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ABSTRACT

POLYEPICHLOROHYDRIN BASED ANION EXCHANGE MEMBRANES
FOR REVERSE ELECTRODIALYSIS
Karakoç, Ezgi
Master., Department of Chemical Engineering
Supervisor: Asst. Prof. Dr. Enver Güler

April 2021, 45 pages

Salinity gradient power (SGP) is a renewable, sustainable and neutral carbon energy
source. Reverse electrodialysis (RED) is one of the most efficient technique that can
harvest this energy from SGP by the mixture of seawater and river water. For this, the
development of cheap and suitable ion-exchange membranes is crucial for energy
extraction from salinity gradients by this technology. Especially, anion exchange
membranes are more complex to prepare, thus needs more effort to achieve desired
physicochemical properties. For this reason, the main objectives of this study are to
fabricate, characterize and test anion exchange membranes in lab-scale RED cell. In
this work, homogeneous anion-exchange membranes based on polyepichlorohydrin
(PECH) were synthesized at a laboratory scale by a solvent evaporation. For anionexchange membranes, two kinds of PECH polymers were used with different chlorine
contents (H, 37 wt% and C, 25 wt%). Blend ratio (mass ratio of active polymer to inert
polymer) of the series of membranes ranged from 0.6 to 2.0 and diamine ratio (mass
ratio of crosslinker to chloromethyl groups) of the series ranged from 1.2 to 4.0. To
characterize these anion exchange membranes, SEM, FTIR and DSC analyses were
investigated. In order to compare and find suitable membrane for RED system, ion
exchange capacity, swelling degree and fixed charge density were determined.

iii

According to the characterization results, these membranes are tested in RED system
and three pairs of membrane were used in the stack. Feed flow rates were adjusted as
30, 60, 90 and 120 ml/min and salinity ratio was 1:30 (g/g). The highest maximum
power density value was found as 0.316 W/m2 for PECH-C based anion exchange
membranes at blend ratio is 0.6 and excess diamine ratio is 2.0. This study proves the
potential of the design and optimization of PECH based membranes for energy
generation by reverse electrodialysis system.

Keywords: Salinity gradient power, reverse electrodialysis, polyepichlorohydrin,
anion exchange membranes.
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ÖZ

TERS ELEKTRODİYALİZ SİSTEMİ İÇİN POLİEPİKLOROHİDRİN BAZLI
ANYON DEĞİŞİM MEMBRANLARI
Karakoç, Ezgi
Yüksek Lisans, Kimya Mühendisliği Bölümü
Tez Yöneticisi: Dr. Enver Güler

Nisan 2021, 45 sayfa
Tuzluluk gradyan gücü yenilenebilir, sürdürülebilir ve karbon içermeyen bir enerji
kaynağıdır. Ters elektrodiyaliz sistemi, tuzluluk gradyan gücünden yararlanarak deniz
ve nehir suyunun karışımı ile enerji üretiminde en etkili yöntemlerden biridir.
Bu yüzden, bu teknoloji ile tuzluluk gradyan gücünden elektrik üretimi için ucuz ve
uygun iyon değişim membranlarının geliştirilmesi önemlidir. Özellikle, anyon değişim
membranlarının hazırlanması daha karmaşıktır ve bu nedenle istenen fizikokimyasal
özelliklere ulaşmak için daha fazla çaba gerektirir. Bundan dolayı bu çalışmanın temel
amaçları anyon değişim membranlarını üretmek, karakterize etmek ve onları
laboratuvar ölçekli RED sisteminde test etmektir. Bu tezde aktif polimeri
poliepiklorohidrin olan homojen anyon değişim membranları çözücü uçurma yöntemi
ile laboratuvar ölçekli olarak üretilmiştir. Anyon değişim membranlarını üretirken
farklı klor miktarlarına sahip (H, 37% klor ve C, 25% klor) iki tür poliepiklorohidrin
kullanılmıştır. Membranların karışım oranları (aktif polimerin inert polimere kütlece
oranı) 0.6 dan 2.0 a kadar, diamine oranları (çapraz bağlayıcının klorometil gruplarına
kütlece oranı) ise 1.2 den 4.0 a kadar ayarlanmıştır. Bu anyon değişim membranlarını
karakterize etmek için SEM, FTIR ve DSC analizleri incelenmiştir. RED sistemi için
uygun membranı karşılaştırmak ve bulmak için iyon değişim kapasitesi, şişme derecesi
ve sabit yük yoğunluğu belirlenmiştir.

v

Karakterizasyon sonuçlarına göre bu membranlar RED sisteminde test edilmiş ve üç
çift membran kullanılmıştır. Besleme akış hızları dakikada 30 ml, 60 ml, 90 ml ve 120
ml ve tuzluluk oranı 1:30 (g/g) olarak ayarlandı. En yüksek maksimum güç yoğunluk
değeri 0.6 karışım ve 2.0 diamine oranında PECH-C esaslı anyon değişimli
membranlar için 0,316 W/m2 olarak bulunmuştur. Bu çalışma, ters elektrodiyaliz
sistemi ile enerji üretimi için PECH bazlı membranların tasarım ve optimizasyon
potansiyelini kanıtlamaktadır.

Anahtar Kelimeler: Tuzluluk gradyan gücü, ters elektrodiyaliz, poliepiklorohidrin,
anyon değişim membranları.
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CHAPTER 1
INTRODUCTION
1.1. Salinity gradient power (SGP)
From past to today, fossil fuels have provided the majority of increasing energy
demand of the world. However, burning fossil-fuels caused greenhouse gases which
threatens the nature, causes climate change and global warming. In order to prevent
more pollution and avoid harmful effects before it is too late, it is necessary to pass
solutions for energy sources with low-carbon and harmless which must be sustainable
and ecologically friendly at the same time. In this regard, production of energy from
sustainable sources has come into prominence [1]. When considered from this point of
view, salinity gradient power has been significant sustainable energy source. Since
SGP can be generated energy up to 2.6 TW, it has a huge global potential [2,3].
1.1.1. Gibbs free energy of mixing
Salinity gradient energy is also called as Blue Energy or Osmotic Energy. SGP can be
obtained by mixing two aqueous sources containing different concentrations of salt
such as sea water and river water. Gibbs free energy is used to calculate the production
of energy from SGP. Gibbs free energy for mixing can be shown as [3]:
∆𝐺𝑚𝑖𝑥 = 𝐺𝑏 − (𝐺𝑐 − 𝐺𝑑 )

