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Chapter 1

General Introduction

General Introduction

“So once you do know what the question actually is, you’ll know what the answer means.”
(The Hitchhiker's Guide to the Galaxy)
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Chapter 1

1.1 Ion-Selective Desalination and Capacitive Deionization
The availability of enough fresh water is a rapidly increasing challenge globally. By
2050, almost 6 billion peoples will experience clean water scarcity, according to 2018
edition of the United Nations World Water Development Report.1 Besides the increase in
demand for water due to the increasing world population, pollution of the current water
sources contributes heavily to the existing fresh water scarcity.1,2
One solution to combat fresh water scarcity is developing innovative desalination
technologies to treat waste water and saline water to obtain clean and fresh water.
Desalination means the removal of salt from water and it has always been always important
in human history.3 One of the early descriptions of desalination belongs to Aristotle. He
stated that:

“

S

alt water when it turns into vapor becomes sweet and the vapor does not
form salt water again when it condenses”

The Complete Works of Aristotle, Book II: Meteorology, Section 358 (Revised Oxford Translation
by E. W. Webster. Princeton University Press, 1984, edited by J. Barnes).

Aristotle’s description is the basis of distillation, a widely used desalination
process. Distillation is the oldest desalination method. During distillation, water vapor is
produced by heating the saline water and then condensed into freshwater. Since Aristotle,
desalination-based technologies have been commonly used and further developed. In the
20th century, desalination techniques became commercialized and over the years various
conventional desalination methods have appeared.4 For instance, more advanced
distillation methods such as multi-effect, multi-stage-flash, vapor compression, and
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membrane distillation techniques have been developed. 5 In 1956, the first studies started
towards a new technology that is based on osmosis, reverse osmosis (RO). 6 Although the
idea of osmosis has been known since 1748, there was no desalination technology that
made use of this principle until 1956. In RO, water is pushed through a semi-permeable
membrane and as a result the majority of the salt is separated from water. 6,7 The first RO
desalination plant was built in 1977 for a municipality in the USA and since then it has
become one of the most widely used desalination techniques. 6 However, both distillationand RO-based technologies require a significant amount of energy input. 8–10 Also, these
techniques are designed to desalinate “to completion” and they do not have any preference
towards certain ions.11
Alternatively, one can remove salts from the water instead of removing the water
from salts. For example, nanofiltration (NF) is used to remove majority of the divalent
cations (e.g. Mg2+, Ca2+) from water via a membrane with a pore size of 1–10 nm to produce
soft water.6,12 Therefore, NF requires less energy than RO. Going one step further, electrodriven desalination methods have been suggested as even more energy efficient methods
compared to the pressure-driven techniques such as NF. For instance, electrodialysis (ED) is
an electro-driven technology and it separates ions from the water by passing the ions
through ion-exchange membranes (IEMs) under an applied electrical potential. 5 IEMs are
divided in two main categories: cation-exchange membrane (CEM) and anion-exchange
membrane (AEM). CEMs are composed of negatively-charged polymers bearing functional
groups, such carboxylate and sulfonate, to be able to reject anions while allowing cations
to pass through. Similarly, AEMs are made of positively charged polymers with functional
groups such as quaternary ammonium.13 In other words, IEMs selectivity reject co-ions, and
allow the passage of oppositely charged ions (counter-ions).14 This permselective character
is known as the Donnan exclusion.14,15
Ion-selective desalination is of relevance for multiple applications such as
removing hazardous ions (e.g. heavy metals, arsenic, boron)11,16–20 from wastewater,
reducing the sodium concentration in greenhouse irrigation water, and removing hardness
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ions from brackish water.11,17,21–25 Furthermore, harvesting high-value metal ions (e.g.
lithium, copper)26–30 and nutrients (e.g. phosphate, potassium, nitrate)17,31,32 from brackish
water is also important from a sustainability viewpoint. For instance, phosphate is an
essential nutrient for plant growth and its reserves are predicted to be depleted within the
next 100 years.33 In order to meet the global need for phosphate, harvesting phosphate
from waste water is crucial. Similarly, re-using water after removing hazardous ions or the
excess of certain (types of) ions is a promising solution to combat water scarcity and reduce
contaminated waste water.
Capacitive deionization (CDI) is an electro-driven desalination technique that has
the ability to remove ions selectively.34 Although in the 1960s initially designed only for
desalination of brackish water by Blair and Murphy, 35 within the last decade, CDI has also
been explored for the selective separation of ions within the context of waste water
treatment and resource recovery.11 CDI is an environment-friendly method, at least for salt
the concentrations below 10 g/L, as it can operate on low voltage values (≈ 1 V) and does
not require high temperature, pressure, or chemicals for regeneration.9,23,34
In CDI, brackish water flows in between electrodes, and with an applied current or
potential, ions migrate towards the porous electrode of opposite charge and are stored
inside the electrodes. A standard CDI cell consists of two parallel electrodes (cathode and
anode) that are separated by a non-conductive layer, called spacer.9 The CDI electrodes are
typically made of a conductive porous material such as activated carbon, carbon nanotubes,
carbon aerogels, and graphene.36,37 The principle of CDI is based on the electrical double
layer (EDL) formation in the electrodes.38 Ions transport through macropores and
mesopores (interparticle pores) of the electrodes and reach micropores (intraparticle
pores) where EDLs are formed and ions are stored (Figure 1.1).9,39 As a result, desalinated
water is produced. In order to harvest the ions that are stored in the electrodes in a second
stream of water, the electrodes can be short-circuited (0 V) or the current/voltage can be
reversed. The water recovery of the CDI-based approaches can increase up to 93.5%, which
means that 100 L of brackish water yield 93.5 L of fresh water and 6.5 L of brine. 8
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CDI can also be operated with additional IEMs that are placed on the CDI
electrodes. This mode of working is known as membrane capacitive deionization (MCDI)
(Figure 1.1).13,40,41 IEMs have fixed charges that allow the transport of counterions and
prevent the transport of co-ions by acting as a filter. Therefore, IEMs increase the charge
efficiency and energy consumption in an MCDI operation.

Figure 1.1. (Left) Schematic overview of ion adsorption in an MCDI process. Feed water
flows in between the electrodes and with an applied voltage (or current) ions are adsorbed
inside the electrodes. During the adsorption process, co-ions are rejected by the CEM and
AEM. (Right) Ions are transported through the macropores and mesopores and eventually
are stored inside micropores of the carbon electrodes.

Constant current (CC) and constant voltage (CV) are the most common charging
modes in CDI.42. In a CC operation, during adsorption cycle, the potential increases and
reaches a desired potential cut-off value. Similarly, during desorption cycle of a CC
operation, potential decreases over time until a certain cut-off value. The main idea behind
the cut-off potentials in adsorption and desorption cycles is to prevent side reactions such
as oxidation of the electrodes or water splitting.11 On the other hand, in a CV operation, the
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current is at its maximum value at the beginning of adsorption cycle and gradually decreases
as the electrodes become saturated over time and eventually reaches the value of zero.
These two operation modes result in different CDI characteristics, including differences in
the effluent concentration during the cycles, the ion transfer kinetic rate,34,42,43 and the
energy efficiency.

44–46

For instance, the ion transfer kinetic rate in a CC mode would be

proportional to the charging current, while it will decrease in time in an operation with CV
mode. In addition to CC (galvanostatic) and CV (potentiostatic) modes, the combination of
these two can be used: galvanostatic charge/discharge cycling with potential limitation
(GCPL).47 In other words, a GCPL mode has consecutive CC and CV cycles. This approach is
useful for holding the system at a certain potential for a desired amount time to make sure
the electrodes are fully saturated until the cell reaches the cut-off potential.11 Furthermore,
CDI operations can be classified as single-pass and batch modes.48,49 This classification is
based on how the feed water circulates through the CDI cell. In a single-pass mode, the feed
water passes the CDI cell only once, while in a batch mode there is a “fixed volume” of the
water and it is recycled during the operation. Figure 1.2 shows the change in effluent
concentration for different operational modes in CDI. CC, CV, and GCPL operations are given
in single-pass modes to facilitate a comparison in between them. The feed concentration
remains unchanged in single-pass mode, typically the concentration variation is < 1 %, since
it is an open system.9 T In CC mode, the concentration decreases until a certain point and
remains stable (below feed concentration) during adsorption cycle. The opposite trend is
observed in desorption cycle of CC where the effluent concentration increases and remains
stable during the cycle. On the other hand, in CV mode, the effluent concentration
decreased in the beginning of the adsorption cycle and then gradually reaches the feed
concentration, since the electrodes become saturated over time. During desorption in CV
mode, the effluent concentration peaks at the beginning of the cycle and gradually
decreases to the feed concentration. In case of the GCPL mode, we see the combination of
the trends observed in CC and CV modes, as expected. As a comparison, the batch
experiment with CV mode is added to Figure 1.2. Since in batch processes the system is
closed and the solution circulates around , the effluent concentration does not go back to
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the feed concentration and remains constant during the adsorption cycle. Then, during
desorption cycle, the concentration increases until reaching the feed concentration.
The degree of ion selectivity and its dependence on time, as well as the
desalination performance, energy consumption, and other CDI metrics can vary, based on
the mode and operational parameters of CDI.11,21,42,44,50–52 Therefore, to tune ion selectivity,
multiple parameters, including the type of mode should be considered carefully. There are
various approaches to introduce and/or tune the ion selectivity in CDI.11 These include the
modification of electrode materials (e.g. introducing certain functional groups and
optimizing pore size), optimizing the operational parameters of the process, and using
special-grade, ion-selective membranes. Chapter 2 summarizes the literature on cation
selectivity in (M)CDI and which parameters should be considered to target certain (types of)
cations. One approach to tune ion selectivity involves the use of the polyelectrolytes, which
will be discussed in the next section.

Figure 1.2. Typical desalination curves of CC, CV, and GCPL operations in single-pass modes
and potentiostatic operation in batch mode (adapted from reference 11).
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1.2 Polyelectrolytes and Polyelectrolyte Multilayers
Polyelectrolytes (PEs) are polymers that contain charged or chargeable moieties
that are present in a part of or all repeating units. In other words, these moieties are
electrolyte groups, therefore PEs can dissociate in water. 53,54 Based on the type of charge
involved, they are classified as either a polyanion (polyacid) or a polycation (polybase).
Typically, the repeating units of a polyanion contain carboxylic and sulfonic acid groups. 54
Poly(styrene sulfonate) (PSS), poly(vinyl sulfonic acid) (PVS), poly(acrylic acid) (PAA), and
poly(methacrylic acid) (PMAA) are amongst the common polyanions. On the other hand,
polycations have positively charged functional groups, often nitrogen-based. Examples
include, poly(allylamine hydrochloride) (PAH), poly(diallyldimethylammonium chloride)
(PDADMAC), poly(ethyleneimine) (PEI) and poly(L-lysine) (PLL). Next to the fossil-based PEs,
there are also natural (bio-based) PEs, such as alginic acid, pectin, chitin, chitosan, cellulose,
and poly(lactic acid).54–59
Besides the type of charge and the source of the PEs, PEs can also be classified
based on the amount of dissociation in aqueous solutions.53,60–62 The pKa value of a PE is the
key factor to determine its degree of ionization at a given pH value. If a PE fully dissociates
in water within a practical pH range of 2-12 , it is classified as a strong PE. In case of a
polycation, pKa value of ≥ 10 is a strong polycation. Next to that, for some polymers the
ionization degree does not depend at all on the pH, like PDADMAC, which contain
quaternary ammonium groups which are permanently charged, making is also a strong
polycation. On the other hand, when the dissociation of a PE depends partially or strongly
on the pH, then it is classified as a weak PE. For example, PEI and PAH are known as weak
polycations with pKa values of 9.7, and 8.8, respectively.63,64 The pKa of PAH (8.8), indicates
that at this pH 50 % of the amino groups are protonated (−NH3+) , so PAH is nearly fully
protonated at pH values lower than pH 6-6.5.64,65 In case of a polyanion, when the pKa value
is ≤ 2, it is considered as a strong polyanion (PSS ≈1), while a pKa value between 2 and 7
makes polyanion (PAA ≈5) a weak polyelectrolyte.60 Figure 1.3 gives an overview of the
approximate pKa values of strong and weak PEs.66,67
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Figure 1.3. Overview of pKa value ranges used to classify strong and weak polyelectrolytes.

Polycations and polyanions can be used to coat a surface via a layer-by-layer (LbL)
process to yield a polyelectrolyte multilayer (PEM). 53,68,69 Although the history of LbL
coatings dates back to 1960s, when Iler et al.70 investigated the LbL coating of colloidal
particles, LbL coatings of PEs were discovered by Decher in early the 1990s.71,72 PEMs are
easy to build.73 Ultra-thin PEM films on solid supports can be prepared via versatile LbL
methods such as spray- and spin-coating68,73 as well as chemical and thermal depositions.74
However, dip-coating method is one of the easiest and widely used PEM coating methods. 75
When a charged surface is alternatively dipped in an aqueous solution of a PE with opposite
charge, a thin monomolecular PE coating is obtained, which changes the type of overall
surface charge. After each dipping step (to deposit a polycation or polyanion), loosely
attached (excess) polyelectrolytes are washed of by dipping the substrate in water or rinsing
the substrate with water. The process of alternating adsorption of a polycation and a
polyanion is repeated until the desired number of layers (thickness) is achieved.
The structure, morphology, and growth patterns (linear or exponential) of the
PEMs highly depend on the coating conditions as well as the environment after the coating.
For instance, the PEM structure is dependent on type of polyelectrolyte 76–79 (e.g. weak or
strong, charge density, molecular weight), the ionic strength of the coating solution, 80–82
type of salt,83–86 pH and temperature.75,87–90 Depending on these conditions, the interactions
between the PEs, and therefore the amount of dissociation, swelling, intrinsic and extrinsic
charge compensations, and morphology of the PEM do not only differ, but can also be
controled.53,54 For example, a high ionic strength would reduce the repulsive interaction
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within a PE chain and causes a more coiled PE structure. As a result, the PEM thickness and
degree of swelling is affected by the salt concentration during the LbL process itself as well
as under post-preparation conditions. Another example is that if pH of the aqueous
environment of weak polyanions results in more dissociation of the acidic groups, the
charge density would increase and hance also the degree of swelling of the PE. Therefore,
multiple parameters need to be considered during and after coating PEMs.
PEMs can control the physical and chemical characteristics of various surfaces,
making them suitable coatings for many areas such as drug delivery, tissue engineering,
implants, antimicrobial coatings, sensors, optics, electronics, and also membranes.54,73,91
One of the popular applications of PEM coatings is on membranes. So far, PEM-coated
membranes are used in ion, gas and solvent separation, mainly in pressure-driven
applications, as well as fouling control, micropollutant removal, and the dissociation of
water.53,56 Chapter 3 summarizes a selection of recent literature on PEM-coated dense
membranes and how PEMs introduce antifouling properties to membranes, increase
membrane stability, and improve the separation processes by tuning selectivity towards
certain solvents and ions. The ion-selective properties of PEMs are mainly based on
rejecting certain (type of) ions due to their bigger hydrated size- and/or higher valence and
allowing the ions with smaller valence and/or hydrated size.89,92 In other words, PEM
coatings can separate ions from each other based on size- and charge-exclusion principles.
Since PEMs can change the surface properties (e.g. hydrophilicity, type and density of
charge, and pore size) of membranes, they can tune ion selectivity of the membranes in
different pressure- and electro-driven desalination processes.93–98 Figure 1.4 illustrates a
schematic representation of an ion-selective separation process that involves a PEM and
some examples of polycation and polyanions that can be used in such a PEM. For instance,
Rijnaarts et al. used a (PAH/PSS)5.5-coated CEM to achieve Na+/Mg2+ selectivity under
electrodialysis conditions.98 Since the outermost charge of the PEM is positive (PAHterminated), divalent and multivalent cations experienced a higher charge exclusion
compared to the monovalent ones. A similar approach can also be used to tune monovalent
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anion selectivity. Mulyati et al. used (PDADMAC/PSS)7.5-coated AEM to tune Cl−/SO42−
selectivity in an electrodialysis process.97

Figure 1.4. (Left) Schematic representation of a PEM-coated substrate and its selective
separation process, where the driving force for the transport of ions can be difference in
ion concentration (Δc), pressure (ΔP) or electrical field (ΔV). Selectivity of a PEM can depend
on various mechanisms, including size- and charge- rejection of certain (type of) ions. (Right)
Examples of polycations (in blue) and polyanions (in red) that can be used in such a PEM.
Abbreviations of the polyelectrolytes (PEs) follow as: PAH: poly(allylamine hydrochloride),
PVA: poly(vinylamine hydrochloride), PDADMAC: poly(diallyldimethylammonium chloride),
PSS:

poly(4-styrenesulfonic

acid

sodium

acid),

PAA:

poly(acrylic

acid),

PVS:

poly(vinylsulfonic acid sodium acid).

To conclude this section, due to the tuneable properties of the PEMs in terms of
ion selectivity, they have been implemented in multiple ion-selectivity studies. Going one
step further, it is possible to improve ion-selectivity by combining PEMs with ion-selective
receptors (ionophores). Therefore, besides their the charge- and size-based selectivity,
affinity-based selectivity can be achieved via a thin coating that can be prepared via facile
LbL approaches.
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1.3 PEMs with Ion-Selective Receptors
Ion-selective receptors are a category of molecules that have affinity towards a
certain (type of) ion(s).99 Their ion selectivity is mostly based on host-guest chemistry. Hostguest chemistry relies on weak, reversible non-covalent interactions between the
ionophores (host) and the species of interest (guest).100 The relationship between host and
guest has been described by Donald Cram (1986) as “complexes that are composed of two
or more molecules or ions held together in unique structural relationships by intermolecular
forces”.101 These intermolecular forces can be, for instance, Van der Waals forces, hydrogen
bonds, electrostatic interactions, π–π interactions, and the combination of them. In most
cases, the host, also known referred to as ionophore). Ionophore is a large macromolecule
that exists in a variety of unique and novel structures. For example, uranyl salophenes, 102,103
cyclic polyamines,103 or guanidinium groups103–106 have been used as phosphate ionophores.
Furthermore,

podands,

porphyrins,

phthalocyanines,

cyclodextrins,

pillararenes,

calixarenes, crown ethers, and many other macrocycles have been used due to their
selectivity towards various metal ions.99,101,107
The selectivity of cyclic ionophores is highly dependent on the size of their cavity.
When the ring is relatively smaller, it interacts with a relatively smaller ion. For instance,
calix[4]arene derivatives make complexes with Li+ and Na+, whereas calix[6]arene
derivatives interacts more with Mg2+ and Cu2+.108 Similarly, in crown ethers, their molecular
recognition is based on their ring size and the size of the ion. Crown ethers are cyclic
oligomers of ethylene oxides and due to the electron-rich character of the ring, they can
electrostatically interact with metal ions.109,110 In other words, the crown ether behaves as
an electron donor and the metal ion behaves as an electron acceptor. Figure 1.5 and Table
1.1 illustrate some examples of crown ether derivatives and the size of different cations,
respectively. The prefix shows the total number of atoms in the ring system (e.g., 12, 15,
and 18) and the suffix indicates the total number of oxygen atoms in the ring (e.g., 4, 5, and
6). In the literature, 12-crown-4, 15-crown-5, and 18-crown-6 derivatives are known as Li+,
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Na+, and K+ ionophores, respectively, although this refers to cation selectivity rather than
cation specificity.94,109,111

Figure 1.5. Examples of crown ether derivatives with different ring sizes. The prefix shows
the total number of atoms in the ring system (e.g., 12, 15, and 18) and the suffix indicated
the total number of oxygen atoms in the ring (e.g., 4, 5, and 6).

Table 1.1. Overview of the crystal and hydrated radii of some cations.
Ion

Crystal
radius (Å)*
0.60
0.95
1.33
1.48
1.69
0.65
0.99

Li+
Na+
K+
Rb+
Cs+
Mg2+
Ca2+
*The given values are calculated for 25 °C.112

Hydrated
radius (Å)*
3.82
3.58
3.31
3.29
3.29
4.28
4.12

Crown ethers have a hydrophilic cavity as the oxygens are situated at the interior
of the ring, while the exterior is hydrophobic. Also, compared to ions in water, the ion
hydration shell within the complex is different or even removed. In other words, the ion
hydration energy, the (hydrated size of) ions are relevant parameters and the ring size are
important parameters in selectivity. For example, although 15-crown-5 derivatives are
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known as Na+ ionophores, they can also function as K+ ionophores in aqueous solutions due
to the smaller hydrated size/hydration energy of K + compared to Na+ and Li+.94,112 This can
imply that environmental conditions such as solvent polarity has an effect on the selectivity
behavior of crown ethers.

1

Ionophores can be incorporated into PEMs via three main methods:
i)

They can replace a PE in the PEM, but only when charged. For example,
Toutianoush et al. built PEMs by combining sulfo-calixarene derivatives with
poly(vinyl amine).108

ii)

Ionophores can be added to the PEM during or after coating process and
“trapped” within the layers via ionic interactions and/or hydrogen
bonds.111,113,114 However, without a covalent bond or strong electrostatic
interactions, these two methods are not as stable as the typical PEMs since
the ionophore units leach out after a certain period of time. 108

iii)

Ionophores can be covalently bound to one of the PE and the modified PE can
be used in PEM formation. As a result, PEM has ionophore units that are
stable. Numerous studies where macrocyclic ionophores were combined with
a polyelectrolyte were reported.55,94,105,106 For example, Cao et al. decorated
poly(allylamine hydrochloride) (PAH) with guanidinium units to increase the
affinity towards H2PO4−.106 A similar strategy was used by Kazemadab et al. to
introduce a 15-crown-5 derivative to a PEM system by modifying the
polycation with the crown ether prior the PEM coating.94
A schematic representation of an example of the third approach is given in Figure

1.6. First, a polycation (PAH) can be modified with ionophore units, 15-crown-5 (CE). Then,
CE-containing PAH (PAHCE) can be used as a polycation together with a polyanion to build
the PEM. Therefore, the resulting PEM will have ionophore units that have been introduced
via stable covalent bonds. Besides the stability, another advantage of this method is the
ability to tune the amount of ionophores. This can be done by adjusting the number of
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ionophore units per polymer chain, or by increasing/decreasing the number of modified
layers in the PEM during the coating process.

Figure 1.6. Schematic representation of (left) the polycation (PAH) that is functionalized
with 15-crown-5 (CE) units via covalent attachment and (right) the PEM that is made with
PAHCE and an unmodified polyanion. Blue, red, and purple colors represent the polycation,
polyanion, and the crown ether units, respectively.

There are different ways to characterize PEMs (with or without ionophore units).
For example, zeta potentials and water contact angles can be measured and typically yield
zig-zag plot upon the layer build-up using two PEs. Alternatively, X-ray photoelectron
spectroscopy (XPS) can be used to map the elemental composition of the PE layers.
Similarly, UV (ultra-violet) and infrared (IR) spectroscopy can be used to identify certain
functional groups of the PEM after the addition of each layer. Besides, techniques such as
ellipsometry and atomic force microscopy (AFM) and can give information about the
thickness of the PEMs.
Regarding determining the degree of ion selectivity of a PEM-system, one of the
most common ways is implementing the PEM in a desalination system and measuring the
concentration or conductivity of the effluent. For instance in a CDI operation, typically ion
chromatography (IC) and/or inductively coupled plasma - optical emission spectrometry
(ICP-OES) are used to determine the ion concentration. Therefore, the amount of
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adsorption can be determined for ions of interest and then compared with each other to
calculate the selectivity number. Chapter 2 summarizes the common ion selectivity
definitions for (M)CDI operations. Moreover, the adsorption efficiency of target ions can be
measured via UV-vis spectroscopy by using UV-active agents104 or detecting the amount of
target ion within the PEM after exposure via XPS or Auger spectroscopy.

1.4 Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)
Next to the experimental techniques and approaches listed at the end of the
Section 1.3, quartz crystal microbalance with dissipation monitoring (QCM-D) is also
another useful technique to study the interaction of PEMs with different ions. QCM is a realtime gravimetric method that can give insight about the mass changes on surfaces in-situ at
nanoscale resolution.115,116 It functions as a highly sensitive balance for very small changes
in mass. The core of the QCM technology is piezoelectricity. Piezoelectricity is a
phenomenon was discovered by Paul-Jacques and Pierre Curie brothers in 1880.117 The
word piezoelectricity is derived from the Greek word “piezein” (πιέζω) which mean “press”.
Piezoelectricity is the ability to generate an electrical response with an applied mechanical
change. Since this effect is reversible and the coupling between the electrical and
mechanical states of a piezoelectric material (e.g. silk, sucrose, wood, bone, some ceramics,
quartz), such materials will mechanically change (be deformed) when a voltage is
applied.116,118,119 Although there are various piezoelectric materials, quartz is the widelyused piezoelectric material for QCM technologies.
In a QCM sensor, quartz is sandwiched in between two electrodes (active and
counter electrodes).115 After an appropriate amount of voltage is applied on the sensor, it
oscillates at a certain resonance frequency. When the voltage is turned off, oscillation
decays exponentially. Then, the decay is recorded and the frequency data is extracted. 120 In
1959, Günter Sauerbrey formulated a relation that is known as Sauerbrey equation
(Equation 1.1). In the Sauerbrey equation, ∆𝑚𝑚𝑚𝑚 (ng ∙ cm-2) is the areal mass density of the
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adsorbed film, 𝐶𝐶𝐶𝐶 (1.77 ng ∙ cm-2 ∙ Hz-1) is the mass-sensitivity constant, ∆𝑓𝑓𝑓𝑓n (Hz) is the
frequency shift and 𝑛𝑛𝑛𝑛 is the harmonic number (3, 5, 7, 9, 11). QCM is an acoustic technology
and has some similarities between acoustic musical instruments. The strings of a guitar
resemble the overtones of frequency in a QCM operation. The smallest resonance
frequency, f1, is the fundamental frequency and when n> 1, the frequencies are called
overtones. For AT-cut QCM sensors, only the odd harmonics (n= 1, 3, 5...) can excite the
quartz crystal electrically so that the polarization occurs. For overtones that are even, the
deformation of the crystal is symmetrical, which does not result in currents.
When the QCM sensor is coated with a thin film, this layer oscillates together with
quartz, and therefore it is possible to calculate the mass of coated layer based on the change
in frequency by using Equation 1.120
∆𝑚𝑚𝑚𝑚 =

−𝐶𝐶𝐶𝐶 ∙ ∆𝑓𝑓𝑓𝑓n
𝑛𝑛𝑛𝑛

(𝟏𝟏𝟏𝟏. 𝟏𝟏𝟏𝟏)

The areal mass data obtained via Sauerbrey equation can be used to model
(estimate) the thickness of the layer of interest (Sauerbrey model). However, the thickness
value obtained from Sauerbrey model is only valid for thin rigid films and the model does
not give realistic results for soft and viscous layers as described by Kanazawa and Gordon in
1985,121 since the Sauerbrey model underestimates the mass of the associated water for
the viscoelastic layers. Therefore, information about the energy losses in the system
(dissipation) is required to model the viscoelastic layers, which is possible with an extended
version of QCM (QCM-D).122,123 In addition to frequency data, QCM-D also measures the
total energy loss in the system (dissipation) that can give information about structural and
viscoelastic properties such as swelling, collapse, crosslinking, and morphology of a
layer.124–127 By using dissipation data of different overtones, it is possible to determine

whether a layer is viscous, before using a suitable viscoelastic model (e.g. a Voigt-based
model) calculate the wet thickness of the layer. When ΔD is virtually zero and/or harmonics
of Δf overlap, the layer is considered to be rigid and therefore Sauerbrey model is used. In
other words, this is the case when Δf/n is constant for different harmonics. On the other
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hand, if there is a significant change in dissipation and/or harmonics of Δf spread, Voigtbased viscoelastic models are suitable for such a layer. 124,127 For viscoelastic models, more
than two harmonics of dissipation and frequency shifts should be studied for a realistic
characterization. Therefore, we can get information about the wet thickness, density,
viscosity, and elasticity of the layer.
Figure 1.7 shows schematically a typical adsorption process studied by QCM-D. A
decrease in frequency followed by an increase in dissipation indicates a successfully-coated
layer. By using dissipation (viscoelasticity-related) and frequency (mass-related) data, it is
possible to study the layer build-up as well as interactions of various analytes (e.g. virus,
bacteria, gas, surfactants, oils, proteins, and ions) with the different layers. 128–132 In other
words, when a PEM-coated sensor is flushed with a solution of interest, molecules may
interact with the surface, for example, the may bind to the surface. Based on the kinetics of
the binding process, the total adsorbed mass, as well as the changes in the viscoelastic
properties of the PEM, the affinity of the PEM towards the analyte can be determined.
QCM-D has been used to investigate the structural changes in PEMs and
ionophore-containing coatings after exposed to various ions, as well as the affinities of
these coating towards certain (type of) ions.106,125,126,133 O’Neal et al. investigated the effect
of different monovalent anions on the LbL-coated PEMs that are formed from PDADMAC
and PSS.125 They observed higher degrees of layer swelling when exposed to Br − compared
to Cl− .This can be explained by the larger hydrated size of Br − compared to Cl− (3.30 Å vs.
3.32 Å)112 and therefore larger amount of water in the PEM. Zhang et al. investigated the
effect of an ionophore (i.e. 18-crown-6) on the K+ selectivity of a hydrogel via QCM-D.134 The
ionophore-modified hydrogel exhibited a rapid K+ ion selectivity compared to other cations
including Na+, NH4+, Mg2+, and Ca2+. Similarly, Cao et al. used a phosphate ionophore
containing PEM and observed a higher frequency, and therefore higher adsorbed mass, for
phosphate ions compared to the PEM without ionophore. 106
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Figure 1.7. Schematic representation of the time-dependent changes in frequency and
dissipation values of a PEM functionalized with affinity units (e.g. ionophores) coated on a
QCM sensor in water i) before, ii) during, and iii) after the interaction with an analyte of
interest (e.g. ion, protein, virus) during a QCM-D experiment. Based on the changes in
frequency and dissipation, interactions between different analytes and coatings can be
studied. Blue, red, and purple colors represent the polycation, polyanion, and the affinity
units, respectively, while the green stars are the analyte of interest.

1.5 Aim and Outline of the Thesis
The aim of the work described in this thesis was to explore the use of layer-bylayer-coated polyelectrolyte multilayers (PEMs), with and without ionophore units, to tune
the ion selectivity in capacitive deionization (CDI). Although CDI is a well-studied and
established desalination method, its ability to differentiate the ions with the same type of
charge was reported to be modest. Recent efforts to tune the ion-selective properties of
CDI have mainly focused on optimizing operational parameters of the process as well as
adjusting the pore size of the electrodes and decorating the electrodes with ion-selective
layers. While those parameters allow some tuning of ion selectivity, we anticipated that the

20

Chapter 1
use of PEM-coated ion-exchange membranes (IEMs) in CDI processes would further expand
the window of control, mainly because of wide variety in possibilities to tune the physical
and chemical characteristics of the PEMs, such as number of layers, type of polyelectrolyte,
and additional ionophore units. In more detail, we studied i) the monovalent cation
selectivity of the PEM-coated CEM in CDI, ii) tandem monovalent cation and anion
selectivity with a PEM-coated AEM in CDI, iii) the effect of operational parameters of CDI
(e.g. mode of operation, amount of voltage, concentration and composition of the feed
solution) and number of layers in PEM on the overall monovalent cation selectivity, iv) the
effect of 15-crown-5 derivatives on the Na+ and K+ selectivity of (bio-based) PEMs via a realtime gravimetric method, quartz crystal microbalance with dissipation monitoring. Overall,
this thesis aims to develop PEM-based CDI operations to tune ion selectivity in an
affordable, easy, and efficient way.
Chapter 2 –overviews the literature for cation selectivity in CDI operations. In this
chapter, the common ion selectivity definitions, the main factors that affect the cation
selectivity in CDI, and the recent methods to tune ion selectivity have been discussed. The
use of electrode materials with different pore sizes and compositions, additional functional
groups on electrode surface, introduction of standard or special-grade ion-selective
membranes, optimizing the operational parameters in the CDI operation, or combinations
of them are amongst the recent methods to tune the selectivity.
Chapter 3 – gives an overview of recent literature on PEM-coated dense
membranes. The ability of the PEMs to introduce antifouling properties to the membranes
and increase their stability, as well as improving the separation processes of solvents and
ions are discussed. Moreover, the mechanisms behind the selective properties of PEMs (e.g.
size- and charge- based rejection of ions) as well as the parameters that affect the ion
selectivity of PEMs were addressed.
Chapter 4 – explores the selective separation of Na+ and Mg2+ in CDI by using a
PEM-coated standard grade cation-exchange membrane (PEM-CMX). The selectivity and
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performance of the commercial standard-grade and monovalent cation-selective
membranes were compared with the PEM-CMX. Furthermore, the performance and the
selectivity of the PEM-CMX was tested for over 40 cycles of CDI.
Chapter 5 – focuses on tandem monovalent cation and anion selectivity in CDI by
combining a PEM-coated anion-exchange membrane (PEM-AEM) with intercalation
electrodes that are made of nickel hexacyanoferrate. The selectivity of the PEM-AEM
towards NO3−, Cl−, SO42−, and H2PO4− in CDI was investigated. The factors that affect the
selectivity number (e.g. type of the outermost layer and number of layers of the PEM, the
composition of the feed solution, type of counter ion) were discussed.
Chapter 6 – covers an investigation on the effect of different operational modes,
namely constant voltage (CV) and constant current (CC), in CDI and the effect of number of
layers of PEM on the monovalent cation selectivity of a PEM-coated cation-exchange
membrane (PEM-CMX). The selectivity and its dependency on time were explored. Then,
the obtained selectivity numbers were rationalized by using an MCDI model based on the
dynamic potential profile for the PEM-CMX. Next, the selectivity performance of the PEMCMX was compared with commercial monovalent cation selective membranes by using feed
solution with different compositions.
Chapter 7 – studies the interactions between polyelectrolyte multilayers (PEMs)
containing 15-crown-5 (CE) groups and various cations by using quartz crystal microbalance
with dissipation monitoring (QCM-D). First, the effect of CE units on the build-up and
structure of the PEMs was analyzed. Then, the affinity of the PEMs (with or without CE units)
towards Li+, Na+, K+, Rb+, and Mg2+ were compared. Finally, the effect of type of outermost
layer and the type of polyelectrolyte on the cation affinity and PEM structure were
described.
Chapter 8 – combines and explains the results obtained in Chapters 3-7 in a
broader context and lists suggestions for the future research.
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Chapter 2

2.1 General Introduction
Within the last decade, in addition to water desalination, capacitive deionization
(CDI) has been used in the selective separation of ions in multicomponent solutions as well
as for resource recovery as outlined in Chapter 1. Given the scope of this thesis, Chapter 2
is focused on the selectivity of cations in CDI. For CDI-related anion selectivity – both at the
level of electrodes and membranes – intercalation materials, as well as a review on
modelling and theory of CDI processes with a focus on ion selectivity, we refer to our study
covering a more complete review on recent advances in pursuing ion selectivity with CDI.1
Numerous methods have been suggested to improve or introduce cation selectivity in CDI.
For instance, the use of electrode materials with different pore sizes and compositions, the
presence of additional functional groups on electrode surface, the introduction of standard
or special-grade ion-selective membranes, and the optimization of the operational
parameters in CDI operation, or combinations of them. The cation-selective CDI literature
can be categorized in two sections: selectivity achieved with electrodes (Chapter 2.2 or with
implementation of membranes (Chapter 2.3).
Furthermore, some of the widely used selectivity definitions are provided in Table
2.1 to enable a comparison between different studies in literature. One of the challenging
aspects in reviewing literature on ion selectivity in CDI stems from the many different
approaches utilized by different research groups. Although a direct comparison between
these studies may not be fully possible, at least the table can ease the comparison of
different selectivity definitions. These definitions are based on taking solutions with two
competing ions (of the same polarity), i and j, into account. In some literature, the two
components are referred to as target (t) and competing (c) ions. It is evident that ρ and Si/j
are similar in nature as both parameters calculate the selectivity based on the amount of
ions removed by the electrodes. However, R reflects the amount of ions left in the effluent.
Therefore, taking i to be the ion of interest, a ρ or Si/j value above one indicates that the
system is selective towards the ion of interest, while in the R-definition this is the case for a
value less than one.
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Table 2.1. Commonly used ion-selectivity definitions in literature. Here, i and j are two
competing ions.
Symbol
ρ

Si/j
R

𝑡𝑡𝑡𝑡

Equation
𝑐𝑐𝑐𝑐i,in − 𝑐𝑐𝑐𝑐i,f
𝑐𝑐𝑐𝑐i,in
𝑐𝑐𝑐𝑐j,in − 𝑐𝑐𝑐𝑐j,f
𝑐𝑐𝑐𝑐j,in

∫0 (𝑐𝑐𝑐𝑐i,inf − 𝑐𝑐𝑐𝑐i,eff )𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑⁄𝑐𝑐𝑐𝑐i,inf
𝑡𝑡𝑡𝑡
∫0 (𝑐𝑐𝑐𝑐j,inf

− 𝑐𝑐𝑐𝑐j,eff )𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ⁄𝑐𝑐𝑐𝑐j,inf
𝑅𝑅𝑅𝑅i
𝑅𝑅𝑅𝑅j

Description
ci,in and ci,f are initial and final concentrations of the target
ion. cj,in and cj,f are initial and final concentrations of the
competing ion.
ci,inf, ci,eff, cj,inf, cj,eff are concentrations (c) of influent (inf)
and effluent (eff) of two competing ions, i and j,
respectively.
Ri and Rj are calculated by dividing the effluent
concentration by feed concentration of each ion.

