obtain white sulfonated SiO> powder.

6.3.3. Synthesis of nanocomposite CEMs

A solvent evaporation method was employed to prepare the nanocomposite cation
exchange membranes as described in previous work 3. 25 wt% solutions of sPPO in
DMSO were prepared. When the sPPO was dissolved, 0-1 wt% of sulfonated SiO> was
mixed with the polymer solution at 60 °C for 24 hours while stirring to properly disperse
the particles. The resulting mixture was then cast onto glass plates with a doctor blade to
obtain membranes with 30 pum thicknesses. To remove residual solvents, the membranes
were dried in a vacuum oven for 24 h at 60 °C then for another 24 hours at 80 °C. The
dried membranes were treated in 50 °C warm water for 15 minutes then transferred to a 1
M HCI solution for 24 hours. The final membranes were rinsed with DI water and stored

in 0.5 M NaCl solution until testing.

6.3.4. Membrane characterization

FTIR spectroscopy. The chemical structures of silica nanocomposite membranes were

investigated using Fourier Transform Infrared (FTIR) Spectra. FTIR spectra of sulfonated

SiO2 and PPO membranes were acquired with FTIR Spectrometer (Spectrum 400,
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PerkinElmer), collecting 50 scans per sample at a 4 cm™ resolution and a spectral range

of 4000-600 cm™. The spectrum of ambient air was used as background.

Morphology and structure. The morphology of inorganic particle fillers and structure of

the surface and cross section of the prepared membranes were investigated by
transmission electron microscopy (TEM, JEOL 100CX II) and scanning electron
microscopy (SEM, Zeiss Ultra60 FE-SEM), respectively. For the cross-sectional surface,
the samples were prepared in liquid nitrogen and then fractured to obtain a sharp cross-

section. Membrane samples were then dried overnight to preserve their structure.

Charge density. IEMs have a fixed number of charged groups in their polymer backbone.

This fixed charge density, expressed in units of milliequivalent of fixed groups per gram
of water in the membrane (meq g H.0l), determines the counter ion transport and ion
permselectivity through the membrane. Simplified, the charge density can be determined
by dividing the IEC by the SD of the membrane as seen in equation (1):

IEC
C.=— 1
fix SD ( )

The IEC and SD of the silica nanocomposite membranes were determined
following a previously described procedure *’. IEC was determined by using a titration
method 8. The samples were first immersed in 1 M HCI for at least 15 hours. Then, the
samples were rinsed with DI water to rid them of chloride ions. After rinsing, they were
equilibrated in 1 M NaCl solution for at least 6 hours. The resulting solution with

displaced hydrogen ions from the membrane was titrated with 0.01 M NaOH solution
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using phenolphthalein as an indicator. The IEC of membranes were then calculated by
using the following equation:

IEC :M (2)

dry
where Cnaon iS the concentration of NaOH solution, Vnaon is the volume of NaOH
solution used and Wary is the dry weight of the membrane.

SD is the extent to which the polymer membrane absorbs moisture. SD is important
in determining the mechanical strength and stability of the membrane, as well as being
influential in the ability of the membrane to be ion-selective and electrically resistant. It
is measured as a percentage of water content per unit weight of dry membrane. To
measure SD, a sample was taken from each membrane and immersed in DI water for at
least 24 hours. Then, after removing the surface water from the sample, the weight of the
swollen membrane was measured. Then, the same sample was air-dried overnight and
weighed again to get the dry membrane mass. The SD of a membrane was calculated in

weight percent by:

W, —W
SD=—"__9%100% (3)

dry

where Wuwet and Wary are the weight of the wet and the dry membrane, respectively.