(Eq.1.1)

∆𝐺𝑚𝑖𝑥 = −(𝑛𝑐 + 𝑛𝑑 )𝑇∆𝑆𝑚𝑖𝑥𝑏 − (−𝑛𝑐 𝑇∆𝑆𝑚𝑖𝑥𝑐 − 𝑛𝑑 𝑇∆𝑆𝑚𝑖𝑥𝑑 )

(Eq.1.2)

where subscript b for brackish solution, c for the concentrated solution (highly brine
solution) and d for diluted salt solution (river water), n for moles, T for temperature.
Smix (J/mol.K) is represented the molar entropy of mixing and this equation can be
expressed by:
∆𝑆𝑚𝑖𝑥 = −𝑅 ∑İ 𝑥𝑖 𝑙𝑛𝑥𝑖

(Eq.1.3)
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where R is represented as the gas constant and x is component’s mole fraction. From
Eq.1.3, theoretical amount of energy produced by salinity gradient power can be
calculated. For instance, from 1 m3 sea water and 1 m3 river water, energy can be
generated of 1.4 MJ at 293 K [1]. Although in practice mixing sea and river water is a
complex issue, SGP is still a promising renewable and sustainable energy source and
there are several techniques to harvest this energy. While a number of techniques to
produce energy from SGP, just three of them are membrane-based processes: Pressure
retarded osmosis (PRO), reverse electrodialysis (RED) and capacitive mixing
(CAPMIX). PRO and RED can be considered as the opposite techniques of reverse
osmosis (RO) and electrodialysis (ED), respectively.
1.2. Reverse electrodialysis for energy harvesting
RED is a common technique to harvest energy from SGP. It was first used by Pattle to
produce energy from using SGP in 1950s and Pattle has been generated energy of 3.1
volt with this system [4,5]. In the later years Weinsten, Leitz and Lacey has developed
this system. When compared to other techniques (PRO, CAPMIX) RED is more
effective to harvest energy from concentrated solution (such as sea water) and dilute
solution (such as river water) than others [6].
Behind the working principle of RED, ion exchange membranes have an important
role. These ion exchange membranes are stacked alternatingly between electrodes. The
compartments were fed with highly concentrated solution (sea water, 0.5 M NaCl) and
dilute salt solution (river water, 0.01 M NaCl) [7]. The concentration difference
(salinity gradient) creates potential difference on each membrane. In the stack, anions
move to the anode throughout anion exchange membranes and cations move to the
cathode throughout the cation exchange membranes. The driving force for this
transport is chemical potential difference and redox reactions (reduction in cathode,
oxidation in anode) occur at the electrodes part to maintain electroneutrality. A
schematic illustration of RED was shown in Figure 1.1.

2

Figure 1.1. Conceptual design of RED system. AEM: anion exchange membrane,
CEM: cation exchange membrane.
To calculate the theoretical value of potential for an ion exchange membrane Nernst
equation can be used [9,10]:

∆𝑉 ° = 𝑁

2𝛼𝑅𝑇
𝑧𝐹

𝑎

ln( 𝑐 )

(Eq.1.4)

𝑎𝑑

where V˚ is potential of stack (theoretical), α is permselectivity of membrane, R is
gas constant, T is temperature, N is the number of cells, z is electrochemical valence
and F is Faraday constant. Subscript c and d are for activity of concentrated solution
and diluted solution, respectively. In RED system, the maximum power output can be
calculated by following equation:
2

𝑊𝑚𝑎𝑥 =

(𝑉 ° )

(Eq.1.5)

4𝑅𝑠𝑡𝑎𝑐𝑘
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With using Eq.1.5 density (power per unit membrane area) can be calculated:
𝑊𝑚𝑎𝑥

𝑊𝑔𝑟𝑜𝑠𝑠 = (

2.𝐴.𝑁

)

(Eq.1.6)

where Wgross is the maximum power density (W/m2) including pumping power , Wmax
is the maximum power output (W), N is number of cells (ion exchange membranes)
and A is effective area for a single membrane (m2).
As a result, in RED system to obtain maximum power density permselectiviy of
membrane and resistance of river water and membrane are crucial properties [11].
1.3. Ion exchange membranes (IEMs)
Membrane is defined as the semipermeable, thin layer that allows for separating,
contacting and/or exchanging of matter [12]. A membrane is called ion exchange
membrane when it has charged groups. These charged groups are added to the
backbone structure of polymer [13]. Ion exchange membranes are classified as two
types; anion exchange membranes that allow negatively charged ions passing through
and cation exchange membranes that allow positively charged ions passing through.
Besides, in an ion exchange membrane, there are counter ions and co- ions. Counter
ions that have opposite charged and co-ions that have the same charged groups with
polymer matrix. In Figure 1.2 shows the fixed charges, counter ions and co-ions for an
AEM.
AEM

Electrolyte solution

+ Fixed charge
+ Co-ions
- Counter ions

Figure 1.2. For AEM, fixed charges, counter ions and co-ions.
According to Donnan exclusion [15], which is the first explanation of the principle
that fixed charges exclude co-ions, only counter ions have the ability to pass on.
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Current is carried by both anions and cations in an electrolyte solution (Figure 1.2).
Nevertheless, generally the amount of overall current carried by anions and cations are
not the same and in ion exchange membranes, the current is carried by counter ions.
Since IEMs are able to carry charged groups, they play a crucial role in generation of
energy. They are used for energy harvesting from SGP in reverse electrodialysis
(RED). Although, IEMs are developed for ED processes, development for RED
applications are not extensive. To use IEMs in RED, there are some necessities such
as good chemical and mechanical stability, low electrical resistance, high
permselectivity and low cost to operate [14].
1.3.1. Anion exchange membranes for RED
While the research on cation exchange membranes (CEMs) are developing, for anion
exchange membranes (AEMs) these studies are limited. Also, there are a number of
ways to produce cation exchange membranes, but production of anion exchange
membranes is not common. The most common method used to produce AEM includes
the following steps: polymerization, chloromethylation, amination [14].
However, these three steps are not safe and environmentally benign. Therefore,
research and development are still in progress to use custom-made AEMs in RED
system. Since homogeneous dense membranes have homogeneous dispersion of
charged groups, they are better than heterogeneous membranes for RED processes.
Homogeneous AEMs can be produced by techniques as follow:


additional polymerization,



solvent evaporation,



adding anionic parts into polymer chain,



adding anionic parts into membrane films.

