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Chapter 1

ABSTRACT
The aim of this research is to investigate the design and development of a reverse
electrodialysis process with a strong focus on anion exchange membrane preparation,
characterization and modification in relation to the RED process performance. This
chapter discusses the global potential of salinity gradient energy, its concept and basic
principles and gives a basic introduction in ion exchange membranes, more specifically
anion exchange membranes. At the end, the scope and outline of this thesis are
presented.
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1.1 Climate change and World`s energy dependence
The

Earth`s

climate

has

changed

throughout

history.

The

report of

the

Intergovernmental Panel on Climate Change (IPCC) showed that this change is of
particular significance and that it is very likely human-induced [1]. Over the last 50
years, human activities -particularly burning of fossil fuels- have released huge
quantities of carbon dioxide and other greenhouse gases to affect the global climate.
The atmospheric concentration of carbon dioxide has increased by more than 30%
since pre-industrial times, trapping more heat in the lower atmosphere [2]. Moreover, it
is a fact that global sea level has risen about 17 cm in the last century, and the rate in
the last decade is nearly double that of the last century [3]. In addition, the climate
model projections by the IPCC indicate that during the 21st century the global surface
temperature is likely to rise further 1.1 to 6.4 °C compared to the years 1980-1999 [4].
Considering all these environmental impacts and global climate change, the need for
renewable, environmental-friendly energy is widely realized and huge efforts to extract
energy and/or convert it into useful forms are being implemented globally. Well-known
`green energy` sources including solar, wind, biomass, ocean thermal, wave and tidal
have been already taken into account to meet the energy needs.
In December 1997, in Kyoto, Japan, more than 150 industrialized nations agreed to
reduce their greenhouse gas emissions, as part of an international agreement on climate
change called the Kyoto Protocol. Since the Kyoto protocol and the report of the
IPCC on carbon capture and storage, there is an emerging need to reduce the emission
of CO2 to the atmosphere [5]. The Kyoto protocol introduced in 1997 is crucial since it
was confirmed by the countries which cover more than half of the global greenhouse
gas emissions [6]. In addition, the European Union (EU) agreed to achieve some
targets, so-called `20-20-20` targets, which set three key objectives for 2020 compared
to the 1990 levels [7]:
•

A 20% reduction in EU greenhouse gas emissions compared to 1990 levels;

•

Raising the share of EU energy consumption produced from renewable sources
to 20%;

•

A 20% improvement in the EU`s energy efficiency.

In principle, three alternative strategies can be proposed to reduce the CO2 emissions
which are 1) the reduction of the energy consumption, 2) the efficient use of energy
sources, and 3) the use of alternative energy sources with reduced or no CO2 emission.

3
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Thus, these strategies promote the establishment of sustainable energy alternatives,
and come along with quite some challenges.
The huge risk of climate change associated with the use of fossil fuels makes the supply
of sufficient energy increasingly difficult. At the same time, global warming, increasing
fuel prices and depletion of fossil fuel stocks forces the developments in the direction of
alternative energy sources. Considering also that the energy sector is by far (~50%) the
largest contributor to the worldwide emissions of CO2 and poses a significant potential
for the worldwide reduction of CO2 emissions, the use of alternative energy sources has
become a must-follow strategy to reduce the negative impacts of global warming [8].
The share of renewable energy in the EU energy mix has risen steadily to some 10% of
the gross final energy consumption in 2008. In 2009, 62% of newly installed electricity
generation capacity in the EU was from renewable sources, mainly wind and solar.
Despite accounting for one-fifth of the world`s energy use, the EU continues to have
less influence on international energy markets than its economic weight would suggest
[9]. Global energy markets are becoming tighter and there is still a huge gap to meet
those energy policy aims. Until now, only 7% of the primary energy consumption is
covered by the use of renewable energy sources. When EU`s commitment to cover
20% share of renewable sources is considered, the huge open field for sustainable power
generation technologies is once more obvious.

1.2 Salinity gradient energy
Due to the depletion of fossil fuel sources, increasing oil prices and emissions of CO2,
energy harvesting from renewable sources have received significant attention [10].
Oceans and surface waters contribute to these types of energy such as thermal, waves
and tidal power. Perhaps less well-known is salinity gradient energy, which is the
energy available from mixing of two aqueous solutions of different salinities, such as
seawater and river water. Salinity gradient energy has been estimated to be the second
largest marine-based energy source, with a total estimated global potential for power
production of about 2.4-2.6 TW, which exceeds the global electricity demand for 2011
(2.3 TW) [11-14]. It is a clean (no emissions of CO2, SO2, or NOx), sustainable
technology that generates energy by mixing of water streams with different salinity.
Salinity gradient power can be utilized worldwide in specific locations where salt
solutions of different salinity mix, for instance, where river water flows into the sea, or
where industrial brine is discharged.

4

The theoretically available amount of energy obtainable from the controlled mixing of
a concentrated salt solution and a diluted salt solution can be calculated from the
Gibbs free energy, where the total amount of energy available from 1 m3 of a
concentrated and 1 m3 of diluted salt solution can be determined from the Gibbs
energy of the system after mixing, subtracted by the Gibbs energy before mixing [10,
15-16]:
∆Gmix =Gb -(Gc -Gd )

(Eq. 1.1)

where ∆Gmix is the free energy of mixing (J·mol-1), ∆Gb is the Gibbs energy of the
mixture, the brackish water (J·mol-1), Gc is the Gibbs energy of the concentrated salt
solution (e.g. seawater) (J·mol-1) and Gd is the Gibbs energy of the diluted salt solution
(e.g. river water) (J·mol-1).
The Gibbs energy of an ideal solution is the sum of chemical potentials of the
individual chemical components present in that solution:
G= ∑ μi ni

(Eq. 1.2)

In this equation, G is the Gibbs energy of the system (J·mol-1), µi is the chemical
potential of component i in the solution (J·mol-1), and ni is the number of moles of
component i in the solution. The chemical potential of the component i in an ideal
solution can be simplified when no pressure change or charge transport is considered
upon mixing of a concentrated and a diluted salt solution:
µi =μ0i +RTlnxi

(Eq. 1.3)

where μ0i is the molar free energy under standard conditions (J·mol-1), R is the
universal gas constant (8.314 J·(mol·K)-1), T is the absolute temperature (K), xi is the
mol fraction of component i. When Equation (1.3) is substituted in Equation (1.1) and
n is replaced by solution concentration c (mol·m-3) and volume V (m3), the final Gibbs
free energy of mixing can be described as follows:
∆Gmix = ∑i ci.c Vc RTlnxi,c +ci.d Vd RTlnxi,d -ci.b Vb RTlnxi,b 

(Eq. 1.4)

With Equation (1.4) the theoretical available amount of energy from the mixing of two
solutions can be calculated, and thus the theoretical amount of energy from salinity
5
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gradients can be determined. For example, the theoretical amount of energy from
mixing of 1 m3 seawater (0.5 M NaCl) and 1 m3 river water (0.01 M NaCl) at a
temperature of 293 K is 1.4 MJ.
However, in practice, the chemistry of seawater and river water is much more complex
as it does not consist of only pure sodium chloride. When this is combined with other
factors such as mass transfer limitations, pressure drop, and other limitations such as
resources availability, only a part of this theoretical energy can be recovered, but still
it is a huge renewable energy source.
While several methods do exist for the extraction of salinity gradient energy, there are
two most widely studied techniques based on selective membranes (i.e. the media
where the mixing is limited to one of the components, either the solvent, water or
solutes, dissolved salts): pressure retarded osmosis (PRO) and reverse electrodialysis
(RED). PRO is the opposite version of a commercially mature membrane process,
reverse osmosis (RO), whereas RED is the opposite version of conventional
electrodialysis (ED). PRO is the technology where two solutions of different salinity
are brought into contact by a semi-permeable membrane that only allows the transport
of the solvent (water) and retains the solute (dissolved salts). In PRO, an external
device a so-called turbine is used for energy conversion [17-18]. In RED, ion selective
membranes are used to allow selective transport of ions in the solution only. The
charge transport is directly converted into electrical energy at two electrodes in the
system.
Each technology has its own field of application: RED is considered to be more
attractive for power generation using river and seawater, whereas PRO seems to be
more beneficial for power generation using concentrated saline brines [14]. Although
the costs for ED membranes (which have been widely used for RED) are about 2-3
times higher than for RO membranes, the installed costs are probably in the same
order of magnitude since high pressure equipment and external turbine are required for
PRO. In addition, PRO requires large amounts of water transported through the
membrane, thus making the process more dependent on fouling limitations.

1.3 Reverse electrodialysis process
The use of RED as a technology to extract electricity from salinity gradients was first
recognized in the early 1950`s when Pattle constructed a small stack that produced a
maximum electromotive force of 3.1 Volts [19-20]. This approach was further
6

developed in the late 1970`s by Weinstein and Leitz [12] and later by Lacey [21].
Today, the RED process developed such that it may be combined with hybrid systems
such as with the seawater desalination systems [22], the pressure retarded osmosis [23],
and the microbial power cell [24]. In a reverse electrodialysis system for power
generation from salinity gradients, a number of cells are stacked between a cathode
and an anode (Figure 1.1). The stack is similar to that of conventional electrodialysis
[25-27], however, the compartments between the membranes are alternately filled with
a concentrated salt solution and a dilute salt solution. These solutions with different
salinity are brought into contact through an alternating series of anion exchange
membranes (AEM) and cation exchange membranes (CEM) [28-31]. The ion exchange
membranes inside the stack are separated by spacers consisting of a non-conductive
fabric. The spacer net prevents the membranes from touching each other and direct
the flow. At the same time however, they reduce the active membrane area available
for ionic transfer because of the non-conducting character of the spacers, which is
undesired. In the stack, anions migrate through the AEM towards the anode and
cations move through the CEM towards the cathode. The driving force of this ionic
migration is the difference in chemical potential between both solutions, e.g. seawater
and river water; thus the direction of the ionic migration is from the concentrated
solution to the diluted solution for a sodium chloride solution. The salinity gradient
results in a potential difference (e.g. about 80 mV for seawater and river water) over
each membrane, the so-called membrane potential. The sum of the potential
differences over each membrane is the electric potential difference between the outer
compartments of the membrane stack. At the electrodes redox reactions occur to
convert this electrochemical potential directly into electricity. As a redox pair, often a
homogeneous K4Fe(CN)6/K3Fe(CN)6 redox system can be chosen, because it does not
cause net chemical reactions and therefore the power losses are low. The iron(III)
complex is reduced at the cathode and the iron(II) complex is reoxidized at the anode:
Fe(CN)63- + e ↔ Fe(CN)64-

(Eq. 1.5)

To maintain electroneutrality, electrons migrate from anode to cathode through an
external electrical circuit and power an external load or energy consumer, e.g. a light
bulb in Figure 1.1, included in the circuit (Figure 1.1).

7
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Figure 1.1. Principle of reverse electrodialysis (RED).

The theoretical value of the potential over an ion exchange membrane for an aqueous
monovalent ion solution (e.g. NaCl) can be calculated using the Nernst equation [21,
32]:
∆V° =N

2αRT
zF

ln ac 
a

d

(Eq. 1.6)

where ∆V° is the theoretical stack potential (V), α is the average membrane
permselectivity of an anion and a cation exchange membrane pair (-), N is the number
of membrane cells (-), R is the gas constant (8.314 J mol-1 K-1), T is the absolute
temperature (K), z is the electrochemical valence, F is the Faraday constant (96485 C
mol-1), ac is the activity of the concentrated salt solution (mol l-1) and ad is the activity
of the diluted salt solution (mol l-1). The power produced is related to the electrochemical potential drop across the membrane, ∆V°, and an external load resistance
resulting in:
W=I2 Rload =

V° 2Rload
Rstack +Rload 2

(Eq. 1.7)

In this equation, I is the current (A), Rload is the resistance of the load (Ω), Rstack is
the stack resistance (Ω) and V° is the open stack circuit potential (V). The stack
resistance is the sum of the resistances of the anion and cation exchange membranes,

8

the feed water compartments (i.e. seawater and river water compartments), the
electrodes and their compartments:
Rstack = A · Raem +Rcem + κc + κd  +Rel
N

d

c

d

d

(Eq. 1.8)

where A is effective membrane area (m2), Raem is the anion exchange membrane
resistance (Ω·m2), Rcem is the cation exchange membrane resistance (Ω·m2), dc is the
thickness of the concentrated saltwater compartment (m), dd is the thickness of the
diluted saltwater compartment (m), κc is the conductivity in the concentrated
saltwater compartment (S·m-1), κd is the conductivity in the diluted saltwater
compartment (S·m-1) and Rel is the ohmic resistance of both electrodes and their
compartments (Ω). The maximum power output of the system is obtained when Rload is
equal to the resistance of the stack (Rstack). [12, 21, 33]. Thus, the maximum power
output can be simplified into:
(V°

Wmax = 4R

stack

(Eq. 1.9)

Consequently, the power density (power output per unit membrane area, Wgross) can be
calculated from Wmax:
W

max
Wgross = 2∙A∙N

(Eq. 1.10)

where Wgross is the maximum gross power density (W·m-2), Wmax is maximum power
output (W), A is effective area of a single membrane (m2) and N is number of
membrane cells.
The main dominating membrane related factors in the maximum power density in a
RED stack are the membrane permselectivity (which affects the membrane potential,
Equation (1.6)), the membrane resistance and the resistance of the river water
compartments (which affect mainly the stack resistance, Equation (1.8)) [12, 21, 34].
Thus, it is realized that ion exchange membrane properties play a significant role in
determining the RED performance.

9
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1.4 Ion exchange membranes
A general definition of a membrane is a selective barrier that separates and/or
contacts two adjacent phases and allows or promotes the exchange of matter, between
the phases [27]. When these barriers carry charged groups, more specifically, it is called
ion exchange membrane. There are two types of ion exchange membranes: (1) cation
exchange membranes which contain negatively charged groups fixed to the polymer
matrix; and (2) anion exchange membranes which contain positively charged groups
fixed to the polymer matrix. In a cation exchange membrane, transport of cations is
allowed whereas anions are retained because of their charge, which is the same as that
of the fixed charges in the polymer matrix. In anion exchange membranes, all cations
are more or less excluded since the fixed charges are positive in the polymer matrix.
Anion exchange membranes have the capability to carry anions (i.e. which are referred
as counter-ions) only while cations (co-ions) are retained (Figure 1.2).
Anion exchange membrane

Electrolyte solution

Polymer matrix with fixed
positive charge
Counter ion
Co-ion

Figure 1.2. Principle of ionic separation by an anion exchange membrane.

In principle, only counterions are able to permeate, while co-ions are excluded by the
fixed charges. This principle was first explained by Donnan exclusion [26]. In an
electrolyte solution, the current is carried by both ions (Figure 1.2). However, cations
and anions usually carry different proportions of the overall current. In ion exchange
membranes, the current is carried preferentially by counter ions, e.g. negative ions in
the case of anion exchange membranes (Figure 1.2). The transport number quantifies
the fraction of the charge carried by that specific ions and is expressed as [27]:
|z |J

ti = ∑ zi Ji
j j

j

(Eq. 1.11)

where ti is the transport number of the component i, Ji is its flux, and zi its valence,
the subscript j refers to all ions involved in the charge transport. The transport
10

number ti indicates the fraction of the total current that is carried by the ion i. The
transport number of the counterions can be quite different. In principle, the
concentration of the counterions is similar to that of the fixed charges of the
membrane. However, the mobility of the ions in the membrane mainly depends on
steric effects such as the hydration radius and the membrane chemistry (e.g. the
crosslinking density of the membrane). As a general rule, the counter ions with a
higher valence and a smaller hydrated radius have a higher permeability in an ion
exchange membrane than ions with lower valence and larger hydrated radius [26]. The
selectivity of the membrane can be considered as the flux of a specific component
relative to that of the other component through the membrane under a given driving
force. In other words, it is defined as the membrane`s capability to discriminate
between anions and cations.
The membrane properties play an important role in electrodialytic processes such as
electrodialysis, diffusion dialysis, membrane capacitive deionization and Donnan
dialysis. Recently, energy generating ion exchange membrane applications have gained
lots of attention as well, for instance, reverse electrodialysis, microbial fuel cells or fuel
cells [20, 35-38]. The existing commercial membranes are mainly developed for the
electrodialysis applications, but do not specifically meet the requirements for RED. For
instance, currently available membranes usually contain a reinforcing material to
provide mechanical stability and they are usually relatively thick. Therefore, current
ion exchange membranes are overdesigned for the RED applications. However, the
performance of the membranes does have an important effect on the overall
performance of a RED system as well. Requirements that ion exchange membranes in
a RED system have to fulfill are [26, 39]:
•

high permselectivity, i.e. ion exchange membrane should have a permselectivity
of more than 95%.

•

low electrical resistance, i.e. ion exchange membranes should have an area
resistance of maximum 3 Ω·cm2.

•

a good mechanical and form stability, i.e. the membranes should be
mechanically strong enough to construct a RED stack, as thin as possible to
have low area resistance, have a low degree of swelling or shrinking in transition
from dilute to concentrated ionic solutions.

•

a reasonable chemical stability, i.e. no special requirements for chemical
stability due to mild membrane environment e.g. seawater and river water.
Lifetime should be at least 5 years.

•

low cost, i.e. the membranes should be as cheap as 2 €/m2.
11
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It is often challenging to optimize these membrane characteristics for reverse
electrodialysis since these properties have counteracting effects in general. For
instance, highly crosslinked membranes with high permselectivity might have also high
area resistance (which is not desired). Thus, it is of significant importance to design
ion exchange membranes especially tailored for to obtain high performance in RED.

1.5 Anion exchange membranes - preparation routes
and design for RED
Further improvement towards economically viable power production requires the
development of ion exchange membranes especially designed and developed for RED.
A large community of polymer chemists deals with the development of cation-exchange
membranes, but the research on anion exchange membranes is limited. Although
several routes are available for the preparation of cation exchange membranes, the
possibilities for high-performance anion exchange membranes (AEMs) are not broad.
Therefore, development and preparation of AEMs is of special importance for a
successful RED operation. The conventional process to prepare AEMs requires several
steps such as `polymerization-choloromethylation-amination` [40], and in most cases,
after those steps, a post processing so-called crosslinking stage, is required to provide
membranes with desired properties, such as mechanical stability and controlled
swelling. The process is not very environmentally friendly and requires extensive safety
and health precautions. That makes the fabrication of anion exchange membranes
more complicated than that of cation exchange membranes. Moreover, it is usually a
challenge to optimize the membrane properties. At the same time, permselectivities of
commercial anion exchange membranes are in general lower than those of cation
exchange membranes. This drawback can be attributed to the higher swelling degree of
AEMs, thus limiting the applicability in RED on a commercial scale [34].
Homogeneous types of ion exchange membranes (i.e. membranes with essentially the
same structural and transport properties throughout its complete thickness) usually
work better for reverse electrodialysis since they offer a homogenous fixed-ion
distribution over the entire polymer matrix, and usually they have relatively low area
resistances compared to heterogeneous membranes [29].
A homogenous anion exchange membrane can be obtained by several routes as follows
[26, 41]:
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•

Polymerization of mixtures of reactants (e.g. styrene, chloromethylstyrene,
vinylpyridine,

divinylbenzene)

that

can

polymerize

by

additional

polymerization. At least one of the monomers should contain an anionic moiety.
Besides that, one of the reactants is usually a cross-linking agent to provide the
control of the solubility of the films in water;
•

Casting films from a solution of a mixture of an inert polymer, a functionalized
polymer and an amine compound, then evaporating the solvent;

•

Introduction of anionic moieties into a polymer chain such as polysulfone or
polyphenylene oxide, followed by dissolving the polymer and casting it into a
film;

•

Introduction of anionic moieties into preformed films by techniques such as
imbibing styrene into polyethylene films, polymerizing the imbibed monomer,
followed by chloromethylation and amination. A crosslinking agent can also be
added to control swelling of the ion exchange component. Other similar
techniques, such as graft polymerization of imbibing monomers, have been used
to attach functional groups onto molecular chains of preformed polymeric films.

•

Preparation

of

pre-functionalized

monomers

and

their

subsequent

polymerization.
Most commercially available anion exchange membranes have quaternary ammonium
groups as ion exchange membranes [42]. These membranes may be prepared, for
instance, by the reaction of trimethylamine with a copolymer membrane prepared from
chloromethylstyrene and divinylbenzene or by alkylation with the alkyl halide of a
copolymer membrane prepared from vinylpyridine and divinyl benzene. The following
reaction scheme shows the schematic representation of the reaction of a positively
charged quaternary amine group into a preformed polymer by a chloromethylation
procedure followed by an amination with a tertiary amine [26]:

CH 3CH2OCH2Cl

(CH3)3N

Cl +

Figure 1.3. Typical reaction scheme of chloromethylation and amination to obtain homogenous anion
exchange membrane [26].
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The membrane structures and their preparation described above are only basic
examples as there are many variations in the preparation methods to obtain anion
exchange membranes. The most crucial point is to compromise the desired membrane
properties for high performance with the criteria for commercial and environmental
relevance.
From an environmental point of view, a severe drawback that is difficult to eliminate,
is the use of toxic chemicals like chloromethyl methyl ether which are polluting and
carcinogenic. There are several methods proposed to eliminate the direct use of
chloromethyl methyl ether. Employment of chloromethyl ethyl ether instead of
chloromethyl methyl ether is one these methods [43]. Chloromethyl ethyl ether is less
volatile, thus gas poisoning is reduced. Another method is the direct employment of
monomers or polymers containing nitrogen, such as vinyl pyridine compounds (e.g. 2methyl-5-vinyl pyridine, 2-vinyl pyridine or 4-vinyl pyridine). These monomers can
also be crosslinked with diethylbenzene. Then quaternization can be employed, for
instance, by the use of iodoethane [43]. The chloromethyl methyl ether can also be
avoided by directly grafting vinylbenzylchloride onto solid polymer films or by
copolymerizing with other monomers such as divinylbenzene followed by the simple
amination reaction to form anion exchange membranes [44].

1.6 Scope and outline of the thesis
The main focus of this thesis is the design, characterization and application of tailormade anion exchange membranes in a RED system to generate electricity.
Chapter 2 describes the fabrication of anion exchange membranes produced by a
solvent evaporation technique. Polyepichlorohydrin (PECH) is used as active
membrane material. Fabrication parameters such as blending ratio of a supporting
inert polymer, excess crosslinker ratio, and film thickness are varied in order to observe
their effects on membrane properties, such as area resistance and permselectivity. This
chapter explores, to the best of our knowledge, for the first time, the applicability of
tailor-made ion-exchange membranes in RED to generate power from salinity
gradients.
Chapter

3 focuses on the membrane properties, e.g. area resistance and

permselectivity, which determine the performance in RED. Several previous papers
studied some of those effects in general and to a little extend, but without any clear
directions or conclusions. This chapter studies these relationships very systematically
14

and based on real experimental data. Based on the results, the highest RED
performance was obtained by the stack built with tailor-made anion and cation
exchange membranes in which their properties have been tuned specifically for RED. A
statistical sensitivity analysis is performed, which investigates the dominating
membrane properties contributing to RED performance. In addition, a simple model is
developed which provides a better understanding on the dominant performancedetermining membrane properties in RED.
The application of RED in practice requires the use of natural seawater and river
water. The presence of multivalent ions reduces the performance in RED. Thus, ion
exchange membranes with monovalent ion selectivity are proposed to overcome this
limitation. Chapter 4 presents the fabrication of such monovalent ion selective anion
exchange membranes for RED. UV irradiation is introduced as a versatile method to
fabricate such membranes. Surface properties of the produced membranes are
characterized, and their antifouling potential is investigated. Applicability and
performance of the designed monovalent ion selective membranes in a real RED stack
is also performed.
In Chapter 5, tailor-made micro-structured anion exchange membranes made from
the membrane material discussed in Chapter 2 are investigated in order to eliminate
the use of non-conductive spacers, which reduce the RED performance. Different
membrane geometries are designed and characterized. In particular, stack resistance,
hydraulic pressure drop and flow distributions are investigated to relate these
parameters to the RED performance.
Finally, Chapter 6 presents a summary of the main conclusions of the thesis followed
by an outlook and suggestions for future work on ion exchange membranes.
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ABSTRACT
Reverse electrodialysis (RED) or blue energy is a non-polluting, sustainable technology
for generating power from the mixing of solutions with different salinity, i.e. seawater
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and river water. A concentrated salt solution (e.g. seawater) and a diluted salt
solution (e.g. river water) are brought into contact through an alternating series of
polymeric anion exchange membranes (AEM) and cation exchange membranes (CEM),
which are either selective for anions or cations. Currently available ion exchange
membranes are not optimized for RED, while successful RED operation notably
depends on the used ion exchange membranes. In the current work, we designed such
ion exchange membranes and for the first time, we show the performance of tailormade membranes in RED. More specifically we focus on the development of anion
exchange membranes (AEMs) as these are much more complex to prepare. Here we
propose a safe and more environmentally friendly method and used halogenated
polyethers such as polyepichlorohydrin (PECH) as starting material. A tertiary
diamine (1,4-diazabicyclo[2.2.2]octane, DABCO) was used to introduce the ion
exchange groups by amination and for simultaneous cross-linking of the polymer
membrane. Area resistances of the series of membranes ranged from 0.82 to 2.05
Ω·cm2 and permselectivities from 87 to 90%. For the first time we showed that tailormade ion exchange membranes can be applied in RED. Depending on the properties
and especially the membrane thickness, application of these membranes in RED
resulted in a high power density of 1.27 W/m2, which exceeds the power output
obtained with the commercially available AMX membranes. This shows the potential
of the design of ion exchange membranes for a viable blue energy process.
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2.1 Introduction
Global warming, increasing fuel prices and depletion of fossil fuel stocks have created a
energy sources such as solar radiation, wind, biomass, fuel cells, energy generated from
the mixing of water solutions of different salinity is also gaining a great deal of
attention. This energy is known as salinity gradient energy or blue energy.
A blue energy source exists anywhere fresh water (river water) flows into seawater.
According to the literature, 80% of the current global electricity demand could be
covered if all the interfaces where river water flows into ocean water were utilized [1].
Today, two main technologies stand out for electricity extraction from blue energy:
pressure-retarded osmosis (PRO) and reverse electrodialysis (RED). Each method has
its own advantages and application field. PRO can be used for the mixing of more
concentrated brines with diluted solutions. For RED, it is beneficial to use slightly
brackish water as the dilute stream [2]. RED may also be preferable for extracting
energy from the mixing of seawater and river water, since it produces a higher power
density for lower salinity gradients [3].
When fresh water and saline water mix, energy is released. In RED (Figure 2.1), anion
and cation exchange membranes are installed in an alternating pattern, forming a
RED stack. Seawater and river water are continuously fed to the RED stack, the
streams separated by the membranes. Due to the chemical potential difference between
the solutions, cations transfer in the direction of a cathode and anions in the direction
of an anode.
This charge transfer is converted to electron transfer by oxidation and reduction
reactions at the electrodes. Subsequently, electrons travel from anode to cathode,
producing an electric current [3-7].
The feasibility of RED, as for many other membrane processes, mainly depends on
membranes characteristics and their prices. One challenge is to increase the availability
of these membranes at reduced costs (< 2 €/m2) [8]. Furthermore, certain membrane
characteristics, such as a high permselectivity and low electrical resistance, are
required for high power outputs in RED [4]. The currently available commercial
membranes are mainly developed for application in electrodialysis (ED), but do not
meet the requirements for RED. For example, ED ion exchange membranes usually
contain a reinforcing material to enhance mechanical stability, and/or they are rather
21
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thick with thicknesses in the range of 100 to 250 µm [9]. This high level of robustness
of ion exchange membranes is especially relevant for application ED due to the more
severe conditions in ED (e.g. high and low pH, high current densities). In RED
however, conditions are relatively mild. Current ion exchange membranes are

Chapter 2

overdesigned for use in RED. The current high level of mechanical strength is not
required for RED. Consequently, membranes designed for RED can be much thinner,
do not need reinforcement and need less mechanical robustness to withstand the
conditions in the RED stack [8]. Such heterogeneous membranes have a higher
resistance than homogeneous membranes due to their structure [10-11]. Both aspects
result in not only high electrical resistance and consequently low power outputs in
RED, but also makes them more expensive. Although some heterogeneous commercial
membranes are available at very low prices (< 4 €/m2), low-resistance ion exchange
membranes still have high prices of 80 €/m2 or more [12]. The development of thinner,
low resistance membranes, without compromising the permselectivity or the
mechanical stability, is essential to increase the power output obtainable in RED.
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Figure 2.1. Schematic representation of a reverse electrodialysis stack. C: a cation exchange membrane
and A: an anion exchange membrane.

Many researchers have investigated the power density of a RED stack using standard
commercial membranes [12-19]. Audinos [13] was one of the first who systematically
investigated the effect of ion exchange membranes on the power output in RED.
Recently, Długołęcki et al. [4] focused on the effect of electrochemical properties of the
membranes and presented a theoretical model for the power density regarding these
properties. Veerman et al. [17] compared different commercial membranes and
obtained a power density of 1.2 W/m2 for Fumasep (FAD and FKD) and Selemion
22
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(AMV and CMV) membranes. In these studies, no systematic approach of the effect of
membrane properties on the total RED performance was taken, since the manufacturer
data available for commercial membranes do not offer sufficient information on the

The charge density of the membrane, which is the amount of ion exchange
functionalities per water uptake of the membrane, is the major parameter that affects
its ion permselectivity (the ability of the membrane to discriminate between the anions
(Cl-) and cations (Na+)) and its electrical resistance. Although there is no
straightforward relationship between these properties, membranes with a high fixedcharge density usually have a high ion permselectivity, meaning effective co-ion
exclusion (cations in the case of anion exchange membranes and anions in the case of
cation exchange membranes) [4]. It is a challenge to optimize these membrane
properties like ion exchange capacity, resistance, permselectivity, thickness, swelling
degree, etc. since they often have a counteracting effect on the performance
characteristics. For example, membranes with a relatively low electrical resistance
usually have a low permselectivity, which is undesirable [20]. At the same time,
permselectivities of commercial anion exchange membranes are usually lower than
those of cation exchange membranes. This is due to the higher swelling degree of anion
exchange membranes, which reduces the effective fixed-charge density in anion
exchange membranes, thus limiting the applicability of RED on a commercial scale [4].
The development of AEMs has seen much progress in recent decades, especially for fuel
cell applications. Polysulfone membranes with very low swelling degrees with high
mechanical strength were widely prepared by chemical grafting [21-26]. Varcoe and
Slade and coworkers performed a significant amount of studies in alkaline anion
exchange membranes (AAEMs) including mixed fluorocarbon/hydrocarbon materials
with promising hydroxide conductivities and high chemical stabilities [27-31]. Jung et
al. [32] were able to make similar membranes with small water uptakes in the field.
AAEMs having good mechanical strength and negligible swelling have been
successfully made using polymerization and utilization of dicyclopentadiene crosslinkers
[33]. In addition, Cornelius et al. [34] has recently reported a novel AAEM that
employs

a

poly(phenylene)

backbone,

which

exhibits

good

mechanical

and

electrochemical properties.
The conventional way to prepare AEMs usually requires many steps like
polymerization,

chloromethylation, amination and cross-linking.