2.2 Electrodes for Cation Selectivity
In this section covers an overview of the types of electrodes and electrode
materials that have been explored within the context of cation selectivity in CDI. In CDI,
porous carbon is the most commonly used electrode material for desalination and selective
ion separation. One of the most-studied parameters for ion selectivity is the pore
characteristics of the electrode material. In 2001, Eliad et al. demonstrated the relationship
between ion selectivity and the size of the hydrated ion, concluding that the monovalent
ions were preferred over divalent ions. It was attributed to the smaller hydrated size of the
studied monovalent ions compared to the average pore size of the electrode, i.e. carbon.2
Similarly, Gabelich et al. also studied the effect of the micropore size of carbon aerogel
electrodes and reported selectivity towards monovalent over divalent cations. 3 This claim
was later confirmed by Avraham et al.4 They studied the same effect by using carbon fiber
as the electrode material. Moreover, Han et al. studied the dependence of selectivity on
pore size distribution using three different types of activated carbon cloth. 5 Depending on
the mesoporosity/microporosity ratio, the electrodes revealed distinct trends for ions with
different hydrated radii. A larger hydrated radius caused a reduction in electrosorption of
the ion with increased microporosity of the electrode whereas smaller ions were better
accommodated on the surface of the electrode. These results indicate that micropores
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adsorb more ions with smaller hydrated radius when the hydrated size of ion is comparable
to pore size.5 This ion-sieving effect is illustrated in Figure 2.1B Hou and Huang studied this
phenomenon for multicomponent mixtures concluding that the affinity among the
monovalent cations is affected by their hydrated radii. This trend was also confirmed by
other studies.6–8 Furthermore, they also observed divalent over monovalent cation
selectivity from a mixture containing two competing ions.9 Mossad et al. also observed that
Ca2+ and Mg2+ were preferentially electrosorbed compared to Na+ in line with Hou and
Huang.10 Between Ca2+ and Mg2+, a higher Ca2+ removal efficiency was observed, which
again was attributed to the smaller hydrated radii of calcium ions. Furthermore, Hassanvand
et al. reported that normalized electrosorption capacities of Ca 2+, Na+, and K+ are
comparable when the ions have equivalent ratios in the feed solution. However, Ca 2+
adsorbed and then desorbed slower than Na+ and K+ due to its larger size (Figure 2.1B) and
therefore slower diffusion rate.11 Seo et al. investigated the effect of morphological
characteristics of carbon aerogel electrodes on the electrosorption rates of different cations
and – contrary to previous series of observations on size-based selectivity – observed a
higher selectivity for Ca2+ and Mg2+ over the monovalent ions. The authors rationalized their
results in terms of the pore structure (branched micropores and highly accessible
mesopores) and wettability of the electrodes.12
In addition to the pore size and morphological characteristics of the electrodes, the
valence of the adsorbing ion has an influence on its selectivity. Studies have reported that
ions with a higher valence are more effectively adsorbed in the EDL due to their stronger
interactions with the electrodes.10,12–14 In a mixture of mono- and divalent ions, at
equilibrium the divalent ions were preferably electrosorbed as a result of the higher
electrostatic attraction (Figure 2.1A).15 Gao et al. obtained a higher divalent ion selectivity
using carbon nanotube and carbon nanofiber electrodes due to charge-exclusion effect as
depicted in (Figure 2.1B).8 They also stated that ions with smaller hydrated radii were
preferred if they have the same valence. Ions with identical valence are electrosorbed
according to their hydration energy (Figure 2.1D). Thus, ions with lower hydration energy
are preferred as their hydration shell can be readily rearranged inside the pores. 16
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In addition to the properties of the electrode and the adsorbing ion, the
operational parameters in CDI can affect the ion selectivity. Zhao et al. proposed and
validated a theory of selectivity for a solution with 5:1 Na+ and Ca2+ feed ratio.17 The authors
reported a time-dependent selectivity as Na+ was electrosorbed 5 times more than Ca2+ at
the early stage of desalination cycle. The higher electrosorption of sodium ions is explained
by the higher concentration, causing higher diffusion to the pores of the electrode
(Figure 2.1C). However, with time, the preference switches to Ca2+ due to the stronger
interaction between the divalent ion and the electrode surface, causing a ion-swapping
effect, shown in Figure 2.1A. Hou and Huang also studied the effect of feed concentration
on ion selectivity.9 By varying the concentrations of K+, Na+, Ca2+, and Mg2+, the authors
observed that an increase in Na+ concentration over other cations yielded preferential
electrosorption of Na+, which was attributed to the higher availability of sodium ions. Apart
from varying the feed concentration, they also studied the effect of applied potential on the
electrosorption capacities of different ions, and concluded that increasing the voltage
increased the preferential removal of K+ over Na+ and Na+ over Ca2+.
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Figure 2.1. Generalized selectivity mechanisms for porous carbon electrodes based on (A)
surface and electrostatic effect, (B) ion sieving, (C) ion diffusion in solution, (D) hydration
energy, (E) affinity towards functional groups, and (F) composite and/or coated electrodes.
The displayed mechanisms were based on the main selectivity feature of the
electrode/electrolyte reported in literature and some works may be categorized into more
than one panel. For matters of simplicity, the hydration shells are only depicted in the
mechanisms where they play an important role in obtaining selectivity. Also, the
mechanisms demonstrated above apply for both cations and anions.

The use of modified electrodes and/or composite electrodes is also a common
method of enhancing ion selectivity (Figure 2.1F). In one study that employed carbon
nanotube (CNT)/zeolite composite electrodes, Ca2+ and Mg2+ adsorption increased in single-
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salt batch experiments, with increasing zeolite to CNT ratio.18 However, the performance of
the zeolite-CNT electrodes deteriorated within a few cycles, suggesting that it was either
degraded or not fully regenerated. Yoon et al. used a calcium-alginate coated carbon
electrode in CDI.19 The coated cathode adsorbed more Ca 2+ over Na+. While no selectivity
coefficients were presented, we estimated a selectivity (ρ) of 2.5 for calcium ions over
sodium ions using the provided graphs. The selectivity was attributed to the strong affinity
of Ca2+ towards alginate. Similarly, Kim et al. reached Ca2+ over Na+ selectivity of 3.5 - 5.5
(Si/j) with a calcium-selective nanocomposite layer (Figure 2.1F).20
Moreover, selective adsorption of divalent (calcium and magnesium) over
monovalent (sodium) ions has recently been achieved via activated carbon (AC) electrodes,
that were modified with mordenite (MOR), a zeolite mineral.21 The resulting MOR-AC
electrodes displayed a preference for hardness ions in multi-ionic solutions with selectivity
values of 8.0 and 7.5 for Ca2+/Na+ and Mg2+/ Na+ selectivity, respectively. The electrode was
found to be highly regenerable and stable over 50 cycles. Another common way of
separating monovalent cations from the divalent ones is the chemically charging of porous
carbon electrodes (via oxidation processes) to introduce carboxylic or sulfonic acid
functional groups to the electrode surface. For instance, in 2021 Guyes et al. obtained a
Na+/Ca2+ selectivity of 1.6 with sulfonated cathodes.22 The selectivity is attributed to the
preferential storage of Na+ at sulfonic acid-functionalized cathode nanopores in
combination with using short charging times. However, at longer charging times, the
monovalent cation selectivity was found to be lost. In a follow-up study it was shown that
the selectivity of sulfonated carbon electrodes can be tuned towards divalent cations via
the optimization of the operational conditions, which also resulted in an experimental
energy consumption of less than 0.1 kWh/m3.23 Furthermore, oxidized electrodes have also
demonstrated size-based ion selectivity among monovalent cations, where smaller size ions
have been preferentially electrosorbed over larger ions.24 The origin of this selectivity was
attributed to the more dense counterion packing of the smaller ions at the chemically
charged micropores.
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Apart from more commonly targeted alkali and alkaline-earth metals, selective
removal of heavy metals has also been of interest in CDI. In 2010, Li et al. utilized electrodes
made of graphene nanoflakes to remove Fe3+ and compared the electrosorption capacity
with Mg2+, Ca2+, and Na+ in single-salt experiments.25 The Fe3+ were preferred over the
others, which was attributed to its higher valence (Figure 2.1A). Between Ca2+ and Mg2+,
Ca2+ were preferred due to their smaller hydrated radii (Figure 2.1B), as described before,
whereas Na+ exhibited the lowest electrosorption among all. In another study, Huang et al.
employed activated carbon electrodes to remove Cu 2+ from aqueous solutions.26 They also
compared the Cu2+ electrosorption in the presence of NaCl, natural organic matter (NOM),
and dissolved reactive silica in binary salt solutions, and reported that Cu 2+ removal
decreases with an increasing amount of the competitive species. However, no significant
decrease in Cu2+ electrosorption was observed in the presence of dissolved reactive silica.
A heavy metal (Pb2+) and salt (Na+) recovery method from wastewater using 3D
graphene-based electrodes was proposed by Liu et al.27 They used 3D graphene electrodes
modified with ethylenediamine triacetic acid (EDTA) and 3-aminopropyltriethoxysilane
(APTES) as the cathode and the anode, respectively. Two different mechanisms were
presented for Pb2+ and Na+ removal. Pb2+ is adsorbed via a chelation reaction with EDTA
(Figure 2.1E), whereas Na+ is adsorbed via electrosorption in the pores. Based on these
mechanisms, the separation of ions was achieved during the desorption stage. First, Na +
was desorbed by applying an inverse potential, followed by a short circuit potential.
Afterwards Pb2+ was desorbed in a separate step using nitric acid as an eluent.
Selective removal of Pb2+ over Ca2+ and Mg2+ was studied by Dong et al. by using
activated carbon electrodes in an asymmetric CDI setup. This setup only contained an AEM
(hence asymmetric), as the Pb2+ desorption was reported inefficient when a CEM was used
as well, thus hindering its selectivity.28 The asymmetric system was selective towards Pb2+
over Ca2+ and Mg2+. The selectivity mechanism was hypothesized to be a swapping process
where Ca2+ and Mg2+ are initially adsorbed due to their higher mobilities, but later replaced
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by Pb2+ owing to its higher affinity towards the native functional groups (e.g., carboxyl
groups) present on the electrode.
Recently, Zhang et al. used activated carbon in flow CDI to selectively remove Cu 2+
from a solution which also contained Na+ .29 A higher affinity towards Cu2+ was obtained in
the system. This was attributed to the preferential adsorption of Cu 2+ on the carbon
particles and was also reduced to Cu. The preference of carbon towards divalent over
monovalent cations, as shown in Figure 2.1A was also reported here. The Na+ removed from
the feed remained in the electrolyte of the flow electrode. In 2021, Gao et al. prepared
FeS2@N, S co-doped carbon (FeS2@NSC) composite electrodes, which were explored for
the selective electrosorption of Cu2+.30 In this study, FeS2@NSC electrodes resulted in
Cu2/Na+ selectivity over 70, which was explained by the Faradic redox reactions of the
Cu2+/Cu+ and Fe2+/Fe3+ couples. During the electrosorption cycle, Fe2+ is oxidized to Fe3+ and
simultaneously the target Cu2+ ions are reduced to Cu+ ions and stored inside the electrodes.
In 2021, Tian et al. prepared a composite electrodes from activated carbon and an amino
phosphoric acid chelating cation-exchange resin (D86O), which were employed in the
separation of vanadium(IV) oxide (VO2+) from multi-ionic solutions containing metal ions.31
The selectivity of the resulting D860/AC electrodes followed the order of VO 2+ > Fe2+ >Al3+.
The hydration radius of the ion was found to have a significant effect on adsorption
selectivity. Moreover, while the electrosorption of Fe2+ and Al3+ was explained by the
formation EDLs, the dominant adsorption of VO2+ was attributed to the formation of
chemical bonds of the VO2+ with the electrode.
The removal of an unconventional ion, uranium (VI), using phosphatefunctionalized graphene hydrogel electrodes was studied by Liao et al.32 The electrodes
were tested in equimolar solutions (0.3 mM) containing uranium (VI) and a series of
interfering metals ions (Cs+, Co2+, Ni2+, Sr2+, and Eu3+). The authors reported that the
electrodes preferred uranium (VI) over all the other metals that were tested. Furthermore,
they observed that the uranium (VI) is more selective against monovalent metal ions
compared to that of divalent or trivalent ions. This phenomenon was attributed to the
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stronger electrostatic interaction between trivalent ions and the electrode surface, thus
adsorbing more trivalent ions resulting in reduced selectivity of uranium (VI). Apart from
ion valence, the selectivity of the electrode is also attributed to the formation of strong acidbase complexes with the phosphate groups attached to the electrode (Figure 2.1E).
To conclude this section, the use of various electrode materials and/or
modification of electrodes and electrode surfaces, as well as tuning operational conditions
have evidently proven to be successful strategies to tune cation selectivity in CDI processes.

2.3 Membranes for Cation Selectivity
In the previous section, CDI cation selectivity was discussed in terms of electrodes,
also the use of membranes plays a vital role in CDI. This section is dedicated for exploring
the studies which rely on membranes for achieving ion selectivity. Several different studies
have demonstrated the advantages of using ion-exchange membranes (IEMs) to prevent
co-ion repulsion, reduce anode oxidation, and to boost the salt removal by employing
gradient of solutions in multi-chamber cells.33,34 An IEM can also be used as a barrier for
specific ions, and therefore, improve the ion selectivity.
Commercially available cation-exchange membranes (CEMs) like Neosepta CMX
typically have negatively charged functional groups (e.g., carboxylate, sulfonate, and
phenolate) in the membrane backbone, which only allow cations to migrate through the
membrane.35 On the other hand there are CEMs that exhibit affinities towards certain
monovalent ions, such as monovalent cation-selective membranes CSO (e.g., Selemion) and
CMS, (e.g., Neosepta). CMS membrane has a highly cross-linked (bulk) structure which
allows monovalent cations with smaller hydrated size to diffuse through the membrane,
while rejecting the cations with bigger hydrated size. On the other hand, CSO membrane is
coated with a thin positively charged layer which rejects divalent over monovalent cations
due to the charge exclusion effect.36–38 In general, the selectivity of such resins and
membranes is based on the difference in charge (Figure 2.2B) and/or size (Figure 2.2.C) of
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the ions, as well as the affinity of the membranes towards certain type of ions (Figure
2.2A).39

Figure 2.2. Generalized selectivity mechanisms in MCDI based on (A) selective resins (or
membranes), (B) charge repulsion, and (C) ion diffusion in membranes. The mechanisms
demonstrated above apply for both cations and anions.

In CDI experiments using a CMX membrane, selectivity towards divalent over
monovalent cations was reported.40,41 Although the CMX membrane was not designed to
differentiate between different cations, its negatively charged outermost layer attracts
divalent more than the monovalent cations.42 Hassanvand et al. stated that the
implementation of CMX in CDI leads to sharper desorption peaks of divalent cations since
larger amounts of di- over monovalent cations are temporarily stored within the CMX
membrane.11 On the other hand, the CMS membrane resulted in preferential transport of
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monovalent over divalent cations.43 Similarly, Choi et al. used a CMS membrane and
obtained monovalent cation selectivity (R) of 1.8 for sodium over calcium ions.42 By
selectively removing Na+, a Ca2+-rich solution was obtained. In addition, the selectivity
attained its maximum value at higher cell voltages, pH, and lower TDS (total dissolved solids)
concentration.
Similar to Choi et al., Shi et al. also used an MCDI system equipped with a CMS
membrane to recover Li+ in the presence of Mg2+, and obtained a selectivity (ρ) of 3.43 They
observed a decrease in the selectivity from ≈ 3 to 2 upon increasing voltage. We assume
that the increase in driving force reduced the blocking effect of the membrane as there are
more charge interactions between divalent cations and the electrodes compared to
monovalent cations. An increase in flow rate also increased the selectivity until a certain
flow rate after which, the selectivity decreased. Furthermore, they studied the effect of
operation time, and found that the adsorption was found to be slower for Mg2+ compared
to Li+. Sahin et al. implemented a layer-by-layer (LbL) polyelectrolyte multilayer (PEM) on a
CMX membrane in order to tune the monovalent cation selectivity in MCDI (Figure 2.2B).44
While the bare CMX membrane had a ρ of ≈ 0.5 for Na+ over Mg2+, the selectivity of the
PEM-coated membrane was found to be ≈ 3. This switch in selectivity was attributed to the
charge rejection experienced by ions with higher valence (Figure 2.1B) due to the presence
of the PEM. In 2022, after switching from constant voltage to constant current operation
mode and optimization of series operational parameters, the same PEM-coated CMX
membrane was reported to be practically fully mono- over divalent cation selective.45
Recently, another example of LbL-coated CMX membrane was fabricated by using tannic
acid and polyethyleneimine and the dense structure and abundant positive charge of the
PEM coating resulted in a Na+/Mg2+ selectivity of ≈42 in a constant current operation.46
He et al. performed FCDI experiments with a CMX and AEM (both Fujifilm Type-1).
They varied the current density and the hydraulic retention time (HRT) in a single pass,
galvanostatic mode and reached a maximum selectivity (ρ) of ≈ 6 for Ca2+ over Na+, for the
lowest current density and HRT.47 They hypothesized that Ca2+ transport is favored due to
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the passive adsorption of Ca2+ on the membrane surface. Similarly, Wang et al. focused on
the effect of current density, HRT, and ratio of different ions in the feed solution

. They

40

observed a selectivity (ρ) of ≈ 3 for calcium ions over sodium ions. Higher current density
and HRT produced higher the selectivity, which agrees well with He et al. Moreover,
increase in Ca2+ over Na+ in the feed caused an increase in Ca2+ selectivity.

2.4Concluding Remarks
Upon reviewing literature it becomes evident that the interest in ion-selective CDI
is growing swiftly. When compared to the use of membranes in CDI, this recently has led to
significant advances, especially in the use of different electrode materials for cation as well
as anion selectivity. However, a direct comparison of these studies is challenging due to
diversity in methods, techniques, and materials employed in achieving ion selectivity,.
Furthermore, ion-selectivity studies carried out in single-salt solutions to compare
individual electrosorption rates to obtain selectivity numbers, provide little information on
the electrosorption behavior in competitive environments that resemble real-life cases.
While it is challenging to introduce a standardized procedure to report ion selectivity, due
to numerous different ion combinations, it may be sensible to provide a selectivity
coefficient for one ion in a mixture over the others, an approach commonly used in sensor
studies.48,49 Also, the dependence of ion selectivity on operation parameters such as applied
current, cell voltage, ion concentration, and pH, among others, will have to be
systematically studied to find optimum conditions that enhance selectivity for the CDI cell.
A standard set of operational parameters, similar to those proposed to objectively assess
CDI systems,50 would further enable a better comparison between upcoming ion-selective
literature. For example, it would be beneficial to provide at least one set of experiments
using single-pass mode under constant current, with the values of feed and outlet
concentration of each ion clearly defined.
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Polyelectrolyte
Multilayer Coatings on
Dense Membranes and
Their Advanced
Functionalities

An adapted version of this chapter is part of the following review:
Durmaz, E. N.*; Sahin, S.*; Virga, E.*; de Beer, S.; de Smet, L. C. P. M.; de Vos W. M.
Polyelectrolytes as Building Blocks for Next-Generation Membranes with Advanced
Functionalities, , ACS Appl. Polym. Mater., 2021, 3 (9), 4347-4374.
*contributed equally.

“Only those who risk going too far find out how far they can go.”
(Walter Bishop, Fringe)
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3.1 General Introduction
In the shadow of global warming and water scarcity, advanced separation
technologies are needed to provide access to clean water more than ever. Nowadays,
achieving environmentally-friendly, selective, and low-cost separations of chemical species
is one of the major challenges in this regard. One of the promising technologies addressing
this challenge is membrane technology. Membranes are being applied in various separation
processes, including ion separation, nutrient recovery, pollutant removal, and also gas and
molecular/solvent separations.1–6
A membrane is basically a barrier that separates two different phases
(components) from each other by letting one phase passing through while restricting
passage of the second phase. Based on the applications that they are designed for
membranes have certain properties. One common way of categorizing membranes relates
to their density, which can vary from low/porous to high/dense (i.e. non-porous).1,7 A
porous membrane typically consists of a ceramic or a polymeric matrix with pores with an
average diameter between 2 nm to 20 µm and its selectivity is based on the pore size
dimensions of the membrane. On the other hand, a dense membrane has an average pore
diameter ≤2 nm8 and its selectivity is achieved by the dense and uniform film where
components pass through due to a certain driving force such as a concentration, electrical
potential, or pressure gradient.1,9,10 Due to the smaller pore size of this film, the
permeability of the components is smaller in dense membranes, resulting in higher flux
values compared to the those of porous membranes. Therefore, porous membranes are
mainly suitable for micro- and ultrafiltration processes, while dense membranes are
typically used in nanofiltration, reverse osmosis, and various electro-driven desalination
technologies, including electrodialysis and capacitive deionization.
Going one step further, combining polyelectrolyte multilayers (PEMs) with
membranes can result in advanced functionalities that go beyond the standard separation
properties of the membranes.6 PEM-coated membranes can have properties such as
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stimuli-responsiveness, fouling control, stability, specific selectivity, sustainability, and
antimicrobial activity. Since Decher demonstrated the layer-by-layer (LbL) deposition of
PEMs on flat surfaces,11 PEMs have been proven to be highly versatile coatings on porous
as well as dense membranes. In the current chapter the recent studies where advanced
membrane properties of the PEM-coated dense membranes, such as reverse osmosis
membranes (ROMs) and various ion-exchange membranes (IEMs), including cationexchange (CEM), anion-exchange (AEM), Nafion, and bipolar membranes (BPMs) have been
reviewed. Although such membranes are already designed to be selective for a certain type
of ions (IEMs) and/or show size-based exclusion properties,5 incorporation of PEMs can
further tune their selectivity or impart other desired functionalities. 12

3.2Specific Selectivity
Following the successes of PEM coatings on porous supports, one of the most
common applications of PEM-coated dense membranes is tuning the ion selectivity of IEMs
in desalination processes. Figure 3.1A demonstrates the main mechanism to achieve
monovalent/divalent cation selectivity via PEM-coated dense membranes. The alternating
adsorption of PAH and PSS on a standard cation-exchange membrane can tune the
monovalent cation selectivity in desalination. In 2014, Abdu et al. modified a standardgrade CEM (CMX) with an LbL assembly of PEI and PSS and implemented the PEM-coated
membrane in an electrodialysis (ED) system (Figure 3.1B).13 The (PEI/PSS)n coating resulted
in a higher Ca2+ rejection compared to the pristine CMX and moderate increase in ohmic
resistance (PEM-CMX = 60.06 Ω·cm2, CMX = 45.25 Ω·cm2). Furthermore, the terminating
layer makes a small but distinct difference in selectivity: PEI-terminated layers
demonstrated higher Na+/Ca2+ selectivity values compared to the PSS-terminated layers
(≈18% increase). The selectivity was rationalized by the charge exclusion of divalent cations
and the higher hydrophobicity of the PEI-terminated CMX. 6.5 bilayers of PEI/PSS were
Na
enough to reach a permselectivity value (𝑃𝑃𝑃𝑃Ca
) of 1.24, which is comparable with the

Na
= 1.23). Also, PEM-CMX
commercial monovalent cation-selective membrane (CMS) (𝑃𝑃𝑃𝑃Ca
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required ≈50 Wh/mol Na+ while CMS required ≈80 Wh/mol Na+, meaning that similar
selectivity values can be achieved with a lower energy consumption value by using PEMcoated CMX. In another ED study, White et al. implemented (PSS/PAH)n layers on a Nafion
115 membrane and obtained K+/Mg2+ selectivity as high as >1000.14 In 2016, White et al.
coated (PAH/PSS)5.5 on Nafion 117 to achieve Li+/Co2+ and K+/La3+ selectivities in ED.15
Compared to the mono-/divalent cation selectivity of bare Nafion (<2), they reported
Li+/Co2+ and K+/La3+ selectivities exceeding 1000. Yang et al. used the same approach in
Donnan dialysis with (PAH/PSS)5.5-coated Nafion 115 membrane to differentiate within the
monovalent cations and reached K+/Li+ selectivity values between 8 and 60,16 although later
the authors reported lower selectivities due to variations in different batches of the Nafion
membranes.17 The selectivity was attributed to the larger hydrated radius of Li+ that
resulted in a lower diffusion coefficient through the dense PEM layer. Besides, a pH-induced
swelling resulted in a further increase of the K+/Li+ selectivity, which was believed to be
related to an increased accessibility of cation-exchange sites within the PEM at lower pH. In
2019, Rijnaarts et al. further investigated the mechanism of monovalent cation selectivity
in ED and explained that after 8 layers of PAH/PSS the multilayer starts to have excess of
PAH in the multilayer.18 The overall positive charge, due to excess PAH, increased with
higher number of layers, resulting in increased charge-exclusion towards divalent cations.
Sahin et al. reported a similar observation where bare CMX demonstrated selectivity to
Mg2+, while the addition of a PEM resulted in a Na +/Mg2+ selectivity of ≈3 in a capacitive
deionization (CDI) system due to the charge-exclusion effect of the PEM towards Mg2+
ions.19 The positively charged PEM rejected the Mg2+ more than Na+, resulting in
monovalent cation selectivity.
PEMs were also coated on AEMs to achieve mono-/divalent anion selectivity in
multiple studies including ED,20,21 reverse ED,22 dialysis,23 and CDI.24 For instance, Mulyati et
al. used (PAH/PSS)7.5 on a standard- grade AEM (Neosepta, AMX) and achieved Cl−/SO42−
selectivity in ED.20 Figures 3.1C and 3.1D depict the change in the chloride concentration in
the diluted compartments for the bare and PEM-coated anion-exchange membranes. In
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case of PEM-coated AMX, the chloride concentration is lower than the one with bare AMX,
meaning an increase in chloride over sulfate selectivity. Therefore, the addition of a PEM is
a feasible way of introducing selectivity in ED. Recently, Cl−/SO42− selectivity between 7 and
14

was

reported

by

using

PDADMAC/PSS-coated

(PDADMAC:

poly(diallyldimethylammonium chloride)) AEM in CDI.24 The authors reported that Cl–
selectivity was preserved even at low concentrations of Cl − in the solution. Additionally,
recent studies reported on the use of biodegradable polyelectrolytes (e.g., 2hydroxypropyltrimethyl ammonium chloride chitosan, HACC,21,25,26 and N-O-sulfonic acid
benzyl chitosan, NSBC26) as alternatives for synthetic polyelectrolytes. Upon the addition of
the resulting PEMs, the Cl–/SO42− selectivity increased.

Figure 3.1. (A) Illustration of a PEM application on a standard cation-exchange membrane
to achieve Na+/Mg2+ selectivity in capacitive deionization. PAH and PSS stand for
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poly(allylamine hydrochloride) and poly(styrenesulfonate), respectively. Adapted with
permission from reference.19 Copyright 2020, American Chemical Society. (B) The trend in
permselectivity (P) as a function of the type of the terminating layer. CMX and PEI stand for
standard cation-exchange membrane and poly(ethylenimine), respectively. The empty
squares represent the PEI-terminated and the empty circles represent the PSS-terminated
multilayers. Adapted with permission from reference.13 Copyright 2014, American Chemical
Society. (C) The change in the anion concentration in time in the diluted compartments of
the experiments with the bare membrane and (D) the membrane with 15 layers. (C) and (D)
are adapted with permission from reference.20 Copyright 2013, Elsevier.

3
So far, multiple ion selectivity definitions have been used by various research
groups, which often limits the possibility to directly compare reported selectivity values.
The most common selectivity definitions are listed in Table 3.1.
Table 3.1. Commonly used ion selectivity definitions in the literature.
Symbol

Equation

Description

𝑷𝑷𝑷𝑷𝐢𝐢𝐢𝐢𝐣𝐣𝐣𝐣 13 or
𝐒𝐒𝐒𝐒𝐣𝐣𝐣𝐣𝐢𝐢𝐢𝐢 18

𝐽𝐽𝐽𝐽i ∙ 𝑐𝑐𝑐𝑐j
𝐽𝐽𝐽𝐽j ∙ 𝑐𝑐𝑐𝑐i

𝐽𝐽𝐽𝐽i and 𝐽𝐽𝐽𝐽j are the flux (in mol·m-2·s-1) of the target and competing
ions, respectively. 𝑐𝑐𝑐𝑐i and 𝑐𝑐𝑐𝑐j (in mol/L) are the concentrations of the
target and the competing ion on the diluate side, respectively.

𝐽𝐽𝐽𝐽i
𝐽𝐽𝐽𝐽j

𝐽𝐽𝐽𝐽i and 𝐽𝐽𝐽𝐽j are the flux (in mol·m-2·s-1) of the target and competing
ions, respectively, when the source phase contains equal
concentrations of the target and the competing ions.

𝑅𝑅𝑅𝑅j
𝑅𝑅𝑅𝑅i

𝑅𝑅𝑅𝑅i and 𝑅𝑅𝑅𝑅j are the resistance (in Ω·cm2) of the target and the
competing ion, respectively.

𝑭𝑭𝑭𝑭𝐢𝐢𝐢𝐢𝐣𝐣𝐣𝐣 15*
𝝆𝝆𝝆𝝆𝐢𝐢𝐢𝐢𝐣𝐣𝐣𝐣 19 or
𝜷𝜷𝜷𝜷𝐢𝐢𝐢𝐢𝐣𝐣𝐣𝐣 10
𝐑𝐑𝐑𝐑𝐢𝐢𝐢𝐢𝐣𝐣𝐣𝐣 18

(𝑐𝑐𝑐𝑐i,0 − 𝑐𝑐𝑐𝑐i,f )
𝑐𝑐𝑐𝑐i,0
(𝑐𝑐𝑐𝑐j,0 − 𝑐𝑐𝑐𝑐j,f )
𝑐𝑐𝑐𝑐j,0

ci,0 and ci,f are initial and final concentrations of the target ion. cj,0
and cj,f are initial and final concentrations of the competing ion.

* In literature, there is no symbol used for this type of selectivity; here we introduce F for matters of
clarity.
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There are several factors that may affect the ion selectivity of a PEM-modified
membrane during desalination operations. Therefore, we summarized cation and anion
selectivity studies in Table 3.2 and Table 3.3, respectively, to understand the effects of these
factors on selectivity. For each selectivity value of a modified and/or bare membrane, the
number of layers in the PEM, the desalination method and the operational conditions as
well as the flux values (if applicable) are listed. Standard-grade AEMs and CEMs (i.e., Fujifilm
type 1 AEM and CEM, Neosepta CSE and ASE, and CJMA-2 standard CEM from Hefei
Chemjoy Polymer Material) were abbreviated as CMX and AMX in Table 3.2 and Table 3.3,
respectively. Special-grade cation-exchange membranes (CSO (Selemion) and CMS
(Neosepta)), as well as anion-exchange membranes (ASV (Selemion) and ACS (Neosepta))
were added in the tables for comparison, as they are commercially available monovalention selective membranes.
As stated above, building PEMs on dense membranes improves their mono/divalent ion selectivities. The terminating layer has a major effect on monovalent ion
selectivity since the main mechanism of selectivity is the charge exclusion of divalent ions.
As can be seen in multiple entries of Table 3.2 (i.e., 1, 5-9, 11-13), the terminating layer
needs to be the polycation in order to achieve monovalent cation selectivity. Similarly, the
terminating layer should be the polyanion to achieve monovalent anion selectivity as shown
in multiple entries (i.e., 1, 3, 5-7, 9-12, 14) in Table 3.3. In entry 10 of Table 3.2, bare Nafion
K
K
115 shows 𝐹𝐹𝐹𝐹Mg
≈ 2 selectivity and by using the same conditions, 𝐹𝐹𝐹𝐹Mg
>1000 was achieved

with PEM-coated Nafion 115. In an anion selectivity study (entries 1 and 2 of Table 3.3), a

similar switch can be observed. Since the bare CMX and AMX have fixed negative and
positive charges, respectively, divalent cations interact more with CMX while AMX shows
affinity towards divalent anions. Another important parameter for tuning ion selectivity is
the number of layers in the PEM, as the increased charge density and thickness of the PEM
can further increase the rejection of divalent ions. For instance, by increasing the number
Li
of PE layers from 3 to 11, 𝐹𝐹𝐹𝐹Co
increased from >23 to >6500 (in entries 13-15 of Table 3.2).

The effect of the number of layers on anion selectivity can be seen, e.g., in entries 39-42 of
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Table 3.3, where the rejection of SO42− with 5 layers was reduced by factor of ≈2 with 15
layers of PEs. However, increasing the number of layers to 23 did not improve the Cl −
selectivity further. As explained in detail12,27 and demonstrated in numerous studies, 18–20,24
the overcompensation of charge by the polycation can result in an excess of positive charges
in the PEM. While in case of monovalent cation selectivity this is a desired effect, an overall
positive charge can reduce the rejection of divalent anions and therefore result in a lower
mono-/divalent anion selectivity. The examples show that the type and the amount of
charge of the PEM and the valence of ions can determine the affinity of the PEM towards
ions. Next to the effect of charge (type and valency), also the hydration energy of ions is a
key factor in selectivity. For instance, K+/Li+ (entry 21, Table 3.2), NO3−/ Cl− and H2PO4−
(entries 46 and 47, Table 3.3) selectivities can be explained by the differences in the
hydration energy values. To be specific, ions with a smaller hydration energy will pass
through the PEM-coated membranes more easily.
Moreover, the coating procedure of the PEMs can have a significant effect on the
selectivity value. For instance, in entries 28 and 30 of Table 3.2, the only difference in
between the experiments was the recipe for preparing the coating. In recipe 1 (entry 28)
has a 15 min rinsing step with 0.5 M NaCl, while in recipe 2 (entry 30), the rinsing step (1
min) is with demineralized water. Faster rinsing steps with demineralized water causes a
higher intrinsic charge compensation between the PEs, resulting in a denser and less
hydrated PEM. Therefore, with recipe 2, a less hydrated PEM can be established and a
Na
higher selectivity value (𝑅𝑅𝑅𝑅Mg
=7.8) was achieved compared to the PEM prepared with recipe

Na
1 (𝑅𝑅𝑅𝑅Mg
=5.7). The degree of hydration in PEMs can also be tuned by crosslinking as shown in

an anion separation study, which can be explained by two factors. First, crosslinking causes

more compact PEMs that increases the rejection larger ions. Secondly, the sulfonate groups
of the crosslinking agent increase the amount of negative charge within the PEM, resulting
in a higher rejection of divalent anions. In Table 3.3, the crosslinked PEM (entry 10, Table
Cl
3.3) shows a ≈2 times higher 𝑃𝑃𝑃𝑃SO
value compared to the PEM without crosslinking (entry
4

12, Table 3.3).
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Not only the characteristics of the PEM and ions, but also the experimental
conditions of desalination process are crucial while optimizing the ion selectivity. We first
highlight an example that includes an ED process performed at different salt concentrations.
K
was found
With a source phase concentration of 0.01 M for both KNO 3 and Mg(NO3)2, 𝐹𝐹𝐹𝐹Mg

to be 22.1 ± 3.5 (Table 3.2, entry 6). For the same system, when the concentration of both

K
increased to 96 ± 26 (entry 8, Table 3.2). Similarly, when
salts was increased to 0.02 M, 𝐹𝐹𝐹𝐹Mg
K
the salt concentrations were 0.1 M, 𝐹𝐹𝐹𝐹Mg
was reported to >20000, further indicating the

importance of the salt concentration for the system. It was hypothesized that the relatively

lower source-phase concentrations caused more water splitting and therefore a higher Mg 2+
flux. In entries 11 and 12 of Table 3.2, the same effect can be observed, where the higher
Li
(>360 vs. >1600). Also, in another ED study, a 10
concentration resulted in increased 𝐹𝐹𝐹𝐹Co

Cl
(entries 31 and
times higher source-phase concentration resulted in ≈10 times higher 𝐹𝐹𝐹𝐹SO
4
Cl
32, Table 3.3). Although the higher 𝐹𝐹𝐹𝐹SO
could be sourced from the charge screening or ion
4

Cl
adsorption in the PEM, a ≈10 times increase in 𝐹𝐹𝐹𝐹SO
even with the bare AMX (entries 35 and
4

36, Table 3.3) showed that this increase is not due to the PEM. Instead, the increase in Cl−

flux in a higher source concentration is the main reason for the improved selectivity.
Cl
Moreover, in both ED and diffusion dialysis (DD) studies, 𝐹𝐹𝐹𝐹SO
are higher when the source4

phase contains an excess of Cl− compared to SO42− (entries 26 and 34, Table 3.3). Therefore,

both total salt concentration and the ion ratio affect the ion selectivity.
Another experimental condition is that the amount of driving force during the
desalination process. In a constant current (CC) operation, when the current density
increases, less rejections of divalent ions are observed. For instance, increasing the current
K
density from 1.27 to 2.54 mA/cm2, 𝐹𝐹𝐹𝐹Mg
decreased from >1000 to 22.1 (entry 5 and 6,
K
respectively, in Table 3.2). Therefore, while comparing two 𝐹𝐹𝐹𝐹Mg
values from two different

studies, the amount of current/voltage as well as the type of method should be considered
to achieve a fair comparison. One indication is the flux values of the ions to compare the

Na
is 1.7 when the flux of Na+ is ≈ 3.5×104
selectivity values. For instance, in an ED study, 𝐹𝐹𝐹𝐹Mg
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K
>1000 can be
nmol·cm-2·s-1 (entry 33, Table 3.2). However, in another ED study, 𝐹𝐹𝐹𝐹Mg

achieved since the driving force, and therefore the flux of the monovalent cation (K +, in this
case) is much (≈104 ) smaller (entry 5, Table 3.2).

Figure 3.2. Schematic representation of the main parameters that affect the mono/divalent cation selectivity in PEM-coated dense membranes. The values are taken from the
citations that are listed in Table 3.2 and Table 3.3 and as such do not represent optimized
values. AC and UV stand for alternating current electrical field and ultraviolet approaches
to establish crosslinking between PEs with agents like 1,4-bis(2’,3’-epoxypropyl) perfluoro1-butane and (4,4-diazos-tilbene-2,2-disulfonic acid disodium salt, respectively.