These techniques are basic methods to produce homogeneous AEMs. To produce
environmentally friendly homogeneous AEMs and to develop them according to the
desired requirements for RED processes is the most significant issue.

5

1.4. Scope of the dissertation
The objectives of this study are to produce, characterize and test anion exchange
membranes (AEMs) for harvesting energy from salinity gradient power (SGP) by
reverse electrodialysis (RED). While producing anion exchange membranes for RED,
the main focus is to design and optimize the desired properties using single-step
method in a safe and environmentally benign way.
In this study, polyepichlorohydrin based anion exchange membranes were produced
by considering the desired requirements for reverse electrodialysis systems.

6

CHAPTER 2
EXPERIMENTAL
2.1. Materials
For the preparation of homogeneous anion exchange membranes, polyepichlorohydrin
(EPICHLOMER C, 25 wt % chlorine and H, 37 wt % chlorine, Osaka Soda, Co., Ltd.)
as the active polymer and polyacrylonitrile ((C3H3N)n, Mitsubishi Chemical Co. Ltd.)
as the inert polymer were used. As the aminating agent and crosslinker, 1,4diazabicyclo [2.2.2] octane (C6H12N2, Sigma- Aldrich) and as a solvent
dimethylsulfoxide (C2H6OS, Isolab) were used. For membrane characterization,
sodium sulfate (Na2SO4, Isolab), sodium chloride (NaCl, Isolab) and silver nitrate
(AgNO3, Isolab) were used. For RED system, potassium ferricyanide (K3[Fe(CN)6],
Merck) and potassium ferrocyanide (K4[Fe(CN)6]·3H2O, Merck) were used.
2.2. Preparation of homogeneous AEMs
2.2.1. Preparation procedure of membrane solution
Homogeneous anion exchange membranes (AEMs) were produced by solution-casting
technique followed by solvent evaporation as described in the reference [14].
Membrane casting solution was formed by mixing three main components, PECH
(active polymer), PAN (inert polymer) and DABCO (crosslinker). Membrane casting
solution was prepared in different blend ratios from 0.6 to 2.0. Additionally, excess
diamine ratios of the solution were adjusted as 1.2, 2, 3 and 4. Then, PECH-H and
PECH-C solutions were prepared in a concentration 15 wt% and then PAN and
DABCO solutions were prepared in concentration of 12 wt% and 12.25 wt%,
respectively for blend ratio of 0.6 and excess diamine ratio of 2.0. To obtain membrane
casting solution, these three solutions were mixed in a borosilicate glass under constant
stirring at 80˚C for 30 minutes.
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2.2.2. Formation of quaternized PECHs
Prior to the membrane casting solution synthesis, a pre-reaction step (linking of one of
the amine groups to the polymer chain - single quaternized) was performed in a
thermostated oil bath at 80˚C. With this pre-reaction step between active polymer
(PECH) and aminating agent (DABCO), the evaporation of DABCO was limited [16].
After the oil bath, membrane solution was cast onto glass plate by distribution of the
casting solution with the help of a syringe. and plate was was sealed with a glass cover
to further prevent evaporation of DABCO. This solution was placed in a convection
oven at 110˚C for 2 hours. Afterwards, the seals were removed and the residual solvent
was allowed to evaporate at 130˚C for 30 min. Then, cooled membrane films were
immersed in 0.5 M NaCl to detach the films from the substrate and stored in the same
solution. Obtained PECH-H and PECH-C based AEMs were presented in Figure 2.1
and membrane that soaked with NaCl solution was shown in Figure 2.2.

Figure 2.1. a) PECH-H and b) PECH-C based AEMs (film thicknesses: 102 µm and
109 µm, respectively) at BR=0.8 and EDR=2.
These membranes, produced in the same conditions, have different appearances
depending on the type of PECH. Figure 2.1 implies that PECH-H based AEM have
more transparent appearance than PECH-C based AEM.

8

Figure 2.2. Membrane soaked with 0.5 M NaCl.
0.5 M NaCl was used to storage of AEMs for further usage since NaCl solution
satisfies the properties of sea water. The proof of successful crosslinking is wrinkling
of the membrane when soaked with 0.5 M NaCl solution.
During the preparation of the casting solution, the amount of inert polymer (PAN) was
varied to produce various membranes at different blend ratios. Blend ratio () is
defined as a ratio between mass of active polymer (PECH) to mass of inert polymer
(PAN) [14].

=

mPECH

(Eq.2.1)

mPAN

Additionally, DABCO was added to the casting solutions for crosslinking and
amination. The added amount of DABCO is described as excess diamine ratio. It is
shown as  and defined to the mass ratio between DABCO (md, g) and chloromethyl
groups (mp, g) [14].

 =

md

(Eq.2.2)

mp
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As a crosslinker, DABCO provides quaternization of active polymer (PECH).
Chlorines in chloromethyl groups attaches to nitrogen in DABCO. Quaternization
reactions of PECH and DABCO were carried out according to Figure 2.3 and 2.4.

Figure 2.3. Reaction mechanism of amination-crosslinking of
PECH-H polymer.

Figure 2.4. Reaction mechanism of amination-crosslinking of
PECH-C polymer.
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2.2.3. Production of lab-scale AEMs for RED system
Polyepichlorohydrin-based anion exchange membranes were produced to have the size
of 15 cm × 15 cm (membrane size required for reverse electrodialysis system) to test
them in the RED system. In order to characterize and optimize these relatively largescale membranes, two different types polyepichlorohydrin having different amounts
of chlorine were used. One of them is poly(epichlorohydrin-co-ethylene oxide)
(PECH-C) containing 25% chlorine and the other is polyepichlorohydrin (PECH-H)
containing 37% chlorine. First of all, for casting membrane solution, casting glasses
(20cm × 20cm) were supplied and the sides of glasses were covered with a liquid seal
(Walter Lorenz) to prevent leaking. Another glass plate was used as a cover to prevent
evaporation of DABCO and it was covered by Teflon tape. Glass substrates for
membrane casting is shown in Figure 2.5.