Area resistance. The electrical resistance of the membrane is the ability of the membrane

to oppose the passage of electrical current (i.e., low desired). Electrical resistance was
measured in a two-compartment cell using 0.5 M NaCl aqueous solutions. The electrodes
were made of titanium and coated with Ru-Ir mixed metal oxides (Jing Run Beijing

Science and Technology Research Institute Company, China). The resistance of the
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membranes was measured at room temperature by impedance spectroscopy (IS) using a
Vertex Potentiostat/Galvanostat (Ivium Technologies, The Netherlands) in a frequency
range from 10-10° Hz with an oscillating voltage of 0.1 V amplitude *. Then the area
resistance was determined by subtraction of the resistance measured without a membrane

(blank) from the resistance measured with the membrane under investigation.

Permselectivity. Permselectivity is the ability of the membrane to select for one species

over another. The apparent permselectivity of an IEM was determined using a static
membrane potential measurement. A two-compartment cell separated by a membrane
sample with an effective area of 4.8 cm? was used in this experiment. Aqueous solutions
of 0.1 M and 0.5 M NaCl were placed in each cell and contact with the test membrane
through a small hole in the center of the compartment. Two Ag/AgClI reference electrodes
were used to measure the potential difference over the membrane and recorded the
potential in a multimeter (Tektronix, USA). The permselectivity is calculated by dividing
the measured membrane potential (AVmeasured) Dy the theoretical membrane potential
(AVitheoretical) s shown below:

a (%) = AVieasres x100 (4)

theoretical

where o is the membrane permselectivity (%). Note that the theoretical membrane
potential is the membrane potential for an ideal 100% permselective membrane, which is

estimated to be 0.0379 V from the Nernst equation .

6.3.5. RED power performance
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The RED power performance of the synthesized membranes was evaluated in a
RED stack. The RED stack contained two titanium mesh end electrodes coated with
iridium plasma. It consists of three cell pairs of AEMs (FAS) and CEMs (FKS)
(Fumatech, Germany), stacked alternately, and an additional CEM was placed at the end
of the stack as a shielding membrane (Figure 6.1). After a measurement was made with
the FKS membrane, it was replaced with the synthesized membranes for a comparison. A
solution of NaCl (0.25 M) with KsFe(CN)s (0.05 M) and KsFe(CN)es (0.05 M) was used
for electrode rinsing and pumped through the electrode compartments at a flow rate of
10.2 cm s (300 ml min™t). The stack with membranes also contained woven fabric
spacers (thickness: 250 um, porosity 60%) to form water compartments for the synthetic
seawater and river water solutions to pass through. The artificial feed water had a
concentration of 0.5 M NaCl for seawater and 0.017 M NaCl for river water. Masterflex
peristaltic pumps (Cole-Parmer, USA) delivered the feed solutions for both waters
through the RED stack at various flow rates. A four-electrode configuration with an
external Vertex Potentiostat (lvium Technologies, The Netherlands) in galvanostatic
mode allowed performance evaluation of the RED stack. The gross power density was
estimated from the measured maximum values of voltage (E) and electrical current (1),
and then corrected by subtraction of the power generated in a blank test with only one

CEM in the stack.
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\_Shielding CEM
Cell pair 3

\ Cell pair 2 (Expanded view)

\ Cell pair 1 (CEM-Spacer-AEM-Spacer)

Figure 6.1. Scheme of the membrane configuration in a RED stack used in this
performance test: (A) flow schematic for a single RED cell, and (B) Membrane stack
consisting of 3 repeating cell pairs. Note that the red and blue arrows in (A) represent two
different feed streams (one: saline water, other: fresh water).