In conclusion, for an optimized system, the coating conditions of the PEM build-up
(i.e., rinsing step, number of layers, degree of crosslinking), operational parameters (i.e., the
composition of the salt solution) as well as the current density/voltage values should be
considered carefully. To sum up, the combination of higher number of layers, therefore the
charge density of the PEM, higher inlet concentration, and the smaller driving force
(current/voltage) lead to higher X+/Y2+ selectivity values (Figure 3.2). Also, the stability of
the PEM depends on the duration of the process as well as the operating conditions. For
instance, overlimiting current values (depending on the operation) can cause water splitting
and even electromigration of the PEs.15 As a result, reduction in current efficiency, fouling
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of membrane with insoluble metal hydroxides, and even lack of stability in long-term
operations can occur. Also, film stability in ED can be affected by the chlorine generation
during the operation.28
Table 3.2. Overview of selectivity values and experimental details of the reported studies
towards mono/divalent cations. Here, ED: electrodialysis, DD: diffusion dialysis, RM:
resistance measurement, MCDI: membrane capacitive deionization, and RP: receiving
phase. CC and CV represent a desalination process with constant current or constant
voltage, respectively.
Entry

PEM/
Membrane

1

PEI/PSS on
CMX

2

3

4

CMX

CSO

CMS

5

PSS/PAH on
Nafion 115

6

PSS/PAH on
Nafion 115
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No.
layers
21

bare

bare

bare

11

11

Method

Conditions

ED

CC, 15
mA/cm2, 0.05
M NaCl and
0.05 M CaCl2

ED

CC, 15
mA/cm2, 0.05
M NaCl and
0.05 M CaCl2

ED

CC, 15
mA/cm2, 0.05
M NaCl and
0.05 M CaCl2

ED

CC, 15
mA/cm2, 0.05
M NaCl and
0.05 M CaCl2

ED

ED

CC, 1.27
mA/cm2, 0.01
M KNO3 and
0.01 M
Mg(NO3)2
CC, 2.54
mA/cm2, 0.01
M KNO3 and
0.01 M
Mg(NO3)2

Flux
Ca2+: 44.0,
Na+: 60.1
Ca2+: 64.5,
Na+:

40.3

Ca2+: 35.2,
Na+:

60.8

Ca2+: 41.8,
Na+:

53.1

K+: 6.9 ± 0.2,
Mg2+:
<0.005
K+: 6.28 ±
0.58, Mg2+:
0.318

Select. No.

Ref

Na
𝑃𝑃𝑃𝑃Ca
=1.35

13

Na
𝑃𝑃𝑃𝑃Ca
=0.64

13

Na
𝑃𝑃𝑃𝑃Ca
=1.72

13

Na
𝑃𝑃𝑃𝑃Ca
=1.23

13

K
FMg
>1000

14

K
FMg
=22.1
±3.5

14

Chapter 3

7

PSS/PAH on
Nafion 115
(1-side)

11

ED

8

PSS/PAH on
Nafion 115

11

ED

9

PSS/PAH on
Nafion 115

11

ED

10

Nafion 115

bare

ED

11

PSS/PAH on
Nafion 117

11

ED

12

PSS/PAH on
Nafion 117

11

ED

13

PSS/PAH on
Nafion 117

11

ED

14

PSS/PAH on
Nafion 117

4

ED

15

PSS/PAH on
Nafion 117

3

ED

CC, 2.54
mA/cm2, 0.01
M KNO3 and
0.01 M
Mg(NO3)2
CC, 2.54
mA/cm2, 0.02
M KNO3 and
0.02 M
Mg(NO3)2
CC, 2.54
mA/cm2, 0.1
M KNO3 and
0.1 M
Mg(NO3)2
CC, 1.27
mA/cm2, 0.01
M KNO3 and
0.01 M
Mg(NO3)2
CC, 0.63
mA/cm2, 0.01
M LiNO3 and
0.01 M
Co(NO3)2
CC, 0.63
mA/cm2, 0.02
M LiNO3 and
0.02 M
Co(NO3)2

ND

K+: 13.5 ±
0.6, Mg2+:
0.149
K+: 25.2 ±
1.6, Mg2+: <
0.001
K+: 6.4 ± 0.3,
Mg2+: 3.6 ±
0.1
Li+: 2.95 ±
0.2, Co2+:
1.29 ± 0.51
(pmol cm-2
s-1)
Li+: 3.18 ±
0.3, Co2+:
2.55 ± 1.71
(pmol·cm2·s-1)

CC, 0.63
mA/cm2, 0.1 M
LiNO3 and 0.1 M
Co(NO3)2

Li+: 6.79±
0.18, Co2+ <
1 (pmol·cm2·s-1)

CC, 0.63
mA/cm2, 0.01
M LiNO3 and
0.01 M
Co(NO3)2
CC, 0.63
mA/cm2, 0.01
MLiNO3 and
0.01 M
Co(NO3)2

Li+: 2.39 ±
0.10, Co2+:
3.85± 2.49
(pmol·cm2·s-1)
Li+: 1.62 ±
0.10, Co2+:
37.3 ± 25.5
(pmol·cm2·s-1)

K
FMg
=10.0
±3.8

14

K
=96±26
FMg

14

K
FMg
>20000

14

K
FMg
=1.8
±0.1

3

14

Li
FCo
>1600

15

Li
FCo
>360

15

Li
FCo
>6500

15

Li
FCo
>430

15

Li
FCo
>23

15

67

Polyelectrolyte Multilayer Coatings and Their Advanced Functionalities
CC, 0.63
mA/cm2, 0.01
M K(OAc) and
0.01 M
La(OAc)3
CC, 0.63
mA/cm2, 0.02
M K(OAc) and
0.02 M
La(OAc)3
CC, 0.63
mA/cm2, 0.1
M K(OAc) and
0.1 M
La(OAc)3
CC, 0.63
mA/cm2, 0.01
M LiNO3 and
0.01 M
Co(NO3)2
CC, 0.63
mA/cm2, 0.01
M K(OAc) and
0.01 M
La(OAc)3

K+: 0.46 ±
0.27, La3+:
1.58 ± 1.00
(pmol·cm2·s-1)
K+: 4.40 ±
0.02, La3+:
1.27 ± 0.46
(pmol·cm2·s-1)
K+: 7.85 ±
0.69, La3+:
<1
(pmol·cm2·s-1)

DD

0.01 M KNO3
and 0.01 M
LiNO3 + 0.01
HNO3 in RP

K+:2.01 ±
0.21,

DD

0.02 M KNO3
and 0.02 M
LiNO3 + 0.01
HNO3 in RP

K+:2.83 ±
0.31,

16

PSS/PAH on
Nafion 117

11

ED

17

PSS/PAH on
Nafion 117

11

ED

18

PSS/PAH on
Nafion 117

11

ED

19

Nafion 117

bare

ED

20

Nafion 117

bare

ED

21

22

23

24
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PSS/PAH on
Nafion 115

PSS/PAH on
Nafion 115

PSS/PAH on
Nafion 115

PSS/PAH on
Nafion 115

11

11

11

11

DD

DD

Li+: 1.9 ±
0.4, Co2+:
3.0 ± 0.7

ND

Li+:

0.039 ±
0.013

Li+:

0.035 ±
0.003

K
FLa
>93

15

K
FLa
>2400

15

K
FLa
>7000

15

Li
FCo
=0.66±0.
08

K
FLa
= 1.61
± 0.26

up to
K
FLi
=57±22

15

15

16,17

K
FLi
=80±9

16

0.1 M KNO3
and 0.1 M
LiNO3 + 0.01
HNO3 in RP

K+:5.28 ±
0.69,
Li+: 0.25 ±
0.05

K
FLi
=38±13

16

0.01 M KNO3
and 0.01 M
LiNO3 + 0.02
HNO3 in RP

K+: 0.35 ±
0.06,
Li+:0.047 ±
0.010

K
=8.3±1.8
FLi

16

Chapter 3

25

26

Nafion 115

PSS/PAH on
Nafion 115

bare

11

DD

0.01 M KNO3
and 0.01 M
LiNO3 + 0.02
HNO3 in RP

K+: 4.97 ±
0.44, Li+:
3.03 ± 0.36

ED

CC, 0.64
mA/cm2, 0.01
M KNO3 and
0.01 M LiNO3
+ 0.01 HNO3
in RP

K+: 2.99±
0.13, Li+:
1.33 ± 0.03

K+: 5.56 ±
0.81, Li+:
4.19 ± 0.38

K
FLi
=1.7±0.3

16

K
FLi
=2.3±0.1

16

K
FLi
=1.3±0.1

16

27

Nafion 115

bare

ED

CC, 0.64
mA/cm2, 0.01
M KNO3 and
0.01 M LiNO3
+ 0.01 HNO3
in RP

28

PAH/PSS on
CMX
(recipe 1)

11

RM

0.5 M NaCl,
0.5 M MgCl2

ND

RNa
Mg =5.7

18

29

PAH/PSS on
CMX
(recipe 1)

21

RM

0.5 M NaCl,
0.5 M MgCl2

ND

RNa
Mg = 5.8

18

30

PAH/PSS on
CMX
(recipe 2)

11

RM

0.5 M NaCl,
0.5 M MgCl2

ND

RNa
Mg =7.8

18

31

CSO

bare

RM

0.5 M NaCl,
0.5 M MgCl2

ND

RNa
Mg =6.9

18

32

CMX

bare

RM

0.5 M NaCl,
0.5 M MgCl2

ND

RNa
Mg =3.5

18

33

PAH/PSS on
CMX
(recipe 2)

ED

CV, 3.5 V,
25mM NaCl
and 10mM
MgCl2

Na+≈
3.5×104
Mg2+≈
0.5×104*

Na
𝑃𝑃𝑃𝑃Mg
= 1.7

18

11

3
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34

CMX

bare

ED

CV, 3.5 V,
25mM NaCl
and 10mM
MgCl2

35

PAH/PSS on
CMX

11

MCDI

CV, 0-1 V, 4
mM NaCl, 4
mM MgCl2

ND

36

CMX

bare

MCDI

CV, 0-1 V, 4
mM NaCl, 4
mM MgCl2

ND

37

CMS

bare

MCDI

CV, 0-1 V, 4
mM NaCl, 4
mM MgCl2

ND

Na+≈ 2×104
Mg2+≈
1.5×104*

Na
= 0.5
𝑃𝑃𝑃𝑃Mg
Na
𝛽𝛽𝛽𝛽Mg
= 2.8
± 0.2

Na
𝛽𝛽𝛽𝛽Mg
=0.5
±0.04

Na
𝛽𝛽𝛽𝛽Mg
=0.4
±0.1

18

19

19

19

*Estimated from the graphs reported in the cited references.

Table 3.3. Overview of selectivity values and experimental details of the reported studies
towards mono/divalent anions. Here, ED: electrodialysis, RED: reverse electrodialysis, DD:
diffusion dialysis, CDI: capacitive deionization. CC and CV represent a desalination process
with constant current or constant voltage, respectively. PSS-MA stands for
poly(styrenesulfonic acid-co-maleic acid) sodium salt.
Entry

1

2

70

PEM/
Membrane
PSS/PAH on
AMX

AMX

No.
layers
15

bare

Method

Conditions

Flux

Select. No.

Ref

ED

CC, 2 mA/cm2,
0.01 M NaCl,
0.01 M
Na2SO4

ND

Cl
𝑃𝑃𝑃𝑃SO
≈2.5*
4

20

ED

CC, 2 mA/cm2,
0.01 M NaCl,
0.01M Na2SO4

ND

Cl
𝑃𝑃𝑃𝑃SO
≈0.8*
4

20

Chapter 3

3

PSS-MA and
HACC
(crosslinked)

15

ED

4

AMX

bare

ED

5

PSS/HACC
on AMX

6

7

PSS/HACC
on AMX

PSS/HACC
on AMX

8

AMX

9

PSS/HACC
on AMX +
crosslinked

10

PSS/HACC
on AMX +
crosslinked

11

PSS/HACC
on AMX +
crosslinked

12

PSS/HACC
on AMX

18

14

6

bare

17

11

5

11

CC 15
mA/cm2, 50
mM NaCl and
50 mM
Na2SO4
CC 15
mA/cm2, 50
mM NaCl and
50 mM
Na2SO4

ND

Cl
𝑃𝑃𝑃𝑃SO
=4.81
4

21

ND

Cl
𝑃𝑃𝑃𝑃SO
=0.81
4

21

ED

CC, 5 mA/cm2,
0.02 M NaCl
and 0.02 M
Na2SO4

ND

Cl
𝑃𝑃𝑃𝑃SO
=2.9
4

29

ED

CC, 5 mA/cm2,
0.02 M NaCl
and 0.02 M
Na2SO4

ND

Cl
𝑃𝑃𝑃𝑃SO
≈2*
4

29

ED

CC, 5 mA/cm2,
0.02 M NaCl
and 0.02 M
Na2SO4

ND

Cl
𝑃𝑃𝑃𝑃SO
≈1.5*
4

29

ED

CC, 5 mA/cm2,
0.02 M NaCl
and 0.02 M
Na2SO4

ND

Cl
𝑃𝑃𝑃𝑃SO
=0.66
4

29

ED

CC, 5 mA/cm2,
0.05 M NaCl
and 0.05M
Na2SO4

ND

Cl
𝑃𝑃𝑃𝑃SO
≈3.8*
4

30

ED

CC, 5 mA/cm2,
0.05 M NaCl
and 0.05 M
Na2SO4

ND

ED

CC, 5 mA/cm2,
0.05 M NaCl
and 0.05 M
Na2SO4

ND

Cl
𝑃𝑃𝑃𝑃SO
≈1.5*
4

30

ED

CC, 5 mA/cm2,
0.05 M NaCl
and 0.05 M
Na2SO4

ND

Cl
𝑃𝑃𝑃𝑃SO
≈2.1*
4

30

Cl
𝑃𝑃𝑃𝑃SO
=4.36
4
±0.13

3

30
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13

AMX

bare

ED

14

NSBC/HACC
on AMX

15

ED

15

AMX

bare

ED

16

ACS

bare

ED

17

ASV

bare

ED

18

PSS/PEI on
CMX

11

RED

19

PSS/PEI on
CMX

20

PSS/PEI on
CMX

21

RED

21

CMX

bare

RED
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15

RED

CC, 5 mA/cm2,
0.05 M NaCl
and 0.05 M
Na2SO4
CC,10
mA/cm2, 0.05
M NaCl and
0.05 M
Na2SO4
CC,10
mA/cm2, 0.05
M NaCl and
0.05 M
Na2SO4
CC,10
mA/cm2, 0.05
M NaCl and
0.05 M
Na2SO4
CC,10
mA/cm2, 0.05
M NaCl and
0.05 M
Na2SO4
CC, 4.0
mA/cm2,
0.05M NaCl
and 0.05
Na2SO4
CC, 4.0
mA/cm2,
0.05M NaCl
and 0.05
Na2SO4
CC, 4.0
mA/cm2,
0.05M NaCl
and 0.05
Na2SO4
CC, 4.0
mA/cm2,
0.05M NaCl
and 0.05
Na2SO4

ND

Cl
𝑃𝑃𝑃𝑃SO
=0.39
4
±0.06

30

ND

Cl
=47.04
𝑃𝑃𝑃𝑃SO
4

26

ND

Cl
𝑃𝑃𝑃𝑃SO
=0.81
4

26

ND

Cl
𝑃𝑃𝑃𝑃SO
=13.6
4

26

ND

Cl
𝑃𝑃𝑃𝑃SO
=22.3
4

26

Cl−: 106.5,
SO42−:
50.1

Cl−: 106.0,
SO42−:
43.3
Cl−: 85.5,
SO42−:
42.1
Cl−: 103.2,
SO42−:
95.3

Cl
𝑃𝑃𝑃𝑃SO
=1.67
4

22

Cl
𝑃𝑃𝑃𝑃SO
=2.44
4

22

Cl
=1.89
𝑃𝑃𝑃𝑃SO
4

22

Cl
𝑃𝑃𝑃𝑃SO
=1.1
4

22

Chapter 3

22

23

24

ACS

PSS/PAH on
AMX

PSS/PAH on
AMX

25

PSS/PAH on
AMX

26

PSS/PAH on
AMX

27

28

29

AMX

AMX

AMX

bare

11

11

11

11

bare

bare

bare

RED

CC, 4.0
mA/cm2,
0.05M NaCl
and 0.05
Na2SO4

DD

0.01 M NaCl
and 0.01 M
Na2SO4

Cl−: 1.47 ±
0.20,
SO42−:
0.31 ±
0.16

0.1 M NaCl
and 0.1 M
Na2SO4

Cl−: 8.14 ±
0.39,
SO42−:
0.06 ±
0.01

DD

0.01 M NaCl
and 0.1 M
Na2SO4

Cl−:1.55 ±
0.06,
SO42−:
0.57 ±
0.09

DD

0.1 M NaCl
and 0.01 M
Na2SO4

Cl−:7.40 ±
0.53,
SO42−:Not
Detected

DD

0.01 M NaCl
and 0.01 M
Na2SO4

Cl−: 6.12 ±
0.12,
SO42−:
3.70 ±
0.22

DD

0.1 M NaCl
and 0.1 M
Na2SO4

Cl−:30.0 ±
1.9, SO42−:
2.30 ±
0.19

0.01 M NaCl
and 0.1 M
Na2SO4

Cl−:2.85 ±
0.07,
SO42−:
6.61 ±
0.12

DD

DD

Cl−: 105.3,
SO42−:
35.1

Cl
𝑃𝑃𝑃𝑃SO
=2.7
4

Cl
FSO
=5.3
4
±1.7

Cl
=137
FSO
4
±31

Cl
FSO
=27.9
4
±5.0

Cl
>200
FSO
4

Cl
FSO
=1.66
4
±0.08

Cl
FSO
=13.0
4
±0.4

Cl
FSO
=4.3
4
±0.1

22

23

23

3
23

23

23

23

23
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30

AMX

31

PSS/PAH on
AMX

32

PSS/PAH on
AMX

33

PSS/PAH on
AMX

34

35

36

37
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PSS/PAH on
AMX

AMX

AMX

AMX

bare

11

11

11

11

bare

bare

bare

DD

0.1 M NaCl
and 0.01 M
Na2SO4

Cl−:35.16
± 3.17,
SO42−:0.36
1 ± 0.064

Cl
FSO
=9.9
4
±1.0

ED

CC, 1.13
mA/cm2, 0.01
M NaCl and
0.01 M
Na2SO4

Cl−:6.72 ±
0.13,
SO42−:0.91
± 0.09

Cl
FSO
=7.4
4
±0.6

ED

CC, 1.13
mA/cm2, 0.1
M NaCl and
0.1 M Na2SO4

Cl−:19.37
± 0.37 ,
SO42−:0.28
± 0.02

Cl
FSO
=69.3
4
±5.2

ED

CC, 1.13
mA/cm2, 0.01
M NaCl and
0.1 M Na2SO4

Cl−:4.54 ±
0.21,
SO42−:2.65
± 0.28

Cl
FSO
=17.3
4
±2.4

ED

CC, 1.13
mA/cm2, 0.1
M NaCl and
0.01 M
Na2SO4

Cl−: 18.38
± 0.77,
SO42−:0.01
8 ± 0.008

Cl
>81
FSO
4

ED

CC, 1.13
mA/cm2, 0.01
M NaCl and
0.01 M
Na2SO4

Cl−:7.38 ±
0.31,
SO42−:5.57
± 0.26

Cl
FSO
=1.32
4
±0.01

ED

CC, 1.13
mA/cm2, 0.1
M NaCl and
0.1 M Na2SO4

Cl−:34.11
± 1.63
SO42−:
3.13 ±
0.12

ED

CC, 1.13
mA/cm2, 0.01
M NaCl and
0.1 M Na2SO4

Cl−: 3.62 ±
0.29,
SO42−:11.3
4 ± 0.57

Cl
=10.9
FSO
4
±0.2

Cl
FSO
=3.2
4
±0.1

23

23

23

23

23

23

23

23

Chapter 3

38

AMX

bare

ED

CC, 1.13
mA/cm2, 0.1
M NaCl and
0.01 M
Na2SO4

39

PSS/PDADM
AC

15

CDI

CV, (±)1 V, 10
mM NaCl, 10
mM Na2SO4

ND

Cl
7 <𝛽𝛽𝛽𝛽SO
<14
4

24

40

PSS/PDADM
AC

14

CDI

CV, (±)1 V, 10
mM NaCl, 10
mM Na2SO4

ND

Cl
𝛽𝛽𝛽𝛽SO
≈2
4

24

41

PSS/PDADM
AC

5

CDI

CV, (±)1 V, 10
mM NaCl, 10
mM Na2SO4

ND

Cl
3<𝛽𝛽𝛽𝛽SO
<6
4

24

42

PSS/PDADM
AC

23

CDI

CV, (±)1 V, 10
mM NaCl, 10
mM Na2SO4

ND

Cl
𝛽𝛽𝛽𝛽SO
≈1*
4

24

43

PSS/PDADM
AC

14

CDI

CV, (±)1 V, 10
mM NaCl, 10
mM Na2SO4

ND

Cl
𝛽𝛽𝛽𝛽SO
≈1.5*
4

24

44

AMX

bare

CDI

CV, (±)1 V, 10
mM NaCl, 10
mM Na2SO4

ND

Cl
𝛽𝛽𝛽𝛽SO
≈2
4

24

45

ACS

bare

CDI

CV, (±)1 V, 10
mM NaCl, 10
mM Na2SO4

ND

Cl
𝛽𝛽𝛽𝛽SO
≈7
4

24

46

PSS/PDADM
AC

15

CDI

CV, (±)1 V, 10
mM NaCl, 10
mM NaH2PO4

ND

47

PSS/PDADM
AC

15

CDI

CV, (±)1 V, 10
mM NaCl, 10
mM NaNO3

ND

Cl−:57.76
± 5.04,
SO42−:0.69
5 ± 0.11

Cl
=8.4
FSO
4
±1.1

23

3

1.5<𝛽𝛽𝛽𝛽HCl2PO4
<5.5*

NO

𝛽𝛽𝛽𝛽Cl 3 ≈1.5*

24

24
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3.3 Fouling Control
PEM-coated AEMs were also used in antifouling studies in ED20,31 and reverse ED.22
When the terminating layer is PSS, the negatively charged hydrophilic outermost layer
improved the antifouling properties of the AEM against various foulants including sodium
dodecylbenzene sulfonate,20 sodium dodecyl sulfate (SDS),31 and humic acid.22 For example,
Zhao et al. demonstrated that deposition of (PSS/PDADMAC)5.5 on AEM prevented the SDS
formation on the membrane, and therefore, the electrical resistance reduced and ion
transport through the membrane was unaffected in presence of SDS (Figure 3.3).31
Moreover, a PEM coating can simultaneously enhance the energy conversion efficiency by
three-fold compared to the pristine AEM, while still perform as an antifouling layer. 22
Likewise, ROMs have been combined with PEMs to reduce membrane fouling. 32–34 For
instance, Ishigami et al. coated ROMs with (PAH/PSS)3 and (PAH/PSS)6 and concluded that
the surface roughness decreased, and hydrophilicity increased with higher number of
layers.32 In filtration experiments, the modified membranes were tested against
hydrophobic foulants, humic acid and dodecyl trimethyl ammonium bromide (DTAB). The
polyanion-terminated PEM coating reduced the amount of fouling in all cases, even for a
cationic surfactant (DTAB). Moreover, a real-time surface technique called quartz crystal
microbalance with dissipation (QCM-D) was used to determine bovine serum albumin (BSA)
fouling. The QCM-D fouling study showed that the PEM coating resulted in ≈2 times less
protein fouling. The surface mass densities of adsorbed BSA were calculated as 3.0 mg·m −2
and 1.5 mg·m−2 for pristine gold sensors and gold sensors coated with (PAH/PSS) 3,
respectively, further proving the antifouling character of the PEM. More recently, PEMs
were used as sacrificial coatings for fouling control for ROMs.35,36 When the membrane was
fouled with organic foulants, both the biofilm and the PEM were flushed with concentrated
brine solution and a fresh PEM was coated in-situ.36
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Figure 3.3. The comparison of the bare (left) and the PEM-coated (right) membranes for
SDS (sodium dodecyl sulfate) fouling. Adapted with permission from reference. 31 Copyright
2018, Elsevier.

3.4Catalytic Effect in Dissociation of Water
Another application of PEM-coated IEMs is to improve the water splitting capability
of the membrane.13,37 In 2013, Abdu et al. deposited a PEM in between the anion-exchange
and cation-exchange layers of a BPM.37 The PEM enhanced the rate of water dissociation
due to the fixed charge groups of the PEM that behave as catalysts. In 2014, the same
research group reported this also for a PEM-coated CEM.13 In that work, water dissociation
occurred with PEI-terminated multilayers, while PSS-terminated multilayers showed no
significant catalytic effect, allowing switchable water splitting at the membrane-PEM
interface.
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3.5 Solvent Transport and Separation
Furthermore, PEMs can improve the performance of direct methanol fuel cells
when applied on Nafion membranes.38,39 Jiang and Tang showed that (PDADMAC/PAA)n
(PAA: poly(acrylic acid) multilayers reduced the methanol transport of Nafion membranes
significantly as well as lowered the proton conductivity of the membrane.38 LbL assembly of
different polyelectrolyte combinations have also been employed in RO for the separation
of isopropanol-water mixtures yielding promising separation factors up to 1075. 39

3.6Stability
Besides their various applications, PEMs also have been proven to be highly stable
coatings on dense membranes. They can be built at different pH values ranging from 2.3 to
9.3,16 remain intact in salt solutions up to 0.5 M, 18 and under electric fields.19,24 In order to
improve the chemical and physical stability of PEMs further, covalent bonds within the loose
multilayers can be formed via UV irradiation.25,40

3.7Concluding Remarks
Overall, it can be concluded that PEMs are highly promising coatings that
contribute to the formation of next-generation membranes with advanced functionalities.
In many ways the field is still developing, and much more exciting work on these versatile
materials are expected in the near future. For example, by focusing not on just one single
functionality, but rather use polyelectrolytes in smart ways to achieve multifunctional
membranes, where for example, low fouling, easy to clean and specific selectivities are
combined.41 Moreover, based on the successes of the early examples of PEMs including ionselective receptors,42–45 the recovery and harvest of specific ions from aqueous solutions via
PEM-coated dense membranes can be further tuned in the future. We thus foresee a very
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bright future for PEM-coated membranes, for applications in water treatment, but also in
industrial processes that require the separation of organic solvents and gasses.
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Modification of Cation-Exchange Membranes with Polyelectrolyte Multilayers

Abstract

Capacitive deionization (CDI) is a desalination technique that can be applied for the
separation of target ions from water streams. For instance, mono- and divalent cation
selectivity was studied by other research groups in the context of water softening. Another
focus is on removing Na+ from recirculated irrigation water (IW) in greenhouses, aiming to
maintain nutrients. This is important as an excess of Na + has toxic effects for plant growth
by decreasing the uptake of other nutrients. In this study, we investigated selective
separation of sodium (Na+) and magnesium (Mg2+) in MCDI using a polyelectrolyte
multilayer (PEM) on a standard grade cation-exchange membrane (Neosepta, CMX).
Alternating layers of poly(allylamine hydrochloride) (PAH) and poly(styrene sulfonate) (PSS)
were coated on a CMX membrane (CMX-PEM) using the layer-by-layer (LbL) technique. The
layer formation was examined with X-ray photoelectron spectroscopy (XPS) and static water
contact angle measurements (SWA) for each layer. For each membrane, i.e. the CMX-PEM
membrane, CMX membrane, and for a special-grade cation-exchange membrane
(Neosepta, CIMS), the Na+/Mg2+ selectivity was investigated by performing MCDI
experiments, and selectivity values of 2.8 ± 0.2, 0.5 ± 0.04 and 0.4 ± 0.1 were found,
respectively, over up to 40 cycles. These selectivity values indicate flexible switching from a
Mg2+-selective membrane to a Na+-selective membrane by straightforward modification
with a PEM. We anticipate that our modular functionalization method may facilitate the
further development of ion-selective membranes and electrodes.
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4.1Introduction
Over the last decade, capacitive deionization (CDI) has been used for ion-selective
desalination1–3, especially for the recovery of nutrients (phosphate 4–6 and nitrate7–10) and
valuable ions (lithium11, potassium12, ammonia13, fluoride14), removal of heavy metals,15–18,
and water softening.19–21 The selective capture of target ions from a multi-ionic solution or
the enrichment of the target ion by removing the competing ions are the main ideas behind
these applications.1 For instance, the separation of monovalent from divalent cations using
CDI has been vastly studied in the context of water softening. 19–21 Efforts were made on
selective materials or optimizations of experimental parameters to selectively remove
hardness ions (Mg2+ and Ca2+) from alkali metal cations. Another focus is on removing Na +
from recirculated irrigation water (IW) in greenhouses, aiming to maintain nutrients. 22–25
This is important as an excess of Na+ has toxic effects for plant growth by decreasing the

4

uptake of other nutrients.26
CDI is a desalination technique in which ions are removed from brackish water by
an electric potential applied to a pair of electrodes.27,28 As a result, the outlet water contains
a lower salt concentration. The combination of ion-exchange membranes (IEMs) and CDI is
called membrane capacitive deionization (MCDI), which improves charge efficiency of the
electrodes and provides higher separation capacity compared to CDI. 27 While there is an
ongoing debate on the energy efficiency and operational costs of MCDI compared to other
well-established desalination technologies,29–32 it has also been shown that MCDI can be
competitive, at least for salt concentrations up to 40 mM. 33 IEMs have fixed charges that
allow the transport of counterions (anions in an anion-exchange membrane, cations in a
cation-exchange membrane), and prevent the unwanted transport of co-ions, resulting in
an increased charge efficiency.28,34–36
Numerous studies have been published on separation of monovalent cations from
divalent cations by using multi-ionic solutions in CDI.20,21,37–41 For instance, Seo et al. showed
higher removal rates for di- over monovalent cations by optimizing the pore structure and
wettability of carbon electrodes,38 the mostly used type of CDI electrodes. Zhao et al.
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achieved time-dependent selectivity using a solution with a concentration ratio of Na +/Ca2+
= 5, where in the early stage of the desalination process, the dominantly present Na + ions
were preferentially electrosorbed, while later on they were gradually replaced by the
minority Ca2+ cations.39 Another study from Hou and Huang also demonstrated a higher
affinity towards divalent cations using carbon electrodes. 41 Recently, He et al.20 and Wang
and Lin21 studied the dependence of selectivity on operating conditions such as current
density and hydraulic retention time in MCDI operated in constant current mode. They
implemented standard-grade IEMs in a CDI cell and reported a higher Ca2+ over Na+
selectivity. Besides optimization of operational conditions, introducing a selective layer can
also tune the selectivity. Yoon et al. 40 and Kim et al.37 prepared composite coatings onto
carbon electrodes to obtain Ca2+ over Na+ selectivities in MCDI.
One interesting and alternative way of introducing selectivity to CDI-based
separations is using layer-by-layer (LbL)-coated polyelectrolyte multilayers (PEMs). PEMs,
which were first demonstrated by Decher in early 1990s, 42,43 are composed of alternating
layers of oppositely charged polymers. They are attractive because of their high stability
and easy and cheap preparation,44 which provides versatile control over the
physicochemical properties of surfaces. Surface characteristics such as chemical charge,
morphology, and swelling properties can be tuned by sequentially constructed PEMs.
Therefore, PEMs can regulate the interactions with surrounding environments.45–49 PEMs
have been employed in ion separations, mainly pressure driven,50,51 and more recently also
electro driven.52–54 These studies showed that monovalent ion permeation and divalent ion
rejection can be controlled by tuning the PEM properties. The mechanism of selectivity is
based on Donnan charge exclusion effect. 54,55 When the outermost charge of the surface
has the same charge as the divalent ion, divalent ions are rejected more compared to
monovalent ions due to their higher charge density.56
Based on these advancements we now study, for the first time, the combination
of PEMs and CDI. So far, several research groups have investigated the use of PEMs for the
selective ion separation by using different combinations of mono- and divalent cations (i.e.
Na+/Ca2+,52 K+/Mg2+,48 Li+/Co2+,49 Na+/Mg2+ 54) and they all reported a monovalent cation
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selectivity. Out of these combinations, we chose to study Na+/Mg2+ selectivity of PEM where
molar ion ratio is 1:1.
In this study, we aimed to develop a simple method to separate Na + from Mg2+ in
a binary solution by switching the selectivity of a commercial cation-exchange membrane.
The feasibility of a PEM on a standard grade cation-exchange membrane (Neosepta, CMX)
was investigated in MCDI operation for the selective separation of Na + and Mg2+. Alternating
layers of poly(allylamine hydrochloride) (PAH) and poly(styrene sulfonate) (PSS) were
prepared onto a CMX membrane (CMX-PEM) using the LbL technique. The layer formation
was examined with X-ray photoelectron spectroscopy (XPS) and static water contact angle
measurements (SWA) for each layer. Then, the CMX-PEM membrane was implemented in
an MCDI cell, which was operated in a constant voltage operation mode. During the
operation, samples were collected from the effluent solution. The collected samples were
analyzed with inductively coupled plasma - optical emission spectrometry (ICP-OES)
afterwards. The selectivity value was calculated based on the adsorption ratio of Na + over
Mg2+. The selectivity, reproducibility and performance of the operation were compared
with an unmodified CMX membrane and a special-grade cation-exchange membrane
(Neosepta, CIMS) under the same conditions. The CIMS membrane was chosen as an
additional reference membrane due its crosslinked outermost layer, which showed a higher
monovalent cation selectivity in electrodialysis.54 Finally, the stability and selectivity of the
PEM-CMX membrane was tested in a MCDI operation for 40 cycles, and an outlook on the
potential of this novel approach was provided.
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4.2 Materials and Methods
Materials. Poly(allylamine hydrochloride) (PAH, Mw = 17,500 Da), poly(sodium 4styrenesulfonate) (PSS, Mw = 70,000 Da), sodium chloride (NaCl, ≥ 99%), anhydrous
magnesium chloride (MgCl2, ≥ 98%), sodium 2-mercaptoethanesulfonate (MESNA,
analytical standard, ≥ 98.0) were purchased from Sigma Aldrich. Hydrochloric acid
(36.5 ˗ 28.0% NF grade) was purchased from VWR International. Nitric acid (65%, for
analysis) and ethanol (absolute) were purchased from Merck Millipore. Acetone (HPLC
grade, 99.9%) and dichloromethane (stabilized with amylene) were purchased from
BIOSELVE BV. All chemicals were used as received without further purification. The
inorganic salts were kept in a vacuum oven overnight prior to use.
Neosepta cation-exchange (CMX), anion-exchange (AMX), and monovalent cationselective (CIMS) membranes (Astom Corp., Japan) were soaked in a solution of 4 mM NaCl
and 4 mM MgCl2 for at least 48 h before use. The porous carbon electrodes, which were
deposited on a graphite foil substrate, were supplied by Voltea BV, Netherlands. Glass fiber
pre-filters (25 mm in diameter) with a pore size of 2.0 µm (Merck Millipore) were used as
spacer for MCDI experiments. Flat substrates of gold sputtered on glass (1 × 1 cm) were
purchased from ECsens. Milli-Q water (18.2 MΩ.cm, Milli-Q Integral 3 system, Millipore)
was used to prepare salt and polyelectrolyte solutions.
Layer-by-layer (LbL) Coating onto Membrane. The use of PEMs in pressure- and electrodriven ion-selective separations have been reported in previous studies. 49,51,54,57–59 Out of
the several PEM systems and preparation conditions that have been used, we adopted a
procedure of Bruening and co-workers58 and built (PAH/PSS)5PAH layers. The pre-treated
CMX membrane was modified by alternating dipping in PAH (polycation) (0.02 M PAH in
1 M NaCl, pH = 2.3) and PSS (polyanion) (0.02 M PSS in 0.5 M NaCl, pH = 2.3) solutions for
10 min each to form the multilayers. After each layer coating, the CMX was soaked in MilliQ water (3  3 min) to remove any weakly attached polyelectrolytes. The CMX membrane
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was coated with 11 polyelectrolyte layers in total, and the membrane was referred to as
CMX-PEM. The CMX-PEM was stored in a solution of 4 mM NaCl and 4 mM MgCl2.
Layer-by-layer (LbL) Coating on Gold Substrates. The growth and properties of the
multilayers were characterized on gold model substrates. Although gold is chemically
different from IEMs, the bulk and surface properties of PEMs are not dependent on the
type of surface characteristics of the substrate after a sufficient number of layers, 50,54
making gold a suitable model surface. Prior to LbL coating, gold substrates were sonicated
for 5 min in Milli-Q water, and dried in a stream of argon. Sonication was repeated with
acetone, ethanol, and dichloromethane and the gold substrates were subsequently cleaned
from organic material by 5 min of air-based plasma by a plasma cleaner (Diener electronic
GmbH, Germany).60 Afterwards, the surfaces were immersed in 10 mM of MESNA solution
overnight. Thiol groups of MESNA form strong dative bonds (40-50 kcal mol-1) with gold
surfaces while the sulfonate groups (R-SO3-) of MESNA supply a negative surface charge.61
Then, the gold substrates were coated with the PEM using the same LbL procedure as the
one employed for the CMX, before drying the substrates in a vacuum oven at 30 ºC.
Characterizations. The properties of the multilayers were first characterized using X-ray
photoelectron spectroscopy (XPS),static water contact angle measurements (SWA),
spectroscopic ellipsometry, and atomic force microscopy (AFM).
SWA values were measured using a Krüss drop shape analyzer (DSA 30) by
depositing Milli-Q water drops of 3 μL onto the PEM-coated gold surface. Contact angles
were measured with a charge-couple device (CCD) camera using a sessile drop method. For
each surface, the contact angle value was the average value of three measurements on
different locations of the samples to study the homogeneity of the coating.
The XPS spectra of PEM-coated gold substrates were obtained (20 scans each
experiment) by a JPS-9200 photoelectron spectrometer (JEOL, Japan) under ultra-high
vacuum conditions. The spectra were obtained using a monochromatic Al Kα source at 12
kV and 20 mA. All spectra were corrected with Shirley background fitting and processed
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with CASA XPS software (version 2.3.16). The PEM-coated gold substrates were analyzed by
spectroscopic ellipsometry. The dry (optical) thickness of the PEM coating was measured
using an Accurion Nanofilm_ep4 imaging ellipsometer. The ellipsometric data were
acquired in air at room temperature using light in the wavelength range of λ = 400.6−761.3
nm at an angle of incidence of 50º. The data were fitted with EP4 software using a multilayer
model (used refractive index of gold: 1.397).
The AFM images of air-dried samples of CMX and PEM-CMX were acquired by an Asylum
Research MFP-3D SA AFM (Oxford Instruments, United Kingdom) in amplitude and height
modes with a scanning size of 5 µm × 5 µm.
Electrosorption Experiments. The experiments were performed using a lab-scale MCDI cell
with dimensions of 6 cm  10.5 cm  18.5 cm (total volume of 70 mL). The cell with two
carbon electrodes (5.6 cm  6.0 cm), each with a square opening inside (1.5 cm  1.5 cm), a
CMX, an AMX, and a spacer was firmly assembled. The water enters the MCDI cell and flows
radially to the outlet in the bottom center (schematic representation of the MCDI system
can be found in the Supporting Information, Figure S4.1. At the exit of the cell, a
conductivity probe and a pH electrode record the conductivity and pH online. A port in
between conductivity and pH probes was used for sampling during the experiments. The
deaerated feed solution (5 L of 4 mM NaCl and 4 mM MgCl2) was pumped through the
system at constant flow rate (7.5 mL/min) using a peristaltic pump (Masterflex). We note
that given the large volume of the feed solution, the operation mode behaves like a singlepass mode.62 A potentiostat (Autolab PGSTAT302N, Metrohm) provided a charging voltage
of 1.0 V and a discharge voltage of 0 V (short circuit) during the electrosorption and
regeneration, respectively. The conductivity (conductivity module 856, Metrohm) and pH
(flat membrane, combined pH electrode, Metrohm) were monitored online. The
electrosorption/desorption experiments were carried out for 10 cycles of 40 min each,
except for the stability test of the CMX-PEM membrane which included 40 cycles.
Depending on the experiment, a CMX, CMX-PEM or CIMS membrane was used as
a cation-exchange membrane (Figure 4.1). All CDI experiments were performed at least
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three times for each membrane. During 3 cycles, i.e. adsorption and desorption of each
experiment, 8 samples (for each adsorption or desorption steps) were collected for further
analysis. The samples (each 1.5 mL) were taken at 20, 120, 220, 320, 420, 600, 900, and
1100 s of each adsorption step. After switching sample port a sample was taken after 15 s
to account for the dead volume between the cell and the point of sampling.