Base with seals

Top cover

Figure 2.5. Glass substrate system for membrane casting.
The prepared membrane casting solution was poured into the casting glass
homogeneously from the center to the outside with a 60 ml volume syringe. Then,
membrane was formed with the same procedure as described in section 2.2.2. When
the temperature of membrane reaches to room temperature, 0.5 M NaCl solution was
poured on the membrane to detach the film from the glass substrate. In Figure 2.6,
membrane’s wetted form with 0.5 M NaCl solution was shown.
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Figure 2.6. Large scale AEM soaked with 0.5 M NaCl solution.
The swelling and wrinkling of the membrane indicate that crosslinking was occurred
successfully. Then, the swollen membrane was removed from the casting glass and
washed with distilled water. Membrane was cut in wet form to the required size for
the reverse electrodialysis system. The images of prepared and custom-cut anion
exchange membranes were shown in Figure 2.7.

Figure 2.7. The prepared AEM of required size for RED system.
The prepared AEMs were cut according to the mold used in RED system and then they
were kept in 0.5 M NaCl solution.
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2.3. Characterization of AEMs
2.3.1. Scanning electron microscopy (SEM)
Membrane samples were prepared and dried under vacuum at 35 ˚C overnight for SEM
analysis. Dried membrane films were frozen with liquid nitrogen and cut for analysis
of cross-section. Then they were coated with gold to provide conductivity. SEM
analysis of the membrane films were examined using QUANTA 400F Field Emission
SEM.
2.3.2. Fourier transform infrared spectroscopy (FTIR)
The surface chemical structures of the homogeneous PECH membranes were analyzed
by Fourier transform infrared spectroscopy- Nicolet 510. Analyses were performed in
attenuated total reflectance (ATR) mode and all membrane samples were prepared as
dry and clean.
2.3.3. Thickness of the AEMs
Film thicknesses of the AEMs were measured with Mitutoyo 0-25 mm micrometer
(Mitutoyo Corporation, Japan). Thickness of membrane samples were measured after
removal of surface water.
2.3.4. Swelling degree (SD)
Swelling degree is an essential physicochemical membrane parameter for
characterization. This parameter is related with the ionic groups in contact with the
water. To calculate the SD values, prepared anion exchange membranes were exposed
to water at 24 hours. Thereafter, wet membranes were weighed and left to dry at 30°C.
When constant weight was achieved, swelling degree was calculated by the following
formula.

SD =

mwet− mdry
mdry

× 100%

(Eq.2.3)
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2.3.5. Ion exchange capacity (IEC)
The quantity of fixed charges in the ion exchange membrane per unit weight of dry
polymer is defined as the ion exchange capacity. First, membranes were soaked in 3
M NaCl solution for 15 hours at room temperature. In this way Cl- ions passed to
membranes then membrane was rinsed with Milli-Q water. Thereafter, rinsed
membranes were immersed in 1.5 M Na2SO4 to replace Cl- ions by (SO4)2- ions for 3
hours at room temperature. To determine the IEC, back titration method was used [17]
and Na2SO4 solution that contains released Cl- ions was titrated with a 0.1 M AgNO3
solution. Finally, membranes were dried at 30°C until constant weight reached.
The IEC values were calculated via following equation.

IEC =

VAgNO3
mdry

× CAgNO3

(Eq.2.4)

2.3.6. Fixed charge density (Cfix)
The fixed charge density is represented as the amount of fixed groups per volume of
water in the membrane. The efficiency of RED system is directly affected by fixed
charge density because Cfix is directly proportional to permselectivity. The electrical
resistance and the permselectivity of the membrane are essential properties since they
are directly related to the maximum obtainable power.
Cfix formula can be expressed from SD and IEC [18].

Cfix =

IEC

(Eq.2.5)

SD
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2.4. RED system for AEMs
2.4.1. RED stack
In this work, three pairs of anions (3 AEM) and cation exchange (Neosepta, 4 CEM)
membranes were used. The fourth cation exchange membrane was used to prevent the
leakage of electrode solutions to the interior membranes inside the stack. Thus, the
transfer of negatively charged ions (from electrolyte solution) into RED stack was
blocked. Ion exchange membranes were stacked alternatingly between two electrodes
as given in Figure 1.1. The RED stack used in experiment was shown in Figure 2.8.

b)

a)

Figure 2.8. a) RED stack and b) RED stack with CEM (blank test).
Since one extra CEM was used in stack to prevent leakage of the electrolyte solution
into RED stack, a blank test is required with CEM. The power of extra CEM was
subtracted from the results and actual gross power density was calculated. Electrodes
were equipped with titanium (Ti) and coated with ruthenium-iridium (Ru/Ir) alloy. The
electrode solution is a mixture of 0.25 M NaCl, 0.05 M potassium ferricyanide (K3[Fe
(CN)6] and 0.05 M potassium ferrocyanide (K4[Fe (CN)6] ·3H2O).
To convert electrochemical potential to electrical power, redox reactions
(oxidation/reduction) occur at the electrodes.