Among these,

especially the chloromethylation reaction is not easy to handle, and requires the use of
chloromethyl methyl ether, which is highly toxic and carcinogenic. In this study we
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membrane properties relevant for RED.

Chapter 2.
have developed a method for the design and preparation of anion exchange membranes
for application in RED. We adopted the elastomer polyepichlorohydrin (PECH), which
has inherent chloromethyl groups, as polymer matrix (Figure 2.2), so that the
chloromethylation reaction could be avoided. In addition, the use of a tertiary diamine,
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e.g. 1,4-diazabicyclo[2.2.2]octane (DABCO), introduces the positively charged groups
into the polymer matrix and at the same time, produces cross-linking. When prepared
using only these components, the membranes are brittle in water due to their high
degree of swelling because of the high ion exchange capacity of the membrane [35].
Guo et al. [36] reported PECH membranes using a porous PTFE support which
increased mechanical strength and stability. Recently, Wright [37] succeeded in making
membrane electrode assemblies using hydrophilic PECH membranes for fuel cell
applications. Altmeier [38] used the inert polymer polyacrylonitrile (PAN) to give
mechanical strength to PECH membranes to be used as acid blocker membranes in
ED.
To tailor the properties of our PECH membranes for RED, we follow the strategy
proposed by Altmeier and use PAN as an inert polymer to enhance the mechanical
stability of the membranes. Differently from the patent study, for safer working
conditions,

we

preferred

using

dimethyl

sulfoxide

(DMSO)

rather

than

dimethylformamide (DMF) to dissolve the polymers in the casting solution. In addition
to that, mass ratios of the polymers and the aminating agent were varied for the
optimum properties of the membranes. In particular, we investigated the effect of
chemical composition on the membrane’s electrochemical properties by varying the
number of active, charged groups, and the amounts of the inert polymer (PAN) and
diamine (DABCO). We benchmarked these properties with commercially available
membranes and further examined the effects of membrane thickness in a RED stack
and its impact on power density. To our knowledge, this is the first time that the
performance of RED using tailor made membranes has been reported.

2.2 Experimental
2.2.1 Materials
For the preparation of the anion exchange membranes, we used polyepichlorohydrin
(EPICHLOMER H, 37 wt % chlorine content, Daiso Co., Ltd) as the active polymer,
polyacrylonitrile (H-PAN, Mw = 200 000 g/mol, Dolan GmbH) as the inert polymer
and dimethylsulfoxide (DMSO, for synthesis 99%, Merck) as the solvent. For
24
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amination of the polymer, 1,4-diazabicyclo-[2,2,2]-octane (DABCO, 98%, SigmaAldrich) was used. For the membrane characterization, sodium chloride (99.5%, AcrosOrganics) and sodium sulfate (99%, Acros-Organics) were used. For membrane
potassium hexacyanoferrate (II) (99%, Boom BV) and potassium hexacyanoferrate
(III) (99%, Boom BV). All chemicals were used without further purification.

2.2.2 Preparation of homogeneous anion exchange membranes
2.2.2.1 Preparation of the casting solution
The membranes were formed by solution casting on a glass plate. The membraneforming solution comprises three functional components, i.e. the active polymer
polyepichlorohydrin (PECH), the inert polymer polyacrylonitrile (PAN) and the amine
component 1,4-diazabicyclo[2.2.2]octane (DABCO), also used for crosslinking.
The active polymer solution was prepared by dissolving 20 g PECH in 80 g DMSO;
the inert polymer solution was prepared by dissolution of 12 g PAN in 88 g DMSO;
the aminating solution was prepared by dissolution of 12.25 g DABCO in 88 g DMSO
under stirring at room temperature for a few hours. Subsequently, these three solutions
were combined and mixed in a three-neck round-bottomed flask for half an hour at
80°C.

2.2.2.2 Synthesis of quaternized PECH
The amination reaction was performed according to Figure 2.2. PECH membranes
were prepared at different compositions by varying the amount of active polymer, inert
polymer and diamine. Before the synthesis, a pre-reaction stage was carried out by
placing the casting solution in a thermostated silicon oil bath at 80°C for 30 min. This
results in a pre-reaction between PECH and DABCO without crosslinking of the
PECH polymer, and limits the evaporation of DABCO during amination [38].

25

Chapter 2
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Figure 2.2. Reaction mechanism of amination-crosslinking of PECH polymers [37, 39].

After taking the clear casting solution from the silicon oil bath, a syringe was used to
spread a specific amount of this solution over a glass plate which was subsequently
covered to prevent further evaporation of DABCO during amination. The sealed glass
box was then placed into an oven and heated for 2 h at 110°C, during which amination
and cross-linking took place. Next, the seals were removed from the glass box to allow
evaporation of residual solvent at 130°C for 30 min. After cooling the glass box with
the polymer film, the film was soaked in 0.5 M NaCl solution. After a few minutes, the
film could be peeled off from the glass substrate and stored in 0.5 M NaCl solution.
The thickness of the obtained membranes was measured with a digital screw
micrometer as 33, 77 and 130 µm.
The amount of PAN added to the casting solution (mPAN, g polymer) was varied to
obtain different blend ratios of membrane containing specific amounts of the active,
anion exchange polymer PECH (mPECH, g polymer), as specified in detail hereafter. The
blend ratio σ is defined as the mass ratio of PECH over PAN:
m
σ =

PECH
m
PAN

(Eq. 2.1)

For amination and cross-linking, DABCO was added to the casting solution in order to
react with the chloromethyl groups of PECH to introduce the specific positive charge
required for ion exchange. The excess diamine ratio ν represents the molar ratio of the
amine component DABCO (md, mmol/g diamine) over the chloromethyl groups in
PECH (mp, mmol/g –CH2Cl):
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ν =

md
p
m

(Eq. 2.2)

excess of tertiary diamine is required due to the limited access to the chloromethyl
groups [40]. The amination of these functional groups is strongly dependent on
parameters such as polymer type, polymer solution concentration, mobility of the
polymer chain and the type of diamine [40]. Blend ratio and excess diamine ratio are
polymer solution properties rather than membrane properties. We will later describe
how these two parameters affect membrane properties and performance in RED
operation.
Two series of PECH membranes were prepared having various blend or excess diamine
ratios. For the various blend ratios (0.100, 0.208, 0.260, 0.333, 0.417, 0.622, 0.833 and
1.042), the amount of PAN was varied and all other parameters were kept constant.
For the various excess diamine ratios (2.63, 3.41, 4.20, 5.23, 6.27 and 7.31), the
amount of DABCO was varied. For each composition, at least two membrane samples
were prepared from the same casting solution. All prepared PECH membranes were
mechanically stable and transparent with a yellowish color.

2.2.3 Characterization of AEMs
2.2.3.1 SEM
Samples for SEM were prepared by freezing the membrane films in liquid nitrogen and
cutting them manually to obtain cross-sections. Samples were kept in a vacuum oven
at 30°C overnight and were subsequently coated with a thin layer of gold using a
Balzers Union SCD 040 sputtering device. Membranes were examined using a Jeol
JSM-5600 LV Scanning Electron Microscope.

2.2.3.2 FTIR
The chemical structures of the PECH membranes were analyzed by Fourier transform
infrared spectroscopy (FTIR) using an ALPHA FT-IR Spectrometer (Bruker Optics
Inc., Germany). The measurements were performed using an attenuated total
reflectance (ATR) attachment. Dry and clean membrane samples were pressed onto
the crystal, without any further sample preparation.
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To produce membranes with a low electrical resistance and high permselectivity, an
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2.2.3.3 Area resistance
A six-compartment cell made from plexiglass was used to determine the area resistance
of the membranes using a 0.5 M NaCl solution [41]. The voltage drop over the
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membrane was recorded for the applied current density. Two runs were performed: one
with and one without the membrane under investigation (blank run). The resistance
was given by the slope of the plot of the current density versus the potential
difference. The final membrane area resistance was determined by subtracting the
resistance measured in the blank run from the resistance measured in the run with the
membrane under investigation.

2.2.3.4 Permselectivity
The permselectivity is a measure for how well the membrane under investigation can
discriminate

between

the

anions

(Cl-)

and

cations

(Na+).

Static

potential

measurements were carried out to determine the apparent permselectivity (αap) of the
membrane under investigation [42]. The set-up consisted of two compartments
separated by the membrane under investigation. Solutions of 0.1 M NaCl and 0.5 M
NaCl were recirculated along the sides of the test membrane. Two reference electrodes
were used to measure the potential over the membrane. The experimental potential
was monitored with an external potentiostat. The permselectivity was calculated from
the ratio of the experimental potential over the theoretical potential for an ideal 100%
permselective membrane, as shown in Equation (2.3):

α

ap

=

∆V
measured × 100%
∆V
theoretical

(Eq. 2.3)

Here, ∆Vmeasured is the measured membrane potential (V) and ∆Vtheoretical is the
theoretical membrane potential (V). The theoretical membrane potential, which is the
membrane potential for a 100% permselective membrane, was calculated as 37.91 mV
from the Nernst equation.

2.2.3.5 Ion exchange capacity
The ion exchange capacity (IEC) of the membranes, which is the amount of charged
groups in the membrane, was measured using a titration method [43]. A specific mass
of membrane in the wet state was brought into Cl- form by soaking in 3 M NaCl
solution for at least 15 h. After the membrane was rinsed with demineralised water, it
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was soaked in a 1.5 M Na2SO4 solution for 3 h to undergo ion exchange (i.e.
replacement of Cl- by SO42-). The solution containing released Cl- was titrated with a
0.1 M AgNO3 solution. The IEC values (mmol/g dry membrane) can be calculated via

V
AgNO
IEC =

W
dry

3 ×C

(Eq. 2.4)
AgNO

3

Here, VAgNO3 is the volume of AgNO3 solution used, Wdry is the mass of the dried
membrane and CAgNO3 is the concentration of the solution.

2.2.3.6 Swelling degree
The swelling degree indicates the water content of the membranes when exposed to
water. To determine the swelling degree, the anion exchange membranes were
immersed in demineralized water for at least 24 h. After taking the membrane out of
the water and removing the water from the surface of the membrane, the membrane
was weighed immediately. Then the wet membrane was subsequently dried at 30°C in
a vacuum oven until a constant dry weight was achieved. The swelling degree SD (g
H2O/g dry membrane) can be calculated by the following equation: [20]
m
SD =

wet
m

-m

dry

× 100%

(Eq. 2.5)

dry

Here, mwet and mdry are the mass (g) of the wet and the dry membrane, respectively.

2.2.3.7 Fixed-charge density
The fixed-charge density, expressed in mmol fixed charge groups per gram of water in
the membrane, was determined from the ratio of IEC over the swelling degree of the
membrane (Equation (2.6)) [4]:
IEC
C =
fix SD

(Eq. 2.6)

Here, Cfix is the fixed-charge density (mmol/g H2O), IEC is the ion exchange capacity
(mmol/g dry membrane) and SD is the swelling degree, (mwet-mdry)/mdry, (g H2O/g dry
membrane).
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the following relationship:
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2.2.4 RED performance
2.2.4.1 The RED stack

Chapter 2

The RED performance of the tailor-made membranes was evaluated in a RED stack
previously described [44]. In this study, five pairs of anion and cation exchange
membranes were installed between two endplates, each of them equipped with
titanium mesh end electrodes with dimensions of 10 cm x 10 cm, coated with Ru-Ir
mixed metal oxides (Magneto Special Anodes, The Netherlands). A sixth cation
exchange membrane was used to prevent the transfer of negatively charged iron
complexes into the stack. The electrode compartments contained a solution of NaCl
(0.25 M) with K4Fe(CN)6 (0.05 M) and K3Fe(CN)6 (0.05 M). The electrolyte was
pumped through the anode and cathode compartments at a flow rate of 300 ml/min.
The cell width (intermembrane distance) of 200 µm was maintained by the use of a
polyamide woven spacer (Nitex 03-300/51, Sefar). The porosity and open area of this
spacer are 67% and 51%, respectively. Around the spacer, a silicon gasket (Specialty
Silicone Fabricators, USA) was placed to seal the water compartments. The
membranes, gaskets and spacers were cut into proper shape with a punch and a press.

2.2.4.2 Feed water
Model seawater (0.507 M) and river water (0.017 M) were prepared by dissolving
technical grade NaCl (technical grade BOOM BV, The Netherlands) in demineralized
water. These feed waters were pumped through the stack at flow rates of 0.67, 1.67
and 3.33 cm3/s. For the delivery of seawater and river water, peristaltic pumps
(Masterflex, Cole Palmer) were used. Temperature was controlled at 298±1K for all
experiments by means of a thermostated water bath (Colora thermostat WK16).

2.2.4.3 Electrochemical measurements
The performance of the membranes was evaluated using an Ivium potentiostat (Ivium
Technologies, Eindhoven, The Netherlands) in the chronopotentiometry mode. At each
flow rate, 20 current steps (0, 2, 4 … 40 A/m2) for 30 seconds each were applied. All
measurements were performed at least three times. From the measured voltage (E)current (I) curves, the gross power output was calculated as the maximum of the
product from E and I. The gross power output was corrected by subtracting the power
output of a blank run using only one cation exchange membrane in the stack. Then,
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the power output was converted into power density by dividing the power output by
the total membrane area (W/m2).
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2.3 Results and discussion
2.3.1 Characterization of PECH membranes
2.3.1.1 Morphology of PECH anion exchange membranes
SEM was used to investigate the morphology of the prepared PECH anion exchange
membranes.
SEM images of the cross-section of 77-µm-thick membranes after solvent evaporation
at magnifications of 250x (a) and 2000x (b) are shown in Figure 2.3, in which a clear
dense structure without pores can be recognized. Similar membrane morphologies were
observed for membranes with thicknesses of 33 µm and 130 µm.

a)

(b)

Figure 2.3. Cross section of the dense PECH membrane obtained after solvent evaporation; (a)

magnification: 250x; (b) magnification: 2000x.

2.3.1.2 FTIR
To confirm the quaternization of the PECH polymer, FTIR was employed. Figure 2.4
displays the FTIR spectra of a) pure PECH, b) pure PAN, c) PECH/PAN and d) and
e) quaternized PECH (QPECH)/PAN with blend ratios of 0.333 and 0.208
respectively. Figures 2.4a and 2.4b show the FTIR spectra for pure PECH and PAN
films, respectively. When these two polymers are blended, an intense peak at 2240 cm1

, representing the nitrile group (−C≡N) of the inert polymer PAN, can also be seen in

Figures 2.4b-e. Compared with PECH (Figure 2.4a), two new peaks at 1640 and 3400
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cm-1 are visible in the spectrum of QPECH/PAN with blend ratios of 0.333 (Figure
2.4d) and 0.208 (Figure 2.4e). The former is associated with the C-N group and the
latter belongs to the O-H group. Overall, the results indicate successful introduction of
the quaternized ammonium [40] and blending of the active polymer PECH with the
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inert polymer PAN.

(e)

QPECH-PAN (0.208)

(d)

QPECH-PAN (0.333)

(c)

PECH-PAN (0.333)

(b)

PAN

(a)
PECH

4000

3500

3000

2500

2000

1500

Wave number / cm

1000

500

-1

Figure 2.4. FTIR spectra of membranes for (a) PECH, (b) PAN, (c) PECH-PAN, (d) QPECH-PAN

with a blend ratio of 0.333, (e) QPECH-PAN with a blend ratio of 0.208.

2.3.1.3 Effect of blend ratio on membrane properties
The PECH membranes were blended with PAN at blend ratios σ (mPECH/mPAN)
ranging from 0.100 to 1.040 (more details on the determination of blend ratio can be
found in the experimental part). Figure 2.5 shows the effect of blend ratio on the ion
exchange capacity (IEC) and swelling degree of the prepared membranes. With
increasing blend ratio, the proportion of active polymer PECH, increases. This results
in a higher IEC, as there are more charged groups present in the polymer. The highest
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IEC obtained was 2.8 mmol/gdry for the membrane with the highest blend ratio (σ =
1.04).
A higher IEC improves the ion conductive character of the polymer. On the other
nature of the membrane. Consequently, the membranes swell more. Nevertheless,
although the membranes with IECs higher than 2.3 exhibited a high degree of swelling,
they maintained their excellent mechanical stability and strength.
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Ion exchange
capacity

160
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120
1.5
80
1.0
Swelling degree

0.5
0.0
0.0
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0.6

0.8

1.0

40

Swelling degree (%)

Ion exchange capacity (mmol/gdry)

3.0

0
1.2

mPECH/mPAN, σ
Figure 2.5. Ion exchange capacity and swelling properties of PECH membranes as a function of

mPECH/mPAN.

Figure 2.6 presents the area resistance and permselectivity of the developed PECH
anion exchange membranes as a function of blend ratio.The area resistance exhibited a
decreasing trend with increasing blend ratio, and did not change significantly for blend
ratios above 0.333. We found area resistances of less than 1 Ω·cm2. The PECH
membrane with a blend ratio of 0.333 showed a resistance of only 0.94 Ω·cm2, which is
desirable for use in a RED stack [8]. The low area resistances are a consequence of a
high level of amination. At higher blend ratios, the amount of the active polymer is
higher, leading to higher amounts of functional chloromethyl groups to be aminated.
The permselectivity of the membranes decreased with increasing blend ratio. This was
due to the increasing degree of swelling with increasing blend ratio (Figure 2.4).
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hand, the higher ionic charge in the membrane leads to an increase in the hydrophilic
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Figure 2.6. Area resistance and permselectivity properties of PECH membranes as a function of

mPECH/mPAN.

2.3.1.4 Effect of excess diamine ratio on the membrane properties
The excess diamine ratio ν represents the molar ratio of the amine component
DABCO over the chloromethyl groups in PECH (more details on the excess diamine
ratio can be found in the experimental part). Various amounts of diamine (DABCO)
were added to the PECH/PAN solution, with the value of ν ranging from 2.63 to 7.31
signifying a significant excess of diamine. (In Equation (2.2), when ν is equal to 0.5,
the amount of tertiary amine groups on the diamine and the amount of chloromethyl
groups of PECH are equal). Such an excess of diamine is usually added to the casting
solution to enhance the amination of chloromethyl groups in the active polymer
PECH.
Because we used a significant amount of diamine, the effect of the amount of diamine
on the membrane properties is very limited. Only at lower values of ν (up to approx.
4.2) a small increase in ion exchange capacity, swelling degree and permselectivity and
a corresponding small decrease in area resistance were observed (Figure 2.7-2.8). At
higher values of ν, these parameters where almost independent of the excess diamine
ratio. This is probably due to the amination of all possible chloromethyl groups of the
polymer being reached at an excess diamine ratio of 4.2. These results are in good
agreement with the data reported by Komkova et al. [40] for chloromethylated
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polysulfone membranes and by Hao et al. [45] for solvent-resistant anion exchange
membranes.
In general, as the ion exchange capacity increases, the hydrophilicity of the membranes
polymer is one of the alternative ways to increase the mechanical stability of the
membrane. As we used in all cases a significant excess amount of crosslinker, we did
not carry out a quantitative analysis of the degree of cross-linking in our membranes.
All membranes prepared exhibited excellent free-standing properties without any use of
reinforcing material. This shows the advantage of simultaneous amination and crosslinking, which can improve the mechanical properties during functionalization of the
polymer.
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Figure 2.7. Ion exchange capacity and swelling properties of PECH membranes as a function of md/mp.
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increases which leads to a decrease in mechanical stability [46-47]. Cross-linking of the
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Figure 2.8. Area resistance and permselectivity properties of PECH membranes as a function of

md/mp.

2.3.1.5 Effect of charge density on the membrane properties
The charge density of the membrane is one of the most important factors that
determine its ion permselectivity and its area resistance. Equation 2.6 defines the
fixed-charge density as the amount of fixed ionic charges per water content of the
membrane. Therefore, co-ion exclusion will be more effective if the IEC is high and the
membrane swells less, i.e. at a high fixed-charge density.
Figure 2.9 shows the membrane permselectivity and area resistance as a function of the
fixed-charge density of the membrane for all anion exchange membranes prepared.
As expected, the membrane permselectivity increases with increasing charge density.
The higher the charge density, the stronger the exclusion of co-ions. According to
Figure 2.9, surprisingly the membranes with a higher charge density seem to have a
slightly higher membrane resistance as well. Although we do not understand the exact
nature behind this, we assume this may stem from differences in the degree of
crosslinking of the different membranes. Crosslinking reduces the swelling and thus
increases the charge density, but apparently at the same time, it also increases the
resistance more than expected. Długołecki et al. [4] investigated the relationship
between permselectivity, membrane area resistance and charge density for commercial
membranes, and observed the same for anion exchange membranes. At the same time,
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they showed that cation exchange membranes in general have higher charge densities
and higher area resistances as a result of their high degree of cross-linking.
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Figure 2.9. Membrane permselectivity and area resistance as a function of charge density.

From the results of Figures 2.5-2.9, we selected the best anion exchange membranes,
those having low area resistances and high permselectivities, for performance
evaluation in RED (Table 2.1). Table 2.1 also gives the characteristics of the Neosepta
AMX membrane. To enable a fair comparison between the commercial AMX
membrane and the tailor-made PECH membranes, PECH membranes were prepared
at a similar thickness (130 µm) as that of the Neosepta AMX membranes (134 µm).
As can be seen in Table 2.1, the area resistance of the PECH B-3 membrane is lower
than that of the AMX membrane. However, the PECH B-3 membrane swells more
than the AMX membrane due to its high IEC, resulting in a lower fixed-charge
density. Hence, the PECH B-3 membrane is slightly less permselective than the AMX
membrane.
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Table 2.1. Characteristics of membranes used for RED performance evaluation.

Membrane

σ[a]

δ[b]

α[c]

AR[d]

IEC[e]

SD[f]

CD[g]

[µm]

[%]

[Ω·cm2]

[mmol g-1dry]

[%]

[mmol g-1H2O]
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PECH A

0.208

77

90.3±0.11

2.05±0.36

1.31±0.10

32.2±0.16

4.1

PECH B-1

0.333

33

86.5±0.71

0.82±0.01

1.68±0.01

49.0±0.85

3.4

PECH B-2

0.333

77

87.2±0.00

0.94±0.01

1.68±0.01

49.0±0.85

3.4

PECH B-3

0.333

130

87.0±0.01

1.32±0.16

1.68±0.04

49.1±0.21

3.4

PECH C

0.417

77

79.2±0.90

1.14±0.05

1.88±0.01

53.5±0.20

3.5

AMX

-

134

90.0±0.80

2.35±0.05

1.40±0.04

26.0±0.20

5.4

CMX

-

158

95.0±0.00

3.00±0.01

1.62±0.04

18.0±0.20

9.0

[a] Blend ratio. [b] Thickness. [c] Permselectivity. [d] Area resistance. [e] Ion exchange capacity. [f] Swelling
degree. [g] Charge density.

Table 2.1 also shows that IEC, an intrinsic membrane property, does not depend on
the thickness of the membrane. We also found that the swelling degree did not differ
between membranes with different thicknesses (PECH B-1, PECH B-2 and PECH B3).

These

membranes,

therefore,

have

a

similar

fixed-charge

density

and

permselectivity. Among our tailor-made PECH membranes, PECH A has the lowest
degree of swelling resulting in the highest fixed-charge density and the highest
permselectivity. However, this membrane also has the highest area resistance due to its
lowest IEC.

2.3.2 Performance of PECH membranes in RED
2.3.2.1 Membrane performance in RED
Herein, we show for the first time the performance of a RED stack using tailor-made
membranes. As a starting point, in order to compare the RED performance of PECH
membranes with that of AMX membranes, PECH B-3 membranes were prepared at a
blend ratio of 0.333 and a similar thickness as Neosepta AMX membranes (around 130
µm). The RED stack was initially equipped with Neosepta CMX and AMX
membranes, and the AMX membranes were later replaced with our PECH B-3
membranes to enable a comparison. As expected, the power output increases with
increasing flow rate due to reduced boundary layer effects. Figure 2.10 shows that the
tailor-made PECH-3 membrane exhibited a similar RED performance as the AMX
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membrane at a feed flow rate of 3.33 cm3/s, but performed less well at lower flow
rates. This is most probably due to the fact that the PECH B-3 membrane has a lower
area resistance and a slightly lower permselectivity than the AMX membrane (see
Table 2.1). The result was very promising, as the membrane investigated was not
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specifically optimized for application in RED.
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Figure 2.10. Comparison of RED performance of the tailor-made PECH membrane and the

commercial AMX membrane. Cation exchange membrane: CMX.

Because the best membranes were obtained for ν = 4.2, we selected membranes with
that excess diamine ratio, but with various blend ratios for testing in RED. Figure 2.11
shows the power output of these membranes as a function of the blend ratio.
The best-performing membrane, PECH B-2, has a blend ratio of 0.333 and power
densities up to 1.2 W/m2 can be obtained using a spacer thickness of 200 µm. The
PECH B-2 membrane has the lowest resistance (0.94 Ω·cm2) and a reasonably high
permselectivity of 87.2 % as compared to the other membranes. The optimum in blend
ratio with respect to power output may be the result of the fact that polymer properties
influence the different membrane parameters (e.g. permselectivity, resistance, ion
exchange capacity, swelling degree, etc.). All together these parameters determine the
final power density obtainable for a specific membrane. At this stage with the current
data it is not possible yet to identify the dominant membrane characteristics that
determine the final RED performance. This requires a much more systematic and
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extended study using different membrane types, which is outside the scope of the present
work.
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Figure 2.11. Practically obtainable gross stack power density determined of tailor-made PECH

membranes as a function of the flow rate for different blend ratios ( ■ CMX/PECH B-2; ∆ CMX/PECH
C; ● CMX/AMX; ◊ CMX/PECH A). Cation exchange membrane: CMX. The performance of the AMX
membrane is shown for comparison.

2.3.2.2 Effect of film thickness on membrane performance in RED
The membrane that gives the highest power density was the one with a blend ratio of
0.333. Membrane thickness has a significant effect on the membrane performance.
Table 2.1 shows the decreasing trend in area resistance with decreasing membrane
thickness. At the same time, ion exchange capacity and swelling degree did not change
significantly with membrane thickness, resulting in an equivalent permselectivity.
Figure 2.12 shows the effect of the membrane thickness on the power output
obtainable in RED.
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Figure 2.12. Practically obtained gross power density as a function of the flow rate for PECH

membranes with various thicknesses. Cation exchange membrane: CMX. The values obtained for the
AMX membrane are shown as a reference.

Figure 2.12 reveals that the power output is strongly dependent on membrane
thickness. The thinner the membrane, the better the performance, resulting in the
highest power density of 1.27 W/m2 for the thinnest membrane (33 µm), with the
lowest area resistance (0.82 Ω·cm2). This is the first time that we achieve such high
power density and at the same time use tailor-made anion exchange membranes. When
the membrane thickness is increased to 77 µm, a 6% gross power density reduction is
observed. The lowest power density is obtained by using a membrane with a thickness
of 130 µm. In order to produce even higher power densities, even thinner anion
exchange membranes could be investigated, while at the same time also the cation
exchange membrane properties could be considered as a method to further increase the
power output.

2.4 Conclusions
For the first time we have shown the performance of a reverse electrodialysis (RED)
stack using tailor-made anion exchange membranes. Anion exchange membranes were
prepared in a more environmentally friendly and safer way than via the conventional
method, using the elastomer polyepichlorohydrin (PECH), which has inherent
chloromethyl

groups,

as

polymer

matrix.

A

tertiary

diamine

(1,441
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diazabicyclo[2.2.2]octane, DABCO) was used to introduce the ion exchange groups by
amination and for simultaneous cross-linking of the polymer membrane. Area
resistance, permselectivity, swelling degree and ion exchange capacity of these PECH
membranes were investigated for various PECH and diamine concentrations; area
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resistances ranged from 0.82 to 2.05 Ω·cm2 and permselectivities from 87 to 90%. For
the first time we showed that tailor-made ion exchange membranes can be applied in
RED for the generation of power from the mixing of sea and river water. Although
PECH membranes performed slightly less well at the same thickness as the AMX
membranes, playing with the chemistry and the thickness of the membranes enables us
to improve the power density. Depending on the properties and especially the
membrane thickness, application of these membranes in RED resulted in a high power
density of 1.27 W/m2, which exceeds the power output obtained with the commercially
available AMX membranes. This shows the potential of the design of ion exchange
membranes for a viable Blue Energy process.
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ABSTRACT
Ion exchange membranes are core elements in reverse electrodialysis (RED), a process
that can generate electricity from salinity gradients. The electrochemical and physical
properties of these membranes are RED performance-determining factors. Although
several studies regarding the optimization and modeling of membrane properties for
RED have been performed, conclusions based on real experimental data of the
relationship between physicochemical membrane bulk properties and power density
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(power output per unit membrane area) are still lacking. In this work, we studied bulk
membrane properties of both a series of commercially available membranes and tailor
made membranes and correlated these to experimental RED performance data. We
successfully constructed the RED stack completely built with tailor-made membranes,
made

of

polyetheretherketone

(SPEEK)

as

cation-exchanging

material

and

polyepichlorohydrin (PECH) as anion-exchanging material. We obtained the highest
gross power density when using only tailor-made membranes because of their
significantly reduced membrane resistance. Using the experimental data, we developed
a model based on multiple linear regression for gross power density which provides a
better understanding on the dominant performance-determining membrane properties
in RED to generate power from salinity gradients. The results set the directions
towards tailoring ion exchange membranes for RED applications and show that
emphasis should be especially on the development of low resistance membranes,
whereas further increase of the permselectivity only has a limited effect.
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3.1 Introduction
The development of renewable energy forms has become paramount to mankind in
view of the ongoing depletion of fossil fuels, their environmental aspects and rising
prices, in combination with increasing energy demands. Recently, using the salinity
difference between seawater and river water has been recognized as a vital alternative

Reverse electrodialysis (RED) is one of the membrane processes that can convert the
salinity differences between saltwater and freshwater into electrical power. A typical
RED membrane stack consists of an alternating series of cation exchange membranes
(CEMs) and anion exchange membranes (AEMs) situated between two electrodes. The
chemical potential difference between these two solutions causes ions to migrate from
the saltwater stream to the freshwater stream. The electrodes at both ends facilitate
redox reactions that generate an electrical current (Figure 3.1).
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Figure 3.1. Schematic representation of a reverse electrodialysis stack. C: a cation exchange membrane
and A: an anion exchange membrane.