120



6.4. Results and discussion
6.4.1. FTIR spectra study

The FTIR spectra of silica composite membrane films were obtained as seen in
Figure 6.2. The spectra of original PPO polymer show C-H stretch of CH> and CHjs
throughout 2868 and 2970 cm™ and C-O-C stretch at 942 cm™ in Figure 6.2 a-f. The
characteristic absorption peaks at 1060 cm™ are due to the presence of the —SOsH group
that is substituted to PPO aromatic rings after the sulfonation reaction (Figure 6.2 b-f).
All the spectra of SPPO membranes show a large band in the range of 3300 and 3500 cm"
1 which is attributed to the hydrogen reaction between —OH groups and —SOsH. The
symmetric stretching vibration bands for the characteristics of O=Si=O in the SOzH
groups were observed at 1172 cm™ (Figure 6.2 c-g). Overall, these FTIR results
demonstrate the successful functionalization of the PPO and SiO. nanoparticles with
SOsH groups during the sulfonation process and the presence of ion exchangeable groups

in these organic and inorganic components.

6.4.2. Morphology of inorganic particle fillers and membranes

The silica particles of two different sizes (15 and 70 nm) were sulfonated according
to a previously reported procedure (Figure 6.3) 1®. The nanoparticles were added to
sulfuric acid solution and mixed with the sSPPO polymer solution to form nanocomposite
membranes via blending method and phase inversion technique. The surface and cross-
sectional morphologies of the prepared membranes were observed by scanning electron
microscopy (SEM), as seen in Figure 6.4. As inorganic loading increased (~ 1.0 wt%),

the higher porosity of the membrane was observed and relatively larger-sized pores were
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recognized for those membranes containing bigger particle fillers (70 nm). The increase
in pore formation at higher percentage of particle loading is often attributed to the particle
agglomeration that leads to larger pores and additional porosity in the matrix. The pore
formation at interfacial zone of polymer and filler can also be dependent on inorganic
filler sizes *. The smaller inorganic fillers are more likely to have better interaction
between particles and polymer, which results in less interfacial gap (i.e., small pore size).
On the other hand, relatively larger pore sizes and voids for the membranes with the
bigger particle fillers can arise because of poor interactions between particles and
polymer (i.e., larger interfacial gaps or pores) compared to those membranes with smaller
sized particle fillers (15 nm). The energy-dispersive X-ray spectroscopy (EDS) mapping
technique was utilized to elucidate the distribution and aggregation of particle fillers in
the membranes. Figure 6.5 shows Si mapping of sSPPO nanocomposite. In the figure, the
particle fillers are well-dispersed throughout the polymer matrix with some signs of
particle agglomeration, which is a possible cause of apparent pores formed in the

structure.
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Figure 6.2. FTIR spectra of nanocomposite membranes: (A) Pristine (PPO), (B)
Sulfonated PPO (sPPO), (C) 0.2 wt% SiO2-SOzH, (D) 0.5 wt% SiO,-SOszH, (E) 0.8 wt%

Si02-SOsH, (F) 1.0 Wt% SiO2-SOsH, (G) SiO2-SOsH.
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Figure 6.3. TEM images of sulfonated SiO2 nanoparticles with sizes of (A) 15 nm and
(B) 70 nm.

Figure 6.4. SEM micrographs of sPPO composite membranes: (A) 0.2 wt% SiO>-SOzH
(15 nm), (B) 0.5 wt% SiO>-SOzH (15 nm), (C) 0.8 wt% SiO2-SOsH (15 nm), (D) 1.0 wt%
Si02-SOzH (15 nm), (E1-H1) 0.2, 0.5, 0.8, and 1.0 wt% SiO2-SOsH (70 nm),
respectively, and (E2-H2) cross-section surfaces of 0.2, 0.5, 0.8, and 1.0 wt% SiO,-SOsH
(70 nm), respectively.
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Figure 6.5. EDS-mapping analysis of sSPPO composite membranes: (A) 0.5 wt% SiO»-
SOsH (70 nm), and (B) 1.0 wt% SiO.-SOsH (70 nm). Note that pink and cyan dots
represent the dispersion of silica nanoparticles on the surface of corresponding
membranes.
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6.4.3. Physicochemical properties of membranes

SD s typically proportional to IEC and inversely proportional to cross-linkage °°.
As IEC increases, membrane swelling generally increases but other factors, such as ion
exchange group species and polymer material, can cause SD to fluctuate. Higher SD can
be indicative of low mechanical strength and stability of the membrane. From the data
(Figure 6.6(A)), there is a trend of increasing SD with increasing silica nanoparticle size.
This can be explained from a microscopic level. As seen in Figure 6.4, bigger
nanoparticles allow for larger pores within the membrane. This increase in pore size
allows more water molecule to be absorbed by the membrane. On the other hand, the
smaller nanoparticles with relatively small pores, are less able to take up water
molecules, leading to a lower SD.