Anode reaction: [Fe (CN)6]-4
Cathode reaction: [Fe (CN)6]-3 + e-

[Fe (CN)6]-3 + e[Fe (CN)6]-4
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To reduce the power losses, potassium ferricyanide (K3[Fe (CN)6] and potassium
ferrocyanide (K4[Fe (CN)6] ·3H2O) were chosen as redox pair since they do not
generate net chemical reactions. The properties of RED stack were shown in Table
2.1.
Table 2.1. Properties of RED system.
Conditions

Specifications

Electrode area

10 cm×10 cm

Electrodes

Ti- Ru/Ir alloy mesh type

Spacer thickness

400 µm

Electrode rinse solution

0.05 M (K4[Fe(CN)6]·3H2O), 0.05 M (K3[Fe(CN)6]
0.25 M NaCl

Flow rate of electrolyte

300

solution (ml/min)
Flow rate of feed

30,60,90,120

solution (ml/min)

2.4.2. Feed water
For RED system, two feed solutions with different salinity were used. One of them
was represented the river water (0.017 M NaCl, low saline solution) and the other was
represented the sea water (0.513 M NaCl, high saline solution). Temperature of feed
solutions was kept constant during the experiment and flow velocities were adjusted
as 0.208, 0.417, 0.628 and 0.833 cm3/s corresponding to the flow rates in Table 2.1.
2.4.3. Electrochemical measurements
For electrochemical measurements, a potentiostat (Gamry Instruments Reference
3000) was used. Measurements were repeated at least for three times and the open
circuit voltage (V), power (W) and maximum power density (W/m2) values were
calculated by taking the average.
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CHAPTER 3
RESULTS AND DISCUSSION

3.1. Scanning electron microscopy (SEM)
To examine the anion exchange membranes’ morphology, SEM analysis was
performed. Membranes with a film thickness of 121 µm were selected for SEM
analysis since their thicknesses are almost the same the with commercial membranes.
Magnification was determined as 2000x and analysis was performed for both surface
and cross section. The surface and the cross-section parts of the PECH-H and PECHC based anion exchange membranes were shown in Figure 3.1 and Figure 3.2.

a)

b)

Figure 3.1. SEM results for a) PECH-H and b) PECH-C types of
AEMs’ surface (mag: 2000X).
b)

a)

Figure 3.2. SEM results for a) PECH-H and b) PECH-C types of
AEMs’ cross-section (mag: 10000X).
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Dense membranes restrict the transport of water, but they allow the transport of ions
and molecules via diffusion and its driving forces are concentration difference,
pressure difference or electrical potential gradient [20]. Therefore, in RED system
dense membranes are preferred and according to the SEM results, for both PECH-H
and PECH-C based AEMs, a non-porous dense structure was observed as expected.
3.2. Fourier transform spectroscopy (FTIR)
To verify the quaternization between DABCO and PECH polymer, FTIR analysis was
employed. Figure 3.3 the FTIR spectra of pure PECH types (C wt 25% Cl- and H wt
37% Cl-), pure PAN, PECH/PAN and quaternized PECH (QPECH)/PAN,
respectively.

Figure 3.3. FTIR spectra of polymers and quaternized PECHs.
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The peak at 2240 cm-1, that belongs to pure PAN, was represented the (-C≡N) bond.
When PECH and PAN polymers were blended, the same peak (2240 cm -1) was
observed. Since PECH polymers have (-OH) groups in the molecular bond, the peak
at 3400 cm-1 was observed. When quaternized PECHs were analyzed at the
wavenumber of 1640 cm-1, (C-N) bonds were realized.
According to FTIR results, quaternized PECHs were prepared as expected and the
blending of active polymer and inert polymer was successfully performed.
When PECH-H and PECH-C were compared in FTIR spectra, PECH-C was observed
to have more intense peaks at the same wavenumber. An increasing peak intensity was
interpreted as an increase in the amount of functional group [20]. Since PECH-C have
more free -OH stretching than PECH-H, more intense peaks in PECH-C were observed
as expected in Figure 3.3.
3.3. Thickness of AEMs
For both PECH-H and PECH-C based AEMs, membrane casting solution was poured
into the petridishes. All membrane solutions were cast into petridishes with a syringe
to adjust the volume.
Measurements of film thickness were performed with a digital micrometer (Mitutoyo,
Japan). In order to obtain membrane thicknesses, measurements were made from five
different points and the average of these five measurements was accepted as thickness
of membrane. However, several physical and environmental conditions were caused
differences in thickness of membranes. Thickness of the PECH-H and PECH-C based
AEMs were given in Table 3.1 and 3.2. Characteristics of Neosepta and Fujifilm
membranes were given in Table 3.3 and 3.4. Error bars are neglected in these tables
since the film thicknesses are lower.
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Table 3.1. Thickness of the PECH-H based AEMs produced in petri dishes.
Blend ratio

Thickness (µm)

0.6

121

PECH-H

0.8

102

Excess

1.0

103

Diamine

1.2

105

Ratio of

1.4

104

2.0

1.6

109

1.8

113

2.0

105

Table 3.2. Thickness of the PECH-C based AEMs produced in petri dishes.
Blend ratio

Thickness (µm)

0.6

121

PECH-C

0.8

109

Excess

1.0

103

Diamine

1.2

111

Ratio of

1.4

104

2.0

1.6

103

1.8

109

2.0

102
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Table 3.3. Properties of Neosepta membranes [14].
Membranes

Thickness

IEC

SD (%)

Cfix

(µm)

(mmol/g)

AMX

134

1.40 ± 0.04

18 ± 0.2

5.4

CMX

158

1.62 ± 0.04

26 ± 0.2

9.0

(mmol/gH2O)

Table 3.4. Properties of Fujifilm membranes [21].
Membranes

AEM Type
I
AEM Type
II
AEM Type
X

Thickness

IEC

SD (%)

Cfix

(µm)

(mmol/g)

115

1.50 ± 0.05

8±2

3.3 ± 1

115

1.08 ± 0.05

10 ± 5

5.5 ± 1

125

1.50 ± 0.05

23 ± 2

8.7 ± 1

(mmol/gH2O)

Thicknesses of commercial membranes were examined since they have high ion
exchange capacity, low swelling degree and high fixed charge density. Therefore,
Neosepta (AMX, CMX) and Fujifilm (AEM Type I, II and X) membranes were chosen
as reference for comparison. As seen in Tables 3.1 and 3.2, the closest thickness value
to Fujifilm was determined as 121 µm for laboratory scale AEMs.
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3.4. Blend ratio and its effect on membrane characteristics
Homogeneous anion exchange membranes were prepared at different blend ratios
ranging from 0.6 to 2.0 to observe the effect of PAN-PECH blending on membrane
properties. These blend ratios were obtained by changing the amount of inert polymer
(PAN) and keeping the amount of active polymer (PECH) constant. The change of ion
exchange capacity (IEC) and swelling degree (SD) as a function of blend ratio were
shown in Figure 3.4 and Figure 3.5.