4
Figure 4.1. Schematic representation of the cell configuration. CMX-PEM represents the
membrane that was modified with polyelectrolytes (PAH and PSS). For each type of
experiment, either CMX, CMX-PEM or CIMS membranes were used as a cation-exchange
membrane.

Inductively coupled plasma atomic emission spectroscopy (PerkinElmer Avio 500
ICP-OES) was used to measure the Na+ and Mg2+ concentrations of the samples. The argon
flow to produce plasma was set to 10 L/min. The high energy based Avio 500 ICP-OES
polychromator with two sulfur chemiluminescence detectors (SCD) covered a spectral
range of 163-782 nm, with a measuring resolution of 0.006 nm at 200 nm. The samples
were diluted 20 times with 1% nitric acid solution before measurement. Selectivity of Na +
over Mg2+ (, sometimes also defined as  in literature24,63) was calculated according to
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Equation 4.1,20,21 where c0 and cf represent the initial and final ion concentrations in the
solution, respectively:
𝜌𝜌𝜌𝜌 Na
Mg =

(𝑐𝑐𝑐𝑐0,Na+− 𝑐𝑐𝑐𝑐f,Na+ )
𝑐𝑐𝑐𝑐0,Na+

/

(𝑐𝑐𝑐𝑐0,Mg2+ −𝑐𝑐𝑐𝑐f,Mg2+ )
𝑐𝑐𝑐𝑐0,Mg2+

(4.1)

The charge efficiency (Λ) and the specific energy consumption (η, kJ/mg) for the
charging step were calculated using Equations 4.2 and 4.3, respectively: in which, F is the
Faraday constant (96485.3 C/mol), z is the ion valence (+2 for Mg2+, and +1 for Na+), Δn is
the total amount of salt adsorbed (mol), I is the current measured during the
electrosorption step, which runs from t1 (start of adsorption) to t2 (end of adsorption), Vcell
is the cell voltage applied during the experiment, and msr is the total mass of salt removed
(g) during the desalination process. Salt adsorption capacity (SAC) is calculated by dividing
the amount of adsorbed salt (in mg) by mass of carbon electrode (m electrode = 1.79 g). Mw is
the molecular weight of the salt.

𝛬𝛬𝛬𝛬 =

𝐹𝐹𝐹𝐹.(𝑧𝑧𝑧𝑧Mg2+ .Δ𝑛𝑛𝑛𝑛Mg2+ +𝑧𝑧𝑧𝑧Na+ .Δ𝑛𝑛𝑛𝑛Na+ )
𝑡𝑡𝑡𝑡
1

∫𝑡𝑡𝑡𝑡 2 𝐼𝐼𝐼𝐼d𝑡𝑡𝑡𝑡

𝜂𝜂𝜂𝜂 = 𝑉𝑉𝑉𝑉cell .
SAC =

94

t
1

∫t 2 𝐼𝐼𝐼𝐼 d𝑡𝑡𝑡𝑡
𝑚𝑚𝑚𝑚sr

(𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤 MgCl .Δ𝑛𝑛𝑛𝑛Mg2+ +𝑀𝑀𝑀𝑀 𝑤𝑤𝑤𝑤 N𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 .Δ𝑛𝑛𝑛𝑛Na+ )
2
𝑚𝑚𝑚𝑚electrode

(4.2)

(4.3)

(4.4)
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4.3Results and Discussion
Characterization of Multilayers. In order to study whether the layer build-up was
successful, gold substrates were characterized after each layer addition via SWA and XPS
analyses (Figure 4.2).
The wettability of the gold substrates coated with a PEM was studied with SWA
measurements (Figure 4.2A). The first data point belongs to the pre-treated gold substrate
(MESNA-Au). Upon the addition of PE layers, the SWA data shows an odd-even effect. When
the PSS was the top layer, the contact angle was lower than the layer with PAH on top,
indicating that the PSS-terminated multilayers were more hydrophilic than the PAHterminated ones. This is in agreement with similar studies reported in literature regarding
the hydrophilicity of the layers and their odd-even effect64–66 and it shows the successful
build-up of 11 layers.
The chemical composition of the surface of the substrates was measured with XPS
after the addition of each layer (Figure 4.2B). The % abundances of nitrogen (N) (only
present in PAH) and sulfur (S) (only present in PSS) were obtained from XPS wide scan
spectra. This was followed by the calculation of N/S ratio data that – just like the SWA
studies – showed an alternating trend, indicating the successful deposition of PAH and PSS
layers.65,67 Wide-scan XPS spectra of the layers (Figure S4.2) and elemental composition as
a function of the number of layers (Figure S4.3) can be found in the Supporting Information.
Next to the SWA and XPS data, also AFM and ellipsometry confirm the presence of the PEMs
(Figure S4.4 and related text).
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Figure 4.2. Surface characterization of gold substrates. Odd number layers have PAH and
even number layers have PSS as the outermost layer. The initial data point is MESNA-coated
gold substrate. (A) Static water contact angle data shows wettability of the outermost layer
with increased number of layer. (B) Nitrogen/sulfur atomic ratios were obtained from wide
scan X-ray photoelectron spectra for each number of layer. (Reported data is based on 3
samples per data point and 3 measurements for each sample. Dotted lines are guide to eye).

MCDI Performance. The performance of the CMX-PEM membrane was evaluated based on
conductivity and current data obtained for a 40-cycle constant voltage experiment.
Figure 4.3 shows the data obtained for the adsorption steps 4-6, 24-26, and 37-39 with a
salt mixture of 4 mM NaCl and 4 mM MgCl2. The current reached its maximum and
minimum values during adsorption and desorption, respectively (Figure 4.3A). The
coulombic efficiency and the amount of charge were found to be stable throughout the
adsorption steps (Supporting Information, Table 4.S1). Figure 4.3B indicates the change in
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effluent conductivity as function of time at given adsorption steps. The decrease and
increase in conductivity indicates electrosorption and desorption of ions, respectively. At
the end of each step, the effluent conductivity returned to the feed conductivity value
demonstrating the saturation of electrodes (all cycles are provided in the Supporting
Information, Figure S4.5).

4

Figure 4.3. The MCDI operation of the CMX-PEM membrane for the cycles 4-6, 24-26, and
37-39. Time-course variation of (A) current and (B) effluent conductivity data at a constant
voltage process (dashed lines are guide to eye).

Comparison of Ion Selectivities. Figure 4.4 shows the effluent concentration of Na + and
Mg2+ as function of time, both for the adsorption and desorption step of an electrosorption
cycle in constant voltage operation. The ions are adsorbed faster in the early stage of each
electrosorption step. Therefore, the adsorption rate of ions reached a maximum value, here
around ~ 120 s. After this point, the adsorption rate started to decrease and eventually ion
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concentrations returned to their initial values, suggesting that electrodes became saturated
at the end of each adsorption step. In a constant voltage operation, the current changes
during the adsorption steps. As a result, the relative adsorption rate of each type of cation
changes as well, indicating that the selectivity can be time-dependent, which refers to the
variation in ion selectivity during electrosorption, as already described in literature.10,39,68,69
The time where the maximum selectivity value was observed (~ 220 s) will be abbreviated
as ts from now on. At ts, while CMX-PEM adsorbed more Na+ compared to Mg2+, CMX and
CIMS showed the opposite trend during adsorption steps (Figures 4.4A, 4.4B, 4.4C). The
affinities of the membranes towards either Na + or Mg2+ were also confirmed with the
effluent concentration data during desorption (Figures 4.4D, 4.4E, 4.4F). To conclude this
section, Figure 4.4 shows that it is possible to switch CMX’s selectivity from Mg 2+ to Na+ by
simply coating it with a PEM.

Figure 4.4. The change in effluent concentrations in time for (4.4A, 4.4B, 4.4C) adsorption
and (4.4D, 4.4E, 4.4F) desorption steps for CMX, CMX-PEM, and CIMS, respectively. ts
indicates the points where the maximum selectivity values were observed during
adsorption steps.

98

Chapter 4
Before starting the electrosorption cycles, the ion solution of 4 mM (for each
cation) was recirculated through the MCDI cell. Upon this recirculation the ion
concentration was found to slightly increase. However, this deviation has no influence on
the final selectivity as we used these increased concentrations to calculate the selectivities.
Next, to facilitate a quantitative comparison, the 𝜌𝜌𝜌𝜌 Na
Mg values for each type of

membrane were calculated based on Equation 4.1. CMX-PEM showed 𝜌𝜌𝜌𝜌 Na
Mg = 2.8 ± 0.2,

whereas CMX (0.5 ± 0.0) and CIMS (0.2 ± 0.1) showed more affinity towards Mg2+
(Figure 4.5).
Now we report that PEMs can increase the monovalent ion selectivity in MCDI as
well. The affinity of bare CMX membrane towards divalent cations was also reported by
other studies.21,70,71 The CMX membrane has a preference for divalent cations which can be
understood by the coulombic interactions between the negative outermost layer of the
membrane and the cations. Since the charge density of Mg 2+ is around six times higher than
the one of Na+,56 there is a stronger ionic interaction between the bare CMX membrane and
Mg2+. On the other hand, the deposition of the PEM on top of the CMX membrane resulted
in a rejection of divalent cations, which can also be rationalized by charge effects. First, the
outer layer of the PEM, which is positive in charge, rejects divalent cations more than
monovalent cations due to Donnan exclusion.57
Second, also the overall high charge density of PEM coatings may contribute to this
effect. It is known that the PAH/PSS system shows an over-charge compensation effect.72,73
In a recent reflectometry study of Rijnaarts et al.54 this effect was found for the PAH/PSS
system after four bilayers onwards and the excess of positive charge further increased for
thicker multilayers. In our study we used similar coating conditions and hence it is
reasonable to assume that our (PAH/PSS)5.5 system has an overall positive charge.
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𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
Figure 4.5. The adsorption percentage and selectivity values of the membranes. Each 𝜌𝜌𝜌𝜌𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

was calculated at ts using the data from 3 separate experiments including 3 adsorption steps
per each experiment.

In order to test PEM stability during the 40-cycle MCDI operation of CMX-PEM
membrane, ICP-OES samples were taken from the 5th, 25th, and 40th cycle. The average
Na
value was found to be 2.5 ± 0.1, meaning that the PEM was stable during the 40𝜌𝜌𝜌𝜌Mg

cycle experiment. The selectivity values per each cycle are provided in the
Supporting Information, Table 4.S2.

To facilitate a comparison, an overview of different approaches that achieved
mono- or divalent cation selectivity in CDI was made (Table 4.1). From this table it becomes
clear that different experimental conditions and/or modification of electrodes or
membranes can change selectivity values. In more detail, it shows that the selectivity does
not only depend on the chemical structure or the surface modification of the membrane,
but also on many other factors, such as pore size and surface area of the carbon
electrode74,75, ionic charge and hydrated size of cations41, as well as the composition and
initial concentration of feed solution21,41 and operational parameters (applied voltage41,
current density21, operating time38, and flow rate38,76).
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In order to understand the effect of the addition of a PEM on monovalent cation
selectivity, all the operational conditions (i.e. flow rate, current, time) were kept constant
for each type of membrane. While it is difficult to compare selectivities obtained from
different desalination techniques, and higher selectivities have been reported for the
combination of LbL and electrodialysis,49,67 our results are in line with the findings of other
electrodialysis

studies

that

also

employed

LbL-coated

Neosepta

ion-exchange

membranes.52,54,66 For example, Abdu et al. deposited polyethylenimine/PSS films on a
Neosepta CMX ion-exchange membrane and obtained a Na+/Ca2+ selectivity of 1.4.52
Similarly, Mulyati et al. found that Neosepta anion-exchange membranes modified with
PAH/PSS layers exhibit Cl–/SO42– selectivities of ∼2.5.66 CMX-PEM has a promising
Na+ selectivity compared to the other CDI systems listed in Table 4.1, although it has to be
acknowledged that the selectivity is time-dependent during electrosorption. In order to
optimize the process and improve the separation, at ts a potential of 0 V can be applied to
the system, followed by a washing step of the electrode to obtain a Na+-rich solution after
each cycle. Once the desired amount of Na+ has been removed, the Mg2+ that is still present
in the treated solution can be removed with a post-treatment step.

101

4

Modification of Cation-Exchange Membranes with Polyelectrolyte Multilayers
Table 4.1. Overview of selectivity values for various reported CDI systems/conditions
towards either mono- or divalent cations in CDI. Cited work with values for  made use of
Equation 4.1.
Selective Layer
/ Optimization
operational
conditions
operational
conditions
operational
conditions
operational
conditions
Ca-alginate
layer
nanocomposite
layer
CMX
membrane
CMX-PEM
CIMS

Selectivity
definition

Feed ratio
(Na/X2+)

*

5

𝜌𝜌𝜌𝜌 Ca
Na

1

1.5

41

𝜌𝜌𝜌𝜌 Ca
Na

25

6

20

𝜌𝜌𝜌𝜌 Ca
Na

1.3

2.8-3.3

21

𝜌𝜌𝜌𝜌 Ca
Na ∗∗

1

2.5

40

St/c***

10-1

Ca2+ > Na+ = 3.5-5.4

37

𝜌𝜌𝜌𝜌 Na
Mg

1

0.5

this work

1

2.8

this work

𝜌𝜌𝜌𝜌 Na
Mg

1

0.2

this work

𝜌𝜌𝜌𝜌 Na
Mg

Selectivity number
Na+ > Ca2+ = 5
Ca2+ > Na+ = 3

Reference

39

*based on Gouy-Chapman theoretical approach,** see reference for the selectivity definition,
***calculated based on Equation 4.1.

Calculations of Energy Consumption. Capacitive deionization is a well-known technology
used for water desalination with low-energy consumption. Therefore, the paramount
parameters that should be taken into account when evaluating the CDI performance for ion
selectivity using modified membranes are salt adsorption capacity (SAC, in mg/g), the
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charge efficiency (Λ) and specific energy consumption (η). SAC is the amount of salt
removed during electrosorption and it was calculated by integrating salt concentration over
time by using Equation 4.4. Λ indicates how much of the charge provided to the electrode
is effectively used for electrosorption. In this sense, the closer the value of Λ to 100%, the
better. In practice, 100% charge efficiency is seldom achieved due to electrode degradation,
co-ion repulsion, cell resistivity, and faradaic reactions which usually take place together
with the electrode polarization.
Table 4.2 summarizes the obtained SAC, Λ and η values of CDI experiments carried
out with CMX-PEM, CMX, and CIMS membranes.
It is noted that water splitting near the polyelectrolyte/membrane interface may
reduce current efficiency and form insoluble metal hydroxides to foul the membrane. 49
However, we did not observe this issue in our system. The SAC value for CMX and PEM-CMX
did not differ from each other, indicating that there is no significant effect of PEM on the
SAC (Table 4.2). Also, the constant SAC value of PEM-CMX during the long-term desalination
process (SI, Table 4.S1) is a strong indication of the stability of the PEM. The Λ values for
CMX and CMX-PEM membranes were around 69%, showing that the addition of PEM has
no significant effect on Λ. These values are slightly lower than those for CMX reported in
the literature (88 ± 5%),77 which can be associated with the type of carbon electrode and
the cell design. Furthermore, since we did not have a single-salt solution, ICP-OES data were
used to calculate the amounts of salt removed. However, due to the limited availability of
concentration data points, this approach may have resulted in an underestimation of the
integrated values of salt removal, lowering n and hence the Λ values. Furthermore, any
leakage current would reduce the effective applied current and hence decrease the Λ
values. The Λ value of the CIMS membrane was even lower (54%). The results show that the
modified and bare CMX membranes have a better performance than the CIMS membrane,
which can be rationalized by a higher resistance due to the crosslinking nature of the CIMS
membrane.54
Following the same trend, η of the CIMS membrane was higher than η of the CMX
membrane. This was expected since η is linked to the Λ according to Equations 4.2 and 4.3.
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The η values observed during the electrosorption process were comparable with the
literature values.77,78
Table 4.2: Comparison of salt adsorption capacity, charge efficiency, and specific energy
consumption of the membranes.
Type of membrane
CMX-PEM
CMX
CIMS

SAC (mg/g)
3.5 ± 0.6
3.5 ± 0.3
2.5 ± 0.3

Λ (%)
68 ± 14 %
69 ± 9 %
54 ± 7%

η (kJ/g)
2.7 ± 0.6
2.8 ± 0.4
3.8 ± 0.5

4.4Conclusions
This study distinctively describes the control of monovalent/divalent ion selectivity in
the process of membrane capacitive deionization (MCDI) simply by adding a thin
polyelectrolyte multilayer (PEM) onto the membrane surface. PEMs have already been used
as ion-selective coatings, mainly in pressure-driven, and more recently also in electro-driven
processes, in particular electrodialysis. Based on the promising results of PEMs in other
desalination processes, we combined, for the first time, PEMs and MCDI to obtain
monovalent cation selectivity. A thorough interface analysis, investigation of the layer
stability and a detailed comparison with selectivity performance of various reported CDI
systems/conditions are included in our study. For the resulting CMX-PEM membrane, we
obtained a Na+/Mg2+ selectivity of almost three, while the bare CMX showed a preference
for Mg2+. These results provide a proof-of-concept for a smooth switching from a Mg2+selective membrane to a Na+-selective membrane by straightforward modification with a
PEM. Furthermore, it is shown that the layers have high stability even after long-term
desalination operation. Our work demonstrates a new way of achieving ion selectivity in
CDI using PEMs. Given the large toolbox of available polyelectrolytes and variety of
polyelectrolyte functionalization schemes, we anticipate that our modular approach may
facilitate the further development of the separation and recovery of other ions by
controlling interfacial properties at the nanoscale.
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Figure S4.1: Schematic representation of the MCDI system.
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Figure S4.2: Wide-scan XPS spectrum of a MESNA-(PAH/PSS)5PAH coating on gold
substrates.
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Figure S4.3: % Abundance of carbon (C), nitrogen (N), oxygen (O), sulfur (S), and gold (Au)
as a function of the layer number. Data was obtained with X-ray photoelectron
spectroscopy.

The AFM height profile images of an air-dried bare CMX sample (Figure S4.4A)
show (sub)micron-sized features, which is slightly smaller than those reported by
Sarapulova et al.1 The AFM image of the PEM-CMX sample (Figure S4.4B) give a slightly
higher root-mean-square (RMS) value (58 vs. 37 nm), while no clear difference in the feature
sizes were observed in the height (Figures S4.4A and S4.4B) and the amplitude (Figures
S4.4C and S4.4D). We conclude that the AFM data do confirm the presence of the PEM and
that, apart from the overall surface roughness, the main surface characteristics are not
affected by the addition of the PEM.
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The dry, optical thickness of the PEM of PEM-coated gold substrates was found to
be 16.4 ± 0.9 nm, which is comparable with literature.2,3

Figure S4.4. AFM images of air-dried membranes (scanning size 5 µm × 5 µm), obtained in
height mode (A) CMX (B) PEM-CMX and amplitude mode (C) CMX and (D) PEM-CMX.
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Figure S4.5: (A) Current and (B) conductivity data recorded online during a 40-cycle
experiment using a CMX-PEM membrane.

4

Table S4.1: Coulombic efficiency, desalination capacity, and salt adsorption capacity values
of different adsorption steps using a CMX-PEM membrane during a 40-cycle MCDI
experiment.
Step
5
25
40

Coulombic efficiency (%)
94.1
97.1
95.4

Desalination capacity
(mS.mL/cm)
191.9
191.6
191.9

Salt adsorption capacity
(mg/g)
3.6
3.9
4.0

The Coulombic efficiency was calculated as stated in the literature. 4 The
desalination capacity was calculated by multiplying the integration of the conductivity
graphs of adsorption cycles with the flow rate of 7.5 mL/min. Salt adsorption capacity was
calculated by using Equation 4.4.
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Na
for different adsorption steps of experiments using
Table S4.2: The selectivity values 𝜌𝜌𝜌𝜌Mg

CMX, CMX-PEM, and CIMS. The average was calculated using the data from 9 steps (i.e., 3
steps per experiment) per membrane.
Step
1
2
3
4
5
6
7
8
9
AVE
STDEVA
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CMX
0.4
0.5
0.5
0.4
0.4
0.4
0.4
0.5
0.4
0.4
0.1

CMX-PEM
2.8
3.0
3.1
2.4
2.8
2.9
2.5
2.6
2.5
2.7
0.3

CIMS
0.4
0.2
0.1
0.2
0.2
0.1
0.3
0.3
0.3
0.2
0.1
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Simultaneous Monovalent Ion Selectivity

Abstract

Selective ion separation via capacitive deionization (CDI) is of relevance because of its
environmental and industrial applications in water purification and softening, heavy metal
removal, and resource recovery. Conventionally, carbon electrodes and ion-selective
membranes have been used for selective removal of anions and cations. In this study, we
engineered a CDI cell with two identical NiHCF electrodes, separated by an anion exchange
membrane coated with a polyelectrolyte multilayer (PEM), for simultaneous and selective
separation of monovalent over divalent anions and cations. The modified membrane rejects
divalent over monovalent anions while the NiHCF electrodes selectively adsorb monovalent
over divalent ions. A separation factor (β) of 7 < β < 14 was obtained for Cl− over SO42−,
while an average β of ≈ 17 was obtained for Na+ over Mg2+, reflecting the preference of the
modified membrane and the electrodes, respectively. Moreover, this preference was
preserved at low concentrations of monovalent ions as well. This tandem use of intercalation
electrodes and a PEM membrane provides a new and facile method for simultaneous cation
and anion selectivity in CDI, opening new avenues for enhanced and tunable separations
from complex ion mixtures.
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5.1Introduction
Capacitive deionization, CDI, is a water desalination technique in which ions are
removed from water under the influence of an applied current or a potential difference, 1–3
and stored in capacitive electrodes. CDI has been proven to be also applicable in selective
ion removal and has been successfully used for cationic as well as anionic separations from
aqueous ion mixtures.4–8 Selective ion removal is necessary for various applications,
including water softening,9 recovery of resources such as lithium10 or phosphate,11 and
treatment of irrigation water in greenhouses.12
Conventionally, due to the limited ion selectivity of the bare porous carbon13, it has
been typically used with either surface modifications14–16 or coupled with ion-exchange
membranes in (M)CDI,17,18 to selectively separate both cations and anions. Alternative
pathways to induce ion selectivity in CDI have recently been explored in literature. 4,8,19 On
membrane level, special-grade commercial membranes, surface-modified ion-exchange
membranes (IEMs), and selective resin coated carbon electrodes have been used for cation
and anion selectivity.20–22 Recently, a polyelectrolyte multilayer (PEM) modified cationexchange membrane was used to obtain selectivity towards monovalent cation in MCDI. 19
This approach of coating PEMs23–25 onto a membrane by a layer-by-layer (LbL) technique26,27
is a facile and efficient method, and is based on alternating immersions of the membrane
into oppositely charged polyelectrolyte solutions. The repeated action results in a thin
multilayer whose thickness and composition can be controlled. 28 The final selectivity of a
PEM-coated IEM depends on the type of the polyelectrolytes (PEs) used, the terminating
layer, and the total number of layers deposited on the membrane surface. 29–31 A PEM can
function as a selective layer via different mechanisms including electrostatic repulsion, also
referred as charge exclusion,31–33 and preferential transport of ions, based on their
dehydration energy.

34

Thin films deposited via the LbL technique find use as functional

materials and interfaces in various fields, including tissue engineering and capillary
electrophoresis,28 selective ion separation such as heavy metal removal, and anti-fouling
applications.35,36 PEMs have already been used in electro-driven systems, such as
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electrodialysis, to introduce and tune ion selectivity.30,31,37 Thus, a PEM-modified membrane
is promising for selective ion removal in CDI.
On the electrode level, intercalation materials have been successfully used for
selective cation separations in CDI.4,8,38 Prussian blue analogues (PBAs) are a subclass of
intercalation materials4,39,40 that store only cations in their interstitial lattice sites, unlike
graphite, layered oxides, and carbides that can intercalate both cations and anions.41 The
intercalation of ions in PBAs is accompanied by the reduction of a redox-active element in
the lattice. 42 These materials have found use in a variety of applications including energy
storage,40 brackish water desalination,43 and selective ion removal.4,6 Among all PBAs, nickel
hexacyanoferrate, NiHCF, is among the most used intercalation electrode material in
CDI4,39,44 due to its ease of fabrication, non-toxic nature, high charge storage capacity,
energy efficiency,44 and fast ion-adsorption kinetics.45 Most importantly, NiHCF shows an
inherent size-based selectivity towards monovalent cations 4,39,46 as it has demonstrated ≈
20 times higher affinity towards Na+ over Mg2+ and Ca2+.4 However, unlike carbon, NiHCF
particles do not store anions in their lattice sites and therefore, their size-based selectivity
excludes anions.
In this study, we introduce simultaneous cation and anion selectivity to a
symmetric CDI system, assembled according to the rocking chair configuration, 47,48 by
implementing measures at both the electrode and the membrane level. This was
accomplished by integrating a PEM-coated AEM (MCM) with two identical NiHCF electrodes
in an electrode – membrane – electrode sandwich. Poly(diallyl dimethylammonium
chloride) (PDADMAC) and poly(sodium 4-styrenesulfonate) (PSS) were chosen as polycation
and polyanion, respectively, to prepare PEMs on an AEM surface via the LbL deposition
because they are strong PEs in a wide range of the pH and the concentration of the salt
solution. Also, they remain physically (under pressure)49 and chemically (against oxidants)50
stable and have been successfully used in ED for anion selectivity. 36
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Figure 5.1: (a) Illustration of the cathodic chamber producing the diluate in the symmetric
CDI cell, fully illustrated elsewhere,48 with an NiHCF electrode and a PEM-coated AEM,
separated by a flow channel containing a feed with multiple types of ions. Upon applying an
electric current or a potential difference to the cell, the cations are driven towards the
NiHCF electrode to the left and selectively stored in the lattices.4 Simultaneously, the anions
are selectively allowed to pass through the modified membrane on the right, resulting in a
diluted feed in the middle. Surface characterization of the PEM with (b) XPS survey scans
providing the N/S ratio and (c) static water contact angle (θ) analyses as a function of the
number of layers on the membrane surface.
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The schematic in Figure 5.1a depicts one half of the cell, representing the diluate
chamber. The other half of this symmetric cell, depicted elsewhere, 48 undergoes a mirrored
operation and produces a concentrated stream. The NiHCF electrodes selectively adsorb
cations, based on their size, by storing them in interstitial lattice sites, as demonstrated
elsewhere.4 Simultaneously, the MCM selectively separates anions migrating from the
diluate, providing an elegant, one-step configuration for both cation and anion selectivity.
Furthermore, we also elucidate the effect of the number of layers coated onto the
membrane, and the ionic content of the feed on selective anion separation.

5.2Methods
Poly(diallyl dimethylammonium chloride) (PDADMAC, 20 % wt. H 2O), poly(sodium
4-styrenesulfonate) (PSS) sodium chloride (both from Sigma Aldrich) and hydrochloric acid
(36.5 ˗ 28.0 %, VWR) were used as received. Standard-grade (Neosepta ASE, Astom) and
special-grade monovalent-selective (Neosepta ACS, Astom) AEMs were soaked in Milli-Q
water (Milli-Q Integral 3 system, Millipore) for 48 h before use. The multilayer fabrication
procedure was adopted from literature with some modifications. 19 Briefly, the standardgrade AEM was dipped in PSS and PDADMAC solutions, by a robotic arm (Dobot), prepared
in Milli-Q water, alternately from solutions of 0.05 M polymer in 0.5 M NaCl at pH = 2.3 each
for 20 min. After each layer deposition, the membrane was dipped in MQ water for 3 min
to remove weakly attached polymers. The process was repeated until the desired amount
of layers, namely 5, 9, 10, 14, 15, 23, and 31 were reached. When the total number of layers
coated onto the membrane surface was odd, a negatively charged PSS was the terminating
PE, while the positively charged PDADMAC was the terminating PE when the total number
of layers was even. The LbL coating workflow is illustrated in Figure S5.1. Furthermore, the
PEMs were coated onto model gold surfaces19 (1 cm × 1 cm purchased from ECsens) and
characterized with X-ray photoelectron spectroscopy (XPS) and static water contact angle
analysis (SWA), an approach similar to those of previous reports. 36,51 The experimental
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details are described in the Section 6S.1 and S.2 of the Supporting information, provided
after the conclusion of this chapter.
The NiHCF active particles were synthesized via co-precipitation method.4 Briefly,
24 mM and 12 mM solutions of NiCl2·6H2O (Alfa Aesar) and Na4[Fe(CN)6]·10H2O (SigmaAldrich), respectively, were added drop-wise to the reaction solution (1 % v/v solution of
HCl in water) and stirred at 600 rpm for ≈ 12 h. The product was washed three times with
Milli-Q water during vacuum filtration and dried at 60 °C under vacuum. The dried powder
was milled with conductive carbon black (Cabot) and mixed with polytetrafluoroethylene
(PTFE) (Sigma Aldrich) in a weight ratio of 8:1:1, with ethanol as a solvent. The mixture was
kneaded into a dough and cold-rolled with a stainless steel rolling machine (MTI corp.) into
200 µm thick rectangular electrodes with 20 cm2 area, weighing between 0.35 – 0.45 g.
After the cold-rolling, the electrodes were dried at 60 °C under vacuum.
Prior to cell assembly, two identical NiHCF electrodes were pre-treated in a threeelectrode cell, with a platinum-coated titanium mesh counter, an Ag/AgCl electrode
reference, and a 1 M Na2SO4 solution as an electrolyte. One electrode was saturated with
Na+, while the other was depleted, by discharging and charging them at 0 and 1 V vs.
Ag/AgCl, respectively, for 1 h. After the pre-treatment, the electrodes were assembled into
a cell, separated by nylon spacer channels (160 µm thick) and a MCM. Two identical 100 mL
reservoirs containing feed solutions, whose compositions are provided in Table 5.1, fed the
cell at a constant flow rate of 10 mL/min. The feed residence time in the cell was 4.3
seconds. The ion-selectivity experiments were performed with two types of feed solutions:
one containing a mixture of mono- and divalent anions (F1 and F2) and another containing
a mixture of only monovalent anions (F3 and F4), to respectively, provide an insight into the
two frequently reported mechanisms of MCM selectivity based on charge exclusion

36

and

dehydration energy of anions .
22

The ion-selectivity experiments were performed in a continuous desalination
mode during which the CDI cell was operated under constant voltage of ± 1 V via a
4

potentiostat (Ivium n-stat, IVIUM Technologies). One complete desalination cycle consisted
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of two steps lasting 0.5 h each. During the first step, a voltage of 1 V was applied to the cell.
After 0.5 h, 800 µL was taken from both the reservoirs. The anion concentration was
analyzed via ion chromatography (Eco IC, Metrohm) while the cation concentration was
analyzed via inductively coupled plasma optical emission spectroscopy (PerkinElmer Avio
500 ICP-OES). Next, the electrode polarities were reversed, and the diluate and the
concentrate reservoirs were manually switched between the cell chambers, by switching
the pipes connecting the reservoirs and the chambers. Following this, a voltage of –1 V was
applied for 0.5 h after which, 800 µL was taken from both the reservoirs for concentration
analysis. The end of this step concluded one full desalination cycle. The experimental
workflow is illustrated in detail in Figure S5.2. A sample current-voltage profile of one
desalination cycle is given in Figure S5.3. The anionic selectivity of the MCM was
investigated by varying the number of layers coated onto it and the type of ions in the feed
solution. Since the cationic selectivity in symmetric cell with NiHCF electrodes was recently
reported,4 the experiments here focus mainly on the anionic selectivity of the MCM. The
experiments were duplicated for reproducibility and the average values of the
concentrations were used for selectivity calculations.
Table 5.1: Composition of the feed solutions (10 mM each) in the two chambers of the CDI
cell with NiHCF electrodes separated by a MCM for ion selectivity experiments.
Feed
number
F1
F2
F3
F4
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Na+
(mM)
10
20
20
20

NO3−
(mM)
10

Cl−
(mM)
10
10
10
10

SO42−
(mM)
10
10
-

H2PO4−
(mM)
10
-

Mg2+
(mM)
10
-
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5.3Results and Discussions
The chemical composition of the PEM-coated gold substrates was analyzed with
XPS. The nitrogen/sulfur (N/S) ratio of the samples, provided in Figure 5.1b, shows an
alternating trend with the number of polyelectrolyte layers, because nitrogen and sulfur are
exclusively present in PDADMAC and PSS, respectively. Therefore, the trend serves as a
clear evidence of a successful multilayer build-up on the gold surface, and is in line with
literature.36 Following the XPS, the SWA study of the PEM, results of which are presented in
Figure 5.1c, shows an odd-even effect, characteristic of an LbL-prepared PEM.52 This trend
can be attributed to the higher hydrophobicity of the PDADMAC-terminated layer than that
of the PSS-terminated layer, and gives a clear indication of a successful multilayer
deposition on the membrane surface, further verifying the XPS data.
The continuous mode of desalination paired the diluate reservoir with the
intercalating electrode, producing deionized water throughout the desalination cycle. Thus,
the ion concentration in the diluate decreased continuously with an increasing number of
cycles. Due to the symmetric cell operation, the ion concentration increased by a similar
amount in the concentrate reservoir. The concentration of both cations and anions as a
function of desalination steps, during the treatment of feed F1, is shown in Figure 5.2a and
5.2b. The diluate and the concentrate reservoirs are depicted by fading and increasing color
gradients, respectively. The trends in the figure confirm the symmetrical operation with
respect to cations as well as anions, while they also demonstrate that the proposed cell can
successfully distinguish between both cations (Na+ and Mg2+) and both anions (Cl− and
SO42−), simultaneously. The MCM blocks the divalent SO42− and allows the monovalent Cl− to
selectively pass through it, while the NiHCF electrode selectively intercalates monovalent
Na+ over divalent Mg2+. Furthermore, the selective removal of monovalent ions remained
highly independent of their concentration over divalent ions in the feed, even after the
monovalent ion concentration reduced by over 90 % in the feed. For example, from cycle 3
to 4 in Figure 5.2a, the concentration of Cl− in the diluate went from 12% to 2% while that
of SO42− went from 93% to 92%. This indicates that even at the ratio of 7:1 SO 42−: Cl−, the
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monovalent Cl− was preferentially allowed through the MCM. Similar observation was also
made during the selective adsorption of Na+ over Mg2+ in the NiHCF electrode, as seen in
Figure 5.2b.
The effect of the number of layers on the anion selectivity of the membrane was
investigated by treating F2 with a symmetric cell containing a MCM that consisted of 5, 6,
9, 10, 14, 15, 23, or 31 polyelectrolyte layers. F2 contained only Na+ to avoid any synergistic
effect on the anion selectivity, caused by the presence of two different cations in the feed.
Early evidence of such an effect is shown in Figure S5.4, but further investigation is required
to reach a conclusion. The resulting concentration of Cl− and SO42− in the diluate for selected
5, 15, and 31 layer PEMs is presented in Figure 5.2c. (The full data set for MCM with all
other layers, the control experiment with a bare membrane, and with a commercial,
monovalent anion-selective membrane is given in Figure S5.5.) It is evident from Figure 5.2c
that the removal and rejection of Cl− and SO42−, respectively, increases with increasing
number of layers from 5 to 15 (Figure 5.2c and S5.3a). For example, the MCM with 5 layers
removed ≈15% SO42− at 50% Cl− removal, while the MCM with 15 layers removed only ≈7%
SO42− at 50% of Cl− removal. For an odd number of layers on membrane surface, the increase
in selectivity follows from an increase in the excess charge density of the MCM. The highest
selectivity of the MCM, obtained with 15 layers, towards the monovalent Cl − over the
divalent SO42− is attributed to the charge exclusion effect of the outermost, negatively
charged PSS layer. The electrostatic repulsion of this outermost layer is larger towards the
−2 charge of the SO42− than the −1 charge of the Cl− ion. This charge-based exclusion is driven
by the charge of the outermost layer since the MCM preference switched towards SO 42−
when the terminating layer is positively charged, as observed for the even number of PEMs,
namely 6, 10, and 14, as shown in Figure 5.1b, 5.1c, and S5.5b. This property of PEMs has
also been reported before in ED literature