IEC is an important characteristic of ion exchange membranes for RED since it
affects most of the other properties of the membrane. For both sizes of silica
nanoparticles, the trend found from analysis of our IEC results shows an increase until a
peak at 0.5 wt% loading. After this peak, the IEC dramatically decreases when 0.8 wt%
silica loading is applied then gradually decreases at 1.0 wt%. This can be explained by
the fact that an increase in loading of sulfonated silica (0.2-0.5 wt%) increases the
functionalized groups within the membrane and allows for optimized exchange of ions.
However, further increase of the silica concentration (> 0.8 wt%) can cause
agglomeration of the nanoparticles, decreasing the ability of the membrane to
productively exchange ions.

Central to this study is the effect of nanoparticle size on membrane performance.

The nanocomposite membranes containing the bigger nanoparticles (70 nm) consistently
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performed better in IEC tests than those with the smaller nanoparticles. The difference is
most apparent for the 0.5 wt% membrane, which could indicate that the loading is
interconnected when considering nanoparticle size in relation to ability to exchange ionic
species. The nanoparticle size is significant because as the size of the nanoparticle
increases, the surface of ion accessible functionalized groups at interfacial (polymer and
filler) zone increases (Figure 6.7), and, therefore, an increased ability to exchange
ions. The bigger particles with lower degree of agglomeration create larger interface void
region (i.e., poor polymer-filler interaction) at interfacial zone of polymer and filler.
Thus, the bigger particle based interfacial zone with high accessible surface area and
open pore structures provides highly porous channels for easy access of ions. For this
reason, the 70 nm-containing membranes exhibited better IEC in all loading percentages.
But, there is a limit to this beneficial feature; as shown in Figure 6.6(B), there is a loss of
accessible ion exchange groups at higher loading (0.8 ~ 1.0 wt%). The loss of accessible
ion exchange groups at high loading is related to a reduction of the surface area of
charged groups. This reduction of the surface area of charged groups is largely due to
particle agglomeration and indicates poor interaction between the sulfonated silica
nanoparticles and the polymer. On the other hand, at low silica loading (0.2 and 0.5
wit%), there might be relatively better interaction between the particle fillers and the

polymer, showing higher degree of IEC.
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Figure 6.6. Swelling degree (A) and ion exchange capacity (B) of sPPO nanocomposite
membranes of different size of inorganic particle fillers at various loading amount. Note

that SS denotes the sulfonated SiO.
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Morphology of 15 nm particle-
containing membranes

Morphology of 70 nm particle-
containing membranes

Figure 6.7. Effect of inorganic filler size on membrane morphology.
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6.4.4. Electrochemical behavior of membranes

In general, membrane permselectivity and area resistance are dependent upon the
degree of IEC and SD of the membranes. Considering the fact that the fixed charge
density is determined by the IEC over SD (Eq. 1), permselectivity and area resistance are
often related to the fixed charge density. The charge density is an important
electrochemical property, which indicates the number of charged functional groups
(counter ions) in the membrane. Thus, stronger co-ion exclusion is expected with high
charge density. In Figure 6.8, we present the permselectivity and area resistance of the
prepared membranes as a function of charge density derived from IEC and SD. The
prepared membranes exhibited a slightly increasing trend of permselectivity up to certain
degree of CD (i.e., 3.8 meq. g%). This tendency is the result of effective co-ion exclusion,
which facilitates the enhanced counter ion transport, leading to higher permselectivity. A
more apparent correlation between charge density and area resistance was observed for
the prepared nanocomposite membranes (Figure 6.8). This is often the case for the
membranes with same structure and chemistry as well as a comparable degree of cross-
linking 4% 42,