Ion exchange membranes (IEMs) are successfully applied in water treatment and
power generation [1], and in various other processes such as electrodialysis [2-9],
desalination [10-22], and gas separation [23-26]. Over the past decades, the use of IEMs
progressed from laboratory scale to industrial application in for example fuel cells [2728]. As IEMs are the key elements of any RED process, special attention must be paid
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to generate energy.
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to their characteristics. Membrane properties can be divided into physicochemical ones
(e.g. thickness and swelling degree) and electrochemical ones (e.g. area resistance,
permselectivity and charge density). Many researchers have tested commercial
membranes in RED to generate power [29-31] and the literature reports the effects of
parameters such as membrane type [30-32], spacer thickness [33], electrode systems
[34-36] and flow rates on power production [33, 37-38]. Optimization of the power
output involving operating parameters such as current density, more concentrated salt
streams, stack resistance and membrane geometry has also been the topic of analyses
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and model calculations [39-40]. Patil et al. proposed that shunt currents and the
membrane area occupied by the spacer mesh are main factors [39]. Recently, Vermaas
et al. demonstrated that reducing membrane resistance and cell length could be an
effective way to improve the power density in RED [40]. Fujii et al. worked on
optimization of a RED stack with tailor-made poly(vinyl alcohol) (PVA) based ion
exchange membranes obtaining a power density of 0.4 W/m2 [41]. It is well known that
electrochemical properties of the membranes (charge density, area resistance and
permselectivity) each have a significant effect on RED performance. However, which
membrane property is the main performance-determining factor is still under
discussion. Previously, some authors investigating these properties focusing on the area
resistance of the membranes [30, 33, 40, 42], but especially the effects of
permselectivity in combination with area resistance in RED using tailor-made
membranes has not been analyzed yet.
Most membrane properties have counteracting effects on performance. For instance,
while it may be straightforward to prepare IEMs with a low area resistance by
increasing the relative amount of active polymer containing a functional group, such
membranes also have a loose mechanical structure and generally low permselectivity.
The mechanical stability of the membranes could be improved by increasing the
amount of cross-links in the polymer matrix. This would result in improved
permselectivity, but area resistance would also become more pronounced which is not
desired [43]. Therefore, membrane designers have to find a compromise between
permselectivity and area resistance. That makes it crucial to determine which
membrane properties are performance-determining in specific RED conditions and
requires a systematic experimental approach.
In the work presented here, various tailor-made AEMs and CEMs were prepared. A
complete RED stack was built by using only tailor-made IEMs (sulfonated
polyetheretherketone or SPEEK and polyepichlorohydrin or PECH). The RED
performance of these membranes was compared with the performance of commercially
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available IEMs having various electrochemical and physical properties. Homogeneous
and heterogeneous membranes were evaluated in artificial seawater and river water
conditions. Bulk membrane properties - e.g. area resistance, permselectivity, and
charge density - were investigated and correlations between these properties and power
density were analyzed with the aid of linear models and sensitivity analysis in order to
determine the contribution of each of these membrane properties on power density.
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3.2 Experimental
3.2.1 Materials
For the preparation of tailor-made AEMs, the elastomer polyepichlorohydrin (PECH,
EPICHLOMER H, 37 wt% chlorine content, Daiso Co. Ltd, Japan) was used as the
active polymer. Polyacrylonitrile (H-PAN, Mw = 200,000 g/mol, Dolan GmbH,
Germany) was chosen as an inert supporting polymer. Dimethyl sulfoxide (DMSO,
99%, Merck) was used as solvent and a tertiary diamine (DABCO, 98%, SigmaAldrich) was used for amination.
For the preparation of tailor-made CEMs, sulfonated polyetheretherketone (SPEEK,
supplied by Fumatech, Germany) was used. The sulfonation degrees, which are a
measure of the amount of sulfonic acid groups per repeating unit, were 65% and 40%.
N-methyl-2-pyrrolidon (NMP, Acros Organics, Belgium) was used as a solvent.
Sodium chloride (99.5%, Acros Organics) and sodium sulfate (99%, Acros Organics)
were used for membrane resistance measurements. AgNO3 (0.1N, Merck) and NaOH
(0.1N, Sigma-Aldrich) were used for ion exchange capacity measurements. For RED
performance characterization, sodium chloride (technical grade, Boom BV, the
Netherlands), potassium hexacyanoferrate(II) (99%, Boom BV) and potassium
hexacyanoferrate(III) (99%, Boom BV) were used. All chemicals were used without
further purification.

3.2.2 Preparation of IEMs
3.2.2.1 Synthesis of PECH anion exchange membranes
PECH anion exchange membranes were prepared by a solvent evaporation technique
as described in previous work [32]. The membrane-forming solution (comprising PECH,
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PAN and DABCO) was cast onto a glass plate. After thermal curing (for 2 h at
110°C) and solvent evaporation (for 30 min at 130°C) in a thermostated oven, the
polymer film was soaked in 0.5 M NaCl solution to release the membrane from the
glass plate. The membranes were then stored in aqueous NaCl (0.5 M) till further use.
PECH membranes were prepared at different blend ratios (0.208, 0.333 and 0.417),
which is the mass ratio of PECH (active polymer providing the ion exchange groups)
over PAN (inert polymer providing mechanical stability) and at different thicknesses
(33, 77 and 130 µm). The thickness of the membranes was determined with a digital
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screw micrometer (Mitutoyo 293-240, Mitutoyo Co., Japan).

3.2.2.2 Synthesis of SPEEK cation exchange membranes
SPEEK with a sulfonation degree of 65% (SPEEK65) was dissolved in 20 wt% NMP
overnight at ambient temperature and upon stirring. SPEEK with a sulfonation degree
of 40% (SPEEK40) was dissolved in 10 wt% NMP upon stirring and heating up to 50
°C overnight. After that, the casting solution was cooled down. Subsequently
membranes were cast on a clean glass plate. A casting knife with a slit width of 0.5
mm was used resulting in an average thickness of 70 µm for SPEEK65 and an average
thickness of 55 µm for SPEEK40 membranes. After casting, the solvent was
evaporated under nitrogen atmosphere, first 4 days at room temperature, followed by
14 days at 60 °C. Next, the films were immersed in ultrapure water to separate the
film from the glass plate. Finally the membranes were washed for 3 days with
ultrapure water, which was replaced several times, after which the membranes were
stored in a 0.5 M NaCl solution until use.

3.2.3 Characterization of IEMs
Tailor-made IEMs as prepared as described above and several commercially available
IEMs were investigated. The latter included homogeneous as well as heterogeneous
(containing ion exchange particles in non-conductive polymer binder) IEMs. We
characterized electrochemical properties by determining the IEMs’ area resistance,
permselectivity, swelling degree and charge density according to procedures described
elsewhere [32].
The area resistance (R) is the resistance of the membrane and an important parameter
determining the energy generating performance in RED. From an engineering point of
view, the unit of membrane resistance is usually referred to as Ω·cm2 or Ω·m2. It is
usually dependent on the ion exchange capacity and the mobility of the ions within the
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membrane matrix. Moreover it is affected by the temperature. In this work, it was
measured by using a six-compartment cell with NaCl (0.5 M) as the test solution and
Na2SO4 (0.5 M) as the electrolyte solution under direct current (DC). With an external
potentiostat (Ivium Technologies, the Netherlands), the applied current density and
voltage were measured with the membrane under investigation and without a
membrane (blank) to determine the area resistance. The net area resistance was
calculated from the difference between the slopes of the current-voltage curves for

The permselectivity of the membranes is defined as the flux of a specific component
relative to the mass flux through the membrane under a given driving force. The
permselectivity of an ion exchange membrane is a measure for how well the membrane
under investigation can discriminate between the anions (e.g. Cl-) and the cations (e.g.
Na+). In this study, it was determined by using a two-compartment cell. Solutions of
0.1 M NaCl and 0.5 M NaCl (99.5%, Acros Organics) were recirculated on each side of
the membrane. Two reference calomel electrodes were used to measure the potential
over the membrane; the experimental potential was monitored with an external
potentiostat. The permselectivity (α) was calculated from the ratio of the experimental
potential (∆Vmeasured) over the theoretical potential (∆Vtheoretical) for a 100% permselective
membrane:
∆V

α= ∆V measured x100%
theoretical

(Eq. 3.1)

The swelling degree (SD) indicates the water content of the membranes. It is
calculated from the difference in weight of a wet membrane and a dried membrane.
The wet membrane was equilibrated in ultrapure water for at least 24 hours before it
was patted dry with a tissue and the weight was recorded (mwet). The dry weight of
the membrane (mdry) was determined after at least 24 hours in a vacuum oven. The
swelling degree of a membrane, in weight percent, is calculated following the next
formula:

SD=

mwet-mdry
mdry

x100%

(Eq. 3.2)

The ion exchange capacity (IEC) of the membranes is a crucial factor, which affects
almost all other membrane properties. It is defined as the number of milli-equivalents
of ion exchange groups included in 1 g of a dry membrane (meq·(g dry membrane)-1).
It was determined by titration. The AEMs were first immersed in 3 M NaCl (99.5%,
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these two measurements. At least two runs were performed for each membrane.
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Acros Organics) overnight and at room temperature, to bring them in Cl- form. Then,
they were rinsed with ultrapure water. The chlorine ions were then replaced by sulfate
ions by immersing the membranes in a 1.5 M Na2SO4 solution for 3 hours. The solution
was refreshed every hour and the three solutions containing the released chlorine ions
were combined to obtain the titration solution. The collected Na2SO4 solution was
titrated with a 0.100 M AgNO3 solution and the required volume of AgNO3 as
recorded. The membrane samples were then dried in a vacuum oven at 30 °C for 24
hours to reach a constant weight, mdry, to allow calculation of the IEC with the aid of
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the following formula:
IEC 

mmol

g dry membrane

=

VAgNO3 ml
mdry

  · CAgNO3 [
g

mmol
ml

]

(Eq. 3.3)

The CEMs were initially immersed in 1 M HCl for at least 12 hours at room
temperature, then rinsed in ultrapure water. Subsequently, CEMs were immersed in a
2 M NaCl solution for 3 hours, and the titration was conducted with 0.100 M NaOH.
These CEMs were dried similarly as the AEMs and the IEC was then calculated with
formula (Equation 3.4). All IEC measurements were performed in duplicate.
IEC g dry membrane  =
mmol

  · CNaOH [
g

VNaOH ml
mdry

mmol
ml

]

(Eq. 3.4)

If the IEC and the swelling degree of a membrane are known, the fixed charge density
(CD) can also be calculated. The fixed charge density represents the amount of fixed
charge groups per gram of water in the membrane. The following formula expresses the
fixed charge density (mmol/gH2O):
CD=

IEC mmol
SD

[g

]

(Eq. 3.5)

H2 O

3.2.4 RED performance
3.2.4.1 RED setup
For evaluation of the membrane performance in RED, we used a PMMA stack (STT
Products BV, Tolbert, the Netherlands) containing 2 Ti electrodes (mesh 1.0, 10 cm x
10 cm) coated with Ir/Ru (Magneto Special Anodes BV, the Netherlands). The stack
with membranes also contained silicone gaskets of 200 µm (Specialty Silicone
Fabricators, USA), and non-conductive spacers (Sefar, Nitex 03-300/51, Switzerland).
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The stack was placed in a thermostated oven (Fisher Scientific) at 25 °C to control
the temperature.
Technical grade NaCl and demineralized water were used to prepare artificial seawater
(0.513 M NaCl) and artificial river water (0.017 M NaCl). The salinity of these feed
solutions was measured with a conductivity meter (WTW, Germany). The feed
solutions were pumped through the RED stack by peristaltic pumps (Masterflex, Cole
Palmer) and measurements at different flow rates were performed (40, 100, 200
hexacyanoferrate (II), 0.05 M potassium hexacyanoferrate (III) and 0.25 M NaCl were
pumped through the electrode compartment at 300 ml/min.

3.2.4.2 Experimental power density
Power density measurements were carried out with an external potentiostat (Ivium
Technologies, the Netherlands) and a chronopotentiometric method as described
elsewhere [32]. The feed waters flow in a continuous-flow mode through the system
without any recycle loop. Prior to each the measurement, it takes about 30 min. to
achieve stable operation. At each flow rate, 20 current steps (0, 2, 4 … 40 A/m2) of 30
seconds each were applied. All measurements were performed at least three times.
The gross power output was calculated from the maximum of the product of the
voltage (E) and the current (I). Next, this gross power output was corrected by
subtracting the value resulting from a blank run with only one CEM in the stack. The
power density was subsequently derived by dividing gross power output by total
membrane area.

3.2.4.3 Theoretical power density
A theoretical model can be used to estimate the theoretical power density [30, 44]. The
potential difference created by the salinity gradient as given by the Nernst equation is
referred to as the open circuit voltage (EOCV):
EOCV =N

2αRT
zF

ln ac 
a

d

(Eq. 3.6)

where α is the average membrane permselectivity of an anion and a cation exchange
membrane pair (-), N is the number of membrane cells (-), R is the gas constant (8.314
J mol-1 K-1), T is the absolute temperature (K), z is the electrochemical valence, F is
55

Chapter 3

ml/min). During measurements, the electrolyte solution containing 0.05 M potassium
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the Faraday constant (96,485 C mol-1), ac is the activity of the concentrated salt
solution (mol l-1) and ad is the activity of the diluted salt solution (mol l-1). The
activities were approximated by the multiplication of the activity coefficient (-) of
NaCl and the molar concentration (mol l-1) of the solutions.
Neglecting the non-ohmic resistances, i.e. the sum of boundary layer resistance (due to
concentration polarization) and the resistance due to the change of the concentration
of bulk solution, the stack resistance can be defined as [30]:

Chapter 3

Rstack = A ∙ Raem +Rcem + κc + κd  +Rel
N

d

c

d

d

(Eq. 3.7)

where A is effective membrane area (m2), Raem is the anion exchange membrane
resistance (Ω·m2), Rcem is the cation exchange membrane resistance (Ω·m2), dc is the
thickness of the concentrated saltwater compartment (m), dd is the thickness of the
diluted saltwater compartment (m), κc is the conductivity in the concentrated
saltwater compartment (S m-1), κd is the conductivity in the diluted saltwater
compartment (S m-1) and Rel is the ohmic resistance of both electrodes and their
compartments (Ω). In this work, the resistance of electrodes and its compartments is
assumed to be negligible as its contribution to the whole stack resistance is relatively
low compared to other resistances such as river water compartment and membrane
resiatnces. Therefore, Rel is not quantified individually and not included in the
theoretical power density data that will be presented later.
The maximum power output using Rstack and EOCV can subsequently be expressed as
[30, 42]:
2

Pmax =

(EOCV )

(Eq. 3.8)

4Rstack

Then, the maximum power output can be easily extended by substituting EOCV in
Equation 3.8 by Equation 3.6:
Pmax = R

α2

stack

∙

NRT
zF

2

ln a c 
a

d

(Eq. 3.9)

In this equation, gross power density is a function of the square of membrane
permselectivity α2 and stack resistance Rstack.
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Consequently, the power density (power output per unit membrane area, Pgross) can be
calculated from Pmax:
P

max
Pgross = 2∙A∙N

(Eq. 3.10)

where Pgross is the maximum gross power density (W m-2), Pmax is maximum power
output (W), A is effective area of single membrane (m2) and N is number of membrane

3.2.4.4 Multiple linear regression (MLR) modeling and analysis of
variance (ANOVA)
A statistical modeling technique was applied to find the correlation between membrane
properties and RED performance in terms of power density. The best fit of the data
was investigated to estimate the power density for specific membrane properties. A
statistical sensitivity analysis (ANOVA) was carried out to assess the effects and the
respective contributions of the parameters (membrane properties, e.g. area resistance
and permselectivity) on the power density (Pgross) in a RED system. The data were
processed with the aid of the Analysis ToolPak add-in of the Microsoft Excel
spreadsheet.

3.3 Results and discussion
3.3.1 Membrane characteristics
3.3.1.1 Characterization of IEMs
A variety of commercially available membranes as well as tailor-made membranes
(SPEEK and PECH) was characterized to gain insight in their electrochemical and
physical properties (Table 3.1). Depending on membrane type, IEMs may have
different film thicknesses i.e. they can be relatively thick such as Ralex membranes
(~700 µm) or thin such as Fumatech FKS/FAS membranes (~30 µm). Fumatech
FKS/FAS membranes tested in this work were specially made on demand and had a
low thickness to obtain a high power density in RED. Thickness obviously has an
important influence on electrochemical properties such as area resistance; the effect of
membrane thickness on area resistance will be discussed in detail in the next section.
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In general, we observed lower area resistances for thinner membranes such as the
tailor-made PECH and SPEEK membranes and commercial Fumatech FKS and FAS
membranes. Permselectivity is another crucial membrane property; it largely depends
on the membrane’s fixed charge density (CD, ion exchange capacity per water content
of the membrane). As expected, we found that the membranes with a higher or
moderate IEC but relatively lower swelling degree had a high fixed charged density
(>10 meq/gH2O), e.g. FKS/FAS membranes and CMV/AMV membranes. Swelling
behavior obviously plays an important role and so does IEC, which depends on
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properties such as water content, swelling degree, and area resistance.
Table 3.1. Membrane characteristics.

Membrane

Manufacturer

δ

R

α

SD

IEC

CD

(µm)

(Ω·cm )

(%)

(%)

(meq/g)

(meq/gH2O)

2

CMX

Tokuyama Co., Japan

164

2.91

99.0

18.0

1.62

9.0

CMH-PES

MEGA a.s., Czech Republic

700

11.33

94.7

31.0

2.34

7.6

FKS

FumaTech GmbH, Germany

40

1.50

94.2

13.5

1.54

11.4

Qianqiu

Hangzhou Qianqiu Industry

(CEM)

Co., China

205

1.97

82.0

33.0

1.21

3.7

CMV

Asahi Glass Co. Ltd., Japan

101

2.29

98.8

20.0

2.01

10.1

FKD

FumaTech GmbH, Germany

113

2.14

89.5

29.0

1.14

3.9

SPEEK 65

Tailor-made

72

1.22

89.1

35.6

1.76

4.9

SPEEK 40

Tailor-made

53

2.05

95.3

23.0

1.23

5.3

AMX

Tokuyama Co., Japan

134

2.35

90.7

16.0

1.25

7.8

AMH-PES

MEGA a.s., Czech Republic

714

7.66

89.3

56.0

1.97

3.5

FAD

FumaTech GmbH, Germany

74

0.89

86.0

34.0

1.42

4.2

Qianqiu

Hangzhou Qianqiu Industry

(AEM)

Co., China

294

2.85

86.3

35.0

1.33

3.8

AMV

Asahi Glass Co. Ltd., Japan

124

3.15

87.3

17.0

1.78

10.5

FAS

FumaTech GmbH, Germany

33

1.03

89.4

8.0

1.12

14.0

PECH Aa

Tailor-made

77

2.05

90.3

32.2

1.31

4.1

PECH B1b

Tailor-made

33

0.82

86.5

49.0

1.68

3.4

PECH B2b

Tailor-made

77

0.94

87.2

49.0

1.68

3.4

PECH B3b

Tailor-made

130

1.32

87.0

49.1

1.68

3.4

PECH Cc

Tailor-made

77

1.14

79.2

53.5

1.88

3.5

a: blend ratio 0.208; b: blend ratio 0.333; c: blend ratio 0.417; δ: wet thickness; R: area resistance; α:
permselectivity; SD: swelling degree; IEC: ion exchange capacity; CD: charge density.
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3.3.1.2 Effect of thickness on area resistance and permselectivity
The thickness of an ion exchange membrane plays an important role, as it affects
electrochemical properties such as area resistance and permselectivity. In previous
work, we obtained low area resistances (<1 Ω·cm2) for relatively thin anion exchange
membranes based on PECH [32]. We observed a similar trend for our tailor-made
cation exchange membranes (SPEEK) and some commercial membranes (Figure 3.2).
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Figure 3.2. Effect of wet membrane thickness on area resistance.

Ion transfer through the membrane becomes faster with decreasing thickness of the
conductive medium, i.e. the membrane. Therefore, the use of relatively thin
membranes is expected to be advantageous in a RED system. The results show that
the area resistance does not extrapolate to zero at zero membrane thickness, even not
for tailor-made PECH membranes (Figure 3.2). We expect that this non-ideal behavior
can be attributed to surface roughness of the membranes and boundary layer effects
occurring in the cell. Due to surface roughness and non-perfect mixing, a boundary
layer is introduced in the system. This boundary layer resistance thus contributes as
an additional resistance, which is visible as a deviation of a line through the origin in
Figure 3.2. However, as we assume this effect to be more or less equal for all
membranes investigated, as they are all investigated under the same (mixing)
conditions, we can still compare the individual membrane resistances.
IEMs can have similar permselectivities independently of membrane thickness. For
instance, PECH B-type membranes (with the same blend ratio of 0.333) have different
thicknesses but exhibited similar permselectivities of around 87% (Table 3.1).
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Considering that permselectivity is dependent on IEC and SD, membranes having
similar IEC and SD are expected to have similar permselectivities; this is usually the
case for membranes with the same chemistry but with different thicknesses, such as
the PECH B-type membranes but not by definition valid for membranes with different
chemistries.

Also

Balster

et

al.

found

that

SPEEK

CEMs

blended

with

polyethersulfone (PES) at various thicknesses have the same permselectivity. It was
found that IEC and SD did not change significantly with membrane thickness,
resulting in the same level of permselectivity [45]. Other previous work reported similar
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data that are also in good agreement [32, 46].
As mentioned earlier, the thickness of the membrane appears to have no effect on the
swelling degree as the latter is defined as a relative value (Table 3.1). Membranes with
a similar thickness can have a similar swelling degree (e.g. AMX versus AMV), but can
also have a different swelling degree (e.g. AMX versus PECH B3). Therefore, only
membranes with the same chemical composition can be compared fairly. For instance,
the swelling degrees of the thin PECH B-1 membrane and the thick PECH B-3
membrane are similar, namely around 49%. Izguierdo-Gil et al. studied Nafion
membranes with different thicknesses, and observed an increase of IEC with increasing
thickness, coinciding with an increasing swelling degree [46]. As we did not observe an
increase of IEC with increasing thickness for our PECH membranes, the dependency of
the swelling degree on IEC appeared to be more pronounced than the dependency on
other membrane properties.

3.3.1.3 Effect of IEC and SD on area resistance and permselectivity
The ion exchange capacity of a membrane represents the quantity of counter ions that
can be exchanged in the membrane. Table 3.1 shows that heterogeneous membranes
(Ralex CMH-PES/AMH-PES) have a higher IEC than most of the homogenous
membranes. They also have a relatively high swelling degree (up to 56%). It is well
known that swelling of an IEM results from the presence of ionic groups (fixed
charges) [47-48]. Therefore, membranes with a high swelling degree are expected to
have low area resistances. However, a high IEC does not always coincide with a low
area resistance, as especially the charge density, more than the ion exchange capacity
itself, plays an important role. Ralex membranes (CMH-PES and AMH-PES) have a
high IEC but also a reasonable swelling degree resulting in the highest area resistances
(7.66-11.33 Ω·cm2); this is due to the relatively low charge density of these membranes.
Also for other commercial membranes, there is no pronounced direct relationship
between IEC and resistance (Table 3.1). Therefore, other factors must be considered,
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such as the charge density, the density of the polymer network, the hydrophilic
character of the matrix polymer (as swelling degree represent the water content of the
membrane) and the morphology of the membrane itself [49].
As discussed in the previous section, permselectivity mainly depends on the fixed
charge density, which is a function of both IEC and swelling degree. IEC is not the
sole factor that determines permselectivity, as can also be seen in Table 3.1;
membranes with a high IEC can have a low permselectivity due to their high degree of
controlled, further improvement of IEC might yield higher permselectivities.

3.3.1.4 Effect of charge density on permselectivity and area resistance
As already mentioned, the charge density represents the quantity of counter ions that
can be exchanged per unit water content of the membrane and is an important
electrochemical property. Basically, the higher the charge density is, the stronger the
exclusion of co-ions [50-51]. Therefore, a decrease in co-ion leakage will promote the
selective transport of counter ions with increasing charge density, resulting in high
permselectivity.

In

previous

work

with

tailor-made

PECH

membranes,

we

demonstrated that a high charge density generally improves permselectivity whereas
we saw no clear impact on area resistance [32]. The apparent lack of correlation
between area resistance and charge density in the case of the PECH membranes may
be a consequence of having different membrane structures with different degrees of
cross-linking [32, 50]. We found a similar behavior of these two properties for
commercial ion exchange membranes (Figure 3.3). Nevertheless, the relation between
charge density and permselectivity does not show a sharp straight-line correlation but
scatters with a slight trend for higher permselectivity when charge density increases.
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swelling (e.g. Ralex AMH-PES). But as long as the swelling of the membranes is
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Figure 3.3. Effect of fixed charge density on membrane permselectivity (a) and resistance (b).

We expected that area resistance would show an increasing trend with increasing fixed
charge density. However, we did not observe this in our experiments. Our tailor-made
membranes and commercial membranes did not exhibit a straightforward relationship
between charge density and area resistance neither (Figure 3.3). The random behavior
of area resistance with charge density can be due to several effects. For instance, for
some membranes, the repelling forces of fixed charges in the polymer matrix
(inhomogeneous fixed charge distribution) may affect the transport of counter ions,
which results in higher area resistances, or the degree of cross-linking and chemistry
may differ. An increase in the amount of cross-linking reagent in the membranes can
lead to high permselectivity (high transport number of counter ions) but high electrical
resistance as well [43, 52]. Other possible reasons for this independent behavior of
membrane resistance can be the type of membrane reinforcement `porosity`,
membrane roughness or membrane hydrophilicity (depending on membrane surface
properties). The investigation of these effects was outside the scope of this work.
Another parameter that could be related to the charge density of the membrane is the
area resistance per unit thickness of the membrane (Ω·m), the so-called specific
resistance. Although this property is an intrinsic property, when calculating this using
the experimental data of this study, also this value did not show a direct correlation
with the membrane fixed charge density due to the possible effects as described above.
For the investigated membranes, the charge densities generally were lower for
membranes with a high swelling degree (Table 3.1). For instance, some of our tailormade membranes containing a high amount of active polymer (blend ratio of 0.417)
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have significantly higher swelling degrees, such as PECH C, which have an SD of
53.5%. That results in a charge density of 3.5 meq/g H2O only although this
membrane has a relatively high IEC, namely 1.88 meq/g. On the other hand,
membranes can have relatively low swelling degrees with relatively high IECs. For
example, Selemion AMV/CMV and Fumatech FKS/FAS membranes have very low
swelling degrees, resulting in high fixed charge densities. Heterogeneous membranes
may have a better IEC, but some of them may have high swelling degrees as well. An
binding polymer matrix allowing it to have more ion exchanging fixed charges resulting
in a high IEC. The Ralex CMH-PES membrane (the cation exchange type Ralex
membrane) has relatively high charge density due to its high IEC combined with low
swelling degree.

3.3.2 RED performance
3.3.2.1 Power density in relation to membrane permselectivity and
area resistance
Permselectivity and area resistance of an IEM are definitely performance-determining
factors in RED; they are strongly dependent on the membrane’s physicochemical
properties such as IEC and swelling degree. Długołęcki et al. also concluded that
resistance and permselectivity do play an important role in reverse electrodialysis, but
only when thin spacers (<600 µm) are used. When thick spacers are used, there are
minor differences in power densities for different membrane pairs and the resistance of
feed water compartments start to play a larger role in RED than membrane properties
[30]. In our work, all tests were performed with a stack with thin spacers (200 µm) so
that membrane resistance and permselectivity were the key factors that determine
RED performance.
Figure 3.4 presents the effect of average permselectivities (a) and total area resistance
(b) of the membrane couples on the gross power density obtained in our RED system.
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Figure 3.4. Effect of average permselectivity (a) and total area resistance (b) of all the membranes (5
AEMs and 5 CEMs) investigated on gross power density in RED.

According to the theoretical equations (Equation 3.9 and 3.10), the permselectivity has
a strong impact to the theoretical power density in RED such that the theoretical
power density is equal to the square of permselectivity (Pgross~α2). The same accounts
for the area resistance, which determines the power output in an inverse way
(Pgross~1/R). Although permselectivity and resistance of the membrane definitely
determine the power output obtainable in RED, the data above do not show these
straightforward relationships unambiguously. Despite that, as we will show later, both
permselectivity and area resistance are the key parameters that determine the power
output, albeit not precisely in the way as predicted by Equation 3.10. Even PECH
membranes, which consist of the same polymeric material did not show a direct
relationship with gross power density, when coupled with CMX membranes as cation
exchange membrane. It is obvious that PECH membranes (PECH B1, B2 and B3)
having very similar permselectivity values nevertheless yield different values of power
density (Figure 3.4). On the other hand, membrane couples having good
permselectivities (around 90% and more) can have relatively low power densities. For
instance, Ralex CMH-PES/AMH-PES membranes have high permselectivity, but also
have high area resistances, which is undesirable and results in low power densities
(Figure 3.4).
Figure 3.4b also shows the effects of area resistance on power density. As expected,
there is a trend of decreasing gross power density with increasing membrane resistance.
The highest power density is obtained for the membrane couple with the lowest
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average area resistances (SPEEK65/PECH B2), whereas Qianqui and Ralex
membranes with very high area resistances performed the worst.
Charge density is a parameter that is closely linked with the permselectivity of the
membranes (Figure 3.3). Since permselectivity did not show a straightforward
relationship with gross power density (Figure 3.4), and it is strongly dependent on
charge density, charge density is expected to show a similar behavior. In addition,
charge density is not included in the theoretical power output equation based on the

Chapter 3

Nernst equation (Equation 3.9). Consequently, membranes with relatively high charge
densities do not by definition perform well in RED.

3.3.2.2 Experimental power density in RED
To the best of our knowledge, we managed to build the first complete RED stack using
only tailor-made membranes which provides the highest power density. We evaluated
our membranes in terms of experimental power output obtainable in RED and
compared them with commercially available ones. Although the experimental data
showed that the theoretical dependency of the power output on membrane resistance
and permselectivity is not as straigthfoward as predicted by the theoretical equation
(Equation 3.10), we do calculate these theoretical values based on measured resistances
and permselectivities, as comparison of the experimental data with these ‘theoretical’
ones shows the deviation of ideality of the experimental results. We also evaluated the
performance of membrane couples consisting of tailor made and commercially available
membranes, i.e. PECH membranes with CMX and SPEEK membranes with AMX.
Figure 3.5 shows the performance of some of the membrane couples for different feed
flow rates. Table 3.2 shows the RED performance of all membrane pairs evaluated.
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Figure 3.5. Experimental power density obtainable in RED for the different membrane couples
investigated as a function of the flow rate (Number of cells: 5; Spacer thickness: 200 µm).