. Here, the treatment of feeds F1 and F2,

36,53

containing a mixture of Cl− and SO42−, provides an insight into the charge-exclusion based
selectivity of the MCM.
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Figure 5.2: (a) Concentration of Cl− (black hollow squares) and SO42− (red hollow triangles)
relative to the initial F1 concentration, in the diluate and the concentrate chambers as a
function of the number of steps, treated by the symmetric cell with identical NiHCF
electrodes, separated by a MCM with 15 layers. (b) Concentration of Na+ (black squares)
and Mg2+ (red triangles) relative to the concentration of F1, in the diluate and the
concentrate chamber as a function of the number of cycles, treated by a symmetric cell with
identical NiHCF electrodes, separated by a MCM with 15 layers. (c) Concentration of anions
in the diluate, during the treatment of F2, by MCM with 5, 15, and 31 layers. (d) Selectivity,
β, of a MCM with 15 layers towards Cl− over SO42− from F2, as a function of Cl− concentration
in the diluate, obtained over multiple experiments.
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A further increase in the number of layers to 23 (Figure S5.5a) and 31 switches the
membrane selectivity towards SO42−, resembling the selectivity properties of a bare
membrane and MCMs with an even number of PEM, namely 6, 10, and 14, as shown in
Figures S5.5b and S5.5c. The observed switch in preference of the MCM from monovalent
towards divalent ions can be related to an overall positive bulk charge that develops on the
MCM surface with an increasing number of layers.54 This phenomenon has been attributed
to the charge balance within the PEM which is reported to be a combination of an interlayer
attraction between PDADMAC and PSS and extrinsic interactions between PDADMAC/PSS
layers and the salt counterion.54 In short, as the number of layers increase, the amount of
newly adsorbed PSS reduces while the PDADMAC compensates its charge with external
counter ions, other than PSS, giving the PEM an overall positive bulk charge. Thus, a switch
in selectivity of the MCM, as obtained in this study between 15 and 23 layers, as shown in
Figure 5.2c and S3a, is expected with increasing number of layers. Therefore, a PSSterminated MCM with ≤ 15 layers prefers the monovalent ions, while divalent ions are
preferred by an MCM with ≥ 23 layers, regardless the type of terminating layer.
Interestingly, the MCM with ≤ 15 layers can also be made divalent ion-selective when the
outermost layer is PDADMAC instead of PSS, as shown in Figure S5.5b.
The preference of MCM towards one anion over the other is quantified as β,4,6,16,55
𝛽𝛽𝛽𝛽 = (

𝑐𝑐𝑐𝑐1,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 −𝑐𝑐𝑐𝑐1,𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑐𝑐𝑐𝑐2,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 −𝑐𝑐𝑐𝑐2,𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑐𝑐𝑐𝑐2,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

)(

𝑐𝑐𝑐𝑐1,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

),

where 1 and 2 represent the two competing ions and c1,initial, c2,initial, c1,final, and c2,final are the
ion concentrations in the beginning and at the end of the adsorption step, respectively. The
β for Cl− over SO42−, obtained for 15 layers from multiple experiments is shown in Figure
5.2d. Even with the scatter in the data, it can be safely concluded that the selectivity
towards Cl− was maintained even after 90 % of it was removed. The majority of the β values
were found to be in the range of 7 < β < 14. The NiHCF electrodes simultaneously removed
Na+ selectively over Mg2+ with an average β ≈ 17. The β for Cl− over SO42− fell typically
between 3 < β < 6 for 5 layers and 4 < β < 9 for 9 layers, as shown in Figures S5.6a and S5.6b,
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highlighting the correlation between the anion selectivity and the number of layers. In
contrast, the bare membrane from the control experiment showed an affinity towards SO42−
with β ≈ 2. For further comparison, a β ≈ 7 was obtained towards Cl− over SO42− during the
treatment of F2 with the symmetric CDI cell containing a commercial, monovalent
anion-selective membrane (Figure S5.5d). The β values, obtained here for MCM with 15
layers, are higher than the values reported in electrodialysis36 and reverse electrodialysis,51
with

membranes

coated

with

poly(allylamine

hydrochloride)/PSS

and

polyethylenimine/PSS PEs, respectively, that resulted in a selectivity of ≈ 2.5. Additionally,
the β values presented in Figure 5.2d are also comparable to the Cl−/SO42− selectivity of 27,
obtained in nanofiltration with PDADMAC/PSS-coated membrane.56
To investigate the mechanism of the ion selectivity of the MCM based on
dehydration energy of the anions, two additional solutions containing a mixture of only
monovalent anions were treated with the symmetric cell containing a MCM with 15 layers.
Feeds F3 and F4, as described in Table 5.1 contained monovalent phosphate, H2PO4− and
nitrate, NO3−, respectively, with Cl−. The concentration of these anions in the diluate, as
obtained during the desalination experiment, is given in Figure 5.3a and 5.3b. It is evident
from the graph that the PEM does not differentiate much between Cl− and NO3−, as both
were removed with only a marginal preference for NO3− ions. However, the modified
membrane preferred Cl− over H2PO4−, delivering a β ≈ 3 towards Cl ions. This selectivity
behavior of the MCM can be ascribed to the dehydration energy of the passing anion, all
carrying the same charge. H2PO4− was the second most rejected anion, after SO42− which
carried a −2 charge. Even though the dehydration energy of SO42− is the largest among all
the anions here (ΔGhydration = 1080 kJ/mol),23 its rejection is better explained by chargeexclusion because, for a bare AEM, SO42− was preferentially transported over Cl−, as shown
in Figure 5.5c. Once the membrane surface had a negative charge (e.g. for MCM with 15
layers), the transport of SO42− through the MCM was hindered, hinting that the ΔGhydration
did not play as significant a role as its −2 charge. On the other hand, the reduced degree of
rejection of H2PO4− may be attributed to two factors: (a) reduced electrostatic repulsion
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from the terminating PSS layer because of its −1 charge; (b) smaller dehydration energy
(ΔGhydration = 465 kJ/mol), which can ease the removal of the water solvation shell around
the anion, facilitating its passage through the membrane. Finally, NO 3− was the most
preferred anion of all. This high preference may be attributed to its lowest dehydration
energy (ΔGhydration = 300 kJ/mol), which is even smaller than that of Cl− (ΔGhydration = 340
kJ/mol). In addition, it retains the advantage of reduced electrostatic repulsion because of
its monovalent nature, like Cl− and H2PO4− ions. Thus, the anion preference of the MCM,
based on the ease of dehydration, can be summarized as: NO3− > Cl− > H2PO4− > SO42−. Unlike
the size-based exclusion seen towards cations in NiHCF electrodes, the trend observed here
does not depend on the hydrated anion size, as NO3− is bigger than both Cl− 57 and H2PO4− 23,
and yet it is the easiest to remove. Thus, the size of an anion on its own does not provide
complete information about the MCM selectivity.
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Figure 5.3: Change in concentration of (a) monovalent phosphate (H2PO4−) and chloride (Cl−)
during treatment of feed F3 and (b) nitrate (NO3−) and Cl− during treatment of feed F4 by
symmetric NiHCF cell containing a MCM with 15 layers.

5.4 Conclusions
A unique combination of PEM-coated anion-exchange membranes with nickel
hexacyanoferrate electrodes was successfully used for the first time, to simultaneously and
selectively separate both mono- and divalent cations as well as anions. In addition, the
selectivity values obtained here for each of them are on par with the current (M)CDI stateof-the-art. Furthermore, the obtained anionic selectivity could also be tuned by changing
the number of layers coated onto the membrane, making the system highly adaptable. We
also demonstrate the tunability of the membrane with multilayer thickness and the type of
terminating layer, by which the ion selectivity can be controlled. Furthermore, the
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dependence of the selectivity on the charge and the dehydration energy of the ions opens
possibilities for enhanced selectivity or rejection towards anions that can change their
valence depending on solution conditions like pH (e.g. H2PO4−), providing a route to
phosphate recovery. The synergistic effects of size-based cation intercalation was also
presented in this study. Additional insights into this phenomenon and the effect of feed
parameters, such as pH, on selectivity are expected to further optimize the proposed
approach for simultaneous cation and anion separation.
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Sample preparation for SWA and XPS. Gold substrates (1 cm × 1 cm purchased from
ECsens) were sonicated for 5 min in MQ water, dried under argon flow and then plasma
cleaned (Brand, model) for 5 min to remove any organic material. After cleaning, the gold
substrates were coated by using the same approach for the Standard-grade (Neosepta ASE,
Astom) ASE membrane and kept in a vacuum oven at 30 °C.
XPS spectra were obtained with a JPS-9200 photoelectron spectrometer (JEOL,
Japan) under ultra-high vacuum conditions. It was obtained 20 scans per experiment by
using a monochromatic Al Kα source at 12 kV and 20 mA. All spectra were processed with
CASA XPS software (version 2.3.16) and fitted with Shirley background fitting.
SWA values were measured by using a Krüss drop shape analyzer (DSA 30). It was
deposited 3 μL of Milli-Q water drops onto the samples. Contact angles were measured by
using a sessile drop method. A charge-couple device camera was used for the analysis. The
average values were calculated and reported based on three measurements at different
locations on the samples.

Physical properties of PEM. The density of the PDADMAC/PSS multilayers, prepared by
a similar procedure, has been reported to be 1.07 g/cm3.1 In addition, the dry thickness of
9, 13, and 17 layers of the PEM has been reported to be ≈ 32, 67, and 97 nm, respectively,
demonstrating a linear growth in thickness upon the build-up.2
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Figure S5.1: Schematic illustrating the procedure followed for the layer-by-layer deposition
of PEM on an AEM surface. A washing step was introduced between the dip coating to get
rid of the extra, loosely bound polyelectrolytes.
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Figure S5.2: Schematic illustrating the procedure followed during the selectivity
experiments. Left figure represents one half of the cycle during which, the left electrode
selectively adsorbs cations, the membrane selectively allows anions to pass to the right
chamber and the right electrode desorbs the intercalated ions. After 30 min, the electrode
polarity and the feed reservoirs are reversed, and the second half of the cycle commences,
depicted by the figure on the right, where the right electrode selectively adsorbs cations,
the membrane selectively allows anions to pass to the left chamber and the left electrode
desorbs the intercalated ions. Only one bilayer of PEs is shown over the membrane for
simplicity.
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Figure S5.3: Sample current-voltage (IV) profile obtained during desalination of 10 mM NaCl
+ Na2SO4 feed in constant voltage mode, with symmetric CDI cell containing identical NiHCF
electrodes, separated by PEM with 15 layers.
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Figure S5.4: Concentration of anions in the diluate as a function of desalination steps,
obtained from the treatment of feeds F1 and F2, containing two cations (Na + and Mg2+) and
only one cation (Na+), respectively.
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Figure S5.5: Concentration of anions in the diluate, during the treatment of F2, by MCM
with 9 and 23 layers. (b) Concentration of anions in the diluate, during the treatment of F2,
by MCM with 6, 10, and 14 layers. (c) Concentration of anions in the diluate, during the
treatment of F2, by bare anion-exchange membrane. (d) Concentration of anions in the
diluate, during the treatment of F2, by special-grade, monovalent selective anion-exchange
membrane.
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of Cl− concentration in the diluate, obtained over multiple experiments. (b) Selectivity, β, of
MCM with 9 layers towards Cl− over SO42− from F2, as a function of Cl− concentration in the
diluate, obtained over multiple experiments.
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Enhanced Monovalent over Divalent Cation Selectivity

Abstract

In this work, we tuned the ion selectivity of a polyelectrolyte multilayer (PEM)-coated,
cation-exchange membrane (CMX) in a membrane capacitive deionization (MCDI) process
by carefully studying different operational modes, namely constant voltage (CV) and
constant current (CC). The monovalent cation selectivity and its time-dependent behavior
were monitored at different voltage and current values. Upon optimizing the current density
(10 A/m2) and the number of polyelectrolyte bilayers (5.5) on the CMX membranes, a timeindependent and enhanced monovalent cation selectivity was obtained for various feed
solutions, provided a polycation-terminated PEM was applied. Furthermore, the selectivity
values of several commercially available cation-exchange membranes were tested under the
optimized conditions and compared with CMX and PEM-CMX, yielding the best performance
for PEM-CMX, regardless the composition of feed solution. Before this optimization, this
MCDI system showed a time-dependent selectivity, which a maximum of 𝜌𝜌𝜌𝜌 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 ≈3. The
results were rationalized by applying an MCDI model based on the dynamic potential profile,
describing the potential drops across the membrane and demonstrating a threshold for the
current density.
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6.1Introduction
Developing energy-efficient and affordable water treatment technologies is crucial
to meet the increasing global demand for clean water.1 In this context, capacitive
deionization (CDI) has gained attention as an alternative desalination technique for the
removal of ions from water at low salt concentrations.2 CDI is typically based on the
electrical double layer (EDL) formation in which ions are removed and stored on the surface
of capacitive electrodes when a constant voltage (CV) or constant current (CC) is applied to
the cell. In the last few years, CDI has become a promising technology for the selective
removal – and even recovery – of specific ions from a mixture of ions.3 Accordingly, CDI has
been successfully employed in multiple applications such as softening water,4 recovering
nutrients (e.g., phosphate, nitrate),5,6 and harvesting lithium.7 CDI can operate on relatively
low voltage values (i.e., 1 V) without need for high pressures or temperatures.2 Therefore,
it has been proven to be an interesting technology that can selectively remove and/or
capture certain type of ions from multicomponent solutions at low salt concentration.
Maximizing ion selectivity can lead to low-cost ion separation/recovery due the efficient use
of energy with CDI technology.8
There are multiple parameters that can affect the ion selectivity in CDI. For
instance, Li et al. investigated how the hydration ratio (the ratio of hydrated to ion radii)
affects the ion selectivity in a mixture of ions. They hypothesized that the lower the
hydration ratio of the ion the more efficient is their removal from the ionic solution, which
agreed well with their experimental data.9 Cèron et al. focused on size-based ion selectivity
and optimized the average pore size of carbon aerogel monolith electrodes.10 They switched
from a Na+-selective electrode to a Ca2+-selective electrode by optimizing the synthetic
procedure of the electrodes. Besides size-exclusion effect, the valence of ions also plays a
major role on the selective removal of ions in CDI. Gao et al. demonstrated the preferential
electrosorption of multivalent over monovalent cations by using carbon nanotubes and
carbon nanofibers composite electrodes.11 This preference was rationalized by higher
Coulombic interactions between the ions in the solution with the polarized surface of the
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electrode. For cations with the same valence, the authors observed a size-based trend
where ions with smaller hydrated radius were electrosorbed in higher amounts.
Recently, multiple innovations were suggested to tailor ion selectivity in CDI,
including modification of electrodes with ion-selective coatings, optimization of operational
conditions of the electro-driven separation process, and implementation of ion-selective
membranes.3,4,12–17 Besides electrode modifications, membranes have also been employed
in CDI (MCDI)18 to achieve ion selectivity. Different types of membranes have been
investigated to achieve cation selectivity in MCDI.3,19,20 For instance, nanofiltration
membranes were successfully used to introduce a size-based ion selectivity in MCDI.19 In
this case, the authors reported higher diffusion coefficients for NaCl through the
nanofiltration membrane compared to MgSO4, which explained the higher preference for
the removal of monovalent species. Ion-exchange membranes (IEMs) are the most common
type of membranes used to achieve ion selectivity in MCDI, and these typically have fixed
charges that can reject the co-ions. For a standard CDI desalination process, the use of IEMs
typically enhances the removal capacity and charge efficiency values compared to CDI. 2
Standard cation-exchange membranes (CEMs) have polyanions with negatively charged
groups (e.g., carboxylate and sulfonate) while anion-exchange membranes (AEMs) are
made of polycations bearing positively charged functional groups such as quaternary
ammonium.21 Although standard-grade CEMs were not designed to separate cations from
each other, negative charges of the membrane exhibited divalent cation selectivity due to
charge-based interactions, and different transport mechanisms inside of the
membrane.4,22,23 Higher di-/monovalent ion selectivities of standard IEMs were attributed
to the higher charge affinity between oppositely charged membrane surface and divalent
ions compared to the monovalent ions. Besides standard-grade IEMs, special-grade
membranes can function as a filter to specific ions allowing the rest to pass through. For
instance, CMS (Neosepta) and CSO (Selemion) are special-grade CEMs that have been
designed to be monovalent selective. The selectivity mechanism of CSO is based on divalent
cation rejection caused by a thin layer of polyethylenimine coated on the membrane
surface,24 while the selectivity of CMS is based on size exclusion effects that result from the
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crosslinked membrane surface. In MCDI, CMS has been investigated, and was reported to
have a higher rejection of divalent than monovalent cations for a bicomponent solution. 20
A simple alternative to produce special-grade membranes is by coating standardgrade IEMs with polyelectrolyte multilayers (PEMs). Such a multilayer can be built via a
layer-by-layer (LbL) process on a substrate using oppositely charged polyelectrolytes. 25
PEMs are highly stable, and versatile coatings that are easy and affordable to prepare,25,26
as we have also shown in our recent CDI work.27 After the discovery of LbL-coated PEMs in
1990s by Decher,28,29 rational combinations of polycations and polyanions have been
extensively used in separation technologies such as gas separation, micropollutant removal,
and resource recovery.30 Furthermore, PEM coatings enable to control various physical and
chemical characteristics such as layer thickness, morphology, and porosity as well as the
type of charge and pKa of the membrane surface. Additionally, tunability of pore size and
surface charge of PEM-coated membranes introduces an ion-selective behavior for
pressure-31–34 and electro-driven desalination processes such as electrodialysis.35–38 The
main finding of these studies is that PEMs can regulate the mono-/divalent ion selectivity
of the membranes by rejecting divalent and multivalent ions due to their higher valence
and/or hydrated size. Recently, we reported – for the first time – a PEM-coated, standardgrade CEM (Neosepta, CMX) to tune Na+/Mg2+ selectivity in under CDI operation
conditions.27 Moreover, in another study we showed that PEM coatings on an AEM can
tailor monovalent anion selectivity in CDI.39 In these studies PEM-coated IEMs achieved
selectivity values up to ≈3 and ≈14 for monovalent cations and anions, respectively, values
that were found to be time-dependent.
Although PEMs are proven to be a versatile way of tuning selectivity in CDI, there
are various tunable parameters that allow one to achieve even higher monovalent ion
selectivity values.3 Especially, the effect of the CDI charging mode on ion selectivity has not
been investigated yet. Constant current (CC) and constant voltage (CV) modes are the most
common charging modes in (M)CDI.40 In CC charging/discharging, the potential
increases/decreases in time until it reaches a desired cut-off potential value. On the other
hand, in a CV mode, a constant voltage is applied to the CDI cell during electrosorption and
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the current starts at a maximum value right after the voltage is applied decreasing until the
electrodes become saturated. For a solely EDL formation process, the ion-transfer kinetic
rate in a CC mode is proportional to the charging current. 2,41,42 In other words, CC mode
provides a constant cell effluent concentration during charging/discharge steps. CC vs. CV
processes have already been thoroughly investigated for water desalination in CDI
suggesting a higher energy efficiency for the CC operation.43–45 For ion selectivity in MCDI,
the different operational modes have not been properly studied. Ion selectivity using IEM
may be dependent on the current applied as already reported in electrodialysis literature. 46
We were wondering whether operational modes have a similar effect on ion
selectivity in PEM-based MCDI, and if so, which conditions would be required to obtain the
highest selectivity for a certain CDI system. Hence, in this work, we investigated the effect
of different operational modes, namely CV and CC, on the monovalent cation selectivity
using PEM-coated CMX (PEM-CMX) in MCDI. To the best of our knowledge, this is the first
time a comprehensive investigation on the effect of the current and voltage on the ion
selectivity in MCDI has been carried out. Different potentials were applied to the MCDI cell
in order to find the threshold to which full sodium selectivity is achieved using the PEMCMX. These selectivities were rationalized using an MCDI model based on the dynamic
potential profile for the PEM-CMX. A CC experiment using a current below the threshold of
the selectivity was employed to assess the cation selectivity based on the number of PEM
deposited on the CMX. The number of polyelectrolyte layers on CMX was optimized, and
then the selectivity performance of PEM-CMX with optimal number of layers was compared
with commercial monovalent selective membranes. Finally, the selectivity values obtained
from bare CMX, CSO, and PEM-CMX were tested in various feed solutions, including Na, K,
Li, and Mg ions. We show that the PEM-CXM displays monovalent cation selectivity
regardless the composition of the feed solution.
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6.2Materials and Methods
Materials. Hydrochloric acid (36.5−28.0% NF grade) was purchased from VWR
International. Poly(allylamine hydrochloride) (PAH, Mw = 17 500 Da), poly(sodium 4styrenesulfonate) (PSS, Mw = 70 000 Da), sodium chloride (NaCl, ≥99%), anhydrous
magnesium chloride (MgCl2, ≥98%), potassium chloride (≥99%), lithium chloride (≥99%)
were purchased from Sigma-Aldrich. The gold (200 nm Au sputtered on glass) substrates (1
cm × 1 cm) were purchased from ECsens. The inorganic salts were kept in a vacuum oven
overnight (60 ◦C, 0.01 mbar) prior to use. The porous carbon electrodes, which were
deposited on a graphite foil substrate, were kindly supplied by Voltea B.V., Netherlands.
Glass fiber prefilters (25 mm in diameter, 250 µm in thickness, 2.0 μm of pore size) were
purchased from Merck Millipore and used as spacer in CDI experiments. Milli-Q water (18.2
MΩ·cm, Milli-Q Integral 3 system, Millipore) was used to prepare all aqueous solutions.
Neosepta anion-exchange (AMX), and cation-exchange (CMX and CMS) membranes were
purchased from Eurodia (France), and Selemion CSO membranes were purchased from
Astom Corp. (Japan). All membranes were soaked in the stock solution of the relevant
experiment at least 48 h before use.

Coating Polyelectrolyte Multilayers on Membrane. The coating procedure was adapted
from our previous work.39 Briefly, a robotic arm (Dobot Magician, Dobot) was employed to
dip the standard-grade CMX membrane in PAH (polycation) and PSS (polyanion) solutions
for 10 min each. After deposition of each layer, the membrane was dipped in three
containers with Milli-Q water one by one, each for 3 min to get rid of the weakly
attached/physisorbed polyelectrolytes. The procedure was repeated until the desired
number of layers was reached, namely 2, 2.5, 5.5, and 20.5 bilayers, where a bilayer stands
for the combination of one PAH and one PSS layer. The details of PEM characterization were
explained in the SI.
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ICP-OES analyses. Inductively coupled plasma optical emission spectroscopy (ICP-OES)
(PerkinElmer Avio 500 ICP-OES) was used to measure the cation concentrations of the
samples. For cation analysis a high-energy-based Avio 500 ICP-OES polychromator with two
sulfur chemiluminescence detectors (SCD) was used. The SCD detectors had the spectral
range of 163-782 nm and the measuring resolution of the ICP-OES was 0.006 nm at 200 nm.
The samples were collected from minimum of three electrosorption cycles with minimum
of five samples/cycle and then diluted 20 times with a 1% nitric acid solution prior to the
ICP-OES analyses. Selectivity of Na+ over Mg2+ (𝜌𝜌𝜌𝜌 Na
Mg ) was calculated as described in Equation
6.1,4,15 where c0 and cf represent the initial and final ion concentrations in the solution,

respectively:

𝜌𝜌𝜌𝜌 Na
Mg =

(𝑐𝑐𝑐𝑐

𝑐𝑐𝑐𝑐
)
0,Na+ − f,Na+
𝑐𝑐𝑐𝑐
0,Na+
(𝑐𝑐𝑐𝑐
𝑐𝑐𝑐𝑐
)
0,Mg2+ − f,Mg2+
𝑐𝑐𝑐𝑐
2+
0,Mg

(6.1)

6.3Results and Discussion
Characterization of the PEM Coating. The dry, optical thickness of 5, 11.5, and 20.5 bilayers
on gold – a widely used model substrate, also in membrane studies – was measured with
ellipsometry. The results showed a linear increase in thickness with increased number of
layers (Figure 6.S1). The observed linear trend is in line with literature, 47–49 and indicate a
successful PEM build-up. Moreover, the measured thickness were found to be comparable
with literature.24,27,50
The electronic and ionic resistance of the PEM-containing CDI cell was first
characterized under different current densities to study the effect of the PEM. Upon the
build-up of a PEM, an increasing resistance of CMX was observed, indicating a successful
deposition of the polyelectrolytes. According to literature, the CDI cell is composed of
several elements that may act similar to resistors. 51,52 Therefore, when a constant current
is applied to the cell, a large non-capacitive drop in potential is observed, typically called
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ohmic or IR drop. The ohmic drop (Figure 6.S2 A-D) consists of resistive contributions of
several elements inside the cell such as electrical junctions, current collector, electrode,
membranes, and spacer. By keeping all elements unchanged except the CEM, it is possible
to measure the contribution of the CEM and its surface modifications to the ohmic drop.
Figure 6.1 summarizes the results of the experiments conducted in 8 mM NaCl and MgCl2
solutions.

6

Figure 6.1. Ohmic drop values as function of current density for CMX, and PEM-CMX (11
and 41 layers) at 8 mM (A) NaCl and (B) MgCl2.
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The measured resistance is not completely ohmic over the full range of measured
current densities as observed by a non-linear behavior of the curves. Nevertheless, it is still
possible to approximate a linear resistance value for the points measured at low current
densities, i.e. three smallest current densities. In Figure 6.1A, the resistance increases 7%
and 71% when 5.5 and 20.5 bilayers of PEM are added to the CMX, respectively. In other
words, an increase in layer thickness results in higher resistance values. This can be
explained by the increase in the number of charged groups in the PEM due to which a higher
energy is required for ions to pass through the PEM. Furthermore, the observed increase of
only 7% suggests that sodium transport is not extensively affected by the presence of the
PEM that consists of 5.5 bilayers. Figure 6.1B shows the ohmic drop in the MgCl2 solution.
Interestingly, the bare CMX membrane has a lower resistance compared to the NaCl
solution (31% less resistive), which could be related to the higher ionic strength (I) of the
solution of 8 mM of MgCl2 (I = 24 mM) compared to 8 mM of NaCl (I = 8 mM). Furthermore,
the CMX membrane has a higher affinity towards divalent cations due to the charge-based
interactions between negatively charged membrane surface and divalent cations, as
previously reported.22,23 By increasing the number of bilayers to 5.5 and 20.5, the resistance
increases by a factor of ≈1.3 and ≈2.7, respectively, compared to the bare CMX. The details
of the calculation of IR drops were given in Figure 6.S1D in the SI. This suggests that Mg2+
experiences a much higher rejection by the PEM compared to the Na +, which is in good
agreement with our recently reported study on the ability of switching the selectivity of
CMX from Mg2+ to Na+ by the implementation of a PEM.27 Furthermore, it is clear that higher
number of layers within the PEM increases the resistance of the membrane, indicating a
successful deposition of 20.5 bilayers on membrane.
Constant Voltage Mode. Electrosorption experiments were conducted in CV mode with cell
potentials ranging from 0.4 V to 1.0 V. PEM-CMX with 5.5 bilayers of PEM was used to study
the effect of voltage on Na+/Mg2+ selectivity. Figure 6.2A shows the normalized removal of
Na+ and Mg2+ during electrosorption cycles at 0.4 V and 1.0 V.
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Figure 6.2. (A) Normalized removal of Na+ and Mg2+ during electrosorption cycles at 0.4 and
1.0 V, and (B) the variation in current density as a function of time for the constant voltage
experiments with PEM-CMX. (C) Variation of the potential across the membrane based on
the MCDI dynamic model. It is noted that the feed solution was recycled during the
experiments.
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The effluent concentration of Na+ and Mg2+ decreases during adsorption cycles.
Since the feed solution is recycled during the experiment, the effluent concentrations
eventually go back to the feed concentration values. However, the Mg 2+ concentration
increases to values above up to ≈7 % the feed concentration after Mg2+ initially was
adsorbed and its origin may be due to experimental errors. For all experiments, the effluent
concentration of Na+ and Mg2+ decreases faster in the beginning of the cycle due the higher
electrosorption rate. Subsequently, the electrodes start to reach saturation and the effluent
concentration eventually returns to its initial value. Therefore, the amounts of
electrosorbed Na+ and Mg2+ changed as a function of time, and a time-dependent selectivity
behavior was observed. At 1.0 V, the point with the highest Na +/Mg2+ selectivity, defined
here as ts, was ≈ 250 s. The reduction of the potentials to 0.8 V and to 0.6 V reduces the ts,
and full sodium selectivity is achieved after 238 s and 178 s, respectively (Figure 6.S3).
Finally, by applying 0.4 V, ts achieves a minimum value close to 0 s, reaching an almost full
Na+-selective behavior during the entire electrosorption half cycle. On the one hand, using
low potentials seems to maximize the Na+ selectivity, being also beneficial for the reduction
of energy consumption. On the other hand, low potentials largely limit the total removal
capacity of the CDI electrodes. Therefore, it is important to understand what causes this
improvement in Na+ selectivity by reducing the cell potential, and how to maximize the ion
removal.
In order to understand the dependence of the selectivity on the potential applied,
an MCDI model53 was employed to rationalize our experimental data (details in S2 and
“MCDI Model” section of SI). Figure 6.2B shows the change in current density as a function
of time for the constant voltage experiments, and the region where the transport of Mg2+
through the membrane is completely blocked. These regions were calculated based on the
ts values from Figures 6.2A and 6.S2, and suggest that high current densities assist the
transport of Mg2+ across the membrane. This is in good agreement with ED literature that
reported mono- over divalent cation selectivity for PEM-modified membranes.24,36 In more
detail, it was suggested that at high current values in ED, water splitting may cause an
increase in the local pH near the PEM/membrane interface. Therefore, either the film
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permeability changes or there is an increase in the passage of Mg(OH) x species. Since the
permeability of Mg(OH)x is much higher than the one of Mg2+ higher current values decrease
the monovalent cation selectivity of the ED operations. 46 However, there is no easy way to
check the validity of this hypothesis, as that would require measuring the pH directly at the
PEM-membrane interface. Also, since in (M)CDI systems, strong pH variations are rarely
observed due to the low applied voltages, 54 a pH-dependent change in monovalent cation
selectivity is more unlikely in our case.
Aiming to understand the effect of the applied current density/potential on the
monovalent cation selectivity of the PEM-modified membranes, we used a simplified
dynamic MCDI model for a mono-component solution. The model permits to calculate the
potential drop across the membrane for different voltages applied to the cell, as depicted
in Figure 6.2C. Moreover, the potential drop profile across the membrane resembles the
current density profile (Figure 6.2B), reaching values much lower than obtained for ED
systems.36,46 For such systems, it was reported that water splitting on the PEM-membrane
interface affected the monovalent cation selectivity. However, the electric field caused by
the potential drop across the membrane could increase the electromigration of ions with
higher valence, which agrees with the Boltzmann theory typically used to describe EDL
profiles.53 Based on this reasoning, we suggest that a current density lower than the
threshold for Mg2+ rejection would only allow the transport of Na +. Indeed, the potential
across the membrane calculated for a constant current experiment with a current density
of 5.6 mA/g was smaller than the potential drop for the application of 0.4 V, as depicted in
Figure 6.2C.
Constant Current Mode. Based on the results obtained from the aforementioned model, a
CC experiment was carried out using a current density of 5.6 mA/g, which is the region of
Figure 6.2B where Mg2+ expected to be completely rejected. All other experimental
parameters were kept the same as the ones used for the CV experiment. The potential and
conductivity profiles of the electrosorption of the experiment are reported in Figure 6.S4.
Figure 6.3 shows the change in Na+ concentration during the electrosorption cycle, while a
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negligible variation in Mg2+ concentration was observed. This is also in good agreement with
our hypothesis stating that there is a maximum current density that should be used in order
to avoid transport of Mg2+ in the PEM-CMX. Figure 6.3 also reveals that the outlet ion
concentration remained constant after ca. 400 s, suggesting a time-independent selectivity
behavior for PEM-CMX in CC mode. The change in Na+ adsorption was calculated to be 16 ±
3% based on three cycles of the experiment with five samples per cycle. This monovalent
cation selectivity agrees well with our previous studies, 27,39 which reported monovalent
selectivity for cations and anions using PEM-modified CEMs and AEM, respectively, due to
the charge (Donnan) exclusion effect. 31 When using current densities of 8.4 mA/g instead
of 5.6 mA/g (i.e., 15 mA instead of 10 mA), 𝜌𝜌𝜌𝜌 Na
Mg decreased drastically compared to the

monovalent cation selectivity that was found with the lower current densities. The change

in Na+ and Mg2+ adsorption values were calculated as 10 ± 2 % and 8 ± 1 %, respectively,
based on three cycles and four samples per cycle, indicating a 𝜌𝜌𝜌𝜌 Na
Mg of ≈ 1.3.

Figure 6.3. Change in sodium and magnesium ion concentrations in time during
electrosorption cycles of a CC experiment with a PEM-CMX (current density: 5.6 mA/g, flow
rate: 7.5 mL/min, feed solution: 4 mM of NaCl and 4 mM of MgCl 2). All data points are
obtained by averaging the results of three different cycles.
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PEM Thickness and Membrane Comparison. From Figure 6.1 it becomes clear that the
resistance – and therefore the energy demand – increases with PEM thickness. In our search
for a proper balance between a low resistance and a high monovalent cation selectivity, we
investigated the optimal amount of polyelectrolyte layers. As observed in Figure 6.4A, the
amount of electrosorbed Na+ increases by increasing the number of bilayers until 5.5
bilayers while the amount of electrosorbed Mg2+ decreases. It is noteworthy that PSSterminating PEM (2 bilayers) shows no significant selectivity while PAH-terminating PEM
(2.5 bilayers) already displays some selectivity towards monovalent cation. This can be
explained by the negatively charged surface of the PSS-terminated PEM. In order to reject
the divalent cations via charge (Donnan) rejection, the outermost layer should be positively
charged. This phenomenon was investigated earlier by Mulyati et al. where a PEM-coated
AEM was used to tune Cl−/SO42− selectivity in an electrodialysis process.55 Recently, we also
observed a similar trend in the mono/divalent anion selectivity of a CDI process, where a
positively charged terminating layer did not reject the divalent anions as much as the
negatively charged terminating layer.39 At the same time, we checked whether the
selectivity is different when the thickness is significantly high (20.5 bilayers) to see any
possible advantage of higher number of layers. It is observed that going beyond 5.5 bilayers
did not improve the Na+-selectivity further.
In order to better understand the effect of the PEM on cation selectivity, the PEMCMX with 5.5 bilayers was also compared with monovalent selective commercially available
membranes under the same experimental conditions. Figure 6.4B indicates that the bare
CMX has affinity towards Mg2+ since the amount of % ion electrosorption is 5.4 ± 2.0 and
15.6 ± 2.3 for Na+ and Mg2+, respectively. Similarly, in the case of CMS, the amounts of ion
electrosorption were 5.2 ± 1.5 and 7.5 ± 2.4 for Na+ and Mg2+, respectively. Based on
Equation 6.1, 𝜌𝜌𝜌𝜌 Na
Mg values were calculated to be 0.3 for CMX and 0.7 for CMS. On the other

hand, for CSO, this value was much higher reaching 𝜌𝜌𝜌𝜌 Na
Mg ≈3. Although CSO displays a fair

selectivity towards monovalent ions, it is clear that the commercial membranes (CSO and

CMS) did not improve the monovalent cation selectivity as much as the PEM coating. Thus,

165

6

Enhanced Monovalent over Divalent Cation Selectivity
the selectivity mechanism based on the charge-exclusion effect of the PEM seems to be
more effective than the possible size-exclusion effect of a crosslinked membrane.

Figure 6.4. (A) Comparison of the amount of ion electrosorbed with increased number of
bilayers for the PEM-CMX, and (B) the comparison of PEM-CMX with 5.5 bilayers with
commercial cation-exchange membranes. The reported data are based on three
experiments with three cycles each. A minimum of five samples was used per reported
experiment.

Mixture of Monovalent Ions. Given the high selectivity of PEM-CMX, a set of experiments
were conducted to test the effect of ion composition on cation selectivity. For these
experiments, we have used solution compositions 2, 4, and 5 presented in Table 6.S1.
Regardless the composition of the feed solution, the PEM-CXM displays monovalent cation
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selectivity as illustrated in Figure 6.5A, while the bare CMX still displays Mg2+ selectivity for
the same feed solution. For the commercial monovalent selective membrane CSO, the total
electrosorption was fairly similar for the mono- and divalent cations. Interestingly, for all
membranes, the total removal of K+ was found to be higher compared to the other cations.
In order to elucidate the effect of the PEM on the monovalent selectivity, the PEM-CMX was
tested for different combinations of Na, K, and Li ions. Figure 6.5B reveals that hydrated
size of the cations plays the most important role on monovalent selectivity for the PEMCMX.

6

Figure 6.5. (A) Comparison of the amount of ion electrosorption values for a mixture of
mono- and divalent cations using PEMX, CMX, and CSO. (B) Comparison of amount of ion
electrosorption values for a mixture of monovalent ions using PEM-CMX with 5.5 bilayers.
The reported data are based on three experiments with three cycles each. A minimum of
five samples was used per reported experiment.
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In other words, the order of hydrated size of the monovalent cations is K (3.31 Å)
< Na (3.58 Å) < Li (3.82 Å),56 and adsorption values of these cations followed the order of K+
> Na+ > Li+, showing that the transport of larger cations is hampered. 23 Such a trend was also
found for anions in CDI with PEM-coated AEMs, where the selectivity followed the order of
hydration energy of monovalent anions (NO3− > Cl− > H2PO4−).39

6.4 Conclusions
The key finding of this study is that the monovalent selectivity of a polyelectrolyte
multilayer (PEM)-coated cation-exchange membrane (CMX) in an MCDI operation can be
boosted tremendously by tuning operational parameters such as the potential and current
density as well as the PEM thickness. Potential drops across the membrane – described by
modelling dynamic potential profiles – result in an electrical field and should be kept at
minimum to reduce the electromigration of ions with higher valence. Current densities as
low as 10 A/m2 result in monovalent ion selectivity as they cause lower potential drops
across the membrane. Unlike the divalent cation-selective behavior of CMX, PEM-CMX
rejects Mg2+ as divalent cations experience a higher resistance from the positively charged
outermost layer compared to the monovalent cations. In terms of multilayer thickness, the
trade-off between selectivity and resistance was found to be 5.5 bilayers for the PEM-CMX
system. Furthermore, the nature of the terminal polyelectrolyte of the PEM affects the
selectivity: a PAH-terminated PEM was found to have a higher Na + selectivity compared to
a PSS-terminated PEM. Finally, the selectivity values obtained from bare CMX, CSO, and
PEM-CMX were tested in various feed solutions including Na, K, Li, and Mg ions. The PEMCXM displays monovalent cation selectivity for all tested compositions of the feed solution.
The high selectivity of PEM-CMX towards monovalent cations is promising for ion recovery
applications using MCDI. This is further highlighted by the limited selectivity displayed by
commercial membranes such as CMX, CSO, and CMS. Overall, this work demonstrates a
novel way to achieve a time-independent, enhanced monovalent cation selectivity via a
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simple PEM coating in MCDI in combination with tuning of the operational conditions.
Considering

the

possible

combinations

of

commercial

and/or

functionalized

polyelectrolytes, PEM coatings are a promising way of introducing ion selectivity for future
CDI applications, particularly when combined with fine-tuned operational parameters. It is
anticipated that the outcome of our investigation is a large step towards a low-cost and
energy efficient technology for ion recovery, as a high ion separation factor is a requirement
for the techno-economic feasibility of MCDI.8 Further explorations in such a direction,
eventually up to pilot scale, would require studies on the effects of up-scaling, prolonged
operation times and natural water samples on the PEM stability and mapping the systemdependency of the operational parameters that are required for high selectivities. This also
includes the compatibility of advanced, automated water flow systems to swiftly control
the diluate and the concentrate streams to enable ion separation.
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Spectroscopic Ellipsometry Analyses. The gold substrates were sonicated for 5 min in
Milli-Q water, and dried in a gentle stream of argon. Then, the substrates were subsequently
cleaned with air-based plasma by a plasma cleaner (Diener electronic GmbH, Germany) for
5 minutes. After cleaning, the gold substrates were coated with 2.5, 9, and 20.5 bilayers of
PEM by using the procedure that was used for membrane coating. The PEM-coated gold
substrates were analyzed by spectroscopic ellipsometry to determine their optical (dry)
thicknesses. The data were obtained in air at room temperature by using an Accurion
Nanofilm_ep4 imaging ellipsometry. The wavelength range of the light was λ = 400.6−761.3
nm at an angle of incidence of 50°. The data were fitted with EP4 software using a multilayer
model by using a refractive index of 1.397 for gold.