Figure 3.4. IEC and SD values of PECH-H membranes at EDR= 2.
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Figure 3.5. IEC and SD values of PECH-C membranes at EDR= 2.
For both PECH membranes, the ion exchange capacity and swelling degree increased
with increasing blend ratio (Figure 3.4 and Figure 3.5). These results are satisfying
when they were compared with the data published by Guler where the same trend
between these parameters was observed [14].
These results can be explained by increasing the proportion of active polymer PECH.
When active polymer’s proportion increased, charged groups also increased in the
polymer chain. More charged groups provided more ion exchange capacity. However,
increasing ion exchange capacity increased swelling. However, for a RED system,
membrane should have low swelling degree to protect its mechanical and form
stability. As a conclusion, when PECH-H and PECH-C were compared among each
other, PECH-H based AEMs are better than PECH-C based AEMs due to their high
ion exchange capacity and high fixed charge density.
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3.5. Excess diamine ratio and its effect on membrane characteristics
PECH based ion exchange membranes were prepared at 1.2, 2.0, 3.0 and 4.0 diamine
ratios. The highest values for IEC were observed for both PECH types when excess
diamine ratio is 2. To obtain various diamine ratio, DABCO was added to polymer
solution at different amount. In Figures 3.6 and 3.7, ion exchange capacity and
swelling degree values were presented for PECH-H and PECH-C at different diamine
ratios.

Figure 3.6. IEC and SD values for PECH-H membranes at BR= 0.8.
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Figure 3.7. IEC and SD values for PECH-C membranes at BR= 0.8
In both PECH-H and PECH-C types of membranes, swelling degree values increased
when the amount of DABCO increased. The swelling degree can be controlled by the
addition of crosslinkers forming a network structure between polymer chains.
According to Figures 3.6 and 3.7, the most optimum values of ion exchange capacity
and swelling degree were found at excess diamine ratio of 2. After the diamine ratio
at 2, ion exchange capacity values decreased with increasing diamine ratio (See
Appendix A and Appendix B for IEC values for other EDR values, 1.2, 3.0 and 4.0).
The reason of the difference between IEC values can be clarified by the optimum
amination of all possible chloromethyl groups in active polymer (PECH) with the
nitrogen in crosslinker (DABCO) when excess diamine ratio of 2.
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These results are satisfying when compared with the data of commercial membranes
that reported by Neosepta and Fujifilm [14]. Table 3.5 shows the IEC, SD and Cfix
values for commercial and tailor-made PECHs membranes.
Table 3.5. Comparison of tailor-made PECH-H and PECH-C membranes.
Thickness

IEC

(µm)

(mmol/g)

PECH-H

154

PECH-C

Membrane

SD (%)

Cfix (mmol/gH2O)

2.02

20.88

9.70

160

1.47

25.56

5.70

Neosepta AMX

134

1.40

26.00

5.40

Fujifilm type X AEM

125

1.50

23.00

8.70

Tailor-made PECH-C and PECH-H membranes were chosen at the same blend ratio
of 0.6 and the same excess diamine ratio of 2.0 for comparison. Since thickness values
are comparable, the thickness of the Neosepta AMX (134 µm) was chosen as reference
and thickness of PECH-C and PECH-H based AEMs were chosen as 121 µm for
comparison.
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3.6. Fixed charge density (Cfix)
In ion exchange membranes, fixed charge density is defined as a fixed charged groups
per unit mass of water [14] and it is a crucial property for a membrane. In Figure 3.8
and Figure 3.9, fixed charge density results were shown for PECH-H and PECH-C,
respectively.

Figure 3.8. Fixed charge density values for PECH-H based membranes.
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Figure 3.9. Fixed charge density values for PECH-C based membranes.
Fixed charge density values were calculated from Eq.2.5. According to this formula,
charge density is inversely proportional to swelling degree and directly proportional
to ion exchange capacity.
As seen in Figure 3.9, with increasing blend ratio, fixed charge densities decreased due
to the relationship between swelling degree and ion exchange capacity. According to
results, it can be said that, there will be more ion transfer at blend ratio 0.6 than the
others.
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3.7. Comparison of IEC and SD for both PECH based membranes
In order to find the most suitable membrane for RED system, two types of PECH were
used. One of them was chosen as a homopolymer (poly (epichlorohydrin), PECH-H)
and the other as a copolymer (poly (epichlorohydrin-co-ethylene oxide), PECH-C).
PECH-H contains 37 wt% chlorine and PECH-C contains 25 wt% chlorine. Ion
exchange capacity values and swelling degree for both type PECHs were shown in
Figure 3.10 and Figure 3.11.

Figure 3.10. Effect of blend ratio on ion exchange capacity for different PECH types
at EDR= 2.
From the Figure 3.10, it is seen that ion exchange capacity increased with increasing
blend ratio for both PECH-H and PECH-C based anion exchange membranes. These
results can be explained by the relationship between active polymer and blend ratio
since they are directly proportional.
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With increasing blend ratio, the amount of active polymer (PECHs) increase. In
addition, increase in active polymer's amount leads to increasing ion exchange
capacity since active polymers (PECHs) provide more charged groups into polymer
[14].

Figure 3.11. Effect of blend ratio on swelling degree for different PECH types at
EDR= 2.
According to the Figure 3.11, more swelling degree was obtained in PECH-C based
anion exchange membranes. Swelling of PECH-C based membranes were observed
more than PECH-H at all diamine ratios.
3.8. Effects of crystallinity on membrane properties
Since PECH-H have one type monomer (homopolymer) and PECH-C have two types
monomers (co-polymer), the morphology of these polymers can be examined by
differential scanning calorimetry (DSC). The difference between IEC results of PECHH and PECH-C can be explained by crytallization of polymers. Crystallization of a
polymer is identified as a process of alignment of molecular chains of polymer.
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Melting temperature (Tm), enthalpy of fusion (Hfusion), chain flexibility, chain
interactions especially hydrogen bonds and molecular weight are some important
factors that affect crystallinity. When considering homogeneous dense membranes,
mechanical properties are affected by crystallinity [22]. However, for polymers not
only mechanical properties but also its permselectivity is affected by crystallinity since
crystallites are able to roleplay as crosslinks. Since ion transport occurs in amorphous
regions, crystal regions provide information about the permselectivity of the polymer
[23]. Therefore, crystallites cause the reducing effectiveness of the penetrating
materials.
In order to investigate the Tm of PECH-H and PECH-C based anion exchange
membranes DSC analysis was performed. Tm values of PECH-H and PECH-C based
AEMs were given in Figure 3.12 and Figure 3.13.