Since all the other membranes were produced to be used in electrodialysis applications,
the membrane properties were not optimized specifically for RED. Our tailor-made
membranes on the other hand, have excellent electrochemical properties compared
with those of other membranes (Table 3.1), resulting in the highest experimental
power output. Especially for our PECH membranes, we achieved remarkably low area
resistances; this basically counteracts the negative effect of the less advantageous,
lower permselectivity for the tailor-made cation exchange membrane SPEEK. The
highest gross power density achieved was almost 1.3 W/m2 with our homogeneous
tailor-made membrane pair (SPEEK65 as cation exchange membrane and PECH B2 as
anion exchange membrane).
Other homogeneous membranes (without any internal reinforcement) that we used
were Fumatech FKS/FAS membranes. They are very thin (30-40 µm), but are not
easy to handle and it is difficult to build a stack without leakage. They therefore
yielded a relatively lower power density (1.02 W/m2) although the theoretical value
was calculated as the highest (2.24 W/m2) as these membranes have excellent
electrochemical properties with low area resistance and high permselectivity (Table
3.1). The other membranes showed relatively small differences between experimental
power densities and theoretical values (Table 3.2).
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Table 3.2. Experimental power density (Pexp.) and theoretical power density (Ptheo) as calculated using

Pexp.

Pcalculated

Ratio

(W/m2)

(W/m2)

(Pexp./Ptheo)

FKS/ FAS

1.11

2.24

0.50

SPEEK40/ PECH B2

1.18

2.17

0.54

SPEEK65/ PECH B2

1.28

2.31

0.55

CMX/PECH B3

1.07

1.96

0.55

SPEEK40/ AMX

0.98

1.79

0.55

CMX/ PECH B2

1.18

2.00

0.59

Qianqiu CEM/AEM

0.83

1.39

0.59

SPEEK65/ AMX

1.10

1.85

0.59

CMX/PECH B1

1.27

2.08

0.61

CMX/PECH A

1.08

1.77

0.61

CMX/PECH C

1.15

1.84

0.63

CMX/AMX

1.07

1.69

0.63

FKD/FAD

1.19

1.90

0.63

CMV/AMV

1.13

1.59

0.71

Ralex CMH/AMH

0.60

0.64

0.93

Membrane couple
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Equation 3.10 for different membrane couples.

The membrane pair which performed closest to the theoretical value (Equation 3.10)
was found to be the Ralex membrane pair, which had a Pexp. to Ptheo. ratio of 0.93.
These membranes are the ones with the highest area resistance (Table 3.1). Therefore,
it appears that the theoretical power density may be a good approximation for
membrane pairs with relatively high area resistances. The reason for this is that any
non-ideal effects in the stack (boundary layer effects, concentration changes in the bulk
solution, leakage of water compartments, membrane poisoning by electrolyte solutions
etc.) do not dominate membrane performance in this case (high area resistance). By
contrast, the performance of other relatively good membranes can in some individual
cases slightly be hampered by such effects, which is reflected as non ideal behavior and
a deviation from the theoretically predicted power outputs. Despite that, as we will
show later, both permselectivity and area resistance are the key parameters that
determine the power output, albeit not precisely in the way as predicted by Equation
3.10.
The ratio of Pexp. to Ptheo. can also be correlated to the apparent shadow effect of the
spacers used in the stack. The non-conductive spacers block some parts of the
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membrane area and reduce the power density. Therefore, in practical applications the
required membrane area is always larger than the calculated cell pair area. Hence, a
shadow factor β can be defined as the ratio of calculated membrane area to the one
required in practice [53-54]. This relation can be directly attributed to the ratio of Pexp.
to Ptheo.. Post et al. reported a shadow factor of 0.6 for the stack with 200 µm spacers
and a value of 0.47 for 500 µm spacers built with Neosepta CMS/ACS membranes [53].
These reported values correlate very well to our data in Table 3.2.
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3.3.2.3 Multiple linear regression (MLR) and ANOVA analysis
In order to quantify the relationship between membrane bulk properties and the
experimental power output obtainable in RED, we performed a multiple linear
regression analysis (MLR). To identify the dominant and independent parameters
determining the power output, we performed multiple regression analyses to
investigate the relative contribution of all membrane properties investigated in this
work, on the power output. We concluded that the area resistance and permselectivity
are independent variables and the dominant factors regarding the power output.
Factors like ion exchange capacity, swelling degree, and membrane thickness are
indirectly included, as these do have an effect on resistance and permselectivity
(making them dependent variables). Consequently, in the remainder of the work we
will focus on these two parameters and their effect on the power output.
The general purpose of multiple regression modeling is to quantify the relationship
between several independent variables and a dependent variable. A set of coefficients
defines the linear combination of independent variables (e.g. membrane properties)
that best describes the dependent output (e.g. power density). The power density for a
set of membrane couples (CEM and AEM) would then be calculated as a combination
of each membrane property (area resistance, permselectivity) given by the respective
coefficients. A multilinear model can be represented as:
y=β0 +β1 x1 +β2 x2 +…+βk xk +ε

(Eq. 3.11)

where k is the number of independent variables, β1 ,.., βk are the regression coefficients
of the independent variables (x1 , x2 ,.., xk ), ε is the residue and y is the dependent
variable. Regression coefficients represent the independent contributions of each
variable.
However, some of the input variables do not necessarily have to be included in the
model. The criterion for including or excluding these variables in the model is the F68
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test, which is a method of analyzing of variance (ANOVA) to investigate whether a
variable has a significant influence. The F value, which is the ratio of the withinsample mean square and the between-sample mean square, is compared with the
critical F value (Fcrit) for the appropriate numbers of freedom and a confidence interval
of 95%. Fcrit is the highest value of F that can be obtained without rejecting the null
hypothesis. The null hypothesis (no influence) is rejected if F>Fcrit which means that
linear regression is valid and at least one independent variable is linearly related to the
due to error (SSerror) is calculated using the following formula:
SSerror =SST -SSmean -SSfactors

(Eq. 3.12)

where SST is the total number of the squares, SSmean is the overall mean squared
multiplied by the total number of analysis, and SSfactors is the sum of squares of all the
independent variables. Then the number of degrees of freedom for the error (DOFerror)
is calculated:
DOFerror =DOFT -1- ∑ DOFfactors

(Eq. 3.13)

where DOFT is the number of degrees of freedom for the total number of analysis,
DOFfactors is the number of degrees of freedom for each factor. When the sum of the
squares due to error and the corresponding degrees of freedom have been calculated,
the error variance (i.e. mean square for error, VARerror) and variance ratio (i.e. F) can
be calculated as follows:
SS

VARerror = DOFerror

error

(Eq.3.14)

and
F=

MEANfactor 2
VARerror

(Eq. 3.15)

where MEANfactor is a mean value of the objective function for a given factor. The F
ratio quantifies the influence of each factor (variable) in the model. In general, a value
of F above 4 indicates that the effect of the factor (variable) is significant.
The p-value representing the probability of error also provides evidence such that the
null hypothesis is rejected if the p-value is lower than the significance level, 0.05 (for a
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dependent variable, y. F is calculated in the following way: First the sum of squares
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95% confidence level). This value can be calculated depending on the number of
factors and analysis for a system. More information on this method and the details of
these calculations can be found elsewhere [55-56]. The results of the regression analysis
are summarized in Table 3.3.
Table 3.3. Membrane properties as variables, experimental and theoretical power density and residual
values predicted by the MLR method.
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R

α

Pexp.

Ppred.

Residual

(·10-4 Ω·m2)

(-)

(W/m2)

(W/m2)

(W/m2)

SPEEK65/PECH B2

9.05

0.88

1.28

1.15

0.12

2

FKS/FAS

12.65

0.92

1.11

1.18

-0.07

3

SPEEK40/PECH B2

13.20

0.91

1.18

1.16

0.01

4

CMX/PECH B1

18.65

0.93

1.27

1.15

0.13

5

CMX/PECH B2

19.25

0.93

1.19

1.14

0.05

6

CMX/PECH C

20.25

0.89

1.15

1.08

0.06

7

SPEEK65/AMX

17.85

0.90

1.10

1.11

-0.02

8

CMX/PECH B3

21.15

0.93

1.07

1.13

-0.06

9

CMX/PECH A

24.80

0.95

1.08

1.12

-0.05

10

CMX/AMX

26.30

0.95

1.07

1.12

-0.05

11

SPEEK40/AMX

22.00

0.93

0.98

1.12

-0.14

12

Qianqui CEM/AEM

24.11

0.84

0.83

0.99

-0.16

13

Ralex CMH/AMH

94.95

0.92

0.60

0.56

0.04

14

FKD/FAD

15.15

0.88

1.19

1.10

0.09

15

CMV/AMV

27.20

0.93

1.13

1.09

0.04

No

Membranes

1

R: total membrane resistance in the 5-cell RED stack; α: average permselectivity; Pexp.: experimental
power density; Ppred.: predicted power density as calculated by the MLR method; Residual = Pexp.-Ppred..

A single MLR model was developed using Microsoft Excel software. The selected
variables were total area resistance (R) of all the membranes in a stack and the
average permselectivity (α) of the two membranes (CEM and AEM) for the fifteen
different membrane couples (Table 3.3). We assumed them to be independent
membrane

properties.

SD

and

IEC

generally

affect

charge

density,

hence

permselectivity, and in addition also membrane thickness has a direct impact on area
resistance. The model resulting from the regression analysis describes the gross power
density for this set of data as follows:
Pgross = 0.048-74.855∙R+1.333∙α
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Positive values of the regression coefficients indicate that the factor contributes
positively to the value of Pgross, whereas negative values indicate an inverse relationship
with Pgross. As expected, area resistance (R) has a negative effect whereas
permselectivity has a positive influence on Pgross. Figure 3.6 displays the plot of this
predicted power density Ppred. versus the experimental power density Pexp. as
determined using the MLR method; Table 3.3 contains the specific data including the
residuals values (Pexp.-Ppred.).
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Figure 3.6. Predicted power density (Ppred.) as estimated from the MLR model vs. the experimentally
determined power density (Pexp.).

The coefficient of regression (R2) has a value of 0.7457 (Figure 3.6), which is relatively
low, but reasonable. In addition, the adjusted R squared value, which corrects for the
degrees of freedom and is a representation of the goodness of fit, is also in that range
(Table 3.4). In other words, the MLR model using the membrane resistance and
permselectivity as variables, allows the prediction of the experimental values of the
gross power density obtainable in RED to a reasonable extent. ANOVA was used to
determine the factors that influence the power density in RED. Tables 3.4 and 3.5
contain the statistical characteristics of the model and significance of input variables,
respectively.
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Table 3.4. ANOVA (analysis of variance) and statistical features of the model.
Source

SS

DOF

VAR

F-ratio

p-value

Model

0.3142

2

0.1571

17.60

0.0003

Residual

0.1072

12

0.0089

R-squared = 0.7457, R-squared (adjusted for degrees of freedom) = 0.7033, standard error = 0.0945, SS:
Sum of squares, DOF: degrees of freedom, VAR: Mean square (variance).

The residuals are around zero, which indicates that the distribution does not vary
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greatly around the fitted line and the sum of squares for error (SSerror) is as low as
0.1072. From Table 3.4, it can be concluded that the model is useful and provides a
good fit since the p-value (0.0003) is smaller than 0.05 (significance level for 95%
confidence) and the F-ratio (17.60) is greater than 4 (as Fcrit calculated for two
membrane parameters - i.e. R and α - and fifteen membrane couples). In other words,
the null hypothesis is rejected and at least one parameter is expected to be
significantly related to the power density.
Table 3.5. Model parameters resulting from MLR method.

Parameter

Estimated
coefficient

Standard error

p-value

Lower 95%

Upper 95%

Intercept

0.048

0.7955

0.9529

-1.685

1.781

R

-74.855

12.6760

0.0001

-102.473

-47.236

α

1.333

0.8766

0.1542

-0.577

3.243

R: total area resistance; α: average permselectivity.

As can be seen in Table 3.5, the estimated coefficients and standard errors are given
for the corresponding variables. Standard errors (i.e. standard deviations) show how
much each variable deviates from its mean value. As expected it shows that the
experimental data points for R change over a wider range, whereas α values are all in
the same range as the absolute values. In addition, sensitivity parameters for the
intercept are shown, which basically depend on the main variables of interest (R and
α) in the model.
The probability term, the p-value, can also be calculated individually for the main
variables (R and α) (Table 3.5). That value allows to observe the relative contribution
of each parameter in the model. For instance, the p-value for R is rather small as
0.0001 (i.e. almost zero), indicating that the null hypothesis is rejected. In other words,
the effect of this parameter is significant and the correlation of the power density with
this parameter is strong. However, the p-value for permselectivity is relatively high
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and even higher than the significance level, 0.05. Hence, permselectivity matters within
the model, but the correlation with the power density is weak. This argument can also
be concluded from the lower and upper limits of the parameter coefficients, which are
the so-called lower 95% and upper 95% values, respectively. These are the end points
of the confidence intervals for R and α. For permselectivity, these two limits represent
both a negative value (-0.577) and a positive value (+3.243) representing that there is
neither a significant positive nor a negative effect on Pgross. That also means that
without deteriorating the model equation. Therefore, on the basis of this set of data, it
appears that improving the permselectivity of ion exchange membranes for RED would
not be that beneficial. On the other hand, the value of these limits (lower 95% and
upper 95%) is always negative for the total area resistance (R), for the confidence
interval of 95%. Although it seems that the range of these coefficient limits seems to
be wider for R than for α, the values should not be considered as absolute values and
the quantitative values of area resistance (in Ω·m2 scale) are relatively lower than the
ones for permselectivity, resulting in higher coefficient for R. Consequently, improving
ion exchange membranes in terms of area resistance, i.e. producing low-resistance
membranes, is a “must-follow” strategy to increase the power density in RED. These
interpretations

also

match

our

graphical

representations

of

resistance

and

permselectivity versus power density in Figure 3.4 very well, where area resistance
shows a clear inverse correlation with power density, while permselectivity has a less
well defined effect.
To quantify the relationship between membrane bulk properties like permselectivity
and area resistance and the experimental power output obtainable in RED, we
performed this multiple linear regression analysis (MLR). Although the main
conclusions are general in nature and applicable to any RED system, the absolute
numbers may vary from stack to stack design, as specific stack effects are included in
the data. Nevertheless, we think this is a valuable contribution, as this analysis clearly
sets the directions for further membrane development to improve the power output
obtainable in RED.

3.4 Conclusions
This research shows the importance of membrane bulk properties and how these affect
RED performance in practice. In addition, we formulated the correlation between these
membrane properties and gross power density obtainable in RED based on
73
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permselectivity can vary over a wide range within the confidence interval of 95%
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experimental results. We constructed a RED stack built with only tailor-made
membranes of which we can tune the properties easily. The performance of such a
RED stack exhibited the highest gross power density (1.3 W/m2) relative to stacks
built with commercially available membranes at predefined experimental conditions.
Area resistance was found to be correlated to RED power density, whereas
permselectivity did not show a straightforward relationship. Statistical analyses (a
linear model and a sensitivity study) confirmed this correlation. Consequently, this
research shows the directions towards tailoring ion exchange membranes for RED
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applications.
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3.6 Nomenclature
A

effective membrane area [m2]

ac

activity of salt solution [mol/l]

ad

activity of diluted salt solution [mol/l]

CAgNO3

concentration of AgNO3 for titration [mmol/ml]

CNaOH

concentration of NaOH for titration [mmol/ml]

CD

fixed charge density [mmol/g H2O]

dc

thickness of dilute compartment [m]

dd

thickness of concentrate compartment [m]

DOF

degrees of freedom [-]

EOCV

open circuit voltage [V]

F

F ratio in multiple regression model [-]

F

Faraday constant [96485 C/mol]

Fcrit

critical F ratio in multiple regression model [-]

IEC

ion exchange capacity [mmol/g dry membrane]
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mwet

mass of membrane in wet state [g]

mdry

mass of membrane in dry state [g]

N

number of membrane cells [-]

Pcalculated

calculated gross power density [W/m2]

Pexp

experimental gross power density [W/m2]

Pgross

gross power density [W/m2]

Pmeasured

measured gross power density [W/m2]

Ppred

predicted gross power density [W/m2]

Presidual

residual gross power density [W/m2]

R

universal gas constant [8.31 J/(mol.K]

2

R

coefficient of regression [-]

Raem

anion exchange membrane resistance [Ω·m2]

Rcem

cation exchange membrane resistance [Ω·m2]

Rel

electrode resistance [Ω]

Rstack

ohmic stack resistance [Ω]

SD

swelling degree [-]

SS

sum of squares [-]

T

temperature [K]

VAR

mean square [-]

VAgNO3

volume of AgNO3 solution used in titration [ml]

VNaOH

volume of NaOH solution used in titration [ml]

Vmeasured

measured membrane potential [V]

Vtheoretical

theoretical membrane potential [V]

wdry

weight of membrane in dry state [g]

x

independent variable in multiple regression model [-]

z

electrochemical valence [-]
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Greek symbols
α

membrane permselectivity [-]

β

regression coefficient in multiple regression model [-]

κd

conductivity of dilute compartment [S/m]

κc

conductivity of concentrate compartment [S/m]

ε

residue in multiple regression model [-]
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ABSTRACT
Reverse electrodialysis (RED) is a process that can be used to generate energy from
salinity gradients. Since its application in practice requires the use of natural seawater
and river water, the presence of multivalent ions is inevitable, but this currently limits
RED performance. Membranes with selectivity for monovalent ions may overcome this
limitation. Standard ion exchange membranes have low monovalent-ion selectivity. We
used a single-step and relatively fast method to coat a standard commercial anion
exchange membrane to improve its monovalent-ion selectivity. The coating layer was
formed by copolymerization of 2-acryloylamido-2-methylpropanesulfonic acid (AMPS)
as the active polymer and N,N-methylenebis(acrylamide) (MBA) as the crosslinker,
using UV irradiation. The monovalent ion selectivity of the resulting membranes was
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comparable to that of commercial monovalent-selective membranes. Furthermore, the
modified membranes with their negatively charged coating showed increased
hydrophilicity and exhibited sufficient antifouling potential against organic foulants.
When they were tested in an RED stack, their performance was found to depend
especially on the proportion of the divalent ions (sulfate) in the river water stream.
However, the use of the currently available monovalent selective membranes was not
found to be very effective for obtaining higher gross power densities in RED.

80

Monovalent-ion-selective membranes - Fabrication and characterization

4.1 Introduction
Global warming and the depletion of fossil fuel sources have resulted in a great deal of
attention for energy from renewable sources [1]. Oceans and surface waters have the
potential to contribute salinity gradient energy, thermal energy, and energy generated
by waves and tidal forces [2]. Of these sustainable energy forms, particularly salinity
gradient energy can be considered significant with its theoretical power production
potential of 2.4 TW, exceeding the current global electricity consumption [3-4].
One technology for extracting energy from salinity gradients is reverse electrodialysis
(RED). In RED, selective ion transport is created via ion-selective membranes. These
membranes) or cations (i.e. in the case of cation exchange membranes) resulting in a
potential difference. The ionic transport is later counterbalanced by electron transport
caused by redox reactions at the electrodes. The generated electric current can be
utilized in an external electric device.
As the ion exchange membranes are core elements in RED, their performance is vital
for efficient energy generation. Besides ions like sodium and chloride, many other ions
are naturally present in seawater and river water. The literature on ion exchange
membranes indicates that the presence of multivalent ions has a lowering effect on
stack voltage and thus on the power density [5-6]. Examples of multivalent ions are
magnesium, calcium and sulfate. Multivalent ions –particularly magnesium and sulfate
– increase the electrical resistance of the membranes and lower the power output [5].
Moreover, standard-grade ion exchange membranes usually have low selectivity
towards such ions, e.g. cation exchange membranes were determined to have very low
selectivity towards magnesium [5]. Divalent ions tend to be transported in the
direction opposite to their activity gradient (i.e. from the river water compartment to
seawater compartment) due to the difference in chemical potential between divalent
and monovalent ions. Thus, a divalent ion in a river water compartment is exchanged
for two monovalent ions in the seawater compartment reducing the salinity gradient
and thus the power density in RED [5]. Therefore, one of the key electrochemical
properties of the membranes that determine RED performance is the selectivity for
specific ions. In the RED process, such selectivity can be provided by tailor-made ion
exchange membranes.
Monovalent-ion-selective membranes have the capability to separate monovalent ions
from a solution, e.g. seawater and river water, containing both monovalent and
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membranes allow the transport of either anions (i.e. in the case of anion exchange
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multivalent ions. Such relative permselectivity can, for instance, be provided by a very
thin layer on the surface of conventional membranes that allows the passage of only
monovalent anions (e.g. chloride) while restricting the passage of divalent ions (e.g.
sulfate) (Figure 4.1). Such a coating layer can, for instance, carry an opposite charge
relative to the membrane, as in Figure 4.1. In addition to providing monovalent-ion
selectivity, a membrane modification like this can simultaneously be utilized to control
biofouling which is a serious problem not only for RED [4] but also for conventional
electrodialysis [7-8].
Cation exchange
layer
a)

b)
AEM

AEM

Na+
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SO42-

SO42-

Cl-

Cl-

Na+

Figure 4.1. Mechanism of monovalent-ion selectivity by integration of a conventional ion exchange
membrane (a) with a cation exchange layer (b).

Biofouling, especially for anion exchange membranes, is also considered to be one of
the most important limitations for the practical use of the RED process. Organic and
colloidal fouling usually involves large negatively charged molecules resulting in fouling
specifically on standard anion exchange membranes, which are positively charged [4].
This results in an increase of membrane resistance and a decrease of apparent
permselectivity during RED operation with natural waters. Recently, Vermaas et al.
investigated fouling in a RED stack using natural seawater and river water, and
proposed several strategies to reduce this fouling such as the use of profiled membranes
(i.e. spacerless stacks) and switching the current direction [4]. Several other authors
studied fouling in electrodialysis, especially for anion exchange membranes [9-14]. To
prevent fouling, Grebenyuk et al. suggested using a coating layer with a surfactant
containing a sulfonic acid functional group on the membrane surface, which is
oppositely charged relative to the membrane bulk material [10]. Combined with the
idea of monovalent ion selectivity, this approach, the use of anion exchange
membranes with an oppositely charged coating layer, will have benefits in a RED stack
as well.
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Another common problem in the application of RED is membrane poisoning. It occurs
when electrolyte solutions having a negative charge, such as hexacyanoferrate
compounds, penetrate into the bulk of the anion exchange membranes, which are
positively charged, and results in decreased RED performance [15]. It can happen not
only in the membranes adjacent to the electrode compartments but also in the
membranes inside the stack if there is no proper sealing of the membrane cells (leaking
gaskets). In addition to anti-fouling properties, a thin negatively charged surface layer
to make membranes monovalent-ion-selective also has the potential to prevent
membrane poisoning to some extent (via electrostatic repulsion).
Various methodologies for the preparation of anion exchange membranes with
a highly crosslinked layer was effective in changing the permselectivity between
monovalent and divalent ions [16-17]. The thickness of this layer was optimized so as
to obtain monovalent-ion selectivity without increasing the electrical resistance. Later,
Sata et al. carried out a significant amount of work in this field, such as with
condensation-type aromatic amine polymers and formaldehyde on the membrane
surface [18], impregnation of ethylene glycols into the membranes [19], and
introduction of specific ion exchange groups controlling the hydrophilicity of the base
membrane [20-22]. Amara et al. [23-24] and Guesmi et al. [25] worked on the physical
adsorption of polyethylenimine (PEI) onto anion exchange membranes, and
successfully achieved the separation of anions according to their hydration radii and
their sizes. Dey et al. studied PEI functionalization on nanofiltration membranes and
achieved a high rejection rate of divalent ions from salt solutions, such as a solute
rejection ratio of 1.25 for NaCl/Na2SO4 [26]. Layer-by-layer deposition, such as of
alternating layers of poly-anions and poly-cations with wash steps in between, was also
investigated with the aim to obtain a promising Cl-/SO42- selectivity [27-28]. However,
all these studies concerned methods requiring several steps, e.g. layer-by-layer
deposition, or a great deal of time, e.g. immersion to achieve physical adsorption.
Moreover, none of these studies targeted obtaining specific antifouling properties at the
same time.
Previously, the formation of a negatively charged polyelectrolyte layer on the surface
of anion exchange membranes was reported to increase permselectivity for monovalent
ions [28]. Recently, Mulyati et al. also found that monovalent-anion selectivity can be
obtained by the electrostatic repulsion between multivalent anions and a negative
surface charge of the membrane, as this repulsion is greater than that between
monovalent anions and a negative surface charge [8].
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monovalent selectivity have already been reported. Sieving of ions by the formation of
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In the present paper, we report the development of monovalent-ion-selective
membranes by coating commercially available standard grade anion exchange
membranes for RED. Photo-polymerization (UV-curing) was performed to create a
highly negatively charged layer on the membrane surface by using polyanion 2acryloylamido-2-methylpropanesulfonic acid (AMPS). Contrary to other membrane
modification techniques described in the aforementioned literature, we employed a
single-step (i.e. casting followed by UV-curing) and relatively fast method. We
evaluated the RED performance of these modified membranes in the presence of
divalent ions (i.e. sulfate) in terms of power density and their antifouling potential
against organic foulants and compared the results to the performance of standard
anion exchange membranes and commercially available anion exchange membranes
with monovalent ion selectivity.

Chapter 4

4.2 Theory
4.2.1 Transport numbers
To evaluate the monovalent selectivity of membranes, bulk transport numbers of
divalent (e.g. sulfate) and monovalent (e.g. chloride) ions in an aqueous salt solution
can be determined.
The corresponding ion (A) flux through the membrane (JA) is calculated from the
concentration change in time 

JA =

V∙

dCA
dt

dCA
dt

 in a dilute electrolyte solution:

(Eq. 4.1)

A

V is the volume of the circulated solution (cm3) and A is the membrane area (cm2).
To evaluate monovalent-ion selectivity of the membranes, first the current (I) carried
by a single ion (A) can be calculated from the concentration change in time 

dCA
dt

 in

the dilute solution:
IA =F∙V∙

dCA
dt

(Eq. 4.2)

In this equation, F is the Faraday constant (96,485 C mol-1), V is the volume of the
circulated solution (cm3), C is concentration (mol cm-3) and t is the time (s). The
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transport number of a certain ion tA is defined as the ratio of between the current
carried by this ion (IA) and the total current (IA):

tA =

IA
I

=

F∙V∙

dCA
dt

I

=

F∙V∙

dCA
dt

(Eq. 4.3)

i∙A

In this equation, i is the current density (mA cm-2) and A is the effective membrane
area (cm2). Thus, to evaluate the relative permselectivity of the membrane between A2
and A1 ions, the transport number ratio can be determined such that:
tA2 /tA1

(Eq. 4.4)

A2 /CA1

Here, tA2 and tA1 denote the transport numbers of A2 and A1 ions, respectively; CA2
and CA1 are the average concentrations of A2 and A1 ions before and after
electrodialysis in the dilute compartment, respectively [20]. In this particular work, A2
may denote sulfate ions and A1 may denote chloride ions.

4.2.2 Experimental and theoretical power density
The experimental gross power output can be calculated from the maximum of the
product of voltage (E) and current (I). The gross power density is then determined by
dividing gross power output by total membrane area (W m-2).
The theoretical gross power density can be calculated based on the values of
experimental open-circuit voltage (EOCV) ,which is the total stack potential with no
current applied to the RED stack, and the stack resistance as described earlier [29].
Neglecting the ohmic resistances of electrodes and its compartments, the stack
resistance (Rstack) can be defined as [30]:
Rstack = A ∙ Raem +Rcem + κc + κd 
N

d

c

d

d

(Eq. 4.5)

In this equation, A is effective membrane area (m2), Raem is the anion exchange
membrane resistance (Ω·m2), Rcem is the cation exchange membrane resistance (Ω·m2),
dc is the thickness of the concentrated saltwater compartment (m), dd is the thickness
of the diluted saltwater compartment (m), κc is the conductivity in the concentrated
saltwater compartment (S m-1), and κd is the conductivity in the diluted saltwater
compartment (S m-1). In this work, analytically measured conductivities of these
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compartments were used and replaced in Equation 4.5 to find the stack resistance in
order to have more realistic values of these terms.
The maximum power output using Rstack and EOCV can subsequently be expressed as:
2

Pmax =

(EOCV )

4Rstack

(Eq. 4.6)

Consequently, the power density (power output per unit membrane area, Pgross) can be
calculated from Pmax:
P

max
Pgross = 2·A·N

(Eq. 4.7)
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In this equation, Pgross is the maximum gross power density (W m-2), Pmax is maximum
power output (W), A is effective area of single membrane (m2) and N is number of
membrane cells.

4.2.3 Current-voltage (I-V) relations and surface homogeneity
A method frequently used to characterize the transport properties of ion exchange
membranes is to study a membrane system’s current-voltage (I-V) curves. Monitoring
I-V curves yields insights about the surface properties of the ion exchange membranes,
as they are the performance-determining components of a RED system. On the other
hand, ionic transport information above the limiting current region in I-V curves might
be of more interest for conventional electrodialysis (ED) applications than for RED
since maximum power generation takes place below the overlimiting region in RED
with seawater and river water concentrations. Figure 4.2 shows a typical currentvoltage curve for a monopolar ion exchange membrane.
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Ohmic region

Overlimiting region

Current density

Limiting current region

i lim

∆V

Potential

The characteristic curve shows three regions. First, in the ohmic region at lower
current densities, ions are available in the diffusion boundary layer of the membrane to
transport the current from one compartment to another and there exists a linear
relation between voltage and current. Second, this region is followed by the plateau
region (i.e. limiting current region) in which the potential increases sharply due to the
lack of ions. Due to concentration polarization, ions migrate faster through the
membrane than from the bulk solution towards the membrane surface. Thus, the ion
concentration at the membrane surface decreases until it reaches zero. The current
density that corresponds to this point is called the limiting current density (ilim). Third,
the current plateau is followed by the overlimiting region where water splitting (i.e.
production of H+ and OH- to transport current) or electroconvection (i.e. mixing of
diffusion layer resulting in irregular electric fields) occurs. The plateau length and the
onset of the overlimiting region can give information about the conductive
heterogeneity of membrane surfaces, and about modifications of the conductivity on
membrane surfaces. The theory concerning electroconvection predicts a greater plateau
length for membranes with increased surface homogeneity [31]. Electroconvection can
be defined as non-gravitational free convection in macroscopic domains of the
electrolyte solution, caused by the interactions of a self-consisting electric field with the
corresponding space charge [31]. Rubinstein et al. elaborated this theory of flow
vortices caused by the mixing of the diffusion layer via surface heterogeneity [32].
According to this concept, the elimination or decrease of surface heterogeneity delays
the earlier onset of electroconvection and causes greater plateau lengths in I-V curves.
Thus, coating the membrane surface with a conductive thin layer might hinder
conductive heterogeneities (effect of funnel, Figure 4.3b) and provide a more stable
ionic flow from the electrolyte to the membrane (Figure 4.3a). Shorter plateau lengths
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Figure 4.2. Schematic representation of typical current-voltage curve of ion exchange membranes.
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indicate a less active electroconvective effect, i.e. the smoother the membrane, the
longer the plateau.
a)

solution

membrane

b)

solution

membrane
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Conducting region

Non-conducting region

Figure 4.3. Scheme of current line distribution close to a) a homogeneous and b) a heterogeneous
membrane surface [31, 33].