The permselectivity of the prepared nanocomposite membranes increased with
increasing the inorganic filler loading and peaked at low percentage of sulfonated silica
particles, i.e., 0.5 wt% (Figure 6.9A). The lower permselectivity when more sulfonated
silica was applied is possibly due to loss of the accessible functional groups in sulfonated
silica, which causes low IEC and fixed charge density, resulting in poor selective ion
transport of counter ions (Table 6.1). In general, more swelling occurs with more ionic

groups present in the matrix, therefore low resistance is normally expected 2> %7, 0.5 wt%
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Si02-SO3zH with the highest IEC and SD showed the lowest resistance. As seen in Figure
6.9, nanoparticle size influenced notably on the degree of permselectivity and resistance.
The effect of particle size on such ion transport properties may be associated with the
structure and pore formation of the membranes, which often depends on the interaction
between polymer and particle 3. As we discussed in previous section, nanoparticle size
plays a contrasting role in forming membrane pores or free volume. The resultant larger
pores or higher porosity of the membranes containing bigger particle filler (70 nm)
lowers the ability to effectively select counter ionic species, leading to lower
permselectivity compared to that of membranes with smaller particle filler. On the other
hand, the formation of such pore structure with the bigger particle fillers also promotes
enhanced migration of ionic species, which, in turn, resulted in relatively lower resistance
at all filler loadings (Figure 6.9B). In addition, the membranes with low area resistance
often have weaker selectivity due to loosened mechanical structure. However, in this
work, 0.5 wt% SiO2-SOzH (70 nm) with the highest IEC, SD, and permselectivity
exhibited the lowest level of resistance. This phenomenon can be the case that the
presence of inorganic particle filler in the membrane structure may lead to sustain its
mechanical strength, which results in good permselectivity. The resistance increased as
more SiO2-SOzH (both particle size, > 0.5 wt%) was incorporated. The increase in the
resistance can be explained by the relatively low charge density of those membranes at

higher percentage of inorganic filler loading (0.8 and 1.0 wt%).
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6.4.5. Power density in RED

We compared the gross power density of the CEMs each containing different size
nanoparticles at different inorganic loadings with that of a commercial membrane
(Fumatech FKS). The Fumatech FAS membrane was used as the reference anion
exchange membrane in the RED stack for each test. Figure 6.10 shows the gross power
density of the stack with the prepared nanocomposite membranes as a function of the
feed flow velocity. As flow velocity increases with rapidly renewed feed waters, more
ion transport can be facilitated because of the reduced boundary layer resistance at the
membrane surface. Thus, higher gross power density is achieved at resulting low internal
electrical resistance with increasing flow velocities. The membrane with a blend ratio of
0.5 wt% SiO.-SOsH with a particle size of 70 nm exhibited the highest power density of
1.3 W m2at the highest feed flow velocity, which is significantly higher than that of the
membrane containing smaller nanoparticle (15 nm) (Figure 6.10). In our experiments,
higher power densities were observed with those membranes containing the bigger
particle filler. This is in agreement with Figure 6.9B that shows relatively lower area
resistance with the 70 nm-containing membranes than with the other membranes
containing smaller nanoparticles. Although the theoretical power density is proportional
to the square of permselectivity (i.e., Power ~ o) in RED, the membranes having higher
permselectivity do not always perform better “2. In this work, we also found that the
membranes with the 15 nm particle fillers exhibited a higher degree of permselectivity,
but their gross power density did not appear to be affected throughout the various
inorganic loadings, which is consistent with the literature 2. Similarly, the commercial