Figure 3.12. Tm and enthalpy value of PECH-H in DSC curve.
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Figure 3.13. Tm and enthalpy value of PECH-C in DSC curve.
Crystalline and semi-crystalline materials melts under heating in DSC. Since more
energy is needed to break the chain of polymer and vibrate for high crystallinity
material, it can be said that Tm and crystallization is directly proportional [24]. In
Figures 3.12 and 3.13, since Tm (158.27˚C) and Hfusion (3.9104 J/g) values of PECHC is more than Tm (154.48˚C) and Hfusion (2.9835 J/g) of PECH-H, it is more
crystalline. As already mentioned, while anions and cations pass through amorphous
regions, crystalline regions cause to make difficult for diffusion of ions. For instance,
in literature poly(vinyl alcohol) and polyamide (nylon6) are highly crystalline polymer
and their permeability is very low but polydimethylsiloxane is highly amorphous and
its permeability is very high [23]. When DSC results are analyzed, PECH-C based
AEM has high Tm and it has more regular structure. Due to its regular structure
(crystalline behavior), ions (chlorine ions) can not pass through to membrane and it
provides low ion exchange capacity. As a result, PECH-H provides more suitable
membranes for RED processes with high ion exchange capacity and high fixed charge
density.
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3.9. RED performance of PECH based AEMs
To investigate the RED performance of PECH based anion exchange membranes,
large scale (15cm×15cm) AEMs (PECH-H=160 µm, PECH-H=155 µm) were
produced. Then, RED stack was equipped with PECH based anion exchange
membranes (3 AEM) and Neosepta cation exchange membranes (4 CEM). RED
performance tests were performed for each PECH-H and PECH-C based AEMs at four
different flow rates and the salt ratio (dilute feed : concentrate feed) was chosen as
1:30 (g:g). In Figure 3.14, RED performance of PECH-H and PECH-C based AEMs
were given.

Figure 3.14. Maximum power density values of PECH-H and PECH-C based AEMs.
According to Figure 3.14, the maximum power density was obtained at flow rate of 90
ml/min (0.226 W/m2) and 120 ml/min (0.226 W/m2) for PECH-H based AEMs. When
PECH-C based AEMs’ results were analyzed, the maximum power density value was
found at 30 ml/min (0.316 W/m2).
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For PECH-H based AEMs, with increasing flow rate maximum power density values
increased but for PECH-C based AEMs decreased. This can be explained by
crystallinity effect as described previous section. Residence time decreased with
increasing flow rate and this situation causes the decrease in residence time for ion
exchange as well. Since PECH-C based AEMs have more regular structure than
PECH-H, with decreasing residence time and increasing flow rate ion transfer becomes
more difficult. For comparison of lab-scale PECH based AEMs and commercial
Neosepta AMX, RED stack was prepared with three pairs of anion membranes.
Thicknesses of PECH-H, PECH-C and Neosepta AMX membranes are 155 µm, 160
µm and 134 µm, respectively. Flow rates (ml/min) and open circuit voltage (V) values
were given for PECH-H, PECH-C and Neosepta AMX in Table 3.6.

Table 3.6. Flow rate and OCV results of PECH based AEMs and Neosepta AMX
membranes.

Membranes

PECH-H

PECH-C

Neosepta
AMX

Thickness

Flow Rate

(µm)

(ml/min)

155

160

134

Open

Max. Power

Circuit

Density (W/m2)

Voltage (V)

30

0.427

0.211

60

0.427

0.213

90

0.432

0.226

120

0.437

0.226

30

0.433

0.316

60

0.433

0.275

90

0.433

0.269

120

0.431

0.264

30

0.435

0.395

60

0.434

0.311

90

0.431

0.256

120

0.435

0.304
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Open circuit voltage (OCV) is the voltage when current is zero and it gives the highest
voltage value. When consider the results, there was no clear relationship between flow
rate and open circuit voltage. However, the OCV would be expected to be directly
proportional to the increasing flow rate, as increasing flow rate would cause slower
change in feed concentration and higher cell potential [25].
Since maximum power density values were found at flow rate of 30 ml/min for
Neosepta and PECH-C based AEMs, other flow rates were given in Appendix C part.
In Figure 3.15, comparison of power density values for 30 ml/min (See Appendix C
for other flow rates; 60, 90 and 120 ml/min) were given.