Previous research also showed that coating the membrane surface with a conductive
thin layer does increase conductive surface homogeneity [31-32]. Rubinstein et al. used
a polyvinyl alcohol (PVA) coating layer (1-2 µm) on the membrane surface to
eliminate the overlimiting conductance [34]. Similarly, Balster et al. used a
polyethylenimine (PEI) coating on commercial CMX membranes and observed a
noticeable broadening of the plateau (increased length) in the I-V curves [31].
Monitoring I-V curves and determining the plateau length can provide information
about the level of homogeneity of the membrane surface [35-37].

4.2.4 Transition time for fouling determination
The antifouling potential of ion exchange membranes is an important factor that codetermines RED performance. The membrane potential (∆E, potential difference
between both sides of the membrane) can be monitored in a single cell (not in a RED
stack) over time to investigate fouling. Fouling results in increased area resistance of
the membrane, causing ∆E to increase in the single cell in which fouling is
investigated. First ∆E increases gradually, but it increases rapidly after fouling starts
to occur. The time elapsed until this rapid increase is called the transition time (Figure
4.4). For membranes with relatively high antifouling properties, this transition time is
relatively long.
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Transition time

Time (t)

Figure 4.4. Typical graph of membrane potential (potential difference between both sides of the
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membrane) versus time for the determination of transition time [38].

4.3 Experimental
4.3.1 Materials
Table 4.1 lists selected properties of the membranes tested in this study. Each
membrane is homogenous with non-conductive reinforcement (either PP or PVC). The
AMX and ACS membranes have a polymer matrix formed by copolymerization of
styrene and divinylbenzene. On the other hand, the commercial Fujifilm membrane
(Fuji A) is a standard-grade homogeneous anion exchange membrane without any
specific monovalent-ion selectivity or antifouling potential. It has strongly basic anion
exchange groups.
Table 4.1. Characteristics of the anion exchange membranes used in this study [39-42].
Membrane

Manufacturer

Type

Reinforcing

Structure
properties

Fuji A

Fujifilm

Standard grade

PP

-

AMX

Tokuyama

Standard grade

PVC

Styrene/DVBa

ASV (mono)

Asahi Glass

Monovalent-selective

-

-

ACS (mono)

Tokuyama

Monovalent-selective

PVC

Styrene/DVB

Fuji A-mono

Tailor-made

Monovalent-selective

PP

composite

a

divinylbenzene. Reinforcing materials: PP: polypropylene; PA: polyamide; PP: polypropylene; PVC:

polyvinylchloride. All are homogeneous anion exchange membranes.
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We selected the Fuji A membrane (Fujifilm Manufacturing Europe BV, the
Netherlands) to be modified to obtain improved monovalent-ion selectivity and
antifouling potential because of its electrochemical properties, as will be discussed
later.
For the anionic coating layer, we used 2-acryloylamido-2-methylpropanesulfonic acid
(AMPS, Sigma-Aldrich) as polyanion. We used N,N-methylenebis(acrylamide) (MBA,
Sigma-Aldrich) as the crosslinking agent to modify both sides of standard-grade Fuji A
membranes.
We used 2-hydroxy-2-methyl-1-phenyl-1-propane (Darocure 1173, Ciba Specialty
Chemicals) as free-radical photo-initiator, and LiOH monohydrate (Sigma-Aldrich) as
pH neutralizer to control the high reactivity of AMPS at low pH values. Milli-Q water
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(Millipore) and isopropyl alcohol (IPA) (Sigma-Aldrich) were used as solvent for the
coating solution.
Neosepta AMX (Tokuyama) is a commercial standard-grade membrane without any
specific monovalent-ion selectivity and antifouling properties. On the other hand,
Neosepta ACS (Tokuyama) is a commercial monovalent-ion-selective anion exchange
membrane prepared by deposition of a highly crosslinked layer on both sides [43].
Selemion ASV (Asahi Glass) is another anion exchange membrane with specific
monovalent-ion selectivity [42]. Although some of its chemical structure properties are
undeclared, it is known from the literature that this membrane has a highly crosslinked layer similar to the ACS membrane [44].
Sodium chloride (99.5%, Acros Organics) and sodium sulfate (99%, Acros Organics)
were used for membrane resistance measurements. We chose sodium dodecyl sulfate
(SDS, Merck) as a model organic foulant. For RED performance characterization,
sodium

chloride

(technical

grade,

Boom

BV,

the

Netherlands),

potassium

hexacyanoferrate(II) (99%, Boom BV) and potassium hexacyanoferrate(III) (99%,
Boom BV) were used. All chemicals were used without further purification.

4.3.2 Monovalent-ion-selective membranes
We prepared the monovalent-ion-selective membranes on the basis of in-situ synthesis
of a reactive polymeric layer on the membrane surface [45], preserving the bulk
membrane structure. The modified membranes can be considered composite
membranes with a functionalized surface. The coating layer containing sulfonic acid
groups is formed by acrylamide (AMPS) monomer crosslinked by bis-acrylamide
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(MBA) via UV irradiation and fixed to the solid base membrane material without any
chemical grafting. Figure 4.5 shows the reaction scheme. The reaction is a
photopolymerization reaction initiated by a free-radical-generating system via active
double bonds; MBA functions as the crosslinker that forms the polymer network
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(Figure 4.5).

Figure 4.5. Reaction scheme of UV photopolymerization reaction of AMPS and MBA.

The coating solution was prepared by dissolving 5 wt% AMPS in Milli-Q water/IPA
solution followed by addition of LiOH at small amounts (1 wt%) at room temperature.
Subsequently, crosslinker MBA (2 wt%) was dissolved in the solution to which freeradical photo-initiator Darocure 1173 (0.5 wt%) was then added at 65 °C. After a clear
solution was obtained, the mixtures were drawn into films by coating them onto airdried Fuji A membranes with a 12 µm wire-wound coating bar. The coated Fuji A
membranes were then exposed to UV irradiation under a power output of 240 W/cm.
The UV generator was a bench top conveyor system (Heraeus Noblelight Fusion UV
Inc., USA), in which UV was emitted by a mercury H-bulb (240-280 nm) working at
100% intensity and a conveyor speed of 30 m/min (single pass) under nitrogen
atmosphere. The distance between the UV lamp and the membrane was adjusted to 80
mm. The coated membrane was dried at room temperature for 24h and stored in 0.5 M
NaCl until further use.
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In order to make a fair comparison with the commercially available monovalent-ionselective membranes, e.g. the Neosepta ACS membrane, which has a highly crosslinked layer on both sides [5, 46], we coated our membranes on both sides as well. We
then characterized all membranes and tested them in a RED stack. The coating on the
side facing the river water compartment provides the greatest benefit as it prevents the
back-transfer of divalent ions against their salinity gradient because of their low
chemical potential in this compartment [5]. The coating layer on the river water side,
where biofoulants are most densely present, also functions as antifouling in the stack.
The coating that faces the seawater compartment helps control fouling as well to some
extent, but fouling in the seawater compartment is less severe than in the river water
compartment.
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4.3.3 Characterization of surface properties
4.3.3.1 SEM-EDX analysis
Energy-dispersive X-ray spectrometry (EDX) mapping was performed to determine the
morphology and the element distribution of carbon, sulfur, chloride and oxygen on the
surface of the membranes. Sulfur mapping is useful as the sulfur originates from the
sulfonic acid groups in the coating. Surfaces and cross-sections of the vacuum-dried
membranes were analyzed with a JEOL JSM-6330F SEM equipped with EDX detector
(X-max, Oxford Instruments) operating at 10 kV.

4.3.3.2 XPS analysis
All tested membranes were also subjected to X-ray photo-electron spectroscopy (XPS,
Kratos Analytical AMICUS) to confirm the integration of the coating layer and obtain
an element analysis for C, O, N, Cl, and S on the membrane surface. We also
quantified the atomic percentage of N from quaternary ammonium groups. Prior to the
analysis, we immersed the membranes in a 3 M NaCl solution, then rinsed them three
times with Milli-Q water. The membranes were allowed to dry in a vacuum oven
overnight at 30°C. The XPS analyses were performed with a surface sensitivity of 1-10
nm [47].

4.3.3.3 Water contact angle
Water contact angle measurements (VCA Optima, AST Products INC.) were carried
out on the membrane surfaces to determine the hydrophilic properties of the original
and modified membranes at room temperature. Before the measurements, the
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membranes were rinsed with Milli-Q water and air-dried overnight. Subsequently, the
membranes were further dried for 2 h in a vacuum oven at 30°C. The static contact
angle measurements were performed by placing 1 µL of deionized water onto the
membrane surface by a computer-controlled syringe. After 5 s, the contact angle of the
water drops was recorded. The measurements were repeated five times for every
membrane.

4.3.3.4 Surface roughness
To characterize the surface topology of the membranes, optical interferometry
measurements were carried out (Wyko NT9100 Optical Profiler, Veeco USA) on dry
membrane samples. In view of the semi-transparency of the membranes, we used black
measured the depth of the replicas at five different locations. The average values of the
surface roughness were calculated as Ra (average mean deviation of the profile).

4.3.4 Electrochemical characterization
4.3.4.1 Current-voltage curves (I-V) and limiting current density
(LCD)
Current-voltage experiments were carried out in a conventional six-compartment cell
(Figure

4.6).

To

evaluate

the

homogeneity

of

the

membrane

surface,

chronopotentiometry was performed with a direct current, a 0.1 M NaCl solution and a
solution mixture of 0.05 M NaCl/0.05 M Na2SO4. We used a 0.5 M Na2SO4 solution as
electrolyte. The solutions for each compartment were circulated individually at a flow
rate of 300 mL/min, and the temperature was 21±1°C. The current was increased step
by step (i.e. 0, 0.05, 0.06,..., 0.35 A every 30 s) via a power supply (Delta Elektronika)
and the voltage across the membrane under investigation was measured between
Haber-Luggin capillaries with a voltage meter. We plotted the current density versus
the voltage over the membrane. The detailed description of the method to investigate
limiting current density (i.e. LCD, maximum attainable current density of ions limited
by concentration polarization and water splitting) is described in detail elsewhere [48].
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silicon rubber to make replicas of the surface texture of the dry membranes. We
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Figure 4.6. Schematic diagram of six-compartment electrolytic cell (AEM = anion exchange
membrane, i.e. the membrane under investigation; CEM = cation exchange membrane).

4.3.4.2 Transport numbers
To evaluate the monovalent-ion selectivity of the membranes, bulk transport numbers
for the divalent (i.e. sulfate) and monovalent (i.e. chloride) ions were determined. We
measured the ionic fluxes of sulfate and chloride through the membranes over time in
the same six-compartment cell (Figure 4.6). A solution mixture of 0.05 M NaCl and
0.05 M Na2SO4 was used as test solution in compartments 3 and 4. The applied direct
current density was kept constant at 11.4 mA/cm2 (a total current of 150 mA) for
each membrane. The solutions for each compartment were circulated individually at a
flow rate of 300 mL/min, and the temperature was 21±1°C. Every 20 min, 5 mL of the
solution was taken from the dilute (compartment 4) as well as from the concentrate
compartment (compartment 3). Ion chromatography (Dionex ICS-5000, Dionex Corp.,
CA, USA) was used to measure the Cl- and SO42- concentrations. The corresponding
ion (A) flux through the membrane and the corresponding current in the dilute
compartment (compartment 4 in Figure 4.6) were calculated with Equation 4.1 and
Equation 4.2, respectively. Once the bulk transport numbers were determined for
sulfate and chloride, the relative permselectivity of the membranes (i.e. selectivity of
sulfate over chloride) was determined with the aid of Equation 4.4.

4.3.5 Evaluation of antifouling potential
The antifouling potential of the modified membrane (Fuji A-mono) and the original
membrane (Fuji A) was investigated again using the six-compartment cell shown in
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Figure 4.6. We used a 0.1 M NaCl solution in the shielding compartments
(compartments 2 and 5). A mixture of 0.1 M NaCl as an electrolyte and 0.00060 M
sodium dodecyl sulfate as a foulant was used in compartments 3 and 4. The applied
direct current density was constant at 10 mA/cm2, providing a total current of 31.4
mA. The solutions for each compartment were circulated individually at a flow rate of
300 mL/min, and the temperature was 25±1°C.
Membrane potential, which is the potential difference between both sides of the
membrane, was measured over time to monitor fouling.

4.3.6 RED performance

The performance of the investigated membranes was investigated in a RED stack as
previously described [29, 49-50]. We used a PMMA stack (STT Products BV, The
Netherlands) containing 2 Ti electrodes (mesh 1.0, 10 cm x 10 cm) coated with Ir/Ru
(Magneto Special Anodes BV, The Netherlands); Figure 4.7 gives a schematic
representation. This stack also contained silicone gaskets of 200 µm (Specialty Silicone
Fabricators, USA), and non-conductive spacers (Sefar, Nitex 03-300/51, Switzerland).
We placed the stack in a thermostated oven kept at 25 °C (Fisher Scientific).
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Figure 4.7. Schematic representation of a RED system.
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4.3.6.1 RED setup
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The feed solutions were artificial seawater (a mixture of 0.45 M NaCl and 0.05 M
Na2SO4) and artificial river water (a mixture of 0.003 M NaCl and 0.002 M Na2SO4 [5]
and a mixture of 0.012 M NaCl and 0.002 M Na2SO4), which we prepared with
demineralized water. A conductivity meter (WTW, Germany) was used to measure the
conductivity of the feed solutions. Peristaltic pumps (Masterflex, Cole Palmer) were
used to circulate these feed solutions through the RED stack. During measurements,
the electrolyte solution containing 0.05 M potassium hexacyanoferrate (II), 0.05 M
potassium hexacyanoferrate (III) and 0.25 M NaCl were pumped through the electrode
compartment at 300 mL/min. Temperature of these solutions was controlled at
25±1°C during all experiments by means of a thermostated water bath (Colora
thermostat WK16).
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4.3.6.2 Experimental and theoretical power density
Power density measurements were carried out using a potentiostat (Ivium
Technologies, Eindhoven, the Netherlands) and a chronopotentiometry method as
described earlier [29]. We corrected the gross power output by subtracting the value of
a blank run using only one cation exchange membrane, only installed to prevent
undesired effects in the RED stack such as membrane poisoning by hexacyanoferrate
compounds in the electrolyte. The theoretical gross power density was calculated (as
explained in Section 2.2) and compared to the experimental values.

4.4 Results and discussion
4.4.1 Membrane preparation
Table 4.2 shows selected properties of the membranes investigated in this study. The
Fuji A membrane has a lower area resistance (0.93 Ω.cm2) than the standard-grade
AMX membrane and an acceptable permselectivity (89%). The hydrophilic properties
of this membrane (better wettability and adhesion properties, as discussed in more
detailed later) allow proper surface modification. Therefore, we selected the Fuji A
membrane to be modified toward obtaining improved monovalent-ion selectivity and
antifouling potential.
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Table 4.2. Characteristics of the anion exchange membranes investigated in this study [39, 41-42].
Thickness

α

R

(µm)

(%)

(Ω·cm2)

Fuji A

123

89.0 ± 0.7

0.93 ± 0.10

AMX

134

90.0 ± 0.8

2.35 ± 0.05

Fuji A-mono

124

91.0 ± 0.8

1.10 ± 0.10

ASV (mono)

110

96.0 ± 0.4

3.07 ± 0.20

ACS (mono)

121

94.0 ± 0.4

4.39 ± 0.10

Membranea

a

All membranes investigated are homogenous membranes.

ASV, ACS and Fuji A-mono membranes have monovalent-ion

After coating, the obtained Fuji A-mono membranes exhibited a very similar
permselectivity and area resistance as the original Fuji A membranes. Owing to the
very low thickness of the conductive coating (about 1.5 µm), the area resistance did
not change significantly; permselectivity improved very slightly and was comparable to
that of the standard AMX membrane. By contrast, commercial monovalent-ionselective membranes (ACS and ASV) have relatively high area resistances due to their
highly cross-linked membrane surface structures [43-44]. High area resistance has a
detrimental effect on RED performance.

4.4.2 Characterization of membrane surface
4.4.2.1 SEM-EDX analysis
Figures 4.8 and 4.9 display the cross-section and surface morphology of the native and
coated Fuji A membrane, respectively, including element maps for carbon, sulfur,
chloride and oxygen. Figures 4.8a and 4.8c show the original Fuji A membrane before
coating. The non-uniform orientation of reinforcement is clearly visible in the crosssections of the membrane. That adds conductive heterogeneity to the membrane as the
reinforcement is non-conductive. Figure 4.8b and 4.8d depict cross-section images of
the Fuji A-mono membrane. The coating is hardly visible as it is thin and
homogenous, and has a very similar non-porous dense structure as the original
membrane material.
Figures 4.8c and 4.8d show EDX mapping for sulfur, overlaid on a cross-section SEM
image of (one side of) a native and coated Fuji A membrane, respectively. Red dots
indicate sulfur-containing areas. The red dots in the bulk of the original Fuji A
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membrane are due to noise or trace amounts of sulfur (Figure 4.8c). By contrast, the
dots are intensely concentrated at the top of the cross-section of the Fuji A-mono
membrane (Figure 4.8d); this concentration represents the sulfonic acid functional
groups in the coating layer. The coating thickness was determined to be about 1.5 µm.
Fuji A membranes contain non-woven polypropylene material as reinforcement. The
non-conductive fibers of the reinforcement protrude through the bulk membrane. As
can be seen, the distribution of sulfur is even in areas with active membrane material,
but sulfur is absent in areas with reinforcement material. It means that coating was
only successful on active membrane material, not on the non-conductive reinforcement.
This is explained by the better wettability and adhesion properties of the active
membrane material.
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a) Fuji A

b) Fuji A-mono

c) Fuji A
sulfur mapping

d) Fuji A-mono
sulfur mapping

Figure 4.8. EDX sulfur mapping of cross-sections (magnification 2000x): (a) original Fuji A membrane
(b) coated Fuji A membrane (= Fuji A-mono) (c) original Fuji A membrane with sulfur mapping (d)
coated Fuji A membrane with sulfur mapping (red dots indicating sulfur-containing areas in membrane
structure). EDX mapping was performed in only part of the area visible in (c) because the fast-scanning
mode was used.

We performed SEM-EDX mapping not only for S but also for C, Cl and O (Figure 4.9)
on the Fuji A-mono membrane surface. Figure 4.9a is a surface image of a coated Fuji
A membrane (Fuji A-mono). Clearly visible are the polypropylene fibers of the nonwoven reinforcement, which protrude through the membrane, leading to a non-uniform
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surface morphology. The sulfur maps show that sulfur is not homogeneously
distributed over the membrane surface; uncoated areas are visible (Figure 4.9b). These
uncoated areas can be seen to correspond to locations in which fibers of the
reinforcements protrude when Figure 4.9b is overlaid on Figure 4.9a, as shown in
Figure 4.9c. As in Figure 4.8, the red dots represent sulfur-containing areas on the
membrane surface.
(b)S
b)

c) Fuji A-mono sulfur mapping

(c)
d) C

(d)Cl
e)

f) O

Chapter 4

(a)
a) Fuji A-mono

Figure 4.9. EDX element mapping: a) SEM image of Fuji A-mono membrane surface: b) sulfur (S), c)
overlay of sulfur map on Fuji A-mono SEM image (red dots representing sulfur-containing areas), d)
carbon (C), e) chloride (Cl) and f) oxygen (O). The magnification of all the images is 150x.

The uncoated areas in Figure 4.9c coincide with carbon-containing areas (blue) in
Figure 4.9d; the carbon represents the polypropylene material of the membrane
reinforcement. The non-homogenous distributions of Cl and O coincide with the
distribution of S; Cl and O are also visible only on the active membrane material
(Figures 4.9e and 4.9f). Cl is a counter ion and is therefore only present at trace levels
at the surface, as the coating layer is covering the active membrane material. Oxygen,
on the other hand, is also present in the coating (AMPS and MBA).

4.4.2.2 XPS analysis
We carried out XPS analysis to investigate the chemical composition and verify the
reaction on the membrane surface (up to a depth of 10 nm [47]). Table 4.3 shows the
atomic percentages at the surface of all tested membranes. We determined nitrogen
related to the functional groups of the anion exchange membranes (N+) (quaternary
amine) separately from uncharged nitrogen (N) such as nitrogen in secondary amine
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form. The binding energy for the charged N+ group is higher than the binding energy
for a non-charged nitrogen functionality [51], leading to a difference of at least 3 eV in
XPS spectra. By using peak curve fitting, we separated the regular N 1s peak and the
N+ peak. We also determined atomic percentages of other relevant elements (C, O, Cl
and S) (Table 4.3).
Table 4.3. Element composition of membrane surface obtained from XPS analysis.

Membrane

Chapter 4

a

Element contents (%)
N+a

N 1sb

Cl 2p

S 2p

C 1s

O 1s

C/O

Fuji A

2.2

5.3

1.6

0.38

70.8

20.0

3.5

AMX

1.1

1.8

2.2

0.54

77.0

18.0

4.3

Fuji A-mono

<0.2

5.3

<0.08

1.75

65.1

27.9

2.3

ACS (mono)

1.5

2.1

2.6

0.50

77.0

17.0

4.5

ASV (mono)

0.8

1.7

1.8

0.47

75.0

21.1

3.6

b

Nitrogen from quaternary ammonium groups, Uncharged nitrogen.

We found that the native Fuji A membrane has a higher surface charge (quaternary
ammonium, N+) than the other commercial standard-grade membranes (i.e. Neosepta
AMX). That is favorable for adherence of oppositely charged polyanions (electrostatic
affinity). On the other hand, the surface of the Fuji A membrane surface has a higher
percentage of uncharged N than the standard AMX membrane. That might be because
the Fuji A membrane might have some N containing components in addition to
quaternary amines, whereas the AMX membrane lacks these species.
In principle, the number of counter ions (e.g. chloride) is expected to match to the
number of functional groups (e.g. quaternary ammonium). Although the percentage
quaternary amine in the Fuji A membrane is two times higher than that of the AMX
membrane, Cl as counter ion is slightly lower in the Fuji A membrane than in the
AMX membrane. This might be related to the relatively more conductively
heterogeneous character of the surface of the native Fuji A membrane. As expected, S
is only present in trace amounts, since both membranes are standard-grade membranes
without any coating. In addition, the ratio of C to O at the membrane surface is lower
for the Fuji A membrane than for the AMX membrane. This may be related to the O
content of the acrylamide (C3H5NO) species present in the Fuji A polymer matrix.
After modification of the Fuji A membrane, the atomic percentage of N in quaternary
ammonium groups (N+) at the surface was much lower (as the coating contains no
quaternary ammonium groups but sulfonic acid groups). Uncharged nitrogen did not
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exhibit a significant change since the coating contains secondary amines from AMPS
and MBA.
Obviously, these element data provide information related to the effects and the
successfulness of the coating process and confirm the successful integration of the
AMPS coating layer on the active groups of the membrane material at the surface.
The surface ratio of C to O, which is approximately 3.5 for the unmodified Fuji A
membrane, became 2.3 after coating. That might indicate a decrease in the C amount
(i.e. corresponding to a decreasing ratio of C to O) which is mostly related to the C in
the polypropylene filaments of the reinforcement structure. It could indicate that a

The percentage of carbon atoms differs between the Fuji A-mono membrane and the
other monovalent-selective membranes (ACS and ASV). The ratio of C to O of the
Fuji A-mono membrane is lower than that of the commercial counterparts; the
polypropylene reinforcement represents a significant amount of the total carbon
present on the surface because this non-woven reinforcement material protrudes
through the active membrane material. For the ACS and ASV membranes, the carbon
content is generally related to the polymeric membrane material, as the woven support
(which is the main reinforcement used in these membranes) is entirely covered by
active membrane material. The oxygen content of the Fuji A-mono membrane surface
mainly represents the oxygen included in acrylamide (C3H5NO) and sulfonic acid (SO3) groups present in the polymer matrix of the coating. That oxygen might cause
the ratio of C to O to be smaller than that of the ACS and ASV membranes. It is hard
to identify the oxygen-containing compounds of the latter solely on the basis of XPS
measurements as insufficient information is available about the composition of these
membranes.
The Fuji A-mono membrane carried a lot less quaternary amine (N+) on the surface
than the commercial monovalent-ion-selective ACS and ASV membranes as well as the
uncoated Fuji A membrane and the AMX membrane (Table 4.3). The percentage of
secondary amine (N) is much lower for the ASV and ACS membranes (as well as the
AMX membrane), which is explained by the chemistry of these membranes [42-43].
Because of the coating on the Fuji A-mono membrane, Cl as counter ion is negligible
on the membrane surface relative to the ASV and ACS membranes. Regarding sulfur,
the ASV and ACS membranes have only trace amounts of sulfur, whereas the Fuji Amono membrane has more sulfur on the surface, which is attributable to the polyanion
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trace of coating is present in the areas where the reinforcement reaches the surface.
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coating material. This confirms that the monovalent-ion selectivity of the ASV and
ACS membranes is not provided by a sulfur-containing polyanion coating but by
another technique such as coating with a thin layer that has a high crosslinking
density [43].

4.4.2.3 Water contact angle
We carried out water contact angle measurements for all membranes to determine
their wettability (Table 4.4). In aqueous applications, the more hydrophilic the
membrane surface is, the less prone it is to fouling [8]. It is therefore important to
ascertain whether the hydrophilicity of the membranes is changed by our modification
to determine its antifouling potential.
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Table 4.4. Contact angle measurements.

Membrane

Contact angle
(degree)

Fuji A

63.6 ± 1.5

AMX

62.8 ± 4.7

Fuji A-mono

23.5 ± 3.9

ASV (mono)

67.1 ± 2.0

ACS (mono)

57.1 ± 5.7

The contact angle of the standard Fuji A membrane is very similar to that of the
standard Neosepta AMX membrane implying that these membranes have very similar
hydrophilic properties (Table 4.4). After modification, the contact angle of the
modified membrane (Fuji A-mono) had decreased significantly (from ~64° to around
~24°; see Table 4.4); this is caused by the increase in the number of ionic groups by
the addition of the negatively charged coating layer (sulfonic acid groups). Quaternary
ammonium groups might also contribute to the total surface charge; however, this
contribution can be estimated as very minor because there is only a trace amount of
quaternary amines on the modified membrane surface as determined by XPS (Table
4.3). The strongly decreased wetting angle confirms that, besides monovalent
selectivity, the coating also added antifouling potential to the Fuji A membranes. The
wettability of the Fuji A-mono membranes is far better than that of the commercial
counterparts (ACS and ASV), which are not produced specifically to aim at any
antifouling qualities.
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4.4.2.4 Surface roughness
We used optical interferometry techniques to investigate surface roughness. A certain
degree of surface roughness can have advantages in RED systems, as surface
morphologies that promote mixing at the membrane-solution interface reduce the
boundary layer resistance, which usually leads to a higher power density [52-53].
However, this requires roughness being usually at much higher dimensional scales than
those observed here. On the other hand, surface roughness is also a component of
hydrophilicity and therefore plays a role in fouling. Specifically, colloidal fouling is
usually more pronounced on rough membrane surfaces than on membranes with a
glossy surface [11, 54].

deviation of the profile) as 3D images of the membrane surface morphology (i.e. hilland-valley surface structure) for the original Fuji A membrane, other commercial
membranes and our coated membrane (Fuji A-mono). Red areas are areas with
positive values, i.e. ‘hills’ and blue areas represent negative values, i.e. ‘valleys’.
It is clear from Figure 4.10 that the standard Fuji A membrane has a higher surface
roughness (Ra = 5.8) than the standard AMX membrane (Ra = 3.1). The high surface
roughness of the Fuji membrane is mainly related to the uneven distribution of the
fibers of the non-woven reinforcement (Figure 4.9). A certain level of roughness might
be advantageous for static adhesion of the coating layer; high roughness results in a
larger contact area between coating material and membrane surface. The coating
might preferentially accumulate in the valleys of rougher surfaces, and have the effect
of smoothing the surface.
After the Fuji A membrane was coated, the roughness of the resulting Fuji A-mono
membrane was indeed lower because of the smoothing effect of the coating layer. This
decrease of roughness of around 2 µm might be too small to lead to a recognizable
advantage when it comes to fouling prevention. However, this smoothing effect of the
coating affects the I-V curves as will be discussed in Section 4.3.1.
The AMX membrane includes patterned spacers, creating relatively wide hills with a
smoother surface (Figure 4.10b). Furthermore, the commercially available monovalention-selective membranes (ASV and ACS) have a relatively low surface roughness
because of their uniform woven reinforcement when compared with the Fuji A-mono
membrane. The highly cross-linked coating layer of these membranes is also expected
to contribute to the lower surface roughness.
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Figure 4.10 displays the average values of surface roughness (Ra, average mean
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Ra = 5.8

b) AMX

Ra = 3.1

c) Fuji A-mono

Ra = 3.7

d) ASV

Ra = 1.3

e) ACS

Ra = 2.6
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a) Fuji A

Figure 4.10. Surface roughness for membranes: (a) Fuji A, (b) AMX, (c) Fuji A-mono (d) ASV and (e)
ACS; dimensions of the investigated membrane: 1257x942 µm.