FKS membrane showed relatively lower gross power density compared to those
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membranes with relatively lower permselectivity as well as lower area resistance.
Therefore, in this work, regardless of high selectivity, the area resistance of these
prepared membranes dominates and has a significant impact on the overall RED power
generation. Overall, the size of inorganic particle fillers affected the power performance
of prepared nanocomposite CEMs, showing about a 10% difference (average) at various
loading concentrations. The inorganic filler nanoparticle size influences the membrane
structure and its electrochemical characteristics (e.g., area resistance), and as such may

also be a key driver to achieve high power density in RED stack.
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Table 6.1. Physical and electrochemical properties of the prepared membranes.

Membranes IEC SD CD Permselectivity ~ Resistance
[meq.gdry*]  [%] [meq.gH0"] [%] [Q cm?]
0SS 0.96 21 4.6 79.1 1.87
0.2 SS-15 nm 0.98 23 4.4 84.4 1.03
0.5 SS-15 nm 1.02 27 3.8 86.5 0.99
0.8 SS-15 nm 0.87 27 3.3 83.8 1.05
1.0 SS-15 nm 0.78 25 3.1 83.0 1.28
0.2 SS-70 nm 1.13 24 4.7 82.7 0.93
0.5SS-70 nm 1.18 34 3.5 83.2 0.85
0.8 SS-70 nm 0.99 33 3.0 81.4 0.95
1.0 SS-70 nm 0.82 32 2.6 81.3 1.23
FKS? 1.49 15 9.9 94.0 1.49

IEC: ion exchange capacity; SD: swelling degree; CD: charge density; SS: sulfonated SiO».
4FKS is a commercial CEM from Fumatech, Germany with a thickness of 30 pm.
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6.5. Conclusion

In this chapter, silica nanocomposite cation exchange membranes were prepared
with various nanoparticle loadings at two different inorganic particle sizes by blending,
casting, and a solvent evaporation technique. The evaluation of physical and
electrochemical properties was discussed. The effect of inorganic particle filler size on
silica nanocomposite cation exchange membranes at various nanoparticle loadings on the
performance of a reverse electrodialysis (RED) stack was also investigated. Relatively
higher IEC and lower area resistance were achieved with the membranes containing the
bigger particle filler size (70 nm). The permselectivity, on the other hand, performed
better with the 15 nm particle-containing membranes in all loading percentages. This is
possibly attributed to the larger-sized pores of the 70nm-containing membranes with low
polymer-particle adhesion at their interfacial zone, which allows enhanced ability of ion
exchange and transport, but weakens effective co-ionic exclusion. Overall, the most
favorable physical and electrochemical characteristics were exhibited at 0.5 wt% SiO»-
SOsH. The area resistance of the membranes containing the bigger particle filler was
around 9.3% lower than those with smaller particle filler, which resulted in a 10%
(average) higher gross power density at all loading concentrations. Considering these
results, nanocomposite IEMs with further-optimized inorganic filler properties and

loadings may enable even greater RED power generation.
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7.1.

(i)

(i)

(iii)

CHAPTER 7

MAJOR CONCLUSIONS AND FUTURE WORK

Major conclusions

The key findings and conclusions of this dissertation are briefly summarized below:
The stack OCV of the RED system was sensitive to flow rate variation in the
presence of multivalent ions. The power density obtained with multivalent ions was
fairly lower than that when using a monovalent ion (i.e., NaCl) due to higher
internal cell resistance. Higher power density was gained by applying higher flow
rates in the saline water compartment than in the freshwater compartment.
Moreover, RED performance was significantly improved by using a saline water
compartment thicker than the freshwater compartment.

The novel nanocomposite CEMs were designed specifically for RED by
incorporation of sulfonated Fe;Os in sPPO polymer matrix. By controlling the
inorganic filler amount (i.e., Fe,03-S0O4%), the nanocomposite membrane was found
to be optimized at certain inorganic loadings for RED performance, which enables
to generate higher power output than the commercially available CSO membrane.
This newly-developed nanocomposite membrane showed the potential to be a
feasible candidate for use as ion-exchange membranes in RED power generation.