Figure 3.15. Comparison of PECH based AEMs with commercial membrane.
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According to Figure 3.15, the maximum power density was found as 0.395 W/m2 for
Neosepta membranes. For PECH-H and PECH-C based AEMs, maximum power
density values were found at 0.211 W/m2 and 0.316 W/m2, respectively. This is an
unexpected result because PECH-H based AEMs have higher ion exchange capacity,
power density values less than PECH-C based AEMs.
The reasons of these results can be the number of membrane pairs tested in RED
system. The experiments were run with just three pairs of membrane but increasing
number of cell pairs can give more accurate results. The other one can be structure of
membranes, PECH-H have short chain length than PECH-C, so the contact area of
ions is less and this may have affected ion diffusion on membrane.
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CHAPTER 4
CONCLUSIONS
In this study, PECH based anion exchange membranes were produced by solvent
evaporation method to extract salinity gradient power by using reverse electrodialysis.
Ion exchange capacity, swelling degree, fixed charge density, power density were
examined for both PECH-H and PECH-C based AEMs. It was observed that with
increasing blend ratio, proportion of active polymer (PECH) increased in the
membrane casting solution and ion exchange capacities were increased in the prepared
membranes. However, increased ion exchange capacity has led to an increase in degree
of swelling of the membrane. Afterwards, these homogeneous membranes were
prepared at various excess diamine ratio ranging from 1.2 to 4.0. While increasing
diamine ratio ion exchange capacity of membranes increased up to a certain point after
then they decreased. Due to the amination of all chloromethyl groups of the polymer
being reached at an excess diamine ratio of 2.0. The FTIR result showed that the PECH
membranes were successfully quaternized with crosslinker (DABCO). In addition,
DSC results show that PECH-H have less crystalline region than PECH-C. Hence,
PECH-H based AEMs has higher ion exchange capacity. In RED performance, PECHC based membranes have higher maximum power density (0.316 W/m2) than PECHH based membranes (0.211 W/m2). When maximum power densities compared
between PECH-C (0.316 W/m2) and Neosepta (0.395 W/m2), maximum power density
values are close to each other at flow rate of 30 ml/min. This result shows that power
density of lab-scale PECH membranes can be improved. As a conclusion, the most
effective membrane is found as PECH-C based anion exchange membranes at blend
ratio of 0.6 and at excess diamine ratio of 2.0. PECH-C based AEMs even better than
commercial anion exchange membranes due to their high ion exchange capacity (1.47
mmol/g) and fixed charge density (8.70 mmol/gH2O). This proves the potential of the
optimization and design of AEMs for RED system.
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APPENDIX A
ION EXCHANGE CAPACITY AND SWELLING DEGREE OF PECH-H
BASED AEMs AS A FUNCTION OF EDR AND BR

Table A.1. IEC and SD values for PECH-H based AEMs at EDR=1.2.
Thickness (µm)

Blend ratio

IEC (mmol/g)

SD (%)

153

0.6

1.38

18.42

PECH-H

141

0.8

1.80

26.51

Excess

135

1.0

1.94

38.46

Diamine

152

1.2

1.90

57.89

Ratio of

153

1.4

1.81

68.54

1.2

145

1.6

2.14

85.71

156

1.8

2.30

99.23

156

2.0

2.73

126.19

Table A.2. IEC and SD values for PECH-H based AEMs at EDR=2.0
Thickness (µm)

Blend ratio

IEC (mmol/g)

SD (%)

121

0.6

2.02

20.88

PECH-H

102

0.8

2.57

29.52

Excess

103

1.0

2.70

44.38

Diamine

105

1.2

3.39

80.33

Ratio of

104

1.4

3.47

90.86

2.0

109

1.6

3.77

105.84

113

1.8

3.93

126.19

105

2.0

3.99

136.36
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Table A.3. IEC and SD values for PECH-H based AEMs at EDR=3.0
Thickness (µm)

Blend ratio

IEC (mmol/g)

SD (%)

135

0.6

1.99

37.14

PECH-H

134

0.8

2.01

44.79

Excess

144

1.0

2.41

63.02

Diamine

136

1.2

2.53

80.76

Ratio of

144

1.4

3.42

115.76

138

1.6

3.59

130.77

131

1.8

3.62

138.34

134

2.0

3.62

165.99

3.0

Table A.4. IEC and SD values for PECH-H based AEMs at EDR=4.0
Thickness (µm)

Blend ratio

IEC (mmol/g)

SD (%)

130

0.6

1.36

59.62

PECH-H

130

0.8

1.55

88.68

Excess

134

1.0

2.07

93.42

Diamine

134

1.2

2.09

115.74

Ratio of

141

1.4

2.35

125.64

4.0

133

1.6

2.55

137.93

134

1.8

3.07

142.27

134

2.0

3.07

186.84
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APPENDIX B
ION EXCHANGE CAPACITY AND SWELLING DEGREE OF PECH-C
BASED AEMs AS A FUNCTION OF EDR and BR

Table B.1. IEC and SD values for PECH-C based AEMs at EDR=1.2.
Thickness (µm)

Blend ratio

IEC (mmol/g)

SD (%)

105

0.6

1.04

22.36

PECH-C

105

0.8

1.44

37.93

Excess

105

1.0

1.48

43.52

Diamine

113

1.2

1.50

67.94

Ratio of

121

1.4

1.55

69.23

1.2

113

1.6

1.65

87.50

106

1.8

1.66

109.84

116

2.0

1.73

126.85

Table B.2. IEC and SD values for PECH-C based AEMs at EDR=2.0
Thickness (µm)

Blend ratio

IEC (mmol/g)

SD (%)

121

0.6

1.47

25.56

PECH-C

109

0.8

2.00

45.05

Excess

103

1.0

2.56

61.08

Diamine

111

1.2

2.76

82.10

Ratio of

104

1.4

2.92

95.00

2.0

103

1.6

3.22

109.57

109

1.8

3.24

131.73

102

2.0

3.49

144.19
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Table B.3. IEC and SD values for PECH-C based AEMs at EDR=3.0
Thickness (µm)

Blend ratio

IEC (mmol/g)

SD (%)

131

0.6

1.42

63.16

PECH-C

134

0.8

1.64

65.00

Excess

134

1.0

1.67

86.21

Diamine

134

1.2

1.68

110.74

Ratio of

140

1.4

1.83

122.48

3.0

136

1.6

1.83

138.99

134

1.8

1.83

140.64

134

2.0

1.95

151.16

Table B.4. IEC and SD values for PECH-C based AEMs at EDR=4.0
Thickness (µm)

Blend ratio

IEC (mmol/g)

SD (%)

140

0.6

1.26

79.31

PECH-C

135

0.8

1.44

95.56

Excess

132

1.0

1.59

135.71

Diamine

132

1.2

1.58

146.94

Ratio of

132

1.4

1.58

188.89

4.0

132

1.6

1.62

201.82

134

1.8

1.83

213.13

134

2.0

1.92

335.61

43

APPENDIX C
POWER DENSITY vs CURRENT DENSITY GRAPHS FOR DIFFERENT
FLOW RATES

Figure C.1. At flow rate of 60 ml/min, power density values for PECH based AEMs
and Neosepta membranes.
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Figure C.2. At flow rate of 90 ml/min, power density values for PECH based AEMs
and Neosepta membranes.

Figure C.3. At flow rate of 120 ml/min, power density values for PECH based AEMs
and Neosepta membranes.
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