Figure S6.1: Dry (optical) PEM thickness as function of the number of bilayers.

Resistance Analyses of PEM-Coated Membranes. CC experiments were carried out for
PEM-CMX with 5.5 and 20.5 bilayers as well as the pristine CMX. Each experiment consists
of three cycles with current densities of 5, 10, 25, 50, and 100 mA/g. The experiments were
conducted in 8 mM of NaCl, followed by 8 mM of MgCl 2 for each membrane. The potential
drop measured when switching from charging to discharging is defined as half of the IR
(ohmic) drop. Based on the IR drop values, the resistance of different membranes for
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different salt solutions could be estimated. A higher ohmic drop means a higher resistance
of the membrane. The magnitude of ohmic drops was calculated by using the 3 rd cycle of
the aforementioned current density values for all experiments.

Figure S6.2. Ohmic drop (V) values of (A) CMX (B) PEM-CMX with 11 layers and (C) PEMCMX with 41 layers in 8 mM NaCl and MgCl2 solutions. (D) Typical potential profile for a
constant current at ±25 mA/g in 8 mM NaCl charging and discharging illustrating the
presence of the ohmic drop for the PEM-CMX with 11 layers. The potential drop measured
when switching from charging to discharging (shown as a red line) is defined as half of the
ohmic drop (shown as half of the red line).
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Figure S6.3. Transient normalized removal of Na+ and Mg2+ during electrosorption cycles at
0.6 and 0.8 V.

Electrosorption Experiments. The experiments were performed using a home-built, labscale MCDI system.1 The dimensions of the MCDI cell are 6 cm × 10.5 cm × 18.5 cm with
total volume of 70 mL. The cell was assembled with two carbon-based electrodes (5.6 cm ×
6.0 cm), each with a square opening inside (1.5 cm × 1.5 cm), separated with CMX, AMX,
and a spacer. The de-aerated feed solution (5 L of 4 mM of each relevant salt) was pumped
using a peristaltic pump (Masterflex) through the system at a constant flow rate of 7.5
mL/min. Due to the large volume of the feed solution and the small size of the electrodes,
the experiments behaved like a single-pass experiment, as described previously in
literature.2 Firstly, the effect of operational modes (CV and CC) on monovalent cation
selectivity was investigated. In CV mode, a potentiostat (Autolab PGSTAT302N, Metrohm)
provided a charging voltage (ranging from 0.4 to 1.0 V) and a discharge voltage of 0 V (short
circuit) during the electrosorption and desorption, respectively. The experiments in CV
mode were carried out for 10 cycles (electrosorption + desorption) of 40 min each. The
threshold current value was optimized and guided by a MCDI model (details in Section 3) to
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maximize the sodium selective removal. Therefore, a constant current value (i.e. ±10 mA)
below the threshold for magnesium electrosorption was chosen. The cut-off potentials
were 1.0 V for electrosorption and 0 V for desorption cycles. For all MCDI experiments, the
conductivity was monitored online at the exit of the MCDI cell (conductivity module 856,
Metrohm). The electrosorption/desorption experiments were carried out for minimum 2
cycles per each voltage value in CV mode and 10 cycles per experiment in CC mode. The
selectivity values in the CC mode were calculated based on a minimum of three cycles per
experiment and a minimum of two separate experiments. Experiments were conducted by
using different feed solutions containing different cations as displayed in Table S6.1. The
counter anion was chloride for all experiments. Feed concentration number 1 was used to
determine the optimum current and the number of polyelectrolyte layers, as well as
comparing different type of membranes. Depending on the experiment, a CMX, CMX-PEM,
CMS, or CSO membrane was used as a cation-exchange membrane. All CDI experiments
were performed at least two times for each membrane. After the optimized conditions to
obtain the highest Na+/Mg2+ selectivity with PEM-CMX were obtained, the selectivity values
were calculated for bare CMX, CSO, and PEM-CMX in various experiments with feed
compositions 2–5 (Table S6.1).
Table S6. 1. Compositions of the feed solutions used in the electrosorption experiments.
Feed
number

Na+ (mM)

K+ (mM)

Li+ (mM)

Mg2+
(mM)

1

4 mM

-

-

4 mM

2

4 mM

4 mM

4 mM

-

3

4 mM

4 mM

4 mM

4 mM

4

4 mM

4 mM

-

-

5

-

4 mM

4 mM

-
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Figure S6.4. (A) Potential and (B) conductivity profile of the CC experiment with PEM-CMX
(5.5 bilayers) by using a current density of 5.6 mA/g.

Membrane Capacitive Deionization (MCDI) Model . The dynamic model used to describe
the membrane capacitive deionization (MCDI) process has been proposed elsewhere.3,4
Here, the model was adapted and simplified for our cell setup considering the presence of
a thin layer between the membrane and electrode for a 1:1 salt solution, as depicted in
Figure S6.5.
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Figure S6.5. Schematic representation of the mass balance used in the half-cell of the PEMCMX.

6

The mass balance for this system is:
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

[2. 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑝𝑝𝑝𝑝

1

𝑉𝑉𝑉𝑉
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑉𝑉𝑉𝑉𝑒𝑒𝑒𝑒 .𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ] =

𝐽𝐽𝐽𝐽𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝛿𝛿𝛿𝛿𝑇𝑇𝑇𝑇

𝑣𝑣𝑣𝑣

− (𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠1 − 𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠1 )
ℎ

(S6.1)

where csp+mA is the concentration in the macropores and space in front of the electrode, pmA
and pmi are the macro and micropore porosity of the electrode, respectively, Vsp,ele is the
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space volume in front of the electrode, Ve is the volume of the electrode, cmi is the
concentration in the micropores, Jion is the ion flux, δT is the total thickness of electrode and
space in front of the electrode, ν is the velocity of the flux through and in front of the
electrode, co,sp1 and ci,sp1 are the outlet and inlet concentration in and in front of the
electrode. The flow in the space of the electrode was considered to be 2% of the total flow
in the cell.
The concentration in the micropores, cmi, was calculated based on the modified Donnan
model:
𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 2. 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 . exp(𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ) . cosh(Δ𝜑𝜑𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 )

(S6.2)

Where 𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the attractive term for the electrode surface, and Δ𝜑𝜑𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the

Donnan potential inside of the micropores. The Equation S6.3 is then used to calculate the
equilibrium between Δ𝜑𝜑𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and the other potentials inside of the cell.
𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
2.𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇

= Δ𝜙𝜙𝜙𝜙𝑒𝑒𝑒𝑒 + Δ𝜙𝜙𝜙𝜙𝑚𝑚𝑚𝑚 + Δ𝜙𝜙𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠1 + Δ𝜙𝜙𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + Δ𝜙𝜙𝜙𝜙𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + Δ𝜙𝜙𝜙𝜙𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + Δ𝜙𝜙𝜙𝜙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 − Δ𝜙𝜙𝜙𝜙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠1 (S6.3)

For simplicity, it was considered that the voltage in the half-cell was half of the total
cell voltage applied. In Equation S6.3, Δ𝜙𝜙𝜙𝜙𝑒𝑒𝑒𝑒 is the electrode potential drop, Δ𝜙𝜙𝜙𝜙𝑚𝑚𝑚𝑚 is the
potential drop across the membrane caused by ionic resistance, Δ𝜙𝜙𝜙𝜙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑆𝑆𝑆𝑆,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 and

Δ𝜙𝜙𝜙𝜙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠1 are the Donnan potential from the solution to the membrane interfaces,

Δ𝜙𝜙𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠1 is the potential drop in the volume space in front of the electrode, Δ𝜙𝜙𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 is the

potential drop across the spacer for the solution being treated, and Δ𝜙𝜙𝜙𝜙𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 is the Stern
potential of the electrode. These potential values can be calculated using the following
correlations:
Δ𝜙𝜙𝜙𝜙𝑒𝑒𝑒𝑒 = −

Δ𝜙𝜙𝜙𝜙𝑚𝑚𝑚𝑚 = −
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𝐼𝐼𝐼𝐼.𝐹𝐹𝐹𝐹.𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(S6.4)

𝐼𝐼𝐼𝐼.𝛿𝛿𝛿𝛿𝑚𝑚𝑚𝑚

(S6.5)

𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇 .𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 .〈𝑐𝑐𝑐𝑐𝑇𝑇𝑇𝑇,𝑚𝑚𝑚𝑚〉

Chapter 6

Δ𝜙𝜙𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = −

𝐼𝐼𝐼𝐼.𝛿𝛿𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(S6.6)

2.𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 .𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Δ𝜙𝜙𝜙𝜙𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = −

𝜎𝜎𝜎𝜎𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖 .𝐹𝐹𝐹𝐹

(S6.7)

𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇 .𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

2
𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣0 + 𝛼𝛼𝛼𝛼. 𝜎𝜎𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

Δ𝜙𝜙𝜙𝜙𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 = sinh−1 (

𝜔𝜔𝜔𝜔.𝑋𝑋𝑋𝑋

2.𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

(S6.8)

)

(S6.9)

In these equations, I is the ionic current, F is the Faraday’s constant, Rele is the
electrode resistance, VT is the thermal voltage, 𝛿𝛿𝛿𝛿𝑚𝑚𝑚𝑚 is the membrane thickness, Dm is the
diffusion coefficient of ions across the membrane, 〈𝑐𝑐𝑐𝑐𝑇𝑇𝑇𝑇,𝑚𝑚𝑚𝑚 〉 is the average concentration of

ions inside of the membrane, 𝛿𝛿𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the spacer thickness in the front of the membrane and

electrode, Di is the diffusion of ions in the spacer, csp is the concentration of ions in the
spacer, 𝜎𝜎𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the ionic charge, 𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣0 are the standard volumetric Stern capacity, 𝛼𝛼𝛼𝛼 is

parameter to describe the non-linear Stern capacity, ω is the charge of the membrane (ω =
-1 for CEM), X is the volumetric concentration of the membrane, and csalt is the salt
concentration in the interface in both sides of the membrane.

6

The charge in the micropores can be calculated using:
𝜎𝜎𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = −2. 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠_𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 . exp(𝜇𝜇𝜇𝜇𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ) . sinh(Δ𝜙𝜙𝜙𝜙𝑚𝑚𝑚𝑚𝐷𝐷𝐷𝐷 )

(S6.10)

and
𝑑𝑑𝑑𝑑𝜎𝜎𝜎𝜎𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖
𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆

=−

I

pmi .𝛿𝛿𝛿𝛿𝑒𝑒𝑒𝑒

(S6.11)
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The concentration variation in the spacer in front of the membrane is calculated
using the following mass balance, solved for M sub-cells simultaneously:
𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

=

𝐽𝐽𝐽𝐽𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝛿𝛿𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2

+

𝑀𝑀𝑀𝑀

𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2

(𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2,𝑖𝑖𝑖𝑖 − 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2,𝑖𝑖𝑖𝑖−1 )

(S6.12)

The ion flux crossing the membrane is calculated based on the linearization of the
Nernst-Plank equation:
𝐽𝐽𝐽𝐽𝑚𝑚𝑚𝑚 = −

𝐷𝐷𝐷𝐷𝑚𝑚𝑚𝑚
𝛿𝛿𝛿𝛿𝑚𝑚𝑚𝑚

(Δ𝑐𝑐𝑐𝑐 + 𝜔𝜔𝜔𝜔. 𝑋𝑋𝑋𝑋. Δ𝜙𝜙𝜙𝜙𝑚𝑚𝑚𝑚 )

(S6.13)

The values used in the model are provided in Table S6.2. Some of the parameters,
such as diffusion coefficients, were based on typical values presented in literature, 5 while
other parameters, such as thickness of components, were based on our experimental setup.
The actual values of the parameters in Table S6.2 were not measured since this model was
used for a single−salt solution, instead of a mixture used in our experiments. Nevertheless,
the main outcomes from the model, such as the profile of the potential drop across the
membrane by only changing cell voltage and current density, are barely affected by these
parameters, and do not influence the conclusions from this work.
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Table S6.2. Parameters used for the MCDI transport model.
Parameter

Value

F

96485 C/mol

Rele

0.12 Ω mol/m

VT

25.6 mV

𝜹𝜹𝜹𝜹𝒆𝒆𝒆𝒆

150 μm

𝜹𝜹𝜹𝜹𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

150 μm

𝑫𝑫𝑫𝑫𝒎𝒎𝒎𝒎

0.17 . 10-9 m²/g

200 MF/m³

𝜹𝜹𝜹𝜹𝒎𝒎𝒎𝒎

150 μm

𝜹𝜹𝜹𝜹𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

250 μm

𝑫𝑫𝑫𝑫𝒊𝒊𝒊𝒊

1.70 . 10-9 m²/g

𝑪𝑪𝑪𝑪𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺,𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗
𝜶𝜶𝜶𝜶

20 F/m³ mol²

X

3000

𝝁𝝁𝝁𝝁𝒂𝒂𝒂𝒂𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺

2 kT

𝒔𝒔𝒔𝒔𝒎𝒎𝒎𝒎𝒊𝒊𝒊𝒊

𝒔𝒔𝒔𝒔𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎

0.35

6

0.30
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Chapter 7

Crown Ether-Modified
Polyelectrolytes and
their Interactions with
Cations – a QCM Study

This chapter was adapted from:
Sahin, S.; van Weeren, E.; Zuilhof, H.; de Smet, L.C.P.M. Crown Ether-Modified
Polyelectrolytes and their Interactions with Cations – a QCM Study (accepted for a
publication in Applied Surface Science Advances )

Crown Ether-Modified Polyelectrolytes

Abstract

In this study, the build-up of polyelectrolyte multilayers (PEMs) containing 15-crown-5 (CE)
groups and their interactions with various cations were studied by using quartz crystal
microbalance with dissipation monitoring (QCM-D). First, poly(allylamine hydrochloride)
(PAH) was modified with 4’-carboxybenzo-CE via carbodiimide chemistry. CE was chosen as
its complexes with Na+ and K+ are reported to be more stable compared to those with other
cations. The resulting functionalized polyelectrolyte (PAHCE) and poly(4-styrene sulfonic
acid) (PSS) were used in the layer-by-layer build-up of a multilayer onto gold-coated quartz
resonators, enabling their characterization with QCM-D. Compared to (PAH/PSS)4,
(PAHCE/PSS)4 resulted in slightly thicker layers based on Voigt (65 ± 5 vs. 57 ± 3 nm) and
Sauerbrey (45 ± 2 vs. 38 ± 3 nm) modelling of the QCM-D data. The same trend was found
for the optical, dry thickness, as obtained with ellipsometry (15 ± 0.3 vs. 13 ± 1 nm). Next,
the QCM-D characteristics of these PEMs were monitored in situ when exposed to various
aqueous salt solutions (LiCl, NaCl, KCl, CsCl, RbCl, and MgCl 2). Starting from Cs+, the
frequency change of the (PAHCE/PSS)4 system upon changing to K+ and Na+ solutions was
found to be ≈ 3 times larger than for (PAH/PSS)4. With a polycation (PAHCE) as the outermost
PEM layer, the salt-exchange behavior was less visible due to increased charge rejection of
cations. Therefore, we also modified a bio-based polyanion, pectin with 4’-aminobenzo-CE
and built (PAH/pectinCE)4. Also, in this case the addition of CE increased the PEM layer
thickness compared to (PAH/pectin)4, both in a wet state (Sauerbrey modelling, 447 ± 19 vs.
314 ± 17 nm) and when dry (115 ± 4 vs. 66 ± 3 nm). Again, we observed the largest QCM-D
responses for K+ and Na+ solutions (≈ 6 and 12 times larger, respectively) compared to the
(PAH/pectin)4. The effect of CE is more prominent in pectin-based PEMs due their relatively
higher thickness. Given the large toolbox of available polyelectrolytes and ionophores, we
anticipate that functionalized PEMs can facilitate the further development of ion separation
applications.
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7.1Introduction
Selectivity is crucial for applications that involve the detection and separation of
ions, including in clinical chemistry,1 environmental monitoring,2 and water treatment.3–6
For instance, K+ and Na+ selectivity is important for a rapid and reliable detection of these
ions, which both play a regulating role in the cellular electrolyte metabolism,7 while K+ over
Na+ selectivity is important for greenhouse applications, as it assists the recycling of
irrigation water.4 Other examples from the field of water treatment include the reduction
of water hardness (divalent over monovalent selectivity), 3,5 and the recovery of nutrients,
such as phosphate,5,6,8,9 and valuable metals such as lithium.10,11 Similarly, levels of arsenic,
lead, and mercury are monitored to check heavy metal contamination in the environment
and blood samples.12
One interesting and attractive way to tune ion selectivity is to introduce
polyelectrolyte multilayers (PEMs).3,5,6,8,10,11,13–15 PEMs are composed of alternating layers
of oppositely charged polymers and can control the physicochemical properties of various
surfaces, including those of membranes and electrodes.16–20 As such, PEMs provide a
versatile and facile way to tune separation processes of various species like gases, solvents
and ions.21,22 Moreover, the selectivity of PEMs strongly depends on structural features like
the molecular weight and/or charge density of the constituting polyelectrolytes, 18,23–25 the
number of layers in the PEM, as well as experimental conditions, including the ionic
strength,26–28 the type of supporting electrolyte29–32 and the pH33–36 of the solution in which
the PEM is prepared or in contact with.
The ion-separation properties of PEMs mostly rely on their charge- and sizedependent rejection mechanisms towards certain (type of) ions. 3,21,22,37 Interestingly, the
ion-selective behavior of PEMs can be further tuned via the incorporation of ionophores.
Typically one of the polyelectrolytes is replaced by an ionophore during layer build-up, or
the ionophore is trapped within the PEM.38–40 For example, Toutianoush et al. combined
various negatively charged calixarene derivatives with poly(vinyl amine) to build calixarenefunctionalized PEMs which demonstrated ion-selective properties towards monovalent,
divalent, or trivalent cations based on the ring size of the calixarene ring.38 However, the
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lack of covalent bonds between the macromolecular polyelectrolytes and low-molecularweight ionophores makes such systems limited in stability due to the problem of leaching
of the ionophore to the environment. Alternatively, ionophores are covalently attached to
the polyelectrolyte backbone.9,10 For instance, Cao et al. chemically attached guanidinium
moieties to a polycation, to yield a functional macromolecule that was found to be useful
in building PEMs that showed increased interactions with phosphate ions. 8,9,41
Given the importance of PEMs in alkali metal ion recognition processes, including
those relevant for ion sensors1,4,39,40,42–45 and pressure-driven ion separations,38,46,47 we now
covalently attached a crown ether to polyelectrolytes and incorporated these in PEMs for
ion selectivity.
In order to study the structure of (functionalized) PEMs and their interaction with
different ions, quartz crystal microbalance with dissipation monitoring (QCM-D) is a widely
used technique.9,48–51 In short, QCM-D makes use of a resonating gold-coated, piezo-active
sensor onto which PEM layers can be built.52,53 The resonance frequency is monitored online
and frequency changes are proportional to the changes in mass, as shown by Equation 1: 54
∆𝑚𝑚𝑚𝑚 =

−𝐶𝐶𝐶𝐶×∆𝑓𝑓𝑓𝑓n
𝑛𝑛𝑛𝑛

(7.1)

where ∆𝑚𝑚𝑚𝑚 (ng ∙ cm-2) is the areal mass density of the adsorbed film, 𝐶𝐶𝐶𝐶 (1.77 ng ∙ cm-2 ∙ Hz-1)
is the mass-sensitivity constant, ∆𝑓𝑓𝑓𝑓n (Hz) is the frequency shift and 𝑛𝑛𝑛𝑛 is the harmonic number

(3, 5, 7, 9, 11). The thickness of the films is determined either using the Sauerbrey model,
which is suitable for rigid layers, or using a viscoelastic model that is mainly used for soft

PEM coatings.48,49,55 Furthermore, the dissipation mode of QCM-D enables one to obtain
information on the viscoelastic properties of the layers.
In this study, we aim to extend the scope of ion-selective PEM coatings by attaching
crown ether units as ionophore to two polyelectrolytes, and to better understand the
interactions between the functionalized PEMs – as well as their non-functionalized
equivalents – and various cations. Although the effects of different anions on the PEM
structure have been studied previously via QCM-D,27,32,56–59 a comparable comprehensive
study with alkali (earth) metal cations has not been reported yet. Also, the cation preference
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of an ionophore-containing PEM has not been studied yet with QCM-D. In addition, apart
from an interesting series of adsorption selectivity studies on crown ether-functionalized
chitosan,60–66 the number of studies on crown ether-functionalized, bio-based
polyelectrolytes for ion studies is limited.60 Moreover, in those studies atomic adsorption
spectrophotometry was exclusively used to analyze the metal concentrations in
supernatant solutions of centrifuged polyelectrolyte-salt solutions. While this was useful in
terms of adsorption selectivity at the single polyelectrolyte level, the use of PEMs also
enables the use of surface-related analytical techniques. In this study, we covalently
attached 15-crown-5 (CE) to both poly(allylamine hydrochloride) (PAH) and pectin, to obtain
different PEMs that are decorated with ionophore groups. Pectin was the natural
polyelectrolyte of choice since it can be obtained from citrus peel, making it an affordable
and biodegradable polyanion, while PAH is widely used polycation to build PEMs. CE was
chosen as its complexes with Na+ and K+ are reported to be more stable compared to those
with other cations.67–70 The interactions between various cations and CE-containing PEMs
and their non-functionalized equivalents as well as the effect of CE modification on PEM
properties were studied by a real-time gravimetric method, QCM-D.

7.2Materials and Methods
Materials. Poly(allylamine hydrochloride) (PAH, Mw ≈ 450,000 Da), poly(sodium 4styrenesulfonic acid) solution (PSS, Mw ≈ 75,000, 18 wt. % in H2O), pectin (from citrus peel,
galacturonic acid ≥74.0% (dried basis)), 4’-carboxybenzo-15-crown-5 (>98%), 4′aminobenzo-15-crown-5

(97%),

N-hydroxysuccinimide

(NHS,

98%),

N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC, >98%), lithium chloride
(BioXtra, ≥99.0%), sodium chloride (NaCl, ≥ 99%), potassium chloride (BioXtra, ≥99.0%),
rubidium chloride (ReagentPlus®, ≥99.0% (metals basis)), cesium chloride (ReagentPlus ®,
99.9%), anhydrous magnesium chloride (MgCl2, ≥ 98%), sodium dodecyl sulfate (ACS
reagent, ≥99.0%), 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TSP-D4), and
Hellmanex™ III (cleaning concentrate) were purchased from Sigma Aldrich. Hydrochloric
acid (36.5 ˗ 28.0% NF grade) was purchased from VWR International. All chemicals were
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used as received without further purification. The inorganic salts were kept in a vacuum
oven overnight prior to use. Dialysis membrane cellulose tubing (with a cut-off ≈ 14 kDa)
was bought from Sigma Aldrich. Milli-Q water (18.2 MΩ∙cm, Milli-Q Integral 3 system,
Millipore) was used to prepare salt and polyelectrolyte solutions. Gold-coated quartz
resonators (AT-cut, QSense 301, < 1 nm RMS, 100 nm Au) with a fundamental frequency (f0)
of 5 MHz were purchased from Biolin Scientific, Sweden.
Synthesis and Purification of the Crown-Ether Functionalized Polyelectrolytes. EDC-NHS
carbodiimide-assisted coupling reactions were used to synthesize crown-ether containing
polyelectrolytes. The protocol was adapted from the work of Zheng et al.9
A series of PAH derivatives with different degrees of substitution were synthesized
by changing the molar feed ratio of the monomeric allylamine hydrochloride and 4’carboxybenzo-15-crown-5 (carboxy-CE). The synthesized products were abbreviated as
PAHCE #1, PAHCE #2, and PAHCE #3 for the feed ratios of 10:1, 10:2, and 10:3, respectively.
Amino groups of the PAH reacted with the carboxylic acid groups of the carboxy-CE to yield
a conjugate of the two molecules joined by a stable amide bond (Scheme 1A). Briefly, for
the 10:2 ratio case, PAH (0.2 g, 2.140 mmol, 1 equiv.) and carboxy-CE (0.134 g, 0.428 mmol,
0.2 equiv.) were dissolved 30 mL of Milli-Q water. Followed by the addition of 1-ethyl-3-(3dimethylaminopropyl)carbodiimide (0.984 g, 5.136 mmol, 2.4 equiv.) and Nhydroxysuccinimide (0.492 g, 4.28 mmol, 2 equiv.). The reaction mixture was stirred for 72
h at room temperature. The mixture was afterwards transferred to a dialysis tube (cut-off
14 kDa), which was then kept in ample Milli-Q water for 48 h. The water was refreshed every
12 h, and at the end of the dialysis the retained mixture was freeze dried. In the rest of the
study, PAHCE #2 derivative was used unless otherwise stated.
Similarly, pectin was functionalized with 15-crown-5 (Scheme 1B). The carboxylic
acids group (of which the pKA is generally believed to be in the range from pH 3.5 to 4.5) of
pectin do not only make it a polyanion, but can also be used to covalently attach an aminoCE. In more detail, pectin was functionalized with 4’-aminobenzo-15-crown-5 (amino-CE) by
using a 10:2 feed ratio. Pectin (0.1 g, 0.497 mmol, 1 equiv.) and amino-CE (0.028 g, 0.099
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mmol, 0.2 equiv.) were dissolved in 20 mL of Milli-Q water, to which was subsequently
added 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.229 g, 1.193 mmol, 2.4 equiv.)
and N-hydroxysuccinimide (0.114 g, 0.994 mmol, 2 equiv.). The reaction mixture was stirred
for 72 h at room temperature. The mixture was afterwards transferred to a dialysis tube
(cut-off 14 kDa) and kept in ample Milli-Q water for 48 h. The water was refreshed every 12
h, and at the end of the dialysis the mixture was freeze dried.
Since the molecular weight of the functionalized polyelectrolytes was not exactly
known, yields were calculated by dividing the mass of the product obtained after the
purification by the sum of the masses of the reactants (either PAH and carboxy-CE or pectin
and amino-CE,) as described in the literature.9

7

Scheme 7.1. Reaction schemes for the synthesis of (A) PAHCE and (B) pectinCE and
schematic representations of the PEM-coated QCM sensors.
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Characterization of PAHCE and pectinCE. The structures of the products were characterized
by nuclear magnetic resonance (NMR) spectroscopy (Bruker AVANCE, 400 MHz for 1H and
101 MHz for 13C with deuterated water (D2O) as solvent). In addition to one-dimensional
NMR experiments, two-dimensional NMR experiments, correlation spectroscopy (COSY),
heteronuclear single quantum coherence (HSQC), and heteronuclear multiple bond
correlation (HMBC), were conducted for PAHCE. Additionally, diffusion-ordered
spectroscopy (DOSY) was used to confirm the covalent bounds between the CE moieties
and PAH backbone. TSP-d4 was used as an internal standard when acquiring the 1H-NMR
spectrum of pectinCE by dissolving 14.1 mg of pectinCE and 0.65 mg of TSP-d4 in 1 mL of
D2O. The spectra were processed with MasterNova 14.1.0.
Fourier-transform infrared (FT-IR) spectra were recorded with a Bruker Tensor 27
spectrometer equipped with a platinum attenuated total reflection (ATR) accessory. The
samples were placed on the crystal of the ATR accessory as powder. Each spectrum was
acquired with 64 scans with a resolution of 4 cm-1.
Preparation of Polyelectrolyte and Salt Solutions. Salt solutions (0.15 M) were prepared by
dissolving the appropriate amount of salt in Milli-Q water. The pH of these solutions was
adjusted to 5.0 (using a pH meter, Innolab, WTW series) by adding drops of a diluted HCl
solution. Polyelectrolyte solutions were prepared by dissolving 25 mg of the polyelectrolyte
in 50 mL of CsCl solution (0.15 M, at pH 5.0).
Multilayer Build-up. The experiments were performed by using gold-coated quartz sensors
in a QCM-D set-up (Q-Sense E4, Biolin Scientific, Sweden) at 18 oC. Prior to the experiments,
the sensors were dipped in 2% sodium dodecyl sulfate solution for 30 min, and rinsed
excessively with Milli-Q water. After rinsing, they were dried with a flow of nitrogen and
treated with UV-ozone cleaner (Procleaner UV.PC.220, Bioforce Nanosciences) for 20 min.
All polyelectrolyte and salt solutions were bubbled with nitrogen for 15 min in
order to reduce the concentration of dissolved oxygen that may cause unstable baseline.
The flow rate of solutions was 50 µL/min in all experiments.
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Before each experiment, a CsCl solution (0.15 M, at pH 5.0) was pumped through
the QCM-D cells via a peristaltic pump (Ismatec, high precision multichannel dispenser) for
30 min to have a stabile baseline. Afterwards, the resonance frequency and dissipation
values obtained with CsCl were recorded as baseline and the deposition of polyelectrolytes
started by switching to the appropriate solution. The real-time build-up of PEMs started
with a polycation for each experiment. The PEMs abbreviated as (PAH/PSS)n, (PAHCE/PSS)n,
(PAH/pectin)n, and (PAH/pectinCE)n, where n indicates the number of bilayers. Alternating
layers of polycation and polyanion were deposited on the gold sensors by alternate
pumping of each solution for a minimum of 10 min to build the PEMs. After the build-up, a
CsCl solution was pumped to the PEM to remove any weakly attached polyelectrolytes.
Then, salt-exchange experiments were performed by using the PEM-coated sensors. Note
that the term salt- or ion-exchange,9,56 or alternatively specific ion effect,59 is regularly used
in studies where coatings are exposed to different salt conditions.
Frequency (Δf) and dissipation shifts (ΔD) were acquired at the 3rd (15 MHz), 5th (25
MHz), 7th (35 MHz), 9th (45 MHz), and 11th (55 MHz) harmonic overtones. The 3rd overtone
was chosen for the comparison of various experiments as it is one of the most suitable
harmonics to reflect the surface character of the film. 9,33,34 The data was recorded with
QSoft (version 2.8.0.913, Analyzer) and analyzed with DFind (version 1.2.7) software. The
mass of the assembled PEMs was calculated by using the Sauerbrey equation (Equation 1),
and the (wet) PEM thicknesses were calculated based on Sauerbrey modelling in DFind.
Equation 1 shows that decrease of frequency is associated with increase in mass, therefore
a higher thickness value. As Sauerbrey modelling is for rigid films, the wet thicknesses of the
films were also estimated via Voigt modelling in DFind. In Voigt modelling, the density of
the default bulk liquid water (20 C) was chosen as 998 g/L and the densities for the default
layer materials were chosen as 1020 g/L (PAH), 1050 g/L (PSS), and 1300 g/L (pectin).
Spectroscopic Ellipsometry Analyses. The optical (dry) thickness of the PEM coatings was
measured after freshly-coated sensors were rinsed with Milli-Q water and dried with a
gentle flow of nitrogen. The data were obtained by using an Accurion Nanofilm_ep4 imaging
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ellipsometer in air at room temperature. The wavelength range of the light was λ =
400.6−761.3 nm at an angle of incidence of 50. The data were fitted with EP4 software
using a multilayer model and a refractive index of 1.397 for gold.
Salt-Exchange Experiments with QCM-D. After the aforementioned PEMs were built, a CsCl
solution (0.15 M, pH 5.0) was flushed through the QCM-D cell for at least 30 min to get a
stable baseline. Once achieved, various salt solutions (e.g. LiCl, NaCl, KCl, RbCl, MgCl2, etc.)
were pumped to the QCM-D cells one by one. Each salt solution was pumped through the
QCM-D cell for at least 30 min. Finally, the salt solutions were replaced by a CsCl (0.15 M,
pH 5.0) solution to reach the baseline.
After the experiments, 50 mL of 1% (v/v) Hellmanex III solution was run through
the QCM-D cell at 40 C. Then, the system was rinsed with at least 50 mL of Milli-Q water,
before drying it upon air. All PEM build-up and salt-exchange experiments were repeated
at least three times, and the reported values result from averaging the resulting data.

7.3 Results and Discussions
Synthesis and characterization of PAHCE and PectinCE. Crown ether-functionalized PAH
derivatives (PAHCE #1, PAHCE #2, and PAHCE #3) were synthesized via a carbodiimideassisted coupling reaction as shown in Scheme 7.1A by using different molar feed ratios of
the polymer and CE. The combination of bands in the aromatic and aliphatic region of the
H-NMR spectrum of PAHCE #2 (Figure 7.1A) does not only show that the attachment was

1

successful; it can also be used for a quantitative analysis. In more detail, the bands in the
3.53-0.25 ppm region are attributed to the protons in the PAH backbone (−CH2−CH−) and
the methylene protons in the side chain (−CH2−NH2 / CH2−NHR). The chemical shift of these
aliphatic signals was confirmed by 1H-NMR and HSQC spectra of the unmodified PAH
(Figures S7.1 and S7.2). The signals at 7.69 – 6.69 ppm and 4.50 – 3.56 ppm can be
attributed to three protons of the aromatic moiety in the CE and the aliphatic CH 2O signals
of the crown ether, respectively. The degree of modification was calculated by comparing
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the integration of the aromatic protons of the crown ether and the aliphatic protons of PAH.
Based on this calculation, the degree of substitution for PAHCE #2, for which the feed ratio
was 20%, was found to be 91%, which is comparable to those of other functionalized
polyelectrolytes.9,19 Additionally, also

C NMR, DOSY, and COSY spectra confirmed the

13

attachment of CE units to the polymer backbone (Figures S7.8-10). After the purification
step, PAHCE was obtained as a yellow solid with a yield of 91% ± 4. Similarly, the degree of
modification for PAHCE #1 and PAHCE #3 was found to be 5% and 14% (Figures S7.5 and
S7.6).
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Figure 7.1. 1H-NMR spectra of (A) PAHCE #2 (400 MHz, D2O) δ 7.69 – 6.69 (m, 3H), 4.50 –
3.56 (m, 17H), 3.53 – 0.25 (m, 52H), and (B) pectinCE with TSP-d4 as an internal standard.

200

Chapter 7
Pectin was also successfully functionalized with CE as confirmed with 1H-NMR
(Figure 7.1B). After purification, pectinCE was obtained as white solid with a yield of 75% ±
9. The degree of modification was calculated based on the known concentration of pectinCE
and TSP-d4 dissolved in D2O and the observed integral values of the aromatic protons and
TSP- d4 signal. This showed that w/w% of CE units in the pectinCE is 2.3 ± 0.3, meaning ≈1.7
mol% CE in pectinCE. Although, the degree of functionalization is relatively lower than the
one of PAHCE (9 ± 1%), this can partly be explained by the nature of pectin. It is noted that
this percentage is with respect to all monomer units, i.e., those with free carboxylic acid
moieties (>74%) and those with the non-reactive methyl esters (<26%). Therefore not all
monomers of pectin is available for functionalization, unlike PAH.
All four polymers, i.e. PAH, PAHCE, pectin, and pectinCE, were also analyzed by FTIR (Figure 7.2) and here we describe the main differences upon functionalization. In case of
PAHCE (Figure 7.2A) the characteristic amide C=O stretching peak at 1632 cm-1 and in-plane
N−H bending peak at 1527 cm-1 confirm the presence of the C=O amide bond between PAH
and CE moieties.9 Also, C−H stretching bands of unsaturated (sp2) carbon bonds (3100-3000
cm-1) correspond the aromatic ring of the crown ether moieties. Lastly, although difficult to
assign with certainty as it is in the middle of the fingerprint region, the strong signal at 1127
cm-1 can likely be attributed to C-O stretching vibrations, and thus also point to the presence
of crown ether moieties.71
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Figure 7.2. FT-IR spectra of (A) PAH (blue) and PAHCE (purple) (B) pectin (blue) and pectinCE
(purple). The bands that appear upon the functionalization are designated by the boxes and
related text labels.