4.4.3 Electrochemical characterization
4.4.3.1 Current-voltage (I-V) curves and limiting current density
(LCD)
The investigation of I-V behavior of membranes aims generally to obtain information
about the surface properties (e.g. ion transport properties, surface homogeneity). In
practical RED applications, the maximum power density is obtained far below the
limiting current of the ion exchange membranes where undesired effects such as water
splitting and concentration polarization do not occur. Therefore, the area above the
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limiting current region in I-V curves might be of more interest for conventional
electrodialysis (ED) applications than for RED.
We determined the plateau length for each membrane to investigate the homogeneity
of the surface (Figure 4.11). Shorter plateau length indicates a less active
electroconvective effect, i.e. the smoother the membrane, the longer the plateau. Figure
4.11 shows the I-V relationships of the investigated membranes in a test solution of a)
0.1 M NaCl and b) a mixture of 0.05 M NaCl and 0.05 M Na2SO4 using the sixcompartment cell shown in Figure 4.6.

40
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b) 0.05M NaCl + 0.05M Na2SO4
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Figure 4.11. I-V data of anion exchange membranes in a) 0.1 M NaCl and b) a mixture of 0.05 M
NaCl and 0.05 M Na2SO4. Membranes tested: Fuji A (standard) and Fuji A-mono, ASV, ACS, AMX
(standard).

Figure 4.11a presents the I-V curves of the membranes in a pure 0.1M NaCl solution.
The Fuji A membrane has the shortest plateau length indicating enhanced
electrotransport of ions resulting in concentration polarization (i.e. the depletion of
counter ions at the membrane-solution interface resulting in high membrane
potentials) at a lower potential. A shorter plateau length may arise from several
causes. One is the conductive heterogeneity, which is basically the non-uniform
distribution of the conducting sites of the membrane (i.e. active membrane material).
For the Fuji A membrane, the non-uniform distribution of the conducting sites is due
to the non-woven inert reinforcement inside the membrane where ionic transport is not
possible;

this

makes

the

macroscopically

homogeneous

Fuji

A

membrane

microscopically heterogeneous as shown in Figure 4.3b. The standard-grade AMX
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membrane has a similar I-V curve as the Fuji A membrane, the former having an inert
PVC additive inside the membrane material [55] as well as non-conductive
reinforcements inside the membrane. These features constitute a microscopically
heterogeneous membrane structure leading to hydrodynamic instabilities, thus a short
plateau length.
When the Fuji A membrane is coated, its plateau length increases almost threefold
(Figure

4.11a)

because

the

coating

hides

the

original

membrane

surface’s

heterogeneities. These results are in very good agreement with work by Balster et al.
who coated the commercial CMX membrane with the cation polymer PEI [31] and
observed an almost twofold increase of the plateau length.
Surface roughness is another factor that leads to shorter plateau lengths, since
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geometrical heterogeneity also promotes conductive heterogeneity [31]. Balster et al.
studied 40-µm-deep corrugations tailored on a SPEEK membrane surface, and
observed a noticeable decrease in the plateau length when the lines of the corrugations
were parallel to the fluid flow [31]. Rubinstein et al. predicted a shortening of the
plateau length if the height of the undulations matches the boundary layer thickness
[34, 56], which is in the range of 50 to 500 µm, depending on conditions [57]. On the
other hand, Pismenskaya et al. studied the effect of cavities on the membrane surface
with a depth of as little as 2 µm on the onset of electroconvection and found that the
geometry of the cavities gives rise to electric force at cavity`s walls where
electroconvection is promoted [33]. Although experimental verification has not been
performed yet, Rubinstein et al. estimated that a 10% increase in the surface roughness
results in a 30% decrease of the plateau length [56].
Thus, in view of these findings and discussions, the decrease in surface roughness and
elimination of conductive heterogeneities on the membrane surface should provide a
wider I-V plateau after coating of the membranes. Indeed, an increase in plateau
length was observed for the Fuji A-mono membrane relative to the uncoated version of
this membrane (Figure 4.11). The surface roughness (Ra) decreased from 5.8 to 3.7 µm
(Figure 4.10), which is a decrease of 36%. Although it may not be the only factor that
affects electroconvection, the decrease of the surface roughness likely contributed most
to the delayed onset of the overlimiting region in the I-V curves.
Surface hydrophobicity/hydrophilicity is a third important parameter that affects the
development of electroconvection [33]. As the membrane became more hydrophilic
after coating (determined by contact angle measurements; see Table 4.4), the limiting
current density and the overlimiting current density at the same potential difference
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diminished [33]. That behavior corresponds to an increase in the plateau length.
Improved hydrophilicity of the membrane surface means that there is no significant
repulsion of water molecules by the surface, resulting in a more stagnant water flow
with fewer hydrodynamic instabilities [33]. As expected the plateau length became
broader after the Fuji A membrane was coated (Figure 4.11a).
The I-V behavior of the commercial monovalent-ion-selective ACS and ASV
membranes overlapped when a pure NaCl solution was used as test solution (Figure
4.11a). That indicates that the ionic-transport properties of these membranes are quite
similar.
Figure 4.11b shows the I-V behavior of the membranes in a solution containing also
slightly broader plateaus were observed for all investigated membranes. This indicates
lower transport of sulfate from the diffusive boundary layer to the bulk membrane
matrix resulting in concentration polarization at higher potentials. Also, because of
slower depletion of the counter ion concentration (Cl-), a higher potential was required
to obtain a zero counter ion concentration at the membrane-solution interface.
Table 4.5 shows the LCD data for the membranes tested in pure 0.1M NaCl and in a
mixture of 0.05 M NaCl and 0.05 M Na2SO4.
Table 4.5. Limiting current density (LCD) data of test membranes.
LCD (mA/cm2)
Membrane

0.1M NaCl

0.05M NaCl/
0.05M Na2SO4

Fuji A

13.70 ± 0.01

21.08 ± 0.53

AMX

14.81 ± 0.00

19.92 ± 0.00

Fuji A-mono

11.36 ± 0.01

12.79 ± 0.00

ACS (mono)

13.95 ± 1.01

19.49 ± 0.49

ASV (mono)

13.95 ± 1.01

19.77 ± 0.10

As seen in Table 4.5, LCD values of standard grade membranes (Fuji A and Neosepta
AMX) are similar in the NaCl solution and also in the sulfate-containing solution
(higher in the latter). The commercial monovalent-ion-selective membranes (ACS and
ASV) also have similar LCD values in both types. All membranes have higher LCD
values for the sulfate-containing solution than for the pure NaCl solution (Table 4.5).
This is due to the lower transport rate of sulfate in the membrane as LCD is an
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divalent ions, i.e. sulfate. Relative to the plateau lengths for a pure NaCl solution,
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inverse function of the difference between the counter ion transport numbers in the
membrane and in the bulk solution [48].
Since LCD increases with increasing ionic transport inside the membrane, we expected
the LCD to become lower after coating; this was indeed the case (Table 4.5). This
difference was greater when divalent sulfate ions were used in the solution (Table 4.5),
with the Fuji A membrane having the highest and the Fuji A-mono the lowest value.
When sulfate ions are used, the Fuji A-mono membrane has repulsive effects towards
sulfate and ionic transport inside the membrane is mainly due to the monovalent
chloride counter ions. On the other hand, with the standard Fuji A membrane, the
ionic transport rate is dependent on both sulfate and chloride; this is lower for sulfate
ions due to the lower transport properties compared with chloride.
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4.4.3.2 Transport numbers
Another method to determine the monovalent selectivity of membranes is to calculate
bulk transport numbers of monovalent ions (e.g. chloride) and divalent ions (e.g.
sulfate) based on ionic fluxes (Equation 4.1). We determined the ionic fluxes of sulfate
and chloride and calculated transport numbers (Equation 4.3 and Table 4.6)) for each
membrane under an applied direct current density held constant at 11.4 mA/cm2 (a
total current of 150 mA) which is about 80% of the limiting current density of the Fuji
SO

A membrane (Table 4.5). We then calculated the relative permselectivity (PCl 4 ) of the
divalent ion (sulfate) to monovalent ion (chloride), using the transport number data of
SO

Table 4.6. The lower the PCl 4 value becomes, the better the monovalent-ion selectivity
of the considered membrane is.
Table 4.6. Bulk transport numbers for anion exchange membranes.

Membrane

JCl
-8

JSO4
2

-8

2

SO

tCl

tSO4

PCl 4

(10 mol/(cm s))

(10 mol/(cm s))

Fuji A

6.15 ± 0.01

5.32 ± 0.02

0.519

0.449

0.841

AMX

6.56 ± 0.00

5.58 ± 0.00

0.553

0.471

0.832

Fuji A-mono

6.31 ± 0.00

4.90 ± 0.00

0.533

0.413

0.755

ASV (mono)

6.88 ± 0.00

5.18 ± 0.01

0.581

0.438

0.730

ACS (mono)

6.23 ± 0.00

4.55 ± 0.00

0.526

0.384

0.727

J: ionic flux; t: bulk transport number; P: relative permselectivity (monovalent-ion selectivity)

The Fuji A membrane is a standard membrane without any specific monovalent-ion
selectivity. Although the chloride and sulfate fluxes of the Fuji A membrane are lower
than that of the standard-grade AMX membrane, it is clear that Fuji A membrane is
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similar when the ratio of the ionic fluxes of sulfate and chloride is considered (Table
4.6).
The Fuji A-mono membrane has improved monovalent-ion selectivity with a relative
permselectivity (PCl 4 ) of 0.755 which is lower than that of the original uncoated Fuji
SO

A membrane, 0.841. It is also obvious from the flux values that the sulfate flux of the
Fuji A-mono membrane was reduced. The negatively charged coating on the
membrane repels oppositely charged ions, i.e. sulfate and chloride. This electrostatic
repulsion is greater for divalent ions (though also depending on size), which provides a
separation due to electrical forces rather than a steric repulsion mechanism based on
ion size [44] (such as accomplished by highly crosslinked coatings). In other words, the
intensively than monovalent ions.
The ACS membrane has the highest monovalent-ion selectivity with the lowest relative
SO

permselectivity (PCl 4 ) value of 0.727. This membrane has also the lowest sulfate flux
of 4.55·10-8 mol/(cm2s). This might be due to the highly cross-linked surface structure
as indicated by Saracco et al. that decreases the ion flux of divalent ions [43]. The
ASV membrane is another high-performance monovalent-ion-selective membrane
available in the market; although the chloride flux of this membrane is the largest, its
monovalent-ion selectivity is comparable to that of the ACS membrane (Table 4.6).
According to the literature, the monovalent-anion selectivity of the ASV membrane
comes from the coating of a highly crosslinked resin on its surface similar to the
mechanism of monovalent-ion selectivity of the ACS membrane [44].
SO

As a general trend, we observed that monovalent-ion selectivity increases (i.e. PCl 4
value decreases) with increasing area resistance (Tables 4.2 and 4.6). However, the ion
flux values and the corresponding transport numbers of sulfate do not decrease with
increasing area resistance. That could be related to membrane coatings with different
degrees of crosslinking resulting in differences in monovalent-ion selectivity. Moreover,
only the Fuji A-mono membrane has a relatively high monovalent-ion selectivity with
a relatively low area resistance, 1.10 Ω·cm2 (Table 4.2). The conductive coating is so
thin (1.5 µm) that it does not lead to an increase in area resistance.
The Fuji A-mono membrane has an 8%-reduced sulfate flux (from 5.32 to 4.90·10-8
SO

mol/(cm2s)) provided by the coating layer. This corresponds to a decrease of the PCl 4
value of 10%. When the relative permselectivities of the monovalent-ion-selective
SO

membrane ACS and the standard AMX membrane are compared, the PCl 4 value
exhibits a decrease of almost 13%. Thus, the monovalent-ion selectivity of the Fuji A109
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charged layer affects the permeability of divalent ions by rejecting them more
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mono membrane can be considered in the same order as that of the commercially
available ACS membrane.

4.4.4 Evaluation of antifouling potential
To evaluate the antifouling potential of the anion exchange membranes after coating,
we looked at the transition time, i.e. the time elapsed before the onset of fouling, under
constant direct current. Figure 4.12 shows the membrane potential (i.e. potential
difference between both sides of the membrane, ∆E) of the original Fuji A membrane
and the modified membrane (Fuji A-mono) over time.
0.20
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Figure 4.12. Effect of surface coating on antifouling potential of Fuji A membrane. Membrane
potential is the potential difference between both sides of membrane as a function of time. The feed
solution contained 0.01 M NaCl and 0.00060 M sodium dodecyl sulfate.

Figure 4.12 shows that, as expected, the Fuji A-mono membrane has a lower tendency
for fouling because of its anionic coating and subsequent electrostatic repulsion. The
transition time for the modified membrane was found to be 90 min whereas it was 50
min for the original unmodified Fuji A membrane.
Another indication of the fouling tendency of membranes is the slope of membrane
potential vs. time after the transition time [10]. Higher slopes indicate that fouling is
more probable and severe whereas it is less pronounced when the slope is relatively
low, i.e. the increase of membrane potential over time is slow. The slope of membrane
potential vs. time curve (∆E/t) also shows that the modified membrane is less prone
to fouling as it is less steep compared with the slope of the curve of the original
membrane (Figure 4.12). However, the difference between the fouling tendencies of the
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original and the modified membranes does not appear to be large. A possible reason for
this behavior may be enhanced adhesion of the foulant to the membrane surface over
time because of a reduction in the repulsive effects of the coating after fouling has
started. Another reason for the small difference in the fouling tendencies of the original
and the modified membrane might be related to the critical micelle concentration
CMC (i.e. solubility) of SDS in the solution. It is known from the literature that
fouling takes place immediately in electrochemical processes such as electrodialysis
when the SDS concentration becomes higher than the CMC because the formation of
micelles in the solution promotes fouling [14, 38]. Depending on various analytical
techniques, CMC of the SDS solution is mentioned as 1.3-8.3 mM at 25°C in the
literature [58-59]. We did not measure the CMC of the used solution in this work, but

In addition to the charge of the membrane surface, also the hydrophilicity determines
the antifouling potential of anion exchange membranes. As the contact angle of the
Fuji A membranes had decreased significantly (from 63.6° to around 23°) after the
surface modification, the membrane hydrophilicity increased resulting in improved
antifouling potential (Table 4.4). This is also in good agreement with the work
performed by Mulyati et al. in which decrease of transition time was monitored as the
contact angle of the used membranes increased [8]. It is clear that the anionic coating
we applied to the Fuji A membranes indeed yielded a simultaneous improvement of
antifouling potential and monovalent-anion selectivity.

4.4.5 RED performance
We compared the RED performance of the coated (Fuji A-mono) anion exchange
membranes having specific monovalent-ion selectivity with that of commercial
membranes. Specifically, we looked at the gross power densities of the monovalent-ionselective Neosepta ACS and Fuji A-mono membranes and the values of their standard
counterparts, the Neosepta AMX and Fuji A membranes, respectively. Two tests were
performed using artificial river water with different molar ratios of monovalent to
divalent ion ([Cl-]/[SO42-]) of 1.5 and 6, respectively and a seawater composition of 0.45
M NaCl and 0.05 M Na2SO4. (Figure 4.13). The Neosepta CMX membrane was used as
reference cation exchange membrane in the RED stack for each test.
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a) River water:
3 mM NaCl + 2 mM Na2SO4

b) River water:
12 mM NaCl + 2 mM Na2SO4
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Figure 4.13. RED performance of monovalent-ion-selective anion exchange membranes using river
water compositions of (a) 3 mM NaCl and 2 mM Na2SO4 and (b) 12 mM NaCl and 2 mM Na2SO4.
Seawater composition: 0.45 M NaCl and 0.05 M Na2SO4.

As can be seen in Figure 4.13, the Fuji A and Fuji A-mono membranes performed
better than the ACS and AMX membranes. Regardless of monovalent selectivity, the
electrical resistance of these membranes appears to be dominating overall RED
performance, i.e. gross power density. The benefit of using Fuji A-mono membranes in
RED is that the area resistance did not increase significantly after coating Fuji A
membranes due to the low thickness of the conductive coating layer as already
mentioned (Table 4.2). Besides, the permselectivity increased very slightly from 89 to
91%. In conclusion, the use of these Fuji A membranes is advantageous in RED
applications, and results in the higher gross power densities.
On the other hand, there is no significant difference between the gross power densities
of the monovalent-ion-selective Fuji A-mono membrane and the standard Fuji A
membrane. A similar trend is valid for the Neosepta membranes (ACS and AMX); the
standard-grade AMX membrane performed better than the monovalent-selective ACS
membrane when a relatively low amount of sulfate was used in the artificial river
water (Figure 4.13b). In these specific conditions, using monovalent-ion-selective
membranes clearly does not lead to better gross power output, although the resistance
to fouling has improved.
In Figure 4.13a, the gross power density diminishes when the flow velocity of the feed
waters increases. However, this is not the case when the artificial river water has a
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high salt content (Figure 4.13b). The situation in Figure 4.13a can be attributed to the
very low conductivity of river water which is rapidly renewed such that an increase of
flow velocity creates additional resistance due to the reduced ion transport which is a
consequence of low residence time in the RED stack. In Figure 4.13b, the conductivity
of the river water is high enough so that the ionic transport is even promoted when the
flow velocity is increased. In summary, besides the ionic composition (monovalent or
divalent), the conductivity of river water is another important parameter that
determines the power density in this case.
The RED performance of the monovalent-selective ACS membrane was worse than
that of the conventional AMX membrane; this difference was more pronounced when a
is a consequence of the higher area resistance of ACS membranes (Table 4.2).
As it depends on many factors such as membrane resistance, apparent permselectivity
and the ionic composition of the feed water, the power density of a RED process is
certainly not solely determined by monovalent/divalent selectivity of membranes. It is
therefore useful to assess RED performance at open-circuit voltage (OCV), in zerocurrent condition. For that purpose, Equations 4.6 and 4.7 can be used to calculate the
gross power densities. Table 4.7 shows experimental and OCV-based gross power
densities at the highest feed flow velocity (1.67 cm/s).
Table 4.7. Gross power density based on experimental data and open-circuit voltage.

Membrane

River water A

River water B

3 mM NaCl + 2 mM Na2SO4

12 mM NaCl + 2 mM Na2SO4

Experimental

OCV based

Experimental

OCV based

(W/m2)

(W/m2)

(W/m2)

(W/m2)

Fuji A

0.89

1.53

1.01

1.86

AMX

0.78

1.41

0.90

1.67

Fuji A-mono

0.91

1.66

1.01

1.94

ACS

0.79

1.54

0.85

1.69

In Table 4.7, the RED performance of monovalent-ion-selective membranes is better
than of the standard membranes when looking at OCV-based gross power density
calculations (zero-current condition); this applies to both types of artificial river water.
Although the values of the gross power density are not that distinctive from each
other, using OCV values to calculate power density indicates that the use of
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monovalent-selective membranes has some benefits over using their standard
counterparts. However, under current-producing condition, these benefits showed to be
limited under the current conditions.

Although the presence of multivalent ions is known to have a deteriorating effect on
the power density obtainable in RED [5-6], the currently available monovalent ion
selective membranes and the ones developed in this work, are not able to overcome
this effect yet. The method we developed and presented is a very easy, one-step
approach to introduce monovalent ion selectivity on ion exchange membranes. At the
same time, it serves to cope with fouling due to its anti-fouling potential, a property
that is essential especially in practical applications where real seawater and river water
is used. However, the obtained monovalent ion selectivity of the developed and
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available membranes is probably not sufficiently high yet, and higher values are
required to obtain high power density in RED when using real feed waters, which do
contain multivalent ions.

4.5 Conclusions
This paper studied the preparation and characterization of a monovalent-ion-selective
anion exchange membrane specifically designed for RED, using a single-step and
relatively fast method that adds a negatively charged layer to the membrane surface
by UV irradiation. The developed membrane combines antifouling tendency and
monovalent ion selectivity.
The negatively charged coating added antifouling properties to the membrane.
Particularly, the coated membrane surface exhibited improved hydrophilicity.
By coating a standard-grade commercial Fuji A membrane, we obtained a monovalention selectivity comparable to that of the commercially available monovalent-selective
membranes Neosepta ACS and Selemion ASV. However, the use of such membranes
was not found to be impressively effective for obtaining higher gross power densities in
RED, however it has benefits in minimising power density losses by rejecting adhering
molecules or foulants.

114

Monovalent-ion-selective membranes - Fabrication and characterization

4.6 Acknowledgements
This work was performed within the TTIW cooperation framework of Wetsus, centre
of excellence for sustainable water technology (www.wetsus.nl). Wetsus is funded by
the Dutch Ministry of Economic Affairs (IOP-TTI), the European Community
(European Fund for Regional Development and Seventh Framework Programme),
Northern Netherlands Provinces (Peaks in the Delta), the city of Leeuwarden and the
Province of Fryslân. The authors would like to thank Alliander, Eneco Energy,
Fujifilm, Landustrie, Magneto Special Anodes, A. Hak and MAST Carbon of the
research theme “Blue Energy” for productive conversations and financial support.

A

effective membrane area [cm2]

CA

concentration of the ion A [mol/cm3]

dc

thickness of dilute compartment [m]

dd

thickness of concentrate compartment [m]

EOCV

open-circuit voltage [V]

F

Faraday constant [96485 C/mol]

I

total current carried in six-compartment cell [A]

IA

current carried by the ion A [A]

JA

ion flux of the ion A [mol/(cm2s)]

N

number of membrane cells [-]

A

PA21

relative permselectivity of the membrane between A2 and A1 [-]

Pgross

gross power density [W/m2]

Pmax

maximum power output obtained [W]

Raem

anion exchange membrane resistance [Ω·m2]

Rcem

cation exchange membrane resistance [Ω·m2]

Rstack

ohmic stack resistance [Ω]

V

volume of circulated solution [cm3]
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4.7 Nomenclature

Greek symbols
κd

conductivity of dilute compartment [S/m]

κc

conductivity of concentrate compartment [S/m]
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Micro-structured membranes
for reverse electrodialysis

a) ridge

b) wave

c) pillar

d) flat
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ABSTRACT
Reverse electrodialysis (RED) is a technology for extracting salinity gradient power by
contacting waters with different salinity, i.e. seawater and river water, through ion
exchange membranes. Conventionally, non-conductive spacers are used to separate
these ion exchange membranes from each other in RED. The power output is
hampered by these non-conductive elements which increase the stack resistance. To
eliminate the use of these spacers, structured anion exchange membranes with a
structure height of 100 µm were prepared by casting a polymer solution on stainless
steel molds followed by solvent evaporation. These self-standing membranes with
straight-ridge, wave and pillar structures as well as similarly prepared flat membranes
were installed on the river water side in a RED stack (where electrical resistance is the
highest). 38% higher gross power density and 20% higher net power density were
achieved with the pillar-structured membranes when compared to that of flat
membranes with spacers. Further optimization of the structure geometry in
combination with the possibility to cast membranes of different chemistries offer a
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huge potential for further development of homogeneous membranes with the desired
electrochemical and physical properties, which could provide high power densities in
RED.
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5.1 Introduction
As the amount of fossil fuels is limited and their use has environmental consequences,
the development of clean and sustainable forms of energy receives much attention. One
of these promising new energy sources is salinity gradient power, which can be
harvested from the mixing of two water streams with different salt concentrations (e.g.
seawater and river water). The driving force for mixing is the change in the Gibbs free
energy that can be converted into electricity via direct ion transport through ionselective membranes [1]. When all river water streams are considered that discharge
into the sea, the global potential of salinity gradient power is huge with an estimated
potential power of 2.4-2.6 TW [2-3]. Therefore, the importance of technologies that can
efficiently harvest salinity gradient energy is growing rapidly.
Several ways of generating energy from salinity gradients have been previously
proposed, such as pressure-retarded osmosis (PRO) and reverse electrodialysis (RED)
concentrations are placed in contact through a barrier (i.e. membrane) that is
permeable to water only, but impermeable to ions [6]. On the other hand, RED uses an
ion flow that is induced when seawater and fresh water are brought in contact through
ion-selective membranes [6]. Recent studies have concluded that RED is more
appropriate for use with seawater and river water, whereas PRO is more favorable for
power generation from brines [4].
The principle of RED is well described in the literature [1, 7-9]. A typical RED stack
consists of a series of alternating anion exchange membranes and cation exchange
membranes (Figure 5.1). Spacers between the membranes separate the membranes,
forming narrow compartments for water to flow through. Ions are then transported
from the concentrated side (e.g. seawater) to the diluted side (e.g. freshwater),
promoted by the salinity gradient. Since the membranes are selective for only specific
types of ions (i.e. cation exchange membranes allow the passage of cations, and anion
exchange membranes allow the passage of anions), cations migrate to one side and
anions migrate to the other side, resulting in a potential difference. Electro-neutrality
of the solutions in electrode compartments is maintained through redox reactions at
the electrodes. Electrons are transferred from anode to cathode via an external
electrical circuit, and this current can be used to power an external energy consumer.
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[4-5]. PRO uses an induced fluid flow that occurs when two solutions of different
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Figure 5.1. Principle of reverse electrodialysis (RED).

It is vital to achieve a high net power density (i.e. gross power density minus required
pumping power). To achieve such a high power density, the internal electrical
resistance of the stack and the hydraulic friction losses inside the stack should be low.
A low electrical resistance of the stack enables the desired ion transfer as it makes the
stack more conductive, and low hydraulic friction minimizes the power consumed in
pumping the feed waters through the stack [10]. In conventional RED and ED, nonconductive spacers are used to separate the membranes from each other to allow water
flow between them. These spacers cover part of the conductive membrane area,
resulting in a smaller membrane area available for ion transport and an increased
resistance, the so-called spacer shadow effect [11]. Moreover, spacers usually have
woven or non-woven structures which are formed by knits (where the spacer filaments
meet), causing tortuous flow resulting in additional hydraulic friction. In addition, this
undesired flow enables fouling in the spacers, which is the most common problem in
many membrane processes [12-13].
One possible remedy to reduce the stack resistance in RED is to use ion-conductive
spacers instead of the conventional inert spacers. Długołecki et al. cut Neosepta CMX
and Neosepta AMX membranes into spacer-shaped pieces, and used them as spacers,
resulting in a power density increase by a factor of 3 relative to when using
conventional non-conductive spacers [11]. However, hydraulic friction was not reduced
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as the spacer design of these hand-made spacers used was far from optimal. Another
remedy is to use micro-structured membranes (also called profiled or corrugated
membranes), which integrate the membrane and spacer functionality. Such membranes
provide channels for feed water to flow through and at the same time keep the
membranes apart in the stack. Because of their fully conductive character, the stack
resistance is significantly reduced and the hydraulic friction remains low because of the
open-channel geometry [10].
Although profiled membranes have been used in electrodialysis (ED) in several
previous studies [14-16], the first successful application of such membranes in RED was
achieved by Vermaas et al., who investigated heterogeneous membranes with straight
ridges [10]. A high net power density, 10% higher than with conventional flat
membranes, was obtained; a hot-pressing technique was used to prepare these profiled
membranes [10]. Profiled membranes also significantly reduce hydraulic friction, not
only in RED [10] but also in ED [15]. Thus, the use of such membranes has become a

Micro-structured membranes can be produced by different techniques, such as
calendering (roll-pressing) of a thermoplastic ion-exchange film between corrugated
rollers at elevated temperature [17], hot pressing of a thermoplastic polymer containing
suitable functional groups [10, 17], and casting a solution of an ion-exchange polymer
into a mold followed by evaporation of the solvent [18-19]. Hot pressing and
calendering are usually advantageous for making membranes that are structured on
both sides, but are only applicable for thermoplastics. Most problems in hot pressing
(sometimes referred to as hot embossing) occur during the release of the membrane
film from the mold, generally related to rupture or deformation of the microstructures
[20-21]. Release problems can be reduced when the mold has slightly inclined sidewalls,
or when anti-adhesive coatings are used that ease the release of the film from the
mold. The dimensions of the mold play a role as well. Moreover, electrochemical
properties usually are not always preserved during hot pressing; previous studies
showed that electrical resistance increases and permselectivity may decrease when
heterogeneous membranes are hot-pressed [10, 22].
To overcome these drawbacks, we propose the use of membrane casting to prepare
micro-structured homogeneous anion exchange membranes. This method provides more
freedom for preparing a variety of homogeneously dense polymeric membranes with
various structures. Casting of structured membranes can be performed using several
techniques. One of these methods is `capillary force induced surface structuring` in
which two layers of the membrane are created in contact with each other [19]. After
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prerequisite for obtaining high performance in RED.
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casting and drying of the first layer, a second layer is cast on top of the first and a
commercial spacer with the desired structures is placed on top of the second layer.
After solvent evaporation and immersion in a water bath, the spacer is removed and a
replica of the shape of the spacer has formed on the membrane. Another technique to
cast structured membranes involves the use of molds with the desired structures and
casting the polymer solution into the mold [23-24]. The phase separation of the
solvent/polymer mixture can be performed either with liquid-induced phase separation
(i.e. immersing the polymer solution in a nonsolvent bath and removing the solid
membrane) or by simply evaporating the solvent followed by rinsing the solid polymer
film [17, 20]. In general, liquid-induced phase separation results in membranes with a
certain porosity [24]. With solvent evaporation, dense membranes are created, as
required in RED applications [25-26]. Since casting requires no force to form the
microstructures, rupturing and deformation of these structures are less likely to
happen. In addition, electrochemical and mechanical properties of the membranes can
be tailored and preserved depending on the characteristics of the casting solution and
reaction conditions. However, it is still a challenge to make membranes that are
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structured on both sides. The molds contacting both sides of the membranes make it
difficult to evaporate the solvent.
A variety of geometrical structures can be created in this way as was shown previously
for mostly non-ion exchange materials and other applications (e.g. ultrafiltration, gas
separation and electrodialysis). Structures involving continuous ridges, e.g. straight
lines or wave-shaped, allow water flow in channel-type ducts [15, 17, 24]. On the other
hand, non-continuous structures can be created as pillar shapes with different
geometries, such as circular, tear drop, kite (diamond) or star structures [23].
Depending on the number of structures per unit surface area and the dimensions of the
structures on the membrane surface, pillar structures generally provide a more open
area for water flow due to their high channel-to-structure ratio. Depending on the flow
conditions, pillar structures can have undesired effects as well. For instance, stagnant
regions occur at the front of the pillars where the flow streamlines separate, and
deviate from the overall flow direction. Moreover, recirculation regions can form at the
back of the pillars, which is detrimental to efficient ionic transport [23]. Such effects do
not occur with structures that consist of continuous ridges; since there are no obstacles
to the water flow in the channel, recirculation zones and stagnant regions are not
expected to occur in these geometries. However, such structures usually exhibit less
mixing and increased boundary layer effects.
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The structural geometry and dimensions of the features on the membranes are critical,
as these have direct impact on the mixing of the flows and boundary layer resistances,
but also on the hydraulic friction and power consumption by the pumps. The ratio of
channel-to-ridge width for water flow is an important parameter and characterizes
structured membranes [17]. This parameter provides information about the proportion
of conductive region occupied by structures and the volume of the space available for
water transport. It is also related to the amount of hydraulic friction that is
experienced.
Considering the importance of the structural geometry and dimensions on the
performance of RED, in this paper, we investigate the performance of tailor-made
micro-structured anion exchange membranes prepared by casting and solvent
evaporation for operation in a RED stack. Specifically, we prepare and investigate the
performance of three different membrane structures (i.e. ridges, waves and pillars) and
compare that with that of flat membranes. We characterize the membranes in terms of
their electrochemical properties, flow distribution, resistance and pumping power in the
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stack and relate that to gross and net power density obtainable in the RED stack.