A two-step phase inversion membrane preparation process yielded the desired
membrane structure and porosity in the presence of inorganic nanoparticles. Porous
nanocomposite membranes were prepared with various thicknesses and evaporation

times. The IEC, SD, and permselectivity of the membranes were comparable for
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(iv)

7.2.

various film thicknesses. Short evaporation time led to a structure with markedly
large pores but clearly weakened ion transport and selectivity. The membrane’s
thickness directly affected the area resistance and thus its performance in a RED
stack. Relatively lower area resistance was achieved with thinner porous
membranes, which had the highest gross power density in a RED stack. Tailoring
key structural properties of the membrane play a significant role in ionic transport,
resulting in higher RED power performance.

Silica nanocomposite CEMs were prepared with various nanoparticle loadings at
two different inorganic particle sizes by blending, casting, and a solvent evaporation
technique. Relatively higher IEC and lower area resistance were achieved with the
membranes containing the bigger particle filler size. The permselectivity, on the
other hand, performed better with the small-sized particle-containing membranes in
all loading percentages. This is attributed to the larger-sized pores of the bigger
particle-containing membranes with low polymer-particle adhesion at their
interfacial zone, which allows enhanced ability of ion exchange and transport, but
weakens effective co-ionic exclusion. The area resistance of the membranes
containing the bigger particle filler was lower than those with smaller particle filler,

which resulted in higher gross power density at all loading concentrations.

Future work

Based on the current knowledge and challenges, future work to advance the

development of salinity gradient power production using RED process may include the

following crucial issues:

140



(i)

(i)

(iii)

(iv)

Development of predictive models for the key performance-determining properties
in RED system. Detailed investigation needs to be aimed at maximizing the power
output and efficiency with a particular focus on system constraints and key
performance-determining factors such as operating flow pressures, membrane
resistance, membrane sizes, and stack design/configuration. The optimization of
such components within the RED system can be achieved with the aid of more
elaborate mathematical models especially for the large-scale application of real
water streams in RED.

Development of lab-to-scale-up RED membrane modules. Based on the assessment
of the model, the fabrication of sophisticated module-scale design and
implementation in real sea and river water should be demonstrated with the purpose
of stepping up the technology for proper access to commercialization.

Identify the low-cost IEM materials. The importance of membrane development
and optimization for the RED application using cost-competitive materials has been
stressed in many studies. A successful launch of large-scale energy conversion by
RED depends on effective and inexpensive membranes that uses low-cost and well-
developed IEM materials.

Investigate the innovative membrane preparation methods. In RED application,
better quality membrane products ensure better performance, which often can be
achieved by improving the physicochemical structure and electrochemical
characteristics of the membranes. Specifically, following methods should be based
and further explored: 1) copolymerization, 2) use of a crosslinking agent, 3)

formation of a hybrid structure (organic-inorganic), 4) controlling the degree of
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(V)

chemical reactions (e.g., sulfonation and amination), and 5) tailoring the ratio of the
polymeric binder or the inorganic filler loading. In addition, effective design of
RED membranes should also be focusing on a reduction in fouling and
improvements to the fouling resistance by using polymer-grafting techniques to
tailor the membrane surface with enhanced anti-biofouling properties for advanced
application in natural waters.

Investigate the synergistic impact by combining RED with other technologies.
There is even greater potential available once RED is combined with other existing
processes such as wastewater treatment, desalination (electrodialysis), microbial
fuel cell. Such hybrid technology could be highly efficient and a promising way to
conquer the limitations of individual systems. However, combinant technologies are
in an early stage of development and practical application of these approaches could
be more feasible only with greater development in membranes and system

optimization.
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