The differences between the FT-IR spectra of pectin and pectinCE are less
prominent. In case of pectin, the signals at 1600 cm -1 and 1735 cm-1 correspond to the
vibrations of the acid and ester carbonyls, respectively. 72 Although in case of pectinCE an
additional amide-based carbonyl signal would be expected, it is difficult to observe such a
signal due to the overlapping signals in the carbonyl region. Instead, in this region, while the
other two carbonyl-related signals in the IR spectra of pectin and pectinCE appear at the
same position, one of the bands shifts from 1735 cm-1 to 1743 cm-1 upon the
functionalization, suggesting a change in the structure after additional of CE groups.
To further analyze the structure of pectinCE, X-ray photoelectron spectroscopy
was used in addition to 1H-NMR and FTIR. Figure S7.14 shows the % change in elemental
compositions of the pectin- and pectinCE-modified gold surfaces. The increase in the
relative amount of N from 0 to nearly 3% upon the functionalization of pectin indicates the
presence of crown ether units linked via amide bonds. This percentage actually suggests a
higher degree of functionalization compared to the one based on 1H-NMR (3 vs. 1.7%),
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but it is noted that the peak integration accuracy is low for small peaks. Qualitatively XPS
shows that that the synthesis was successful, just like 1H-NMR.
In conclusion, both PAHCE and pectinCE were synthesized successfully and their
structures were characterized with various spectroscopic techniques. After characterization
of PAHCE and pectinCE, the build-up of PEMs on gold-coated QCM sensors was studied with
QCM-D.
PEM Build-Up of (PAHCE/PSS)4. First, a well-studied PAH/PSS PEM18,49,73 was chosen to see
the effect of CE moieties in the layer build-up. In order to compare the layer properties, an
equal number of layers (four bilayers) was coated for all types of PEMs. Figure 7.3 shows a
representative real-time change in frequency and dissipation response for the 3 rd, 5th, and
7th harmonics of (PAHCE/PSS)4 and (PAH/PSS)4. CsCl was chosen as the supporting
electrolyte for the PE solutions as the relatively large Cs + ions have less interaction with CE
derivatives compared due to the smaller alkali metal ions.67,74 Therefore, each build-up (and
intermediate washing step) was started by flushing a 0.15 M CsCl solution over a bare QCM
sensors until a stable base line was observed. Each time that a polyelectrolyte solution was
flushed through the QCM-D cell in an alternating fashion in terms of polycation and
polyanion, the frequency decreased with a concomitant increase in the dissipation,
resulting in cumulative plots that are typical for the build-up of PEMs.9,59,75,76 Table 7.1
provides an overview of the averaged QCM data for the various samples. The overall
averaged frequency shift for (PAHCE/PSS)4 was found to be higher than the one of
(PAH/PSS)4 (257 ± 10 Hz vs. 218 ± 14 Hz), while the average change in the dissipation was
comparable (41 ± 4 ppm and 43 ± 5 ppm, respectively). These results indicate the CE units
contribute to the adsorbed mass, but that this has no effect on the viscoelastic properties
of the PEM.
Next, based on the frequency and dissipation shifts the thickness of the PEMs was
calculated by using the Sauerbrey and Voigt models (Table 7.1, top entries). For the
PAH/PSS system the use of PAHCE results in a larger (wet) thickness. Although the Sauerbrey
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model gives an approximate thickness based on frequency change, 77 the Voigt model gives
a more realistic thickness value for viscous and hydrated layers. 48,53,55 For such systems,
harmonics are well separated from each other and spread as shown in Figure 7.3. After the
QCM-D experiments, the QCM sensors were rinsed with MQ water and dried with a flow of
nitrogen to measure their optical thickness values via ellipsometry. As expected, given their
air-dried state, the optical thickness of (PAHCE/PSS)4 and (PAH/PSS)4 PEMs are smaller than
the modelled wet thickness values. Although less pronounced, the CE does result in a larger
optical thickness. The obtained wet and dry thickness values for (PAH/PSS) 4 were found to
be in line with values reported in literature.9,76,78

Figure 7.3. Real-time QCM-D data showing representative changes in the frequency (A and
B) and dissipation (C and D) for the 3rd, 5th, and 7th overtones of the build-up of (PAHCE/PSS)4
(A and C) and PAH/PSS)4 (B and D) in 0.15 M CsCl. The plus and minus signs represent the
polycation and polyanion in the PEMs, respectively.
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Table 7.1. The total change in frequency and dissipation for (PAH(CE)/PSS) 4, (PAHCE/PSS)3.5,
and (PAH/pectin(CE))4 multilayers and the modelled (Sauerbrey and Voigt) and the optical
thickness values of the PEMs. Each value is the average of three independent experiments.
Type of PEM

Δf3
(Hz)

ΔD3 (ppm)

Sauerbrey
thickness (nm)

(PAH/PSS)4

̶ 218 ± 14

41 ± 4

38 ± 3

Voigt
thickness
(nm)
57 ± 3

(PAHCE/PSS)4

̶ 257 ± 10

43 ± 5

45 ± 2

65 ± 5

15 ± 0.3

(PAHCE/PSS)3.5

̶ 235 ± 8

37 ± 1

41 ± 1

60 ± 4

15 ± 2

(PAH/pectin)4

̶ 1757 ± 93

303 ± 44

314 ± 17

-*

66 ± 3

(PAH/pectinCE)4

̶ 2497 ± 105

455 ± 56

447 ± 19

-*

115 ± 4

*Data

Optical
thickness
(nm)
13 ± 1

did not fit the Voigt modelling. Please see section 3.3 for further explanation and discussion.

PEM Build-Up of (PAH/pectin(CE))4 with QCM-D. Next, as an alternative to PAH/PSS PEM,
which is fully of fossil-based origin, we studied the use of a natural polyanion, pectin.
PAH/pectin and PAH/pectinCE PEMs were built on the QCM sensors in a similar fashion as
the PAH(CE)/PSS PEMs. Figure 7.4 shows the real-time change in the frequency and
dissipation responses of the 3rd, 5th, and 7th harmonics, confirming the successful the buildup of (PAH/pectinCE)4 and (PAH/pectin)4 PEMs. Compared to PAH(CE)/PSS PEMs,
PAH/pectin(CE) PEMs have higher frequency and dissipation shifts. From these data it
becomes clear that the differences in frequency and dissipation are mainly originating from
the polyanion (pectin or pectinCE) layers, which is in line with the few reported QCM studies
using pectin.79,80
Using pectin instead of PSS resulted not only in higher overall shifts, but also
affected the PEM build-up in at least the following two ways. First, coating steps that involve
pectin(CE) show longer stabilization times compared to PSS (30 vs. 10 min per layer).
Second, while the PAH(CE)/PSS system shows an almost linear frequency change during the
PEM build-up, the PAH/pectin(CE) system shows a non-uniform growth pattern, where
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changes in f and D increase during the PEM build-up. In more detail, the overtones overlap
more in the beginning of the process and the PEM eventually becomes more viscoelastic. It
becomes clear from the growth patterns that pectin-containing PEMs are larger in size and
more heterogeneous compared to the ones with PSS (with or without CE units). The
heterogeneity (e.g. more voids) in the structure of the PAH/pectin(CE) could explain the
aforementioned non-linear growth pattern, as in such a system more PAH can move in the
PEM and lead to further interpenetration of polyelectrolytes. This would cause a less neatly
stacked PEM and therefore would increase the possibility of adsorption of larger amounts
of pectin(CE).
Furthermore, the use of pectinCE instead of pectin resulted in a higher total
frequency. This trend was also observed for PAH(CE)/PSS PEMs, but for pectin(CE) the
increase is more pronounced (40 vs. 18%). Also, the dissipation value increases 50%
when using pectinCE, while we observed hardly any dissipation effect of CE in the
PAH(CE)/PSS system, as CE units possibly cause more voids in the PAH/pectin system.
Based on the above-described QCM-D data the thickness values of the
(PAH/pectin(CE))4 were modelled in a similar fashion with the (PAH(CE)/PSS) 4 via the
Sauerbrey equation (Table 7.1, bottom entries). As expected based on its higher frequency
shift, (PAH/pectinCE)4 resulted in a thickness that is 40% higher than the one of
(PAH/pectin)4. Due to limitations of the modelling software (DFind), Voigt thicknesses could
not be obtained for PAH/pectin(CE) as the data did not fit the modelling after a certain
number of layers (≈6th layer).
Finally, the optical thickness of air-dried PEMs were measured and found to be
smaller than the wet thickness values, as expected. (PAH/pectinCE)4 was found to be ≈1.7
times thicker than (PAH/pectin)4. Moreover, when compared to PAH(CE)/PSS PEMs,
PAH/pectin(CE) PEMs were found to be thicker (Table 7.1, bottom entries). For instance,
the Sauerbrey thickness of (PAH/pectin)4 is ≈8 times thicker than (PAH/PSS)4, indicating the
effect of different polyanion on PEM thickness. Also, the Sauerbrey thickness of
(PAH/pectinCE)4 is ≈10 times thicker than the one of (PAHCE/PSS) 4.
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Figure 7.4. Real-time QCD-D data showing representative changes in the frequency (A and
B) and dissipation (C and D) for the 3rd, 5th, and 7th overtones of the build-up of
(PAH/pectinCE)4 and PAH/pectin)4 in 0.15 M CsCl. The plus and minus signs represent the
polycation and polyanion in the PEMs, respectively.

7
Salt-Exchange Experiments with QCM-D. Since PEM properties are determined by the type
of counterion and the ion concentration, PEMs are sensitive to post-assembly
conditions.29,48 Therefore, interactions between PEMs and various ions can be studied via
salt-exchange experiments. This approach has been pursued for PEMs (without ionophore
units) to study the post-assembly changes in PEMs by exposing them to solutions with
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different anions.56,57 When a PEM is rinsed successively with solutions that each contain a
different salt, ionic interactions can be understood based on the changes in frequency and
dissipation. For this purpose, we performed a series of experiments and tested the effect of
various parameters on cationic interactions of CE-containing and PEMs and their nonfunctionalized equivalents. In order to study whether PEMs with a crown ether show a
preference towards a certain type of cation, CsCl was chosen as a supporting electrolyte in
during the build-up of all PEM coatings and also as the background electrolyte during all
washing and stabilization steps.
Effect of Crown Ether Units in (PAH/PSS)4 PEMs. Figure 7.5 presents the frequency shifts
as a function of time recorded for both (PAH/PSS)4 and (PAHCE/PSS)4 before and after
exposure to solutions containing 0.15 M of LiCl, NaCl, KCl, or RbCl. When switching from
CsCl to another salt solution, a certain amount of Cs + can be replaced by the other cation
due to the concentration gradient (diffusion), as previously described for various QCM-D
experiments where anion-exchange behavior of the PEMs was investigated.9,29,56 Each salt
was studied in a separate experiment and for all experiments the PEMs were rinsed with
CsCl solution before and after being exposed to the specified salt (indicated with dashed
lines in Figure 7.5).
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Figure 7.5. Frequency change (3rd harmonic) as a function of time, recorded for the QCM-D
sensors coated with (PAHCE/PSS)4 (orange), (PAH/PSS)4 (green) exposed to cycle of
changing the 0.15 salt solution: from CsCl to XCl (where X is Li, Na, Rb or Cs), followed by a
final rinsing step using CsCl. The dashed lines indicate the moment in time at which the salt
solutions were switched.

Before investigating the effect of CE on the PEM-cation interactions, the
interactions of (PAH/PSS)4 with different salts were studied (indicated as green lines in
Figure 7.5). The shifts in frequency and dissipation were observed to be salt-dependent. A
change in frequency can be explained by a combined effect of the i) difference in amount
and weight of any cation exchange, and ii) difference in the amount of water that is
associated to the PEM and/or counterion present in the PEM. Upon changing from Cs + to
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Li+ the frequency decreased (Figure 7.5A), indicated an increase in adsorbed mass.
Considering the much smaller atomic mass of Li compared to Cs (6.94 amu vs. 132.91 amu),
this difference can be attributed to the higher degree of hydration of Li + (3.82 Å vs. 3.29 Å
for Li+ and Cs+, respectively)81 and/or the uptake of more Li+. On the other hand, when
switching from Cs+ to K+ or Rb+ (Figures 7.5C and 7.5D) an increase in frequency is observed,
suggesting a decrease in mass. Considering that the hydrated sizes of Rb + and Cs+ are
comparable (~3.29 Å)81 and the difference in atomic mass (132.91 amu vs. 85.47 amu for Cs
and Rb, respectively), the difference in f can be rationalized by the difference in atomic mass
of the cation itself. Similarly, K+ has a smaller atomic mass (39.10 amu) than Cs+ , but their
hydrated sizes are comparable (3.31 Å vs. 3.29 Å, for K+ and Cs+, respectively),81 indicating
that the increase in frequency (i.e. lower mass) can be explained by the smaller atomic mass
of K+ compared to Cs+. Lastly, when switching to Na+ (3.58 Å,81 22.99 amu) the difference in
atomic weight and hydrated size of Na+ and Cs+ balance each other and no significant
change in frequency was observed. Trend-wise our observations are in line with studies
where anion-exchange properties of PEMs were studied.27,32,59 In these studies, increased
changes in frequency were observed when PEMs were exposed to solutions with anions
with higher atomic mass and/or hydrated size.
Next we discuss the changes in QCM-D data for the (PAHCE/PSS)4 system. The
orange-colored graphs in Figure 7.5 represent the frequency changes for (PAHCE/PSS)4 for
different salt solutions. While the changes in frequency for Li+ and Rb+ are within 1 Hz, the
difference for K+ and Na+ due to the presence of CE units is larger (3 Hz). Qualitatively, these
results are in line with literature reporting on the use of 15-crown-5 in membrane-based
electrodialysis4 and nanofiltration10 processes. Furthermore, the selectivity of CE units for
both Na+ and K+ has also been studied theoretically.82
After comparing (PAHCE/PSS)4 with (PAH/PSS)4 for monovalent cations, 0.15 M
CsCl solution was replaced with 0.15 M MgCl2 solution to study the effect of a divalent
cation. Figure 7.6 shows a change in frequency of 15 Hz when changing the salt solutions
from CsCl to MgCl2 to CsCl, indicating an increased mass. As the atomic mass of Mg is smaller
than the one of Cs (24.31 amu vs. 132.91 amu), the difference originated from differences
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in the amount of hydration. The hydrated size of Mg 2+ is larger than the one of Cs (4.28 Å
vs. 3.29 Å).81 A comparable effect was also observed in literature where a monovalent
anion, Cl−, was replaced by divalent anions, SO42− and HPO42−.58 As the difference between
the two PEM systems for Mg2+ was found to be ≈1 Hz, similar to the results of Li + and Rb+,
the QCM data indicates that the presence of CE units does not affect the affinity to Mg2+. It
is noted that the overall frequency change, i.e., after switching back to CsCl, is about -2 Hz,
but at the same time the frequency signal seemed to have drifted with a comparable value
during the exposure of the PEM to MgCl2.

Figure 7.6. Frequency change (3rd harmonic) as a function of time, recorded for the QCM-D
sensors coated with (PAHCE/PSS)4 (orange), (PAH/PSS)4 (green) exposed to cycle of
changing the 0.15 salt solution: from CsCl to MgCl 2, followed by a final rinsing step using
CsCl. The dashed lines indicate the moment in time at which the salt solutions were
switched.

7

All frequency and dissipation data for the aforementioned experiments were
combined in Figures S7.15 and S7.16 in SI. The dissipation data supports the trends
observed in frequency trends. In other words, when there is decrease in frequency, an
increase in dissipation is observed. Also, cations with a relatively larger hydrated size cause
a larger increase in dissipation.
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Effect of Type of Terminating Layer. In addition to the effect of CE units, we studied the
effect of the type of terminating layer on the salt-exchange behavior of the PEMs. For this
purpose, (PAHCE/PSS)3.5 was coated on gold QCM sensors. Figure S7.17 demonstrates the
change in frequency and dissipation shifts for the build-up of (PAHCE/PSS)3.5 where the
outermost layer is PAHCE. The trends in frequency and dissipation are in line with our
observations for (PAHCE/PSS)4, just like those of the modelled data and optical thickness
(Table 7.1).
After the (PAHCE/PSS)3.5 PEM was built-up in a 0.15 M CsCl solution, salt-exchange
experiments with LiCl, NaCl, and KCl were conducted. Figure 7.7 shows the change in
frequency in time for (PAHCE/PSS)3.5 before and after exposure to different salt solutions.
Unlike the trends observed for PAHCE-terminated PEM, obtaining a stable signal takes
longer or it is not obtained at all. Also, the overall changes are clearly smaller than the ones
for PSS-terminated PEM (Table S7.1, SI), further confirming that the PSS-terminated PEM
provides a better stability and increased salt-exchange. These differences can be explained
by the rejection between the positively-charged terminating layer and the cations, a
phenomenon that also has been described in, e.g., PEM-assisted electrodialysis
processes.15,83
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Figure 7.7. Frequency change (3rd harmonic) as a function of time, recorded for the QCM-D
sensors coated with (PAHCE/PSS)4 (orange), (PAH/PSS)4 (green) exposed to cycle of
changing the 0.15 M salt solution: from CsCl to XCl (where X is Li, Na, or K), followed by a
final rinsing step using CsCl. The dashed lines indicate the moment in time at which the salt
solutions were switched.

Effect of PEM Structure on Salt-Exchange. Next, the salt-exchange experiments were
performed for the two different PEM structures. For this purpose, (PAH/pectin)4 and
(PAH/pectinCE)4 were exposed to LiCl, NaCl, and KCl solutions and the resulting QCM
transients are shown in Figure 7.8. The green lines represent (PAH/pectin)4 and when the
CsCl solution is replaced by solutions containing other salts, the frequency values increase,
i.e. 12.8 ± 1.8, 10.5 ± 1.0, and 14.0 ± 1.6 Hz for Li+, Na+, and K+, respectively. The absolute
values of these changes are larger than those of the (PAH/PSS)4 (-0.3 ± 0.7 -0.4 ± 0.7, and
3.3 ± 0.5 Hz for Li+, Na+, and K+, respectively), due to the bigger size of the (PAH/pectin)4
multilayer. It should be realized that they are roughly the same for all three cations (12 ± 3
Hz).
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Figure 7.8. Frequency change (3rd harmonic) as a function of time, recorded for the QCM-D
sensors coated with (PAH/pectinCE)4 (orange), (PAH/pectin)4 (green) exposed to cycle of
changing the 0.15 salt solution: from CsCl to XCl (where X is Li, Na, or K), followed by a final
rinsing step using CsCl. The dashed lines indicate the moment in time at which the salt
solutions were switched.
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When CE units are introduced to (PAH/pectin) 4, the difference in frequency shifts
was found to be ≈1 Hz for after switching to a LiCl solution, a result that is similar to what
was observed for the (PAH(CE)/PSS)4 PEMs. Just like in the case of (PAHCE/PSS) 4, both Na+
and K+ result in a larger frequency, 6 and 12 Hz, respectively), which can again be related to
the preferred interaction with the CE. These values are a factor of 2 to 4 higher than the
ones observed for (PAHCE/PSS)4, i.e., 3 Hz for both Na+ and K+. This may be related to the
position of the CE units as for the (PAH/pectinCE)4 system these are attached to the
terminating layers, making them in direct contact with the solution. Additionally, the larger
heterogeneity of the layers in PAH/pectinCE, and therefore the increase in pectinCE
adsorption, can contribute to a higher number of CE units in the PEM, resulting in higher
frequency values during the salt-exchange experiments.

7.4. Conclusions
The cation exchange behavior of PEMs can be modified via covalently attached
crown ethers. This works both for the fossil-based PAH/PSS and for the more bio-based
PAH/pectin PEM systems. The differences, as observed in detail by QCM-D, point to a
significant effect of the inner PEM structure and which layer ‘lies on top’ in the PEM, and
vary substantially for different monovalent metal cations and between mono- and divalent
metal cations. Considering the large amount of possible combinations of bio-based and/or
synthetic polyelectrolytes with various ionophores, tailor-made, stable, ion-selective PEM
coatings can likely be made for different desalination and medical applications, where ion
selectivity is the crucial part of the separation or detection process. Such work is currently
ongoing in our laboratories.
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Additional NMR Spectra of Reactants and CE-Containing Polyelectrolytes.

Figure S7.1. 1H NMR of PAH (400 MHz, D2O) δ 3.22 (d, J = 102.1 Hz, 2H), 2.04 (d, J = 40.2 Hz,
1H), 1.56 (s, 2H).

Figure S7.2. Heteronuclear single quantum coherence (HSQC) spectrum of PAH in D 2O.
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Figure S7.3. 1H NMR of carboxy-crown ether (400 MHz, D2O) δ 7.67 (dd, J = 8.4, 2.0 Hz, 1H),
7.57 (d, J = 2.0 Hz, 1H), 7.08 (d, J = 8.5 Hz, 1H), 4.24 (td, J = 5.1, 2.1 Hz, 4H), 3.93 (dt, J = 7.1,
2.6 Hz, 4H), 3.82 – 3.65 (m, 8H).

7

Figure S7.4. 1H NMR of amino-crown ether (400 MHz, D2O) δ 6.92 (d, J = 8.5 Hz, 1H), 6.58
(d, J = 2.5 Hz, 1H), 6.45 (dd, J = 8.5, 2.5 Hz, 1H), 4.21 – 4.08 (m, 4H), 3.97 – 3.85 (m, 4H), 3.82
– 3.68 (m, 8H) with trimethylsilylpropanoic acid (TSP-d4) as an internal standard.
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Figure S7.5. 1H NMR of PAHCE #1 (400 MHz, D2O) δ 7.71-6.77 (m, 3H), 4.39 – 3.61 (m, 18H),
3.59 – 0.44 (m, 100H).

Figure S7.6. 1H NMR of PAHCE # 3 (400 MHz, D2O) δ 7.69-6.64 (m, 3H), 4.43 – 3.50 (m, 17H),
3.46 – 0.53 (m, 35H).
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Figure S7.7. Comparison of the 1H NMR spectra of PAH and PAHCE # 2 in D2O. The area
circled with red line indicates the additional signals of the crown ether units in 1H NMR
spectrum of PAHCE # 2.

7

Figure S7.8. Diffusion-ordered (DOSY) spectrum of PAHCE # 2 in D 2O. The area circled with
red line indicates that the signals from both crown ether and the PAH backbone have
comparable values that indicate that the CE units are covalently attached to the polymer
backbone.
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Figure S7.9.

C NMR spectrum of PAHCE # 2 (101 MHz, D2O) δ 173.70, 172.01, 147.54,

13

69.60, 42.73, 35.91, 35.75, 32.04.

Figure S7.10. Correlated (COSY) spectrum of PAHCE # 2 in D 2O.
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Figure S11. Heteronuclear single quantum coherence (HSQC) spectrum of PAHCE # 2 in
D2O.

7

Figure S7.12. 1H NMR (400 MHz, D2O) spectrum of pectin with trimethylsilylpropanoic acid
(TSP-d4) as an internal standard.
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Figure S7.13. Comparison of the 1H NMR spectra of pectin and pectinCE in D2O. The area
circled with red line indicates the aromatic signals of the benzo-crown ether units.

XPS Characterization of PectinCE-coated Gold Substrates. Prior to coating the gold
substrates with pectinCE, the bare substrates were sonicated for 5 min in Milli-Q water, and
dried in a stream of nitrogen. Sonication was repeated with acetone, and ethanol, then the
gold substrates were cleaned from organic material by 5 min of air-based plasma by a
plasma cleaner (Diener electronic GmbH, Germany).
After the cleaning procedure, a pectinCE solution was prepared as described in
Materials and Methods section and the gold substrates were dip coated in the pectinCE
solution for 20 min. Afterwards, the coated surfaces were rinsed with MQ water and dried
in a stream of nitrogen.
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The wide-scan XPS spectra of pectin and pectinCE coated gold substrates were
obtained by a JPS-9200 photoelectron spectrometer (JEOL, Japan) with a monochromatic Al
Kα source at 12 kV and 20 mA. Under ultrahigh vacuum conditions, a total of 20 scans was
made for each measurement. Shirley background fitting was performed to correct the
spectra and they were processed with CASA XPS software (version 2.3.16).

Figure S7.14. Wide-scan XPS spectra of the (A) bare and (B) pectinCE-coated gold substrates.

7
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Additional Data for PEM Build-up and Salt Exchange Experiments with QCM-D

Figure S7.15. Comparison of the frequency (A) and dissipation (B) shifts at the third
harmonic for (PAHCE/PSS)4 (orange) and (PAH/PSS)4 (green)-coated sensors after exposed
to different solutions containing 0.15 M of LiCl, NaCl, KCl, and RbCl. Data is obtained from
min. three experiments.
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Figure S7.16. Comparison of the frequency (A) and dissipation (B) shifts at the third
harmonic for (PAHCE/PSS)4 (orange) and (PAH/PSS)4 (green)-coated sensors after exposed
to 0.15 M of MgCl2 solution. Data is obtained from min. three experiments.

7
Figure S7.17. Real-time change in the (A) frequency and (B) dissipation shifts for the buildup of (PAHCE/PSS)3.5 in 0.15 M CsCl.
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Table S7.1. Overview of the frequency and dissipation shifts during the salt exchange
experiments with (PAHCE/PSS)3.5.
LiCl

NaCl

KCl

∆f3 (Hz)

̶ 1.6 ± 0.3

0.3 ± 0.1

-0.5 ± 0.1

∆D3 (ppm)

0.5 ± 0.1

0 ± 0.03

-0.6 ± 0.02

Figure S7.18. The comparison of the frequency (A) and dissipation (B) shifts at the third
harmonic for (PAH/pectinCE)4 (orange) and (PAH/pectin)4 (green)-coated sensors after
exposed to different solutions containing 0.15 M of LiCl, NaCl, KCl, and RbCl.
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Table S7.2. Overview of the change in frequency and dissipation during the salt exchange
experiments for (PAH/pectinCE)4 and (PAH/pectin)4.
LiCl

NaCl

KCl

∆f3: (PAH/pectinCE)4 (Hz)

11.0 ± 2.6

16.7 ± 2.0

25.4 ± 3.3

∆f3: (PAH/pectin)4 (Hz)

12.8 ± 1.8

10.5 ± 1.0

14.0 ± 1.6

∆D3: (PAH/pectinCE)4 (ppm)

0.7 ± 1.7

-1.7 ± 0.6

-6.4 ± 2.2

∆D3: (PAH/pectin)4 (ppm)

2.5 ± 0.6

-0.7 ± 0.4

-2.4 ± 0.4
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General Discussion and
Outlook

“The truth is out there.”
(X Files)
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8.1 General Discussion
The main goal of the work described in this thesis was to investigate the use of
polyelectrolyte multilayer (PEM) coatings for tuning ion selectivity of capacitive deionization
(CDI). Although CDI is an established and well-known technique for desalination brackish
water, it is not designed to differentiate among the ions with the same type of charge.
Therefore, in order to introduce and also tune ion selectivity in CDI, implementation of an
ion-selective layer (e.g. ion-selective membranes), tuning pore size of the electrode
material, and/or optimizing the operational parameters (e.g. current density, applied
voltage, pH, and feed concentration) of the process are required. In the strive towards ionselective CDI operations for resource recovery, heavy metal removal, water softening, and
other separation processes, various attempts have been carried out, as outlined in Chapter
1 and Chapter 2. Based on the ever-growing amount of literature on ion-selective CDI, it is
evident that implementing an ion-selective layer that can allow the ion(s) of interest to pass
through, concurrently rejecting other ions present in the solution is one of most efficient
approaches to tune ion selectivity in CDI. However, this layer should be easy to implement,
stable, and environment-friendly. Layer-by-layer (LbL)-coated PEMs can meet these criteria,
making them suitable candidates for such ion-selective layers. Also, due to the wide variety
in polyelectrolyte structures, tunability of the physical and chemical characteristics of PEMs,
and their possible combinations with ionophores, (functional) PEM coatings are highly
versatile and they can expand the window of control of ion-selective properties (Chapter
3).
In this thesis, we first showed the proof-of-concept of a PEM-coated cationexchange membrane (PEM-CMX) as a new approach to improve mono-/divalent cation
selectivity in a CDI operation (Chapter 4). The key finding of this study was that by
implementing a thin PEM on a cation-exchange membrane (CEM), it is possible to switch a
Mg2+-selective membrane into a Na+-selective membrane. The Na+/Mg2+ selectivity values
+

(𝛽𝛽𝛽𝛽 Na
Mg2+ ) of the PEM-CMX and CMX membranes were found as 2.8 ± 0.2 and 0.5 ± 0.04,

respectively. Besides, a detailed analysis of CDI metrics (salt adsorption capacity, charge
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efficiency, specific energy consumption, Coulombic efficiency, and desalination capacity) of
the experiments with PEM-CMX as well as the long-term stability test (>40 cycles) of the
PEM-CMX further indicated the feasibility of this approach.
After demonstrating the tunability of mono-/divalent cation selectivity of CDI via a
PEM-CMX in CDI, a similar method was employed to achieve monovalent anion selectivity
(Chapter 5). In this case, a standard-grade anion-exchange membrane (AEM) was coated
with a PEM that resulted in an increase in mono-/divalent anion selectivity. In more detail,
−

while the 𝛽𝛽𝛽𝛽 Cl
of a bare AEM was found to be ≈ 0.5, it reached values up to 14 upon adding
SO2−
4

aPEM coating. Another highlight of this work is the combination of a PEM-coated AEM with
nickel hexacyanoferrate (NiHCF) electrodes to achieve a tandem monovalent cation and
anion selectivities. NiHCF acts as an intercalation electrode that shows an inherent size+

based selectivity towards monovalent cations. In our experiments, the values of 𝛽𝛽𝛽𝛽 Na
Mg2+ was
found to be as high as ≈ 17. It can be concluded that this combination enables a tandem
separation for both monovalent cations and anions. Additionally, the selectivity values were
preserved at relatively lower concentrations of monovalent ions as well, indicating that this
approach is feasible for a wide range of concentrations.
Although, the obtained selectivity values in Chapter 4 and Chapter 5 are on par
with the current (M)CDI literature, we have investigated the parameters that affect the ion
selectivity to further maximize the selectivity coefficient. In Chapter 6, the effect of
operational parameters of CDI (e.g. mode of operation, voltage, concentration and
composition of the feed solution) as well as the number of PE layers within PEM on the
overall monovalent cation selectivity were investigated. After the optimization of the
number of polyelectrolyte bilayers (5.5) on the CMX membrane and the current density (10
A/m2), a time-independent and virtually 100 % monovalent cation selectivity was achieved.
+

Before this optimization, a time-dependent selectivity, which a maximum of 𝛽𝛽𝛽𝛽 Na
Mg2+ ≈ 3 was
obtained.

Overall, PEM functions as a filter to reject some (types of) ions based on chargeand size-exclusion principles. In order to obtain the highest possible selectivity, there are a
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number of parameters that should be considered while designing a (PEM-based) CDI
experiment.

8.1.1 Number of PE Layers within PEM
The number of PE layers in a PEM has a significant effect on mono-/divalent ion
selectivity, as charge-exclusion towards divalent ions increases upon increasing the number
of layers. As the total amount of charged groups increases with the PEM thickness, ions
require a higher energy to pass through the PEM. Since divalent and other multivalent ions
experience a higher amount of rejection by the PEM compared to monovalent ions, the
overall mono-/divalent ion selectivity increases with higher number of layers. By using a
constant current (CC) mode CDI operation the use of a (PAH/PSS)2.5 PEM yielded a
+

+
𝛽𝛽𝛽𝛽 Na
Mg2+ value of ≈ 4, while a (PAH/PSS)5.5 PEM resulted in a virtually 100 % Na selectivity,

showing how the increase in number of layers can boost the monovalent cation selectivity

(Chapter 6). Similarly, in Chapter 5, where the PEM was coated on an AEM to achieve mono−

/divalent anion selectivity, the selectivity fell between 3 < 𝛽𝛽𝛽𝛽 Cl
< 6 for (PSS/PDADMAC)2.5
SO2−

and 4 < 𝛽𝛽𝛽𝛽
𝛽𝛽𝛽𝛽

Cl−
SO2−
4

Cl−
SO2−
4

4

< 9 for (PSS/PDADMAC)4.5. Furthermore, in case of (PSS/PDADMAC)7.5, 7 <

< 14 was obtained, further indicating that the rejection of divalent ions increases

with higher number of layers. However, this does not imply that the highest possible
number of layers should be used in any type of experiment. After all, the electrical
resistance increases upon increasing the PEM thickness and, in certain cases, the selectivity
can level of. For instance, in Chapter 6, coating (PAH/PSS)20.5 instead of (PAH/PSS)5.5 caused
an extra 64 % increase in resistance, even though the selectivity was practically the same.
Moreover, in Chapter 5, (PSS/PDADMAC)11.5 and (PSS/PDADMAC)15.5 both resulted in ≈ 2
times more SO42− selectivity, resembling the properties of a bare AEM membrane, even
though the outermost layer was the polyanion. It is known that for the PSS/PDADMAC
system the overall charge of the PEMs is positive for more that ~15 PE layers, irrespective
of the outermost layer.1 Consequently, the monovalent selectivity of such a system is lost
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for PEMS with more than ~15 PE layers as the PEM interacts more with divalent and
multivalent anions compared to the monovalent ones due to the higher Coulombic
interactions, similar to behavior of a bare AEM membrane. 2,3 As demonstrated in various
studies,1,4–6 the overcompensation of charge by the polycation (e.g. PAH and PDADMAC)
causes an excess positive charge in the PEM after certain number of layers. Although this is
a desired effect for monovalent cation selectivity, an excess positive charge would only
decrease the rejection of divalent anions and therefore result in a lower monovalent anion
selectivity.

8.1.2 Terminating Layer in PEM
Next to the total number of PE layers, the type of the terminating layer is also very
important while tuning the ion selectivity. The outermost PE layer should have the same
type of fixed charges as the one of the ion(s) that is/are desired to be rejected, facilitating
the rejection of divalent and multivalent ions. For instance, in Chapter 6, when a polyanionterminating PEM was used, there was no significant selectivity towards monovalent cations.
The PEM displayed Na+ over Mg2+ selectivity, only when a polycation-terminating PEM was
used. Basically, a negatively charged terminating multilayer would attract cations with a
higher valence due to coulombic interactions, and therefore diminish the charge-exclusion
effect towards divalent and multivalent cations. A similar trend was observed for anions in
Chapter 5, where all the polycation-terminating PEMs resulted in divalent anion selectivity
like a bare AEM, instead of monovalent anion selectivity, regardless the number of layers in
the PEM. Therefore, changing the number of layers and the type of outermost layer in a
PEM enables one to switch and tune ion selectivity in a CDI process, making the ion
separation process highly controllable.
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8.1.3 Type of Ion-Exchange Membrane
In this thesis, various standard- and special-grade ion-exchange membranes (IEMs)
have been used to compare the ion-selective behavior of the bare IEMs with the one of the
PEM-coated IEMs. As described in Chapter 1 and Chapter 2, standard-grade IEMs have fixed
charges that reject the co-ions and improve the salt removal and energy consumption
values in MCDI operations.7–9 Typically, CEMs are composed of negatively-charged
polymers, while AEMs are made of positively-charged polymers.8 Although a standard IEM
can reject the co-ions based on charge rejection, they are not designed to differentiate
between the ions that have the same type of charge. For this purpose, there are specialgrade IEMs that have additional features improving monovalent ion selectivity. For
instance, monovalent cation-selective CEMs (e.g. Neosepta CMS and Selemion CSO) have a
crosslinked outermost layer to reject cations that have a relatively larger size or have a thin
positively charged surface to reject cations with a higher valence. Furthermore, monovalent
anion-selective AEMs (e.g. Neosepta ACS and Selemion ASV) have crosslinked surfaces to
reduce the transport of divalent and multivalent anions through the membrane. Although
some of these special-grade IEMs have been implemented in MCDI in previous studies, 10–12
we aimed to compare their ion-selective behavior with the PEM-coated IEMs by using the
same experimental conditions.
When a bare standard CEM or AEM is used, a divalent ion selectivity was measured
in all cases, which can be explained by the higher interaction between the divalent ions in
the solution and the charged membrane surface. For example, the surface of Neosepta CMX
(a standard CEM) is negatively charged to be able to reject anions. Therefore, it interacts
more with cations that have a higher valency (e.g. Mg2+) than with monovalent cations (e.g.
+

Na+), yielding a 𝛽𝛽𝛽𝛽 Na
Mg2+ of 0.5 ± 0.04 (Chapter 4). Similarly, in Chapter 5, Neosepta ASE (a
−

of ≈ 0.5. Moreover, special-grade CEMs (Selemion CSO
standard AEM) resulted in a 𝛽𝛽𝛽𝛽 Cl
SO2−
4

and Neosepta CMS) (Chapter 4 and Chapter 6) and AEM (Neosepta ACS) (Chapter 5) have
been investigated by using binary and multicomponent feed solutions. In Chapter 4, the
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+

𝛽𝛽𝛽𝛽 Na
Mg2+ value of CMS was 0.4 ± 0.1 by using a CV operational mode. Furthermore, in Chapter
+

6, where a CC mode was used instead of a CV mode, CMX and CMS had 𝛽𝛽𝛽𝛽 Na
Mg2+ values of ≈

0.3 and ≈ 0.7, respectively. Therefore, regardless the mode of operation, CMX and CMS
+

+

Na
resulted in similar 𝛽𝛽𝛽𝛽 Na
Mg2+ values. Although the 𝛽𝛽𝛽𝛽 Mg2+ values of CMS are slightly higher than

the ones of CMX, the selectivity values are smaller than 1 in all cases, indicating their
+

divalent cation-selective behavior. On the other hand, CSO had a 𝛽𝛽𝛽𝛽 Na
Mg2+ of ≈ 3, displaying a

fair selectivity towards monovalent cations, resembling the monovalent cation-selective
behavior of the PEM-CMX. Thus, it is clear that CSO had a higher selectivity number
compared to the one of CMS. This difference in the selectivity number can be explained by
higher rejection of divalent cations by the positively charged CSO compared to the
crosslinked outermost layer of CMS, suggesting that the contribution of charge exclusion is
higher than the one of size exclusion on the overall cation selectivity. However, even CSO
could not improve the monovalent cation-selectivity as much as a PEM coating that is
−

sufficiently thick (i.e. 5.5 bilayers). Similarly, in Chapter 5, the maximum 𝛽𝛽𝛽𝛽 Cl
of Neosepta
SO2−

ACS was ≈ 7, while PEM-coated AEM reached a 𝛽𝛽𝛽𝛽

Cl−
SO2−
4

of 14.