5.2 Experimental
5.2.1 Materials
The elastomer polyepichlorohydrin (PECH, EPICHLOMER H, 37 wt% chlorine
content, Daiso Co. Ltd, Japan) was used as the active polymer for the anion exchange
membranes. Polyacrylonitrile (H-PAN, Mw = 200,000 g/mol, Dolan GmbH, Germany)
was chosen as an inert supporting polymer. Dimethyl sulfoxide (DMSO, 99%, Merck)
was used as solvent and a tertiary diamine (DABCO, 98%, Sigma-Aldrich) was used
for amination.
Commercial homogeneous Neosepta CMX cation exchange membranes (Tokuyama
Co., Japan) were used as reference membranes for cation exchange in the stack,
without any modification. The resistance and permselectivity of these membranes are
2.91 Ω·cm2 and 99.0 %, respectively [26].
Sodium chloride (99.5%, Acros Organics) and sodium sulfate (99%, Acros Organics)
were

used

for

membrane

resistance

measurements.

For

RED

performance

characterization, sodium chloride (technical grade, Boom BV, the Netherlands),
potassium hexacyanoferrate(II) (99%, Boom BV) and potassium hexacyanoferrate(III)
(99%, Boom BV) were used. All chemicals were used without further purification.
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5.2.2 Preparation of tailor-made anion exchange membranes
5.2.2.1 Preparation of flat membranes
PECH anion exchange membranes were prepared by a solvent evaporation technique
as described in a previous publication [26]. The membrane-forming solution
(comprising PECH, PAN, DABCO and the solvent DMSO) was cast onto a glass plate
to prepare flat membranes. After thermal curing (for 2 h at 110°C) and solvent
evaporation (for 30 min at 130°C) in a thermostated oven, the polymer film was
soaked in a 0.5 M NaCl solution to release the membrane from the glass plate. The
membranes were then stored in aqueous NaCl (0.5 M) till further use. PECH
membranes were prepared at a blend ratio of 0.208, which is the mass ratio of PECH
(active polymer providing the ion exchange groups) over PAN (inert polymer
providing mechanical stability). The flat membranes had a thickness of 200 µm in wet
state. The thickness of the membranes was determined with a digital screw micrometer
(Mitutoyo 293-240, Mitutoyo Co., Japan).
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5.2.2.2 Preparation of structured membranes
The same membrane preparation route as for the preparation of flat membranes was
followed to prepare structured membranes The same blend ratio of 0.208 was used.
Different than in the preparation of the flat membranes, the membrane-forming
solution was cast onto structured stainless steel molds (160 mm x 160 mm) to obtain
structures integrated on one side of the membrane surface (Figure 5.2). Figure 5.2
shows a schematic top view of a mold, in which the channels are represented by lines.
These stainless steel molds were specially designed on demand by Stork Veco BV,
Eerbeek, the Netherlands; three different molds having three different patterns (pillars,
ridges and waves) were used (Figure 5.3). The central area of the mold (i.e. the area
where the straight lines are located, shown in Figure 5.2) contained the structures
indicated in Figure 5.3. The ridges and waves had a depth of 100 µm and a width of
200 µm. For the pillar-structured mold, the pillars were designed to have a 250-µm
diameter, and an open slit distance of 800 µm.
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0.5 mm
0.1 mm

mold

0.2 mm

Figure 5.2. Schematic representation of stainless steel molds. Left: top view of the structured mold.
Right: cross-section at the center of the mold for ridge structures. (The drawings are not to scale.)
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c)

Chapter 5

a)

100°
0.25 mm

0.80 mm
0.40 mm

0.20 mm

mold

0.40 mm

0.20 mm

mold

0.80 mm

0.25 mm

mold

Figure 5.3. Dimensions of mold structures: (a) ridge, (b) wave and (c) pillar.

The membrane-forming solution containing specific amounts of PECH, PAN, DABCO
and DMSO were spread over the stainless-steel molds (Figure 5.4), by using a syringe
as described earlier [26]. To prevent further evaporation of DABCO during amination,
the mold was sealed with a hand-made glass lid. The sealed mold was placed into an
oven and heated for 2 h at 110°C under nitrogen atmosphere. After amination and
cross-linking (thermal curing), the lid was removed to allow the solvent to evaporate
and the temperature was increased to 130°C for 30 min. After cooling to room
temperature, the mold with the film was immersed in 0.5 M NaCl solution. After a few
minutes, the membrane film was released from the mold by gentle pulling and stored
in 0.5 M NaCl solution until further use. The result was a continuous dense polymer
film with structures (i.e. ridge, wave or pillar), a perfect replica of the mold pattern
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(Figure 5.4). The obtained structured membranes had a total thickness of about 300
µm including the structures which were 100 µm high (membrane base was 200 µm in
all cases). The thickness of the continuous film can easily be adapted by changing the
volume or concentration of the membrane-forming solution spread on the mold.
Solution
Casting

Evaporation
&
Thermal curing

Mold

Polymer
Mold

Membrane
Release
Mold

Figure 5.4. Preparation of tailor-made membranes using casting and solvent evaporation.
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5.2.3 Membrane characterization
5.2.3.1 SEM
To determine the morphology and dimensions of the membranes, a scanning electron
microscopy (SEM, JSM 5600LV, JEOL) was used. The membranes were broken in
liquid nitrogen and sputter-coated with gold (Balzers Union SCD 040 sputtering
device). Images were taken at 5kV.

5.2.3.2 Area resistance
The area resistance (R) is the electrical resistance of the membrane. It is an important
parameter determining the energy-generating performance in RED. From an
engineering point of view, the unit of membrane resistance is usually referred to as
Ω·cm2 or Ω·m2. It is usually dependent on the ion exchange capacity and the mobility
of the ions within the membrane matrix. Moreover, it is affected by the temperature.
In the work described in this paper, the area resistance of the flat and structured
membranes was determined following a previously described procedure [26]. A sixcompartment cell was used with NaCl (0.5 M) as the test solution and Na2SO4 (0.5 M)
as the electrolyte solution under direct current (DC). With a potentiostat (Ivium
Technologies, the Netherlands), the applied current density and voltage were measured
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with the membrane under investigation and without a membrane (blank) to determine
the area resistance. The net area resistance was calculated from the difference between
the slopes of the current-voltage curves for these two measurements. At least two runs
were performed for each membrane. For micro-structured membranes, the central part
of the membranes was measured where the structures are located together with the
continuous part.

5.2.3.3 Permselectivity
The permselectivity of the membranes is defined as the flux of a specific component
relative to the mass flux through the membrane under a given driving force. The
permselectivity of an ion exchange membrane is a measure for how well the membrane
discriminates between anions (e.g. Cl-) and cations (e.g. Na+).
In this study, permselectivity was determined by using a two-compartment cell as
described earlier [26]. Solutions of 0.1 M NaCl and 0.5 M NaCl (99.5%, Acros
electrodes were used to measure the potential over the membrane; the experimental
potential was monitored with an external potentiostat. The permselectivity (α) was
calculated from the ratio of the experimentally measured potential (∆Vmeasured) to the
theoretical potential (∆Vtheoretical) for a 100% permselective membrane:
∆V

α= ∆V measured x100%
theoretical

(Eq. 5.1)

5.2.4 RED performance
5.2.4.1 Flow distribution
To investigate the flow distribution of the structured membranes, we used custommade glass end plates as a stack with a single inlet and outlet for feed water. Only one
structured membrane was installed inside this stack without any use of spacers, and
the stack was sealed with silicon gaskets (Specialty Silicone Fabricators) to prevent
leakage. Black ink (Quink Ink, Parker, USA) was injected to the demineralized water
stream of 12 ml/min. We monitored the flow distribution over the structured surface
of the membranes with a MotionBLITZ EoSens mini2 high-speed camera (Mikrotron,
Germany). A video was recorded at a rate of 93 fps. Continuous illumination behind
the transparent glass stack was used. The images from the recorded video were
captured at several intervals (0.0 s, 0.4 s, 0.8 s, …, 2.4 s) to record the color patterns
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Organics) were recirculated on each side of the membrane. Two reference calomel
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inside the compartment. Videos are recorded at least two times. Adobe Photoshop CS6
software was used to improve image contrast to enhance the visibility of the ink.

5.2.4.2 RED setup
Figure 5.5 is a schematic representation of the RED stack with structured membranes.
It contained 2 Ti electrodes (mesh 1.0, 10 cm x 10 cm) coated with Ir/Ru (Magneto
Special Anodes B.V., the Netherlands). The electrolyte solution was prepared by
dissolving NaCl (0.25 M), K4Fe(CN)6 (0.05 M) and K3Fe(CN)6 (0.05 M) in Milli-Q
water. The electrolyte was circulated through the electrode compartments at a flow
rate of 300 ml/min.
This stack contained three flat cation exchange membranes (CEMs) and two
structured tailor-made anion exchange membranes (AEMs), alternately stacked
(Figure 5.5). To shield the electrode compartments and to prevent leakage of the
electrolyte to the feed water and vice versa, cation exchange membranes (Neosepta
CMX, Tokuyama Co., Japan) were installed at both ends of the stack. The cell width
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(i.e. intermembrane distance) was adjusted to 100 µm; a silicon gasket with the same
thickness (Specialty Silicon Fabricators, USA) as the height of the structures on the
membranes was installed between two membranes to seal the water compartments.
The silicon gasket for the structured side of the membranes was specially designed
such that it fitted around the structures. A woven non-conductive spacer (Sefar, Nitex
03-160/53, Switzerland) was used in the seawater compartments where the flat sides of
the membranes faced each other. The thickness of the spacer was measured as about
100 µm by a digital screw micrometer (Mitutoyo 293-240, Mitutoyo Co., Japan). The
complete RED stack was installed inside a thermostated oven (MMM Friocell 222,
Germany) to keep the temperature constant at 25°C.
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River water
Seawater

Cl-

Cl -

Na+

Na+

Reduction

Oxidation

CEM

CEM
AEM
Spacer

Na+

CEM
AEM

Spacer

Figure 5.5. Illustration of stack setup with structured anion exchange membranes. Spacers are installed
on the seawater side on the non-structured side of the membranes. In reality, spacers and membranes
touch each other, but these are somewhat separated in the figure to increase the clarity of the figure.

The river water compartment exhibits a significant amount of resistance in the stack
because of its relatively low salt concentration. Since only one side of the membranes
was structured, the structured side of the membranes was placed facing the fresh water
(i.e. river water) compartment where the use of non-conductive spacers was eliminated.
Artificial river water and seawater were prepared having concentrations of 0.017 M
and 0.507 M, respectively by dissolving NaCl in demineralized water. The temperature
of the feed solutions was kept constant at 25°C using a thermostated water bath
(Colora thermostat WK16). The flow rates were adjusted to 2, 5, 8, 15, 30 and 40
ml/min by manual peristaltic pumps (Masterflex, Cole Palmer). Corresponding to
these flow rates, the Reynolds number was calculated assuming the flow geometry in a
wide duct:
Re =

uത ∙Dh
ν

=

uത ∙2d
ν

2Ф

= b∙ν

(Eq. 5.2)

where u
ത is the average flow velocity (m/s), Dh is the hydraulic diameter (m) and ν is
the kinematic viscosity of water (8.9 x 10-7 m2/s at 25°C), d is the height of the flow
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path, Ф is the flow rate for the feed water per compartment and b is the width of the
flow path.
The pressure drop between the inflow and outflow of the feed water compartments was
measured with a differential pressure transmitter (Endress+Hauser Deltabar S,
Germany).

5.2.4.3 Power density
To determine the generated power density of the RED stack, a 2-cell setup was used,
each cell containing one AEM and one CEM, in order to have a better control of
leakage inside the stack (Figure 5.5). A potentiostat (Ivium Technologies, Eindhoven,
the Netherlands) in chronopotentiometry mode was used. At each flow rate of the feed
waters, 20 current steps (0, 2, 4, ..., 40 A/m2) of 30 seconds each were applied and the
corresponding voltages were recorded. All chronopotentiometric measurements were
performed at least three times.
The gross power output was calculated as the maximum product of voltage E and
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current I from the measured voltage-current curves. The gross power output was then
corrected by subtracting the power output of a blank run using only one cation
exchange membrane in the stack. The power output can then be converted into the
gross power density (Pgross) by dividing it by the total membrane area (W/m2).
One of the parameters that determines the RED performance is the internal resistance
of the stack. It includes the ohmic resistances, Rohmic, and the non-ohmic resistances,
Rnon-ohmic. The calculation of these resistances are described in more detail in Section
5.3.3.3.
Of the gross power generated by the RED stack, a certain amount is consumed by the
pumps to transport the feed waters through the stack. The pumping power per unit
membrane area, Ppump (W/m2) can be calculated as follows [27]:
Ppump =

∆pr ·Фr+∆ps ·Фs
2A

(Eq. 5.3)

where ∆pr and ∆ps are the measured pressure drop in the river water and seawater
compartment, respectively (Pa), Фr and Фs are the discharge of the feed water per river
water and seawater compartment, respectively (m3/s), and A is the area of a single
membrane (m2), which is the same for both flat and structured membranes having the
dimensions of 10 cm x 10 cm. The subscripts, r and s, represent seawater and river
water compartments, respectively.
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Subtracting the pumping power losses (Equation 5.3) from the gross power density
Pgross, the net power density can then be calculated as follows:
Pnet =Pgross -Ppump

(Eq. 5.4)

5.3 Results and discussion
5.3.1 Membrane preparation
Casting followed by solvent evaporation was performed to make flat membranes and
three types of micro- structured membranes, as described in more detail in Section
5.2.2.
The volume of the membrane-forming casting solution was adjusted such that the
thickness of the continuous part (i.e. non-structured part) of the structured membranes
the structures on the membranes was designed to be 100 µm, equal to the thickness of
the spacers used for flat membranes. Figure 5.6 shows the approximate dimensions of
the flat and structured membranes in wet state using different volumes of casting
solution.
Structured membrane

Flat membrane

100 µm

100 µm
non-conductive spacer

200 µm

200 µm

Figure 5.6. Schematic representation of the cross-section of a structured membrane (left) and a flat
membrane with spacer (right).

If the flat part of the structured membranes is too thin (<30 µm), it is very difficult to
remove the membranes from the mold without rupturing the film. In addition, if the
thickness is less than 200 µm, the non-structured continuous part becomes wavy, due
to the shrinkage during drying of the membrane film. This might be due to a possible
solvent concentration gradient towards the mold substrate during the evaporation [24,
28]. When the continuous part is mostly dry, the ridges may still contain some solvent.
Further evaporation of the solvent from these ridges results in further shrinkage and a
deformation of the continuous film.
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was the same as that of the flat ones, namely (200 µm). The thickness (or height) of
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5.3.2 Membrane characterization
5.3.2.1 SEM
SEM pictures of the produced membranes provide insight in the dimensions of the
channels and ridges and the membranes’ morphology. Figure 5.7 shows images of each
of the structured membranes and, at a higher magnification (x2000), of the flat
membrane surface. As can be seen, the dimensions of the stainless steel molds were
nicely replicated to the polymer films. The dense, non-porous character of the
membranes is visible at a higher magnification in Figure 5.7d.
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a) ridge

b) wave

c) pillar

d) flat

Figure 5.7. Surface morphology of tailor-made membranes: a) ridges b) waves c) pillars and d) flat
membrane. Magnification a-c: 70x; Magnification d: 2000x.

To avoid changes in the dimensions of the structures, the membrane films were
allowed to dry on the mold in the oven at elevated temperature (130°C) and
subsequently immersed in a 0.5 M NaCl solution. The films swelled in the salt solution
and were then peeled from the molds by gentle pulling. Most swelling occurred parallel
to the membrane surface (32 - 45%) (as determined by optical microscope) rather than
perpendicular to the surface (as determined by the digital screw micrometer).
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a) ridge

b) wave

c) pillar

d) flat

Figure 5.8. Cross-section morphology of tailor-made membranes: a) ridges b) waves c) pillars and d)
flat membrane. Magnification: 150x.

replicas of the molds were obtained (see also Figure 5.3). Since the continuous flat part
of the membrane is thick enough (200 µm), the effect of shrinkage was not observed
(i.e. no waviness was observed on the flat side of the membranes). The dry thicknesses
of the continuous part of the structured membranes were comparable to those of flat
membranes although the thickness of the pillar-structured membrane was slightly
greater than that of the others (Table 5.1).

5.3.2.2 Area resistance and permselectivity
Table 5.1 shows the membrane properties of the PECH anion exchange membranes
prepared in this study.
Table 5.1. Characteristics of anion exchange membranes used in this work.
Thicknessa (µm)

Area resistance (Ω·cm2)

Permselectivity (%)

Flat

189 ± 7

2.55 ± 0.04

90.5 ± 0.05

Ridges

199 ± 9

3.16 ± 0.07

89.6 ± 0.35

Waves

200 ± 4

2.94 ± 0.04

89.5 ± 0.30

Pillars

212 ± 9

3.20 ± 0.06

90.1 ± 0.20

Membrane type

a

The thickness is that of the continuous part of the membranes in wet state.

The area resistance of the structured membranes was found to be slightly higher than
that of flat membranes (Table 5.1). This is due to the structures on the membrane
surface which contribute to the total membrane thickness; area resistance increases
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Figure 5.8 shows cross-sections of the investigated membranes; as can be seen, dense
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with increasing membrane thickness [26]. On the other hand, the area resistance of
wave-structured membranes was slightly lower than that of ridge-structured and pillarstructured membranes. This could be related to possible differences during thermal
curing, such as in the solvent evaporation rate, which might result in slightly different
degrees of cross-linking. However, there were no major differences in permselectivity
between the membranes.

5.3.3 RED performance
5.3.3.1 Flow distribution
Figure 5.9 displays a visualization of the flow distribution along the structured
membranes. The images show different sections recorded at different times (see Section
2.4.1). The feed was transported diagonally from the bottom-left opening to the topright opening. The ink was injected via a connection at a very close distance to the
opening at the bottom part of the membrane (Figure 5.9). After performing two trials,
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the images were determined to be representative.
In Figure 5.9, the darker regions represent the ink flow along the membrane surface
whereas the lighter regions represent mainly water flow. It can be seen that for the
ridge-structured membranes, the ink flow preferred the sides of the active membrane
area after the initial injection of the ink (at 0.8 s). After some time, the central part of
the membrane turned darker, indicating that the ink flow experienced a delay relative
to the sides. Some channels may not even have filled with ink at all as the
inflow/outflow of the stack was not optimized.
Similar flow behavior was observed for the wave-structured membranes. The flow
showed preferential flow paths along the membrane surface, but there was more ink
flow in the central part compared with ridge-structured membranes. It resulted in
darker central regions at 0.8 s, and again, unfilled channels are observed at the
membrane surface (Figure 5.9b). This is related to the fact that the flow design for the
waves was apparently not optimal.
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a) ridge

0.0 s

0.8 s

1.6 s

2.4 s

0.0 s

0.8 s

1.6 s

2.4 s

0.0 s

0.8 s

1.6 s

2.4 s

b) wave

Figure 5.9. Visualization of the flow distribution inside the membrane structures (a) ridge, b) wave
and c) pillar), realized by ink-injection in the water stream of 12 ml/min.

On the other hand, the ink distribution showed no preferential local flows for pillarstructured membranes. Since pillar structured membranes have no continuous
structures that form channels, the risk of preferential channeling or clogging of the
flow by (ink) particles as may have occurred with the ridge and wave structures is less
likely. Thus, after the initial ink injection, the flow exhibited an even distribution over
the membrane surface and at 2.4 s, the ink was well distributed over the entire
membrane area (Figure 5.9c). The results show that the pillar structures allow a more
efficient use of the active membrane area compared with when other structured
membranes are used. Of course these designs can be further optimized and different
structural geometries and dimensions can be chosen. However, that is beyond the scope
of this work.

5.3.3.2 Gross power density
Figure 5.10 shows the gross power density of the stacks with structured and flat
membranes as a function of the Reynolds number and the corresponding feed flow
rates. The graphs represent arithmetic average values. The error bars indicate the
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fluctuations in the measurements. Some error bars are smaller than the symbol size
and therefore not visible.
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Figure 5.10. Gross power density of the RED stack using tailor-made flat and structured membranes.

In general, the gross power density increases with increasing Reynolds number because
of improved mixing and since the ionic transport is promoted, resulting in lower
internal resistances at higher flow rates when the feed waters are rapidly renewed
(Figure 5.10). At relatively high Reynolds numbers, the structured membranes yielded
higher gross power densities than the flat membranes with spacers, whereas flat
membranes yield higher gross power densities at lower Reynolds numbers. This
observation is in good agreement with a study by Vermaas et al. who only investigated
straight-ridge and flat membranes [10]. At lower flow rates, when hydraulic friction is
not that significant, spacers cause better mixing than structured membranes resulting
in increased driving forces and gross power outputs. Consequently, structured
membranes are advantageous to use especially at higher feed flow rates (higher
Reynolds numbers).
In our experiments, the membranes with pillar structures exhibited the highest gross
power density of 1.3 W/m2, which is close to the gross power density achieved with
membranes with wave structures, both at the highest feed flow rate. This is in
agreement with Figure 5.9c that shows that the flow distribution with the pillarstructured membranes was more uniform than with the other structured membranes.
In addition, the pillar-structured membranes had a wider slit for the feed waters to
flow through compared with the other types of structured membranes (Figure 5.3).
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An interesting observation regarding the stack with flat membranes is that the gross
power density increased with increasing Reynolds number and then reached a
maximum at a Reynolds number of 6. Probably, at higher flow rates, the time
available for ion exchange is limiting (due to the high flow rate and consequently low
residence time. Additionally, some leakage may have occurred in the tests with flat
membranes, because of the high pressure drop due to the presence of spacer; the
structured membranes with their open-slit geometry experience a lower pressure drop
at high Reynolds numbers. For the flat membranes, the error bars are much larger
after the maximum (Figure 5.10).
Wave-structured

membranes

have

advantages

over

straight-ridge-structured

membranes. First, relative to straight-ridges, wave structures lead to better mixing of
water due to the change in the direction of the flow along the stack. Second, compared
with straight ridges, wave structures create longer flow paths in the stack which means
that more ions of the feed are utilized for cross-membrane ion transport in the stack
similar to Vermaas et al. [10], we also found that ridge- and wave-structured
membranes are less advantageous than flat membranes with spacers at lower Reynolds
numbers (lower than 4 and 6, respectively) where the feed flow is relatively low. At
these low flow rates, the lack of mixing for wave and ridge structures results in higher
boundary layer resistances (thus, high non-ohmic resistances) than for the stack with
spacers [10].
Vermaas et al. showed that the ohmic resistance of their stacks was lower with ridgestructured membranes than with flat membranes because the spacer shadow effect was
eliminated [10]; this should have led to higher power densities. In our work, we
observed a 21% increase in gross power density with ridge-structured membranes at a
Reynolds number of 7.5. However, Vermaas et al. found no significant difference
between the gross power densities between the stacks with ridge-structured membranes
and flat membranes, at the same Reynolds number (7.5) [10]. Moreover, the gross
power density obtained by Vermaas et al. was less than 0.7 W/m2 whereas we achieved
0.9 W/m2 at the same Reynolds number. We can attribute this to several factors.
Firstly, we used an intermembrane distance of 100 µm whereas 200 µm was used by
Vermaas et al. The effect of intermembrane distance on the gross power density is well
described in the literature [29]; a smaller intermembrane distance makes the stack
more conductive. Secondly, there is a difference in the electrochemical properties of the
membranes. We prepared self-standing anion exchange membranes with relatively low
area resistances (Table 5.1; 2.6-3.2 Ω·cm2); these membranes are homogeneous, without
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due to the longer residence times. This also results in higher fuel efficiency. However,
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any non-conductive reinforcement, and are specially designed for RED. Vermaas et al.
used heterogeneous membranes with higher area resistances (2.7-5.8 Ω·cm2) [10].
Considering this, even though only the anion exchange membranes were structured in
this study and only on one side, we were able to obtain higher gross power densities.
The gross power density of the stack with pillar structured membranes (1.3 W/m2)
was the highest, obtained at a Reynolds number of 7.5, which is approximately 38%
more than for the flat membranes at that Reynolds number.

5.3.3.3 Resistance
To investigate this further, we can split the resistances (losses) into an ohmic and a
non-ohmic part. The ohmic part includes, e.g. the resistances of the membranes,
seawater and river water compartments; whereas the non-ohmic resistances stem from
non-linear effects such as concentration polarization, boundary layer effects and
mixing.
Vermaas et al. classified non-ohmic resistances (i.e. resistance due to time-dependent
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voltage changes at constant current) into two subgroups: resistances due to
concentration changes along the flow path and the resistances due to boundary layers
[10, 30]. Their study showed that resistances due to concentration changes are
significant at low Reynolds numbers and do not exhibit a significant difference whether
the stack is built with flat or with ridge-structured membranes. However, different
membrane geometries affect these resistances which are influenced by the boundary
layer thickness and thus by ionic transport. On the other hand, boundary layer
resistances were shown to be significantly reduced when spacers were used in the stack
[10].
The total internal resistance of the stack is an important parameter as it determines
RED performance. It represents the sum of the ohmic resistances, Rohmic, and the nonohmic resistances, Rnon-ohmic. The values of Rohmic and Rnon-ohmic can be determined
experimentally from chronopotentiometric measurements [29, 31]. The rapid voltage
jump when the current is released represents the contribution of the ohmic resistance,
whereas the time-dependent voltage change is due to non-ohmic resistances. Figure
5.11 displays Rohmic and Rnon-ohmic for the stacks with flat membranes and those with the
different structured membranes.
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Figure 5.11. Area resistance as a function of the Reynolds number for a) the stack with flat
membranes, b-d) the stacks with structured membranes. (b) ridges; c) waves; d) pillars).

Figure 5.11 shows that Rohmic increased while Rnon-ohmic decreased with increasing
Reynolds number and flow rate for all stacks. The stacks with structured membranes
show significantly lower ohmic resistances because of the elimination of the spacer
shadow effect. The ohmic resistance was reduced by 21, 22 and 16% when using
membranes with ridges, waves and pillars, respectively, relative to the stack with flat
membranes. As we used homogenous membranes with relatively low area resistances
(Table 5.1; 2.6-3.2 Ω·cm2), this achieved decrease in Rohmic is significant. Vermaas et al.
reported a decrease of approximately 30% of the ohmic resistances in a RED stack in
which all the membranes were structured, but had high area resistances (around 2.7143
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5.8 Ω·cm2) [10]. Considering that only one side of our membranes was structured (and
only of the anion exchange membranes), the decrease in ohmic resistance can be
expected to be even greater when stacks are used with membranes that are structured
on both sides.
The decrease of non-ohmic resistances with increasing flow rate is due to better mixing
at higher flow rates (i.e. at higher Reynolds numbers). At lower flow rates, Rnon-ohmic is
significant compared with Rohmic as the low mixing rate results in poor ionic transport
for all the stacks. In comparison with the stack with flat membranes, Rnon-ohmic is higher
for all stacks with structured membranes, as mixing in the spacered system is much
better which results in lower boundary resistances. Vermaas et al. reported similar
behavior [10] and observed that boundary layer resistances as well as the resistances
due to concentration changes decreased with increasing feed flow rate, both for stacks
with flat membranes and with profiled membranes (i.e. straight ridges).
A higher Rnon-ohmic is visible for membranes with straight ridges than for flat membranes
and for membranes with wave and pillar structures (Figure 5.11b). This is because
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there is less mixing in the open channels of straight ridges. Wave structures cause the
flow to change direction and follow a zigzag pattern, which promotes mixing (Figure
5.11c). Non-ohmic resistances were found to be the lowest for pillar-structured
membranes, and were very low at higher Reynolds numbers (Figure 5.11d). The
advantage of the pillar structures is that the flow is more uniform as shown in Figure
5.9, while the pillars still generate mixing as they are obstacles that force the flow to
split locally. Optimization of the design and dimensions of the structures to enhance
mixing could ultimately result in further increased power outputs.
Overall, the area resistances of the stacks with ridge and wave structures on the
membranes were found to be slightly higher than for the other membranes for low
Reynolds numbers. For high Reynolds numbers, the values are comparable to that of
the stack with flat membranes. The area resistance of the stack with pillar-structured
membranes is similar to the area resistance of the stack with flat membranes for low
Reynolds numbers, whereas it is the lowest of all for high Reynolds numbers.