4

8.1.4 Feed Solution
As mentioned in Chapter 1 and Chapter 3, PEM characteristics can depend on
various parameters, including the composition,13–16 and ionic strength17–19 and pH of the
media. The electrostatic interactions between the polyelectrolyte layers, PEM morphology,
amount of swelling and thickness of the PEM are determined by the conditions of the
environment, in our case the feed solution.2,20 For example, exposing the PEM to a solution
with a very high ionic strength would change the amount of intrinsic charge compensation
within the PEM and cause more coiled structure. When the ionic strength is higher than 0.5
M,5 the PEM morphology changes drastically and eventually PE layers desorb from the
surface as the electrostatic interactions are very weak at such conditions. Moreover, when
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a pH-dependent (weak) polyelectrolyte is used in PEM build-up, the stability and function
(e.g. ion-selective behavior) of the PEM would alter depending on the pH of the feed
solution. However, PEMs that are composed of strong polyelectrolytes can be built and
remain intact at pH values ranging from 2.3 to 9.3.21 Therefore, while designing PEM-based
CDI experiments, one should consider the boundary conditions to obtain a stable and
selective PEM, especially when the speciation of the anion depends on the pH of the media.
For instance, in Chapter 5, a strong polyelectrolyte couple − (PSS/PDADMAC)n − was used
in the PEM formation. Since the relative concentrations of the monobasic and dibasic
phosphate and sulphate anions depend on the pH of the media, the pH of the solution
should be adjusted accordingly. Therefore, building a pH-independent PEM with strong
polyelectrolytes would allow some pH flexibility for such experiments.
The composition and properties of the feed solution can also affects the CDI
process and the ion selectivity values. Various studies have been reported where the feed
ratio of ions and the ionic strength of the solution were carefully controlled and their effect
on ion selectivity was studied, as discussed in Chapter 2. For instance, Zhao et al.
demonstrated that higher concentrations of one type of ion results in higher diffusion
values of the ion to the pores of the electrode, causing an increase in selectivity towards
this ion.22 Hou and Huang drew a similar conclusion by reporting that a higher concentration
of a certain ion in the feed solution would result in a preferential adsorption of this ion. 23
Not only the feed concentration and the ratio, but also the type of ions in the feed
solution affects the ion selectivity in (M)CDI. Especially, the valence and the dehydration
energy of ions are key factors to consider. The dependence of the selectivity on the charge
and dehydration energy of the anions is studied in Chapter 5. The anion selectivity followed
the order of NO3− > Cl− > H2PO4− > SO42−, indicating that the smaller the dehydration energy
and valence, the easier it is for an to pass through a PEM-coated AEM. PEM-induced
rejection of target ions with higher valence and/or larger dehydration energy values can be
of interest for providing a feasible way to, e.g., recover phosphate from multicomponent
solutions efficiently. Moreover, in Chapter 6, when a PEM-CMX was used, the cation
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selectivity followed the order of K+ > Na+ > Li+ > Mg2+, which is in good agreement with our
observations in Chapter 5.

8.1.5 Mode of Operation in CDI
The most common charging modes in CDI are constant current (CC) and constant
voltage (CV) modes.24 So far, the characteristics of these modes and their effect on the
desalination characteristics (e.g. charge efficiency, salt adsorption capacity, salt adsorption
rate, and energy consumption) of CDI operations have been extensively studied. 25–29 In
Chapters 4 and 6, we further compared these two modes to understand their effect on the
monovalent cation selectivity in PEM-based CDI operations. One of the most important
conclusions is that the increased selectivity after implementation of an ion-selective layer
(e.g. PEM coating) can be further improved by optimizing the characteristics of the CDI
+

operation, including the applied voltage/current. For instance, in Chapter 4, a 𝛽𝛽𝛽𝛽 Na
Mg2+ of ≈ 3
was reached in a CV operation where 1 V and 0 V was applied during adsorption and

desorption cycles, respectively. Typically in CV operations, the electrosorption rate and the
amount of ion adsorption change during the adsorption cycle, as the electrodes become
more saturated near the end of the adsorption cycle compared to the beginning of the cycle.
+

Therefore the 𝛽𝛽𝛽𝛽 Na
Mg2+ values varied in time during the adsorption cycle. The highest

selectivity was observed at ∼220 s of the adsorption cycle. Unlike the CV mode, the CC
mode allows one to control the electrosorption rate and change in effluent concentration

during the adsorption (Chapter 6). Therefore, a stable transport of ions to the electrodes,
resulting in time-independent selectivity, was obtained by using a constant current. Another
key finding of Chapter 6 is that the amount of current density and voltage applied to the
+

2
CDI cell has a major effect on 𝛽𝛽𝛽𝛽 Na
Mg2+ . While low current densities (e.g. 10 A/m ) resulted in

nearly 0 % Mg2+ electromigration across the membrane and only allow the transport of Na +

through the PEM-CMX to the electrode, higher current density values (up to 15 A/m 2, the
+

highest value tested) caused smaller 𝛽𝛽𝛽𝛽 Na
Mg2+ values. The relationship between the applied
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voltage/current values and the selectivity numbers can be explained by the change in
potential drop across the membrane. We rationalized the selectivity based on the dynamic
potential profile described by a standard MCDI model, which indicates that the applied
current should be kept below a certain threshold to reject divalent cations. In more detail,
the rejection of divalent cations by the PEM is mainly based on the charge rejection. When
a strong electrical field is applied to the cell, a higher drop in potential across the membrane
would occur, and therefore the rejection of divalent cations by the PEM decreases. If the
electrical field is kept under a threshold, electromigration of ions with higher valence can
be prevented.

8.1.6 PEMs with Ionophore Units
Although PEM coatings demonstrated high mono-/divalent ion selectivities based
on size- and charge-based rejections of divalent ions (Chapters 4-6), it is possible to tune
their selectivity further to increase their affinity towards target ions by modifying
polyelectrolyte layers with ion-selective receptors (ionophores). Chapter 7 demonstrates
such an alternative way to achieve Na+ and K+ selectivity by using a PEM decorated with 15crown-5 (crown ether, CE) units. A real-time gravimetric method, quartz crystal
microbalance with dissipation monitoring (QCM-D), was used to study the effect of CE units
on the affinity towards different cations without the use of an electrical field. The presence
of CE groups resulted in ≈ 1.2 – 1.4 times larger thickness and a higher degree of swelling in
PEMs, and increased their selectivity towards Na + and K+ ≈ 3-6 times more, compared to
other cations in the solution (i.e. Li+, Rb+, Cs+, and Mg2+). This chapter is a proof-of-concept
to achieve affinity-based PEM systems that are now ready to be explored for the separating
ions that have the same valence in CDI processes. Although it is possible to reach modest
selectivity values based on different dehydration of ions by using PEMs without ionophore
units, tailor-made PEM-ionophore combinations have the potential to provide a more
controlled way to tune ion selectivity in CDI.
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8.2 Outlook
8.2.1 Perspectives on Future PEM-Based CDI Operations
As outlined in Chapter 1 and Section 8.1, the main focus of this thesis is to utilize
PEM coatings (with and without ionophore units) to achieve improved – and even tune –
ion selectivity values in CDI. While PEM-based CDI processes can have high mono- over
divalent ion selectivities, it is not possible yet to selectively capture one specific ion from a
multi-component solution in one-step with current membrane technologies.30 As explained
in more detail in Chapter 1, selectively removing one type of ion from brackish water would
be beneficial for various water treatment processes, including harvesting nutrients (e.g.
phosphate, nitrate) and valuable metals (e.g. lithium). In order to increase the affinity of an
electrode and/or a membrane towards a certain type of ion, tailor-made coatings can be
used. For example, calcium alginate coatings on carbon electrodes increases the affinity of
the electrodes towards Ca2+ in CDI.31 However, while such a layer would increase the
electrosorption of the ion of interest, it does not guarantee that the competing ions will be
fully rejected by the electrode. In the search for approaches to tackle this challenge and
strive for a high ion selectivity for a particular target ion, several (physico) chemical aspects
and technical/operational need to be considered.
Next to interesting recent developments on alternative electrode materials,12 a key
step in achieving ion selectivity would be the development of a library of tailor-made
coatings. Considering the tunable nature of PEMs, and their PE building blocks, and the wide
range of ionophores that can be incorporated into PEMs via a simple one-step reaction in
water (as described in Chapter 1 and Chapter 7), PEM coatings are promising candidates for
such tailor-made coatings for CDI applications. Depending on the ion of interest and the
composition of the feed solution, the characteristics of the PEM and the type of ionophore
can be adjusted. For instance, when the target ion is Li +, a dense PEM with a positively
charged surface would already eliminate the majority of multivalent cations while an
ionophore (e.g. 12-crown-4) can enhance the affinity towards Li+. However, also the type of
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membrane and the electrode material, i.e., not only alternatives to carbon, but also various
types of porous carbon, as well as the operational conditions of CDI can alter the ion
preference of the system. For example, coulombic interactions between porous carbon
electrodes and divalent cations can increase divalent cation selectivity or the electrode can
already have a preference towards a certain ion based on the size and mobility of the ion. 12
Therefore, a careful design of the CDI cell and a better understanding of selectivity
mechanisms are crucial. Since the selectivity is mostly a combination of several factors in
CDI, exploring the contribution of each element (e.g. size-based selectivity of electrode and
affinity-based selectivity of membrane) on selectivity would help to understand the
separation process, all set to obtain a high overall ion selectivity. Moreover, apart from the
ion selectivity, also the cost, efficiency, and environmental impact of the process should be
evaluated. For example, aiming for a higher energy efficiency and low cost, while using biobased polyelectrolytes instead of the synthetic ones, like some of the building blocks used
in Chapter 7 would make such systems more environmentally friendly.

8.2.2 Tandem Cation and Anion Selectivities
Another interesting research topic would be to combine a PEM-coated AEM and
PEM-coated CEM in the same CDI cell to achieve a tandem selectivity for the desired cations
and anions as illustrated in Figure 8.1. For example, improving Cl−/SO42− and Na+/Mg2+
selectivities simultaneously could lead to a synergistic effect. A preliminary result
−

exemplifying such a synergistic effect was observed in Chapter 5. In more detail, the 𝛽𝛽𝛽𝛽 Cl
SO2−
4

value of an experiment containing two types of cations (Na and Mg ) was found to be
+

2+

higher than a control experiment containing only one type of cation (Na+). However, further
investigation is required to understand the mechanism behind this result.

8
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Figure 8.1. Schematic representation of a system where simultaneous monovalent anion
and cation selectivities are achieved by combining a PEM-coated CEM and a PEM-coated
AEM.

8.2.3 Coating Carbon Electrodes with PEMs
Although coating PEMs on IEMs is a promising way to tune ion selectivity, IEMs are
amongst the most dominant components that determine the cost of a CDI operation. That
is to say: IEMs are generally more expensive than other components in a CDI cell (e.g.
porous carbon electrode, glass-fiber spacer, graphite sheet current collector). In a typical
MCDI operation, the cost of IEMs is approximately 81% of the overall cost, making the IEMs
the dominating cost of the operation compared to the other module components. 32 In more
detail, the price of IEMs varies depending on the characteristics. For instance, currently a
standard CEM membrane costs around 300 €/m2, while a special-grade CMS membrane can
be as expensive as 600 €/m2. However, in both cases shipping and handling fees will further
increase the costs. Selemion IEMs can be given as example here, as they are only produced
in Japan. Furthermore, IEMs have a limited life-time as they degrade and face fouling
problems over time, requiring them to be replaced. Interestingly, a special class of PEs, the
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one of zwitterionic materials, has attractive anti-fouling properties, and the use thereof as
membrane-modifying materials may thus be of interest.33
An alternative and relatively less costly way to introduce PEMs to CDI would be to
coat them directly on electrodes. To explore the potential of this approach, we coated
porous carbon electrodes LbL with (PAH/PSS)10 by using the same methodology as the one
described in Chapter 6. First, we characterized the elemental composition of the samples
for each number of layer via X-ray photoelectron spectroscopy (XPS) to check if the layer
formation is successful. Table 8.1 shows the percentage of carbon (C), oxygen (O), nitrogen
(N), sulfur (S), and fluorine (F) of the PEM-coated carbon samples. Since the bare carbon
includes polytetrafluoroethylene (PTFE) as a binder and it is the only source of fluorine in
the samples, so the % F can be used as a marker to evaluate the success of coating process.
From the data in Table 8.1 it becomes clear that, upon increasing the number of PE layers,
the % F in the sample decreases and eventually reaches to 0 % when 10 layers of
polyelectrolytes were coated. Considering the penetration depth of X-rays that are used in
XPS, the dry thickness of the PEM coating can be roughly estimated as 10 nm for that later
system. Although this is a rough calculation and the thickness of a PEM highly depends on
the coating method and deposition conditions (e.g. pH, salt, PE concentration),34 the
obtained value is within the expectations for (PAH/PSS)n PEM system.35,36 Furthermore,
when a freshly-made sample is compared with a sample that was used in a CDI experiment,
it is evident that the PEM coating was still present since the % F remains to be 0.
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Table 8.1 The percentual abundances of carbon, oxygen, nitrogen, sulfur, and fluorine in
various PEM-coated carbon electrodes for each number of PE layers based on wide-scan
XPS spectra. The initial sample is the bare carbon electrode. Standard deviations – based on
the measurements of two different spots on each sample – were found to be  2% and in
most cases even  1%.
No. Layers
0
PAH
PAH-PSS
(PAH-PSS)1.5
(PAH-PSS)2
(PAH-PSS)2.5
(PAH-PSS)3
(PAH-PSS)3.5
(PAH-PSS)4
(PAH-PSS)4.5
(PAH-PSS)5
(PAH-PSS)5 after
CDI experiment

% Carbon
85
85
74
73
71
73
70
70
70
70
70

% Oxygen
4
3
11
11
14
12
15
14
14
14
8

% Nitrogen
0
3
4
6
6
6
7
8
7
8
7

% Sulfur
0
0
5
4
6
5
7
6
7
7
7

% Fluorine
11
9
6
6
4
5
2
2
2
2
0

71

15

8

6

0

Apart from the decrease in the % F upon increasing number of layers (Figure 8.2A),
the % N and % S can also evaluated during the layer build-up. Since N and S only present in
PAH and PSS, respectively, the ratio of % N to % S would show an odd-even effect depending
on the number of layers, fully along the lines of Figure 4.2. In other words, for odd number
of layers (when the terminating layer is PAH) N/S ratio increases and for even number of
layers (when the terminating layer is PSS) N/S ratio decreases (Figure 8.2B), showing that
the PEM build-up directly on the electrode was successful.
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Figure 8.2. (A) The % F and (B) nitrogen/sulfur atomic ratios that are obtained from widescan X-ray photoelectron spectra for each number of layers. (Reported data are based on
the measurements of two different spots on the samples. Dotted lines are a guide to eye).

Next, CC experiments were performed with the PEM-coated electrodes at current
densities in the range of 10 to 50 mA/g to compare the ohmic drop of pristine and PEMcoated electrodes. The experimental conditions are the same as those of the ohmic drop
experiments described in Chapter 6. In a CC mode operation, the ohmic drop can be
evaluated to understand the resistive contributions of several elements in the CDI cell.
When all the cell components are the same except the coating on the electrode, the
difference in ohmic drop can be used to understand the effect of this coating on overall
resistance. Figure 8.3 illustrates the change in ohmic drop values as function of current
density for pristine and PEM-coated carbon electrodes in (A) 4 mM of NaCl and (B) 4 mM of
MgCl2 solutions. When the ohmic drop values of the pristine and coated electrodes are
compared in a NaCl solution, there is no significant change. However, when MgCl 2 solution
is used, there is an increase in ohmic drop of PEM-coated electrode. Although this
preliminary data does not directly indicate that the PEM coating improved Na +/Mg2+
selectivity of the carbon electrode, the observed higher ohmic drop values could be the
result of a higher Mg2+ rejection.
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Further experiments are required to understand whether a PEM coating can
improve the ion selectivity of a carbon electrode. In order to study the ion selectivity of such
a system, the concentration of ions should be measured with ion chromatography (IC)
and/or inductive coupled plasma- optical emission spectrometry (ICP-OES) during
adsorption cycles of the experiments. Additionally, a combination of surface
characterization techniques (e.g. XPS, water contact angle measurement, AFM, QCM-D) are
required to fully understand how the hydrophilicity, pore size, charge, and morphology of
the electrode surface change depending on the number of layers and the type of
polyelectrolyte layer. Overall, this approach can open up an interesting avenue for designing
future ion-separation technologies.

Figure 8.3. Ohmic drop values as function of current density for pristine and PEM-coated
carbon electrodes in (A) 4 mM of NaCl and (B) 4 mM of MgCl2 solutions.

8.2.4 Zwitterionic Polymer Brush-Coated Electrodes
Zwitterionic polymer brushes are known for their antifouling properties37,38 and
they were recently combined with carbon electrodes to improve the antifouling properties
of a CDI process.39 In more detail, porous carbon electrodes were modified with
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poly(sulfobetaine methacrylate) (SBMA) brushes via surface-initiated atom transfer radical
polymerization (SI-ATRP). These brush-coated electrode improved antifouling properties
towards a model protein, bovine serum albumin. In another study, various zwitterionic
polymer brushes demonstrated different affinities towards Na + and Mg2+ in QCM-D
experiments.40 Based on these results, we hypothesize that they could be an alternative
coating for carbon electrodes in CDI and several functionalities of the zwitterionic polymers
(e.g. increasing the number of ions adsorption sites and the surface area, 41 tuning affinities
towards certain ions,40 and enhancing antifouling properties37) can be combined for CDI
operations.
To test this, we covalently attached poly(carboxybetaine methacrylate) (CBMA) to
porous carbon electrodes (YP-80F). First, we polymerized dopamine on the electrode. Then,
the initiator (2-bromo-2-methylpropanonyl bromide) was attached to the polydopamine
coating by acylation of surface hydroxyl and amino groups. Then, CBMA monomer was
added and the brush was grown via SI-ATRP. During the preparation of the brush-coated
electrodes, XPS analysis was performed to check the success of each reaction step. The
detailed description of the production of the brush-coated electrode as well as the XPS data
for each reaction step can be found in Appendix 1.

8

Figure 8.4. Multi-step reaction scheme of the CBMA-coated porous carbon electrodes.
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After their preparation, the brush-coated electrodes were investigated in CDI
experiments by applying a CC of 10 mA in a solution of 4 mM NaCl and 4 mM KCl. While the
maximum conductivity values are slightly lower upon the addition of the brush, the
reversibility of the CDI cycles is maintained (Figure 8.5). Typically, in a CC process where an
IEM is used, the effluent salinity – and hence also the conductivity – remains stable
throughout the adsorption step, meaning that the salt adsorption rate is constant. 24 As
shown in Figure 8.5a the brush-coated electrode also shows a similar conductivity profile.
In contrast, for a pristine electrode an asymmetrical conductivity profile is observed (Figure
8.5b). Such an asymmetry usually is attributed to the co-ion repulsion, suggesting that not
all current is used for ion removal during the adsorption.24 While these preliminary data are
promising, the CDI metrics as well as the ion-selective properties of brush-coated electrodes
should be compared with those of the pristine electrodes in a systematic way.

Figure 8.5. Conductivity trends of the (A) pristine and (B) brush-coated carbon electrodes in
a CC experiment with a current of 10 mA by using a solution of 4 mM NaCl and 4 mM KCl.

8.2.5 Intercalation Electrodes with Ionophore Units
Carbon electrodes have been the most popular electrode material for CDI
conventionally. The high abundance, low cost, electronic conductivity, and high surface area
of the carbon make it a suitable electrode material. 42–44 However, carbon electrodes
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demonstrates only modest ion selectivities.45–47 The obtained selectivities with bare carbon
electrodes are generally based on difference in size/hydration energy, electronegativity,
and the diffusion of ions.12
Only recently, a different class of electrode materials, the one of intercalation
electrodes has been introduced in CDI as an alternative to carbon electrodes.48 Intercalation
electrodes store cations in their interstitial lattice sites, a process that goes along with
changes in the oxidation state of transition metals present in the intercalation material. 49–
51

Several studies with intercalation electrodes have focused on the selective adsorption of

alkali metal ions49,50,52–54 and reported a preference towards smaller alkali metal ions,
+

demonstrating a size-based selectivity. Although the high selectivity numbers, 𝛽𝛽𝛽𝛽 Na
Mg2+ up to
+

54
≈ 25 49 and 𝛽𝛽𝛽𝛽 NH4
Na+ up to ≈ 3 , were achieved via intercalation electrodes, we envision that

it could be possible to tune the selectivity even further by decorating the electrodes with

ion-selective receptors or certain functional groups that could increase the local ion
concentration and/or affinity towards the target ion(s). The implementation of ionophores
could be done by coating the electrodes with a polyelectrolyte layer that is conjugated with
ionophore units.

8.2.6 Future Separation Technologies with Polyelectrolytes
Besides the ion-selective separations, PEMs have also been used in a wide range of
separation processes including the separation of gases, organic solvents, polysaccharides,
and colloidal nanoparticles.55 However, despite the efforts that have been made already,
there are still areas to explore. For instance, recently polyelectrolyte-coated carbon
electrodes have been used in CDI to electrosorb proteins from the solution. 56
Polydiallyldimethylammonium chloride (PDMAC) and polystyrene sulfonate (PSS) were
incorporated onto the carbon electrodes and the amount of exchanged protein enhanced
compared to the one of bare electrodes. This new approach can pave the way for protein
separations with PEMs that are decorated with specific tags for each type of protein.
Therefore, protein-specific, electro-driven separations could be possible in different areas
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such as food and drug industries. Similarly, PEMs with covalently-bound functionalities and
incorporated/intercalated additives (e.g. biotin, ionophore, enzymes) have been used as
(bio)engineered interfaces for sensing and drug delivery applications. 55,57 Although based
on the early examples, functionalized PEMs are proven to be very promising for various
sensing and separation applications, future research is needed to make the processes more
solute-specific. Finally, PEMs have a great potential to be used as “free-standing
membranes” without being coated on a substrate.55 Free-standing PEMs, like hot-pressed
polyelectrolyte complexes,58 could eventually replace the traditional membranes,
considering that multiple functionalities (e.g. self-healing ability, low fouling, stimuliresponsiveness and high stability) can be combined in one type of PEM. 55
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Summary
Water desalination processes typically focus on the production of fresh water by
reducing the overall salt concentration. The removal of one type of salt – a compound
consisting of ions, i.e., charged species – specifically, e.g., toxic or high-value ions, require
selective water desalination processes. This research topic has attracted considerable
attention in recent years within the context of various sustainability development goals.
Given the ability of polyelectrolyte multilayers (PEMs) to add and tune ion selectivity in
pressure-driven water treatment processes, it is aimed in this thesis, to explore the use of
PEMs in capacitive deionization (CDI), a process that is driven by an electrical potential
difference. This aim is outlined in more detail in Chapter 1 after introducing the relevance
and potential of ion-selective desalination. In addition, this chapter provides a general
introduction on the techniques (e.g., CDI, quartz crystal microbalance with dissipation
monitoring, QCM-D) and materials (e.g., PEMs, ion-selective receptors, membranes) used
in the thesis.
Chapter 2 reviews recent approaches for tuning cation selectivity in CDI with a
focus on mono-/divalent cation selectivity. The selectivity towards a certain (group of)
cation(s) can be enhanced via optimizing the pore size of the electrodes, tuning the
operational parameters of the CDI process, implementation of ion-selective coatings on the
electrodes or a combination of these approaches. This chapter also covers the frequently
used ion-selectivity definitions and the main factors affecting the selectivity of a CDI
operation. Chapter 3 provides an overview of recent advances of applying PEM-coated
dense membranes in separation processes and discusses how PEMs are used as antifouling
and/or (ion/solvent) selective layers in various membrane applications. Furthermore, this
chapter discusses the mechanisms of ion selectivity of PEM-coated membranes and the
main factors that vary the ion-selective properties of PEMs by comparing the selectivity
numbers of various studies in a systematic way.
From the aforementioned chapters it becomes clear that PEMs have interesting
properties that enable one to control the permeability and rejection of ions, and with that,
to control ion selectivity, but also that their implementation with the CDI is yet to be
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explored. Chapter 4 shows a proof-of-concept to achieve selectivity among monovalent and
divalent cations via a PEM-coated membrane in CDI. A standard-grade cation-exchange
membrane (CMX) was coated with a PEM to obtain PEM-CMX via a layer-by-layer deposition
scheme using poly(allylamine hydrochloride) (PAH) and poly(styrene sulfonate) (PSS). Next,
the Na+/Mg2+ selectivity numbers as well as various CDI metrics (salt adsorption capacity,
charge efficiency, specific energy consumption, Coulombic efficiency, and desalination
capacity) of the bare CMX and the PEM-CMX were compared. Upon the addition of a PEM,
the Na+/Mg2+ selectivity value increased from 0.5 ± 0.04 to 2.8 ± 0.2, showing that it is
possible to switch the divalent cation-selective CMX into a monovalent cation-selective
membrane via the addition of a ≈16 nm thick PEM coating. Besides, the long-term stability
test (>40 cycles) of the PEM-CMX confirmed the feasibility of the approach.
Next, a similar method was employed to achieve monovalent anion selectivity
(Chapter 5). In this chapter, a standard-grade anion-exchange membrane (AEM) was coated
with a PEM built from poly(diallyldimethylammonium chloride) and PSS and the mono/divalent anion selectivity values of the bare and PEM-coated AEM were compared. Similar
to the results obtained in the previous chapter, the addition of a PEM affected the selectivity
as in resulted in a change of the Cl−/SO42− selectivity from ≈0.5 times up 14. Moreover, in
this work, the PEM-coated AEM was combined with intercalating nickel hexacyanoferrate
(NiHCF) electrodes, which have an inherent size-based selectivity towards monovalent
cations, to achieve monovalent cation and anion selectivities simultaneously. In our
experiments, the Na+/Mg2+ selectivity value was found to be as high as ≈17. Moreover, the
selectivity of the PEM-AEM towards NO3−, Cl−, SO42−, and H2PO4− was investigated and it was
concluded that apart from the valence also the hydration energy of the anion affects the
selectivity. Finally, this chapter also demonstrates that the selectivity number varies with
the type of charge of the polyelectrolyte that is on top as well as with the no. polyelectrolyte
layers.
After successfully tuning the monovalent cation and anion selectivities in Chapters
4 and 5 and obtaining high selectivity numbers that are on par with state-of-the-art CDI
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literature, the operational parameters of CDI and the no. polyelectrolyte layers in the PEM
were tuned to maximize the monovalent cation selectivity (Chapter 6). By scanning through
different voltage/current density values and varying the composition of the feed solution
systematically, the optimized conditions were found. After optimizing the no.
polyelectrolyte bilayers (5.5, i.e., 11 polyelectrolyte layers) on the CMX membrane and the
current density (10 A/m2), a time-independent and virtually 100 % monovalent cation
selectivity was achieved. Before this optimization, a time-dependent selectivity with a
maximum of Na+/Mg2+ ≈ 3 was obtained. Next, the obtained selectivity numbers were
rationalized by using an MCDI model based on the dynamic potential profile.
Although PEM coatings demonstrated high mono-/divalent ion selectivities in the
previous CDI-based chapters, it was aimed in Chapter 7 to further tune the selectivity of
cations that have the same valence by functionalizing PEMs with ion-selective receptors
(i.e., 15-crown-5 derivatives, CE). Apart from using PAH and PSS, this study also includes the
covalent attachment of CE to pectin, a bio-based polyanion. A real-time, surface-sensitive
technique (QCM-D) was used to follow the effect of the presence of these CE units on the
build-up of PEMs onto gold, here used as a model surface, and to study the interactions
between these coatings and various monovalent cations. The presence of CE units resulted
in an increased layer thickness and as the uptake of Na+ and K+ was found to be ≈3-6 times
higher compared to those of other cations present in the solution (Li +, Rb+, Cs+, and Mg2+),
these PEM systems are now ready to be further explored in ion separation.
Chapter 8 provides a general discussion on the results obtained in Chapters 3-7
which is presented in a broader context and also include several suggestions for future
research, partly supported with preliminary data.
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Ontziltingsprocessen richten zich voornamelijk op de productie van vers water
door het verminderen van de algehele zoutconcentratie. Het specifiek verwijderen van één
type zout – een stof bestaande uit ionen, i.e. geladen deeltjes –, bijvoorbeeld giftige of
waardevolle ionen, vereist selectieve ontziltingsprocessen. Dit onderzoeksonderwerp heeft
de afgelopen jaren aanzienlijke aandacht gekregen in de context van verscheidende
duurzame ontwikkelingsdoelen. Gezien de eigenschap van polyelektroliet multilagen
(PEMs) om ionselectiviteit toe te voegen en te controleren in drukgedreven
waterbehandelingsprocessen, richt dit proefschrift zich op het verkennen van het gebruik
van PEMs in capacitieve deïonisatie (CDI); een ontziltingsproces dat gedreven wordt door
een elektrisch potentiaalverschil. Dit doel wordt in Hoofdstuk 1 in meer detail beschreven,
na het introduceren van de relevantie en het potentieel van ion-selectieve ontzilting.
Daarnaast verschaft dit hoofdstuk een algemene introductie van de technieken (bijv. CDI,
een kwartskristallen microbalans waarmee ook de dissipatie bestudeerd kan worden, QCMD) en de materialen (bijv. PEMs, ion-selectieve receptoren, membranen) die gebruikt
worden in deze thesis.
Hoofdstuk 2 geeft een overzicht van recente methodes om de kationselectiviteit
in CDI te tunen, met een nadruk op mono-/divalente (een-/tweewaardige)
kationselectiviteit. De selectiviteit voor een bepaalde (groep) kationen kan worden
verhoogd door het optimaliseren van de poriegrootte in de elektrodes, het afstemmen van
de operationele parameters van het CDI proces, het gebruik van ionselectieve coatings op
de elektrodes, of een combinatie van deze methodes. Dit hoofdstuk behandelt ook de
veelgebruikte definities van ionselectiviteit en de belangrijkste factoren die de selectiviteit
van een CDI-operatie beïnvloeden. Hoofdstuk 3 verschaft een overzicht van recente
ontwikkelingen

in

het

toepassen

van

PEM-gecoate,

dichte

membranen

in

scheidingsprocessen, en bespreekt hoe PEMs gebruikt worden als antifouling- en/of
(ion/oplosmiddel)selectieve lagen in verschillende membraanapplicaties. Daarnaast
behandelt dit hoofdstuk de mechanismes van de ionselectiviteit van PEM-gecoate
membranen, en – door het systematisch vergelijken van de selectiviteitswaardes van
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verschillende studies – de belangrijkste factoren die de ionselectiviteit van PEMs
beïnvloeden.
Uit de eerdergenoemde hoofdstukken wordt duidelijk dat PEMs interessante
eigenschappen hebben die men de mogelijkheid geeft om de doorlaatbaarheid en afstoting
van ionen te controleren, en daardoor de ionselectiviteit te tunen, maar ook dat hun
implementatie met CDI nog onderzocht moet worden. Hoofdstuk 4 demonstreert een
proof-of-concept om selectiviteit tussen mono- en divalente ionen te bereiken via een PEMgecoat membraan in CDI. Een standaard kation uitwisselingsmembraan (CMX) werd gecoat
met een PEM om een PEM-CMX te krijgen door middel van layer-by-layer (laagje-voorlaagje) depositie met poly(allylamine hydrochloride) (PAH) en poly(styreen sulfonaat) (PSS).
Daarna werden de Na+/Mg2+ selectiviteitswaardes, alsmede verschillende CDI statistieken
(zoutabsorptiecapaciteit, charge efficiency, specifieke energieconsumptie, Coulombische
efficiëntie en ontziltingscapaciteit) van de onbehandelde CMX en de PEM-CMX vergeleken.
Na toevoeging van een PEM nam de Na+/Mg2+ selectiviteit toe van 0.5 ± 0.04 tot 2.8 ± 0.2,
wat aangeeft dat het mogelijk is om de selectieviteit van CMX te veranderen van di- naar
monovalente ionen door het toevoegen van een ≈16 nm dikke PEM coating. Daarnaast
bevestigde de lange-termijn stabiliteitstest (>40 cycli) van de PEM-CMX de uitvoerbaarheid
van deze methode.
Vervolgens

is

een

vergelijkbare

methode

gebruikt

om

monovalente

anionselectiviteit te bereiken (Hoofdstuk 5). In dit hoofdstuk werd een standaard anion
uitwisselingsmembraan

(AEM)

gecoat

met

een

PEM

gemaakt

van

poly(diallyldimethylammonium chloride) en PSS, en werden de mono-/divalente anion
selectiviteitwaardes van de onbehandelde en PEM-gecoate AEM vergeleken. In lijn met de
resultaten uit het vorige hoofdstuk had de toevoeging van een PEM invloed op de
selectiviteit, met als resultaat een verandering van de Cl−/SO42− selectiviteit van ≈0.5 naar
14. Verder werd in dit werk de PEM-gecoate AEM gecombineerd met intercalerende nikkel
hexacyanoferraat (NiHCF) elektrodes – die een op grootte gebaseerde selectiviteit voor
monovalente kationen hebben – om tegelijkertijd selectiviteit voor monovalente kationen
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en anionen te verkrijgen. In onze experimenten werd een Na +/Mg2+ selectiviteitswaarde van
maar liefst ≈17 gevonden. Daarnaast werd de selectiviteit van de PEM-AEM voor NO3−, Cl−,
SO42−, en H2PO4− onderzocht en werd geconcludeerd dat naast de valentie ook de hydratieenergie van het anion effect had op de selectiviteit. Als laatste demonstreert dit hoofdstuk
dat de selectiviteitswaarde verandert met zowel het type lading van de bovenste
polyelektroliet als het aantal polyelectrolietlagen.
Nadat in Hoofdstuk 4 en 5 de kation- en anionselectiviteit succesvol zijn
geoptimaliseerd, en nadat hoge selectiviteitswaardes zijn behaald die in lijn liggen met
vooraanstaande CDI literatuur, worden nu de operationele parameters van CDI en het
aantal polyelectrolietlagen in de PEM gevarieerd om de monovalente kationselectiviteit te
maximaliseren (Hoofdstuk 6). De optimale condities werden gevonden door systematisch
door verschillende waardes voor het voltage / de stroomdichtheid te scannen, en door de
samenstelling van de voedingsoplossing aan te passen. Na het optimaliseren van de
stroomdichtheid (10 A/m2) en het aantal dubbellagen aan polyelektroliet (5.5, i.e., 11
polyelektrolietlagen) op het CMX membraan werd een tijdsonafhankelijke en vrijwel 100%
monovalente

kationselectiviteit

behaald.

Vóór

deze

optimalisatie

werd

een

tijdsafhankelijke selectiviteit van maximaal Na+/Mg2+ ≈ 3 behaald. Vervolgens zijn de
behaalde selectiviteitswaardes verklaard door het gebruik van een MCDI model gebaseerd
op het dynamische potentiaalprofiel.
Ondanks dat PEM coatings een hoge mono-/divalente ionselectiviteit hebben laten
zien in de vorige CDI-gebaseerde hoofdstukken, was het doel van Hoofdstuk 7 om de
selectiviteit tussen kationen met eenzelfde valentie verder te tunen door PEMs te
functionaliseren met ion-selectieve receptoren (i.e., 15-crown-5 derivaten, CE). Naast het
gebruik van PAH en PSS omvat deze studie ook het covalent verbinden van CE aan pectine,
een bio-based polyanion. Een real time, oppervlakte-gevoelige techniek (QCM-D) werd
gebruikt om het effect van de aanwezigheid van deze CE units op de opbouw van de PEMs
op goud – hier gebruikt als een modeloppervlak – te volgen, en om de interacties tussen
deze coatings en verschillende monovalente kationen te bestuderen. De aanwezigheid van
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CE units leidde tot een grotere laagdikte, en aangezien de opname van Na + en K+ ≈3-6 keer
hoger was vergeleken met die van andere kationen in de oplossing (Li+, Rb+, Cs+, en Mg2+),
zijn deze PEM systemen nu beschikbaar om verder te worden onderzocht voor het scheiden
van ionen.
Hoofdstuk 8 verschaft een algemene discussie van de resultaten behaald in
Hoofdstukken 3-7, waarin de resultaten in een bredere context worden geplaatst. Ook
geeft Hoofdstuk 8 meerdere suggesties voor toekomstig onderzoek, gedeeltelijk
ondersteund met voorlopige data.
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“I am, and always will be, the optimist. The hoper of far-flung hopes, and the dreamer of
improbable dreams.”
(The 11th Doctor, Doctor Who)
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Preparation of Polydopamine-Coated Electrodes. 5 g of porous carbon (YP80) in 2 L
of 1:1 water/ethanol mixture was sonicated for 30 min. 2 g of dopamine and 2 mM of
trisbuffer were added to the mixture. Then, the reaction was mixed at 37 ◦C overnight.
Afterwards, the slurry was filtrated via vacuum filtration and washed with ethanol. The
electrodes were dried at 65 ◦C overnight in a vacuum oven. After the electrodes were dried,
5 g of the polydopamine-modified electrode was mixed with 0.43 g of PTFE (binder) and a
non-sticky dough was made by adding ethanol to this mixture. After small portions of the
dough was cut and the electrode thickness was adjusted to 300 µm via a rolling machine,
the electrodes were dried at 120 ◦C overnight under vacuum.

Immobilization of ATRP Initiator. The initiator, 2-bromo-2-methylpropanoyl bromide,
was covalently attached to the polydopamine in the carbon electrode by acylation with
surface hydroxyl and amino groups. The substrate was immersed in a 250 mL solution of
0.24 M triethylamine and 0.24 M 2-bromo-2-methylpropanoyl bromide at 0 ◦C. The reaction
proceeds for 1 h, and then the substrates were washed with ethanol, water, and dried
under reduced pressure at 65 ◦C.

SI-ATRP of poly(CBMA) Brushes on Carbon Electrodes. The ethanol (20 mL) was
degassed using three freeze–pump–thaw cycles and transferred to a Schlenk tube
containing degassed CuBr (38.2 mg, 266 mmol), CuBr2 (11.8 mg, 53 mmol), and Me4Cyclam
(82.1 mg, 320 mmol). The solution of the catalyst was added to the degassed monomer
CBMAA (3243 mg, 13.4 mmol). The polymerization solution was transferred to the reactor
containing the prior degassed substrate coated with a carbon electrode with an immobilized
initiator, and the reaction was allowed to proceed for 2h at 30 ◦C. The substrates coated
with poly(CBAA) brushes were washed water. The resulting brush-coated electrodes were
used in the CDI experiments as described in Chapter 8.
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XPS Data of the Brush-Coated Carbon Electrodes.

Figure I.1. Wide-scan XPS spectrum of the bare carbon electrode with PTFE binder.

Figure I.2. Narrow-scan (A) C1s region and (B) N1s region XPS spectra of the bare carbon
electrode with PTFE binder.

280

Supplementary Information to Outlook

Figure I.3. Wide-scan XPS spectrum of the electrode after polymerization of the dopamine.

Figure I.4. Narrow-scan XPS spectra of (A) C1s region and (B) N1s region of the electrode
after polymerization of the dopamine.
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Figure I.5. (A) Wide-scan, (B) Br3d, (C) C1s, (D) N1s regions narrow scan XPS spectra of the
carbon electrode after immobilization of the ATRP initiator.

Figure I.6. Wide-scan XPS spectra of the carbon electrode of the CBMA-coated electrodes.
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Figure I.7. Narrow scan (A) C1s and (B) N1s regions XPS spectra of the CBMA-coated
electrodes.
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