5.3.3.4 Pumping power
As the structured membranes are structured on one side only, the stacks with these
membranes still contained spacers at the non-structured flat sides of the membranes.
In the stack with flat membranes, spacers were used on both sides of the membranes.
Spacers cause a large pressure drop due to their structure but also induce a tortuous
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water flow. The greater the pressure drop, the greater the power required to pump the
waters through the stack, and the lower the net power density. To calculate the net
power density, the used pumping power (power loss) was determined and subtracted
from the gross power density.
Figure 5.12a shows the pressure drop on the seawater side of the membranes where
100-µm-thick spacers were used in all cases. As expected, there is no significant
difference in pressure drop for the different membrane types since the same
intermembrane distance (100 µm) and the same flow rates were used, and the
structure of the membranes on the seawater side was the same (i.e. flat). Only for
Reynolds numbers higher than 4, some differences in pressure drop are observed. This
may be due to irregularities in the hydraulic friction at the inflow and outflow of the
stack or because the stacks have to be assembled manually.
Figure 5.12b shows the pressure drop on the structured side of the membranes (i.e. the
river water compartment) where no spacers were used (other than for the flat
times less than for flat membranes with spacers. Stacks with membranes with ridge
and wave structures also experienced a lower pressure drop than stacks with flat
membranes; the pressure drop for flat membranes is approximately 1.3 times greater
than for ridge-structured membranes for a Reynolds number of 7.5. The pressure drop
for flat membranes was found to be about 5 times greater than for ridge structured
membranes by Vermaas et al. who studied ridge-structured membranes with a channel
width of 1.0 mm and a ridge width of 0.2 mm, i.e. a channel-to-ridge width ratio of 5.
For the ridge-structured and wave-structured membranes we used , this ratio is 2,
implying narrower channels for the water flow than in the work by Vermaas et al..
Another parameter affecting the pressure drop is the intermembrane distance (i.e. the
spacer thickness in the stacks with flat membranes or the height of the structures in
the stack with structured membranes). The smaller the intermembrane distance, the
higher the hydraulic friction is and the higher the resulting pressure drop. When
comparing our pressure drop (0.76 bar) for an intermembrane distance of 100 µm for
ridge-structured membranes with the pressure drop measured by Vermaas et al. (0.08
bar) for an intermembrane distance of 200 µm [10], the pressure drop is higher for a
smaller intermembrane distance, however at these intermembrane distances, the
differences are not really large.
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membranes). The pressure drop for the pillar-structured membranes is approximately 4
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Figure 5.12. Pressure drop in (a) the concentrated (seawater) compartment and (b) in the diluted
(river water) compartment.

data are based on the arithmetic mean of the pressure drop on the seawater side and
on the river water side. The highest average pressure drop occurred in the stack with
flat membranes (Figure 5.13). The stack with pillar-structured membranes exhibited
the lowest average pressure drop because of the relatively wider slit for water flow and
because there is less hydraulic friction with pillar structures.
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Figure 5.13 shows the average pressure drops of the feed water compartments. These
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Figure 5.13. Average pressure drop at the seawater and the river water side combined.
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5.3.3.5 Net power density
Using Equation 5.4, we calculated the net power density by subtracting the pumping
power from the gross power density (Figure 5.14). The highest achieved net power
density was 0.62 W/m2 with pillar-structured membranes, which incurred the lowest
pressure drop. To our knowledge, this value is the highest net power density obtained
so far with the use of homogeneous membranes in a RED stack. It was approximately
20% higher than for the stack with spacers. In Figure 5.14, the peak in net power
density shifts towards higher Reynolds numbers for the stack with structured
membranes compared to the stack with flat membranes. This is because structured
membranes experience lower hydraulic friction (i.e. lower pumping power required),
but require higher Reynolds numbers to obtain sufficient mixing. Considering that a
positive net power density is still possible at higher Reynolds numbers (i.e. higher flow
rates) when using structured membranes (e.g. wave and pillar structured membranes),
it will allow one to increase the feed flow further to get higher power densities
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compared to that of flat membranes.
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Figure 5.14. Net power density of the RED stacks using tailor-made anion exchange membranes.

Figure 5.14 shows that the use of flat membranes with spacers in a RED stack is still
advantageous over using membranes with wave and ridge structures. The average
pressure drop in the stack with ridge-structured membranes was very close to the drop
in the stack with flat membranes, and at lower flow rates, the stack with flat
membranes still outperforms the stacks with wave and ridge structures. Only at a very
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small range of Reynolds numbers, wave-structured membranes provided a higher net
power density than flat membranes.
By contrast, Vermaas et al. observed a 10% higher net power density with ridgestructured membranes relative to flat membranes [10], whereas the use of ridgestructured membranes is not advantageous over flat membranes in our system. This
may be attributed to the use of 50% less high ridges (smaller intermembrane distance)
and the lower channel-to-ridge width ratio in our system, all leading to a greater
pressure drop and a lower gross power density.
However, the relatively low pressure drop that occurs with structured membranes
allows the use of relatively high flow rates of feed waters in small-scale pilot plants
where the volume of feed waters is not a limiting factor. Moreover, new designs of
structured membranes can be considered such as different geometries to promote
mixing at the boundary layers and less high ridges on the membrane surface, which
would reduce the intermembrane distance resulting in reduced electrical resistance (but
would also cause more hydraulic friction).
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5.4 Conclusions
In this study, the performance of a reverse electrodialysis (RED) stack was
investigated using different structured membranes. The use of such structured
membranes

eliminate

the

use

of

conventional

non-conductive

spacers.

Flat

homogeneous anion exchange membranes and three types of structured membranes, i.e.
with straight ridges, wave structures and pillars on one side of the membrane were
prepared by casting. These membranes showed good electrochemical properties. The
pillar-structured membranes performed best in all aspects. The ohmic resistance of the
stack with the pillar-structured membranes was around 21% lower than that of the
stack with flat membranes resulting in a 38% higher gross power density. These values
are significantly high since half of the stack still required the use of spacers. The
hydraulic friction (i.e. required pumping power) was significantly reduced in the feed
compartments where the structured sides of the membranes were used. The required
pumping power was the lowest for the stack with pillar-structured membranes, which
also provided a more homogeneous flow distribution. The net power density achieved
with pillar-structured membranes at only one side was approximately 20% higher than
was achieved with flat membranes and spacers. In addition, the low hydraulic friction
allows higher feed water flow rates when structured membranes are used. To the best
of our knowledge, this was the first time that self-standing homogeneous membranes
148

Micro-structured membranes for reverse electrodialysis
with specific structures were used in RED. Considering this, further improvements can
be foreseen when casting is used to obtain homogeneous structured membranes with
optimized structure geometries, the desired electrochemical and physical properties.
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of molds.

5.6 Nomenclature
Vmeasured

measured membrane potential [V]

Vtheoretical

theoretical membrane potential [V]

Re

Reynolds number [-]

pr

pressure drop on river water side [Pa]

ps

pressure drop on seawater side [Pa]

uത

average flow velocity [m/s]

Dh

hydraulic diameter [m]

d

height of flow path [m]

b

width of flow path [m]

Ppump

pumping power per unit membrane area [W/m2]

Pgross

gross power density [W/m2]

Pnet

net power density [W/m2]

Rohmic

ohmic resistance [Ω·cm2]

Rnon-ohmic

ohmic resistance [Ω·cm2]

Greek symbols
α

membrane permselectivity [-]

ν

kinematic viscosity [m2/s]

Фr

flow rate of river water compartment [m3/s]

Фs

flow rate of seawater compartment [m3/s]
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ABSTRACT
This final chapter summarizes the general conclusions of this research on reverse
electrodialysis as a sustainable energy generating technology as discussed in this thesis.
The main focus of the research was on the fabrication, characterization and
application of anion exchange membranes, as no up-to-date research on membranes
specifically designed for RED existed so far. This needs to be addressed in order to
understand the potential of RED for a full-scale technology that generates electricity
in a sustainable way. This study covers four different approaches: 1) fabrication of
tailor-made homogeneous anion exchange membranes, 2) determination of dominating
membrane properties in RED performance, 3) fabrication of monovalent ion selective
membranes and surface modification, and 4) design and optimization of microstructured membranes. Furthermore, some challenges are discussed and directions for
future development of the RED process are suggested.
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6.1 General conclusions
This PhD thesis investigates the design and optimization of the reverse electrodialysis
process, with the main focus on anion exchange membrane fabrication, characterization
and application.
In Chapter 2, the fabrication of homogenous anion exchange membranes in a singlestep,

environmentally-friendly

method

using

a

pre-halogenated

polyether,

polyepichlorohydrin (PECH) is described. To the best of our knowledge, for the first
time tailor-made homogeneous anion exchange membranes were tested in a real RED
stack. It was seen that thinner membranes performed better as they had lower area
resistances compared to that of relatively thick membranes. Very thin anion exchange
membranes with a thickness of 33 µm could be fabricated with a very low area
resistance of 0.82 Ω·cm2, resulting in the highest power density (1.27 W/m2).
To optimize the membrane properties such as area resistance and permselectivity, the
blending ratio of active polymer PECH to supporting polymer PAN and the relative
amount of the aminating agent, DABCO, in the film forming solution (i.e. membrane
casting solution) were varied. As the relative amount of PECH increases in the
membrane casting solution, the area resistance exhibited a decreasing trend, as there
properties. On the other hand, permselectivity decreased with increasing blend ratios.
This variation was attributed to the increasing degree of swelling with increasing blend
ratio. When the amount of aminating agent was increased in the membrane casting
solution, it was observed that, up to a certain amount, permselectivity improved and
area resistance decreased due to the simultaneous amination and crosslinking reactions.
At higher values of aminating agent, the variation of these parameters was almost
independent.
In Chapter 3, in addition to the tailor-made anion exchange membranes designed in
Chapter 2, also cation exchange membranes were fabricated to be used in a RED
stack. Sulfonated polyether ether ketone (SPEEK) was used to prepare cation
exchange membranes without any reinforcement. Solvent evaporation was employed to
get a dense membrane structure. Thus, we were able to built the complete stack only
with tailor-made ion exchange membranes of which we could tune the properties
easily. The performance of the stack with these membranes was later compared to that
with commercially available membranes. For that, various RED stacks were built.
Model seawater (30 g NaCl/l) and river water (1 g NaCl/l) were prepared as feed
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are more functional groups available for amination, which increases the ion-conducting
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solutions. It was observed that the highest gross power density (1.3 W/m2) was
observed with the stack built with tailor-made membranes relative to the stacks built
with commercially available membranes.
For membrane designers, it is crucial to decide which membrane property is
performance-determining in a RED process, as that defines the membrane fabrication
routes and the ways how to optimize and improve that specific membrane properties.
Thus, a sensitivity analysis, so-called `ANalysis Of VAriance`, ANOVA, was
performed to assess the effects and the respective contributions of the parameters (i.e.
membrane bulk properties, e.g. area resistance and permselectivity) on the gross power
density in a RED system. The results showed that a correlation exists between the
membrane resistance and the gross power density, rather than between the
permselectivity and the gross power density. A clear inverse correlation between area
resistance and power density was found. Consequently, these findings help the
membrane designers to draw some conclusions and make adequate strategies to design
specific ion exchange membranes for RED.
In Chapter 4, the potential use of monovalent ion selective membranes in a RED
system was investigated. When natural seawater and river water are used as feed
solutions in RED, the presence of multivalent ions is inevitable. Multivalent ions have
a performance declining impact on the ion exchange membranes, i.e. these ions increase
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the electrical resistance and, in most cases, decrease the permselectivity. Since these
membrane properties are the main performance determining factors as determined in
Chapter 3, the use of monovalent ion selective membranes that retain multivalent
ions is proposed for the RED process. UV irradiation was used to coat anion exchange
membranes

with

a

negatively

charged

moiety

(i.e.

2-acryloylamido-2-

methylpropanesulfonic acid, AMPS, was used as active monomer). Thus, the
negatively charged multivalent ions can be retained to some extent through electrical
repulsion forces. After modification of the anion exchange membranes, 8% reduction of
sulfate flux was achieved due to the coating layer. That corresponds to a monovalent
ion selectivity that can be assumed as good as the commercially available Neosepta
ACS membrane. Since the coating layer was negatively charged, it has also a
capability to retain negatively charged matter, like organic foulants, e.g. sodium
dodecylsulfate (SDS). As expected it was found that a delay in fouling was observed
when the membranes were coated. The application of such oppositely charged coating
layer thus corresponds to a simultaneous improvement of both the monovalent ion
selectivity and the antifouling property of anion exchange membranes.
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Surface properties of the obtained membranes were characterized using e.g. SEM-EDX,
XPS, roughness and contact angle measurements. SEM-EDX analyses showed that the
thickness of the coating layer was about 1.5 µm, which can be assumed as very thin.
Thus, due to the thin coating layer, the area resistance of the obtained membranes did
not increase significantly and standard permselectivity improved very slightly. This
makes the use of such membranes advantageous over commercial monovalent ion
selective anion exchange membranes (ACS and ASV), which have relatively high area
resistances. However, the beneficial use of monovalent ion selective membranes was
found to depend on the ionic composition of the river water. The results showed that it
would be more beneficial to use such membranes in RED when there is a relatively
high content of multivalent ions in the river water.
In Chapter 5, the fabrication of micro-structured membranes is described. The aim of
this work was to eliminate the use of non-conductive spacers, which reduce the
effective area for ionic transport thus reducing the RED performance. For that
purpose, structured anion exchange membranes with integrated flow channels were
designed having different surface geometries, i.e. straight ridges, waves or pillars. This
was done by casting the membrane forming solution on stainless steel microstructured
molds followed by solvent evaporation, which later creates perfect replicas of the
membranes were tested in a RED stack. As homogeneous membranes usually have
lower area resistances than their heterogeneous counterparts, the use of homogeneous
membranes is more advantageous. The use of micro-structured membranes was
successful such that 38% higher gross power density was achieved (for the pillarstructured membranes) when compared to that of flat membranes at the same
Reynolds numbers. Another very crucial advantage of the use of micro-structured
membranes in a RED stack is that the hydraulic friction is significantly lower
compared to that of the stack with flat membranes where the use of spacers is
required. The knits of the filaments of the spacers behave as obstacles to fluid flow in
the feed compartments thus increasing the hydraulic friction. High hydraulic frictions
refer to high pumping costs that decrease the net power density and is undesired in a
RED system. Consequently for the pillar-structured membranes, next to a higher gross
power density, also a 20% higher net power density was obtained when compared to
their flat equivalents.
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Chapter 6.

6.2 Outlook
6.2.1 Further development of membranes and alternative routes
for production
The highest practical RED power density measured was recently reported by Vermaas
et al. as 2.2 W/m2 using 100 µm intermembrane distances [1]. That achievement
already meets the desired goal for a commercially attractive RED process [2]. However,
there is still room for development of a more economically feasible RED system. Ion
exchange membranes are termed as core elements of RED by several authors, and the
importance of the ion exchange membranes in RED was already mentioned explicitly
[2-4]. However, most research was done for standard ion exchange membranes designed
for electrodialysis. Development of specific ion exchange membranes for RED is still
not a mature technology and the way to go is still long, broad and undefined.
Further research should focus on development of ion exchange membranes that have
especially lower area resistance but also even higher permselectivity. Post et al.
indicated already that the membranes for RED should have low area resistance (< 3
Ω·cm2), and a high permselectivity of 95% or more [2]. In this work, anion exchange
membranes obtained have already very low area resistances (<1 Ω·cm2), which gave
could still be improved further as we obtained a permselectivity of about 90% [5-6].
Figure 1 shows a representation of the characteristics of a few current membranes (i.e.
permselectivity vs. area resistance), and the final goal (indicated as gray region) for
such membranes in order to obtain high performance in RED.
100

Figure

DSV

of

the

relation

between permselectivity and area

AM-1
AFN

Schematic

6.1.

representation

Permselectivity (%)

Chapter 6
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General conclusions and outlook
In this work, we have found that the area resistance of the ion exchange membranes
had strong influence on the RED performance, and that the thinner membranes had a
significant advantage over relatively thick ones. In that sense, membrane designers
should follow that direction. Ion exchange membranes with a homogeneous character
without any reinforcement have definitely huge benefits in RED since such membranes
usually have low area resistances. Membranes with lower film thickness have also
similar benefits in terms of having low area resistances. In this work, we manage to
make membranes as thin as about 30 µm without any defects, which is already a big
step in the development of the RED process [6]. However, there is still possibility to
make them thinner with good mechanical and electrochemical properties.
Polyepichlorohydrin (PECH) seems to be a very promising material for the fabrication
of RED membranes. Not only because it has the possibility to obtain high ion
exchange capacity and good conductive properties, but also because the processing
stage to make membranes is a single-step process and environmental friendly (i.e. no
use of chloromethyl methylether). Other alternative methods, which can be assumed as
promising from an environmental point of view, are bromination and subsequent
amination of benzyl containing polymers (e.g. poly(2,6-dimethyl-1,4-phenylene oxide,
PPO) [7]; or a vinylpyridine process involving quaternaryamination with iodomethane
batch-wise process since most methods require thermal treatment for functionalization
reactions followed by solvent evaporation. Perhaps that makes these methods less
attractive for large-scale membrane production. On the other hand, UV curable
monomers, such as monomers with acrylic groups, can also be considered for further
research [9]. UV induced processes usually require relatively shorter time scales, thus
can be considered better candidates for scale-up production because of the flexibility of
the process towards a continuous operation.
Since the operation of ion exchange membranes in RED is in mild conditions (i.e.
seawater and river water media), extreme chemical stability is not a priority in
designing such membranes. However, to get insight about the lifetime of the
membranes, e.g. high temperature stability, durability against oxidation can be tested.
Fouling of membranes is a common problem in all membrane processes. The same
issue counts for RED as well. Generally, anion exchange membranes are more sensitive
to fouling than cation exchange membranes [10]. Therefore, more attention should be
paid to the development of anti-fouling anion exchange membranes. In other
membrane processes, the concept of electrostatic repulsion of organic foulants by
coating layers integrated on the membrane surface is a widely used technique to
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[8]. However, the fabrication process using these raw materials usually requires a
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improve the antifouling potential. However, simultaneous improvement of the
monovalent ion selectivity of the membranes should be provided during the fabrication
of such membranes. Therefore, new materials (for instance, polyelectrolytes) should be
employed as surface modification materials. In addition, membranes are not the only
elements that can solely solve the fouling problem in the RED system. Not only antifouling membranes should be taken into account, but also different methods for
pretreatment of the feed water before the use in the stack should be extensively
investigated to remove fouling and scaling in RED. Hydrodynamic limitations,
pumping costs should be carefully evaluated as well.
Of course one of the most crucial bottlenecks is the membrane price. Currently
available ion exchange membranes still have high prices (>80 €/m2) [11]. Since
relatively thinner ion exchange membranes without reinforcement are favorable for
RED, the potential of price reduction of such membranes is large for the RED
applications due to the low amount of raw materials required compared to that for
electrodialysis membranes. Additionally, when successful, RED will be an extremely
large scale operation, requiring much larger membrane areas than currently employed
in ED or other electromembrane processes. The economy of scale also offers potential
for a further significant price reduction.

6.2.2 Hydrodynamics and stack design
Chapter 6

Hydrodynamic limitations, boundary layer resistances and the spacer-shadow effect in
the stack reduce the practical power output in RED. New stack designs, new spacers
or structured membrane concepts should be considered for future development of RED.
The stack used in this study is not fully optimized yet. To reduce the pressure drop
and to obtain a better flow distribution over the membrane surface, new
inflow/outflow designs should be practically implemented. Instead of only one
inlet/outlet for each feed water stream (i.e. seawater and river water), multiple inlet
designs should be considered. Membrane geometry also plays an important role in the
flow pattern of feed solutions. Structured membranes with a channel-wise geometry are
a good remedy to reduce the pressure drop (i.e. pumping power), as investigated in
this work as well. However, when using such membranes, flow distribution should be
carefully taken into account. Instead of continuous ridges (e.g. channels) on the
membrane surface, segmented ridges can be designed in such a way that preferential
flow is prohibited. Tear-drop shapes on the membrane surface are also a of big interest
to make innovative RED membranes because these structures eliminate the dead zones
or recirculation zones in the stack and provide a more efficient use of active membrane
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area [12]. Since better mixing together with a lower pressure drop is a vital
requirement for high RED performance, geometries such as helical structures, which
can simultaneously provide low pressure drop and better mixing, can be considered.
The problem regarding the spacer shadow effect has already been solved by structured
membranes [13] and ion conductive spacers [14]. However, more attention should be
paid to the river water compartment since the electrical resistance of this compartment
is high due the low ionic content and, thus, still dominating the RED performance. As
mentioned already, elimination of non-conductive spacers by the replacement of
structured membranes is a good solution, however new alternatives can also be
considered, such as integration of ion exchange resins in the river water compartment.
This will significantly increase the conductivity of this compartment. Of course,
optimization of such systems should be carefully investigated.
Smaller stack designs are another alternative for the reduction of pressure drop as the
distance between inlet and outlet will be reduced. A reduced pumping power allows
smaller intermembrane distances and smaller residence times, which would reduce
boundary layer resistances and ohmic stack resistance [15]. These benefits of the
smaller stacks (i.e. smaller cell length) would always provide higher net power density.
On the other hand, for large scale RED stack production, spiral-wound RED stacks
less likely in spiral-wound systems compared to flat-sheet stack designs where gaskets
are needed for sealing. However, this seems still a big challenge.
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Summary
Reverse electrodialysis (RED) is a clean, sustainable, and thus a promising and
potentially attractive technology for the generation of energy from the mixing of
solutions with different salinity. It utilizes the free energy of mixing these solutions
(e.g. river water and seawater) to generate power. In RED, a concentrated salt
solution and a less concentrated salt solution are brought into contact through ion
selective membranes (anion exchange membranes, AEMs, and cation exchange
membranes, CEMs) that are alternately patterned in a stack. Anion exchange
membranes allow only anions to pass through towards an anode and cation exchange
membranes allow only cations to pass through towards a cathode. At the electrodes a
redox couple is used to provide the transfer of electrons through an external circuit,
thus creating power. The ion exchange membranes are key elements in RED.
Especially the study of anion exchange membranes is crucial since the fabrication is
complex and limited research has been done specifically for RED. This PhD thesis
investigates the design and development of the RED process, with a special focus on
fabrication, characterization and optimization of anion exchange membranes.
Chapter 2 deals with the fabrication of homogeneous anion exchange membranes in a
simple, environmentally friendly manner. Different membrane properties and
characterization methods are studied and implemented. The directions towards how to
tune membrane properties specifically for RED are defined. The results suggest that
PECH membranes are good materials for a viable RED process. Very low area
In addition, the membrane thickness should be as low as possible to generate high
power outputs in RED. With this study, for the first time, it was shown that tailormade anion exchange membranes installed in a RED stack increase the power
obtainable from the mixing of seawater and river water.
As a next step, it was investigated which membrane property dominates and how to
correlate the membrane properties to the RED performance. To clarify this, Chapter
3 systematically investigates the bulk membrane properties of both a series of
commercially available membranes and tailor-made membranes (both anion and cation
exchange membranes) and correlates these to experimental RED performance data.
The results set directions to decrease the area resistance rather than to improve
permselectivity because area resistances of the membranes were found to be the
dominant parameter regarding RED performance. This was the first time that a RED
stack was constructed with only tailor-made membranes of which the properties could
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resistances with good permselective properties were obtained in a single-step process.

Summary
be easily tuned. In addition, the performance of such a RED stack exhibited the
highest gross power density (1.3 W/m2) relative to the stacks with commercially
available membranes. The results are of high importance as they show the directions
towards tailoring ion exchange membranes for RED applications.
In Chapter 4, the practical potential of monovalent ion selective anion exchange
membranes is further investigated. As RED in natural conditions requires the use of
natural seawater and river water, the presence of multivalent ions in the feed is
inevitable. These ions have a decreasing effect on the power output in RED. To
prevent this undesired effect, monovalent ion selective membranes were fabricated by
using UV irradiation and a standard commercial anion exchange membrane was coated
with an additional cation exchange layer, making the membrane monovalent selective.
A monovalent selectivity comparable to that of the commercially available monovalent
ion selective membranes was achieved. Obtained membranes with their negatively
charged coating layer exhibited increased hydrophilicity and sufficient antifouling
potential against organic foulants, resulting in minimized power density losses in RED.
Chapter 5 is dedicated to the fabrication of micro-structured membranes that
eliminate the spacer shadow effect. The spacer shadow effect occurs when nonconductive spacers are used to separate membranes from each other in the RED stack.
Because of their non-conductive character, they reduce the effective area of the
membranes for ionic transport resulting in low power outputs obtainable in RED. To
eliminate the use of these spacers, structured anion exchange membranes having a
structure height of 100 µm were fabricated by casting a polymer solution on
microstructured stainless steel molds followed by solvent evaporation. Self-standing,

Summary

non-reinforced anion exchange membranes were obtained having straight-ridge, wave
or pillar structures. Pillar-structured membranes exhibited a more uniform flow
distribution compared to that of other types. 21% lower ohmic resistance was obtained
by the use of pillar-structured membranes compared to the stack with flat membranes.
That resulted in 38% higher gross power density and 20% higher net power density.
The last part of this thesis, Chapter 6 discusses the future potential of the RED
process as a clean, sustainable energy generating technology. It indicates the directions
to further optimize, design and develop the process in two main aspects: membrane
design and development; and hydrodynamics and stack design. It briefly presents the
main insights that were experienced in this PhD thesis, that need to be addressed to
make the RED process a full scale, commercially attractive technology for salinity
gradient power generation.
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Samenvatting
Omgekeerde elektrodialyse (RED) is een schone, duurzame en dus veelbelovende en
potentieel aantrekkelijke technologie om energie te genereren uit het mengen van
oplossingen met verschillende zoutconcentraties. Het gebruikt de verandering in Gibbs
energie

die

optreedt

bij

het

mengen

van

oplossingen

met

verschillende

zoutconcentraties (bijv. zee en rivierwater) om elektriciteit op te wekken. Bij RED
worden een geconcentreerde en een minder geconcentreerde zoutoplossing met elkaar in
contact

gebracht

door

uitwisselingsmembranen

middel

(AEM)

en

van

ionselectieve

membranen

kation-uitwisselingsmembranen

(anion-

(CEM))

die

alternerend worden gestapeld en zo een stack vormen. Anion-uitwisselingsmembranen
laten alleen anionen passeren in de richting van de anode, terwijl kationuitwisselingsmembranen alleen kationen richting de kathode doorlaten. Aan de
elektrodes wordt een redoxkoppel gebruikt om het ionentransport om te zetten in
elektronentransport, dat vervolgens via een extern circuit gebruikt kan worden. Deze
ionuitwisselingsmembranen spelen een essentiële rol in RED. Vooral de studie naar
anion-uitwisselingsmembranen is cruciaal omdat de huidige fabricagemethoden
complex en belastend zijn en er slechts beperkt onderzoek is gedaan naar de
ontwikkeling van deze membranen, zeker voor toepassing in RED. Dit proefschrift
onderzoekt het ontwerp en de ontwikkeling van het RED proces, met een speciale focus
op fabricage, karakterisatie en optimisatie van anion-uitwisselingsmembranen.
Hoofdstuk 2 beschrijft de fabricage van homogene anion-uitwisselingsmembranen
middel

van

een

membraaneigenschappen

eenvoudige,
en

milieuvriendelijke

karakterisatiemethoden

methode.
zijn

Verschillende

onderzocht

en

geïmplementeerd. Er is een richting gedefinieerd om de membranen zo te ontwerpen
dat deze geschikt zijn voor RED. De resultaten wijzen erop dat PECH membranen
goed zijn voor een haalbaar RED proces. In een éénstapsproces zijn membranen
ontwikkeld met een zeer lage weerstand gecombineerd met een hoge permselectiviteit.
De membranen moeten zo dun mogelijk zijn, om een zo hoog mogelijk vermogen in
RED te genereren. Met deze studie is voor het eerst aangetoond dat de ontwikkeling
van membranen specifiek voor RED leidt tot een verhoging van het op te wekken
vermogen uit het mengen van zee en rivierwater.
Als volgende stap is onderzocht welke membraaneigenschappen dominant zijn voor en
hoe deze gecorreleerd kunnen worden aan de RED prestaties. Hiervoor is in hoofdstuk
3 systematisch onderzocht wat het effect is van verschillende membraaneigenschappen
op het opgewekte vermogen in RED voor zowel commercieel verkrijgbare electrodialyse
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membranen als voor speciaal voor RED ontwikkelde membranen (zowel anion- als
kation-uitwisselingsmembranen).. De gekozen route voor de bereiding van de
membranen maakt het mogelijk de membraaneigenschappen relatief eenvoudig en
systematisch te variëren. De resultaten laten zien dat een verlaging van de
membraanweerstand een groter effect heeft op de verhoging van het vermogen dan een
verlaging van de permselectiviteit.,Met name de membraanweerstand is dominant waar
het de RED prestaties betreft. In het onderzoek is voor het eerst het vermogen bepaald
van een RED-stack geconstrueerd met alleen specifiek voor RED ontwikkelde
membranen. Daarbij lieten de prestaties van deze RED-stacks de hoogste waarden zien
voor het vermogen (1.3 W/m2). Dit toont het belang van de ontwikkeling van
membranen speciaal voor RED aan.
In hoofdstuk 4 is de praktische potentie van monovalent ion selectieve anionuitwisselingsmembranen onderzocht.

Omdat RED in praktische applicaties zee- en

rivierwater gebruikt, is het niet te vermijden dat er multivalente ionen in deze type
waters aanwezig zijn. Deze ionen hebben een negatief effect op de prestaties in RED en
verlagen het vermogen. Om dit ongewilde effect te voorkomen, zijn monovalent
selectieve

membranen

ontwikkeld.

Een

standaard

commercieel

anion-

uitwisselingsmembraan is gecoat met een extra kation-uitwisselingslaagje met behulp
van UV-polymerisatie, om zo het membraan monovalent selectief te maken. De zo
geintroduceerde monovalente selectiviteit is vergelijkbaar met die van commercieel
beschikbare monovalent ionselectieve membranen.. De verkregen membranen met
negatief geladen coatingslaag hadden een verhoogd hydrofoob karakter, terwijl de
weerstand nauwelijks verhoogd was. Dien ten gevolge hebben deze membranen een
Samenvatting

verhoogde weerstand tegen membraanvervuiling, terwijl het op te wekken vermogen in
RED niet beïnvloed wordt.
Hoofdstuk 5 is gewijd aan de fabricage van micro-gestructureerde membranen met
als doel het elimineren van het zogenaamde spacer-schaduw effect. Het spacer
schaduweffect treedt op wanneer niet-geleidende spacers worden gebruikt om de
membranen in de RED stack van elkaar te scheiden. Door de niet-geleidende
eigenschappen

verminderen

de

spacers

het

membraanoppervlak

dat

effectief

beschikbaar is voor ionentransport, resulterend in een lagere energieopbrengst. Om dit
effect te elimineren, zijn de membranen en spacers vervangen door microgestructureerde membranen, die de membraan- en spacer-functionaliteit integrereren.
Deze

membranen

zijn

gestructureerde

anion-uitwisselingsmembranen

met

een

structuurhoogte van 100 µm gefabriceerd door het strijken van een polymeeroplossing
op micro gestructureerde roestvrijstalen mallen, gevolgd door verdamping van het
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oplosmiddel.

Op

deze

manier

zijn

homogene,

microgestructureerde

anion-

uitwisselingsmembranen verkregen met rechte kanalen, een golfpatroon of met pilaren.
De pilaar-gestructureerde membranen vertoonde de meest uniforme stromingsverdeling.
Tevens resulteerde het gebruik van deze membranen in RED in een 21% lagere Ohmse
weerstand, een 38% hoger bruto vermogen en een 20% hogere netto energieopwekking.
Het laatste deel van dit proefschrift, hoofdstuk 6, beschrijft het een toekomstvisie op
de ontwikkeling van het RED proces als een schone, duurzame energietechnologie. Het
presenteert kort de belangrijkste inzichten die zijn beschreven in dit proefschrift.
Daarnaast geeft het richting voor verdere optimalisatie van ontwerp en proces met
betrekking tot twee hoofdaspecten: membraanontwerp en hydrodynamica en stack
ontwerp,met als doel om het RED proces op grote schaal commercieel aantrekkelijk te
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maken voor het opwekken van energie uit zoutgradiënten.
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